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EXECUTIVE SUMMARY

This Report presents the results of a three-year Project on the interaction between lakes,
wetlands and unconfmed aquifers. Apart from a scientific goal of achieving greater
understanding of lake-aquifer interaction, the Project had three practical objectives relating
to the identification of capture zones, management of water levels and the development of
effective parameters for groundwater flow models in plan.

Identification of Capture Zones
This Report focuses on lakes, rather than on sumplands or damplands. The majority of
lakes on the Swan Coastal Plain act as flow-through lakes which capture groundwater on
their upgradient side and discharge lakewater on their downgradient side. Contaminants
in groundwater are carried in the direction of groundwater flow, but also mix laterally
within the aquifer and can be retarded by sorption or decay. We have developed two-
dimensional models in vertical section, two-dimensional models in plan and three-
dimensional models in order to study the shape of capture and release zones as a function
of nearby aquifer flows and net groundwater recharge. The depth of a capture zone
depends mostly on the length of a lake in the direction of average groundwater flow
relative to the thickness of the aquifer. The depth of a capture zone also depends on
aquifer anisotropy, the resistance oflow conductivity bottom sediments, aquifer inflows
and outflows, and recharge. The width of a capture zone in plan is roughly twice the
width of the lake. The depth of a release zone is closely related to the depth of a capture
zone. Groundwater seepage into and out of a flow-through lake is concentrated near the
upgradient and down gradient edges of the lake. The shape of a lake's release zone can be
identified in the field by taking water samples and analysing for isotopic and
hydrogeochemical concentrations. We have studied the release zones of Nowergup Lake,
Mariginiup Lake, Jandabup Lake and Thomsons Lake using isotopic and
hydrogeochemical tracers. Isotopic and hydrogeochemical tracers have confirmed that
outflow from Lake Pinjar becomes inflow to Nowergup Lake, a distance of 5.75 km
down gradient The most cost-effective way to learn about a lake's release zone and hence
its groundwater flow regime is to install a nest of piezometers or a multi-level piezometer
at the middle of the down gradient side of a lake. Measurements of piezometric heads
upgradient and down gradient of a lake can in principle give information about the
geometry of capture and release zones, but are not as conclusive as isotopic and
hydrogeochemical data. The concentration of isotopes and chloride in lakewater and a
lake's release zone can assist in the determination of a lake's water balance. Capture zone
geometries vary seasonally as lake levels and surface areas fluctuate. Capture zones of
lakes on the Swan Coastal Plain can be determined by regional scale modelling, coupled
with results of idealised modelling of isolated lakes. Nitrate, phosphate, petroleum
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products and pesticides can all be carried by groundwater, but some are degraded or
retarded, thus reducing their rate of movement through an aquifer. The capture zones of
lakes have implications for landuse planning, in that it may be desirable to control some
potentially polluting activities within the capture zones.

Management o/Water Levels

Water levels in lakes on the Swan Coastal Plain fluctuate seasonally, and in some cases,
lakes are dry at the end of summer. Lake levels can be effectively maintained by pumping
relatively small volumes of groundwater into the lakes for a few months each year.
Artificial water level maintenance can lead to an improvement in lake water quality. In

order to minimise its impact on lakes, pumping for public or private water supply should
be located as far away as possible, both in space and in time. Average groundwater and
lake levels depend on long-term average recharge, whereas seasonal fluctuations depend
on the deviations between fluctuating recharge and the long-term average. Long-term
fluctuations in groundwater and lake levels depend on long-term fluctuations in recharge.
Lake levels can fluctuate either more or less than nearby groundwater levels, depending
on whether a lake is driven by surface water inflows or by groundwater inflows.

Effective Parameters/or Models in Plan

Groundwater flow patterns near shallow lakes are fundamentally three-dimensional, but
we have developed approximate methods for representing lakes in two-dimensional
regional models of aquifer flow. We have developed guidelines for assigning large
transmissivities to represent circular lakes in a one-layered model of a regional aquifer.
We have also developed guidelines for assigning leakage coefficients to represent circular
lakes in a two-layered model of a regional aquifer. Field data on the hydraulic

conductivities of lake linings confirm that they are often low, but we have not related
measured values to effective values needed to represent lakes in two-layered plan models.

Other Findings

In the process of reviewing simple methods for predicting the movement of phosphate
fronts, we have discovered inconsistencies and developed a new method for predicting
travel distance. We have reviewed the development of isotope balance equations for
evaporating water bodies, and summarised previous literature in a concise unified
framework. We have summarised the correct way of determining the angle between
equipotentials and directions of flow in a vertically exaggerated cross-section through an
anisotropic medium. We have developed the theory for a fully coupled groundwater and
surface water model, which solves simultaneously for groundwater and surface water
levels in a vertical section or in three dimensions. We have developed a method for
combining measurements of all the components of a lake water balance to obtain estimates
of the same components which are constrained to satisfy an exact water balance.

viii



ACKNOWLEDGEMENTS

This Report presents the results of a three-year Project entitled "Interaction between lakes,
wetlands and unconfmed aquifers" which was funded as Project P88/12 under a
Partnership Research Program of the Australian Water Research Advisory Council
(AWRAC). Partners in funding were the Water Authority of Western Australia (WAWA)
and the Environmental Protection Authority (EPA) of Western Australia, with these
organisations contributing 53% of the $383,346 of "external" funding. This funding
provided support for one full-time and two half-time scientists/technicians for three years,
as well as support for field instrumentation, drilling and computing. Additional support
was provided indirectly by the Geological Survey of Western Australia (GSWA),
particularly in relation to extensive drilling undertaken near Nowergup Lake at the time
the Project was starting. The CSIRO Division of Water Resources contributed
significantly through providing salary and other support for Lloyd Townley, Jeffrey
Turner, Michael Trefry, Ken Wright, Chris Harris, Colin Johnston, Viv Baker and Peter
Alt-Epping at various stages of the Project The value of this support is conservatively
estimated at $200,000.

Source of Funding Purpose Amount (A$)

CSIRO Salaries and operating expenses 200000

AWRAC/LWRRDC Salaries, equipment and maintenance 179400

EPA Salaries, equipment and maintenance 74646

WAWA Salaries and travel 55300

WAWA "in kind" Drilling at Nowergup Lake and 74000
supply of climate stations

TOTAL: $583346

ix



CSIRO Division of Water Resources DRAFT dated Thursday, 25 February 1993

The authors are grateful to many individuals who have assisted in various ways
throughout the Project. In particular, we acknowledge the assistance of:

• Viv Baker (CSIRO) for her skill, attention to detail and patience in preparing text,
equations, Figures and Tables for this and other reports throughout this Project

• Simon Nield (Mackie Martin and Associates) for his ongoing cooperation and
interest in our modelling efforts and for early assistance in identifying and
summarising relevant literature

• Jeff Kite, Paul Lavery and Shirley Balla (WAWA), and Bob Humphries, John
Sutton and Garry Middle (EPA), for their support in establishing and coordinating
the Project on behalf of the Partner organisations

• Mike Martin (GSWA) for substantial assistance with field work at Nowergup
Lake

• Sebastiano Giglia, Frank Znidarsic, Robert McLeod, Vince Fazio and Colin Heath
for allowing access to private land near Nowergup Lake

• Bill Muir and Steve Raper of the Department of Conservation and Land
Management (CALM) for assistance in entering parkland near Nowergup Lake
and for provision of rainfall data

• Frank Surnich of The Surnich Group for access to market gardens near Lake
Wattleup

• Bob Kruger for permission to site a climate station on his land near Jandabup
Lake

• Des Battersley (resident) and Ces Olivier (plaisir Pty Ltd) for permission to site a
climate station on their land near Lake Pinjar

• Ian Tite, John Patten and Chris Frick (WAWA Instrument Facility at Welshpool)
for leasing and providing support for the operation of two climate stations over a
two-year period

• Kieran Massey (WAWA) for assistance in implementing the Water Authority
extensions to HYDSYS on CSIRO computers

x



DRAFf dated Thursday, 25 February 1993 FINAL REPORT

• Bob McNeice of The University of Western Australia (UWA) for providing
rainfall data at the Harry Waring Marsupial Reserve near Banganup Lake

• Stuart Gee and Ron Rosich (WAWA) for providing maps and water quality data,
respectively

• Marek Nawalany (Warsaw Technical University) for collaboration in January
1989 on the use of FLOSA-3D, a three-dimensional groundwater flow model

• Peter Alt-Epping (visiting student from the University of Freiburg, Germany) for
assistance preparing graphs of modelling results

• Robert Gerritse (CSIRO Division of Water and Resources) for carrying out
phosphate adsorption tests on soil samples from near Lake Wattleup

• Robert Woodbury (CSIRO Division of Water and Resources) for assistance with
field sampling

• numerous employees of WAWA, GSWA, CALM, and the Bureau of
Meteorology for supplying measured data or computer data sets (e.g. for the Perth
Urban Water Balance Model)

• participants in other wetlands research projects conducted in parallel with this
Project, for their encouragement and advice

• staff of the CSIRO Division of Water Resources Chemistry Laboratory

While all authors of this report contributed to the [mal result, particular responsibilities
were as follows:

• Lloyd Townley, Principal Investigator, responsible for mathematical and
computer modelling

• Jeffrey Turner, Principal Investigator, responsible for chemical, isotope and other
field measurements and analysis

• Anthony Barr, responsible for two-dimensional modelling in vertical section and
in plan

xi



CSIRO Division of Water Resources DRAFf dated Thursday, 25 February 1993

• Michael Trefry, responsible for three-dimensional modelling and modelling of the
Pinjar-Nowergup transect

• Ken Wright, responsible for drilling, water level measurements, operation of
climate stations, sediment sampling and analysis, and data analysis

• Vit Gailitis, responsible for analysis of isotope concentrations, water sampling
and chemical analysis

• Chris Harris, responsible for drilling and water sampling

• Colin Johnston, responsible for relating two- and three-dimensional modelling

xii



LIST OF TABLES

Table 3.7.1

Table 4.1.1
Table 4.1.2
Table 4.1.3
Table 4.1.4

Table 4.1.5
Table 4.2.1
Table 4.2.2

Table 4.2.3

Table 4.2.4

Table 4.2.5

Table 4.2.6

Table 4.2.7

Table 4.2.8

Table 4.2.9
Table 4.2.10

Table 4.2.11

Table 4.2.12
Table 4.2.13

Table 4.2.14
Table 4.5.1

Table 4.5.2
Table 4.6.1
Table 4.6.2
Table 4.6.3

Table 4.6.4

Table 4.6.5

DECO boundary values for open trophic classification
system (annual mean values) [after Rast et al., 1989]
Sample and data types from field sites
Bore locations and screen depths
Periods when loggers were operating
Solutions for CL

Steady solutions for 8L
Chemical and isotopic parameters in Nowergup Lake
Chemical and isotopic parameters in groundwater near
Nowergup Lake
Chemical and isotopic parameters in pumped water during
the 1989 Nowergup Lake water level maintenance trial
Chemical and isotopic parameters in Nowergup Lake during
1990 lake level maintenance program
Chemical and isotopic parameters in groundwater along
Pinjar-Nowergup transect
Chemical and isotopic parameters in groundwater near
Mariginiup Lake
Chemical and isotopic parameters in groundwater near
Jandabup Lake
Chemical and isotopic parameters in groundwater near
Thomsons Lake
Drilling and coring at Wattleup market garden
Chemical parameters in groundwater at Wattleup market
garden
Phosphate adsorption and travel distances using soil samples
from Wattleup market garden
Off-site groundwater data at Wattleup market garden
Major ion concentrations in soil solution from Site 3a core at
Wattleup market garden
Water quality parameters in Lake Wattleup
Location of sediment cores for hydraulic conductivity
measurements
Summary of hydraulic conductivities of sediments
Comparison of predicted and observed release zone depths
Estimation of P(2a)/U.J3
Chloride and deuterium enrichment ratios in groundwater
capture and release zones of four Swan Coastal Plain lakes
Transport characteristics of nitrate in relation to wetland
buffer zones
Transport characteristics of phosphate in relation to wetland
buffer zones



Table 4.6.6

Table 4.6.7

Table 5.2.1

Table 5.2.2

Table 5.6.1

Transport characteristics of BTEX compounds in petroleum
in relation to wetland buffer zones
Residual concentrations of pesticides reaching a depth of
3 metres in Bassendean Sand with a recharge rate of 1 m yr-l
[from Singh, 1989]
Approximate ranges of parameter values in which the most
likely flow regimes occur
Relationship between anisotropic and equivalent isotropic
domains
Estimates of the length and width of capture zones for six
lakes based on numerous assumptions



LIST OF FIGURES

Figure 1.2.1

Figure 1.2.2

Figure 1.2.3

Figure 1.2.4

Figure 1.2.5
Figure 4.1.1
Figure 4.1.2
Figure 4.1.3
Figure 4.2.1
Figure 4.2.2
Figure 4.2.3

Figure 4.2.4

Figure 4.2.5

Figure 4.2.6

Figure 4.2.7

Figure 4.2.8

Figure 4.2.9

Figure 4.2.10

Figure 4.2.11
Figure 4.2.12
Figure 4.2.13

Figure 4.2.14

Figure 4.2.15

Figure 4.2.16

Figure 4.2.17

Figure 4.2.18

Figure 4.2.19

Map of the Swan Coastal Plain, showing wetlands in relation
to major land use categories [from Smith and Allen, 1987]
Water table contours, Water Authority borefields and
regional nitrate levels (inset) [from Smith and Allen, 1987]
Wetlands in relation to generalised geology [from Smith and
Allen, 1987]
Generalised hydrogeological sections [from Smith and Allen,
1987]
Wetlands of the Perth Region [from Cargeeg et al., 1987a]
Location of field sites
Stable isotope data in rainfall for Perth
Stable isotopes in rainfall-groundwater-Iakewater relations
Boreholes and monitoring sites at Nowergup Lake
Stable isotope results at Nowergup Lake in 1989/90
Deuterium concentrations (%0) in a generalised cross-section
through Nowergup Lake
Chloride concentrations (mg/L) in a generalised cross-section
through Nowergup Lake
Plot of chloride versus deuterium for samples near
Nowergup Lake
Early interpretation of groundwater flow in plan through
Jandabup Lake [from Allen, 1980]
Lake level and groundwater levels at four shallow
piezometers at northern end of Nowergup Lake
Lake level and groundwater levels at two shallow
piezometers at southern end of Nowergup Lake
Lake level and piezometric heads in a nest of three bores on
the eastern side of Nowergup Lake
Lake level and piezometric heads in a nest of three bores on
the western side of Nowergup Lake
Schematic diagram of seepage meter
Cumulative groundwater seepage at Nowergup Lake
Lake water levels and volumes in Nowergup Lake during
artificial water level maintenance in 1990
Hourly changes in lake volume in Nowergup Lake, 9-23
March 1990
Hourly changes in lake volume in Nowergup Lake, 10-23
April 1990
Hourly changes in lake volume in Nowergup Lake, 28 April
-7 May 1990
(a) Temperature and (b) conductivity profIles in Nowergup
Lake in February-April 1990
(a) Dissolved Oxygen and (b) pH profIles in Nowergup Lake
in February-April 1990
Boreholes and monitoring sites along the Pinjar-Nowergup
transect



Figure 4.2.20

Figure 4.2.21

Figure 4.2.22

Figure 4.2.23

Figure 4.2.24
Figure 4.2.25

Figure 4.2.26

Figure 4.2.27

Figure 4.2.28

Figure 4.2.29

Figure 4.2.30

Figure 4.2.31
Figure 4.2.32
Figure 4.2.33

Figure 4.2.34

Figure 4.2.35
Figure 4.2.36
Figure 4.2.37
Figure 4.2.38
Figure 4.2.39

Figure 4.2.40

Figure 4.2.41

Figure 4.2.42

Figure 4.2.43

Figure 4.2.44

Figure 4.3.1

Figure 4.3.2

Deuterium compositions (%0) in a generalised cross-section
(B-B') along the Pinjar-Nowergup transect
Chloride concentration (mgL-1) in a generalised cross-
section (B-B') along the Pinjar-Nowergup transect
Boreholes and monitoring sites near Mariginiup and
Jandabup Lakes
Early interpretation of groundwater flow in a cross-section
through Jandabup Lake [from Allen, 1980]
Stable isotope results at Jandabup Lake in 1989/90
Deuterium concentrations (%0) in a generalised cross-section
through Jandabup Lake
Chloride concentrations (mg/L) in a generalised cross-section
through Jandabup Lake
Lake level and piezometric heads in a nest of three
piezometers on the eastern side of Mariginiup Lake
Lake level and piezometric heads in three boreholes on the
western side of Mariginiup Lake
Lake level and piezometric heads in a nest of three
piezometers on the eastern side of Jandabup Lake
Lake level and piezometric heads in a nest of three
piezometers on the western side of Jandabup Lake
Boreholes and monitoring sites near Thomsons Lake
Stable isotope results at Thomsons Lake in 1989/90
Deuterium concentrations (%0) in a generalised cross-section
through Thomsons Lake
Chloride concentrations (mg/L) in a generalised cross-section
through Thomsons Lake
Piezometric heads on the eastern side of Thomsons Lake
Piezometric heads on the western side of Thomsons Lake
Boreholes and monitoring sites near Lake Wattleup
Generalised cross-section near Lake Wattleup
Schematic diagram of a "sipper" for sampling water quality
below the water table
Distribution of nitrate in soil water in the unsaturated zone
near Lake Wattleup
Distribution of nitrate below the water table near Lake
Wattleup
Distribution of phosphate in soil water in the unsaturated
zone near Lake Wattleup
Distribution of phosphate in soil in the unsaturated zone near
Lake Wattleup
Laboratory analysis of adsorption on three soil samples from
Lake Wattleup market garden
Comparison of logged (solid circles) and manual (open
circles) measurements at Jandabup climate station
Comparison of logged (solid circles) and manual (open
circles) measurements at Pinjar climate station



Figure 4.3.3

Figure 4.3.4

Figure 4.3.5

Figure 4.3.6

Figure 4.3.7
Figure 4.4.1
Figure 4.4.2
Figure 4.4.3
Figure 4.4.4
Figure 4.4.5
Figure 4.4.6
Figure 4.4.7
Figure 4.4.8
Figure 4.4.9
Figure 4.5.1
Figure 4.5.2
Figure 4.5.3

Figure 4.5.4

Figure 4.5.5

Figure 4.5.6

Figure 4.6.1

Figure 4.6.2

Figure 4.6.3

Figure 4.6.4

Figure 4.6.5

Measured climate data at Jandabup climate station in May
1991
Measured climate data at Jandabup climate station on 31
January 1991
Measured climate data at Pinjar climate station on 31 January
1991
Comparison between measured pan evaporation and a
sinusoid
Comparison between measured rainfall and a sinusoid
Lake water levels from 1 January 1972 to 31 December 1991
Lake water levels from 1 January 1972 to 31 December 1991
Lake water levels from 1 January 1972 to 31 December 1991
Lake water levels from 1 January 1972 to 31 December 1991
Lake water levels from 1 January 1972 to 31 December 1991
Lake water levels from 1 January 1972 to 31 December 1991
Lake water levels from 1 January 1972 to 31 December 1991
Lake water levels from 1 January 1972 to 31 December 1991
Lake water levels from 1 January 1972 to 31 December 1991
Location of sediment cores in Lake Joondalup
Location of sediment cores in North Lake
Hydraulic conductivities of core samples from Nowergup
Lake
Hydraulic conductivities of core samples from Jandabup
Lake and Mariginiup Lake
Hydraulic conductivities of core samples from Joondalup
Lake
Hydraulic conductivities of core samples from North Lake
and Thomsons Lake
Flow-through domain for 2a/B=1, showing contours of bJB
and crJc+ when P(2a)/U ~=O.l above and E(2a)/U ~=O.l
below the Q=O line, with data from Nowergup Lake
superimposed
Flow-through domain for 2a/B=1, showing contours of
(1+8L)/(l +8+) when P(2a)/U +B=O.l above and
E(2a)/U ~=O.1 below the Q=O line, with data from
Nowergup Lake superimposed
Flow-through domain for 2a/B=1, showing contours of bJB
and crJc+ when P(2a)/U ~=O.25 above and E(2a)/U ~=O.25
below the Q=O line, with data from Nowergup Lake
superimposed
Flow-through domain for 2a/B=1, showing contours of
(1+8L)/(1 +8+) when P(2a)/U +B=O.25 above and
E(2a)/U ~=O.25 below the Q=O line, with data from
Nowergup Lake superimposed
Dividing streamlines for three sets of parameters within the
range indicated by analysis of bJB, cucl+ and
(1+od/(1 +0+) with bJB=O.6



Figure 4.6.6

Figure 4.6.7

Figure 4.6.8

Figure 5.1.1
Figure 5.1.2

Figure 5.1.3
Figure 5.2.1
Figure 5.2.2

Figure 5.2.3

Figure 5.2.4

Figure 5.2.5
Figure 5.2.6
Figure 5.2.7
Figure 5.2.8
Figure 5.2.9

Figure 5.2.10

Figure 5.2.11

Figure 5.2.12

Figure 5.2.13
Figure 5.2.14

Figure 5.2.15
Figure 5.2.16

Figure 5.2.17
Figure 5.2.18
Figure 5.2.19

Dividing streamlines for three sets of parameters within the
range indicated by analysis of b-lB, cljc4 and
(1+od/(1 +0+) with b-lB=0.5
Flow-through domain for 2aIB=4, showing contours of b.JB
and cI1c+ when P(2a)IU ~=O.1 above and E(2a)IU ~=O.1
below the Q=O line
Flow-through domain for 2aIB=4, showing contours of
(1+OL)/(l +0+) when P(2a)IU ~=O.1 above and
E(2a)IU ~=O.1 below the Q=O line
Relationship between regional scale and local scale
Three-dimensional groundwater flow near a circular flow-
through lake
Hierarchy of models
Groundwater flow near a long flow-through lake
Idealised geometry for model of a vertical section through a
shallow lake
Boundary conditions for model of a vertical section through
a shallow lake
DefInition of the equivalent sediment depth D [from Nield
and Townley, 1993a]
Example fInite element grid when 2alB = 1
Principle of superposition [from Nield and Townley, 1993a]
DefInition of dividing streamline
Example screen from FlowThru [from Townley et al., 1992]
Dividing streamline diagrams showing flow regimes for
2aIB = 1,DIB =O. The water balance line defInes regimes
for which the net flux Q from the water body into the aquifer
is zero [after Nield and Townley, 1993a]
Dividing streamline diagrams showing flow regimes for
2aIB = 4, DIB = 0 [after Nield and Townley, 1993a]
Schematic diagrams showing dividing streamlines for
recharge, discharge and flow-through regimes which may
occur in regional flow situations [after Nield and Townley,
1993a]
Actual flow regimes occurring in each area of the transition
diagram for 2a1B= 1 andDIB = 0, when U-IU+ > 0
Transition diagram for flow in vertical section when R = 0
Types of groundwater mounds on the down gradient side of
the lake
Likely flow patterns near "short" and "long" lakes
Relationship between anisotropic and equivalent anisotropic
domains
Defmition of depth of capture zone b+
Depth of capture zone for flow-through lakes with R = 0
Diagram showing the geometry of the dividing streamlines
which: 1) separate regions where water flows into or by-
passes the lake sediment; 2) separate regions where water
flows into or by-passes the lake



Figure 5.2.20

Figure 5.2.21
Figure 5.2.22

Figure 5.2.23

Figure 5.2.24
Figure 5.2.25

Figure 5.3.1

Figure 5.3.2

Figure 5.3.3

Figure 5.3.4
Figure 5.3.5

Figure 5.3.6
Figure 5.3.7
Figure 5.3.8

Figure 5.3.9

Figure 5.3.10

Figure 5.3.11

Figure 5.3.12
Figure 5.3.13
Figure 5.4.1

Figure 5.4.2

Figure 5.4.3
Figure 5.4.4

Figure 5.4.5

Sequence of dividing streamline diagrams showing the
influence of the dimensionless lakebed resistance, DIB, on
the depth of dividing streamlines in simple flow-through
regimes.
Effect of DIB on depth of capture zone when UJU + = 1.0
Effect of lake length 2aIB on the spatial distribution of
seepage. Curves show seepage, normalised relative to
maximum seepage at the edge of the water body, with
UJU+ = 1, RLJU+B = 0, DIB = 0, and a range of values of
2a1B.
Effect of resistance of lake lining on the spatial distribution
of seepage. Curves show seepage, normalised relative to
maximum seepage at the edge of the water body, with
2alB = 8, UJU+ = 1,RLJU+B = 0 and a range of values of
DIB.
Relationship between far field and near field solutions
Vertical distribution of aquifer flow at right hand end of far
field solution, for a range of values of SIB.
Groundwater flow near a circular fully-penetrating flow-
through lake
Idealised geometry for plan model of a fully-penetrating
circular lake
Boundary conditions and recharge for plan model of a fully-
penetrating circular lake.
Example grid for two-dimensional plan model
(a) Acceptable and (b) unacceptable discretisations near a
potential stagnation point on a lake boundary
Possible flow regimes in plan
Likely flow patterns near circular fully-penetrating lakes
Assignment of nodal velocities for particle tracking with a
two-dimensional linear triangular finite element model
Special cases in assignment of nodal velocities: (a) at a well
(or other sink), (b) at a saddle point, (c) at a stagnation
point on an external boundary, and (d) at a stagnation point
on the boundary of a lake
Flow lines and capture zone determined by particle tracking,
with alw = 0.25 and R = O.
Flow lines and capture zone determined by particle tracking,
with alw = 0.25, U-IU+ < 0 and R = 0
Definition of width of capture zone w+
Width of capture zone for flow-through lakes with R = 0
Idealised geometry for model of three-dimensional flow near
a shallow circular lake
Boundary conditions for three-dimensional model near a
shallow circular lake
Particle tracks or flow lines near a flow-through lake
Array of flow patterns on the plume of symmetry in a three-
dimensional flow field with 2alB = 1
Array of flow patterns on the plume of symmetry in a three-
dimensional flow field with 2alB = 4



Figure 5.4.6

Figure 5.4.7

Figure 5.4.8

Figure 5.4.9

Figure 5.4.10

Figure 5.4.11

Figure 5.4.12

Figure 5.4.13

Figure 5.4.14

Figure 5.4.15

Figure 5.4.16

Figure 5.5.1
Figure 5.5.2

Figure 5.5.3
Figure 5.5.4

Figure 5.5.5

Figure 5.5.6

Figure 5.5.7

Figure 5.5.8

Figure 5.5.9

Figure 5.5.10

Figure 5.5.11

Figure 5.5.12
Figure 5.5.13

Figure 5.5.14

Dividing flowlines which together describe a dividing
surface
Rendered image of three-dimensional dividing surfaces for a
flow-through regime of type Ffl
Rendered image of three-dimensional dividing surfaces for a
flow-through regime of type Ff2
Rendered image of three-dimensional dividing surfaces for a
discharge regime of type D3
Depth of three-dimensional capture zone as a function of
2a/B, for different values of a/W
Width of three-dimensional capture zone as a function of
2a/B, for different values of a/W
Depth of three-dimensional capture zone as a function of
a/W, for different 2a/B
Width of three-dimensional capture zone as a function of
a/W, for different 2a/B
Contour plot of three-dimensional capture zone depth as a
function of 2a/B and a/W
Approximation of a circular lake with a regular fInite
difference grid
Spatial distribution of bottom seepage for a circular flow-
through lake
Overview of approximate lower-dimensional models
Summary of model parameters for different representations
of flow in plan
Analytical relationship for a one-dimensional model

Dimensionless head loss J1 across a lake, obtained by
vertically integrating results in a two-dimensional vertical
section [after Nield, 1990]
Effective transmissivity for use in a one-dimensional
simplified model [after Nield, 1990]
Process of matching I-D and 2-D solutions to fInd effective
T*/T
Comparison of [mite element solution in plan with earlier
results by Townley and Davidson [1988]
Comparison of the large transmissivity approach with the use
of a fIxed head boundary
Capture zone width as a function of a/W for a range of
enhanced transmissivities
Alternative view of the effect of T*/T in a two-dimensional
model
Two-dimensional capture zone widths with a/W = 0.2 and
three-dimensional results for a range of 2a/B
Effective transmissivity for use in a two-dimensional model
Process of matching 2-D and 3-D solutions to fInd effective
T*/T
Analytical relationship for a two-layered one-dimensional
model



Figure 5.5.15

Figure 5.5.16

Figure 5.5.17

Figure 5.5.18

Figure 5.5.19

Figure 5.5.20

Figure 5.5.21

Figure 5.5.22

Figure 5.5.23
Figure 5.5.24

Figure 5.5.25
Figure 5.6.1

Figure 5.6.2

Figure 5.6.3

Figure 5.6.4

Figure 5.6.5

Figure 5.6.6

Figure 5.6.7

Figure 5.6.8

Figure 5.6.9

Figure 5.6.10

Figure 5.6.11

Figure 5.6.12

Figure 5.6.13

Figure 5.6.14

Effective values of A for use in a one-dimensional simplified
model
Effective values of D*IB for use in a one-dimensional
simplified model
Extra resistance of (D*-D)IB in a one-dimensional simplified
model
Process of matching I-D and 2-D solutions to find effective
D*IB
Schematic diagram showing weights used for nodes on a
lake boundary

Capture zone width as a function of A in a two-layered two-
dimensional model

Effective values of A for use in a two-layered two-
dimensional model
Effective values of D*IB for use in a two-layered two-
dimensional model
Extra resistance in a two-layered two-dimensional model
Process of matching 2-D and 3-D solutions to find effective
D*IB
Equivalence between one and two-layer models
Depth of capture zone in a vertical section as a function of
2aIB, for different values of U.JU +
Depth of capture zone in a vertical section as a function of
2a1B, for different values of RLIU ~
Depth of capture zone in a vertical section as a function of
2a1B, with U.JU+ andRLIU~ varying such that Q=O
Depth of capture zone in a vertical section as a function of
2a1B, with U.JU +=0.9, for different values of DIB
Depth of capture zone in a vertical section as a function of
2a1B, with U.JU +=1.1, for different values of DIB
Depth of capture zone as a function of bottom resistance, for
different 2alB and KxlKz
Depth of capture zone as a function of anisotropy, for
different bottom resistance DIB
Anisotropy as a function of bottom resistance for different
values of water body length 2alB
Anisotropy as a function of bottom resistance for different
values of water body length 2a1B,with physical Kx1Kz=4
Width of capture zone in plan as a function of alW, for
different values of U..JU+
Width of capture zone in plan as a function of alW, for
different values of RLIU ~
Schematic diagram showing bypass zones as alW becomes
larger
Width of capture zone in plan as a function of alW, with
U.JU + chosen to give specific values of QI4aU ~
Depth of three-dimensional capture zone as a function of
2alB with a1W=O.2and R=O, for two values of QI4aU +B



Figure 5.6.15

Figure 5.6.16

Figure 5.6.17
Figure 5.6.18
Figure 5.6.19

Figure 5.6.20

Figure 5.6.21

Figure 5.6.22

Figure 5.6.23

Figure 5.6.24

Figure 5.6.25

Figure 5.6.26

Figure 5.6.27

Figure 5.6.28

Figure 5.6.29

Figure 5.6.30

Figure 5.6.31

Figure 5.6.32

Figure 5.6.33
Figure 5.6.34
Figure 5.6.35

Width of three-dimensional capture zone as a function a/W,
with Q/4aU ~=O.I, for different values of 2a/B
Width of three-dimensional capture zone as a function a/W,
with Q/4aU +B=-O.I, for different values of 2a/B
Solute balances for flow-through lakes
Isotope balances for flow-through lakes
Flow-through domain for 2a/B=I, showing contours of
Q/U~
Flow-through domain for 2a/B=I, showing contours of bJB

Flow-through domain for 2a/B=I, showing contours of
crJc+ when P(2a)/U ~=0.5 above and E(2a)/U ~=0.5 below
the Q=O line
Flow-through domain for 2a/B=I, showing contours of
(1+5£)/(1+5+) when P(2a)/U ~=O.5 above and
E(2a)/U ~=O.5 below the Q=Oline
Flow-through domain for 2a/B=I, showing contours of bJB
and crJc+ when P(2a)/U~=0.1 above and E(2a)/U ~=O.1
below the Q=O line
Flow-through domain for 2a/B=I, showing contours of
(1+5£)/(1+5+) when P(2a)/U ~=0.1 above and
E(2a)/U~=O.1 below the Q=O line
Flow-through domain for 2a/B=I, showing contours of bJB
and crJc+ when P(2a)/U ~=O.25 above and E(2a)/U ~=O.25
below the Q=Oline
Flow-through domain for 2a/B=I, showing contours of b-fB
and (1+5£)/(1+5+) when P(2a)/U +B=0.25 above and
E(2a)/U ~=O.25 below the Q=O line
Flow-through domain for 2a/B=I, showing contours of b-fB
and crJc+ when P(2a)/U ~=0.5 above and E(2a)/U ~=O.5
below the Q=Oline
Flow-through domain for 2a/B=I, showing contours of b-fB
and (1+5£)/(1+5+) when P(2a)/U ~=0.5 above and
E(2a)/U ~=O.5 below the Q=O line
Flow-through domain for 2a/B=I, showing contours of b-fB
and crJc+ when P(2a)/U ~=1.0 above and E(2a)/U ~=1.0
below the Q=Oline
Flow-through domain for 2a/B=I, showing contours of bJB
and (1+5£)/(1+5+) when P(2a)/U ~=1.0 above and
E(2a)/U ~=1.0 below the Q=Oline
Flow-through domain for 2a/B=I, showing contours of b-fB
and crJc+ when P(2a)/U~=2.0 above and E(2a)/U~=2.0
below the Q=Oline
Flow-through domain for 2a/B=I, showing contours of b-fB
and (1+5£)/(1+5+) when P(2a)/U ~=2.0 above and
E(2a)/U ~=2.0 below the Q=Oline
Flow-through domains for three values of 2a/B
Flow-through domain for 2a/B=4, showing contours of b-fB
Flow-through domain for 2a/B=4, showing contours of b-fB
and crJc+ when P(2a)/U ~=0.1 above and E(2a)/U ~=O.1
below the Q=Oline



Figure 5.6.36

Figure 5.6.37

Figure 5.6.38

Figure 5.6.39

Figure 5.6.40

Figure 5.6.41

Figure 5.6.42

Figure 5.6.43

Figure 5.6.44

Figure 5.6.45

Figure 5.6.46

Figure 5.6.47

Figure 5.6.48
Figure 5.6.49

Figure 5.6.50

Figure 5.6.51
Figure 5.6.52

Figure 5.6.53

Flow-through domain for 2a/B=4, showing contours of b-.lB
and (1+()L)/(1+()+) when P(2a)/U ~=O.1 above and
E(2a)/U~:{).1 below the Q=O line
Flow-through domain for 2a/B=4, showing contours of b-.lB
and cljc+ whenP(2a)/U~=0.5 above andE(2a)/U~=O.5
below the Q=O line
Flow-through domain for 2a/B=4, showing contours of b-.lB
and (1+OL)/(1+0+)when P(2a)/U ~=0.5 above and
E(2a)/U ~:{).5 below the Q=O line
Flow-through domain for 2a/B=4, showing contours of b-.lB
and cljc+ when P(2a)/U ~=2.0 above and E(2a)/U ~=2.0
below the Q:{) line
Flow-through domain for 2a/B=4, showing contours of b-.lB
and (1+OL)/(1+0+) when P(2a)/U ~=2.0 above and
E(2a)/U +B=2.0 below the Q=O line
Schematic diagram showing extension of a capture zone
towards a groundwater divide
Capture zones for isolated (a) long and (b) short lakes,
taking into account an effective 2a/B* equal to
(2a/B)/(Kx/ Kz)O.5
Model domain for a cross-section through two lakes
showing (a) geometry, (b) boundary conditions for the flow
problem, and (c) boundary conditions for the transport
problem
Contours of strearnfunction with R = 0.0004md-1,
Kx = 20md-1 and (a) Kz = 20md-1, (b) Kz = 2md-1, and
(c) Kz = 0.2md-1

Contours of strearnfunction with R = 0.0008md-1,
Kx = 20md-1 and (a) Kz = 20md-1, (b) Kz = 2md-1, and
(c) Kz = 0.2md-1

Contours of streamfunction with R = 0.0004md-1,
Kx = 20md-1 and Kz = 0.2md-1, and contours of
concentration with aL = 20m and (a) aT= 2m, (b) aT= 0.2m
and (c) aT= 0.02m
Structure of the Perth Urban Water Balance Model [from
Cargeeg et al., 1987a)
Finite element grid for the Jandakot Mound
Equipotential and flux vectors for a long-term average
situation on the Jandakot Mound
Predicted capture zones for seven lakes on the Jandakot
Mound, without taking into account the depth of capture
zones
Enlargement of grid near North and Bibra Lakes
Possible flow patterns with non-uniform low conductivity
linings
Diagramatic presentation of four typical flow conditions near
permanent lakes in hummocky moraine: (1) Spring (2)
Early summer (3) Late summer (4) Autumn and winter
[from Meyboom, 1967]



Figure 5.6.54

Figure 5.6.55

Figure 5.6.56

Figure 5.6.57
Figure 5.7.1
Figure 5.7.2

Figure 5.7.3

Figure 5.7.4
Figure 5.7.5

Figure 5.7.6

Figure 5.7.7

Figure 5.7.8

Figure 5.7.9

Figure 5.7.10

Figure 5.7.11

Figure 5.7.12

Figure Al

Figure A2

Figure A3

Figure C.1
Figure C.2
Figure C.3

Groundwater levels and capture zones near Lake Tyrrell (a)
in plan and (b) in vertical section [after Prendergast, 1989]
Transition between flow regimes in Donana National Park,
Spain (after Sacks et al., 1992]
Fundamentally different behaviours in surface water
dominated and groundwater dominated lake-aquifer systems
Transition between flow patterns as a large lake dries out

a) General one-dimensional model with multiple aquifer
subregions and lakes, and (b) model with three subregions
Average water table elevation for model with three
subregions
Defmition sketch for plots of water table fluctuations
Fluctuations in water table elevation: (a) with RLpSIRp = 8,
(b) with RLpSIRp = 0.8, and (c) with RLpSIRp = u.08
Average water table elevation for model with lake of zero
length
Fluctuations in water table elevation for model with lake of
zero length
Non-dimensional results for 400m lake in middle of lOkm
aquifer
Non-dimensional results for 1.2km lake in middle of lOkm
aquifer
Non-dimensional results for 2km lake in middle of lOkm
aquifer
Non-dimensional results for 2km lake in middle of lOkm
aquifer, with bIB = 0.5
Schematic diagram showing optimal solution for ~, Ii and ~
illustration of moving distributions of mobile and sorbed
phospate
Relationship between different approximate solutions for the
advance of a sharp front
Comparison of isotherms obtained (a) in batch experiments
and (b) in a phosphatostat
Flow direction in an undistorted coordinate system
Flow direction in a vertically exaggerated coordinate system
Flow direction /3' as a function of angle of equipotential 0'
and c21(Kx1KzJ

TOWNLEYLR
Highlight

TOWNLEYLR
Sticky Note
This Figure is referred to in the text but was missing from the Final Draft. Since the scan was prepared 22 years after completion of the Final Draft, the original Figure has been lost.



1. INTRODUCTION

1.1 Preamble

A sequence of dry years in the late 1970's resulted in declining groundwater levels in the
Perth region, restrictions on water use and increased awareness of lakes and wetlands for
their contribution to the Perth lifestyle. The Perth Urban Water Balance Study [Cargeeg
et ai., 1987] was initiated by the Metropolitan Water Authority in 1982 and completed by
the Water Authority of Western Australia rwAWA) in 1987. One of the primary
outcomes of that Study was the development of a regional scale water balance model for a
major portion of the Swan Coastal Plain, a region containing dozens of lakes and
hundreds of wetlands. A less well-known outcome was that it incorporated, for the fIrst
time in a Study of this kind, two significant studies of the region's wetlands. Both were
initiated by the Department of Conservation of Environment and completed under the
name of the Environmental Protection Authority (EPA).

In late 1987 and early 1988, a number of groups of researchers in Western Australia
independently approached the Water Authority and the EPA seeking support for
applications under the Partnership Research Program of the Australian Water Research
Advisory Council (AWRAC). The research described here was one of fIve major studies
initiated in 1989 with joint support from these three organisations. The other four studies
focussed on water quality (particularly the use of macro invertebrates as indicators of the
health of wetlands), fringing vegetation and birdlife. The outcomes of all five will be
summarised in a combined report currently in preparation by the Water Authority and the
EPA.

The Water Authority of Western Australia is responsible for managing the State's water
resources. In some areas on the Swan Coastal Plain, the Water Authority pumps
groundwater to provide drinking water (Scheme water) supplies for Perth. Where
legislation allows, it also allocates groundwater to private and public users. The review
process whereby new groundwater pumping schemes are approved has resulted in the
defInition by the EPA of desirable minimum and absolute minimum water levels in a
number of lakes. One of the major issues relating to lakes and wetlands is therefore that
of lake water level management.

Another major issue is that of lake water quality and the role of 'buffer zones' in
protecting water quality. Both the EPA and the Water Authority are involved in the
process through which permission is given for specifIc land use activities at particular
locations. The EPA has been particularly keen to find a scientifIc basis for statements
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concerning the implications of particular land use activities upgradient of lakes and
wetlands.

Finally, a third issue of interest has been the scientific basis for the methods already being
used by the Water Authority to incorporate lakes and wetlands in computer simulation
models of regional groundwater flow. Although the regional scale model developed
during the Perth Urban Water Balance Study did not include individual lakes, other

models at more local scales have done so since. The methods used have been intuitively
correct but not documented in the literature, thus the issue in this case was to validate
and/or improve the methods in use.

To summarise, there were three major areas of interest to the sponsors of this Project at
the time it started:

• management oflake water levels,

• buffer zones for wetland protection, and

• development of scientically-based computer modelling methods for lakes.

All of these are reflected in the Project's objectives described below.

1.2 Regional Setting

Before presenting the Project's formal objectives, it is worthwhile briefly reviewing the
physical setting of the Perth region.

Figure 1.2.1 shows the Perth region and several major land use categories in the region.
Major wetlands are shown in black. Figure 1.2.2 shows regional groundwater levels and
in particular the Gnangara and Jandakot Mounds. With the exception of the Gwelup
borefield which is located within the urban area, Water Authority borefields are generally
associated with pines or uncleared land upgradient of major wetlands. Figures 1.2.3 and
1.2.4 clearly show the association of many wetlands with boundaries between geologic
units [see also Allen, 1981]. The locations ofthe three sections in Figure 1.2.4 are
shown in Figure 1.2.3. Figure 1.2.5 provides the names of many of the wetlands on the
Swan Coastal Plain, consistent with those approved by the Department of Land
Administration (DOLA) Nomenclature Committee.

Much of our knowledge of hydrogeology of the Swan Coastal Plain is due to the efforts
of the Geological Survey of Western Australia (GSWA). Numerous contributions by
GSWA staff are referenced throughout this Report.
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The objectives of this Project, as defined in our original proposal to AWRAC, were as
follows:

(i) to understand fully the hydrological behaviour of shallow lakes in steady and
transient flow situations by a careful sequence of numerical experiments in two
and three dimensions. This will result in the definition of an upstream "capture
zone", in which all groundwater flow and any groundwater pollution will
eventually pass through the body of the lake; it will also define the zone
downstream of a lake in which water quality is influenced by a shallow lake;

(ii) to validate predictions of lake-aquifer interaction using physical, hydrogeological,
chemical and stable isotopic measurements in thefield;

(iii) to calibrate two-dimensional plan models of aquifer flow against three-
dimensional local models of shallow lakes, in order to determine effective
transmissivities in the vicinity of lakes for use in plan models. This will allow the
use of simpler two-dimensional models infurther studies of lake-aquifer
management strategies; and

(iv) to investigate and make recommendations on management issues such as the rates
of solute and nutrient transport into shallow lakes, possible strategies to reduce the
impact of pollution upgradient of a wetland, pumping strategies in the vicinity of
wetlands to reduce the effects on lake water levels and strategies for artificial
maintenance of lake levels.

All of these objectives have been addressed during the course of this Project. But more
progress has been made on some than on others. The fIrst three objectives have been
addressed very thoroughly, although many questions have been raised, and there is scope
for further rsearch. SignifIcant progress has been made on the fourth objective, but more
work is needed on pumping strategies for artifIcially maintaining lake water levels.

1.4 Structure of Report

The work plan to address the Project's objectives necessarily involved simultaneous
activities on many fronts. As work progressed and as the Project sponsors became
familiar with partial results, the emphasis on different issues evolved The structure of
this report is intended to allow water resources managers or those whose acticitivies affect
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lakes and wetlands to learn what they need to know by reading Chapter 2. This Chapter
summarises the current state of our knowledge about how shallow lakes and wetlands
interact with unconfined aquifers.

The remaining Chapters of this Report are technical in nature. Chapter 3 provides a
review of literature on lake-aquifer interaction and also, to a lesser extent, on lake
hydrology and hydrogeochemistry. In the latter context, we include some references to
lake water balance calculations, the role of surface water inflows and outflows and on
nutrient and contaminant transport.

Chapters 4 and 5 provide the detailed technical description of work carried out during this
Project. There is an obvious separation between field and laboratory activities reported in
Chapter 4 and modelling activities reported in Chapter 5. The principal findings in
Chapters 4 and 5 are repeated in Chapter 2, and some discussion of field data in relation
to model predictions is presented in Section 4.6.

Chapter 6 provides a brief indication of the potential for further research.

9
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2. SUMMARY OF FINDINGS

This Report presents the results of a three-year Project on the interaction between lakes,
wetlands and unconfined aquifers. In general, we use the words "lakes" and "wetlands"
to mean shallow surface water bodies which are either permanently or seasonally wet.
This definition is less precise than the definitions of lakes, sumplands and damp lands
provided by Semeniuk [1987], but is sufficient to allow systematic study of groundwater
flow near water bodies on the Swan Coastal Plain.

This Report assumes that the reader has some understanding about how regional aquifers
work, but in order to set the scene, a brief introduction is presented here. Aquifers are
layers of geological material (such as sands, silts, clays, and in many cases, fractured
rock) which are capable of transmitting significant quantities of water. "Significant" in
this context means that the rate of flow is large enough to be non-negligible relative to
other flows in the hydrological system. Aquifers transmit water downgradient from
source areas towards sinks. In the case of the Swan Coastal Plain, the sinks are the
Indian Ocean, and the Swan and Canning Rivers. The source area is the whole of the
Swan Coastal Plain, because recharge occurs virtually everywhere. The source areas
furthest from the sinks are at the tops of regional groundwater mounds, known as the
Gnangara Mound in the north and the Jandakot Mound in the south.

The uppermost aquifer on the Swan Coastal Plain is an unconfined aquifer, which has as
its upper boundary a "water table". The water table is the top of the saturated zone, and
the elevation of the water table provides the driving force for flow towards the regional
sinks. The shape of the regional water table explains the use of the term "mound",
above. In recharge areas, groundwater flow has a slightly downward component of
flow, from the water table towards the the bottom of the aquifer, or even towards deeper
aquifers. Near discharge areas, there is a slight upward component of flow.
Groundwater is always flowing "downhill", but the "hill" is defined by the variation of a
quantity known as "piezometric head". Piezometric head is a combination of elevation
and pressure. At the water table, piezometric head is equal to water table elevation. In
recharge and discharge areas, piezometric head decreases and increases with depth,
respectively. Because aquifers are typically shallow compared to their horizontal extent,
and because gradients in water table elevation are typically small, groundwater flow in
aquifers can be visualised as being essentially horizontal.

This Report focuses on the special role of lakes in a regional aquifer system. Shallow
lakes occur on the Swan Coastal Plain where the regional groundwater level rises to
intersect the undulating land surface. Within each lake, the water surface is horizontal,
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thus the piezometric head at the bed of the lake is everywhere equal to the elevation of the
lake surface. This creates a region beneath each lake where there is effectively no
horizontal gradient, and where the flow tends to stagnate. At the same time, a water body
itself provides less resistance to flow than an aquifer, so groundwater tends to rise
towards a lake on the upgradient side, travel through the lake and then discharge back to

the aquifer at the down gradient side. The water body acts as a conduit, or a short circuit
in the aquifer. It causes flows to deviate from being essentially horizontal, i.e. it induces
significant upward and downward components of flow. It is this fact which makes lakes
particularly important in the context of a regional flow system. Lakes interrupt the
essentially horizontal movement of groundwater by diverting flow through the water
bodies themselves.

This summary of the findings of our research is organised according to the objectives of
the Project. Three separate Sections describe research results on the identification of
capture zones, management of water levels and effective parameters for models in plan.
A fmal Section summarises a number of miscellaneous findings.

2.1 Identification of Capture Zones

• This report focuses on lakes, rather than on sumplands or
damplands.

Wetlands of the Swan Coastal Plain, near Perth, Western Australia, can be
classified according to geomorphological criteria Semeniuk [1987] as being lakes,
sump lands or damp lands. Lakes are wetlands in depressions in the land surface

which have an exposed open water surface throughout the year. Sumplands have
an open water surface for part of the year, but are dry for part of the year.
Damplands never have an exposed open water surface, but are waterlogged during
most of the year. This report focuses on lakes, but the results can be applied to
sumplands when changing surface areas are taken into account.

• The majority of lakes on the Swan Coastal Plain act as flow-through
lakes which capture groundwater on their upgradient side and
discharge lakewater on their downgradient side.

In general, there are three kinds of water table lakes. Those that receive
groundwater over the whole of their bottom surface are known as discharge lakes.
Those that release lakewater to the aquifer over the whole of their bottom surface
are called recharge lakes. And those that receive water and release water over
different parts of their bottom surface are jlow-throug h lakes. All the lakes that
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have been studied in detail on the Swan Coastal Plain appear to act as flow-
through lakes. Some smaller lakes may act as discharge or recharge lakes for
short periods during the year.

Figure 2.1.1 shows a schematic illustration of a flow-through lake. The Figure

defines a capture zone, within which any recharge eventually flows through the
lake. It also defines a release zone, which contains water which has passed
through the lake. The shapes of capture and release zones may have important
implications for land use management.

• Contaminants in groundwater are carried in the direction of
groundwater flow, but also mix laterally within the aquifer and can
be retarded by sorption or decay.

Contaminants which are transported at the same velocity as groundwater are said
to be carried by the process of advection. Because groundwater follows a
tortuous path through a porous matrix and through and around regions of varying
hydraulic conductivity, contaminants are spread both longitudinally and laterally
by the process of dispersion. Dispersion is an important mechanism for mixing in
porous media, but there is increasing evidence that the dominant movement of
contaminants can be explained by advection alone. Most of the modelling in this
Report is based on advection without dispersion.

Some contaminants become attached to the porous medium by the process of
adsorption, and other decay naturally, sometimes with assistance from bacteria.
These processes affect travel times and intensities of contamination within a
capture zone, rather than the shape of the capture zone itself.

• We have developed two-dimensional models in vertical section,
two-dimensional models in plan and three-dimensional models in
order to study the shape of capture and release zones as a function
of nearby aquifer flows and net groundwater recharge.

Although the physical region near a lake is three-dimensional, it is not possible to
use three-dimensional computer models for all studies of lake-aquifer interaction.
As a result, we have used two-dimensional models in vertical section and in plan
and identified the circumstances under which these models give good
approximations to true three-dimensional behaviour.
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Figures 5.2.1 to 5.2.3 define a two-dimensional vertical section, on which many
of our results are based. This model is based on a solution of Laplace's Equation,
and as a result, we can compute a mathematical quantity known as streamfunction
to predict the paths along which water will travel. We have developed an
interactive computer package called FlowThru [Townley et al., 1992], which
allows users to specify simple lake geometries, aquifer properties and boundary
fluxes, and then predicts groundwater flow patterns, including the shapes of
capture and release zones, in a vertical section. FlowThru applies to the near field
of a lake, as defined in Figure 5.1.1. We have identified 9 flow-through, 5
recharge and 5 discharge regimes which can occur in a vertical section when
inflow and outflow at the lateral boundaries are in the same direction (see Figure
5.2.11).

Figures 5.3.1 to 5.3.3 define a two-dimensional model in plan. We have
developed so-called particle-tracking methods to predict travel paths in two-
dimensional plan models and to calculate the shapes of capture and release zones.
We argue that there are only three distinctly different flow regimes in plan when
inflow and outflow at the lateral boundaries are in the same direction (see Figure
5.3.6).

Figures 5.1.2, 5.4.1 and 5.4.2 define a three-dimensional model of the near field
of a shallow lake. We have developed three-dimensional particle-tracking
techniques, as well as three-dimensional visualisation of dividing surfaces to
display three-dimensional groundwater flow patterns near lakes. We argue that
every flow regime which occurs in a vertical section also occurs in three
dimensions, and that the flow regimes seen in plan also describe the apparent flow
regime seen at the upper boundary of a three-dimensional region.

The hierarchy of models developed during this Project allows us to make
quantitative predictions of the geometries of capture and release zones of shallow
flow-through lakes.

• The depth of a capture zone depends mostly on the length of a lake
in the direction of average groundwater flow relative to the
thickness of the aquifer.

Through systematic modelling, we have determined that the depth of a capture
zone on the centreline through a lake in the direction of regional aquifer flow
depends mainly on the ratio of lake length, 2a, to the thickness of the aquifer, B.
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Length is defined to be in the direction of average flow, with the other horizontal
dimension of a lake being called its width, even if the width is larger. We predict
the depth of the capture zone at a distance of 2B upgradient of the lake.

In an isotropic aquifer, a water body with length equal to the aquifer thickness
draws water from the top half of the aquifer. A water body five or ten times
longer than the aquifer thickness draws water from virtually the whole thickness
of the aquifer, and discharges water to the same depth. The simplest way to
understand these results is to think of each droplet of water following the path of
least resistance from its source (in a recharge area) towards its discharge point (a
distant river or the sea). It is easier for water at the base of an aquifer to rise 50 m
into a wetland, to travel hundreds of metres horizontally in the water body and
then to flow 50 m downwards again, than to travel hundreds of metres along the
bottom of the aquifer, where there is negligible driving force because the water
surface above is flat.

When 2a/B ""1, we say that a lake is short, whereas when 2a/B ~ 4, a lake is

long. Figure 5.2.15 shows likely flow regimes in a vertical section through short
and long lakes. Figure 5.2.18 presents the fundamental relationship between the
depth of a capture zone relative to the aquifer thickness, b.JB, and lake length for
a flow-through lake, as obtained using FlowThru. Figure 5.4.10 confirms that
three-dimensional modelling predicts a result which is very close to that predicted
by FlowThru.

• The depth of a capture zone also depends on aquifer anisotropy, the
resistance of low conductivity bottom sediments, aquifer inflows
and outflows, and recharge.

The ratio of horizontal to vertical hydraulic conductivity is known as the
anisotropy ratio. We can show that a lake in an anisotropic aquifer behaves like a
lake in an equivalent isotropic aquifer which has an effective 2a/B which is smaller
by the square root of the anisotropy ratio. A lake with a physical2a/B = 10 and
an anisotropy ratio of 100 therefore behaves like a lake in an isotropic aquifer with
2a/B = 1. The depth of the capture zone predicted by FlowThru applies at a
distance of 2B multiplied by the square root of the anisotropy ratio. Anisotropy
therefore has a very significant effect on capture zone geometry.

A lake with a continuous lining of low conductivity sediments also behaves like a
lake with a smaller 2a/B. This is because the low conductivity lining tends to
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isolate the lake from the aquifer and therefore there is less tendency for water to be
attracted towards the lake. This effect is shown in Figures 5.6.4 to 5.6.6.
Although we have not carried out numerical experiments, we believe that a non-
uniform lake lining, especially one in which the sediments are located near the
middle of the lake, will have little effect on the capture zone geometry (Figure
5.6.52d).

The ratio of aquifer flows upgradient and downgradient of a lake is a key variable
in describing flow regimes. We use UJU + to denote the ratio of down gradient to
upgradient flow, or equivalently, the ratio of water table gradients in a
homogenous aquifer. Capture zone depth increases as UJU + decreases, and vice
versa (Figure 5.6.1), but the effect is almost negligible for long lakes. Capture
zone depths are also affected by recharge (Figure 5.6.2), and by the net flux from
a lake into the underlying aquifer (Figure 5.6.3).

• The width of a capture zone in plan is roughly twice the width of
the lake.

Two-dimensional modelling in plan shows that the width of the capture zone for a
circular lake depends on the degree of isolation of the lake, measured by a/W

where 2W is the distance between the centres of adjacent lakes (Figure 5.3.2).
When a/W is small, a lake is effectively isolated and the width of the capture zone
approaches twice the lake diameter (Figures 5.3.12 and 5.3.13). As a/W -7 1, a

circular lake is almost touching its neighbours and the width of its capture zone
approaches the lake diameter.

Two-dimensional modelling assumes that flow is essentially horizontal
everywhere and that a lake is effectively a cylinder of water extending to the
bottom of the aquifer (Figure 5.3.1). We argue, based on two-dimensional
modelling in vertical section, that a long lake has capture and release zones that
extend to the bottom of the aquifer, so that flow is almost horizontal over most of
the region. Furthermore, flow is negligible beneath the middle of the lake, so that
the aquifer below the lake is almost hydrostatic, as if it were part of the lake.
There is thus good justification for accepting the results of two-dimensional
modelling in plan for long lakes.

Three-dimensional modelling of flow-through lakes with no recharge allows us to
predict the width of capture zones at the land surface. Figures 5.4.11 and 5.4.13
show that capture zone width approaches twice the diameter of a circular lake as
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the lake becomes longer in the direction of regional flow and when a lake is
isolated from its neighbours.

• The depth of a release zone is closely related to the depth of a
capture zone.

There are many symmetries in our modelling results, and as a result it is possible
to infer the depth of a release zone from knowledge of the depth of a lake's
capture zone. From a modelling point of view, we usually predict capture zone
geometry and infer the shape of the release zone. In the field, we attempt to
identify the release zone and then infer the capture zone.

• Groundwater seepage into and out of a flow-through lake is
concentrated near the upgradient and downgradient edges of the
lake.

Model simulations allow us to predict the spatial distribution of seepage between a
lake and its underlying aquifer. FlowThru predicts bottom seepage in a two-
dimensional vertical section. We can prove that seepage rates do not decay
exponentially, as has been suggested by some researchers, but that there is
certainly a rapid decline in seepage with distance from the shore (Figures 5.2.22
and 5.2.23). Seepage on the bottom of a circular lake can be calculated by three-
dimensional modelling. Although the results are not as accurate as we would like,
the results confirm that seepage is greatest near the leading and trailing edges of
the lake (Figure 5.4.16).

Seepage rates can be measured in the field. Figure 4.2.12 shows measurements
from three seepage meters at Nowergup Lake in 1989.

• The shape of a lake's release zone can be identified in the field by
taking water samples and analysing for isotopic and
hydrogeochemical concentrations.

Evaporation from the open water surface of a lake causes concentrations of natural
isotopes, chloride and other ions to increase inthe lakewater. The naturally
occurring heavy isotopes of water are known as oxygen-18 and deuterium (180
and 2H), and water molecules containing these isotopes do not evaporate as easily
as the more abundant light isotopic water molecules. CWoride is also concentrated
by evaporation, but can also be concentrated by plant water uptake. Only the
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isotope signatures provide unequivocal evidence that water has been subjected to
evaporation.

Groundwater on the down gradient side of any flowthrough lake has the same
isotopic and hydrogeochemical signature as lakewater. As a result, it is possible
to identify the shape of a lake's release zone by analysing groundwater samples
for these constituents.

• We have studied the release zones of Nowergup Lake, Mariginiup
Lake, Jandabup Lake and Thomsons Lake using isotopic and
hydrogeochemical tracers.

Figures 4.2.2, 4.2.24 and 4.2.32 demonstrate the clear differences between
concentrations of oxygen-18 and deuterium in upgradient groundwater, lakewater
and down gradient groundwater at Nowergup, Jandabup and Thomsons Lakes.
Figures 4.2.3, 4.2.25 and 4.2.33 show generalised cross-sections through these
three lakes and demonstrate that the depth of a lake's release zone can easily be
identified using isotopic data. Figures 4.2.4, 4.2.26 and 4.2.34 show that
chloride data lead to the same conclusions.

The release zone at Nowergup Lake extends to a depth of about 0.6B, where B is
the thickness of the aquifer in superficial formations near the lake. A similar depth
is inferred at Mariginiup Lake, although fewer data are available there, and the
flow system near the latter seems to be more complex. Jandabup and Thomsons
Lakes have release zones that extend to the bottom the aquifer, consistent with
these lakes being very long in the direction of regional flow.

Table 4.6.1 summarises the findings of our field investigations on release zones
using isotopic and hydrogeochemical tracers. It is possible to use observations of
release zone depth to infer likely values of aquifer anisotropy at a large scale.
Anisotropy ratios of 50 or 100 are not inconsistent with our observations.

• Isotopic and hydrogeochemical tracers have confirmed that outflow
from Lake Pinjar becomes inflow to Nowergup Lake, a distance of
5.75 km downgradient.

During our study at Nowergup Lake, we recognised isotopic and
hydrogeochemical anomalies near the upgradient edge of the lake that seemed to
indicate that groundwater at mid-depths in the superficial formations had been
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previously evaporated. Further drilling and sampling confinned that Lake Pinjar's
release zone extends almost to the bottom of the aquifer and that Nowergup Lake
receives water from the upper part of the release zone. Figures 4.2.20 and 4.2.21
show generalised cross-sections along the Pinjar-Nowergup transect, with
deuterium and choride concentrations which confIrm the connection between the
two lakes.

Figure 5.6.46 shows the results of computer simulations of groundwater flow and
transport along a cross-section through these lakes. These results are the only
examples of multi-dimensional transport modelling in this Report. They confmn
that the observed concentrations can be explained by reasonable combinations of
recharge, hydraulic conductivities, and dispersivities. The best results are
obtained with an anisotropy ratio of 100 and a ratio of longitudinal to transverse
dispersivity of 1000. The latter is very high, and supports the increasing body of
evidence that lateral dispersion may be less important than advection in controlling
the movement of tracers or contaminants in groundwater.

• The most cost-effective way to learn about a lake's release zone and
hence its groundwater flow regime is to install a nest of piezometers
or a multi-level piezometer at the middle of the downgradient side
of a lake.

Isotopic and hydrogeochemical data from a nest of bores, with screens positioned
at appropriate intervals between the water table and the bottom of the aquifer,
provides clear evidence for the location of a dividing surface which separates a
lake's release zone from groundwater which has passed below a lake.

• Measurements of piezometric heads upgradient and downgradient of
a lake can in principle give information about the geometry of
capture and release zones, but are not as conclusive as isotopic and
hydrogeochemical data.

The fIrst step in undertanding a lake's role in a lake-aquifer system is to measure
regional water table elevations and infer average directions of aquifer flow. For
flow-through lakes of the type seen on the Swan Coastal Plain, this allows the
identifIcation of the upgradient and downgradient sides of a lake. Since
groundwater rises towards a lake at its upgradient shore, a nest of piezometers at
that location should show increasing heads with depth. Conversely, at the
downgradient shore, heads in a nest of piezometers should decrease with depth.
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Investigations of this type were not particularly successful during this Project,
perhaps because boreholes used for water level monitoring were located and
constructed many years ago for other purposes. Figures 4.2.9 and 4.2.10 show
piezometric heads near Nowergup Lake, Figures 4.2.27 and 4.2.28 show heads
near Mariginiup Lake, Figures 4.2.29 and 4.2.30 show heads near Jandabup
Lake, and Figures 4.2.35 and 4.2.36 show heads near Thomsons Lake. Data on
the upgradient side of Mariginiup Lake show the most consistent upward head
gradient, of the type expected. Prediction of capture zone depth based on the
difference in depth-averaged heads, as proposed by Nield [1990], could not be
successfully demonstrated using our field data.

Measurements of water table elevations near the stagnation or dividing points at
the northern and southern ends of Nowergup Lake (Figures 4.2.7 and 4.2.8) did
not give conclusive results. The purpose of these measurements was to attempt to
detect subtle changes in the water table configuration near these critical points.
But because gradients are so flat in these regions, it perhaps not surprising that
clear trends were not seen.

• The concentration of isotopes and chloride in lakewater and a lake's
release zone can assist in the determination of a lake's water
balance.

Although we have not carried out detailed water balance calculations for any
individual lakes during this Project, all of our modelling is implicitly based on
water balances. Estimating components of the water balance by measuring them
alone is not as useful as simultaneous calculation of water, solute and thermal
balances. Isotope and chloride balances are two forms of solute balances, which
provide complementary information about the various components of the water
balance. Chloride and bromide balances would probably be redundant, i.e. the
measurements of bromide would not add any new information since bromide
migrates in exactly the same way as chloride. Natural isotopes, however, provide
additional information, because of the fractionation during evaporation that
imparts an unequivocal signature to the residuallakewater.

Most solute and thermal balances of lakes suffer from incomplete knowledge
about groundwater inflows and outflows. We have developed a new method for
calculating the solute and isotope balances of flow-through lakes by integrating the
results of groundwater flow calculations in a two-dimensional vertical section near
shallow lakes. Figures 5.6.17 and 5.6.18 show the conceptual models on which
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the balances are based. Numerous Figures have been prepared for two lake
lengths, 2a/B = 1 and 4, to demonstrate that the ratios of chloride and isotope
concentrations in lakewater relative to those in upgradient groundwater depend on
the relative magnitudes of various components of the water balance near a lake.
We have applied this methodology to Nowergup Lake, with some success
(Figures 4.6.1 to 4.6.5).

• Capture zone geometries vary seasonally as lake levels and surface
areas fluctuate.

Although we have not carried out systematic modelling of the seasonal dynamics
of capture and release zones, we have argued that flow regimes near lakes must
change in response to seasonal variations in rainfall minus evaporation over the
lake surface, net recharge to the water table and regional aquifer flows. Figures
5.6.53 to 5.6.55 show examples of interesting systems containing more than one
lake. Figures 5.6.56 and 5.6.57 illustrate the ways in which capture zones
probably change.

Figure 5.6.56 is particularly interesting, because it suggests that lakes are either
groundwater or surface water dominated. Groundwater dominated lakes have
lake level fluctuations that are smaller than water table fluctuations, and lake levels
probably lag behind groundwater levels. Surface water dominated lakes are
driven by changes in lake volumes, for example due to large inputs from surface
drains, thus lake level fluctuations are larger than water table fluctuations and lake
levels rise and fall before the surrounding groundwater levels. These findings are
supported by modelling (e.g. Figure 5.7.5), but capture zones do not need to vary
as drastically as Figure 5.6.56 indicates. Some lakes on the Swan Coastal Plain
may fluctuate between recharge and flow-through regimes or between flow-
through and discharge regimes, without necessarily fluctuating between recharge
and discharge regimes.

The depth and width of a capture zone may vary significantly in lakes which have
large seasonal changes in surface area. They can be estimated using the length
and width of the lake at any instant in time.
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• Capture zones of lakes on the Swan Coastal Plain can be determined
by regional scale modelling, coupled with results of idealised
modelling of isolated lakes.

The many lakes on the Swan Coastal Plain are an integral part of a regional
groundwater flow system, and their behaviour therefore depends on regional
hydrogeology, regionallanduse patterns, regional climatic variations and the
behaviour of other lakes. The Perth Urban Water Balance Model [Cargeeg et al.,
1987a] provides the logical framework for assessing the behaviour oflakes on the
Swan Coastal Plain. This model combines a two-dimensional aquifer flow
model, which assumes that flow in the superficial formations is essentially
horizontal, and a Vertical Flux Model capable of predicting net recharge to the
aquifer as a function of space and time. The model also allows lakes to be
represented using a "dummy" second layer, such that groundwater flow can leak
upwards into and downwards out of high conductivity zones representing the
lakes. As summarised in Section 2.3, we have developed new methods for
predicting effective model parameters to be used in this kind of approach. This
will allow the Water Authority in the future to simulate lakes embedded in the
regional aquifer more accurately, especially if model grids are redesigned with
higher resolution.

We have used the Perth Urban Water Balance Model and a data set provided by
the Water Authority to predict an annual average aquifer flow pattern for a large
region to the south of Perth containing the Jandakot Mound. We have then used
particle tracking to defme the capture zones of seven lakes (Figure 5.6.50). These
capture zones are predictions only, based on the Water Authority's calibration of
the regional modeL All capture zones in Figure 5.6.50 extend all the way to the
top of the Jandakot Mound, but actual capture zones may be shorter, because of
three-dimensional effects which can not be simulated directly at regional scale.
We have developed a methodology for accounting for three-dimensional effects,
based on anisotropy and the resistance of lake bottom sediments. The lengths of
predicted capture zones can be shortened based on water balance arguments in a
vertical section, and using the depths of capture zones predicted with FlowThru
(Figures 5.6.41 and 5.6.42). In principle it is possible to calculate capture zones
based on travel times and based on decay or retardation of particular contaminants,
but we have not yet done so.
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• Nitrate, phosphate, petroleum products and pesticides can all be
carried by groundwater, but some are degraded or retarded, thus
reducing their rate of movement through an aquifer.

It is well known that some potential contaminants break down naturally in the
groundwater environment, while others become adsorbed to the porous matrix
and even react chemically with the matrix. We have not carried out fundamental
research on these issues during this Project, but have reviewed available literature,
with particular emphasis on local research on the Swan Coastal Plain. We have
also carried out investigations at a market garden near Lake Wattleup, specifically
to study the occurrence and movement of nitrate and phosphate in the unsaturated
zone and just below the water table.

Nitrate is generally highly mobile, although under reducing conditions,
denitrification causes nitrate to degrade into nitrogen. Figures 4.2.40 and 4.2.41
show high and variable nitrate concentrations within the area of the Lake Wattleup
market garden, both above and below the water table. Table 4.2.12 shows that
nitrate has travelled at least 50 m beyond the boundaries of the irrigated market
garden area, although the breakthrough is unevenly distributed.

Phosphate is far less mobile, because it is readily adsorbed onto the porous
matrix. Figure 4.2.42 shows that most phosphate is retained in the upper 2 rn of
the unsaturated zone beneath the Lake Wattleup market garden. Elevated
phosphate concentrations are observed at one site beyond the market garden
boundary, at a site where nitrate levels are also high. It is possible that these
observations may be due to the discharge of nutrients from washing sheds located
near the down gradient end of the market garden.

Batch experiments were carried out to evaluate the adsorption properties of
phosphate on soil from the Lake Wattleup market garden. We have applied an
approximate analytical model for the movement of a sharp front of phosphate in
the unsaturated to zone, using parameters from the batch experiments. Table
4.2.11 shows that travel distances in 100 years are likely to be less than 16 m in
the unsaturated zone, at typical rates of recharge and fertiliser application. Lateral
travel distances at or near the water table have not been calculated, but may be
further, because of faster velocities of water.

We have summarised published results on the movement of petroleum products
and pesticides in Western Australian conditions. Of the BTEX compounds in
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petroleum, benzene is the most mobile in groundwater. Of the pesticides, smazine
is the most likely to migrate.

• The capture zones of lakes have implications for landuse planning,
in that it may be desirable to control some potentially polluting
activities within the capture zones.

The groundwater capture zone of a lake allows us to define a region on the land
surface within which recharge will eventually pass through the lake. If there is a
source of contamination at or below the land surface within capture zone, there is
ultimately a potential for contaminated water to reach the lake. The groundwater
capture zone therefore allows us to defme an upper bound on the size of a buffer
zone needed to protect water quality inthe lake for all time.

Taking into account the relative mobilities of different contaminants, it is possible
in principle to calculate travel times for each contaminant within the capture zone,
and therefore to defme lO-year or 50-year buffer zones, based on the time each
contaminant would take to reach the lake. It may be undesirable to site
horticultural activities or stormwater drainage sumps, for example, within the
groundwater capture zone of a lake, or at least within zones defined by 50-year or
lOa-year travel times for likely contaminants.
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2.2 Management of Water Levels

FINAL REPORT

• Water levels in lakes on the Swan Coastal Plain fluctuate
seasonally, and in some cases, lakes are dry at the end of summer.

Figures 4.4.1 to 4.4.9 illustrate lake levels at a number of lakes in the Perth region

during the twenty-year period from 1 January 1972 to 31 December 1991. We
have not carried out systematic analysis of these levels or related them to climate
or landuse changes. Such studies need to be done using a regional scale
hydrogical model, such as the Perth Urban Water Balance Model, in order to take
into account the role of the lakes in the regional scale system.

In general, lake levels vary by 0.5 to 1.5 m during the annual cycle. Some lakes
have a range as low as 0.1 m. Others have a range as large as 3 m. Some lakes
have steep banks and are wet all year. Others have bowl-shaped bottoms, so that
they dry out at the end of the dry season. Water level fluctuations are perfectly
natural in our mediterranean climate, and are even necessary for the health of some
ecological systems. Suggestions have been made by other researchers that the rate
of change of water levels is just as important as the total magnitude of the change.
Water levels fluctuations can be increased or decreased by manmade influences,
such as surface drainage or weirs to control levels.

In recent years, the Environmental Protection Authority of Western Australia has
set lower limits for lake levels in some lakes on the Swan Coastal Plain. As a
result, it has been proposed that a number of lakes should have their levels
artificially maintained if lake levels approach the recommended or absolute
minimum levels.

• Lake levels can be effectively maintained by pumping relatively
small volumes of groundwater into the lakes for a few months each
year.

Figures 4.2.13 to 4.2.16 show lake level changes in Nowergup Lake during
artificial water level maintenance in 1990. Lake levels clearly respond to the
addition of pumped groundwater. The impact of pumping about 3000 KL d-1 for
two weeks is to cause lake levels in Nowergup Lake to rise about 10 cm. For a
lake of this size (i.e. surface area) in this hydrogeological environment, this rate of
pumping is sufficient to exceed losses by evaporation and groundwater outflow.
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In 1990, the total period of pumping was less than six weeks, with a total pumped
volume of 0.13 GL.

• Artificial water level maintenance can lead to an improvement in
lake water quality.

Groundwater pumped into Nowergup Lake during a water level maintenance trial
in 1989 contained lower concentrations of nitrate and phosphate than the lake
itself. A permanent facility established by the Water Authority for artificial water
level maintenance pumps water from the deeper Leederville Formation, which is
even higher in quality than the superficial formations. Water level maintenance in
1990 may have improved water quality in the lake and limited the growth of a
bloom of Microcystis sp.

• In order to minimise its impact on lakes, pumping for public or
private water supply should be located as far away as possible, both
in space and in time.

We have not carried out specific modelling studies to determine desirable or
optimal pumping strategies for pumping for water supply. But we have argued on
an intuitive basis that pumping at a distance from a lake, either horizontally or
vertically, will reduce the immediate impact of the pumping on lake water levels.
Pumping from deeper aquifers, such as the Leederville Formation, is an effective
way of reducing impacts at the water table. However if additional pumping from
the Leederville Formation is to be encouraged in the future, it is critically
important that the Water Authority should develop and maintain a capability for
predicting water balances in all major regional aquifers, i.e. not only in the
superficial formations as currently modelled by the Perth Urban Water Balance
Model.

We have suggested that a shift towards preferentially using groundwater in winter
months and surface water in summer months may have advantages for the
management of both groundwater and surface water supplies. Pumping
groundwater in winter months will have less impact on lake and wetland levels.

Pumping by the Water Authority is not the major cause of declining water levels in
lakes. All private users of groundwater are equally responsible, regardless of
their proximity to any particular lake.
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• A verage groundwater and lake levels depend on long-term average
recharge, whereas seasonal fluctuations depend on the deviations
between fluctuating recharge and the long-term average.

We have argued intuitively and developed a mathematical model which
demonstrates that average groundwater and lake levels are controlled by different
quantities than fluctuations in groundwater and lake levels. Average levels are
controlled by the spatial distributions of aquifer transmissivity and long-term
average net recharge, i.e. the net effect of percolation to the water table, pumping,
groundwater withdrawals by phreatophytic vegetation and leakage to or from
lower aquifers. The amplitude or range of fluctuations, however, depends on the
spatial distributions of specific yield and transmissivity, and on the amplitude or
range of the deviation between instantaneous net recharge and its long-term
average. Specific yield and transmissivity can be combined to define a
characteristic response time of a regional aquifer, or equivalently a non-
dimensional ratio which includes this response time. The unconfined aquifer of
the Swan Coastal Plain has a reasonably long response time, such that
groundwater fluctuations are closely related to fluctuations in recharge and are not
greatly diminished by the effects of lateral aquifer flow.

• Long-term fluctuations in groundwater and lake levels depend on
long-term fluctuations in recharge.

A generalisation of the above is that seasonal fluctuations are superimposed on
longer term changes induced by climatic variations or changes in landuse. It is
possible to separate the short and long term fluctuations and to analyse them
separately.

• Lake levels can fluctuate either more or less than nearby
groundwater levels, depending on whether a lake is driven by
surface water inflows or by groundwater inflows.

We have developed a mathematical model for a lake in the middle of a one-
dimensional regional aquifer and have determined that lake level fluctuations can
be greater than or less than nearby water table fluctuations. Apart from the
response time of the regional aquifer, the determining non-dimensional ratio is the
product of the amplitude of net recharge over the lake surface, specific yield in the
aquifer and the inverse of the amplitude of net recharge to the aquifer.
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Lakes which have very large fluctuations in rainfall minus evaporation, or which
have large seasonal inflows of surface drainage, are likely to have level
fluctuations which are larger than those in the aquifer nearby. In this case, the
lake levels drive the response of the aquifer, and peak groundwater levels lag
behind peak lake levels. If the regional system has larger fluctuations in net
recharge to groundwater, perhaps because of significant pumping in summer
months, fluctuations in groundwater levels are larger than those in the lake level,
and peak lake levels lag behind peak groundwater levels. Figure 5.7.5 illustrates
the fluctuations in lake and aquifer levels for three situations. A much more
detailed understanding of this phenomenon can be gained from Figures 5.7.8 to
5.7.11.
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2 .3 Effective Parameters for Models in Plan
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• Groundwater flow patterns near shallow lakes are fundamentally
three-dimensional, but we have developed approximate methods for
representing lakes in two-dimensional regional models of aquifer
flow.

Managers of regional groundwater systems, such as the Water Authority of
Western Australia, typically use two-dimensional models in plan to simulate the
behaviour of the water table in response to climate and groundwater extraction.
Such models are incapable of representing vertical flows, of the type which occurs
on the upgradient and down gradient sides of shalow lakes. Shallow lakes in a
regional aquifer attract groundwater towards them, thus one possible way of
simulating the effect of a lake is to represent it as a region with a large
transmissivity. Another possibility, as used by the Water Authority for many
years, is to represent a lake using a "dummy" second aquifer, connected to the
"real" aquifer by a leaky layer. These possibilities are illustrated in Figures 5.5.1
and 5.5.2, but until now, there has been no theoretical basis for assigning model
parameters in either of these approximate methods.

• We have developed guidelines for assigning large transmissivities
to represent circular lakes in a one-layered model of a regional
aquifer.

By matching the widths of predicted capture zones using a two-dimensional model
in plan and a full three-dimensional model with a simple flow-through regime, we
have calculated effective transmissivities which allow a two-dimensional model to
reproduce the "attractiveness" of a lake in three dimensions. Figure 5.5.12
provides guidance on an effective transmissivity, 1'*, relative to the regional
aquifer transmissivity, T, as a function of lake length in an equivalent isotropic
aquifer.

• We have developed guidelines for assigning leakage coefficients to
represent circular lakes in a two-layered model of a regional
aquifer.

By a similar matching process, we have calculated effective leakage coefficients to
reproduce the "attractiveness" of a lake in three dimensions. Figure 5.5.22
provides guidance on an effective D*/B for use in a two-layered model, also as a
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function of lake length in an equivalent isotropic aquifer. This ratio can be
converted to a leakage coefficient required by the model. Because of computing
limitations, we have less confidence in these results for short lakes than for long
lakes.

• Field data on the hydraulic conductivities of lake linings confirm
that they are often low, but we have not related measured values to
effective values needed to represent lakes in two-layered plan
models.

Figures 4.5.3 to 4.5.6 present hydraulic conductivity data obtained by laboratory
measurements on samples taken from the beds of six lakes. Some conductivities
are very low, but we have not determined a relationship between these measured
values and effective values for use in two-layered models. The effective leakage
coefficients determined by matching three-dimensional capture zone widths with
those in a two-layered model are based on no low conductivity lining in the three-
dimensional model. Intuitively, the effective values should be smaller if there is
significant bottom resistance in the field. But counter to this is the suggestion that
low conductivity linings in the middle of a lake do not affect the overall shape of a
capture zone (Figure 5.6.52).
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2.4 Other Findings
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During our research, we have conducted reviews of three topics and developed two
mathematical approaches which we have not yet been able to implement These activities
are summarised here.

• In the process of reviewing simple methods for predicting the
movement of phosphate fronts, we have discovered inconsistencies
and developed a new method for predicting travel distance.

Appendix A contains a review of models for phosphate adsorption, with emphasis
on approximate methods for calculating travel distances and travel times of an
assumed sharp front. We have discovered that several methods vary by about a
factor of lOin their prediction of travel distance after 100 years, for typical
Western Australian soils. This difference mayor may not be significant,
depending on whether the difference is between 1 and 10 m or between 10 and
100 m. We have also developed a new method which has not yet been tested, but
which takes account of continuing sorption behind a moving front. The fact that
sorption continues with time means that a consistent model of a moving front must

predict that the front slows down with time. Earlier models predict a constant
front velocity, but our new method predicts a changing velocity.

The review suggests that it may be better in future to obtain phosphate adsorption
characteristics using a phosphatostat, rather than using batch experiments.
Conditions in a phosphatostat, with the concentration of dissolved phosphate held
constant, agree more closely with conditions behind a travelling front.

• We have reviewed the development of isotope balance equations for
evaporating water bodies, and summarised previous literature in a
concise unified framework.

In the process of developing isotope balance equations for a flow-through lake in
a vertical section (Figure 5.6.18), we reviewed a large number of papers and
discovered a great diversity in notation, especially in the earlier years. The key
result we needed was an expression for the isotopic concentrations in evaporating
water, but this result was initially difficult to find in the literature. Appendix B
provides a comprehensive review of the development of this field, and shows
how previous results are a special case of a more general result.
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• We have summarised the correct way of determining the angle
between equipotentials and directions of flow in a vertically
exaggerated cross-section through an anisotropic medium.

There is a common misconception that the direction of groundwater flow is
always at right angles to equipotentials in a vertical section. In fact the angle
depends on anisotropy and the degree of vertical exaggeration of the section. A
technique for determining the correct directions is presented in Appendix C.

• We have developed the theory for a fully coupled groundwater and
surface water model, which solves simultaneously for groundwater
and surface water levels in a vertical section or in three dimensions.

Although we have been unable to implement it during this Project, we have
developed equations for a coupled model which simultaneously solves for lake
elevation and the distribution of piezometric heads. The equations are written in
matrix form, ready for implementation by either [mite difference or [mite element
methods.

• We have developed a method for combining measurements of all the
components of a lake water balance to obtain estimates of the same
components which are constrained to satisfy an exact water balance.

Water balance methods often involve measuring all but one of the components of a
water balance and calculating the last by difference. From a philosophical point of
view, it is better to measure all components, recognise that all measurements are
uncertain, and then to calculate improved estimates of all components which
satisfy the required water balance equation. We have developed a simple
methodology for doing this, but have not yet applied it to lake water balance
calculations.
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3 . LITERATURE REVIEW

3.1 Classification Systems for Lakes and Wetlands

It has long been recognised that lakes and wetlands of the Swan Coastal Plain are affected
by and affect the behaviour of the regional unconfmed aquifer. Allen [1981, pp.38-39]
defined six classes of lakes on the coastal plain, on the basis of their topographic location.
In inferred order of decreasing age, they are: Bambun-type, Gnangara-type, Forrestdale-
type, Joondalup-type, Gwelup-type and Cooloongup-type. The lakes developed in the
coastal belt (Joondalup and Cooloongup types) are typically elongated parallel to the
coast, whereas the other lakes are nearly circular in plan. Classifications based on a
wider range of criteria include those by Semeniuk [1987, 1989] and Arnold [1990].

In the international literature, there have been numerous attempts to develop meaningful
classification systems based at least partly on hydrological setting. Stephenson [1971]
discussed the desirability of developing a classification system based on the position of
lakes in a groundwater flow system and interchange of water between groundwater and
surface water bodies. His work led to a detailed inventory of 63 lakes in twelve states
and provinces of North America, and eventually to a classification system which was
based on groundwater flow patterns [Born et al., 1979]. Born et al. suggested a primary
classification based on a distinction between recharge, discharge andflow-through lakes.
A lake is classified as a recharge lake if lakewater recharges the aquifer over the entire
lakebed, as a discharge lake if the aquifer discharges groundwater into the lake over the
entire lakebed, or as a flow-through lake if water moves into the lake and out of the lake
in different areas of the lakebed. This terminology is of critical importance to this Project,
because our own classification of flow patterns [Nield, 1990; Nield and Townley,
1993a] uses the same primary groupings. Gat [1979] provided a sketchy outline of a
similar classification scheme, aimed at relating observations of isotopic abundances and
lake salinity to groundwater flow regimes.

Another attempt to incorporate hydrological characteristics into a classification system
was that by Winter [1977]. Winter carried out a principal component analysis on data
from 150 lakes, but his results do not appear to have been adopted by researchers or
managers. Geldner and Kaleris [1980] systematically analysed flow in a cross-section
without surface recharge or discharge. The style of their approach was similar to that
adopted in this Project, but our own work, by including recharge, has added a signifiant
level of complexity.
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3.2 Studies of Lakes and Wetlands on the Swan Coastal Plain

The fIrst detailed hydrogeological study of an individual lake on the Swan Coastal Plain
was that of Jandabup Lake by Allen [1980]. Allen demonstrated that the lake received
groundwater on its upgradient side and discharged water of increased salinity on its
down gradient side, i.e. that it was a flow-through lake in the terminoogy of Born et al.
[1979]. Because flow directions were inferred on the basis of equipotentials displayed on
vertically exaggerated cross-sections, Allen came to the conclusion that only a relatively
shallow layer within the unconfmed aquifer was interacting with the lake. An observation
that Allen's interpretation of flow directions was not correct [Don McFarlane, pers.
comm.] led directly to investigations by 00 [1985], Townley and Davidson [1988] and
eventually to the proposal for this Project. Detailed hydrological studies of other lakes
include those of Lake Mariginiup [Hall, 1983], Bibra Lake [Davidson, 1983], Lake

Joondalup [Congdon, 1985], North Lake [Bayley et aI., 1989] and the lakes within
Yalgorup National Park [Commander, 1988]. McFarlane [1984] studied plumes
down gradient of Mason Gardens and Shenton Park Lake. Studies that include small
components of hydrology include those of Jandabup Lake [Department of Conservation
and Environment, 1984] and Star Swamp [Loneragan et al., 1984]. More significant
reviews (preceding the studies concurrent with this Project) which relate several different
lakes include those by Davis and Rolls [1987], Carbon et al. [1988] and Burke and Knott
[1989]. Moore and Turner [1989] documented the first use of stable isotopic data in
interpreting lake-groundwater interaction on the Swan Coastal Plain.

Numerous other lakes have been studied elsewhere in Australia. The study of flow
systems near salt lakes is of great interest because of the large number of such lakes in
Australia (see Teller et al. [1982], Macumber [1983] and Prendergast [1989]). But
because of the signifIcant evaporative loss in salt lakes, relative to regional flows and
recharge, such flow systems are unlikely to occur on the Swan Coastal Plain. Stokes and
Sheridan [1985] described studies of Lake Toolibin in the wheat belt of Western
Australia. The State Rivers and Water Supply Commission of Victoria [1982] described
a study of Lake Charm. The flow systems beneath Lake Boemingen on Fraser Island off
the central coast of Queensland have also been studied [M. Riesser-Steffens, pers.
comm.]. There are a great many lakes in various hydrologic settings in Australia, and
many could benefIt from interpretation on the basis of hydrology, as presented in this
Report.
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3.3 Modelling of Groundwater Flow Patterns near Surface Water
Bodies

As a broad generalisation, previous modelling of the interaction between lakes and
aquifers has focused either on particular lakes, with emphasis on the water balance of
those lakes, or on a class of similar lakes, in which case numerical experiments have been
performed to understand the features of a particular type of flow system or alternatively to
evaluate particular modelling techiques. Existing results are not easily transferrable to
previously unstudied lakes; their usefulness lies in the methods described rather than the
general applicability of their results.

Following classical studies of regional flows by Toth [1963] and Freeze [1969], the work

by Winter [1976] was (prior to this Project) the most complete analysis of regional
groundwater flow systems beneath lakes. Winter's modelling demonstrates the
occurrence of local and regional flow systems, but focuses on lakes which would be
classified by Born et al. [1979] as discharge lakes. His attention at this time was focused
on lakes typical of the central northern United States, and many of lakes in this region are
discharge lakes. A criticism of this work, and indeed of the earlier work by Toth and
Freeze, is that by assuming the geometry of the upper boundary of the flow domain, i.e.
the shape of the water table, there is also an implicit assumption about the spatial
distribution of recharge or discharge at the water table - an assumption which is rarely
checked for consistency with other data.

Numerous papers by Winter [1978, 1981a, 1983] are applicable to discharge lakes,
located between groundwater mounds, or to lakes described by Born et al. [1979] as
shallow discharge - deep recharge lakes. In a sequence of hypothetical modelling studies,
results are presented for flow in a two-dimensional cross-section [Winter, 1981a;
Pfannkuch and Winter, 1984; Winter and Pfannkuch, 1984], for three-dimensional
saturated flow [Winter, 1978] and for transient two-dimensional variably-saturated flow,
in which unsaturated flow above the water table is taken into account [Winter, 1983;
Anderson and Munter, 1984; Winter, 1984]. An interesting feature of this class of flow
system is the presence of a stagnation point, at some depth below the lake bed, whenever
a lake behaves as a discharge lake. Stagnation points playa very important role in all of
our analysis. Winter's purpose in including unsaturated flow was to demonstrate the
sensitivity of results to spatially varying percolation to the water table. From our point of
view, this reinforces our belief that assuming the location of the water table in cross-
sectional models can be misleading.
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McBride and Pfannkuch [1975] and Lee et al. [1980] presented two-dimensional results
for a region near the shoreline of a large lake. Both approaches included the effects of
anisotropy and focused on the spatial distribution of seepage. Anderson and Munter
[1981] presented transient two-dimensional modelling results, both in cross-section and
in plan, in order to show that seasonal reversals in the direction of flow can occur near
flow-through lakes. They argued that the combination of two-dimensional models allows
an adequate understanding of the three-dimensional flow system and a similar arguments
are used in this Report. Their review of previous research is useful and concise, however
their simulations of a particular lake in Wisconsin can not be immediately generalised to
flow-through lakes of different physical dimensions.

Winter [1986] studied a system of interdunallakes which are not unlike the wetlands near
Perth, except that they are relatively more closely spaced and therefore, interact to a
greater degree. While we support his emphasis on temporal and spatial variations in
seeking accurate simulations of wetland systems, we also recognise the need of
environmental scientists for simple indicators of wetland behaviour. For this reason, we
focus in this Report on a class of lakes which is considerably simpler than those studied
earlier by Winter and others.

Apart from the above studies which are based mainly on the use of numerical models,
there are numerous studies of lakes and other surface water bodies using analytical or
quasi-analytical methods. Classic texts by Muskat [1946], Polubarinova-Kochina [1962]
and Aravin and Numerov [1965] all include solutions that can be applied to shallow
lakes. Geldner and Kaleris [1980] and Kaleris [1986] utilise an important solution by
Aravin and Numerov [1965, pp. 168-172] which allows the identification of several
fundamentally different flow regimes, in a vertical section in the absence of recharge.
Numerous authors, especially in international conferences, continue to provide
specialised analytical solutions which are of limited value: the paper by Khublarian and
Putyrskiy [1988] is an example.

Zheng et al. [1988] propose a model intended to apply to interceptor ditches, or to
relatively small lakes, and Chambers and Bahr [1992] have attempted to apply this model.
From our point of view, the approach of Zheng et al. has serious limitations, related to
the assumption of a particular shape for the water table. A quasi-analytical approach
developed by Townley and Davidson [1988] applies both in vertical section and in plan,
and could easily be applied to the data utilised by Chambers and Bahr.

Several recent studies by Cherkauer [Cherkauer and Nader, 1989; Cherkauer and Zager,
1989; Cherkauer and McKereghan, 1991] address specific issues such as the effects
heterogeneities below the lakebed, and the effects of a tortuous shoreline on rates of
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seepage. Heterogeneities had previously been studied by Krabbenhoft and Anderson
[1986]. Brainard and Gelhar [1991] report solutions for three-dimensional flow towards
a sloping river or stream, an important contribution to a very small number of three-
dimensional studies reported in the literature. Papers by Lee et al. [1980] and
Krabbenhoft et al. [1990a, b] are significant because they recognise the need for solving
the advection-dispersion equation for solute transport in interpreting the motion of tracers.

Major advances in the identification of flow patterns near surface water bodies have been
reported by Nield [1990] and Nield and Townley [1993a]. Readable summaries of this
work include those by Townley et al. [1988], Townley et al. [1991] and Townley and
Turner [1992]. This report summarises and extends these results.

3.4 Distribution of Bottom Seepage

Extremely large lakes embedded in a regional flow system are characterised by the fact
that no underflow passes beneath the centre of the lake. It is well known that inflow to a
large lake is largest at the shoreline (in fact, seepage is often observed to cause rivulets in
beach sands) and decreases approximately exponentially with distance offshore (see
comments by Born et al. [1979, p.35], Lee et al. [1980, pp.57,60] and Winter [1981b,
p.106]). This result is verified by the experimental data of John and Lock [1977] and Lee
et al. [1980], and also by two-dimensional cross-sectional numerical experiments by
McBride and Pfannkuch [1975] and Lee et al. [1980]. The assumption in these numerical
experiments of a no-flow boundary beneath the centre of a lake, presumably on the basis
of symmetry, is shown in our research to apply for large flow-through lakes as well.

McBride and Pfannkuch [1975] found that the majority of seepage occurs close to the
shore. Although their model assumed a perfect hydraulic connection between lake and
aquifer, with no spatial variation in the resistance of the lakebed, seepage decreased
approximately exponentially with distance off-shore in the majority of cases studied.
Their results were supported by seepage measurements from Lake Sallie in West-Central
Minnesota, where seepage was found to decrease by approximately an order of
magnitude for every 60m moved off-shore. But numerous field and modelling studies
have since demonstrated that heterogeneities in the aquifer and lake sediments can cause
large variations from the expected exponential decay-type of seepage distribution [Munter
and Anderson, 1981; Krabbenhoft and Anderson, 1986; Bruckner et al., 1989; Cornett
et al., 1989; Cherkauer and Nader, 1989].

Lee et al. [1980] observed an exponential decay in seepage with distance from the lake
shore, while investigating movement of a tracer through the bed of Perch Lake, Ontario.
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Numerical modelling of a simplified system revealed that high values for aquifer
anisotropy caused more evenly distributed seepage on the lakebed.

Using an electrical analogue method, Pfannkuch and Winter [1984] simulated seepage
through lakebeds in isotropic systems, and found that seepage tended to be more evenly
distributed on the beds of lakes with small ratios of lake length to aquifer thickness. They
noted that since this ratio decreases when anisotropic systems are converted to their
equivalent isotropic counterparts, lakes embedded in higWy anisotropic aquifers should
also tend to have relatively uniform seepage through their beds.

In a companion study, Winter and Pfannkuch [1984] used a finite difference model to
examine flow patterns near lakes for various values of anisotropy and aquifer thickness.
For a given water table configuration, they observed a tendency for flow-through rather
than discharge behavior in settings with a low ratio of lake width to aquifer depth, or high
anisotropy. These observations appear to contradict those made in the fIrst part of the
study [Pfannkuch and Winter, 1984], in which seepage was found to be more evenly
distributed (with therefore less possibility of flow-through) in these settings. One reason
for this is that the distribution of resistivity of lake sediments plays a dominant role in
controlling seepage through the lakebed in the second study. Another is that in the second
study the same steady-state water table configuration was imposed as a model boundary
condition with different values of anisotropy, thereby applying different forcing to the
lake-aquifer system.

Nield [1990] and Townley and Nield [1993b] addressed many of these issues by
examining steady-state lakebed seepage distributions in the analytical solution of Aravin
and Numerov [1965] and the numerical model of surface water - groundwater interaction
described by Nield and Townley [1993a]. Their approach is followed in this Report

3.5 Lake Water Balance Studies

still to come ....

3.6 The Role of Bottom Sediments

Bottom sediments affect both the physical interaction between a lake and the underlying
groundwater flow system and the chemistry of the lake waters. The physical effect of
bottom sediments is to add resistance along a flow path between the regional groundwater
flow system and the body of the lake, thus tending to reduce the degree of inter-
connection. The chemical effect is to provide surface area for sorption of phosphate and
metal ions, thus acting to reduce their concentration in the water body, at least until the
sorption capacity of the sediments is exceeded.
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Geldner [1981] identified bottom resistance as being of particular importance in surface
water - groundwater interaction, and developed a "bulk clogging parameter" to represent
the net effect on the flow of lakebed conductivity variations, for several river reaches in
Europe. Values thus obtained showed a large variability in time, which Geldner
suggested may be due to seasonally varying biological processes in the lake sediments.
Geldner's representation of bottom sediment resistance was adopted by Nield [1990] and
Nield and Townley [1993a] and plays an important role in the treatment of bottom
resistance during this Project

Other authors investigating stream-aquifer interaction [e.g. Rushton and Tomlinson,
1979; Mishra and Seth, 1988] have suggested that nonlinear leakage coefficients should
be used to model the dependence of seepage from rivers on the difference between aquifer
and river heads. Under transient conditions this coefficient depends not just on the river
stage, but also on the direction of change of river stage, due to the effects of bank
storage. These considerations are of less importance in lake-aquifer interaction, as lake
levels vary at a much slower rate than river levels.

Later, Barwell and Lee [1981] developed a method for estimating aquifer anisotropy from
observations of the advection of a tracer into a lake. They pointed out, however, that
anisotropy estimates will be affected by the presence of resistive lakebed sediments.

Due to evaporation and other processes in a surface water body, chemical characteristics
of surface water and groundwater are usually quite different This can lead to observable
differences in sediment characteristics depending on the direction of flow through the
sediments [Moore and Turner, 1989]. In addition, sharp concentration gradients in
phosphorus, dissolved oxygen, and other constituents of interstitial water are typically
observed close to the sediment-water interface. Models of sediment processes usually
represent the movement of these constituents by diffusion only [Straskraba, 1985], but
the presence of even a small advective flux can significantly alter sediment concentration
gradients [Cornett et al., 1989]. In this way, bottom seepage may have a major influence
on biological and chemical processes in the sediment. Knowledge of bottom seepage
distributions and their seasonal variation may have profound effects on our understanding
of other aspects of limnology.

In a study of other saline lakes close to Lake Clifton, Burke and Knott [1989] identified
groundwater inflow as a major influence on lake processes, contributing to winter
stratification and affecting the chemical composition of water in the lake and sediment
They suggested that organic carbon production by benthic microbial communities can
influence the permeability of lake sediments, reducing outflow from the lake and thus
contributing to its evaporative concentration. The build-up of low conductivity sediments
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in regions of lakewater outflow has also been suggested as a cause of increased water
table gradients on the downgradient sides of small ponds in North America [Stross and
Spangler, 1980].

3.7 Nutrient Loads to Surface Water Bodies

Numerous experimental studies in the laboratory and field have demonstrated a major role
for phosphorus and nitrogen in determining the dynamics of algal populations in lakes

and wetlands. Light penetration, trace element concentrations, temperature and silica
content are some of the other frequently cited controlling factors. Descriptions of the
character and processes controlling eutrophication in temperate and tropical region lakes
have been given by Vollenweider [1968], GECD [1982], Thornton [1987] and Ryding
and Rast [1989].

The important roles of processes at the sediment-water interface such as sediment
dynamics, sediment mass balance, nutrient loadings and the release of nutrients from
sediments have been presented in the proceedings of a symposium [Sly, 1982].

Classification schemes designed to assist in eutrophication risk assessment of particular
water bodies based on nutrient concentrations, chlorophyll a concentration and light
penetration characteristics have been given by Vollenweider [1968] and GECD [1982].
The more recently published GECD classification is an "open boundary" scheme that
describes the trophic condition of a water body. The open boundary scheme is an attempt
to the overcome limitations imposed by using fixed values to delineate the trophic status
of open water bodies. In the open boundary classification scheme, a water body is
considered to be correctly classified if no more than one of the designated parameters of
phosphorus, nitrogen, chlorophyll a and Secchi disc light penetration depth deviates from
its geometric mean by more than::!:2standard deviations. Table 3.7.1 is a modified
version ofthe GECD classification, after Rast et ai. [1989]. As pointed out by Rast, the
overlap in the range of values in Table 3.7.1 indicates the still somewhat subjective nature
of trophic classification schemes.

Because phosphorus and nitrogen are the two nutrients essential for algal growth, it
follows that for control of eutrophication in surface water bodies over the long term,
strategies should be developed to limit or even eliminate altogether the quantity of these
nutrients entering a water body. Identification of which nutrient in the water body is
limiting to algal growth, either nitrogen or phosphorus or sometimes both, allows focus
on the nutrient input to the water body that should be controlled. This is a fundamental
point, essential for the control of eutrophication. The concept of a limiting nutrient has its
basis in the photosynthetic reaction [Rast et ai., 1989; Stumm and Morgan, 1970]. In its
simplest form this reaction may be written:
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(3.7.1)

Bioassay of the carbon, nitrogen and phosphorus content of algal protoplasm material
shows that these elements occur in the atomic ratio 106C: 16N: IP. This ratio has
become a widely used reference ratio for assessing the limiting nutrient for algal growth

in water bodies. Since measurements of the concentrations of these elements in water
bodies are made in mass units, it is more useful in practice to use the corresponding mass

ratio of the biologically available forms of nitrogen and phosphorus. Thus the atomic
mass ratio corresponds to a mass ratio of 7.2N: IP [Rast et al., 1989]. Measurements of
this ratio in lake water provide a useful operational guide as to which of either nitrogen or
phosphorus is likely to be limiting nutrient. As pointed out by Rast et al. [1989], some
latitude should be accepted in interpretation of the mass ratio. In addressing the question
of transport of nutrients into a shallow lake or wetland by groundwater flow, the mass
ratio of the nutrient input into a water body will determine which nutrient is limiting to

algal growth. Because it is frequently found that nitrate is a more mobile species in
groundwater, it is more likely to be transported via groundwater inflow into a lake. In
such cases this will result in phosphate being a limiting species for algal growth in the

water body.

Davis et al. [1993], in a parallel Project to this one, considered wetlands of the Swan
Coastal Plain to be phosphorus-limited if their minimum annual total nitrogen to total
phosphorus ratio (fN:TP) was greater than 17. Conversely, wetlands with TN:TP < 17
were considered to be potentially nitrogen-limited. Of 55 wetlands examined in this way,
about 30% were nitrogen-limited. The high mobility of nitrate in groundwater therefore
ensures that transport of groundwater into wetlands is an important issue for wetlands of
the Swan Coastal Plain.

Many studies have been concerned with the process of estimating nutrient loads to a water
body. The chapter by Loehr et al. [1989] provides a useful review of the role of point
and diffuse sources of nutrient loads into water bodies and provides a summary of
methods available for nutrient load estimation.

It is generally considered that nutrient loading into lakes via groundwater inflow is not
important [Loehr et al., 1989], primarily because of low phosphorus concentrations in
groundwater. This view has evidently been adopted by several authors in modelling the
nutrient mass balance of water bodies [Snodgrass and O'Melia, 1975; Lam et al., 1982;
Jorgensen et al., 1982; and Golterman, 1982] where the role of groundwater flow as a
component of the phosphate loading to water bodies was not considered. In a case study
at Lake Mendota, Wisconsin, Brock et al., [1982] showed that although groundwater
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seepage was a significant source of water inflow, nutrient concentrations were
sufficiently low that they did not form a significant source of nutrient loading. Similar
conclusions are frequently found, and riparian zones around lakes are often regarded as
sinks for nutrients transported toward lakes by groundwater flow [Reddy and Rao,
1983]. Once the adsorptive or assimilative capacity of such zones is exceeded, then the
retained nutrients can be remobilised and transported into the surface water body.

Studies where nutrient transport via groundwater inflow into surface water bodies is
found to be significant are quite uncommon. A study reported by Vanek [1991] showed
that significant concentrations of phosphorus of up to 9 mgL-1 P04-Pwere in the
inflowing groundwater to Lake Bysjon in southern Sweden. In this case, the phosphorus
was found to be released from sandy sediments of the riparian zone following its
accumulation by adsorption on the AI and Fe phases of the sandy, non-calcareous soils.
Release of the phosphorus and its transport toward the lake occurred following the onset
of anaerobic conditions in the soils and mobilisation of the iron-bound phosphate. Vanek
[1991] recognised the importance of delineating the geometric boundaries of the
groundwater capture zone of Lake Bysjon in the assessment of the role of groundwater
inflow in its eutrophication. However, although a schematically groundwater capture
zone was proposed, no quantitative hydrogeological basis was given to account for either
the direction of groundwater flow nor the shape in plan or cross-section of the
groundwater capture zone for the lake. Kerfoot and Skinner [1981] found a close
association between the location of groundwater plumes entering Crystal Lake, Michigan,
and the growth of attached macrophytes, in particular Cladophora sp. The low
concentrations of phosphorus measured in the inflowing groundwater (17 ~gL -1 total P)

were considered to be sufficient to support the growth of algae and plants attached to the
sediments but not high enough to influence the surrounding lake water. Enell (1982)
noted the development of filamentous algae forming dense mats in the groundwater
discharge zones of Lake Bysjon and these were ascribed to the utilisation of the
groundwater-derived phosphorus.

Frequently it is observed that the phosphorus concentration in a lake is lower than
expected from the measured inputs in surface water runoff. In such cases the low
concentrations of phosphorus can be accounted for by its exchange with the lake bottom
sediments [Jorgensen et al., 1975]. The process of phosphorus exchange between the
lake water and sediments is determined by the phosphorus concentration in the interstitial
water, the phophorus concentration in the water phase and the adsorption characterisitcs
of the sediment for phosphorus under aerobic and anaerobic conditions. Groundwater
flowing through lakebed sediments and carrying some phosphorus load will undergo
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phosphorus removal by exchange with the sediments and this process will be separate
from the uptake of phosphorus from the water column by sediments.

Experimental studies of the influence of groundwater movement on phosphorus release
from sediments have been carried out by van Liere and Mur [1981]. They simulated the
flow of groundwater through lake sediment cores in the laboratory and showed the rapid
movement of phosphorus out of the core materials in comparison to experiments where

no simulated groundwater flow was allowed.

3.8 Nutrient and Contaminant Transport on the Swan Coastal Plain

The predominantly light textured, sandy soils of the Swan Coastal Plain and their
generally poor nutrient and water retention characteristics have been recognised as
important contributing factors to contamination of the shallow, unconfined groundwaters
of the region [Whelan et al., 1981; Yeates, 1988; Gerritse and Schofield, 1989; Pionke
et al., 1990; and Sharma et ai., 1991a].

The vulnerability of the shallow groundwater to contamination by the nutrient species,
nitrate and phosphate, as well as pesticides is well recognised [Gerritse et al., 1990]. It is
clear that where groundwater contamination occurs within the capture zone of a shallow
lake or wetland, there is a possibility that transport by groundwater flow will contribute to
the nutrient and contaminant load of a lake. Examples of such sources of groundwater
contamination on the Swan Coastal Plain are septic tank leachates [Whelan et al., 1981],
landfill leachate [Barber et al., 1991], industrial waste discharges [Hirschberg, 1988] and
application of fertilisers and pesticides in areas of intensive horticultural practice or
pastures [Schofield et al., 1985, Singh, 1989; Sharma et al., 1991b]. The proximity of
some horticultural areas to shallow lakes and wetlands and their location within the
groundwater capture zones of lakes explain the motivation for our study of the potential
for transport of nutrients into lakes via groundwater inflow.

Nitrate and phosphate

The dominant form of nitrogen found in groundwaters of the Swan Coastal Plain is
nitrate. Reduced forms of nitrogen as ammonium and N02- are invariably found in
much smaller concentrations, as is organic nitrogen. Reconnaisance surveys on the levels
of nitrate in groundwaters of the Swan Coastal Plain have been reported by Davidson and
Jack [1983], Gerritse et al. [1988] and Pionke et al. [1990]. High nitrate concentrations
of between 280 and 840 mgL -1 were reported by Pionke et al. [1990] in percolate
beneath the root zone from two irrigated market gardens.
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Denitrification has been identified as being an important process in acting as a sink for
nitrate in groundwater. The highly spatially variable nitrate concentrations observed in
groundwater are probably due to spatial variations in the redox conditions of groundwater
that in tum depend upon the availability of dissolved inorganic carbon. Sharma et al.
[1991] carried out an assessment of the transport of nitrate and chloride from a market
garden on the Swan Coastal Plain. This report was the first to attempt calculation of
nitrate travel times in soils and groundwaters in relation to market gardens on the Swan
Coastal Plain. The authors concluded that nitrate and chloride would move at the same
velocity as groundwater. Because neither nitrate nor phosphate was detected in a transect
of monitoring bores on the groundwater downgradient side of the market garden, they
further concluded that there was negligible export of water and dissolved solutes from the
market garden. Modelling of nitrate transport in the unsaturated zone led to the
conclusion that nitrate transport rates were rapid with average travel times for water and
nitrate of the order of 0.05 md-1.

The important conclusions to emerge from these studies are that the potential for nitrate
loss from market gardens via groundwater transport is significant. Dilution and
denitrification are the important processes that can act to ameliorate nitrate contamination
of groundwater. But in the absence of these processes, nitrate will migrate at effectively
the same velocity as the groundwater. In view of these results, and those obtained in the
present Study, there is a clear case for the design of irrigation groundwater pumping
strategies (e.g. the siting of groundwater irrigation pumps) that capture and return nitrate
contaminated groundwater that otherwise would migrate off-site from market gardens.

The leaching and transport of phosphate via saturated groundwater flow in soils and
shallow groundwaters of the Swan Coastal Plain has been the subject of numerous
studies. Phosphate differs from nitrate in that it is readily adsorbed to the soil surface,
thus movement of phosphate is retarded relative to groundwater. Most experimental
measurements of phosphate adsorption and desorption involve batch equilibration of the
soil or sediment of interest with solutions of varying phosphate concentrations. The
adsorption and desorption characteristics of a particular soil are then described by
adsorption models such as the well-known Freundlich or Langmuir isotherms.
Numerous attempts have been made to combine these isotherms with simple groundwater
flow and transport models, in order to predict travel times of phosphate movement.
These attempts are reviewed in detail in Appendix A.

Barrow [1980] studied soils from a number of sources, including Western Australia, and
found that the relationship between adsorbed phosphate and the concentration in solution
could be described by a modified Freundlich isotherm (see Appendix A). Whelan et al.
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[1981] differentiated the adsorption capacity of Bassendean and Spearwood sands,
demonstrating the enhanced capacity of the latter soil type to adsorb phosphate to over
200 mg P/kg soil. They demonstrated that for Spearwood sands under high phosphate
input, breakthrough of phosphate to the water table at a depth of 7 m could occur in less
than 5 years. For Bassendean sand, lower values for the phosphate adsorption capacity
of less than 40 mg P/kg soil were determined.

In principle, travel times for phosphate relative to water in soil types of the Swan Coastal
Plain can be estimated using adsorption parameters determined from previous work
[Barrow, 1980; Gerritse, 1989]. The computed travel times for phosphate are usually
determined for groundwater transport in the saturated zone only. In this sense, the
predicted travel times are conservative estimates, because additional retardation in the
unsaturated zone is not considered. In some instances retardation in the unsaturated zone
may be significant, especially when the depth of the unsaturated zone is substantial.
Estimates of travel times for phosphate in the unsaturated zone of several Western
Australian soil types have been given by Sharma et ai. [1991] and Gerritse [1993a]. For
Spearwood sands, a realistic range of transport times over a 1m depth of unsaturated zone

ranged was estimated to be 5 and 255 years depending on recharge rate and the
phosphorus source strength at input [Sharma et ai., 1991]. Gerritse [1993a] claims that
adsorption of phosphate in soils depends on both concentration and time, and estimates
travel times for phosphate of between 80 and 630 years per metre of topsoil under a range
of recharge rates and phosphate input conditions. Recent work by Gerritse [1993b]

suggests that the mobilities of phosphate relative to water in soils of Rottnest Island are
about 5% of the infiltration rates for water at artificially high infIltration rates of between
0.5 and 1 cmd-1 used for land application of wastewater. Unfortunately, the review
presented in Appendix A casts doubt on all these estimates, because of inconsistencies or
errors in the equations used.

Pionke et ai. [1990] pointed out the usefulness of non-nitrogen and non-phosphorus
chemical parameters as indicators of potential negative impacts of horticultural land use on
groundwater quality. The ratios of relatively conservative and mobile ions such as Na+,
K+, Mg2+ and S042+ to Cl- that are associated with fertiliser application can be used as
indicators of groundwater contamination by fertilisers. The S042+/Cl- ratio in particular

was confmned as a useful indicator of the impacts of horticulture on groundwater quality.
The basis for its application is that the S042+/Cl- ratio in marine aerosol input to
groundwater is between 0.15 and 0.3 (the seawater ratio of S042+/CI- is 0.14). Several
factors that can affect the S042+/Cl- ratio need to be considered regarding sulphate

transformations, such as sulphate reduction, sulphide deposition and whether sulphate is
a significant component of fertiliser. Pionke et al. [1990] reported that ground waters
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affected by irrrigated horticulture have ratios between 0.4 and 0.7 and found a ratio of
0.63 :t0.3 for groundwaters considered to be affected by horticulture in the Coogee area.
In quoting these results, we have converted values reported by Pionke et al. [1990] as
S042+-S/CI- to S042+/CI-.

Petroleum products

When petroleum makes contact with water, the monoaromatic hydrocarbons that are
components of it, i.e. henzene, toluene, ~thylbenzene and the three xylene isomers
(collectively referred to as BTEX compounds), comprise 60% of the soluble mass that
goes into solution. Contamination of groundwater by BTEX compounds and napthalene

from petroleum has only recently been recognised as a groundwater pollution issue on the
Swan Coastal Plain [Barber et al., 1991].

The transport characteristics of these compounds in groundwater under reducing
conditions encountered in Bassendean sands of the Swan Coastal Plain has recently been
reported by Thierren et al. [1992a, b]. These papers report the findings of field and
laboratory studies into the migration of BTEX compounds in groundwater from a leaking
underground petroleum storage tank The most important parameters that detennine the
transport of these compounds in groundwater were identified as the groundwater redox
condition, retardation coefficients for the compounds, natural degradation processes due
to biological activity and the groundwater flow rate. Under oxic conditions, the
degradation of toluene, p-xylene and napthalene is rapid compared to the rate under
anoxic conditions. However, as the available oxygen is depleted by microbial
respiration, and because the replenishment rate of oxygen can be slow, anaerobic
conditions can develop and persist. Under anoxic conditions, benzene in particular
shows no significant biodegradation and the rates of degradation of the other BTEX
compounds decrease. Retardation factors [Mackay, 1991] also indicate that benzene is
the most mobile compound and napthalene the least. In the field, the combination of
transport characteristics leads to benzene being the most persistent compound dissolved in
groundwater. With a groundwater flow velocity of 150 my-I, a plume of benzene 420 m
long was detected. Toluene was completely degraded over a 200 m flow path. Transport
modelling of the plume indicated that it had taken 4 years to develop from the onset of
leakage.
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There have been very few studies of pesticide transport specifically in Australian soils but
in general, the topic of pesticide transport has been very extensively studied. A review of
mathematical models of reactive solute transport of pesticides was presented by Rao and
Jessup [1983]. Sorption and degradation of pesticides are the primary processes that lead
to their attenuation in the environment. The organic matter content and clay content of
soils have been widely identified as two major controls on the amount of pesticide
sorption on soils.

Singh [1989] has provided the most relevant study of pesticide transport under conditions
of relevance to tranport of pesticides in groundwater in relation to wetlands of the Swan
Coastal Plain. Singh reported on the transport of four herbicides (diquat, paraquat,
linuron and simazine) and one nematicide (fenamiphos) in Bassendean Sand. These
pesticides represent classes of chemicals widely used in Australian agriculture. Diquat
and paraquat are cationic herbicides and are known for their strong adsorption to soils and
high solubility in solution. Linuron is non-ionic and belongs to the phenylurea group of
herbicides. It has an intermediate solubility in water. Simazine belongs to the s-triazine
group of herbicides and has a low solubility in water. Fenamiphos is a broad spectrum
organo-phosphate nematicide and pesticide. It is non-ionic but polar and is highly soluble
in water.

Jury et al. [1983] developed an equilibrium adsorption model incorporating degradation
to describe of pesticide transport in soil. This model assumed steady water flow,
equilibrium sorption, a depth dependent degradation and assumed a uniform organic
carbon content in the soil profIle. The model was subsequently used to screen the
pollution potential of pesticides [Jury et al., 1987]. Singh [1989] modified the former
model to account for the frequently observed exponential decrease in organic carbon
content with depth in the soil profile. Kookana et al. [1992] have since studied time
dependent sorption of pesticides.

47

TOWNLEYLR
Sticky Note
There is no page 48.



4. FIELD INVESTIGATIONS

The structure of Section 4 is as follows. First we distinguish between field
measurements aimed at answering particular questions, and those which provide results
of a more general regional nature. The latter include meteorological data, lake water
levels, and a regional smvey of hydraulic conductivities of lake bottom sediments, and
these data are presented separately in Sections 4.3, 4.4 and 4.5, respectively. Section 4.2
presents results of investigations at a number of sites, aimed at answering particular
questions. Section 4.1 presents background information about our whole field program,
including objectives, locations of field investigations, types of measurements and
hydrogeological settings of the field sites. It also presents the theory of
hydrogeochemical and isotope balances, as a preliminary for further development of this
theory in Section 5.

4.1 Introduction to Field Investigations

4.1.1 Objectives

During this Project, field investigations were carried out at a small number of sites, with
each set of measurements having a specific purpose. The second objective of this study,
as presented in Section 1.3, was "to validate predictions of lake-aquifer interaction using
physical, hydrogeological, chemical and stable isotopic measurements in the field". The
fourth objective was "to investigate and make recommendations on management issues
such as the rates of solute and nutrient transport into shallow lakes, possible strategies to
reduce the impact of pollution upgradient of a wetland, pumping strategies in the vicinity
of wetlands to reduce the effects on lake water levels and strategies for artificial
maintenance of lake levels". Field measurements provided the tool for satisfying the
second objective. The fourth objective was addressed by a combination of "thought
experiments", modelling and field measurements.

Since the objectives of the study were to provide general results about lake-aquifer
interaction that will be applicable to many surface water bodies on the Swan Coastal
Plain, our field investigations were not aimed at one particular lake. We have not made
any attempt to apply all the tools at our disposal to anyone field site. Rather, the field
program was designed to test specific hypotheses at specific sites.

Our description of field investigations in Section 4 precedes detailed modelling of lake-
aquifer interaction in Section 5. This has the advantage that readers can get some
appreciation of the field situation before being exposed to the theory. It has the
disadvantage that readers may not share our appreciation of the theory and may therefore
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find it difficult to understand the precise goals of our measurements. In order to minimise
confusion, we refer forward to Section 5 whenever we believe such references are
necessary.

4.1.2 Field sites and types of samples and data collected

During the course of this Project, field work was carried out at a total of ten different
sites, both north and south of the Swan River. For descriptive purposes, these sites are

named as follows: Nowergup Lake, the Pinjar-Nowergup Transect (including Lake
Pinjar), Mariginiup Lake, Jandabup Lake, Lake Joondalup, North Lake, Thomsons
Lake, Lake Wattleup market garden (including Lake Wattleup), and the Jandabup Lake
and Lake Pinjar climate stations. The locations of these field sites are shown in Figure
4.1.1.

A wide range of sample and data types was collected at these eleven field sites over the

period 1989 to 1992. Table 4.1.1 summarises the types of samples and data that were
collected at the respective sites. The information collected has been divided into three
categories: physical, meteorological and hydrogeochemical/isotopic. A fourth section in
Table 4.1.1 identifies instrumentation used at particular locations.

Data have been obtained from a large number of observation and sampling bores. Table
4.1.2 shows the locations, depths and screen positions of all boreholes used during this
Project. Bores were constucted for a variety of purposes, either by CSIRO during this
Project, or by the Water Authority or the GSWA for their own purposes. The Table
identifies all boreholes used at Nowergup Lake, the Pinjar-Nowergup Transect,

Mariginiup Lake, Jandabup Lake, Thomsons Lake and Lake Wattleup. The data collected
from boreholes are presented on a site-by-site basis in Section 4.2.

Physical and meteorological data

Groundwater levels were recorded manually and/or by automatic data loggers at a number
of sites at various times during the field program. Groundwater level data were first
collected in relation to the initial lake level maintenance pumping test at Nowergup Lake
during April 1989. This activity was followed in 1990 by groundwater and lake level
monitoring to assist in understanding the dynamics of lake level maintenance at
Nowergup Lake. Groundwater level data were also collected at the northern and southern
ends of Nowergup Lake to determine whether or not groundwater flow stagnation points
predicted by modelling could be detected in the field. Lake and groundwater levels were
logged at Mariginiup and Jandabup Lakes, and groundwater levels were logged at
Thomsons Lake. Groundwater levels were measured at the Lake Wattleup market garden
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site to determine the regional groundwater gradient in relation to Lake Wattleup, and lake
water levels were measured in Lake Wattleup. Table 4.1.3 shows the periods during
which loggers were used to collect continuous records of water levels. Measurements
were logged every 15 minutes.

Groundwater seepage measurements were made along the eastern margin of the
Nowergup Lake using seepage meters following the design of Lee [1979]. The
measurement technique is further described in Section 4.2.1.

Automatic weather stations were used to collect meteorological data at two sites near
Jandabup Lake and Lake Pinjar, as shown in Figure 4.1.1. Continuous measurements
were made of air temperature, relative humidity, wind run, short wave radiation and net
radiation over a period of two years from October 1990 to October 1992. A complete
description of the meteorological data is given in Section 4.3.

Lake water levels have been measured for many years by the Water Authority. Water
level data for 46 lakes and wetlands during the period 1972-1991 inclusive are presented
and discussed in Section 4.4.

The hydraulic conductivity of lake bottom sediments has an important influence on the
geometry of groundwater flow patterns near surface water bodies. Consequently, a
reconnaissance survey was made of the hydraulic properties of lakebed materials.
Representative core samples were obtained from six lakes and hydraulic conductivities
were measured in the laboratory. These data are presented in Section 4.5.

Hydrogeochemical and isotopic data

Stable isotope and hydrogeochemical methods have been used in this study as the primary
means to validate predictive computer models of groundwater flow and solute transport
near lakes and wetlands. Figure 5.1.2 shows a schematic representation of the three-
dimensional geometry of groundwater flow near a circular flow-through lake. The Figure
illustrates the shape of the capture and release zones. A major goal of our field
investigations was to use tracer methods, based on environmental isotopes and
hydrogeochemistry, to delineate the groundwater capture and release zones of flow-
through lakes on the Swan Coastal Plain.

Figure 5.2.7 shows the definition of a dividing streamline in vertical section, and Figure
5.2.11 shows a range of possible positions for the dividing streamline for a variety of
flow regimes. Isotopic and hydrogeochemical data for the groundwaters within the
capture and release zones of Nowergup, Jandabup, Mariginiup and Thomsons Lakes
were collected for the purpose of validating our model predictions. In addition, samples
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of corresponding lake waters were also collected to determine the seasonal range of stable
isotope and hydrogeochemical characteristics that could be expected in the release zone of
the lakes.

An additional aim of our field investigations was to try to identify the minimum amount
and type of information required to determine the position of the dividing streamline
within the release zone for a given lake.

The issue of groundwater transport of nutrients into shallow lakes and wetlands was
addressed in the field by undertaking a detailed study of the transport of nutrient species,

nitrate and phosphate, in the unsaturated and saturated zones. A market garden site
adjacent to Lake Wattleup was chosen for this work, and nutrient concentrations were
measured in the unsaturated zone, groundwater and lakewater. The adsorption
characteristics of phosphate on soils of the market garden were measured in the
laboratory, and this allowed estimates of travel times for phosphate in relation to rates of
groundwater movement beneath the market garden. This information was used to assess
the role of groundwater transport of nutrients and the overall impact of market gardening
activities on lake water quality.

4.1.3 Geological and hydrogeological settings of the field sites

The Swan Coastal Plain is situated at the eastern onshore edge of the Perth Basin [Allen,
1981]. Near Perth, it consists of about 13 000 m of Permian to Quaternary sedimentary
rocks. There are three major sequences near the land surface, these being the "superficial
formations" (up to 100 m thick), the Leederville Formation (up to 500 m thick), and the

Yarragadee Formation (up to 2000 m thick). The superficial formations consist of Late
Tertiary and Quaternary sediments, including Tamala limestone (eolian calcarenite and
leached yellow sand), Bassendean sand (eolian grey sand) and the Guildford Formation
(clay, with minor gravelly sand). Near the Swan Estuary, the superficial formations are
underlain by the Kings Park and Osborne Formations (up to 250 m thick), which contain
shale, calcareous and glauconitic siltstone and some sand. To the north of Perth, the
Osborne Formation is overlain by Poison Hill Greensand, which consists of dark-green
to olive-green, glauconitic, sandy, slightly calcareous siltsone and dark-green, clayey,
poorly consolidated sandstone. These layers, where present, act as confining beds for
the Leederville Formation, which contains sandstone, siltsone and shale. The Leederville
Formation is underlain in some areas by South Perth Shale (up to 300 m thick), which
acts as a confining layer for the Yarragadee Formation.

Allen [1981] provides numerous Figures and Tables which provide more detailed
information than is presented here. Many reports by the GSWA provide the source
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material on which summaries such as Allen's are based. It is important to recognise that
the distribution and thickness of all layers are spatially variable, thus detailed drilling may
reveal a different picture near any particular site.

Lakes and wetlands of the Swan Coastal Plain occur in depressions in the superficial

formations, thus most of our interest is in these shallow formations. Detailed information
is only available near some of our field sites.

Nowergup Lake

Nowergup Lake is located near the Nowergup Lake Fauna Sanctuary and the Neerabup
National Park. It is located to the west of the Gnangara groundwater mound and is also

to the west of the large and periodically inundated Lake Pinjar. This location places the
groundwater capture zone of Nowergup Lake potentially within the groundwater release
zone of Lake Pinjar. Nowergup Lake is in several ways typical of the flow-through lakes
of the Swan Coastal Plain. It is one of a number of similar lakes that occupy a north-west
trending depression in the Spearwood Dune System.

A schematic geological cross section at Nowergup Lake has recently been reported [Water
Authority ofW.A., 1992, Figure 3; based on Martin, in preparation]. Near Nowergup
Lake, the superficial formations extend to a depth of 45-50 m below the lakebed. The
lowest units of the superficial formations are the Ascot Beds, comprised of 10 to 20 m of
poorly sorted gravels, sands and clays with frequent calcareous cementation. To the east
of the lake, the Guildford Formation unconformably overlies the Ascot Beds, and
contains [me to coarse sand with silt and clay lenses. A thin layer of Bassendean Sand
overlies the Guildford Formation in this area. To the west of the lake, the Guildford
Formation is unconformably overlain by Tamala limestone, consisting of limestone and
calcareous unconsolidated and cemented fine to coarse sands.

A pump test was carried out at production bore]P 17 in 1989. This bore was used for
artificial lake level maintenace at Nowergup Lake, however the pump test results have not
yet been reported.

Lake Pinjar and Pinjar-Nowergup Transect

The hydrogeology of an east-west transect through Lake Pinjar is described by Whincup
[1966], though his description is less detailed than later GSWA reports on other regions
on the Swan Coastal Plain. In the vicinity of Lake Pinjar, the superficial formations are
60 - 90 m (196 - 302 ft) thick, and uncornformably overlie the Leederville Formation.
The thicker depth occurs in a region of higher surface topography between Lake Pinjar
and Nowergup Lake. The transect is interesting as it emphasises the increasing tendency
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for occurrence of limestone and other calcareous beds in the superficial formations

towards the coast, as well as the southeasterly dip in the South Perth Shale which marks
the base of the Leederville Formation.

Jandabup Lake

The hydrogeology of Jandabup Lake is described by Allen [1980]. The superficial
formations in this area extend to a depth of 50-55 m below the lakebed. The lower third
of the sequence consists of sandy calcarenite, probably the Ascot Beds. These sediments
are overlain by a uniform fine to coarse sand, and these in tum are overlain by fine- to
medium-grained sands. The superficial formations rest unconformably on what is
believed to be Poison Hill Greensand.

Jandabup Lake is one of a number of lakes on the Swan Coastal Plain distinguished by
deposits of carbonaceous diatomite in the lakebed. The diatomite is as much as 0.8 m
thick, though the greatest thickness is not at the deepest part of the lake. The spatial
distribution of diatomite is biased towards the northeastern half of the lake.

Water levels in Jandabup Lake fluctuate such that that the surface area varies seasonally
between nearly 4 km2 and less than 1 km2. In some years, the lake is almost dry at the
end of the summer.

Based on observations of piezometric levels and chloride concentrations, Allen [1981]
attempted a water and chloride balance for Jandabup Lake. Allen assumed that
groundwater from the uppermost 25 m of the aquifer flowed into Jandabup Lake, and that
outflow occurred to depths of 39 m at the end of winter and 9 m at the end of summer.
We demonstrate in Section 4.2 that outflow probably occurs to the bottom of the
superficial formations. We then infer that inflow probably also comes from the bottom of
the superficial formations.

Mariginiup Lake

Like Jandabup Lake, Mariginiup Lake is one of a series of round or oval lakes situated in
a northwesterly trending depression, at or near the contact between the Bassendean and
Spearwood Dune Systems [Hall, 1983].

The lake overlies 45-50 m of superficial formations which in turn overlie the Poison Hill
Greensand. The upper part of the superficial formations consist of poorly to moderately
sorted, fine to coarse sands. The lower 5-10 metres contain poorly sorted, very fine to
coarse sand and gravel. The lakebed contains up to 2 m of diatomite towards the central
part of the lake.

54



FINAL DRAFT dated Friday, 26 February 1993 FINAL REPORT

In his water balance calculations, Hall [1983] assumes that inflow occurs over the upper
27 m of the aquifer. Groundwater outflow is calculated by difference. Again, we
demonstrate in Section 4.2 that groundwater outflow and inflow at Mariginiup Lake
probably extends to the bottom of the superficial formations.

Lake Joondalup

There appears to be no specific information on the hydrogeology near Lake Joondalup.
Congdon [1985] studied the water balance of that lake, but does not refer to any
geological cross-section in the vicinity.

Thomsons Lake and Lake Wattleup

There have been no specific studies of the hydrogeology of Thomsons Lake or Lake
Wattleup. However, Berliat [1964] describes an east-west transect through Byford,
which passes about 3 kIn south of Lake Wattleup. The superficial formation in this area
is about 37 - 47 m (123 - 156 ft) thick, and includes surficial sands, and limestone or
carbonaceous sandstone at depth. The superficial formation overlies approximately 35 m
of claystone known as the Osborne Formation. This in tum overlies the South Perth
Formation, which contains claystone, sand and sandstone, and interbedded siltstone and
claystone or clayey siltstone. The Osborne Formation probably provides a sufficiently
low conductivity barrier to ensure that lakes in this region are virtually independent of
aquifers deeper than the unconfined aquifer.

Megirian [1982] studied North and Bibra Lakes, to the north of Thomsons Lake and Lake
Wattleup, with special emphasis on the nature of their organic and biogenic bottom
sediments [see also Davidson, 1983, on Bibra Lake]. Bayley et ai. [1989] provide no
new hydrogeological information in their study of North Lake. No specific studies of
bottom sediments have been carried out at Thomsons Lake or Lake Wattleup, other than
our own coring in Thomsons Lake, which is described in Section 4.5 below.

4.1.4 Hydrogeochemistry and groundwater - surface water interaction

Because hydrogeochemistry plays such an important role in our field program, this
Section presents an explanation of how hydrogeochemical signatures depend on the
relative magnitudes of components of a lake water balance. The water balance and solute
(or hydrogeochemical) mass balance in a lake, for a conservative ionic species such as
chloride, is described by the following water and mass balance expressions:

cIs
dt =I-O+P-E
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(4.1.2)

(4.1.3)

where s is the depth of water in the lake, I is the rate of inflow per unit area, 0 is the rate
of outflow per unit area, P is rainfall per unit area, E is the rate of evaporation per unit
area, cL is the solute concentration in the lake water, c[is the concentration ofthe inflow,
Co is the concentration of the outflow and cp is the concentration of the rainfall. In the
case of well-mixed lakes, it is reasonable to assume that Co = cL- Substituting Equation

4.1.1 into Equation 4.1.2 then results in:

dCL
s cit = - (I + P - E) CL + I c[ + Pcp

regardless of whether or not water levels are at steady state. The use of a water level, s,
rather than volume, V, is a simplification which is valid when a water body has vertical
walls and its surface area is independent of water level. Equations 4.1.1 to 4.1.3 have
slightly different forms if lake surface area varies with elevation. Simultaneous solution
of Equations 4.1.1 and 4.1.3 allows calculation of the solute concentration of a lake.

The relative magnitudes of the components of the balance equations determine the relative
concentrations of solute in the groundwater inflow (captured groundwater) and lakewater.
Solute concentrations in the shallow lakes and wetlands of the Swan Coastal Plain
increase during the summer period of high evaporation and low rainfall, and decrease
during winter in response to higher rainfall rates and the increase in surface runoff. The
generally observed result is that lake waters become more concentrated in ionic species
than the influent groundwater from the capture zone of the lake. The solute and water
mass balances for individual lakes differ from each other because of differences in their
volume, surface area and the magnitude of their mass balance components.

Large water bodies have the ability to buffer seasonal variations in the solute
concentration of inflows and outflows, and in some cases it is reasonable to assume that
both water level and solute concentration are constant in time. In small shallow lakes,
with marked seasonal variations in volume, seasonal variations in the composition of
lakewater can be quite marked. In such cases, the simplifying assumption of a steady
state cannot always be made.

Although Equations 4.1.1 and 4.1.3 can be solved numerically with time varying inflows
and outflows and time-varying concentrations, it is instructive to consider special cases
which may approximately describe real lakes in some circumstances. First notice that if
1-0 + P - E = 0, then ds/dt = 0 and the lake water level is steady, with a final water
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level, sf, equal to the initial water level, So. If I - 0 + P - E '# 0 but is constant in time,
then lake level varies linearly with time. If 1+ P - E = 0, then Equation 4.1.3 has no
dependence on CL on the right-hand side, and can be integrated directly. But in such
cases, there can be no steady solution for CL. If I - 0 + P - E '# 0 and I + P - E '# 0 (i.e.
if ds/dt '# 0 and 0 = 0), then CL asymptotically approaches an equilibrium with inflow
concentrations, even though the level is always changing.

Some of the many possible solutions are summarised in Table 4.1.4. The schematic
diagram in the fIrst column identifIes which fluxes are non-zero. Two forms of the water

balance equation are given in the second column: one for unsteady conditions, and
another for steady state, if such a condition is possible. Corresponding solutions are then
given in the third column. Three forms of the solute balance equation are given in the
fourth column: one for unsteady concentrations when water levels are varying linearly,
one for unsteady concentrations with constant water level, and one for a steady
concentration. If ds/dt '# 0 and 0 = 0, the last of these is an equation for the asymptotic
final concentration, Cj, but this is not actually a steady state concentration in the usual
sense. The last column gives corresponding solutions for time-varying CL and for steady
or asymptotic values of cf A Table of this kind is not readily accessible in the literature,
but may be useful for relating solute concentrations to inflows and outflows in well-
mixed lakes. The form and symmetry of the results allow easy extension to the case of
additional inflows and outflows.

The water and solute balances described above form the basis for using the
hydrogeochemistry of a conservative ionic species such as chloride in the analysis of

groundwater - surface water interaction. The process of evaporative concentration of
chloride has the following consequences:

• chloride tends to be more concentrated in residual lake water than in groundwater
in the capture zone of the lake,

• the concentration effect distinguishes lakewater from groundwater that has not
undergone such evaporation, such as groundwater from within the capture zone,
and

• lakewater that discharges to the groundwater on the downgradient side of a lake
(i.e. into the lake release zone) can be geochemically distinguished from
groundwater which bypasses the lake.
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4.1.5 Stable isotopes and groundwater - surface water interaction

Our field program also relies heavily on the measurement of concentrations of natural
isotopes in water. The naturally occurring heavy isotope of hydrogen of atomic mass 2 is
commonly known as deuterium. The symbol for deuterium is 2H. It is a stable isotope
(non-radioactive, and therefore non-decaying) and occurs in all natural waters. Its
absolute abundance in seawater, for example, is 155.8 ppm (parts per million). In
meteoric waters (i.e. rainfall), its abundance varies significantly and ranges from its
lowest concentration of about 90 ppm in precipitation at polar regions of the globe to
165 ppm in waters enriched in deuterium by evaporation.

Oxygen has two heavy stable isotopes, 170 and 180. Oxygen-18 is the most abundant of
the two heavy isotopes and its abundance in seawater is about 2000 ppm .. Because of the
relatively low abundance of 170, it is usually only 180 that is measured in hydrological
studies. In meteoric waters, the range of variation in 180 abundance is between 1895 and
2025 ppm. For both hydrogen and oxygen in water, the light isotopic species IH and
160 are by far the most abundant, comprising 99.98% and 99.80% respectively of the
total hydrogen and oxygen.

The basis of the application of stable isotopes to hydrological studies such as
groundwater - surface water relations is the measurement in both time and space of very
small deviations in the abundance of the heavy isotopic species. These small variations
are then interpreted in terms of the hydrological processes that have affected the water.
When phase changes of water occur in the hydrological cycle, they cause variations in the
abundance of the heavy isotopic species because of their slightly different molecular
weights. The most common causes of isotopic variations are condensation and
evaporation. For a given hydrological system, such as the rainfall, groundwater and
surface water of the Swan Coastal Plain, these variations generally occur within a narrow
range of the total observed ranges outlined above. However, with very sensitive
detection methods using mass spectrometry, the variations can be readily detected.

For reasons dictated by the mass spectrometric measurement technique, the absolute
concentrations of the heavy stable isotopes are not measured directly in natural waters.
Instead, the ratio of the heavy isotope to the more abundant light isotope is determined
relative to a reference water. This reference water is Vienna Standard Mean Ocean Water
or V-SMOW. The absolute isotopic 2H and 180 concentrations of V-SMOW are
accurately known, and are equal to 155.76 and 2005.2 parts per million, respectively.
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The relative difference in the ratio of the heavy isotope to the more abundant light isotope
of a sample is measured with respect to V-SMOW. This difference is designated by the
Greek symbol D and is defmed as follows:

~ _ ( RSample )
V:Sample-V-SMOW - RV-SMOW - 1 x 1000 (%0) (4.1.4)

where R is the ratio 2H/IH or 180/160. V-SMOW has been assigned a D value of zero

for both oxygen-18 and deuterium. Obviously, a positive Dvalue shows a sample to be

enriched relative to the standard (effectively seawater) and a negative value shows the
sample to be depleted. The %0 notation denotes "per mille", and means parts per
thousand deviation from the standard. The analytical precision of our measurements by
mass spectrometry is better than 1%0 for 8lH and 0.1%0 for 880. Although D values are
expressed in per mille thoughout this report, it is sometimes useful for mathematical
purposes to express D in the form of a small fraction, thus 25 per mille can also be

written as 0.025. In the equations which follow, it is possible to recognise the required
form of D by its context. When added to 1, a small fraction is needed. The same applies

to other variables introduced below, which are sometimes expressed as per mille, and at
other times are needed as fractions.

In any hydrological study using stable isotopes, it is important to know the stable isotope
composition of rainfall in a region. This provides a baseline against which groundwaters
and surface waters can be compared. In this report, rainfall data are used in two forms.
The fIrst is as the monthly amount-weighted mean value and the second is as the slope of
a plot of 8lH versus 880. It is well documented from a global network of precipitation
stations that the 8lH and 880 values for rainfall are strongly linearly correlated.
Globally, this correlation has been established as 8lH = 8880+ 10 and is known as the

Meteoric Water Line(MWL). This relation is broadly applicable but variations from this
relation can occur for rainfall over a given region. Monthly composites of rainwater at
Perth have been collected between 1983 and 1991. The monthly amount-weighted
isotopic compositions have been used to establish the MWL for Perth as
02H = 7.33880 + 11.1 and the individual monthly data are shown in Figure 4.1.2.
The amount-weighted mean 8lH is -12.7%0 and the amount-weighted 880 is -2.9%0.

Low salinity surface waters which undergo evaporation from a free water surface are
subject to an isotopic fractionation that results in a tendency for the residual water to
become enriched in the heavy isotopic species. This is because of the slightly lower
vapour pressure of the heavy isotopic species (H2180 and H2HO) compared to the

isotopically light molecules. The degree of enrichment depends on climatic factors such
as average annual temperature, relative humidity, and rainfall and evaporation.
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Figure 4.1.3 is a schematic diagram that illustrates the relationships observed between 2H
and 180concentrations in water samples from the Swan Coastal Plain. The Figure
shows the Perth Meteoric Water Line (MWL) from Figure 4.1.2, a region encompassing
the rainfall and samples of unevaporated groundwater, and a low slope evaporation line
that indicates the observed trend in 02H - 0180 space of surface waters that have been
partially evaporated. In practice, the exchange of atmospheric water vapour across the
surface of an evaporating water body limits the maximum amount of isotopic enrichment
to 0 increases of about 60%0 in 2H and 15%0 in 180.

In analysing lake water balances using stable isotopes, a critical parameter is the isotopic
composition of evaporating water, OE. The primary reference for analysis of isotopic
fractionation during evaporation is the work of Craig and Gordon [1965]. Fractionation
is the process by which evaporation preferentially removes the lighter isotopes and leaves
some fraction of the heavy isotopes in the liquid phase. It can be shown [Craig and
Gordon, 1965, Equation (23)] that even under transient conditions, OE is approximately
given by:

a*OL- hOA- eOE=------
1 - h + l1e

(4.1.5)

where a* < 1 is the equilibrium isotope fractionation factor, e*= l-a* is the equilibrium
enrichment factor, e= e*+ l1eis the total enrichment factor, l1eis the kinetic isotope
enrichment factor determined by diffusion of the different isotopic species during
evaporation, h is the relative humidity normalised to the temperature of the surface water,
and OA is the isotopic composition of atmospheric water vapour. By adding 1 to

Equation 4.1.5, we obtain:

a*O+OL)- h (1+0A)1+0E=-------
1 - h + l1e

(4.1.6)

Application of Equations 4.1.5 and 4.1.6 requires knowledge of OL,OA,h, a* and l1e.

Equilibrium fractionation factors for 2H and 180 are presented as a function of
temperature by Din~er [1968, Table 1], although Din~er uses a defmition of awhich
Craig and Gordon [1965, p.15] denote as a+= 1/a*. Dincer's values can easily be
converted to the form we require, thus a* for 2H takes the values 0.9042, 0.9267,
0.9434,0.9560,0.9643 and 0.9718 at 20°C intervals between 0 and 100°C inclusive.
These values are consistent with a value quoted by Craig and Gordon [1965, p.82, p.93],
i.e. 0.931 at 25°C. Kinetic enrichment factors l1e for 2H and 180 are approximately
0.019 and 0.005 at 25°C, respectively [Craig and Gordon, 1965, p.93].
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Knowing a form for DE is only part of the problem. Solving real problems requires

solutions of water and isotope balance equations similar in form to Equations 4.1.1 and
4.1.3. For a given water body exposed to evaporation, the concentrations of the heavy
isotopic species HZ1SO and HZHO are described by Equation 4.1.1 and:

(4.1.7)

where DL is the isotopic composition of lake water (for either HZ1SO or HZHO), D[is the
isotopic composition of the inflow, DOis the isotopic composition of the outflow, Dp is
the isotopic composition of the rainfall and, most importantly, DE is the isotopic
composition of the evaporated water. The primary difference between this and Equation
4.1.2 is that evaporation is capable of removing a proportion of the isotopes of interest.
Equations of the form of Equation 4.1.7, using 1+Das a variable, are not common in the

literature but are natural for this problem. In the case of well-mixed lakes, it is reasonable
to assume that DO= Dv Substituting Equation 4.1.1 into Equation 4.1.7 then gives:

(4.1.8)

Although it would be possible to develop general unsteady solutions for isotope
concentrations, as in Table 4.1.4, we restrict our attention here to steady solutions for the
mass balances of isotopes. Consider the general case with 1,0, Pand E all non-zero. At
steady state, we reduce Equations 4.1.1 and 4.1.7 to:

I-O+P-E=O

and

Substituting Equation 4.1.6 into Equation 4.1.10 gives:

from which, after substituting for 0 from Equation 4.1.10:
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1+0L = I (l-h+~e )(1+0[) + P (l-h+~e )(l+Op) + E h (l+OA )
I (l-h+~e ) + P (l-h+~e) + E (h-e )

(4.1.12)

It can be shown that this is a general solution, valid for all values of 1,0, Pand non-zero
E. For situations in which there are no inflows (Le. I = P = 0), there is no non-trivial
steady state solution for Equation 4.1.20, but the isotope concentration still approaches a
steady state given by Equation 4.1.12. This general result reproduces and summarises all
previous steady state results by Craig and Gordon [1965], Din~er [1968], Welhan and
Fritz [1977], Gat [1979], Allison and Leaney [1982] and Allison et al. [1983]. When
combined with results for a conservative tracer in Table 4.1.4, it also includes similar
results presented by Din~er et al. [1978] and Gat [1981]. The results of Phillips et al.
[1986] are also closely related. Equation 4.1.12 is probably easier to use in this 1+0

form, than with 0as the subject of the equation. In Section 5.6.2, this general approach
will be combined with expressions for groundwater flows to obtain equations specifically
applicable water and isotope balances for flow-through lakes.

Table 4.1.5 summarises a family of steady state solutions both for 1+OLand OLalone. In

order to simplify Equation 4.1.12 in the fourth column, we utilise Welhan and Fritz's
[1977] m = (h - e)/(l - h + ~e) and introduce a = h /(1 - h + ~e). Notice that m is

always associated with E in the denominator and a is always associated with the
atmospheric "source" term in the numerator. In all cases, the last row of the Table can be
used to derive any of the other results, simply by setting appropriate fluxes to zero.

Appendix B provides more information on the various special case solutions referred to in
the last column of Table 4.1.5.

Before we conclude this Section, we note that there are several additional attributes of the
stable isotopes of water which are important when they are used as tracers in the study of
groundwater-surface water interaction. First, they are conservative at low temperatures,
and once isolated from atmospheric contact, where phase changes can occur, their
concentrations do not change. Groundwaters from a given local region tend to have a
remarkably uniform isotopic composition [Turner et al., 1987], even when there are
significant differences in isotopic composition within and between rainfall events [Turner
and Macpherson, 1990]. The isotopic differences between rainfall events are smoothed
out because of mixing within the unsaturated zone during infiltration. It has also been
established that uptake of soil water by plant roots is a non-fractionating process [Turner
et al., 1987], i.e. that transpiration removes both heavy and light isotopes in the same
ratio as in the source water, either soil water or groundwater. These processes lead to the
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result that unconfined aquifers in non-arid regions generally have a stable isotope
composition that is close to the long-term amount-weighted mean value of rainfall for the
region.

In summary, the non-equilibrium evaporation process described in this Section forms the
basis for using isotopic systematics in analysis of groundwater - surface water
interaction. The process has the following four features:

• oxygen-I8 becomes proportionally more enriched than deuterium in residual lake
water,

• lakewaters that undergo isotopic non-equilibrium evaporation obtain a
characteristic isotopic signature that is an isotopic enrichment relative to
groundwater in the lake capture zone,

• the isotopic signature unequivocally distinguishes lakewater from water that has
not undergone such evaporation, such as groundwater from within the capture
zone for the lake, and

• lakewater that discharges to the groundwater down gradient side of a lake (i.e. into
the lake release zone) can easily be detected.

In Section 4.2, stable isotope data on lakewater and groundwater are presented for
locations in and near several lakes on the Swan Coastal Plain. Section 4.6 then presents
an analysis and interpretation of the stable isotope data based on theory developed above
and in Section 5.6.2.

Although this Section stresses the use of isotopes as tracers, the strengths of tracers can
be used to their fullest by combining stable isotope data (8lH and 880) with

hydrogeochemical data in the analysis of lake - groundwater relations. The most
important strength in the use of stable isotopes is their unequivocal indication of former
lakewater on the downgradient side of a particular lake, since evaporation from an open
water surface is the only process that causes the observed signature of enrichment. The
spatial distribution of groundwaters with this signature is the primary evidence defining
the location of the groundwater release zone for a lake.

A possible limitation of 8lH and 880 data to this application is the upper limit to the

maximum degree of isotopic enrichment that can be attained in the lakewater, which may
reduce the accuracy of interpretations within the release zone. Because there is no
practical upper limit to the degree of concentration that can be achieved by chloride
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(except for halite saturation which would never be achieved in the lakes and wetlands of
the Swan Coastal Plain), the latter is potentially a more accurate method for delineating
the groundwater release zone.

This discussion leads to the conclusion that it is better to use both tracers than one alone.
In this Project, the complementary strengths of both stable isotope enrichments and
hydrogeochemistry have been combined in order to defme as accurately as possible the

geometry of the groundwater release zones of shallow lakes and wetlands on the Swan
Coastal Plain.
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PINJAR. LAKE CLIMATE

SAMPLE OR DATA TYPE NOWERGUP
NOWERGUP

MARIGINIUP JANDABUP LAKE NORTH THOMSONS WATTLEUP STATION
LAKE

TRANSECT
LAKE LAKE JOONDALUP LAKE LAKE MARKET 1 2

GARDEN

PHYSICAL
Groundwater level (logger) .I .I .I .I .I
Groundwater level (manual) .I .I .I .I .I .I
Lake level (logger) .I .I .I .I
Lake level (manual) .I .I .I .I
Groundwater seepage meter .I
Hydraulic condo of sediments .I .I .I .I .I .I
Pumped volumes for lake level .I
maintenance

METEOROLOGICAL
Rainfall .I .I
Temperature .I .I
Relative humidity .I .I
Wind speed .I .I
Radiation .I .I

HYDROGEOCHEMICAL &
ISOTOPIC

Deuterium & oxygen-I8 .I .I .I .I .I
Major ions .I .I .I .I .I .I
Minor ions .I .I .I .I .I
Nutrient species .I .I .I .I .I
Spatial & temporal variation .I .I .I .I
Lake level maintenance .I

INSTRUMENTATION
Piezometers/obs. bores by CSIRO .I .I .I
Piezometers/obs. bores by
GSWA/WAWA .I .I .I .I .I .I
Groundwater "sippers" .I
Soil core sampling .I .I

Table 4.1.1 Sample and data types from field sites



SCREEN
BORE RL TOC TOTAL POSITION

IDENTITY NORTHING EASTING (mAHD) DEPTH (m) BELOW TOC
(m)

NOWERGUP LAKE
GSW A/W AWA Bores

A13 6499732 380060 24.406 51.40 48.04 - 51.40
A14 6499735 380060 24.470 11.40 8.40 - 10.40
A22 6499734 380058 24.371 47.40 42.40 - 45.40
A23 6499733 380058 24.331 31.40 26.40 - 30.40
B15 6499655 379908 20.429 8.40 6.40 - 8.40
B16 6499651 379910 20.544 47.00 38.90 - 40.90
B17 6499652 379910 20.534 26.00 23.05 - 26.05
C18 6499572 379808 18.273 47.00 44.30 - 46.30
C19 6499571 379809 18.25 5.30 2.30 - 4.30
C20 6499570 379809 18.223 20.00 16.30 - 18.30
C21 6499568 379810 18.387 32.00 25.80 - 27.80
F12 6499886 379481 21.731 8.30 6.30 - 8.30
H29 6500274 379090 18.200 5.40 3.40 - 5.40
14 6499735 380060 24.470 9.20 6.20 - 8.20
K1 6499838 378550 42.925 44.70 41.20 - 43.20
L7 6499316 380163 23.852 10.40 8.40 -10.40
M8 6499146 379961 19.222 8.40 6.40 - 8.40
M32 6499140 379963 19.212 32.50 26.50 - 29.50
M33 6499146 379962 19.412 17.50 14.50 - 17.50
N9 6098951 380090 19.456 5.50 3.50 - 5.50
010 6498767 380147 25.557 13.40 11.40 - 13.40
Pll 6498774 379892 20.881 8.40 6.40 - 8.40
R26 6498381 379842 19.493 8.40 6.40 - 8.40
S6 6498680 379679 18.459 8.40 6.40 - 8.40
T5 6498929 379533 21.247 13.40 11.40 - 13.40
T38 6498927 379533 21.362 60.80 51.80 - 54.80
T39 6498928 379534 21.287 31.50 29.50 - 31.50
U2 6499742 380061 24.97 8.20 5.20 - 7.20
V3 6499284 379018 32.177 29.80 27.80 - 29.80
V37 6499281 379022 31.978 53.50 50.00 - 53.00
W24 6499237 378869 32.964 29.40 27.40 - 29.40
X25 6498839 379308 44.099 38.40 36.40 - 38.40
Y27 6498536 379450 47.963 40.90 38.90 - 40.90
IP17 6499760.633 380062.956 23.937 39.00 21.00 - 39.00
2/90 6499742.682 380061.086 24.97 77.00 58.07 - 76.25
CSIRO Bores

80 6499839.970 379198.016 21.26 11.70 9.56 - 11.64
81 6499838.236 379220.972 19.39 9.68 9.71 - 11.77
82 6499859.686 379252.071 18.03 7.78 10.25 - 12.25
83 6499934.842 379186.948 18.28 5.42 12.86 - 14.86
84 6499903.996 379218.848 18.76 8.42 10.34 - 12.34
85 6499908.237 379283.920 19.22 6.93 12.29 - 14.29
86 6499950.647 379321.147 21.37 7.69 13.68 - 15.68
91 6498644.159 379767.555 17.78 9.75 8.03 - 9.73
92 6498620.310 379736.827 18.82 9.69 9.13 - 11.13
93 6498492.225 379817.351 18.35 7.90 10.45 - 12.15
94 6498685.458 379833.961 18.15 5.46 12.69 - 14.69
95 6498694.372 379862.092 20.17 8.40 11.77 - 13.67
Nowergup Multiport Bore

Black 6499371 379278 18.50 19.592 5.00 - 6.00
Red 6499371 379278 18.50 19.592 14.00 - 15.00
Yellow 6499371 379278 18.50 19.592 26.00 - 27.00
Green 6499371 379278 18.50 19.592 36.00 - 37.00
Blue 6499371 379278 18.50 19.592 49.00 - 50.00

Table 4.1.2 Bore locations and screen depths



SCREEN
BORE

NORTHING EASTING
RL TOC TOTAL POSITION

IDENTITY (mAHD) DEPTH (m) BELOW TOC
(m)

PINJAR-NOWERGUP TRANSECT

GSW A/W AWA Bores
JP16 6499115 383251 40.50 70.00 34.00 - 70.00
JP16A 6499112 383260 40.50 70.00 10.00 - 70.00
P240 6498986 384204 51.151 68.00 11.00 - 68.00
P250 6499876 383758 49.328 72.00 0.00 -72.00
P260 6500752 383391 54.156 72.00 19.00 - 72.00
P270 650709 382917 49.053 73.00' 16.00 - 73.00
PM37 6501989 385267 43.591 13.60 1.00 - 13.50
CSIRO Bores*
PTNI 6500230 380600 39.00 66.00 63.00 - 65.00
PTN2 6500230 380600 39.00 56.80 53.80 - 55.80
PTN3 6500230 380600 39.00 26.70 20.40 - 22.40
PTN4 6500230 380600 39.00 44.45 42.63 - 44.63
PTN5 6500230 380600 39.00 37.23 34.23 - 36.23
WPI 6500410 382900 48.00 62.70 59.70 - 61.70
WP2 6500410 382900 48.00 43.04 40.04 - 42.04
WP3 6500410 382900 48.00 53.33 50.33 - 52.33
WP4 6500410 382900 48.00 35.42 32.42 - 34.42
WP5 6500410 382900 48.00 23.50 20.50 - 22.50
MARIGINIUP LAKE
GSW A/W AWA Bores

MTlD 6489273 388391 45.359 52.00 45.00 - 47.00
MTlI 6489270 388391 45.285 27.00 22.00 - 24.00
MTlS 6489267 388392 45.254 9.00 2.00 - 9.00
MT3D 6489320 389538 51.524 61.00 54.00 - 56.00
MT3I 6489322 389538 51.499 36.00 30.00 - 33.00
MT3S 6489324 389538 51.487 13.00 6.00 - 13.00
MS7 6489553 386707 43.835 9.00 2.00 - 9.00
MS8 6489563 387084 59.273 28.50 21.00 - 28.50
MSlO 6488972 387207 43.495 9.00 2.00 - 9.00
MSII 6488664 387090 50.095 19.50 11.00 - 19.50
MS12 6488229 386486 67.218 38.50 31.00 - 38.00
JANDABUP LAKE
GSW A/W AWA Bores

JB3 6487353 388747 64.20 24.25 10.00 - 22.00
JB7 6483670 388961 57.63 22.00 10.00 - 22.00
JB8A 6487668 388975 55.86 30.00 26.00 - 28.00
JB8B 6487671 388975 55.85 66.00 62.00 - 64.00
JB9A 6487933 391228 53.38 54.00 50.00 - 52.00
JB9B 6487921 391228 53.34 7.00 0.00 - 7.00
JB9C 6487929 391228 53.45 22.00 18.00 - 20.00
JBllA 6486689 388991 63.04 66.00 62.00 - 64.00
JBllB 6486687 388991 63.14 31.00 27.00 - 29.00
JB12B 6486689 391018 50.51 28.00 25.00 - 27.00
JB12C 6486691 391021 50.53 53.00 50.00 - 52.00
JB15A 6487779 389204 46.77 10.00 0.00 - 10.00
JB15B 6487780 389208 46.72 60.60 45.00 - 47.00
JB15C 6487779 389210 46.68 26.00 21.00 - 23.00
WM21 6487660 388977 55.815 - 12.10 - 24.10

*Locations and RLs are approximate

Table 4.1.2 (continued)



SCREEN
BORE

NORTHING EASTING
RL TOC TOTAL POSITION

IDENTITY (mAHD) DEPTH (m) BELOW TOC
(m)

THOMSONS LAKE
GSW AlW AWA Bores

TM7A 6442154 388059 24.787 50.60 47.00 - 49.00
TM7B 6442155 388062 24.909 34.00 31.00 - 33.00
TM7C 6442154 388046 24.276 19.20 13.20 - 18.20
TM8A 6442603 390162 14.832 35.00 31.00 - 34.00
TM8B 6442600 390162 14.425 22.00 18.00 - 21.00
TM8C 6442598 390164 14.378 6.00 0.00 - 6.00
TM9C 6441619 388641 14.212 6.00 0.00 - 6.00
TM14A 6442243 388544 14.349 35.00 21.00 - 34.00
TM14B 6442246 388544 14.447 21.00 18.00 - 20.00
TM16A 6442734 390581 19.872 38.60 35.00 - 37.60
TM16B 6442729 390580 19.899 18.00 15.00 - 17.00
TM16C 6442732 390580 19.887 7.00 1.00 - 7.00
WATTLE UP MARKET GARDEN
CSIRO Bores*

1 6437899 390416 40.817 31.66 29.66 - 31.66
2 6438256 390181 25.133 13.5 11.50 - 13.50
3A 6438078 390008 18.718 9.20 7.20 - 9.20
3B 6438079 390021 19.439 11.76 9.76 - 11.76
4 6438117 389488 12.231 6.6 4.60 - 6.60
5 6437900 389539 17.608 10.0 8.00 - 10.00
6 6438035 389543 13.319 4.83 2.83 - 4.83
7A 6438367 389611 14.169 7.48 5.48 - 7.48
7B 6438367 389612 14.459 5.15 3.15 - 5.15
9B 6438783 390121 29.729 19.78 17.78 - 19.78
8D 18.96 16.63 - 18.96
8S 14.33 10.81 - 13.81
9D 18.86 16.50 - 18.50
91 15.84 13.84 - 15.84
9S 12.2 9.12 - 12.12
lOD 19.70 17.70 - 19.70
lOS 15.70 12.70 - 15.70
liD 18.67 16.35 - 18.35
111 12.03 10.03 - 12.03
11S 7.92 4.92 - 7.92
12D 16.86 14.86 - 16.86
121 12.70 10.39 - 12.39
12S 9.41 6.00 - 9.00

*Some locations and RLs were not surveyed

Table 4.1.2 (continued)



LOCATION CSIRO WAWA LOGGER LOGGER
BORES BORES INSTALLED REMOVED

NOWERGUP LAKE NOW15 B15 31.03.1989 07.08.1989
NOW16 B16 31.03.1989 07.08.1989
NOW17 B17 31.03.1989 07.08.1989
NOW18 C18 31.03.1989 07.08.1989

" C18 09.02.1990 13.06.1991
NOW19 C19 31.03.1989 07.08.1989
NOW20 C20 31.03.1989 07.08.1989

" C20 09.02.1990 13.06.1991
NOW21 C21 31.03.1989 07.08.1989

" C21 09.02.1990 13.06.1991
NOW05 T5 09.02.1990 13.06.1991
NOW38 T38 09.02.1990 13.06.1991
NOW39 T39 09.02.1990 13.06.1991
NOWIA STAFFGAUGE 29.03.1989 16.05.1991
NOW80 07.08.1989 16.05.1991
NOW81 07.08.1989 09.02.1990
NOW82 08.08.1989 16.05.1991
NOW83 07.08.1989 16.05.1991
NOW84 07.08.1989 09.02.1990
NOW85 08.08.1989 09.02.1990
NOW86 08.08.1989 16.05.1991
NOW91 07.08.1989 09.02.1990
NOW92 03.08.1989 16.05.1991
NOW93 03.08.1989 09.02.1990
NOW94 03.08.1989 08.03.1990
NOW95 03.08.1989 09.02.1990

MARIGINIUP LAKE MARIA MTlI 24.07.1990 27.05.1991
MARIB MTlD 24.07.1990 27.05.1991
MARIC MTlS 24.07.1990 27.05.1991
MAR07 MS7 20.07.1990 27.05.1991
MAR11 MS11 24.07.1990 27.05.1991
MAR12 MS12 20.07.1990 27.05.1991
MARLA STAFFGAUGE 24.07.1990 27.05.1991

JANDABUP LAKE JAN8A JBSA 24.04.1990 27.05.1991
JAN8B JB8B 24.04.1990 27.05.1991
JAN9A JB9A 09.04.1990 27.05.1991
JAN9B JB9B 09.04.1990 27.05.1991
JAN9C JB9C 09.04.1990 27.05.1991
JAN21 WM21 24.04.1990 27.05.1991
JANLA STAFFGAUGE 06.04.1990 27.05.1991

THOMSONS LAKE TOM4A TM14A 10.05.1990 11.06.1991
TOM4B TM14B 10.05.1990 11.06.1991
TOM7C TM7C 10.05.1990 11.06.1991
TOM8A TM8A 10.05.1990 11.06.1991
TOM8B TM8B 10.05.1990 11.06.1991
TOM8C TM8C 10.05.1990 11.06.1991
TOM14 TM14C 10.05.1990 11.06.1991
TOM16 TM16C 10.05.1990 11.06.1991

LAKE WATTLEUP WAlLA 11.09.1989 11.06.1991
WATOI 12.09.1989 11.06.1991
WAT05 11.09.1989 11.06.1991
WAT07B 12.09.1989 11.06.1991
WAT09B 11.09.1989 11.06.1991

Table 4.1.3 Periods when loggers were operating



Schematic diagram Water balance Solutions for s Solute balance equations Solutions for CLequations

E ds s=so-E/ ~-~ £.L._ so

/
di" =-E lit -so - E / co - so=E"t

I I no steady solution no unsteady equation with steady s no unsteady solution with steady sno steady equation

no steadYequation no steady solution

E ds s=so+(/-£)/ ~ -(/- E)CL + IC[ CL - Cf_ sO

/
di" =I-E lit so + (/- £)/ co - cf so + (l - £)/

I I
I-E=O sf= so ~ =1C[ £.L.=!EJ.// lit so co so

I

- (l- E)cL + IC[ = 0, if ~ '" 0 & "Cds 0Cf= _ E' 1 di"'"

E ds s=8o+(-O-£)/ deL &L £.L.= sO

/
di" =-O-E dt sO + (- 0 - E)/ CO SO + (- 0 - £)/

I I no steady solution
\. no steadYequation no unsteady equation with steady s no unsteady solution with steady s

0
no steady equation no steady solution

P E ds
s =so+ (P -£)/ ~ - (P - E)cL + Pcp £L..=...Ei = sO

"" /
di"=P-E lit sO + (P - £)/ CO - cf sO + (P - £)/

I I
P-E=O sf= sO ~=fu £.L.=Pcp/

lit sO CO sO

-(P-E)cL +Pcp=O,if~"'O Pcp "ds
Cf= ~,ifdi"'" 0

E ds s =so+ (/-0 - £)/ ~ - (l - E)CL + ICI ( [-E )

/
di" =1-0-E dt sO + (/ - 0 - £)/ £k...=...E.l=[1+ (l- 0 - E) tJ - [-0 -E

CO - cf SO
I I

I-O-E=O sf=so
- (I - E)CL + 1C[/

~
deL
dt sO CL-Cf=ex [_I-E t]I cO - cf P sO

- (1- £)cL+1C[= 0
...!EL

Cf= 1- E

P E ds
s =So+ (I +P - £)/ deL = - (l + P - E)CL + ICI + Pcp ( [+P-E )

"" /
di" =1+P-E dt sO + (l + P - E)/ £L..=...Ei = [1 + (1 - 0 + P - E) t] - [- 0 + P - E

cO - cf sO
I I

I+P-E=O sf= sO deL _1C[+Pcp
/ lit - sO £.L.=IC[+Pcp /
I cO sO

- (I +P - £)CL +IC[+ Pcp = 0, if~'" 0
- IC[+Pcp if~ 0

Cf- 1+ P _ E' lit '"

P E ds
s = 80+ (-0 +P -£)/ dCL - (P - E)cL + Pcp

CL-Cf=[l + (-0 +P -E) t] -COP+;-E)"" /
di" =-O+P-E dt sO + (- 0 + P - E)/

cO - cf sO
I I

-O+P-E=O sf=sO deL - (P - E)CL + Pcp

~
dt sO £L..=...Ei [P - E ]=ex ---IcO - cf P SO .

-(P-£)CL +Pcp=O
~Cf= P - E

P E ds
s =sO+(/-O +P -£)/ dCL - (l + P - E)CL + 1cI + Pcp ( [+P-E )

"" /
di" =I-O+P-E lit SO + (/- 0 + P - E)/ £L..=...Ei = [1 + (1 - 0 + P - E) tJ - I - 0 + P - E

cO - cf sO
I I

I-O+P-E=O sf=sO dCL = - (l + P - E)cL + IC[ + Pcp
/ ~

dt sO CL - cL [I + P - E tJI cO - cf-exp - SO

-(l +P -£)CL +1C[+Pcp= 0
1C[ + Pcp

Cf= 1+ P - E

Table 4.1.4 Solutions for CL



Schematic diagram Water balance Isotope balance equation Steady solution for 1+OL Steady solution for OL Previous solutions
equation

E Craig and Gordon [1965, Eq. (12»);
,/ ds a (1+0A ) OL= hOA + Iidi'=-E (1+0L) - (1+0E)= 0 1+0L = Din~er [1968, Eq. (12));

I I m h -Ii
Welhan and Fritz [1977, Eq. (4»)

E Craig and Gordon [1965, Eq. (32»);
,/

I I I-E=O I (1+0[)-E (1+0E)= 0 1 0 (1+011 + a (1+0A ) OL = (1-h+~1i )o[ + h OA+ Ii Allison and Leaney [1982, Eq. (10)]
+L= l+m

/ 1 - Ii"

I

E
,/ ds 1 Ii a (1+0A )

I I dt =-O-E (1+4,) - (1+0E)= 0 + L= m OL= hOA + Ii

"0 h -Ii

P E Craig and Gordon [1965, Eq. (32»);". ,/ P-E=O (1+op) - (1+0E)= 0 1 0 (1+op ) + a (1+OA ) OL = (1-h+~1i lop + h OA+ Ii

I I
+L= l+m 1 Ii"

Allison and Leaney [1982, Eq. (10))

E Gat [1979, Eq. (4»);
,/ I

I I I-O-E=O I (1+6[) -0 (1+0L)-E (1+0E)= 0 10 1(1+o11+aE(I+oA) OL=
E (1-h+~1i )o[ + hOA + Ii Allison et aI. [1983, Eq. (A-3))

+ L= l+mE I
/ "0 E (1-h+~Ii) + (h-li)

I

P E". / I P

I I I+P-E=O I (1+0[)+P (l+op) -E (I+OE)= 0 I+OL
I(1+o[) +P (1+op) + a E (1+0A) OL=

E (1-h+~1i )o[ + E (l-h+~1i lop + hOA + Ii

I+P+mE I P
/ E (I-h+~Ii) + E (1-h+~Ii) + (h-li)

I

P E Gat [1979, Eq. (4»);". / P

I I -O+P-E=O -0 (1+0L)+P (l+op) -E (1+0E)= 0 10 P(1+op)+aE(I+oA) OL=
E (1-h+~1i lop + hOA + Ii Allison et aI. [1983, Eq. (A-3»)

+L= P+mE P
"0 E (I-h+~Ii) + (h-li)

P E
". ,/ I P

I I I-O+P-E=O I (1+0[)-0 (I+OL)+P (l+op) -E (1+0E) = 0 1+0 = 1(1+o11+P(I+op)+aE(1+oA) OL=
E (I-h+tili )o[ + E (1-h+~1i lop + hOA + Ii

L I+P+mE I P
/ "0 E (1-h+~1i ) + E (1-h+~1i ) + (h-Ii )

I

Table 4.1.5 Steady solutions for 8L
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CSIRO Division of Water Resources

4.2 Site Investigations

4.2.1 Nowergup Lake

FINAL DRAFf dated Friday, 26 February 1993

Nowergup Lake was of interest at the time this Project started because of predictions that
lake water levels could fall below minimum levels set by the EPA during low rainfall
years. The Water Authority was already planning intensive field investigations, as well
as a trial to examine the effectiveness of artificial water level maintenance [see Water
Authority ofW.A., 1992; Martin, in preparation]. Some of our measurements were
aimed at answering somewhat different questions, but at the same time we addressed a
number of questions relative to artificial water level maintenance at Nowergup Lake.

The hydrogeology of Nowergup Lake is outlined in Section 4.1.3. Figure 4.2.1 shows
the locations of boreholes and other monitoring sites used in our field studies.

Release zones using isotopes and hydrogeochemistry

The primary purpose of isotopic and chemical sampling of groundwater near Nowergup
Lake was to provide sufficiently detailed spatial information on isotopic and
hydrogeochemical parameters to enable delineation of the groundwater flow pattern near
the lake. Our specific goal was to identify the shape of a release zone on the
(groundwater) down gradient side of Nowergup Lake. An additional goal was to
determine the most efficient and cost effective method for delineating the groundwater
capture and release zones for any shallow lake or wetland of interest.

In order to ensure a sufficient horizontal and vertical distribution of sampling sites to
obtain a satisfactory degree of definition of these zones, it was essential to have multi-
level piezometers at a large number of locations. The sampling network shown in Figure
4.2.1 was established by the GSWA and the Water Authority during 1988-89. On the
basis of regional groundwater levels, it was known that regional flow was generally from
east to west. Consequently, the primary piezometer nests were distributed on the eastern
(upgradient) and western (downgradient) sides of the lake (Martin, in preparation).
Piezometer screens were positioned at several depths within the superficial formations,
and some screens were just above the Leederville Formation. The multiport piezometer
near site U was designed collaboratively by the GSWA and CSIRO, with screen locations
based on our desire to sample the whole depth of the superficial formations.

Lakes and wetlands on the Swan Coastal Plain are small enough that they can not be
expected to attain either isotopic or hydrogeochemical steady state during an annual cycle.
Consequently, in order to use isotopic and chemical tracers to identify the geometry of
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lake release zones, it was necessary to characterise the temporal variations in lakewater by
obtaining samples at regular intervals throughout the year. These samples provide
information on the degree of seasonal variation of major ion, nutrient and stable isotopic
compositions and are essential to all further analyses. The degree of isotopic and
chemical enrichment in lakewater depends on the water balance of a lake, thus as the
relative magnitudes of groundwater inflow and outflow, evaporation and rainfall input
vary, the degree of enrichment of 2H, 180 and CI- also varies.

Table 4.2.1 contains many analyses for 2H, 180 and chloride in Nowergup Lake, Table
4.2.2 presents isotopic and chemical concentrations for groundwater samples in the
region nearby, and Table 4.2.4 contains additional isotopic measurements in lakewater
during a trial of artificial lake level maintenance in 1989. Figure 4.2.2 compares stable
isotope concentrations within the lake (the '+' symbols, based on Tables 4.2.1 and 4.2.4)
and in the groundwater (the solid squares, based on Table 4.2.2). Lakewater remains
significantly enriched relative to the upgradient groundwater throughout the year, ranging
between +10 and +30%0 in 82H and between +1.5 and +6.5%0 in 8'80. The most

enriched isotope concentrations occur in March and April, at the end of summer and prior
to the onset of winter rains in May. Comparing Tables 4.2.1 and 4.2.2 shows that
samples of groundwater emerging in springs on the eastern shores of Nowergup Lake
have stable isotope concentrations consistent with the deeper upgradient groundwaters.

In the same way, chloride concentrations in lakewater range between 374 and 600 mgL-l

during the annual cycle (Table 4.2.1), significantly higher than in the upgradient
groundwater that ranges between 56 and 217 mgL -1 (Table 4.2.2). Samples of
groundwater emerging in springs along the eastern margin of Nowergup Lake also have
chloride concentrations consistent with the upgradient groundwaters.

Concentration differences between lakewater and upgradient groundwater allow the
lakewater discharging downgradient of the lake to be distinguished from the regional
groundwater. Figures 4.2.3 and 4.2.4 show the spatial distributions of stable isotopes
and chloride in groundwater near Nowergup Lake. For ease of presentation, results from
north and south of the cross-section A-A' (Figure 4.2.1) have been projected onto a
generalised cross-section. The depths of all piezometer screens are shown, in order to
demonstrate the density of information on which our conclusions are based.

The regional groundwater gradient is from east to west, i.e. from right to left in Figures
4.2.3 and 4.2.4. On the upgradient or capture zone side of the cross-sections, 82H and
chloride concentrations are lower than in the lake. The 82H and chloride concentrations

are higher in groundwater to the west of the lake than to the east, at least at shallow
depths. The lake's release zone is defined by the boundary between enriched 82H
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concentrations of up to +20%0 and unenriched 8lH concentrations characteristic of

groundwater in the upgradient capture zone (Figure 4.2.3). It is equally well defined by
the boundary between enriched chloride concentrations of up to 600 mgL -1 and
unenriched chloride concentrations characteristic of groundwater in the upgradient capture
zone (Figure 4.2.4). These distributions of 8lH and chloride in groundwater confirm that

Nowergup Lake is a flowthrough lake with flow from east to west

The boundary between the release zone and the underlying regional groundwater is
known as a dividing streamline. Such a description is not technically correct, but the
reasons are subtle. The release zone for Nowergup Lake is shaded in Figures 4.2.3 and
4.2.4. The position of a dividing flowline is defmed by data from nests T and V and the
multiport piezometer. Two samples from the multiport, in particular, show that the
dividing flowline must be between 27 and 36 m below the top of casing. The dividing
flowline and release zone is defmed equally well by 8lH and chloride data, although the
8lH data have the advantage that enhanced levels can only be caused by water having

passed through the lake. Dotted lines towards the upgradient side of the lake show the
likely position of the dividing streamline at the bottom of the lake's capture zone. There
is no isotopic or hydrogeochemical evidence, however, to allow the location of the
capture zone to be determined.

Figures 4.2.3 and 4.2.4 show that samples in the mid-levels of the aquifer in the capture
zone have slightly elevated 8lH and chloride concentrations compared to those above and

below. This pattern is observed in piezometer nests A, Band C as well as in the
production bore JP17 used in the initial lake level maintenance program of 1989 (see
Table 4.2.3). This observation is important because it suggests that groundwater in this
section of the aquifer may come from the groundwater release zone of Lake Pinjar,
approximately 4 kIn upgradient of Nowergup Lake. This result was considered
sufficiently important to warrant further investigation, and as a result, two additional
multi-level piezometer installation sites (PTN and WP) were chosen upgradient of
Nowergup Lake. Results from these sites are described in full in Section 4.2.2.

Figure 4.2.5 is a plot of chloride concentration versus 8lH. Groundwaters in the release

zones in Figures 4.2.3. and 4.2.4 are distinctly different from upgradient groundwaters
in Figure 4.2.5.

Data from the Nowergup multiport piezometer was crucial in confIrming groundwater
flow patterns indicated by the multilevel piezometers. A second sampling from the
multiport in May, 1990 confirmed results obtained in the December 1989 sampling
(Table 4.2.2). It is notable however, that samples obtained from the top two ports of the
multiport (at depths of 5 and 14 m) showed significantly higher stable isotope
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enrichments and cWoride concentrations in the May sampling. The three deeper ports
were practically identical at both sampling times. This observation indicates a more
dynamic groundwater flow regime at the surface, possibly due to mixing of local recharge
immediately downgradient of the lake with discharged lakewater.

The importance and usefulness of the multiport led us to conclude that the most effective
way to determine the nature of a release zone is to install either a multiport piezometer, or
preferably a nest of piezometers, immediately down gradient of a lake. This finding
influenced our choice of sampling locations at other field sites.

Capture and release zones using groundwater levels

Allen [1980] presented plan maps of Jandabup Lake at the end of October 1977 and
March 1978 and sketched what we would now describe as dividing flowlines (see Figure
4.2.6). Such maps are generally based on only a few point measurements of water table
elevations, and are subject to much uncertainty. Allen's dividing flowlines passed inside
the boundary of the lake, although the location of the boundary of open water is not
shown. Interpretation of modelling of lake-aquifer interaction (see Section 5) depends
greatly on the location of stagnation or dividing points which should occur at either end of
a lake in plan, thus our plan was to measure water table elevations near the dividing

points at Nowergup Lake to see whether or not such measurements could assist in
interpretation of field behaviour.

Figure 4.2.1 shows the locations of 12 shallow piezometers installed by CSIRO for this
purpose. The piezometers are identified by series 80 and 90 code numbers and were
located at the northern and southern ends of the lake, respectively. Screened intervals
were just below the water table (Table 4.1.2). Groundwater levels were measured using
capacitance probes and logged at 15-minute intervals for the periods shown in Table
4.1.3. Depth to water was also measured manually every time a logger was read. These
measurements were used to convert logger data to the correct levels using HYDSYS
[HYDSYS Pty Ltd, 1990].

Data from all 7 loggers at the northern end of the lake between 3 August 1989 and 9
February 1990 showed the water table fluctuating as expected. Loggers 81,84 and 85
were removed, and the remaining four loggers ran until 16 May 1991 giving almost two
years of data. Figure 4.2.7 presents daily maximum and minimum groundwater levels at
four locations, as well as the surface level of the lake. Groundwater levels at all sites
appear to be perfectly in phase with each other, and almost in phase with the lake. Short
term fluctuations in lake levels are not echoed in the groundwater, perhaps indicating that
water level fluctuations are due to 'wind setup', the effect of wind stress on the slope of
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the water surface [see, e.g., Bretschneider, 1966]. The effect of artificial lake level
maintenance is clearly seen starting in March 1990 and February 1991, but it is not clear
why nearby groundwater levels do not respond more quickly to the higher lake levels. It
is also surprising that levels at Site 86 are generally below the lake level, because the site
was chosen with the expectation that flow at that location would be approaching the lake.
One possible explanation is that Nowergup Lake is located in a chain of lakes in a
depression which contains known karstic features. It is possible that Nowergup Lake
may tend to drain to the north towards Carabooda Lake.

Similar results were seen at the southern end of the lake. All 5 loggers were operated
from 3 August 1989 unti19 February 1990, but loggers 91, 93 and 94 were then
removed. The logger at Site 92 was run until 16 May 1991. Figure 4.2.8 shows levels
at two locations and in the lake. One surprising feature is that the shape of the water table
response at Site 92 is quite different from the loggers at the northern end of the lake. In
particular, the water levels rise faster, peak before the lake level, and reach their lowest
levels long after the minimum lake levels. This suggests that the water table is
responding to seasonal forcing, such as higher evapotranspiration on a regional scale, and
that sudden increases in lake levels do not result in immediate increases in nearby
groundwater levels. The gradient of the water table supports possible movement of
groundwater along a topographic depression towards the south, but in general, water
table elevations provide no information about a dividing point on the lake boundary.

In retrospect, it seems clear that we should not have expected to see anything conclusive
at these locations at Nowergup Lake. By definition, the region near a dividing point on
the boundary of a lake is a region of very low hydraulic gradients. Errors in head
measurements in such a region become very significant and make it difficult to infer
subtle changes in flow directions. We conclude that there is no reason to monitor
groundwater levels in these regions near flowthrough lakes.

Capacitance probes and loggers were also installed at three depths in nests B and four
depths in nest C on the upgradient side of Nowergup Lake, and at three depths in nest T
on the downgradient side (Figure 4.2.1, Table 4.1.2, Table 4.1.3). More than a year of
data during 1990-91 (Figure 4.2.9) revealed that heads are almost hydrostatic over the
bottom two-thirds of the aquifer at nest C, less than 20 m from the upgradient shoreline,
indicating almost horizontal flow in the aquifer at that location. Piezometric head at C21
(the intermediate level) is slightly greater than at C20 (the shallow level) most of the time,
but the head at C18 (the deep level) is slightly less than the other two. Differences in
levels are very small, however, so it is difficult to make inferences about vertical
gradients.
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In nest T (Figure 4.2.10), on the downgradient side of the lake, there are consistent head
differences of about 1 and 1.4 m between observations at successively deeper screened
intervals, indicating a significant downwards vertical head gradient. Observations in nest
T also show significantly larger short term fluctuations at deeper depths (possibly
atmospheric effects, thus indicating a degree of confinement) and noticeably smaller
seasonal fluctuations (also indicating a degree of hydraulic separation). Manual

measurements in the multiport piezometer near nest U confmn about 1 m of head
difference between the black and red sampling points (the upper two), with heads at the
other three sampling points all about 3 m lower.

It is important to understand that the magnitude of the vertical head gradient at nest T is
not sufficient to infer the direction of groundwater flow (see Appendix C). Suppose that
the local horizontal head gradient is such that the total head gradient dips 850 from the
horizontal. If the effective large-scale horizontal to vertical anisotropy ratio is 100, then
the flow direction dips only 6.50 from the horizontal. For this reason, the lack of a
vertical gradient at nest C is perhaps more surprising than the large gradient at nest T.

It is difficult to explain our observations of heads. During drilling of the multiport
piezometer near nest U, a layer of limestone was observed about two thirds of the way
through the superficial formations (see Figure 4.2.4). We have no reason to expect that
the same layer extends throughout the cross-section, though it appears at an unfortunate
depth relative to the observed release zone, because if it were areally extensive with low
conductivity, it could have a major influence on the release zone.

On the basis of observations near Nowergup Lake, we are forced to conclude that
groundwater level data alone do not provide a practical method for determining the
geometry of a lake's capture or release zones. On the other hand, groundwater level data
are always essential for determining gradient directions and therefore the average
directions of aquifer flow.

Seepage into and out a/the lake

Groundwater discharge was observed to occur directly into Nowergup Lake in the form
of several springs or seepages faces along the eastern margin of the lake. This was
expected because tthe eastern shoreline is on the groundwater upgradient side of the lake.
Groundwater seepage measurements were made along the eastern margin of the lake
using seepage meters based on the design of Lee [1979] (see Figure 4.2.11). Three
seepage meters were deployed at locations shown in Figure 4.2.1. Repeated problems
with vandalism of the seepage meter installations at Nowergup Lake in 1989 and later at
Jandabup Lake in 1990 led to discontinuation of their use.
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Estimates of groundwater seepage obtained from the seepage meters are shown in Figure
4.2.12 and range between 0.25 and 0.5 mm d-1 over the three seepage meters. These
results show remarkable consistency compared with other experiences reported in the
literature. They indicate a tendency for seepage to slow down as the winter proceeds,
presumably due to a rise in lake water levels relative to groundwater levels. However
they do not readily allow extrapolation because the area over which seepage occurs at
these rates is not known.

Contribution of groundwater inflow to lake nutrient levels

A total of 43 groundwater samples were obtained from single and multi-level piezometers
and the results of chemical analyses are given in Table 4.2.2. The data on nitrate
concentrations show elevated values of between 17 and 54 mgL -1N03- at four locations
within the capture zone. From north to south in Figure 4.2.1, these locations are F12,
A14, L7 and N9. Sites H29 and J4, to the north of the lake, and R26, to the south of the
lake, also have high nitrate concentrations, but these sites are probably outside the capture
zone of the lake.

Nitrate concentrations of this level generate some concern regarding whether or not
groundwater contamination is occurring due to a particular landuse within the capture
zone of Nowergup Lake. The source of nitrate is evidently unevenly distributed, because
the occurrence of high nitrate concentrations does not follow a spatially consistent pattern.
Sharma et at. [1991] noted elevated N03- concentrations in monitoring piezometers to the
west (i.e. the groundwater downgradient side) of their "Farm B" which is located to the
south and east of Nowergup Lake. Because elevated N03- concentrations have been
noted due to market gardening land use in the region, it is possible that some occurrences
of high nitrate concentrations noted above are also due to fertiliser use in the region. The
nitrate concentration at piezometer R26 is high considering the landuse immediately to the
east. Further monitoring, particularly of piezometers identified here with elevated nitrate
concentrations, should be the subject of ongoing investigation.

Elevated P043- concentrations are also found in groundwaters in the vicinity of
Nowergup Lake. Piezometers AB, C19, M8, M32 and M33, to the east of the lake, and
piezometers T38 and T39 to the west of the lake all have phosphate levels greater than or
equal to 0.1 mgL-1 P043-. There is no association between elevated N03- and elevated
P043- concentrations. The elevated P043- concentrations occur in two types of
piezometers. The first may be indicative of groundwater contamination by fertilisers and
this is the shallow piezometer at C19. The second and larger group are deeper
groundwaters. At nested multilevel piezometer T, the P043- concentration is between 0.1
and 0.25 mgL -1. It is unlikely that the high P043- concentrations are due to
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contamination from fertiliser sources because of the depths of the ocurrences. Rather,
they are probably due to phosphatic nodules associated with the shales and lignitic
deposits of the Ascot formation, as reported by the Water Authority ofW.A. [1992].

The widely distributed occurrences of elevated nitrate and phosphate concentrations
within the groundwater capture zone indicate some potential for nutrient loading to
Nowergup Lake. However, the majority of groundwaters sampled within the capture
zone show negligible nutrient concentrations, and we conclude that the nutrient load to
Nowergup lake from groundwater is not significant at the present time.

Physical implications of artijiciallake level maintenance

As part of its preliminary investigations on the feasibility of artificial lake level
maintenance at Nowergup, the Water Authority conducted a 5-day pumping test at bore
JPI7, which is screened in the superficial formations. CSIRO monitoring of lake water
levels showed that the pumping rate of 1000 KL d-1 increased the lake level by no more
than 3 or 4 cm.

Subsequent to the successful trial, the Water Authority established a permanent pumping
facility to artificially recharge the lake [Water Authority of W.A., 1992]. Production bore
2/90 was drilled to a depth of 76 m and screened in the Leederville Formation in order to
decrease drawdown in the superficial formations. The capacity of this pump is
3000 KL d-1, or approximately 1% of the lake volume per day.

The first use of the pump for artificial lake level maintenance was at the end of the
1989-90 summer. Pumping commenced in March 1990 when the lake level approached
the EPA's "recommended absolute minimum" of 16.3 m AHD. Lake levels and lake
volumes for the period of February to June 1990 are shown in Figure 4.2.13. The Figure
shows three periods during which pumping was carried out, the EPA recommended
minimum and absolute minimum lake levels and an indication of significant rainfall events
(e.g. 29 mm on 12 March) recorded by the Wanneroo Shire. Figures 4.2.14 to 4.2.16
show enlargements of the change in lake volume at I-hour intervals and cumulative
pumped volumes for each of the three pumping periods. The cumulative pumped volume
indicates the rate at which lake volume would increase if there were no other inflows or
outflows. Rapid increases in lake volume are sometimes due to rainfall, but can
otherwise be explained by the effects of wind on the water surface, i.e. wind setup the
downwind end of the lake becomes higher than the upwind end, or even seiching where
an oscillation is established within the lake.
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These Figures indicate the general effectiveness of pumping in increasing the volume of
Nowergup Lake to achieve and exceed the recommended minimum lake level
requirements set by the EPA. The implication of these results is that the pumping rate of
3000 KLd-l is sufficient to exceed losses by evaporation and seepage from the lake.

Chemical implications of artijiciallake level maintenance

In addition to the physical aspects of the 1989 and 1990 lake level maintenance trials,
water quality of the pumped groundwater supply and changes in lake water quality were
also monitored. Table 4.2.3 shows water quality parameters for water pumped from
JP17 in April 1989. Table 4.2.4 shows data measured at two locations within Nowergup
Lake on eight occasions during the period 8 February to 23 April 1990, along with
analyses of pumped water from production bore 2/90, sampled where it discharges into
the lake via a sump on the eastern margin of the lake. The Table also indicates readings
of the volumes of water pumped from 2/90 into the lake at the time samples were taken.

During the first trial in 1989, low concentrations of nitrate and phosphate in the pumped
groundwater (from the superficial formations) indicated that introduction of nutrients into
the lake via groundwater pumping was not occurring. To the contrary, because the
nutrient concentrations in the groundwaters are less than those in the lake, the artificial
addition of groundwater to Nowergup Lake will tend to decrease the concentrations of
nutrients in the lake.

In the 1990 trial, the chloride concentration of samples from the sump was between 70
and 75 mgL-l, significantly less than in groundwater from the superficial formation

(Table 4.2.2). This indicates that the adopted solution of pumping from the Leederville
Formation is even more effective from a water quality point of view than pumping from
the superficial formations.

In February 1990, before pumping began, field observations of elevated pH and
dissolved oxygen levels indicated that a cyanobacterial bloom was already in progress
(Table 4.2.4). This was confirmed by visual observation of Microcystis sp in the water
column. Elevated pH and dissolved oxygen levels persisted throughout the period of
monitoring, except for the sampling on 23 April, by which time the bloom had apparently
collapsed. Because the bloom was active prior to commencement of pumping, there is no
indication that pumping was responsible for it. Elevated phosphate concentrations in the
water column on 8 and 21 February would have contributed to the cyanobacterial activity.
Pumping of low phosphate groundwater into the lake starting early in March probably
acted to dilute the phosphate levels in the lake water, and may have acted to limit the
growth of the bloom.
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Figures 4.2.17 and 4.2 18 show profiles of several chemical parameters on seven
occasions during February to April 1990. Measurements at several depths were intended
to indicate whether or not pumping of groundwater might cause stratification in the lake.
Neither temperature nor salinity stratification developed as a result of the groundwater
pumping. The conductivity profiles (Figure 4.2.17b) indicated a general decrease in
lakewater salinity during the pumping period. The low and erratic conductivity profile
measured on 22 March may be due to a sharp increase in lake volume noted on 19 and 20
March (Figure 4.2.14), perhaps due to wind setup. Note that groundwater salinity
upgradient of the lake is approximately 500 mg L-l IDS (Table 4.2.2), while lakewater
ranges between 1000 and 1600 mg L-1 IDS during the annual cycle (Table 4.2.1), thus
the general tendency will be for pumped water to decrease the IDS of the lake.

4.2.2 Pinjar-Nowergup transect

Figures 4.2.3 and 4.2.4 show a 15 to 20 m thickness of aquifer on the upgradient side of
Nowergup Lake with enriched deuterium and chloride concentrations relative to those
above and below. This was interpreted as evidence of coupling of groundwater flow
between Lake Pinjar and Nowergup Lake. But it was clear that additional investigations
further upgradient toward Lake Pinjar would be required in order to satisfactorily
characterise the nature of groundwater interconnections between these two lakes. Since
groundwater in the release zone of Nowergup Lake is readily distinguishable by its
enriched deuterium and chloride compositions 700 m down gradient of Nowergup Lake at
piezometer W24/89 (Figure 4.2.3), it is not unreasonable to propose that groundwater
from Lake Pinjar could be distinguished isotopically and hydrogeochemically 5 750 m
downgradient, i.e. at Nowergup Lake.

Lake Pinjar is a seasonally inundated lake. The isotopic composition of residual
lakewater was measured in samples taken at two locations (north and south sampling sites
in Figure 4.2.19) in November 1991 and January 1992. Deuterium concentrations of
these surface water samples were 0.0 and +20.3%0 (north sampling site) and +15.0 and
+29%0 (south sampling site) at these two times. These levels confirm the expected
enrichment in these surface waters.

Seven Water Authority bores were identified between Lake Pinjar and Nowergup Lake
and were considered appropriate for sampling. The locations of these bores are shown in
Figure 4.2.19 and bore depths and screen positions are given in Table 4.1.2. Table 4.2.5
summarises the chloride and stable isotope data obtained from these bores. The ~H

compositions of these groundwaters range between -9.2 and +11.1%0. The most
enriched value is at P260, and the other isotopically enriched samples at JPI6, P240,
P250 and P270 indicate a widespread distribution of groundwater from within the release
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zone of Lake Pinjar. These results confIrmed that the release zone of Lake Pinjar could
be detected at least 2 kIn downgradient of Lake Pinjar.

In order to confinn the shape of the release zone closer to Nowergup Lake, it was decided
to install two additional multi-level piezometers (denoted PTN and WP) at the locations
shown in Figure 4.2.19. Drilling was carried out in July and August 1991. The

piezometers were developed immediately and then sampled in October 1991. Table 4.1.2
shows the locations, depths, screen lengths and screened intervals of these piezometers.

In addition to sampling the WP and PTN piezometer nests, the piezometer nests A, B and
C on the eastern shore of Nowergup Lake (see Figure 4.2.1) were resampled in October
1991 to determine whether changes had occurred in the chloride and stable isotope
compositions since the earlier sampling in 1989. Results of major and minor ion
compositions and stable isotope analyses are shown in Table 4.2.5. The re-sampling of
piezometer nests A, B and C produced deuterium and chloride results remarkably
consistent with the initial sampling and confmned our initial interpretation of the
groundwater flow regime along the Pinjar-Nowergup transect.

Connection between Lake Pinjar and Nowergup Lake

Figure 4.2.20 shows deuterium concentrations at a number of bores projected onto the
generalised cross-section B-B' shown in Figure 4.2.19. Measurements in Water
Authority bores with long screened intervals show generally enriched deuterium levels on
the down gradient side of Lake Pinjar. CSIRO's new WP nest provides vertical spatial
resolution at this location, though unfortunately the casing of WP3 collapsed and we were
unable to obtain samples. Values of +8.3 and +4.2%0 near the base of the superficial
formations provide unequivocal evidence that these groundwaters have undergone
evaporation at some point in their history, probably within Lake Pinjar. The value of
-9.2%0 in JPI6A, however, is unexplainably low.

CSIRO's PTN nest provides further insights. The most enriched samples with -6.7 and
-12%0 deuterium were obtained at the middle levels of PTN5, consistent with earlier
observations and resampling at A23, B16, C20 and C19. These observations provide
further evidence that groundwater at these locations are part of the release zone from Lake
Pinjar. The fact that they are less enriched than in WP indicates the likelihood of
dispersive mixing over the 2 kIn between these sites. Less enriched water closer to the
water table probably indicates the effects of local recharge. Less enriched water at depth,
for example -19.1 in PTNI and similar levels in A22, A13, and C18, indicates the
possibility of upward leakage from the Leederville Formation. These levels are consistent
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with deuterium concentrations measured in water pumped from the Leederville Formation
during the 1990 lake level maintenance program (see "sump" in Table 4.2.2).

Figure 4.2.21 shows the distribution of chloride concentration for the same generalised
cross-section. Chloride concentrations in Water Authority bores near Lake Pinjar show
some indication of the effect of the lake, though samples from long screened intervals are
not easy to interpret. The WP nest shows increasing concentration with depth up to
332 mg L-1 at WPl, indicating an effect of evaporative concentration, but not with the
same degree of certainty assured by measurements of deuterium concentration. At the
PTN site, chloride concentrations peak at PTN5 and decrease with depth to 70 mgL-1
chloride at PTNI. There is a general decrease in chloride concentrations from east to
west along the transect between Lake Pinjar and Nowergup Lake, again indicating the
effect of dispersive mixing. Lower chloride concentrations at the top and bottom of the
PTN again suggest the effects of recharge from above and vertically upward leakage from
the Leederville Formation below. Electrical conductivity and chloride concentrations of
groundwater from the Leederville Formation during the 1990 lake level maintenance
program (see "sump" in Table 2.2.4) was in the range 260-393IlS/cm and 70-75 mgL-1,

respectively. This is consistent with chloride concentrations between 40 and 87 mgL-1
measured at the bottom of nests A, B, C and PTN.

We conclude from this study that the capture zone of Nowergup Lake includes part of the
release zone from Lake Pinjar, 5.75 krn upgradient of Nowergup Lake. The strength of
the isotopic and chemical signature of the Lake Pinjar release zone appears to be diluted
between the two lakes by two sources of water - recharge to the water table and upward
leakage from the Leederville Formation. Our initial hypothesis in Section 4.2.1 about the
isotopic and chemical stratification observed in the A, B and C piezometer nests at
Nowergup Lake has been supported by new evidence obtained from the WP and PTN
piezometer nests. But additional questions are raised about the spatial distribution of
upward leakage between the Leederville Formation and the superficial formations.

4.2.3 Mariginiup and Jandabup Lakes

During 1990, our field program began to focus attention on Mariginiup and Jandabup
Lakes and their associated groundwater system. These lakes were of interest partly
because they have previously been studied, but also because they are relatively large. We
show in Section 5 that groundwater flow patterns near lakes depend on the ratio of lake
length to aquifer thickness. Jandabup Lake is significantly longer in the direction of
groundwater flow than Nowergup Lake, hence our modelling (Section 5) predicts that the
groundwater capture zone should extend over the full thickness of the aquifer. Similarly,
the groundwater release zone should also extend over the full aquifer thickness.
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Allen [1980] studied a cross-section through Jandabup Lake and inferred flow directions
based on observations of head in piezometer nests (Figure 4.2.23). Our interest in lake-
aquifer interaction was first raised in about 1984 by Don McFarlane [pers. comm.], who
raised the issue of whether or not Allen's flowlines were correctly drawn. In fact they are
not, mainly because each cross-section Figure 4.2.23 is stretched in the vertical direction
by a factor of 20. A flow net constructed of equipotentials and streamlines in a two-
dimensional isotropic flow field has the property that equipotentials and streamlines
should be orthogonal (intersecting at right angles), but in anisotropic aquifers and/or
vertically exaggerated sections, the angle is not in general 90°. Appendix C provides a
brief summary of the correct approach. But the net result is that equipotentials do not
need to be far from vertical at the ends of Jandabup Lake in order for groundwater flow to
be almost vertical. The groundwater flow pattern under Jandabup Lake should be quite
different from that shown, and the shaded regions showing "groundwater flow involving
lake" need to be defined more precisely. Our own field work at Mariginiup and Jandabup
Lakes was designed to improve earlier interpretations of the groundwater flow field by
Hall [1983] and Allen [1980].

Release zones using isotopes and hydrogeochemistry

Figure 4.2.22 shows locations of bores and other monitoring sites near Mariginiup and
Jandabup Lakes. Details of bore construction are given in Table 4.1.2. Tables 4.2.6 and

4.2.7 contain water quality parameters, including major ion, nutrient and stable isotope
data for Mariginiup and Jandabup Lakes, respectively.

The number of piezometers available for sampling in both the capture and release zones of
Mariginiup Lake was limited. The capture zone is represented by a single nest at site
MTI. Deuterium and chloride levels are slightly enriched at the two deeper bores in this
nest, suggesting that MTI may be in the release zone of Jandabup Lake. Enriched levels
are seen at shallow depths in MS7 and MS 10, which are quite near Mariginiup Lake, and
slightly enriched levels, similar to the bottom of MTl, are seen at depth in MS 12.
However levels at an intermediate depth at MS 11 and MS 8 are close to shallow
upgradient concentrations at MT1, suggesting that water at these locations has not been
through Mariginiup Lake. It is interesting to compare Hall's [1983] interpretation of
groundwater flow directions near Mariginiup Lake with that presented by Allen [1980]
near Jandabup Lake. Both of these published interpretations focus on a single lake in
isolation, but the proximity of the two lakes (see Figure 4.2.22) suggests that outflow
from Jandabup Lake may indeed enter Mariginiup Lake. More measurements and a more
detailed analysis of existing measurements are needed to confirm this hypothesis.
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A larger amount of data is available near Jandabup Lake and this improves our ability to
use isotopic and hydrogeochemical data to infer groundwater flow patterns. As with
Nowergup Lake, we start by demonstrating the relationship between lakewater samples
and some groundwater samples on a plot of Q2Hversus B180 (Figure 4.2.24). Lake
waters attain a maximum enrichment of +46%0 in Q2Hand +8.7%0 in 0180 and fall along
the expected low-slope evaporation line in Q2H- 0180 space. Isotopically enriched

groundwaters are those on the downgradient side of the lake, and this is seen particularly
for nests JBll, JB8, JB8B and JB15. Conversely, on the upgradient side of the lake,
nests JB9 and JB 12 show no isotopic enrichment.

Figure 4.2.25 shows isotopic data projected onto a generalised cross-section A-A'
through Jandabup Lake, roughly aligned with the average direction of aquifer flow. The
Figure shows screen depths and theQ2Hconcentrations of corresponding groundwaters.

The distinction between upgradient and downgradient concentrations is very marked, thus
the dividing flowline delineating the base of the release zone must be at or very near the
base of the superficial formations. Shallow samples on the down gradient side of the lake
are clearly not enriched, thus indicating local recharge above the release zone in those
locations.

Figure 4.2.26 shows a corresponding plot of chloride concentrations. Upgradient and
downgradient concentrations are distinctly different, again showing that the release zone
must extend to the bottom of the superficial formations. Allen [1980] presents a similar
cross-section showing very similar chloride concentrations, however he did not use those
data to formulate an interpretation of flow as we have.

Our interpretation of Figures 4.2.25 and 4.2.26 contrasts significantly with Figure 4.2.23
[after Allen, 1980]. Whereas Allen showed release zones with significantly different
shapes at the ends of winter and summer, the isotopic and chloride data indicate that on
average discharge from the lake extends to the bottom of the aquifer. Allen's zone of
"groundwater flow involving the lake" does not intersect the lake bottom, whereas ours
intersects the lake bottom at a point, somewhere near the middle of the lake. Modelling
results reported in Section 5 show that there should be a stagnation point in the middle of
the lake, with an incoming and outgoing dividing flowline intersecting at 90°. By
symmetry, we could add the boundary of a capture zone on the upgradient side of Figures
4.2.25 and 4.2.26. The dividing flowlines would intersect at a small angle, because of
the vertical exaggeration in these Figures.

It is significant that lakewater is observed at greater depths on the downgradient side of
Jandabup Lake than at Nowergup Lake, i.e. at depths at least 55 m below the water table.
This is consistent with modelling predictions that the depth of capture and release zones
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increases as lake length increases relative to aquifer thickness. Groundwater which has
passed through the lake may well occur at greater depths than is accessible in the deepest
piezometer JB8B.

Capture and release zones using groundwater levels

Figures 4.2.27 and 4.2.28 show water levels in a nest of three bores on the upgradient
side of Mariginiup Lake and in three bores of different depths on the down gradient side
of the lake. The fIrst Figure shows a consistent upward head gradient, particularly over
the top half of the aquifer, and is consistent with Hall's [1983] Figure 7. The fact that the
gradient is larger near the surface is consistent with modelling results presented in Section
5, and does not necessarily imply that groundwater at depth will pass below the lake.
Figure 5.2.28 suggests a downward head gradient on the downgradient side of the lake,
but because the boreholes are not at the same location, at least part of the observed head
differences is due to horizontal gradients. Mariginiup Lake dried out in February-March
1991 and it was necessary for us to move our logger to a different staff gauge. It was
impossible, however, to access the logger to obtain manual measurements of water
levels, thus levels were not calibrated in this period.

Figures 4.2.29 and 4.2.30 show similar plots for two nests on the upgradient and
down gradient sides of Jandabup Lake. On the upgradient side, there is a slight though
almost negligible upward gradient in the top half of the aquifer. Piezometric head at the
bottom of the aquifer is lower than above, as observed by Allen [1980] (reproduced here
as Figure 4.2.6). This result is surprising, but may be due to heterogeneity in the
superfIcial formations. It may also indicate that Water Authority pumping from the
Leederville Formation to the east of Jandabup Lake is causing the superfIcial formations
to recharge the Leederville. On the downgradient side, there are marginally higher levels
in the shallowest borehole, and lower heads at depth. The effect of artifIcial lake level
maintenance in Jandabup Lake is clearly seen, as is the effect of daily pumping in the
summer months, presumably for irrigation by landowners.

Summarising the observations at these two lakes, it appears that groundwater levels are
diffIcult to interpret, at least in terms of the capture and release zones of lakes. Nield
[1990, pp. 80-84] developed a method for utilising the difference in depth-averaged head
between the upgradient and downgradient sides of a lake to infer the depth of a capture
zone. It appears that data from a nest of three bores are not sufficient to estimate the
depth-averaged head at a given location. This is especially the case when the bores were
drilled many years ago for other purposes.

88



FINAL DRAFT dated Friday, 26 February 1993

4.2.4 Tbomsons Lake

FINAL REPORT

Thomsons Lake is a large lake, similar in size to Jandabup Lake, but we decided to
investigate it as well because of hydrogeological differences between the northern and
southern parts of the Swan Coastal Plain. Figure 4.2.31 shows the bores sampled near
Thomsons Lake. Isotopic and hydrogeochemical data are presented in Table 4.2.8.

Release zones using isotopes and hydrogeochemistry

Figure 4.2.32 presents deuterium and oxygen-18 data for lakewater and groundwater
near Thomsons Lake. The measured isotopic enrichment of lakewater reaches seasonal
maxima of +32.2 and +7.2%0 in OZHand 0180 respectively. The measured seasonal

minima are +5 and +0.5%0 respectively.

Figure 4.2.33 shows the OZHdistribution in a generalised west-east cross-section and

Figure 4.2.34 shows a corresponding chloride distribution. As with other lakes, the
stable isotope data in groundwaters on the down gradient side of Thomsons Lake show
isotopic enrichment in nests TM9, TM 14 and TM7. A similar pattern of enrichment is
seen in the chloride concentrations. The depth of the groundwater release zone for
Thomsons Lake penetrates to the base of the unconfined aquifer. Groundwater from
TM8 and TM16 within the capture zone of the lake shows no enrichment, and the range
of deuterium values between -10.2 and -19.1%0 is consistent with the amount-weighted
mean OZHin Perth precipitation (see Figure 4.1.2).

Capture and release zones using groundwater levels

Figures 4.2.35 and 4.2.36 show piezometric heads in a number of boreholes on the
upgradient and downgradient sides of Thomsons Lake, respectively. In each case, there
is a nest of three bores screened at different depths and one other bore. On the upgradient
side, there is a clear upward head gradient at nest TM8, and on the downgradient side,
there is similar downward gradient at nest TM14. Measurements of heads in the deeper
boreholes at TM8 are incorrect during the winter of 1990, when piezometric heads rose
above the top of the capacitance probes. These heads rose almost to ground level, as the
probes were located as high as possible in the boreholes. The record at TM14C is also
problematical, perhaps because the bottom half of the 6 m borehole is now filled with
debris, and during summer months at the start of 1991, the hole was dry.

On their own, the records of piezometric heads do not appear to give specific information
about the geometry of the capture and release zones of Thomsons Lake. However, they
do confirm the expected upward and downward gradients, and indicate that the lake is
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acting as a flow-through lake. As mentioned above, Nield [1990, pp.80-84] developed a
method for utilising the change in depth-average head across a lake to estimate the depth

of a lake's capture zone .. He introduced the concept of a dimensionless coefficient of
head change,)1 = Kt:,.h/U+a (see also Section 5.5 of this Report), and showed that there
is close relationship between)1 and b+/B. His Figure 5.4.4, for example, shows that
regardless of 2a/B, when )1is less than about 0.2, b+!B is nearly 1, i.e. the capture zone
depth is almost equal to the aquifer thickness. The coefficient)1 is really a measure of

how much a lake disrupts (i.e. locally flattens) the regional gradient of the water table,
and is clearly very small for Thomsons Lake. It follows that observations of heads on
either side of Thomsons Lake allow us to evaluate )1,and therefore to infer that the depths

of the capture and release zones are almost equal to the aquifer thickness.

4.2.5 Lake Wattleup market garden

The purpose of investigations at the Lake Wattleup market garden was primarily to
determine the distribution of nutrient species, nitrate and phosphate, in the unsaturated
and saturated zones beneath the market garden near Lake Wattleup. We chose this site
initially because it seemed possible that nutrients from the market garden might flow into
Lake Wattleup. Investigations showed that groundwater flow is roughly towards the
southwest, hence flow beneath the market garden probably bypasses the lake.
Nevertheless our studies at this site provide further evidence of the rates at which
groundwater transports nutrients in Swan Coastal Plain soils.

Figure 4.2.37 shows the locations of numerous boreholes, cored holes and groundwater
"sipper" installations drilled by CSIRO during investigations near Lake Wattleup. Figure
4.2.38 shows a generalised cross-section through the Lake Wattleup market garden
showing the ground level, depth to water table, locations of monitoring piezometers and
positions of piezometer screens. A brief description of soils at several locations is given
in Table 4.2.9.

How far does nitrate move?

Dissolved nitrate concentrations in the unsaturated zone were measured by coring, to
obtain intact lengths of soil from the unsaturated zone. A total of six cores were taken
during 1989. A preliminary, speculative core was obtained at Site 3 in February 1989
and is referred to below as Site 3a. This location was subsequently re-cored in August
1989, approximately 1m from Site 3a, and is known as Site 3b. The remaining cores
were obtained in July and August 1989. Soil coring within the unsaturated zone was
successfully completed by hollow stem auger drilling using the split barrel method.
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Below the water table, core recovery was difficult because of slumping of the
unconsolidated sandy soils. We therefore developed the following approach to sample
shallow groundwater beneath the market garden. We believed that samples should be
obtained from the top few metres of the water table, as we expected that this would be the
most likely location of elevated nutrient concentrations in groundwater. But our approach
was also designed to obtain information on the depth distribution of nutrients in these top
few metres of the saturated zone. The approach adopted was to install nests of four
15 mm internal diameter piezometer tubes (Class 15 PVC) at five locations in the market
garden. A schematic diagram of these groundwater "sippers" is shown in Figure 4.2.39.
They were installed at locations which had previously been cored (Figure 4.2.38).
Piezometer screens of 30 cm length were positioned at approximately 1 m depth intervals
below the water table. The sippers were allowed to stabilise for about 6 weeks before
sampling was attempted .. Each sipper was developed prior to sampling by pumping at
least three casing volumes, however in higher yielding sippers, significantly larger

volumes than this (up to 20 litres) were pumped in order to obtain a representative sample
of groundwater.

Nitrate concentrations in the soil cores were determined by extraction with distilled water.
In practice this involved mixing 40 grams of the undried soil with 25 mL of distilled
water and collecting the extract for analysis. Soil moisture measurements were made for
each sample by drying at 105°C. Results are expressed as mgL -1 N03- in the soil

solution because this enables a direct comparison with concentrations in the groundwater.
All core material was frozen immediately on return to the laboratory from the field.
Groundwater and extracted pore water samples were filtered through 0.45 Ilm filters and

were stored frozen prior to analysis.

Plots of nitrate concentrations from the six cores are shown in Figure 4.2.40. The results
show significant spatial variability both areally and with depth. Some extremely high
concentrations are observed at shallow depths above about 2 m, for example in Cores 3a,
3b, 4 and 6. Below these peaks, concentrations tend to decrease but in all cases it is clear
that significant amounts of nitrate move beneath the root zone and reach the water table.
The core data indicate that nitrate concentrations of between 100 and 300 mgL-1 reach the
water table where the water table is deep, for example at Sites 2 and 3. At shallow water
table sites, nitrate concentrations reaching the water table appear to be even higher, for
example at Site 6. Seasonal variations are evident by comparison of Sites 3a and 3b in
February and August 1989. The lower nitrate concentrations in August are presumably
due to recharge of winter rain. Where the water table is deeper at Sites 2 and 3, a trend of
increasing nitrate with depth also suggests infiltration of winter recharge. At those
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locations where core data were retrieved at or below the water table, nitrate concentrations
were seen to decrease.

Nitrate concentrations measured in the sippers at Sites 2, 3, 4 and 6 are presented in Table
4.2.10 and plotted in Figure 4.2.41. Screen lengths and locations for each sipper are
indicated by vertical bars. In all cases, sippers were located as close as possible to
corresponding cores. Nitrate concentrations from the sippers at Site 7 were consistently
low and are not shown. Water table depths at each site are indicated in the legend.
Overall, the results show nitrate concentrations decreasing with depth over the top 3 to 4
m below the water table. This trend suggests that nitrate concentrations would reach even
lower values deeper than 6 m below the water table. There is generally good agreement
between nitrate concentrations measured in the unsaturated zone cores and the upper
samples from each sipper site. This appears to be so despite the different sampling times
of the cores and sippers.

How far does phosphate move?

Phosphate concentrations in the soil cores were also determined by extraction with
distilled water. But because the phosphate extraction method does not take into account
the effects of adsorption or desorption during the extraction procedure, these results
should be regarded as approximate. Results of phosphate analyses from the six cores are
shown in Figure 4.2.42. High phosphate concentrations of up to 70 mgL -1 as P043- are

seen in the uppermost sections of all cores. However, concentrations greater than
0.3 mgL -1 are not observed below 3 m depth. From these observations it is likely that
phosphate adsorption is responsible for phosphate attenuation in the upper soil zone. It is
unlikely that phosphate has reached the water table where the water table depth is greater
than 3 m. The apparent persistence of phosphate in the soil solution at the top of the
profile (e.g. at Sites 2, 3 and 6) may be due to a number of factors including saturation of
the soil's capacity for phosphate adsorption, slow adsorption kinetics, slow uptake of
phosphate by crops or recent fertiliser application.

The phosphorus concentration below the water table, as sampled from the sippers, is
consistently low (Table 4.2.10) and agrees with the low phosphorus concentrations
measured in the lower sections of the cores, i.e. below 0.03 mgL -1. Some exceptions
are noted, however, at Sites 4, 6 and 8.

The phosphate content of the soil was measured on core material obtained at Site 3a
where the water table is approximately 6 m below ground surface. Phosphate was
extracted from the soil samples by a standard acid digestion method using 5N He!. The
results are shown in Figure 4.2.43 as mg phosphate kg-I dry soil and indicate that most
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of the phosphate is retained in the upper 2 m of the soil profile. Whelan et al. [1981]
report that the total adsorption capacity of Spearwood sands is at least 200 mg P kg-I
soil, thus Figure 4.2.43 shows that only a small percentage of the total adsorption
capacity for phosphorus in the unsaturated zone has been utilised at this site. This

observation is consistent with the distribution of phosphate in the soil solutions shown in
Figure 4.2.42.

In order to examine the mobility of phosphate, a single 3 m soil core was taken 50 m
away from the market garden at Site 12, so that samples used for testing were not
contaminated by phosphate applied in fertiliser. The core was considered to be
representative of the soil type at the market garden, however. Three samples were used
in batch adsorption tests: one topsoil at 0--0.25 m (soil a), an intermediate soil at 0.5-
0.75 m (soil b) and a deep soil at 2.75-3.0 m (soil c). Fifty grams of soil were added to
100 mL of 0.001 M CaClz that was spiked with phosphate at initial concentrations of 0,

2, 10,30, and 100 mgL-l P. The solutions were rotated end over end for a period of 24
hours, after which the solution was decanted and centrifuged at 20 000 g for 30 minutes
and analysed for dissolved P04. Results of the adsorption experiments were fitted a

modified Freundlich isotherm (Equation A.4). A logarithmic plot of adsorbed phosphate
s versus dissolved phosphate c is shown in Figure 4.2.44 for the three soils for 24 hour
equilibration times. The coefficient m in Equation A.4 was found to be 0.3 for the two
uppermost soils (a and b) and 0.2 for the deeper soil (c). A value of n = 0.22 was used
during the fitting process. Table 4.2.11 shows these results along with the calculated
values for coefficient K.

Travel distances for phosphate were calculated using Equations A.16 and A.21 with
r = 100 y, p = 1.7 kg dm-3 and ()= 0.1. As discussed in Appendix A, these equations

are believed to give upper and lower bounds for the velocity of a phosphate front,
respectively. Results for two concentrations of applied phosphate, c, and two recharge
rates, q, are shown in Table 4.2.11. The likely range of phosphate mobilities relative to
water are between 0.1 and 3.6% for application concentrations of 1 and 5 mgL-l
phosphate and between 0.6 and 18% for higher application concentrations of 10 to
50 mgL -1. Examples of estimated travel times for phosphate through a 1 m soil column
at a recharge rate of 100 cm y-l are 9.9 to 99 and 6.1 to 53 years for input phosphate
concentrations of 5 and 10 mgL-1, respectively. These results indicate that the Lake
Wattleup market garden soils have a higher adsorptive capacity for phosphate than the
Spearwood Sands reported by Sharma et al. [1991]. Under identical field conditions, the
authors reported phosphate travel times for equivalent field conditions of 10 and 5 years,
respectively. As discussed in Appendix A, predictions by Sharma et al. [1991] should lie
betwen the upper and lower bounds used here.
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Given that phosphate fertilisation of the Lake Wattleup market garden commenced in
1982, the observed movement of phosphate in Core 3a is broadly consistent with the
travel distance estimated from the adsorption experiments. It is possible that recharge
rates at the market garden are higher than those used in the estimation of travel times.
Larger recharge rates would account for the slightly larger travel distances for phosphate
observed in the field.

Have nutrients travelled beyond the market garden?

Five sets of multilevel piezometers were drilled and installed by CSIRO at the
southern/south-eastern boundary of the market garden in November 1990. The purpose
of this drilling was to determine whether nutrient breakthough, in particular of the more
mobile nitrate, was occurring beyond the boundary of the market garden. The five multi-
level piezometers were located beyond the property boundary of the market garden area
and were positioned in the downgradient direction from the market garden with respect to
groundwater flow (Figure 4.2.37). The direction of regional groundwater flow was
determined from data obtained in piezometers 1, 5 and 9 that were drilled and installed in
1989 and confirmed the direction of groundwater flow determined from Water Authority
regional groundwater data.

Sampling of the multilevel piezometers was carried out using small submersible pumps.
At each sampling time, up to 60 litres of groundwater were pumped and discharged prior
to sampling. This ensured that representative samples of groundwater were obtained.
Samples were taken and analysed three times, in November 1990, Apri11991 and
February 1992. Results of nitrate and phosphate analyses on the groundwaters are
shown in Table 4.2.12. Major ion chemistry for the 1992 sampling is shown in Table
4.2.10. It is clear that nitrate breakthrough is occurring in several locations, as indicated
by the shallow piezometers at Sites 8, 10 and 11 and at the intermediate and deep depths
at Site 12. Particularly high nitrate concentrations were detected in the deep piezometer at
Site 12. In the piezometers where nitrate occurred, it continued to appear consistently at
subsequent sampling times. Site 9 was the only location where nutrient breakthrough
was not detected at some depth. Elevated phosphate concentrations, on the other hand,
only occur in the shallow piezometer at Site 8.

The nitrate breakthrough is unevenly distributed in both depth and direction away from
the market garden. The breakthrough distribution gives the impression of a series of
plumes migrating away from the source which have been randomly intersected by
sampling from the multi-level piezometers. The travel distance of nitrate is at least 50 m
from the market garden, as shown by the shallow piezometer at Site 10. This minimum
distance is consistent with there being little nitrate retardation in relation to the
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groundwater flow. The off-site breakthrough of nitrate is also consistent with the clear
mobility of nitrate observed in the on-site soil cores and groundwater sippers. It is not
clear whether the source of nitrate is a distributed source due to use of fertilisers over a
large area, or whether there is a more localised source, perhaps related to the washing
sheds located between Sites 5 and 6.

Have nutrients reached Wattleup Lake?

The question of whether or not groundwater from beneath the irrigated market garden
reaches Wattleup Lake is best answered using chemical tracers. An extensive data set of
major ion data on soil solutions from the unsaturated zone beneath the market garden,
shallow groundwaters, shallow off-site groundwaters and lakewater from Lake Wattleup
was therefore collected to determine whether contaminated groundwater was reaching the
lake.

Major ion chemistry was carried out on the soil solutions extracted from Core 3a within
the market garden. Results are presented in Table 4.2.13, along with major ion analyses
of three groundwater samples from the drill hole following completion of coring in
February 1989. As discussed in Section 3.7, elevated S042+/CI- ratios are associated

with high nitratate concentrations and are a useful indicator for groundwater
contamination by horticulture. Elevated K+/CI- ratios are also a useful indicator,
although Pionke et ai. [1990] found this index to be less useful than S042+/CI-. Table
4.2.13 shows several ion to chloride ratios, including S042+/CI-, Na+/CI-, Mg2+/Cl-,
K+/CI- and Ca2+/CI-. The average S042+/CI- ratio was 1.4 in the soil core extracts and

ranged between 0.8 and 1.1 in the groundwater samples. Groundwater samples obtained
from the groundwater sippers (Table 4.2.10) showed even higher ratios and reached a
maximum of 8.1 at Site 6, Sipper 2. The ratios measured were significantly higher than
those measured by Pionke et ai. [1990].

It is significant that groundwaters sampled from the Site 7 sippers show very low nitrate
and phosphate concentrations and, on this basis alone would be considered to be
unaffected by horticultural irrigation. The S042+/Cl- ratio at this site is very high,

however, ranging between 2.5 and 4.8. It is therefore possible that this location between
the market garden and Lake Wattleup is affected by irrigation. The occurrence of low
nitrate concentrations may simply indicate that denitrification has occurred.

Nutrient and major ion data from within Lake Wattleup itself are shown in Table 4.2.10.
Nitrate concentrations are low and show no evidence for nitrate discharge into the lake via
groundwater input. Phosphate concentrations in lake waters were elevated on two
occasions during the study period, but because of the low phosphate concentrations at the
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Site 7 sippers this is unlikely to be due to groundwater input into the lake. The
S042+/CI- ratio in Lake Wattleup ranges between 0.8 and 1.4, which points to the

possibility of some impact of horticulture on the lake quality.

The balance of evidence at the Lake Wattleup market garden indicates that input of
nutrients is not occurring via groundwater into Lake Wattleup. The evidence includes (i)
the direction of regional aquifer flow, (ii) non-elevated nitrate and phosphate
concentrations at the Site 7 sippers between the market garden and the lake, and (iii) off-
site breakthrough of nitrate toward the southern end of the market garden near
Mandogalup Road. A high S042+/CI- ratio in lakewater can be associated with

horticulture, but on its own is insufficient evidence that nutrients are reaching the lake.
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Lab. Sample pH Na K Ca Mg CI S04 HC03 N03 NH4 P04 Br CIIBr TDS Cations Anions Cat.lAn. 02H 0180
Number Date mgIL (mg/L) meq/L (0/00) (0/00)

JVT1320 29/03/89 7.45 340 30 120.9 47.4 581 207.9 292 1.1 n.d. 0.05 1 581 1619 25.49 25.49 1 29.5 6.48

JVT1341 15/04/89 7.4 360 30.6 94.1 46.8 580 168.6 246 2 n.d. 0.06 1.7 341.2 1526 24.99 23.89 1.05 n.d. n.d

JVT1342 20/04/89 7.43 366 30.1 78 45.6 600 155.1 195 2.9 n.d. 0.05 1.7 352.9 1469 24.31 23.33 1.04 30.7 6.4

JVT1321 Spring (edge)
4/4/89 7.35 180 15.6 63.1 20.3 366 59.1 103 1.2 n.d. 0.04 0.6 610 806 13.03 13.23 0.98 -11.2 -2.83

JVT1322 Spring (rushes)
04/4/89 7.31 250 16.3 111.9 27.6 510 119.4 156 0.4 n.d. 0.07 0.4 1275 1191 19.15 19.42 0.99 -10.5 -2.73

JVT1626 04/08/89 - 228 19.6 53.6 32.4 403 126 111 5.1 < 0.1 0.03 1 387.5 974 15.76 15.8 1 11.5 1.73

JVT1627 04/09/89 - 214 18.4 50.9 31.1 374 122.4 106 0.1 0.3 0.04 1 393.7 917 14.88 14.83 1 11.6 1.5

JVT1628 25/10/89 - 217 19 58.4 31 381 108.9 155 0 0.2 0.31 1 366.3 970 15.39 15.55 0.99 17 2.44

JVT1629 29/11/89 - 239 20 80.7 34.4 422 114.6 211 0.6 < 0.1 0.26 1 423.7 1122 17.76 17.74 1 22.7 3.67

Table 4.2.1 Chemical and isotopic parameters in Nowergup Lake



Bore Identity Casing Depth to Sampling Temp Oxygen Eh pH Condo Na K Ca Mg CI S04 HCOJ Br P04 N03 NH4 Fe TDS Cat. An Cat/An CJlBr SZH /illlQ
Length Water Date C (% satn.) mV IlS/cm
(m) (m TOC) mg/L meq/L (%.) (%.)

A13 51.4 3.82 05/09/89 22.1 -0.5 103 7.12 364 36.9 4.36 32.5 5.34 62 0 125.2 0.21 0.106 <0.03 0 3.52 266 3.78 3.8 0.99 289.7 -16.8 -4.14
A14 11.4 4.4 05/09/89 21 28.3 266 6.98 629 45.8 2.29 111.5 7.56 85 22.5 210.8 0.31 0.057 24.7 0 0.06 485 8.24 6.32 1.3 270.7 -16.1 -3.8
A22 47.4 3.33 05/09/89 22.1 -0.3 161 7.65 454 42.8 4.63 46.3 6.27 73.5 0 223.2 0.2 0.078 <0.03 0.2 3.15 397 4.81 5.73 0.84 363.9 -17.1 -3.84
A23 31.4 3.1 05/09/89 21.4 -0.3 19 6.53 833 122.4 6.5 31.2 14.58 217 1.59 114 0.63 0.067 <0.03 0.6 1.35 507 8.25 8.02 1.03 345.5 --{i.6 -2.01
B15 8.4 1.84 05109/89 21.4 -0.3 5 6.77 834 108.9 5.95 39 20.74 183 21.2 177.3 0.53 0.061 <0.03 0 0.68 556 8.54 8.51 1 343.3 -10.6 -2.8
B16 40.9 2.02 05/09/89 22.1 -0.6 123 7.31 459 47.1 5.32 41.5 6.97 82 0 146.3 0.25 0.066 0.09 0.3 2.67 329 4.83 4.71 1.03 326.7 -15.6 -3.83
B17 26 2.03 05/09/89 21.9 -0.5 11 6.67 876 118.4 6.49 35.7 18 217 10 138.2 0.63 0.065 <0.03 0.4 0.49 544 8.58 8.59 1 344.4 -8.4 -2.14
C18 46.3 0.82 05/09/89 21.6 -0.6 -169 7.69 404 32 3.9 42.6 6.44 53.5 0 168 0.21 0.086 <0.03 0.3 1.54 306 4.15 4.26 0.97 259.7 -19.7 -4.35
C19 5.3 0.6 05109/89 18.5 -0.7 6 6.24 462 41.1 4.32 26.7 11.42 56.5 115.8 39.7 0.22 0.203 <0.03 0.7 2.67 296 4.17 4.65 0.9 261.6 -22.5 -4.35
C20 18.3 0.7 05/09/89 21.6 -0.5 28 6.68 875 118.2 6.77 34 19.6 211 13.7 145 0.63 0.063 <0.03 0.4 0.53 548 8.62 8.61 1 333.3 -9.3 -2.3
C21 27.8 0.88 05109/89 21.6 -0.5 6 6.64 832 114 6.45 34 16.1 201 9.06 133.6 0.59 0.074 <0.03 0.5 0.61 514 8.14 8.05 1.01 343 -8.5 -2.48
F12 8.3 4.53 07/09/89 20.6 -0.2 57 6.98 622 63 3.4 131 6.86 101 23 165.5 0.4 0.026 16.8 0 0.22 494 9.93 6.04 1.64 253.8 -13.4 -3.78
H29 5.4 2.31 07109/89 19.4 25.2 267 7.11 764 59 4.02 82.9 13.5 108 19.6 238.6 0.35 0.046 38.9 0.3 0.03 526 7.92 7.36 1.07 307.7 -14.3 -3.45
J4 9.2 4.45 07109/89 21.2 -0.1 139 6.86 927 130.5 12.9 42.6 17.1 172 96.9 139.5 0.83 0.072 14 0.2 0.09 611 9.54 9.15 1.04 208 -7.6 -2.81
Kl 44.2 36.1 14/09/89 22.3 0.8 22 7.3 890 106.7 5.84 76.3 11.74 171 12.7 258.5 0.48 0.057 <0.03 0.5 0.13 643 9.56 9.32 1.03 360 -9.5 -2.38
L7 10.4 3.63 07/09/89 21.2 55 205 7.09 1230 118.6 6.22 107.4 15.3 290 25 189 0.57 0.045 34.5 0 0.95 752 11.94 11.8 1.01 511.5 -13.7 -3.55
M8 8.2 1.75 09/01/90 19.4 -1.4 -33 6.96 752 89.2 4.4 46.7 6.72 57.3 174.3 109.1 0.38 0.091 <0.03 0 0.24 488 6.88 7.02 0.98 151.2 -15.1 -4.1
M32 29.5 1.75 09/01/90 20.3 -1.8 -30 6.31 888 116 5.72 27.2 14 203 10.9 104.2 0.25 0.105 <0.03 0.5 0.08 481 7.7 7.66 1.01 818.5 -9.9 -2.51
M33 18.1 1.95 09/01/90 20.3 -1.5 16 6.58 760 90.5 4.9 34.6 14.3 128 40.2 146.9 0.4 0.1 <0.03 0.3 0.19 459 6.96 6.85 1.02 318.4 -13.4 -3.43
N9 5.5 0.77 07109/89 19.8 -0.5 72 7.04 551 32.7 1.72 71.5 8.72 35.7 37.8 197.1 0.29 0.039 53.5 0 0.04 385 5.75 5.02 1.15 125.3 -14.6 -3.89
010 13.4 6.74 07109/89 21.3 -0.2 66 6.68 604 65.3 4.39 41.2 12.4 113 32.1 132.7 0.35 0.044 <0.03 0.3 0.17 401 6.03 6.03 1 319.2 -13.3 -3.64
Pll 8.4 3.71 07109/89 20.8 -0.3 54 6.72 543 73.5 4.34 26.6 10.6 82 38.1 153.1 0.36 0.028 <0.03 0.4 0.08 388 5.51 5.61 0.98 229.1 -14.7 -3.79
R26 8.4 5.54 07/09/89 21.1 19.1 230 7.13 844 81.4 4.41 80.5 12.1 138 20.4 238 0.43 0.038 39.8 0 0.68 575 8.67 8.22 1.05 322.4 -15 -3.14
56 8.4 3.48 07/09/89 18 1 72 6.65 2300 322 23.7 123.6 44.7 532 339 183.5 1.14 0.032 0.7 0 0 1568 24.46 25.05 0.98 466.7 1 -0.69
T5 13.4 7.38 07/09/89 20.3 -0.3 -41 6.66 2220 325.5 19.5 95.9 40.2 538 35.4 238 1.45 0.058 <0.03 0.6 0.33 1293 22.75 19.81 1.15 371 9.6 1.57
T38 60 10m 14/12/89 21.9 16 --{i0 7.25 1108 120 5.91 75.4 14.9 220 4.5 252.9 0.57 0.1 <0.03 0.3 0.06 694 10.36 10.44 0.99 386.6 -8.3 -1.98
T39 32 8.75 14/12/89 21.9 0.2 -116 7.06 2440 339 13.2 124 32.9 573 89.7 336.6 1.57 0.252 <0.03 1.9 0.14 1508 23.98 23.54 1.02 365 19.9 3.8
U2 8.2 2.1 07/09/89 18.6 -0.6 --{i5 6.45 2540 358 23.8 113.7 55 612 249 229 1.57 0.026 <0.03 1.6 0.16 1641 26.38 26.18 1.01 389.8 9.5 1.7
V3 29.8 24.74 14/09/89 21.2 0.8 -163 7.34 1753 239.2 11.4 110.2 30.4 440 0 361.4 1.24 0.029 <0.03 1.6 2.61 1193 18.7 18.33 1.02 354.8 18.2 3.33
V37 53 22.09 14/12/89 21 35.8 -133 7.38 946 97.7 5.75 61.1 14.6 184 0.12 221.9 0.5 0.128 <0.03 0.5 0.3 585 8.65 8.83 0.98 370.2 -10.3 -2.35
W24 29.4 26.04 14/09/89 23.2 1.5 -75 7.22 1756 249.5 11.7 104.9 30 428 4.59 401 1.28 0.067 <0.03 0.8 0.06 1230 18.85 18.74 1.01 334.4 13.5 2.5
X25 38.4 34.6 14109/89 21.6 0.5 -123 7.25 1723 220.3 11.2 108.9 36.7 427 0 371.3 1.28 0.024 <0.03 1.3 0.11 1175 18.32 18.13 1.01 333.6 19.4 3.33
Y27 40.9 38.6 14/09/89 22.2 0.8 -24 7.1 1826 245.3 12.9 125.6 29.2 443 36 375.6 1.21 0.028 0.09 0.2 5.11 1268 19.67 19.4 1.01 366.1 5.7 0.45

Multiport Colour Code Screen
Depth (m)

Black 5 14/12/89 21.2 31.4 227 7.41 1859 223 19.8 96.7 32.6 394 145.5 226.3 1.14 0.22 2.6 0 0.16 1138 17.71 17.84 0.99 345.6 7.3 0.45
Red 14 14/12/89 21.6 42.4 249 7.1 1952 275 22.6 77.5 29.6 436 57 316.8 1.31 0.306 <0.03 4.2 0.12 1214 18.84 18.67 1.01 332.8 12.4 1.74

Yellow 26 14/12/89 23.3 27.6 128 7.53 2750 350 17.4 171 45.5 577 213 413.4 1.71 0.379 <0.03 1.3 0.09 1787 27.94 27.47 1.02 337.4 18 3.25
Green 36 14/12/89 21.1 49.8 233 8 1162 121 7.55 77.1 17.4 223 3.9 283.9 0.62 0.318 <0.03 1.2 0 734 10.73 11.02 0.97 362 -7.9 -2.18
Blue 49 14/12/89 21.3 26 222 7.64 866 91 5.64 63.2 12.6 167 4.4 212 0.45 0.33 <0.03 0.1 0.44 556 8.29 8.28 1 371.1 -11.1 -2.65

Black 5 14/05/90 - - - 7.33 - 372 22.3 149 57.3 687 210.3 - 1.72 0.024 <0.03 - 0.12 1498 28.9 23.74 1.22 399.4 9.1 1.54
Red 14 14/05/90 - - - 6.61 - 330 25.9 124 48.5 622 176.7 - 1.66 0.26 <0.03 - 1.24 1327 25.19 21.21 1.19 374.7 20.5 4.08

Yellow 26 14/05/90 - - - 6.89 - 332 21 166 47.7 598 168.9 - 1.72 <0.015 <0.03 - 6.52 1334 27.19 20.37 1.33 347.7 18.6 3.48
Green 36 14/05/90 - - - 7.43 - 120 6.68 75.4 15.9 227 1 - 0.66 <0.015 <0.03 - 1.64 446 10.46 6.42 1.63 343.9 -7.6 -1.83
Blue 49 14/05/90 - - - 7 - 90.3 5.82 65.2 12.9 171 1.5 - 0.45 <0.015 <0.03 - 0.23 347 8.39 4.85 1.73 380 -10.5 -2.56

Table 4.2.2 Chemical and isotopic parameters in groundwater near Nowergup Lake



Lab Sample Identity pH Na K Ca Mg Cl S04 HC03 N03 P04 IDS Cations Anions CatJAn o2H olKO
Number

mglL meqlL (%0) (%0)

NT 1323 JP 17 #1 - 06/04/89 23.20 7.2 129.9 6.66 29.9 15.8 238 3.9 114.1 0.1 < 0.003 538 8.61 8.66 0.99 -6.5 -2.2

NT1324 JP 17#2 - 07/04/89 03.00 7.45 124.8 6.61 29.3 15.4 228 3.5 115.8 <0.1 <0.003 523 8.33 8.4 0.99

NT 1325 JP 17 #3 - 07/04/89 07.00 7.3 123.1 6.4 30.5 16.1 227 3.4 112.9 < 0.1 <0.003 519 8.36 8.32 1

NT 1326 JP 17#4 - 07/04/8911.00 7.22 123.1 6.37 31.6 15.8 227 3.4 111.8 < 0.1 <0.003 519 8.39 8.31 1.01 -7 -2.27

NT1327 JP 17#5 - 07/04/8915.00 7.29 122.1 6.31 31.4 15.7 226 3.5 114.3 < 0.1 < 0.003 519 8.33 8.32 1

NT1328 JP 17 #6 - 07/04/8919.00 7.34 121.5 6.34 31.3 15.5 226 3.6 116 < 0.1 <0.003 520 8.28 8.35 0.99

NT 1329 JP 17#7 - 07/04/89 23.00 7.09 121.4 6.48 31.7 15.8 228 3.6 116.9 < 0.1 <0.003 524 8.33 8.42 0.99 -7.4 -2.32

NT 1330 JP 17#8 - 08/04/89 07.00 7.17 122.6 6.3 31.1 16.2 226 3.8 106.9 < 0.1 <0.003 513 8.38 8.21 1.02

NT1331 JP 17 #9 - 08/04/89 15.00 7.11 122.4 6.32 31.4 15.8 228 4 115.3 < 0.1 <0.003 523 8.35 8.4 0.99

NT1332 JP 17#10 - 08/04/89 23.00 7.12 123.1 6.18 30.7 15.4 225 4.1 113.8 < 0.1 <0.003 518 8.31 8.3 1 -7 -2.27

NT1333 JP 17 #11 - 09/04/8907.00 7.02 123.8 6.3 32.2 15.5 224 4.3 117.1 <0.1 <0.003 523 8.43 8.33 1.01

NT1334 JP 17 #12 - 09/04/89 15.00 7.13 121.6 6.26 32.4 15.4 224 4.5 117.8 < 0.1 <0.003 522 8.33 8.34 1

NT1335 JP 17#13 - 09/04/89 23.00 7.11 124.7 6.2 32.8 15.2 223 4.6 117.5 < 0.1 <0.003 524 8.47 8.31 1.02 -7.5 -2.33

NT1336 JP 17#14 -10/04/89 07.00 7.16 124.2 6.29 32.9 15.6 222 4.8 116.5 < 0.1 <0.003 522 8.49 8.27 1.03

NT1337 JP 17#15 - 10/04/89 15.00 7.12 123.8 6.13 31.8 15.1 221 4.9 116.1 < 0.1 <0.003 519 8.37 8.24 1.02

NT1338 JP 17#16 - 10/04/8923.00 7 125.5 6.2 33.2 15.1 219 4.9 118.7 0.3 <0.003 523 8.53 8.22 1.04 -7.5 -2.33

NT 1339 JP 17 #17 - 11/04/89 07.00 7.04 124.4 6.3 32.9 15.7 219 5.2 119.2 0.3 < 0.003 523 8.52 8.24 1.03

NT1340 IP 17 #18 - 11/04/89 10.30 7.17 123 6.34 31.7 15.1 219 5.1 117.4 0.4 <0.003 518 8.35 8.21 1.02 -8 -2.4

Table 4.2.3 Chemical and isotopic parameters in pumped water during the 1989 Nowergup Lake water level maintenance trial



Lake Depth Date KL pH Temp. Eh Dissolved Condo Alkalinity P04 N03 OZH 0180
Location (m) Pumped (C) (mV) Oxygen ijJS/cm) (meqlL) (mgIL) (mgIL) (%<» (%<»

(% Satn.)
1 1 08.02.90 0 8.49 28.5 n.d. 93 n.d. n.d. 0.09 <0.01 25.3 n.d.
1 2 08.02.90 0 8.38 27.1 n.d. 71 n.d. n.d. 0.12 <0.01 23.9 n.d.
2 0.5 08.02.90 0 8.56 29.3 n.d. 104 n.d. n.d. 0.09 <0.01 24.3 n.d.
2 1.5 08.02.90 0 8.52 28.2 n.d. 89 n.d. n.d. 0.1 <0.01 23.1 n.d.
1 0.5 21.02.90 0 8.87 25 146 128 2180 1.35 0.06 <0.01 24.6 n.d.
1 1 21.02.90 0 8.92 24.5 146 140 2140 1.18 0.04 <0.01 23.8 n.d.
1 1.5 21.02.90 0 8.88 24.4 147 128 2150 1.06 0.03 <0.01 24.6 n.d.
1 2 21.02.90 0 8.78 24 147 120 2130 1.18 0.03 <0.01 24.3 n.d.
2 0.5 21.02.90 0 8.88 25.7 152 127 2140 0.96 0.04 <0.01 24.9 n.d.
2 1 21.02.90 0 8.86 25.7 152 125 2150 1.06 0.05 <0.01 23.4 n.d.
2 1.5 21.02.90 0 8.83 25.5 153 115 2150 1.07 0.05 <0.01 22.7 n.d.
2 2 21.02.90 0 8.8 25.3 151 108 2140 1.15 0.14 0.01 23.7 n.d.
1 0.5 01.03.90 0 8.95 26.8 136 140 2140 0.85 0 0.02 25.4 n.d.
1 1 01.03.90 0 8.95 26.7 142 138 2200 1.24 0.06 0.03 26.8 n.d.
1 1.5 01.03.90 0 8.94 26.7 138 133 2190 1.07 0.05 0.04 25.2 n.d.
1 2 01.03.90 0 8.92 26.7 110 126 2180 1.04 0 0.05 25.5 n.d.
1 2.4 01.03.90 0 8.74 25.7 55 90 2180 1.06 0.02 0.03 22.8 n.d.
2 0.5 01.03.90 0 8.99 26.6 111 142 2190 0.87 0 0.02 27.5 n.d.
2 1 01.03.90 0 8.99 26.5 127 141 2180 1.13 0.Q3 0.02 26.9 n.d.
2 1.5 01.03.90 0 8.98 26.4 134 140 2190 1.01 0 0.Q3 25.4 n.d.
2 2 01.03.90 0 8.95 26.2 131 133 2180 0.99 0 0.02 25.5 n.d.
1 0.5 09.03.90 450 8.87 24.6 212 106 2240 1.19 <0.01 <0.01 25.8 n.d.
1 1 09.03.90 8.88 23.9 213 106 2260 1.45 <0.01 <0.01 25.3 5.05
1 1.5 09.03.90 8.79 23.7 214 84 2230 1.1 <0.01 <0.01 26 5.04
1 2 09.03.90 8.67 23.4 180 62 2260 1.41 <0.01 <0.01 25.6 5.16
1 2.4 09.03.90 8.5 23.1 73 36 2250 1.24 <0.01 <0.01 23.1 4.99
2 0.5 09.03.90 507 8.95 24.2 130 111 2240 1 <0.01 <0.01 24.4 5.12
2 1 09.03.90 8.95 24.2 146 108 2260 1.3 <0.01 <0.01 24.6 5.06
2 1.5 09.03.90 8.93 24.1 164 93 2260 1.28 <0.01 <0.01 24.1 5.1
2 2 09.03.90 8.92 23.9 166 90 2230 1.02 <0.01 <0.01 23.7 5.13

Sump 09.03.90 578 7.25 21.6 -50 30 279 0.97 <0.01 <0.01 -20.6 -4.48
Sump 12.03.90 1240

1 0.5 16.03.90 13419 8.54 24.9 205 118 2210 1.38 n.d. n.d. 23.2 n.d.
1 1 16.03.90 8.54 24.8 212 116 2110 1.24 n.d. n.d. 23.5 n.d.
1 1.5 16.03.90 8.54 24.7 216 114 2230 1.3 n.d. n.d. 22.4 n.d.
1 2 16.03.90 8.55 24.4 218 110 2190 1.23 n.d. n.d. 22.3 n.d.
1 2.4 16.03.90 8.54 24.1 180 105 2220 1.43 n.d. n.d. 22.3 n.d.

Sump 16.03.90 13476 7.25 21.4 -50 23.5 315 1.05 n.d. n.d. -19 n.d.
1 0.5 22.03.90 36328 8.45 23.5 221 79 1650 1.36 n.d. n.d. 20.6 n.d.
1 1 22.03.90 8.42 23.5 222 70 1790 1.2 n.d. n.d. 20.7 n.d.
1 1.5 22.03.90 8.43 23.3 222 69.5 1880 1.49 n.d. n.d. 21 n.d.
1 2 22.03.90 8.29 23 190 55 1940 1.55 n.d. n.d. 20.6 n.d.
1 2.4 22.03.90 8.26 22.9 153 52 1520 1.16 n.d. n.d. 20.4 n.d.
2 0.5 22.03.90 8.53 23.5 180 83.5 1510 1.23 n.d. n.d. 22.1 n.d.
2 1 22.03.90 8.53 23.4 188 81.5 1850 1.55 n.d. n.d. 22.1 n.d.
2 1.5 22.03.90 8.51 23.3 193 77.5 1400 1.18 n.d. n.d. 20.6 n.d.
2 2 22.03.90 8.15 22.9 140 36 1600 1.37 n.d. n.d. 20.3 n.d.
2 2.2 22.03.90 8.09 22.8 107 29 2130 1.56 n.d. n.d. 20.2 n.d.

Sump 22.03.90 36460 7.28 21.4 -50 27.5 260 0.88 n.d. n.d. -18 n.d.
1 0.5 11.04.90 43713 8.76 22.6 216 142 2150 1.98 n.d. n.d. 20 n.d.
1 1 11.04.90 8.82 22.6 224 139 2150 2.18 n.d. n.d. 19.8 n.d.
1 1.5 11.04.90 8.82 22.6 231 136 2150 2.02 n.d. n.d. 21 n.d.
1 2 11.04.90 8.81 22.5 235 133 2150 1.97 n.d. n.d. 21.1 n.d.
1 2.4 11.04.90 8.72 22.5 235 120 2160 2.08 n.d. n.d. 21.4 n.d.

Sump 11.04.90 43845 7.3 21.5 -51 30 382 1.69 n.d. n.d. -20.6 n.d.
1 0.5 23.04.90 84777 8.09 19 222 67.1 2000 2.82 n.d. n.d. 16.3 n.d.
1 1 23.04.90 8.11 19 220 65.6 2000 2.83 n.d. n.d. 15.8 n.d.
1 1.5 23.04.90 8.13 18.9 219 65 2005 2.83 n.d. n.d. 14.8 n.d.
1 2 23.04.90 8.14 18.9 217 64.8 2010 2.82 n.d. n.d. 15.8 n.d.
1 2.4 23.04.90 8.15 18.9 214 64.3 2010 2.84 n.d. n.d. 16.9 n.d.

Sump 23.04.90 7.18 20 218 32.9 393 2.16 n.d. n.d. -18.8 n.d.

Table 4.2.4 Chemical and isotopic parameters in Nowergup Lake during 1990 lake level maintenance program



Sample Date Number EC Na K Ca Mg Fe NH4 N03 P04 CI S04 HC03 Br 02H 0180
liS/em mg/L (%(l) (%(l)

A13 22.10.91 JVT2071 366 26.2 3.23 37.6 5.38 2.21 0.16 <0.04 0.009 40.4 0.8 137 0.152 -20.1 -4.65
A22 22.10.91 JVT2072 438 34.7 3.83 42.8 5.85 0 0.18 <0.04 <0.006 55.7 0.7 151 0.213 -17.9 -4.36
A23 22.10.91 JVT2073 894 112 5.68 29.8 13.9 0.091 0.51 <0.04 0.006 214 1.1 108 0.504 -7.7 -2.20
B15 22.10.91 JVT2074 915 101 5.2 38.3 20.4 0.105 0.08 <0.04 0.025 183 17.9 171 0.509 -11.8 -2.73
B16 22.10.91 IVT2075 490 42.5 4.21 40.9 6.75 0.056 0.22 <0.04 <0.006 73.7 1.0 139 0.207 -15.6 -3.85
B17 22.10.91 JVT2076 968 121 5.72 35.5 17.3 0.156 0.31 <0.04 0.028 225 8.4 126 0.564 -9.0 -2.08
C18 22.10.91 JVT2077 440 28.6 3.47 46.6 6.3 0.053 0.17 <0.04 <0.006 51.2 1.0 160 0.17 -19.9 -4.31
C19 22.10.91 IVT2078 596 40.9 20.3 31.8 14.4 4.41 0.73 <0.04 1.440 70.4 129.6 28 0.295 -21.1 -4.61
C20 22.10.91 JVT2079 950 112 5.96 32 18.6 0.241 0.38 <0.04 0.009 213 11.2 134 0.644 -8.8 -2.28
C21 22.10.91 JVT2080 935 117 9.17 32.6 15.9 1.83 0.92 <0.04 0.368 209 20.0 118 0.544 -9.5 -2.36
IP16 12.02.91 JVT2011 830 118 4.43 14.6 12.1 20.8 0.51 <0.01 <0.006 217 0.01 0.522 +3.0 -0.3
IP16A 12.02.91 IVT2012 636 89.3 3.23 9.90 8.70 27.2 0.30 <0.01 <0.006 200 16.7 0.431 -9.2 -2.5
P240 12.02.91 JVT2014 1230 189 5.58 11.0 20.3 0.030 0.53 <0.01 0.015 342 20.0 0.784 +1.6 -0.8
P250 20.02.91 JVT2015 956 146 7.17 9.15 14.2 0.040 0.54 <0.01 0.037 252 15.5 0.663 +5.5 +0.34
P260 20.02.91 JVT2016 831 124 5.16 12.3 11.4 0.010 0.52 <0.01 0.116 217 5.7 1.568 +11.1 +1.68
P270 20.02.91 IVT2017 618 91.6 3.99 5.46 9.66 0.060 0.25 <0.01 0.018 154 19.2 0.388 -0.7 -0.15
PM37 20.02.91 JVT2013 922 144 8.01 7.26 13.0 0.320 0.06 0.20 0.012 221 58.2 0.559 -5.7 -2.0
PTN1 15.10.91 JVT2081 413 40.8 4.43 24.7 5.6 5 0.12 <0.04 0.009 70.4 0.9 96 0.227 -19.1 -4.12
PTN2 15.10.91 JVT2082 504 45.4 4.47 35.4 6.6 0.059 0.13 <0.04 0.006 86.5 1.1 122 0.312 -15.9 -3.67
PTN3 15.10.91 JVT2083 796 96.1 5.58 45.3 9.9 0.013 0.02 <0.04 <0.006 138 31.2 172 0.372 -13.4 -3.15
PTN4 15.10.91 JVT2084 730 81.4 7.43 37.6 9.6 0.025 0.17 0.62 <0.006 148 13.8 124 0.305 -12.2 -2.77
PTN5 15.10.91 JVT2085 948 116 7.03 38 13.4 0.026 0.39 0.18 0.040 216 5.1 133 0.526 - 6.7 -1.70
WP1 15.10.91 JVT2086 360 186 8.95 44.1 18.7 0.049 0.81 <0.04 0.006 332 4.2 140 0.849 +8.3 +1.60
WP2 15.10.91 JVT2087 1020 150 6.87 20 12.4 1.55 0.54 <0.04 0.006 250 10.7 100 0.612 +4.2 +0.70
WP4 14.10.91 IVT2088 915 134 6.45 15.4 15.8 0.53 0.35 <0.04 0.031 214 26.4 89 0.54 -2.9 -0.92
WP5 14.10.91 IVT2089 831 122 5.32 20.7 10 1.99 0.11 <0.04 <0.006 193 27.0 61 0.523 -7.9 -0.85

Table 4.2.5 Chemical and isotopic parameters in groundwater along Pinjar-Nowergup transect



Bore
Locn.

Casing Sample
pH Cond Eh Oxygen Temp. Na K Ca Mg Cl S04 HC03 Br P04 N03 Fe 152H 15180Identity Length Date

m Ils/cm mV % Satn. C mg/L (%0) (%0)

MS7 w 9 190790 6.26 2700 -264 1.5 17.9 433 16.8 34.2 44.9 697 73.2 147.01 2.18 0.046 0.0 0 +7.2 +0.74
MS8 W 28.5 190790 6.04 486 -197 6.2 20.3 64.5 6.24 10.1 9.52 94.7 35.4 25.62 0.284 0.021 12.0 0.284 -14.8 -3.06
MSIO SW 9 190790 6.28 1126 -278 0.6 18.5 182 7.71 12 18.2 287 15.8 113.46 0.944 0.028 0.0 0 -1 -0.72
MS11 SW 19.5 190790 6.28 700 -242 2.5 20.2 76.8 10.16 14.6 22.6 122 71.7 40.26 0.287 0.021 21.0 0 -20.3 -3.47
MS12 SW 38.5 190790 6.5 903 -184 10.9 20.5 92.4 5.02 51.6 18.4 174 52.2 115.9 0.612 0.006 0.0 0.71 -3.6 -0.83
MTlD E 51 50790 5.77 431 -126 2.9 19.3 61.7 3.14 7.7 7.48 110 1.7 36.6 0.306 0.031 0.0 0.176 ~.9 -1.42
MTlI E 26.7 50790 5.76 471 -170 2.5 19.4 70.1 2.88 8.74 6.93 128 2.0 31.72 0.317 0.049 0.0 0.168 -3.9 -1.04
MTIS E 9.2 50790 5.16 157 -20 4.4 19.1 19.3 2.51 4.94 4.2 28.1 10.3 7.93 0.131 0.315 0.0 0.059 -16 -3.92
MT3D N 30+ 170590 7.21 645 -58 2.2 19.1 44.5 3.83 68.5 8.55 84.5 0.9 231.8 0.24 0.043 0.0 0.89 -11.4 -2.44
MT31 N 30+ 170590 5.85 422 -116 4.3 19 55.3 3.21 9.63 6.72 105 3.0 36.6 0.25 0.037 0.0 0.11 -12.4 -2.58
MT3S N 14 170590 5.75 533 -177 4.5 19.4 75 4.13 4.74 9.39 134 4.2 35.38 0.54 0.046 0.0 0.11 -0.9 -0.92

Table 4.2.6 Chemical and isotopic parameters in groundwater near Mariginiup Lake



Bore Locn. Casing Sample pH Cond Eh Oxygen Temp. Na K Ca Mg CI S04 HC03 Br P04 N03 Fe 02H 0180Identity length Date
m fls/cm mV % Satn. C mg/L (%D) (%D)

JB3 W 26 230590 5.53 501 192 4.1 20.7 60 2.91 7.02 14.5 113 40.2 12.81 0.25 0.000 7.9 0.06 -21.3 -4.21
JB7 NW 21 160590 6.38 469 85 16.8 20.5 36.3 2.52 33.1 13 66.7 31.5 87.23 0.27 0.000 17.0 0.04 -18.1 -4.03
JB8A W 30 170590 6.38 1144 -214 0.4 20.1 149 7.49 24.9 21.6 287 33.0 139.08 0.71 0.034 0.0 0.06 +21.5 +3.64
JB8B W 66 170590 6.5 940 -132 0 20.1 119 6.2 25.2 17.6 222 2.6 134.81 0.51 0.086 0.0 1.13 +23.2 +3.98
JB9A E 30+ 160590 6.52 434 -48 0 19.2 39.2 3.14 31.1 6.12 71.8 1.0 115.29 0.22 0.031 0.1 2.18 -17.9 -4.19
JB9B E 8.3 230590 4.85 230 240 72 20.2 30.9 1.58 1.78 3.33 50 15.9 1.22 0.15 0.000 5.1 0.09 -23.5 -4.72
JB9C E 24 160590 5.34 237 84 10 19.3 34.3 2.45 1.08 3.48 63.8 0.9 10.98 0.18 0.021 0.0 0.26 -20.1 -4.28
JBllA SW 66 050790 6.35 839 -147 1.4 19.8 153 5.09 19.7 14.6 209 4.4 102.48 0.506 0.122 0.0 0.058 +24.2 +4.21
JBllB SW 31 050790 5.95 1137 -81 0.9 20 148 15.8 18.7 35.9 271 110.7 32.33 0.615 0.006 0.0 2.18 +3.0 +0.26
JB12B SSE 29.6 160590 5.58 423 -35 0.5 19.4 58.5 3.1 4.19 7.68 108 3.1 24.4 0.31 0.046 0.1 0.16 -11.3 -2.65
JB12C SSE 30+ 160590 5.76 498 -69 0 19.3 58.4 6.57 5.32 9.3 122 2.6 44.53 0.39 0.067 0.0 0.16 -11.2 -2.71
JB15A W 10 190790 5.84 570 -196 4.3 20.1 76.9 5.19 11.4 11.1 118 42.9 32.94 0.433 2.417 3.1 0.129 0.0 -0.51
JB15B W 60 190790 6.52 1160 -285 4 19.6 154 6.29 26.6 22.4 294 19.9 130.54 0.744 0.089 0.0 0.027 +22.4 +4.13
JB15C W 26 190790 6.13 1112 -257 3.1 19.3 163 7.52 19.3 19.7 266 61.5 67.71 0.564 0.080 0.7 0 +17.3 +2.87
WM21 W 22 170590 6.09 387 -92 2.6 20.3 59.1 4.19 3.66 5.46 85.7 15.9 37.82 0.27 0.092 3.8 0.12 -15.6 -3.56

Table 4.2.7 Chemical and isotopic parameters in groundwater near Jandabup Lake



Bore Locn. Casing Date Temp Oxygen Eh pH Cond Na K Ca Mg CI S04 HC03 Br P04 N03 Fe TDS Cations Anions CatJAn. 02H 0180length
m C % Sat mV !!Stem mg/L meq/L (roo) (%.)

TM7A E 51 310590 20.4 1 -82 7.18 3060 466 17.5 122 44.4 848 38.4 403.2 2.07 0.578 0.01 0.46 1940 30.46 31.32 0.97 2 -0.44
TM7B E 34 310590 20.3 3 -191 6.9 2720 395 15.1 99.3 50 734 88.8 333.1 2.05 0.135 0.00 0.G3 1715 26.64 28.00 0.95 9.6 1.02
TM7C E 19.2 300590 20.3 10 72 6.92 901 76.7 12.2 83.2 13.5 136 66.9 200.1 0.43 0.000 14.19 0 589 8.91 8.50 1.05 -17.6 -3.99
TM8A NE 35 300590 19 0.2 -103 7.78 462 41.8 4.35 43 5.88 58 0.192 173.9 0.19 0.245 0.01 0.19 327 4.56 4.49 1.02 -17.9 -4.36
TM8B NE 22 300590 18.3 ...{).6 -109 7.45 657 47 3.13 64 7.77 100 0.156 209.8 0.28 0.101 0.00 1.15 432 5.96 6.26 0.95 -18.1 -4.21
TM8C NE 6.35 300590 18.2 0.7 -105 6.19 1658 239 4.23 40 36.6 403 115.8 102.5 0.85 0.083 0.00 0.36 941 15.51 15.45 1.00 -16.6 -3.82
TM9C SW 6.4 300590 19.7 4.2 -50 6.64 6170 929 30.2 217 134 1738 450 338.6 4.98 0.000 0.00 3.71 3837 63.03 63.91 0.99 5.6 0.43
TM14A E 35 300590 19.8 ...{).2 -82 6.99 2990 415 17.7 135 39.9 813 24.18 394.7 1.97 0.000 0.02 0.66 1839 28.52 29.90 0.95 -0.1 -0.7
TMl4B E 21 300590 19.5 0.8 -82 7.22 3230 458 16.6 135 44.4 876 40.2 390.4 2.17 0.269 0.04 0.27 1961 30.74 31.94 0.96 0 -0.45
TM16A ENE 38.6 300590 19.3 1 -87 7.75 466 40.4 4.7 43.9 5.52 62.; 0.114 169.6 0.19 0.251 0.00 0.15 326 4.52 4.54 1.00 -19.1 -4.55
TM16B ENE 18 300590 19 2.6 -125 6.33 566 71.3 5.69 22.8 7.59 136 1.398 73.81 0.39 0.135 0.00 0.31 319 5.01 5.07 0.99 -16.8 -3.97
TM16C ENE 7 300590 19.7 1.1 -137 5.62 1118 162 6.02 13.2 26.9 293 56.1 37.82 0.82 0.184 0.06 0.38 595 10.07 10.05 1.00 -10.2 -2.6

Table 4.2.8 Chemical and isotopic parameters in groundwater near Thomsons Lake



SITE NUMBER SOIL DEPTH em SOIL DESCRIPTION

1 CORED 0- 60 Top soil
60-136 Yellow sand
136-212 Yellow sand
212-288 Yellow sand, limestone
288-364 Yellow sand, limestone
364-440 Yellow sand
440-516 Yellow sand
516-592 Yellow sand
592-668 Yellow sand
668-744 Yellow sand
744-820 Yellow sand
820-896 Yellow sand
896-972 Yellow sand
972-1048 Yellow sand
1048-1124 Yellow sand

1 PIEZOMETER 34.4Om Yellow sand

2 CORED 0-60 Black/grey sand
60-136 Yellow sand
136-212 Yellow sand
212-288 Yellow sand
288-364 Yellow sand
364-440 Yellow sand
440-516 Yellow sand
516-592 Yellow sand
592-668 Yellow sand
668-744 Yellow sand
744-820 Yellow sand
820-896 Yellow/white sand
896-972 White sand
972-1048 White sand
1048-1124 White/yellow sand
1124-1200 White sand
1200-1276 White sand
1276-1352 White sand
1352-1428 White sand

2 SIPPER 1926 em White sand

3 CORE/SIPPER 0-60 Black sand
60-136 Yellow sand
136-212 Yellow sand
212-288 Yellow sand
288-364 White sand
364-440 White sand
440-516 White/yellow sand
516-592 Yellow sand
592-668 -

4 CORED 0-60 Black sand
60-136 Black sand
136-212 Black sand
212-288 Clay
288-364 Clay

4 SIPPER 740 em Grey sand
5 PIEZOMETER 1040 em Yellow sand

6 CORE/SIPPER 0-60 Black sand
60-136 Grey sand
136-212 Grey sand
212-288 -

7 CORED 0-60 -
440-516 -

7 SIPPER 740cm Grey sand
9 PIEZOMETER 2090cm Yellow sand

Table 4.2.9 Drilling and coring at Wattleup market garden



Lab SamplelD Date Na I K Ca I Mg CI S04 P04 N03 I Dr DOC Na/CI KlCI Mg/CI CalCI S04/CI
Number mg/L

NT2191 Lake Wattleup 29/01/92 111 30.6 94.5 27.9 177 245.7 0.048 0.1 0.466 19.3 0.63 0.17 0.16 0.53 1.39

NT 2202 Site 3 Sipper 2 04/02/92 76.2 50.3 174 29.7 118 312.0 0.006 210.8 < 0.006 90.0 0.65 0.43 0.25 1.47 2.64
NT 2196 Site 3 Sipper 3 29/01/92 84.4 57.8 202 31.1 169 324.0 0.006 248.0 0.343 66.5 0.50 0.34 0.18 1.20 1.92
NT 2200 Site 3 Sipper 4 29/01/92 76.7 53.6 160 32.0 172 267.3 < 0.006 219.2 0.393 48.0 0.45 0.31 0.19 0.93 1.55

NT 2194 Site 4 Sipper 2 29/01/92 66.2 53.7 116 22.6 111 417.0 0.117 0.9 0.021 6.57 0.60 0.48 0.20 1.05 3.76
NT 2199 Site 4 Sipper 3 29/01/92 66.5 53.3 117 22.3 115 161.4 0.204 <0.04 0.180 15.3 0.58 0.46 0.19 1.02 1.40
NT 2203 Site 4 Sipper 4 29/01/92 84.4 55.1 166 29.7 164 531.0 0.021 0.04 0.253 45.4 0.51 0.34 0.18 1.01 3.24

NT 2201 Site 6 Sipper 2 29/01/92 31.7 36.1 36.5 9.10 49.8 402.0 0.015 65.1 0.105 19.3 0.64 0.72 0.18 0.73 8.07
NT 2197 Site 6 Sipper 3 29/01/92 56.4 49.4 99.0 18.1 98.9 414.0 0.147 88.6 0.015 0.06! 0.57 0.50 0.18 1.00 4.19
JVT2192 Site 6 Sipper 4 29/01/92 64.9 55.3 133 24.3 123 618.0 0.069 86.4 0.190 79.4 0.53 0.45 0.20 1.08 5.02

NT 2195 Site 7 Sipper 1 29/01/92 51.5 20.8 29.0 10.3 80.2 201.0 0.006 0.1 0.112 68.6 0.64 0.26 0.13 0.36 2.51
NT 2193 Site 7 Sipper 2 29/01/92 65.1 34.3 42.0 25.4 112 516.0 0.Q18 0.1 0.120 80.1 0.58 0.31 0.23 0.38 4.61
NT 2190 Site 7 Sipper 3 04/02/92 65.2 35.9 41.0 26.3 111 531.0 0.012 <0.04 0.121 72.0 0.59 0.32 0.24 0.37 4.78
NT 2189 Site 7 Sipper 4 04/02/92 65.3 34.8 42.5 25 110 507.0 0.012 <0.04 0.121 65.6 0.59 0.32 0.23 0.39 4.61

NT 2183 Site 8 Shallow 04/02/92 70.9 13.9 111 20.3 139 245.7 2.85 27.2 0.340 43.8 0.51 0.10 0.15 0.80 1.77
NT 2179 Site 8 Deep 04/02/92 65.8 12.6 71.5 10.8 104 99.6 < 0.006 <0.04 0.287 11.6 0.63 0.12 0.10 0.69 0.96

NT 2181 Site 9 Shallow 04/02/92 66.8 46.4 138 34.6 131 348.0 < 0.006 <0.04 0.397 8.23 0.51 0.35 0.26 1.05 2.66
NT 2180 Site 9 Intermediate 04/02/92 76.5 10.9 128 31.2 125 336.0 0.006 0.05 0.321 50.7 0.61 0.09 0.25 1.02 2.69
NT 2187 Site 9 Deep 04/02/92 71.3 4.60 105 19.7 120 230.4 < 0.006 0.05 0.322 75.1 0.59 0.04 0.16 0.88 1.92

JVT2182 Site 10 Shallow 04/02/92 24.1 4.40 18.9 9.00 46.8 27.5 < 0.006 27.5 0.217 190 0.51 0.09 0.19 0.40 0.59
NT 2185 Site 10 Deep 04/02/92 49.7 2.20 39.0 4.29 74.2 40.8 0.009 <0.04 0.259 52.1 0.67 0.03 0.06 0.53 0.55

NT 2198 Site 11 Intermediate 30/01/92 14.8 2.33 13.0 8.05 22.1 51.0 < 0.006 <0.04 0.089 23.3 0.67 0.11 0.36 0.59 2.31
NT 2204 Site 11 Deep 30/01/92 28.4 2.91 39.5 16.3 47.1 51.0 < 0.006 0.05 0.207 41.2 0.60 0.06 0.35 0.84 1.08

NT 2186 Site 12 Shallow 04/02/92 18.6 7.74 45.2 32.6 41.1 240.0 < 0.006 0.06 0.092 168 0.45 0.19 0.79 1.10 5.84
NT 2184 Site 12 Intermediate 04/02/92 45.7 19.6 102 51.4 78.7 447.0 < 0.006 9.4 0.176 48.0 0.58 0.25 0.65 1.30 5.68
NT 2188 Site 12 Deep 04/02/92 89.4 66.8 187 46.6 185 522.0 < 0.006 183.3 0.368 75.8 0.48 0.36 0.25 1.01 2.82

Table 4.2.10 Chemical parameters in groundwater at Lake Wattleup market garden



Coefficients in modified Freundlich isotherm

Coefficients Soil (a) Soil (b) Soil (c)
0-25 cm 50-75 cm 2.75 - 3.0 m

K 12.6 17.8 41.7
m 0.3 0.3 0.2
n 0.22 0.22 0.22

Phosphate Mobilities - Soil (b)

Applied phosphate (kg/ha/yr) 10 100

Rechargerateq

cm/y 20 100 20 100

cm/d 0.055 0.274 0.055 0.274

Input phosphate concentration (mg/L) 5 1 50 10

Lower bound l00-yr traveldistance (m) 0.20 0.32 1.02 1.64

Upper bound l00-yr travel distance (m) 2.01 3.29 9.76 16.3

Table 4.2.11 Phosphate adsorption and travel distances using soil samples from WaUleup market garden
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(Shaded sections denote evidence of nitrate breakthrough)

Bore Identity
& Sample Date

Shallow 081190
Shallow 081190
Shallow 030491
Shallow 040292

Deep 081190
Deep 081190
Deep 030491
Deep 040292

Shallow 250990
Shallow 081190
Shallow 081190
Shallow 030491
Shallow 040292

Intermediate 250990
Intermediate 250990
Intermediate 081190
Intermediate 081190
Intermediate 030491
Intermediate 040292

Deep 130990
Deep 130990
Deep 130990
Deep 081190
Deep 081190
Deep 030491
Deep 040292

Shallow 241090
Shallow 121190
Shallow 040292

Deep 241090
Deep 121190
Deep 121190
Deep 030491
Deep 040292

Shallow 250990
Shallow 121190

Intermediate 250990
Intermediate 121190
Intermediate 121190
Intermediate 030491
Intermediate 040292

Deep 250990
Deep 121190
Deep 121190
Deep 030491
Deep 040292

Shallow 121190
Shallow 121190
Shallow 040292

Intermediate 250990
Intermediate 081190
Intermediate 081190
Intermediate 030491
Intermediate 040292

Deep 250990
Deep 081190
Deep 081190
Deep 030491
Deep 040292

Site 8

Site 9

Site 10

Site 11

Site 12

Table 4.2.12 OtT-sitegroundwater data at Wattleup market garden



Corrected Depth Na K I Mg Ca CI S04 I N03 P04 NaiCI K/CI Mg/CI Ca/CI S04/CI mgP
(depth in cm) mglL /Kg Dry Soil

0-30 top 551.5 96.8 189.1 606.0 1222.7 360.4 113.8 0.45 0.08 0.15 0.50 0.29 486.25
0-30 bot 736.8 281.8 118.2 806.3 1184.8 441.7 76.2 0.62 0.24 0.10 0.68 0.37 161.58
30-106 top 371.4 324.7 124.5 683.4 1175.3 381.6 23.0 0.32 0.28 0.11 0.58 0.32 24.64
30-106 bot 141.8 149.9 75.8 315.8 301.8 37D.4 362.9 0.47 0.50 0.25 1.05 1.23 21.10
106-182 top 129.6 141.3 66.7 354.1 262.8 393.1 425.3 0.49 0.54 0.25 1.35 1.50 19.56
106-182 bot 116.4 123.7 58.6 517.2 243.1 256.3 290.8 0.48 0.51 0.24 2.13 1.05 14.03
182-258 top 111.2 216.5 62.5 484.7 371.1 312.3 184.8 0.30 0.58 0.17 1.31 0.84 12.92
182-258 bot 78.7 139.3 54.7 376.2 238.5 531.0 111.4 0.33 0.58 0.23 1.58 2.23 10.19
258-334 top 125.3 265.0 83.3 610.2 230.2 1341.9 166.5 0.54 1.15 0.36 2.65 5.83 12.48
258-334 bot 121.1 291.8 57.9 292.2 144.6 764.3 149.2 0.84 2.02 0040 2.02 5.28 7.46
334-410 top 92.4 275.9 25.8 138.2 170.8 358.8 185.7 0.54 1.62 0.15 0.81 2.10 9.69
334-410 bot 72.4 286.4 18.1 101.2 180.9 174.9 215.7 0.40 1.58 0.10 0.56 0.97 9.88
410-486 top 78.5 297.0 18.7 104.2 194.6 124.6 287.8 0.40 1.53 0.10 0.54 0.64 4.94
410-486 bot 66.0 201.3 23.4 130.2 188.6 148.5 277.6 0.35 1.07 0.12 0.69 0.79 2.30
486-562 top 67.9 197.5 26.8 141.3 176.8 238.8 206.1 0.38 1.12 0.15 0.80 1.35 1.99
486-562 bot 74.2 180.2 33.9 176.5 171.8 361.8 203.6 0.43 1.05 0.20 1.03 2.11 1.54
562-638 top 67.3 220.3 25.9 149.9 205.7 169.3 307.3 0.33 1.07 0.13 0.73 0.82 12.25
562-638 bot 60.0 203.0 26.2 146.7 194.7 151.7 298.1 0.31 1.04 0.13 0.75 0.78 4.61
638-744 top 57.2 173.9 24.7 147.0 182.5 92.2 254.3 0.31 0.95 0.14 0.81 0.51 1.21
638-744 bot 53.9 141.8 28.0 172.0 190.2 110.2 354.3 0.28 0.75 0.15 0.90 0.58 1.09
790-866 99.5 49.3 37.3 216.8 184.2 79.1 264.6 0.54 0.27 0.20 1.18 0.43 0.63
shoe 10.66 70.4 17.1 38.6 58.9 125.3 126.9 93.4 0.56 0.14 0.31 0.47 1.01 1.08

water 10.96 71.20 16.48 36.19 65.60 144.20 109.00 154.90 0.41 0.49 0.11 0.25 0.45 00.76
16/2/89
22/02/89 #1 75.30 26.65 36.08 102.30 156.40 168.80 233.20 0.00 0.48 0.17 0.23 0.65 1.08
22/02/89#2 75.95 27.15 35.53 105.10 158.60 173.30 234.10 0.00 0.48 0.17 0.22 0.66 1.09

Table 4.2.13 Major ion concentrations in soil solution from Site 3a core at Wattleup market garden



SAMPLE Date pH EC Na I K Ca I Mg I Fe I CI I S04-S I S04 I HC03 Br I N03 I P04 DOC NalCI K1CI MglCI CalCI S04lCI KINa
NUMBER J.LS/em mglL

JVf 1589 21/11/89 0.1
(near PapeIbarks)

JVf 1590 21/11/89 0.1 0.03
(Southwest Comer)

IVf 1630 21/12/89 0.2 0.23

13/9/90

JVf 1983 12/11/90 8.5 880 84.8 21.1 57.9 16.7 0 145 40.5 121.5 115 0.39 0.1 <0.03 0.58 0.15 0.12 0.4 0.28 0.25

JVf2052 3/4/91 7.87 1070 103 23.3 75 22.6 0 165 54 162 155 0.76 <0.04 <0.06 0.62 0.14 0.14 0.45 0.33 0.23

JVf2191 29/1/92 111 30.6 94.5 27.9 177 81.9 245.7 0.46( 0.1 0.048 19.30 0.63 0.17 0.16 0.53 0.46 0.28

Table 4.2.14 Water quality parameters in Lake Wattleup
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Figure 4.2.40 Distribution of nitrate in soil water in the unsaturated zone
near Lake Wattleup
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4.3 Climatic Data for the Swan Coastal Plain

FINAL REPORT

Climatic data are collected by the Australian Bureau of Meteorology for Perth (in the city)
and Perth Airport. The only other data available for the Swan Coastal Plain are daily
rainfall records at Wanneroo (collected by the Department of Conservation and Land
Management) and Thomsons Lake (collected at The University of West em Australia's
Harry Waring Marsupial Reserve), and short-term records obtained during detailed
scientific experiments by individual researchers.

Measuring and predicting climatic characterisitics were not stated as objectives of this
Project, however the water balance of lakes and wetlands, indeed of the region as a
whole, depends greatly on evaporation, thus an effort was made to make accurate
measurements of relevant variables at two sites for two years.

Two climate stations were leased from the Water Authority and were specially constructed
by the Water Authority for our use according to their standard design [Water Authority of
W.A., 1986]. The component instruments were calibrated and maintained by the Water
Authority but operated by CSIRO. Our plan was to locate stations on as close as possible
to a 10 kIn grid in the Perth region, to assist in regional climatological studies in
collaboration with Professor Tom Lyons of Murdoch University. Thus sites were chosen
'near' a north-south transect along Easting 389000 and east-west transects at Northings
6500000 and 6490000. The locations of the climate stations are shown on Figures
4.2.19 and 4.2.22 and are approximately:

Easting: 389100

Easting: 388675

Northing: 6487725 On west shore of Jandabup Lake

Northing: 6499075 Just east of Lake Pinjar

Data were collected continuously at both stations from 5 October 1990 unti112 October
1992. The stations have since been removed.

Each climate station measured the following parameters:

• rainfall, using a standard RIMCO 0.2 mm tipping bucket raingauge

• air temperature and humidity, using a Vaisala HMP 35A

• wind run, using a 1 kIn per event Rimco anemometer modified to read 50 m per
event
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• short wave radiation, using aLi-Cor LI-200SB pyranometer (typically :t3%
accuracy, to ~s response time, 400-1200 nm spectral range)

• net radiation, using a Middleton Instruments CN1 Net Pyrradiometer (to s time
constant, calibrated spectral range 300 to 40 000 nm, with a maximum of

60000 nm)

All channels were logged at 5 minute intervals, each measurement of continuous data
being an average of 25 samples at 12 second intervals. Data were downloaded at
intervals of 2 weeks and processed using HYDSYS [HYDSYS Pty Ltd, 1990], with

Water Authority extensions [Massey, 1989].

All instrumentation is relatively standard, however we provide a brief comment on net
radiation, based on notes written by the Water of Authority ofW.A. [1986]. The
Middleton CN1 has two separate measuring sensors, one pointing up (for incoming
shortwave) and one pointing down (for reflected shortwave and radiated longwave). The
logger records the difference of these two signals. Some shortwave radiation is reflected,
depending on surface characteristics, the reflection ratio being known as albedo.
Longwave radiation is relatively insignificant in daytime but dominates at night. During
daylight hours, net radiation is positive (- 600 Wm-2 over reflective surfaces and 1000
Wm-2 over non-reflective surfaces such as water on clear summer days), because of the
dominance of shortwave radiation. On a clear night, ground temperature exceeds air
temperature and outgoing longwave radiation can approach -200 Wm-2. On overcast
nights, outgoing longwave radiation decreases and may approach zero. Inflow
(advection) of warm air may cause slight positive values at night.

Rainfall, temperature and humidity were checked manually every time the loggers were
read. Figures 4.3.1 and 4.3.2 show comparisons between logged and manually
measured data. Rainfall data at the Pinjar climate station are erratic because of an
intermittent problem with the rain gauge, but agreement at the Jandabup climate station
was almost perfect. Temperature and humidity agree well, within expected bounds.

All data have been processed and archived in the Water Authority's SWRIS (State Water
Resources Information System). But the data have not yet been used for the purposes for
which they were intended. All data for the calendar year of 1991 have been checked and
plotted. Figure 4.3.3 is one of 24 such plots of monthly data at 5-minute intervals at the
two locations. The complete set of data shows very close agreement between the two
sites in all parameters, in spite of their to km separation. Figures 4.3.4 and 4.3.5 allow a
comparison on a single day. All data are intuitively reasonable and are suitable for further
analysis. One interesting feature is the spikiness of the radiation data, which has here
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been truncated to leave out negative values of net radiation. This behaviour is typical on
days with broken cloud [see, e.g., Monteith and Unsworth, 1989, p.47].

A primary purpose in collecting the data was to enable calculation of evaporation using
the Penman equation [e.g. Eagleson, 1970], however due to a delay in the availability of
suitable thermistors, we did not obtain continuous records of lake water temperatures.
We had also intended to undertake modelling of infiltration and evapotranspiration, both
of which would have benefitted from continuous records of soil surface temperature and
soil moisture contents in the profile. Since such measurements were not obtained, the
value of the climatic data is reduced. Modelling of this kind was not carried out.

In order to check the validity of our own measurements, and also to investigate spatial
trends, we collated daily data for rainfall, temperature and evaporation recorded at several
locations during 1991. Appendix D contains Tables of: daily rainfall at Jandabup climate
station, Pinjar climate station, Perth, Perth airport, Wanneroo and Thomsons Lake; daily
maximum and minimum temperature at Jandabup climate station, Pinjar climate station,
Perth and Perth airport; and daily pan evaporation at Perth. Daily rainfall at Pinjar is
labelled as being incomplete because of the problems encountered with the rain gauge.

It is interesting to consider the shape of the distribution of rainfall and evaporation
throughout the year, because fmding an approximation to the shape may facilitate

modelling at a later stage. It is clear that evaporation fluctuates almost sinusoidally, this
being a natural response to the driving force of solar radiation which depends on the angle
of incidence of the sun. Pan evaporation is obviously non-zero all year, thus we can
approximate E by:

E = Eave + Eamp cosmt (4.3.1)

where ro = 21r1() and ()represents the period of fluctuations, Le. 1 year or 365 days. The

cosine is a natural choice because it peaks at the start of the period, i.e. the beginning of
the calendar year, which is summer in Perth. Since rainfall is zero in the Perth summer,
we approximate P by:

p = P amp (1 - cosmt) (4.3.2)

In order to determine the parameters of Equations 4.3.1 and 4.3.2, we integrate these
equations to give cumulative evaporation:

Ec = Eave (t + Er 1sin rot )ave ro
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and cumulative rainfall:
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(4.3.4)

Integrating over the period of a year to t = (J, the annual total evaporation EO = Eave(J,
thus Eave is estimated as ElI(J. Similarly, the annual total rainfall Po = P amp(J, thus P amp
is estimated as PlI(J. The remaining parameter, Eamp, is best estimated by integrating
over 1/4 or 3/4 of a period, giving either Eamp = m[EO/4 - Eave«(J/4)] or Eamp =
-m[E30/4 - Eave (3(J/4)].

Figure 4.3.6 compares pan evaporation at Perth in 1991 (see Appendix D) with Equation
4.3.3 evaluated using Eamp/Eave = 0.65. This value provides a reasonable fit by eye,
though it is possible that a better fit might be obtained if the model allowed a phase lag
relative to the start of the year.. Figure 4.3.7 compares Perth rainfall in 1991 (see
Appendix D) with Equation 4.3.4, without any calibration. These Figures support the
hypothesis that sinusoids provide a reasonable fit to rainfall and evaporation in the Perth
region.
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4 . 4 Regional Analysis of Lake Levels

FINAL REPORT

The number of lakes on the Swan Coastal Plain is very large, so water levels are regularly
monitored by the Water Authority in only a small proportion ofthe total number. The
purpose of this Section is to present a selection of lake water level data, mainly for
purposes of completeness, rather than because the data are used elsewhere in the Report.

To maintain some consistency with concurrent research projects, we scanned the list of all
lakes and wetlands for which data are available, and selected (i) those studied by Davis et
al. [1993] and (ii) other lakes which might be significant in a regional sense because of
their size or location. We then discarded lakes for which records are very short or erratic,
and plotted time series of water levels for groups of nearby lakes (Figures 4.4.1 to
4.4.9). The data are presented for 46 surface water bodies for the 20-year period from 1
January 1972 until 31 December 1991. These include 25 of the 41 studied by Davis et al.
[1993]. Straight lines are plotted between contiguous data, regardless of the lengths of
periods when data are obviously missing. Each Figure (i.e. page) has vertical axes of the
same height, so that time series within that Figure can be compared to each other.
Unfortunately there are numerous errors in the data, usually exact multiples of a metre
and due to innaccuracy during transcription or data entry (e.g. a 2 m error at Perry Lakes,
in Figure 4.4.5).

Time series of lake levels show both long-term trends and seasonal fluctuations. Long-
term trends are caused by long-term climatic variations and changes in nearby landuse.
Clearing native vegetation for new urban areas is known to increase net recharge to the
aquifer and to cause groundwater and lake levels to rise. Fast growing pine plantations
and new vegetation in urban areas, on the other hand, may reduce recharge relative to
recharge after clearing. Seasonal fluctuations are caused by the interplay between rainfall
and evaporation within the area of the water body, surface drainage and seasonal
variations in recharge to the aquifer. The magnitude of fluctuations may be affected by
aquifer properties such as transmissivity and specific yield.

Without analysing the data in detail, it is interesting to make some observations about the
magnitude of fluctuations. First we should be careful to focus on typical annual ranges of
values, Le. the difference between maximum and minimum levels. Later, in Section 5,
we will use the term "amplitude" to mean half of this range. The smallest range of about
0.1-D.2 m is seen in Loch McNess (Figure 4.4.1), in which outflow is believed to be
controlled by a limestone sill. Typical ranges are between 0.5 and 1.5 m, especially for
larger lakes which are well connected to the aquifer and which do not have obvious
surface water inflows. Some lakes such as Lake Carabooda (Figure 4.4.1) and Lake
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Karrinyup (Figure 4.4.4) have ranges of 2 to 3 m. Lake Carabooda may have a greater
than normal tendency to lose water because of limestone in the area, whereas Lake
Karrinyup may be affected by local surface inflows and its links to the Water Authority's
surface drainage system.
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Figure 4.4.1 Lake water levels from 1 January 1972 to 31 December 1991
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Figure 4.4.4 Lake water levels from 1 January 1972 to 31 December 1991
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Modelling by Nield [1990] (see also Nield and Townley [1993]) has shown that the

degree of connection between a lake and the surrounding aquifer is significantly reduced
if the lake has a lining with low hydraulic conductivity. This fact was already well
known, at least qualitatively, but modelling described in Section 5 now allows a
quantitative description of changes in a lake's capture and release zones due to low
conductivity linings.

There is a considerable amount of data available on the nature of lake linings on the Swan
Coastal Plain, at least in terms of the types of materials. Several reports referred to in
Section 4.1.3 contain descriptions of lakebed materials. Jandabup and Mariginiup Lakes,
for example, are partially lined with diatomite [Allen, 1980; Hall, 1983], while North
and Bibra Lakes have thick linings of organic and biogenic sediments including sapropel,
saprocol and peat [Megirian, 1982; Davidson, 1983].

Carbon et al. [1988] studied the role of the lakebed in controlling physical and chemical
characteristics of lakes. They obtained field data at Blue Gum Reserve, Booragoon Lake,
McDougall Park, Shenton Park Lake and Perry Lakes, and apart from identifying
(qualitatively) the low hydraulic conductivity of lake linings, they found large
concentrations of nitrate and phosphate stored in lakebed sediments. Carbon et al. [1988]

concluded that non-sandy lake linings were not only responsible for keeping water in
some lakes, but were also capable of buffering the nutrient status of lakes.

As part of this Project, we obtained cores from the beds of six lakes, specifically to
measure hydraulic conductivities. A summary of the cores obtained is presented in Table
4.5.1 and the locations of the cores are shown in Figures 4.2.1, 4.2.22, 4.2.29, 4.5.1
and 4.5.2. We obtained up to three cores at each site in each lake, removed up to three 20
cm sections at different depths below the top of the core sample, and then measured
hydraulic conductivities in a permeameter three times using up to three different imposed
head gradients. The results are displayed in Figures 4.5.3 to 4.5.6, with dotted lines
plotted through the average of three repetitions on a particular section at a particular
gradient. In many instances we were unable to obtain any reasonable length of core,
usually because the lakebed material consisted of an unconsolidated ooze.

Table 4.5.2 summarises the results of the analyses. The bed of Jandabup Lake was by
far the most conductive, having a conductivity in the range of 10 to 20 md-1. Nowergup
Lake had a high conductivity at one location, moderate conductivity at another and very
low conductivity at two other sites. Mariginiup and Thomsons Lakes had low

160



FINAL DRAFT dated Friday, 26 February 1993 FINAL REPORT

conductivity linings, while two sites at North Lake had moderate and extremely low
conductivities, respectively.
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PENETRATION COMPRESSED FINAL
SITE AND LOCATION DEPTH OF SEDIMENT LENGTHOF DESCRIPTION OF MATERIAL REMARKS Dl.D2

TUBE D1 (em) LENGTH INITIAL RECOVERED (em)
D2(em) CORE D3 (em)

Nowergup Lake
Site 1 - NorthEnd East Side - 30m from edge - Core 1 225 148 161 Sandy with light brown silt Po1ypipe
Site 1 - Core 2 431 361 361 (371) Sandy with light brown silt PVC 70
Site 1 - Core 3 425 364 276 (276) Sandy with light brown silt PVC 61
Site 2 - 60m fromEast edge - Core 1 424 222 217 (227) Light brown silt PVC 202
Site 2 - Core 2 424 205 202 (210) Light brown silt PVC 219
Site 3 - North endcentre - Core 1 361 197 193 (201) Light brown silt PVC 164
Site 3 - Core 2 349 177 184 (192) Light brown silt PVC 172
Site 4 - West side -20m from edge - Core 1 435 211 220 Light brown silt PVC 224
Site 4 - Core 2 411 196 180 Light brown silt PVC 215
Site 4 - Core 3 215 100 110 Lil~ht brown silt Polvoioe 115
Marlglniup Lake
Site 1 - East side - 50m from edge - Core 1 183 39 43 Grey mud. Compressed organic matter PVC 144
Site 2 - Centre of lake (Diag.) - Core 2 178 27 31 Grey mud. Compressed organic matter PVC 151
Site 3 - West side - 30m from edge - Core 3 160 28 32 Grey mud. Compressed organic matter. PVC 132

Aauatic nlants.
Jandabup Lake
Centre oflake 142 126 117 Grey sand Polypipe 16
Site 1 - East side - 30m from edge - Core 1 175 156 118 Yellow sand and organic matter PVC 19
Site 2 - Centre of lake - Core 1 (Diag) 184 163 138 Yellow sand and organic matter PVC 21
Site 3 - West side - 50m from edl!e - Core 1 211 163 161 Grev orl!anic sediment and aauatic Dlants PVC 48
Joondalup Lake
Site 1 - East side - 50m from edge - Core 1 281 132 No core Light grey silt. Aquatic plants. PVC 149
Site 1 - East side - 50m from edge - Core 2 272 81 85 Light grey silt. Aquatic plants. PVC 191
Site 2 - Centre oflake (Diag.) - Core 1 404 130 121 Light grey silt. Aquatic plants. PVC 274
Site 3 - West side - 50m from edl!e - Core 1 356 181 225 Lil!ht I1revsilt. Aouatic nlants. Verv soft PVC. 175
Nortb Lake
Site 1 - East side - 30m from edge 238 86 91 Fine black mud PVC 152
Site 2 - Centre of lake 292 104 89 Fine black mud PVC 188
Site 3 - West side - 30m from edge 289 81 No core Fine black mud PVC 208
Site 3 - West side - 30m from edl!e 281 74 No core Fine black mud PVC 207
Tbomsons Lake
Site 1 - West side - 50m from edge 253 68 No core Black mud and peat PVC 185
Site 1 - West side - 50m from edge 286 84 90 Black mud and peat PVC 202
Site 2 - Centre of lake 256 77 No core Black mud and peat PVC 179
Site 2 - Centre oflake 351 204 No core Black mud and peat PVC 147
Site 3 - East side - 50m from edge 129 79 No core Black mud and peat Unable to retrieve core PVC 50
Site 3 - East side - 30m from edge 158 125 No core Black mud and peat PVC 33
Site 3 - East side - 50m from edl!e 126 80 90 Black mud and neat PVC 46

Table 4.5.1 Location of sediment cores for hydraulic conductivity measurements



LOCATION SITE Ksat RANGE Ksat AVERAGE
(md-1) (md-1)

Nowergup Lake 1 0.008 - 4.9 1.2
2 0.0016 - 0.61 0.17
3 0.0 - 0.0089 0.0033
4 0.0001 - 0.012 0.0025

Mariginiup Lake 1 0.019 - 0.067 0.044
2 0.0057 - 0.016 0.0091
3 0.0089 - 0.016 0.013

Jandabup Lake 1 10.2 - 18 15
2 5.6 - 11 7.7
3 12 - 17 15

Lake Joondalup 1 0.0082 - 0.025 0.015
2 0.0020 - 0.063 0.013
3 0.0028 - 0.037 0.017

North Lake 1 0.0029 - 0.0071 0.0052
2 0.031 - 0.62 0.22

Thomsons Lake 1 0.0021 - 0.053 0.005
3 0.022 - 0.041 0.041

Table 4.5.2 Summary of hydraulic conductivities of sediments



Figure 4.5.1 Location of sediment cores in Lake Joondalup
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In this Section, we summarise the major fmdings from our field work. We start in
Section 4.6.1 by making brief conclusions based on observations at one or more sites. In
Section 4.6.2, we make specific suggestions about field techniques that have been found
to be particularly useful for studying lake-aquifer interaction. Sections 4.6.3 and 4.6.4
are somewhat different, in that they include information from other sources, i.e. not only
from our field experiments. In Section 4.6.3, we use isotopic and chloride data from
several sites and attempt to relate the measurements to lumped solute and isotope balance
models developed in Section 5.6.3. In Section 4.6.4, we use field measurements, recent
references and various modelling results from Section 5 to make conclusions about buffer
zones for lakes and wetlands, from a groundwater point of view.

4.6.1 Direct conclusions

Significance of isotopic and hydrogeochemical data

There is no substitute for the use of isotopic and hydrogeochemical data in interpreting the
interaction between lakes or wetlands and regional aquifers. It is very difficult, if not
impossible, to make any physical measurements in the field which allow an
understanding of lake-aquifer interaction. On the other hand, the natural isotopes of
water (2H and 180), non-reacting solutes such as chloride and reacting species such as
phosphate provide clear evidence for groundwater movement

Our basic approach to investigating any lake has been to locate bores on the upgradient

and down gradient sides of the lake, from a regional groundwater point of view, and to
take samples of groundwater for isotopic and chemical analyses. As discussed in
Sections 4.1.4 and 4.1.5, evaporation in a lake increases the concentrations of deuterium
and chloride in the lake water, and hence in the release zone of the lake. Enriched
deuterium levels provide even stronger evidence that groundwater has been in an
evaporating environment than chloride, because the deuterium can not be concentrated by
plant water uptake. Oxygen-18 provides similarly indisputable evidence.

Depths of capture and release zones

Modelling results presented in Section 5 indicate that with uniform aquifer throughflow
and in the absence of recharge, the shapes, and in particular depths, of a lake's capture
and release zones are identical (see Section 5.6.2). Furthermore, the depths of the
capture and release zones depend mainly on the length of a lake in the average direction of
aquifer flow, relative to the thickness of the aquifer (see Figure 5.2.18 and Section
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5.6.1). There are other influences, such as anisotropy and the effect of low conductivity
lake linings, but the ratio of lake length to aquifer thickness, denoted 2a/B, is the
dominant variable.

Deuterium and chloride concentrations were presented in Section 4.2 for four lakes on the
Swan Coastal Plain: Nowergup Lake, Mariginiup Lake, Jandabup Lake and Thomsons
Lake. In Table 4.6.1, we summarise their lengths in relation to the local aquifer
thickness, and compare predictions of release zone depths with those observed. From
Figure 5.2.18, we obtain an implied 2a/B*, where B* is an effective aquifer thickness
which takes into account anisotropy and/or the effect of a low conductivity lake lining.
That is, the observed release zone is consistent with a lake of length 2a, with no low
conductivity lining, in an isotropic aquifer of thickness B*.

In some circumstances, observing the release zone depth provides a method of estimating
a large-scale regional average anisotropy. If we interpret B* purely in terms of
anisotropy, i.e. with B* = (Kx/Kz)O.5B, we can calculate a bulk anisotropy, as shown in
Table 4.6.1.

The results are perhaps surprising, because they indicate the possibility of significant
anisotropy in the superficial formations. They also show that the method has almost no
sensitivity (i.e. no power to obtain a precise answer) if the observed release zone is
almost equal to the aquifer thickness. The method works because lakes provide a natural
stress on an aquifer to induce vertical flow. The method appears to be most sensitive
when bJB is observed to be about 0.5.

Section 5.6.1 shows that low conductivity linings can also significantly affect the depths
of capture and release zones. Thus measuring the latter does not allow us to separate the
effects of aquifer anisotropy and low conductivity lake linings. The above method of
estimating anisotropy will only work when it is known that there is a negligible lake
lining. Conversely, if it is known that anisotropy is negligible, a measurement of bJB
would allow an estimate of bottom resistance.

One subtlety which we have not mentioned is that Figure 5.2.18 applies to b_ defmed at a
distance of L = 2B downgradient of a lake. However most of our field measurements are
closer than that distance. If an aquifer is anisotropic, the measurement applies at
L = 2B*, which is even further from the lake. This difficulty needs to be addressed in
the future by modifying FlowThru (see Section 5.2) to calculate the depth of a release
zone at the downgradient edge of a flow-through lake.
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Although we did not design experiments to do so, measurements of chloride and isotope
concentrations could also be used to identify the width of a release zone, even if the
release zone is below the water table because of recharge.

Usefulness of groundwater level measurements

It is important to know groundwater levels at enough locations near a flow-through lake
to be able to determine the average direction of aquifer flow. Boreholes up to 1 or 2 Ian
away from a lake can provide useful information. Water level measurements in nests of
bores near the upgradient and downgradient boundaries of lakes did not provide the

information we expected, however. In planning our field experiments, we had hoped to
see upward gradients near the upgradient lake boundary and downward gradients near the
down gradient boundary. Measurements at Nowergup Lake, Mariginiup Lake, Jandabup
Lake and Thomsons Lake were relatively inconclusive.

As described in Sections 4.2.3 and 4.2.4, Nield [1990] developed a method for using the
difference in depth-averaged head across a lake to infer the depth of a capture zone. In
attempting to apply his method here, we found that there were insufficient data at
Jandabup Lake to draw useful conclusions. Data at Thomsons Lake, however, supported
the conclusion from isotopic and chemical data that the capture and release zones must
extend to the bottom of the aquifer. The method appears to have some promise, as long
as there are sufficient measurements in the profile to estimate average head, and as long as
the measurements are reliable.

It should be remembered that all water level data upgradient and downgradient of lakes
were obtained from existing bores, some of them drilled many years ago and in various
states of repair. Often one has to make do with available data, but it may not be possible
to use Nield's [1990] method if data are not of sufficient quality.

Connections between lakes

The Pinjar-Nowergup transect described in Section 4.2.2 provided an opportunity to
study a cross-section in which outflow from one large lake appeared to flow into another
lake in the downgradient direction. This activity was not planned at the start of the
Project, but eventuated after seeing isotopic and chemical data at the upgradient edge of
lake Nowergup. Data from existing bores near Lake Pinjar and two new nests
constructed by CSIRO confirmed our hypothesis that some of the outflow from Lake
Pinjar appears to be captured by Lake Nowergup.

The fact that the release zone from Lake Pinjar is detectable at Nowergup Lake is perhaps
not as surprising as the fact that it is so easily detectable. Section 5.6.5 describes a model
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of groundwater flow and transport in a vertical section along the Pinjar-Nowergup
transect The model confIrms the suggestion in Table 4.6.1 that the aquifer may be very
anisotropic in this region, perhaps with an anisotropy ratio of the order of 100. But the
success of the modelling depends on an extremely low transverse dispersivity, indicating
the dominance of advection over dispersion in controlling the observed isotope and
chloride plumes in the release zone from Lake Pinjar. We have suggested that there may
be upwards leakage from the Leederville Formation in the vicinity of Lake Nowergup. In
fact, the "hinge point" separating downwards and upwards leakage [Townley and
Brooker, 1990] may be between the two lakes. However, the modelling results describe
the general features of the observations, even without upwards leakage.

There are many other possible connections between lakes on the Swan Coastal Plain.
Section 5.6.7 discusses some possibilities, and future fIeld experiments may successfully
identify the interactions.

Nutrient transport at Lake Wattleup market garden

Our study at the Lake Wattleup market garden was aimed at gaining insights into nutrient
movement in irrigated horticultural areas, particularly those near lakes and wetlands. Our
field measurements confIrmed that nitrate is highly mobile and leaches through the
unsaturated zone to the water table. Evidence from groundwater sippers shows that
nitrate is observed consistently at several sites below the water table at some distance to
the west and south of the market garden, but concentrations are highly variable in time.
Phosphate, on the other hand, is retained in the upper 2 to 3 m of the soil profile. It is
observed at shallow depths at Site 8, but the source of this phosphorus is not known.
There is little evidence of phosphate breakthrough to the water table. In Section 4.6.4,
we discuss the use of simple models to predict phosphate movement, and relate the model
predictions to data from Lake Wattleup.

There is no evidence at this time that leachate in groundwater from the market garden is
migrating into Lake Wattleup. In fact, the direction of aquifer flow is such that the lake's
capture zone is probably to the north of the irrigated area. Migration of nitrate and other
ions towards the lake would be expected, however, if other areas of market garden are
developed in the future within the groundwater capture zone of the lake.

Hydraulic conductivity of lake linings

Measurements of hydraulic conductivities in samples taken from sediment cores from six
lakes show considerable variability. Some lakes which have an obviously sandy bottom,
such as Jandabup Lake, have very high hydraulic conductivity in the lakebed. Others
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with organic and biogenic sediments have extremely low conductivities in the lakebed.
The effect of a low conductivity lake lining is to reduce the connection between a lake and
the aquifer below, and to reduce the depth and width of capture and release zones.
Modelling results presented in Section 5.6.1 illustrate the fact that a low conductivity lake
lining causes a lake to appear smaller, i.e. to have a smaller effective 2a/B. This effect
may explain why Mariginiup Lake appears to have a shallow release zone, but more
measurements will be required to confIrm this suggestion.

4.6.2 Design of future field experiments

The most cost-effective method of obtaining useful information on the geometry of a
lake's release zone is to install a single nest of piezometers, or alternatively a multilevel
piezometer, in the middle of the down gradient side of the lake. The deepest piezometer
screen should be located near the base of the aquifer. Other screens should be located at
intermediate depths between the deepest screen and the water table. A larger number of
screens will improve the accuracy of estimation of the depth of the release zone. Design
of a nest can be improved by predicting the location of the dividing flowline in advance,
using theoretical results given in Section 5 (e.g. Figure 5.2.18). The reason for
recommending that the location be in the middle of the downgradient side of a lake is that
in Section 5.4 we show that three-dimensional predictions of capture zone depth on the
centreline of a lake agree closely with two-dimensional predictions in vertical section.
This may facilitate the use of two-dimensional results in the interpretation of field data.

In the case of Nowergup Lake, our multiport piezometer alone would have provided
sufficiently accurate information to allow estimation of the position of the dividing

flowline. At the very least, groundwater samples should be analysed for deuterium,
oxygen-18 and chloride.

There is often interest in the rates of groundwater seepage into or out of a lake. Although
we obtained useful and consistent results from three seepage meters at Lake Nowergup
(see Section 4.2.1), we also experienced insurmountable problems with vandalism at
Lake Jandabup. In our experience, seepage meters provide reliable data on groundwater
seepage when installed correctly and when they can be protected from vandalism. Bayley
et al. [1989] reported considerable success at North Lake, thus it may be useful in some
studies to install them. Important questions to ask are why the seepage measurements are
required and how the data will be used. In Section 5.2 we show that rates of seepage are
highly variable, and do not simply fIt an exponential curve, as has been reported in the
literature (see Section 3.4).
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4.6.3 Using chloride and isotopic concentrations to estimate lake water balances

Calculating water, chloride and isotopic balances of lakes on the Swan Coastal Plain was
not a specific objective of this Project The primary objective was to understand
groundwater movement near shallow lakes, and chloride and isotopic concentrations were
measured in order to identify lakewater in a lake's release zone. During systematic
analysis of an idealised groundwater flow model, however, it became apparent that
generalisations can be made about chloride and isotope concentrations in a lake's release
zone, as a function of lake geometry and various components of the water balance. We
therefore systematically analysed the chloride and isotopic balances of lakes in a vertical
section, in a steady state situation, and the results are presented in Section 5.6.3. In this
Section, we summarise measurements made near four lakes on the Swan Coastal Plain,
and attempt to interpret the measurements in the context of isotopic and chloride balances.
We conclude that chloride and isotopic data from lakes which experience strongly
seasonal variations can not easily be interpreted using a steady state model.

Table 4.6.3 summarises (from Tables 4.2.2, 4.2.3, 4.2.6, 4.2.7 and 4.2.8) the chloride
and deuterium concentrations measured in the capture and release zones of Nowergup,
Mariginiup, Jandabup and Thomsons Lakes. A representative sample of upgradient
values is assigned to the capture zone of each lake, and values are assigned to the release
zone based on their degree of enhancement relative to the capture zone. We have then
calculated average values of concentrations in each zone, and finally the ratios ClljCI+
and (1000+OL)/(1000+0+) where the subscript L indicates lakewater in the release zone

and the subscript + indicates upgradient groundwater. It should be noted that Section
5.6.3 uses the ratio (l +OL)/(l+0+), but as discussed in Section 4.1.5, the same ratio is
expressed as (lOOO+OL)/(lOOO+o+)when 0 is measured in %0.

Before attempting to apply the results of Section 5.6.3, it is useful to discuss a method
commonly used for interpreting hydrogeochemical data such as chloride and isotopic
concentrations. The method is to apply a "mixing model", in which two or more "end
member" waters with distinct hydrogeochemical signatures are assumed to have been
mixed together, so that the mixture has a signature or composition equal to a weighted
average of the end member signatures. If waters are flowing, such as surface runoff and
shallow subsurface flow mixing in a stream, the appropriate average is a flow-weighted
average [e.g. Turner and Macpherson, 1990]. Such an approach requires a physical
mechanism for mixing, and in the case of water in streams or fast flowing rivers,
turbulence provides that mechanism. Mixing models are also used in interpretation of
groundwater chemistry, but mixing can only occur over long distances and long travel
times through the processes of diffusion and hydrodynamic dispersion. The best way to
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compute mixing ratios is to use models of flow and transport to quantify the movement
and mixing of groundwater [Krabbenhoft et aI., 1990a, b].

Most of the modelling reported in Section 5 is based on the assumption that groundwater
quality in the release zones of lakes can be interpreted on the basis of advection alone, i.e.
without taking into account hydrodynamic dispersion. In Section 5.2, we use dividing
streamlines in a vertical section to identify distinct flow regimes which characterise the
interaction between a surface water body and the underlying aquifer. An implicit
assumption is that water quality does not mix across dividing streamlines, although in
practice some mixing probably occurs. The sharp changes in concentrations identifying
the release zone of Lake Nowergup (Figures 4.2.3 and 4.2.4) indicate that dispersive
mixing is relatively small, and that an advective model can probably explain most of the
observed variations in concentrations. In Section 5.6.5, we present results obtained with
an advection-dispersion or so-called "transport" model, but demonstrate that in order to
match observations along the Pinjar-Nowergup transect, it is necessary for transverse
dispersivity to be extremely small.

On the basis of these findings, the theory developed in Section 5.6.3 assumes that water
quality in a surface water body under conditions of steady flow is based on solving
steady water and solute balance equations, assuming advective flow in the subsurface.
Different equations are developed for chloride and deuterium, to account for the fact that
evaporation from a surface water body preferentially removes water containing the
abundant isotope of hydrogen and leaves an enhanced concentration of deuterium behind.
Results are presented graphically for two different sizes of lakes and based on a number

of other important assumptions. In the following, we attempt to plot ratios of CIIJCI+
and (1000+~k)/(1000+8+) on Figures developed in Section 5.6.3, and to interpret the

observations in the context of water balance components of the lakes.

First consider the data from Nowergup Lake (see Table 4.6.3), which suggest that
CldCI+ = 3.75 and (1000+()L)/(l000+8+) = 1.026. From Table 4.6.1, we see that
bJB "'"0.6 and the effective 2a1B* "'"1.5. We therefore choose to use Figures 5.6.21 to

5.6.32 which have been developed for 2alB = 1. Following the procedure suggested in
Section 5.6.3, we use Equation 5.6.25 with RIP = 0.15 and RIP = 0.3 to estimate
P(2a)/U~ (see Table 4.6.2). Values of S in Table 4.6.2 are only approximate, thus the
final estimates of P(2a)/U~ of 0.19 and 0.10 are also only approximate. Figures 4.6.1
to 4.6.4 are copies of Figures 5.6.23 to 5.6.26, with data for Nowergup Lake
superimposed as solid circles.

The points plotted in (UJU+, RLIU~) space are surprisingly consistent with each other,
with UJU+ "'"2 and RLlU~ in the range 0.6 to 0.8. However, these values are not
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what we may have expected a priori. Figure 4.6.5 shows three flow patterns obtained
using FlowThru (see Section 5.2), oriented so that flow is from right to left, to be
consistent with Figures 4.2.3 and 4.2.4. These are obtained by setting U+ at the left
hand boundary oriented to the left, UJU + = 0.5 and RLiU ~ = -0.3, -0.35 and -0.4,
these parameters being equivalent to having U+ oriented to the right, UJU + = 2 and
RLlU~ = 0.6, 0.7 and 0.8. The observed depth of the capture zone at Nowergup Lake
implies an anisotropy ratio of about 45 (Table 4.6.1), thus each of the plots in Figure

4.6.5 is vertically exaggerated by a factor of 450.5 = 6.7, and the distance from the edge
of the lake to the lateral boundaries in each plot is 2B(Kx/Kz)0.5 = 670 m. The depth of
the capture zone near the down gradient edge of the lake in Figure 4.6.5 is not as deep as
is shown in Figures 4.2.3 and 4.2.4. Furthermore, RLiU ~ = 0.8 implies that the
distance from the upgradient boundary to a no-flow boundary is only (1.010.8) x
2B(KxlKz)0.5 = 838 m, assuming that recharge is spatially uniform. The actual distance
to the top of the Gnangara Mound is about 17 kIn, but an equipotential beneath the middle
of Lake Pinjar, about 6.75 kIn upgradient of Nowergup Lake, acts as a no-flow boundary
because flow is short-circuited through the lake. Even so, this distance is much longer
than 838 m, thus interpreting components of the water balance based on the solid circles
in Figure 4.6.5 leads to several inconsistencies.

Suppose instead that b..JB at Nowergup Lake is 0.5 rather than 0.6. Open circles in
Figures 4.6.1 to 4.6.4 again show a consistent set of points, this time with UJU + "'" 1.1
andRL/U~ "'"0.2 - 0.3. These values are significantly different to those with

b..JB = 0.6, thus attempting to determine water balance components using the method
outlined here is clearly sensitive to the accuracy of estimates of b..JB. Figure 4.6.6 shows
three flow patterns in that range, but again it is difficult to accept that these values of
UJU + and RL/U ~ are physically reasonable. Our prior guess would probably have
been that in a long-term average sense, Nowergup Lake would have UJU+ just less than
1, RLlU~ just greater than 1 and certainly Q < O. All the circles plotted in Figures
4.6.1 to 4.6.4 indicate that Q < 0, but without independent measurements of all the
components of the water balance, it is difficult to utilise these Figures and the
measurements of b..JB, CldC4 and (1000+<'iL)/(1000+8+) to confirm the water balance

of the lake.

It is interesting to note that observed water table gradients immediately to the west of
lakes in the Wanneroo chain of wetlands are steeper than immediately to the east [Cargeeg
et aI., 1987a]. The usual explanation for this phenomenon is that it must be related to
changes in hydrogeology and aquifer transmissivities. The analysis presented here
suggests another possibility. If UJU+ is significantly greater than 1 for these lakes, we
would expect a steeper gradient towards the coast, even if transmissivity were spatially
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uniform. Lakes acting as evaporative sinks remove recharge from a region on their
upgradient side and therefore induce flatter water table slopes relative to the downgradient
slopes. The fact that water table slopes are very flat near the coast may be due to the
hydrogeology, but the change in slope near the lakes may be controlled by the water
balances of lakes.

Table 4.6.1 suggests that the effective 2a/B for Nowergup Lake is 1.5, not 1, thus it is
instructive to examine the sensitivity of the method to 2a/B. Figures 4.6.7 and 4.6.8 are
copies of Figures 5.6.35 and 5.6.36 with 2a/B = 4. With either b.JB = 0.5 or 0.6,
circles for Nowergup Lake would plot with UJU+« 1,RLlU~ = -0.2 to -0.3 and
Q < 0 (see Figure 5.6.34 for contour values of b.JB on these Figures). Different values
of 2a/B lead to significantly different interpretations, thus it seems likely that a proper
interpretation of any data requires contour plots prepared for exacly the right 2a/B. This
leads to the conclusion that although the method described in Section 5.6.3 provides
general insights into relationships between concentrations of chloride and isotopes, it is
not particularly useful in an inverse sense as attempted here. It seems that matching a
particular field situation to the theory requires an interactive model which can be properly
calibrated to all available data.

As a final comment, consider the case of long lakes such as Jandabup and Thomsons
Lakes which have b.JB "'"0.95 or more. Suppose that the effective 2a/B is of the order of

4, as suggested in Table 4.6.1. Figure 5.6.34 shows that if we try to plot the intersection
of b.JB and either ClljC1+ or (lOOO+()L)/(lOOO+<4) on appropriately prepared contour

plots, there is enormous sensitivity to b-lB.

There are several possible reasons why it is difficult to explain data from Nowergup Lake
using the method developed in Section 5.6.3. First, the method is based on advection
only, such that water in the release zone can not mix with water that has passed beneath
the lake. A better method would be to solve a transport equation, as in Section 5.6.5 or
as carried out by Krabbenhoft et al. [l990b]. After all, transverse mixing must occur
above and below the release zone, with underflow and local recharge, respectively, as
shown in Figure 5.6.46. Second, the method assumes steady state flows, when the real
situation is dynamic, with seasonally varying recharge, rainfall minus evaporation and
water levels. Third, the method assumes steady state in the chloride and isotopic
compositions of rainfall and in the isotopic composition of evaporation. Fourth, the
method is based on a two-dimensional vertical section, when the capture and release
zones are actually three-dimensional. All of these difficulties could be addressed by more
sophisticated modelling.
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4.6.4 Buffer zones to protect lakes and wetlands from contaminated groundwater

From a groundwater point of view, a buffer zone for a lake could be defined as a region
of land surrounding the lake where landuse is actively managed in such a way that the
wetland is protected. In terms of the concepts of groundwater capture and release zones
for lakes and wetlands pioneered in this Report, the groundwater capture zone is a
conservative estimate of a buffer zone which would protect wetland water quantity and
quality for all time. Protection implies (i) ensuring that components of the water balance
of the wetland are not affected to the extent that a wetland may not continue to be
sufficiently wet to sustain its previous ecological and aesthetic functions, and (ii) ensuring
that the wetland water quality is not changed (either degraded or significantly altered) to
the extent that the wetland ecosystem is significantly disrupted.

Effects of landuse changes on water quality and quantity imply a need for estimating the
degree of change which a wetland is capable of withstanding, in some sense a measure of
the ecological robustness or insensitivity to individual or combinations of changes.
Whereas predicting the impact of changes in groundwater levels, lake levels and lake
water quality may be possible, predicting the impact of such changes requires technical
input from experts with knowledge about components of wetland ecosystems.

A conservative view of hydrological buffer zones for wetlands would be that they should
be large enough to ensure that there is no change in water levels and water quality,
relative to the present situation if this is deemed to be accpetable. To ensure that lake
water levels remain within a specified range considered to be "normal" is almost more
difficult than ensuring that there is no deterioration in water quality. This is because
water levels vary dynamically on time scales including individual rainfall events, the
seasonal cycle and year-to-year climatic variability. Regional recharge over the Swan
Coastal Plain will decline in dry years, hus the groundwater components of wetland water
balances will be reduced in all wetlands, and levels will fall. Isolating the effects of
landuse change within a buffer zone from those that occur outside that zone and those due
to climatic variability is difficult.

The shape of groundwater capture zones, and therefore the shape of groundwater buffer
zones, may be less sensitive to changes in the hydrologic factors mentioned above. The
concept of a capture zone is closely related to that used for protecting water quality in
pumping wells, i.e. the problem of wellhead protection. The concept of wetland
protection based on wellhead protection, would be to protect a wetland for a specific
number of years, perhaps 10, 20 or 100 years. A region on the land surface where any
contamination in the recharge would reach the wetland within a given number of years
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provides a useful defmition of a buffer zone. A 100-year buffer zone for example would
would need to be defmed differently for different chemical species because of their
different retardation, adsorption or degradation characteristics.

The primary issue in consideration of groundwater buffer zones for lakes is fIrstly the
type of landuse that is practiced within the groundwater capture zone of a lake. Secondly,
the retardation characteristics of different potential contaminants that can be transported
into the lake. Finally, the relative importance of the groundwater components in the lake
water balance will determine what impact contaminants transported in to a lake via
groundwater will have on the concentration of that contaminant in the lakewater.

The groundwater capture zone can be defIned as the region of the land surface where the
recharge that occurs eventually flows into the particular surface water body. Recharge
from different or changing landuses is frequently associated with deleterious changes in
water quality. Thus a groundwater capture zone may be regarded as a conservative
estimate of the boundary or buffer zone that will protect surface water quality for all time.
This defmition of the buffer zone being equivalent to the groundwater capture zone
immediately faces practical management problems when it is recognised, as shown in
Figure 5.6.50, that the capture zone for a given lake can extend for several kilometres
upgradient of the lake, in our case to the top of the regional groundwater mound. An
alternative and practically more useful concept is to design buffer zones that could be
expected to protect a wetland for a specifIc number of years, such as 10, 20 or 100 years.
Thus a region on the land surface where any contaminant mobilised by recharge would
reach a wetland by groundwater flow provides a practical defInition of a buffer zone. A
100-year buffer zone would have different physical dimensions in plan for each different
potential contaminant. Thus for a buffer zone to provide a specifIed protection time for a
wetland, a relatively unretarded species such as benzene (which is also undegraded under
anaerobic conditions) would need a geometrically larger buffer zone than a more retarded
species such as phosphate. Buffer zone geometries sould also vary depending on soil
type, since this will affect sorption characteristics for each species. These points are
considered in the following field results for the Swan Coastal Plain.

In the remainder of this Section, we summarise the transport characteristics of four
categories of potential contaminants to lake waters. These are nitrate and phosphate
(commonly known as nutrients), petroleum hydrocarbons and pesticides. The research
results of several other groups working on groundwater contamination problems on the
Swan Coastal Plain are integrated with results from our own fIeld investigations.
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Nitrate and phosphate

FINAL REPORT

Very little work has been carried out on nitrate transport in groundwaters of the Swan
Coastal Plain. The complexity of nitrogen transformations in soils, plant uptake of
nitrogen, the form in which nitrogen [mally reaches the water table and the characteristics
of denitrification, i.e. the reduction of aqueous nitrate ion to nitrite and nitrogen under
reducing conditions, have not been studied under horticultural conditions on the Swan
Coastal Plain. As noted in Section 3.8, Sharma et al. [1991] found elevated NOr
concentrations in monitoring piezometers to the west (i.e. the groundwater downgradient
side) of their "Farm B" located to the south and east of Nowergup Lake, indicating
significant mobility for nitrate under conditions encountered in market gardens. It is clear
from obselVations at Lake Wattleup during this Project and from those of Pionke et al.
[1990] and Sharma et al. [1991] that nitrate ion is mobile and can potentially be
transported in groundwater with little retardation. Table 4.6.4 summarises available data
on obselVed travel times for nitrate from this Project and from Sharma et al. [1991]. In
considering the data shown in Table 4.6.4, it is important to keep in mind differences in
field methods, saturated versus unsaturated flow conditions, and groundwater flow rates.

The last column in Table 4.6.4 is an estimate of the buffer length required to prevent
nitrate breakthrough for 100 years in each of the individual case studies. In each case, the
distances quoted are minimum distances. In the case of Sharma et al. [1991] this is
because groundwater flow rates are greater than the recharge rate used in their unsaturated
zone calculations. In this Project, it is possible that nitrate has migrated beyond the
locations of monitoring piezometers at the Lake Wattleup market garden.

New investigations are required into (i) the transport of nitrate in groundwater away from
point sources of contamination such as market gardens and (ii) methods for capturing the
nitrate efflux from such sources. One potential solution that requires research is to locate
wells used for irrigation water production on the groundwater downgradient side of a
market garden such that nitrate that would otherwise migrate off-site is captured and
returned to the market garden in irrigation water. Consideration would need to be given
to the fact that nitrate concentrations were shown to be highest over the top few metres of
the water table. Such strategies would have the added benefit that nitrogen losses in
groundwater from market gardens would be reduced, thereby reducing fertiliser costs.

Of all the potential chemical contaminants that can be transported by groundwater into
wetlands, the transport characteristics of phosphate in unsaturated soils and groundwater
under conditions on the Swan Coastal Plain are comparatively well studied, although
much additional work is required. Table 4.6.5 summarises the current state of
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knowledge on phosphate transport in Swan Coastal Plain soils. The purpose of the Table
is first, to present estimates of phosphate travel times for soils of the Lake Wattleup
market garden, and second, to compare these new results with recent estimates of
phosphate travel times for other Western Australian soils. Our goal is to provide
operational guidelines that can be used to determine the length scales of buffer zones that
would prevent phosphate transport by groundwater flow into lakes and wetlands.

Phosphate travel times estimated from adsorption experiments on the soils of the Lake

Wattleup market garden indicate that the rate of phosphate movement is between 0.1 and
18% of the rate of water movement, depending on the application rate of fertiliser, the
initial phosphate concentration in the soil solution and the recharge rate. Estimated travel
times for phosphate through aIm soil column at a recharge rate of 100 cm y-l are 9 to
99 and 6.1 to 53 years for input phosphate concentrations of 5 and 10 mgL -1,
respectively. The distribution of phosphate in Core 3a is consistent with the experimental
travel time estimates, given the assumptions used to estimate them.

The predictions compiled in Table 4.6.5 are drawn from four studies on Western
Australian soils. Different investigations differ in experimental methods, soil type,
unsaturated versus saturated conditions, recharge rate or groundwater flow rate and input
concentration of phosphate. Consequently, care must be exercised in extrapolating the
results to other field sites. The last column in Table 4.6.5 contains an estimate of the
phosphate travel distance in 100 years, hence this distance is also an estimate of the length
of a lOa-year buffer zone. Each study has calculated travel times and travel distances
using slightly different methods (see Appendix A). Despite the broad range of conditions
presented in the Table, a generally consistent view emerges that a lOa-year buffer zone
for phosphate should be a minimum of 20 m in length.

Petroleum products

The results reported by Thierren et al. [l992a, b] have important implications for
groundwater buffer zones near wetlands. The persistence and transport of toxic
compounds such as benzene in groundwater is such that its transport from a leaking
underground storage tank within the groundwater capture zone of a wetland presents
genuine concerns. The results of Thierren et al. [l992b] have been used to provide a
preliminary estimate of the likely travel distances of these compounds in groundwater.

Thiemn et al. [l992b] show that naphthalene is the most strongly retarded with a

retardation factor R = Vgroundwater /Vorganic = 1.32. Retardation factors for benzene,
toluene and p-xylene were 1.02, 1.04 and 1.12 respectively. The implications of this
work are clear in relation to the importance of preventing the siting of underground
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storage tanks within the groundwater capture zones of shallow lakes and wetlands. If
locating underground storage tanks within lake groundwater capture zones is
unavoidable, then great care is required to ensure that leakage does not occur.

The above estimates may be used to establish operational guidelines for wetland buffer
zones. Travel distance estimates for the BTEX compounds are shown in Table 4.6.6.

The estimates were made for each compound by considering the retardation coefficients,
degradation half life and whether oxic or anoxic conditions prevail. The latter factor
affects the half life for degradation. Retardation coefficients are as reported in Thierren et
al. [1992b], based on a groundwater flow rate of 140 my-I. The travel distance was then
calculated as the product Vgroundwater/Vorganic X 5t1(2 X VgroundwaterR. The factor 5t1(2

allows the compound to degrade to 3% of its initial concentration. Thus the travel
distances shown in Table 4.2.18 represent distances over which, at the given

groundwater flow velocity, the compound of interest would degrade to 3% of its initial
concentration. As expected from the above discussion, benzene has the greatest travel
distance of 750 m under anoxic degradation conditions.

Again it should be emphasised that the data compiled in Table 4.6.6 are drawn from a
source that may not neccessarily be applicable to wetland buffer zones. The intention is
to provide operational guidelines for consideration of buffer zone geometry using the best
available and locally relevant data on the transport of BTEX compounds. Care must be
exercised in extrapolating the results to other field sites.

Pesticides

The potential for pollution of groundwater by pesticides within the capture zone of

wetlands of the Swan Coastal Plain has not been studied previously. The close proximity
of many market garden areas to wetlands, and the widespread use of pesticides in
horticulture warrants consideration of the likelihood of pesticides being transported into
wetlands by groundwater flow.

The most comprehensive documentation on pesticide migration in Western Australian
soils is that given by Singh [1989]. Table 4.6.7 is taken from Singh [1989] and
summarises his model calculations in the form of residual concentrations of the pesticide
reaching a depth of 3m in a profile of Bassendean sand, with a recharge rate of 1 my-I.
The Table includes degradation rates and the time taken to reach the depth. The column
headings in Table 4.6.7 are as follows: Koc, the the sorption coefficient normalised to the
organic carbon content of the soil; t1(2, the degradation half life; the fraction of applied
mass reaching the specified 3 m depth; tH, the time taken to reach the specified 3 m depth;
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the mass of active ingredient (ai.) applied; and the concentration of pesticide in a 1 cm
layer at 3 m depth.

Table 4.6.7 shows that the concentrations reaching the specified depth depend both on
sorption and degradation. Because of its lower sorption and degradation rates, simazine
reaches the highest concentrations at 3 m depth in the shortest period of time. Even
though diquat is the most strongly adsorbed pesticide of those considered, its long
degradation half life means its concentration can reach high levels, but long periods of
time are required. For practical considerations, diquat can be considered to be
irreversibly adsorbed to the soil but its persistence means a significant proportion of the
applied diquat can reach the water table. At a recharge rate of of Imy-l and with
decreasing organic matter content with depth up to 63% of the applied diquat would reach
the water table, however this would take of the order of 80 years occur. For simazine
this percentage is 43% in only one year. For fenamiphos and linuron the percentage is
less than 5% in about 3 years. Thus simazine is identified as the most mobile pesticide
and is therefore the primary one whose transport characteristics should be considered in
designing buffer zone dimensions.

Summary

Probably the most valuable contribution this Report can make to the debate on
groundwater buffer zones for lakes, and in some ways the most operationally
troublesome, is the recognition of and definition of the geometry of groundwater capture
zones for shallow lakes and wetlands. From a management point of view, the
recognition that groundwater capture zones for wetlands extend to the top of the local
groundwater mounds, and thus may be up to 15 km in lenght, presents considerable
challenges for management of landuse over these areas. In our study of the Pinjar-
Nowergup transect, we have also shown the connection between lakes over distances of
many kilometres, in the sense that the groundwater release zone for one lake can merge
with and become part of the capture zone for another lake in the downgradient direction.

In addition to reviewing the transport characteristics of nitrate and phosphate in
groundwater on the Swan Coastal Plain in the context of recommending operational
guidelines for the length of buffer zones for the protection of water quality in wetlands,
we have contributed to the body of technical data on the transport characterisitics of these
substances. To complete consideration of possible chemical contaminants in wetlands,
we have reviewed the transport characteristics of BTEX compounds and pesticides. As
far as possible, a quantitative or semi-quantitative analysis has been given to enable
operational estimates to be made of the physical lengths of groundwater buffer zones.
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We conclude that to establish a groundwater buffer zone that would protect a wetland for
100 years, the length scales for different potential contaminants would range from a few
metres to distances in excess of 2000 m, and this is dependent upon the contaminant
species under consideration. The review identifies the mobile, and under certain
conditions persistent, species of nitrate and benzene as the most likely contaminants to be
transported by groundwater into wetlands. Observations in the field on the high mobility
of benzene species is supported by laboratory experiments. Laboratory studies on nitrate
mobility and conditions under which denitrification occurs are lacking and should be the
subject of further investigation.

A global set of operational guidelines for determining buffer zone lengths cannot be
proposed because of the variable nature of the contaminants involved and the broad range
of factors that affect their transport. A list of the factors that affect the migration of a
particular contaminant include: soil type and aquifer lithology, rate of recharge and
groundwater flow, sorption characteristics, redox status of the groundwater, organic
matter content and spatial distribution, and the biodegradation rate.
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Lake
Length Aquifer Actual Predicted Observed Implied Implied

2a thickness B 2alB b_ b_ 2a1B* KxlKz- -
(m) (ni) B B

Nowergup Lake 500 50 10 1 0.6 1.5 45

Mariginiup Lake 800 55 14.5 1 < 0.5 < 1.2 >140

Jandabup Lake 1600 55 29 1 > 0.95 >4 < 50

Thomsons Lake 1600 40 40 1 > 0.95 >4 <100

Table 4.6.1 Comparison of predicted and observed release zone depths

P(la)IU+B

Lake Length 2a Distance to top
(m) of mound S Actual Slla RIP = 0.15 RIP = 0.30

(m)

Nowergup Lake 500 17100 34.2 0.19 0.10

Mariginiup Lake 800 12800 16 0.42 0.21

Jandabup Lake 1600 12500 7.8 0.85 0.43

Thomsons Lake 1600 6000 3.8 1.75 0.88

Table 4.6.2 Estimation of P(la)IU+B



Chloride Deuterium

Bore Capture Zone Release Zone Capture Zone Release Zone (lOOO+/)L)/
Identity CI+ CIL CIL/CI+ /)+ /)L (1000+/)+)

Nowergup Lake
A 13/89 62 - - -16.8 - -
A 14/89 85 - - -16.1 - -
A 22/89 73.5 - - -17.1 - -
A 23/89 217 - - -6.6 - -
B 15/89 183 - - -10.6 - -
B 16/89 82 - - -15.6 - -
B 17/89 217 - - -8.4 - -
C 18/89 53.5 - - -19.7 - -
C 19/89 56.5 - - -22.5 - -
C 20/89 211 - - -9.3 - -
C 21/89 201 - - -8.5 - -
JP 17 217 - - -7.5 - -
S 6/89 - 532 - - 1 -
T 5/89 - 538 - - 9.6 -
T 39/89 - 573 - - 19.9 -
U 2/89 - 612 - - 9.5 -
V 3/89 - 440 - - 18.2 -
W24/89 - 428 - - 13.5 -
X 25/89 - 427 - - 19.4 -
Y 27/89 - 443 - - 5.7 -
Multiport
Black - 394 - - 7.3 -
Red - 436 - - 12.4 -
Yellow - 577 - - 18 -

Average: 131 491 3.75 -13.7 12.2 1.026
S.D 69 73 - 5 5.9 -
Mariginiup Lake
MTlA 128 - - -3.9 - -
MTlB 110 - - -4.9 - -
MTlC 28.1 - - -16 - -
MS7 - 697 - - 7.2 -
Average: 89 697 7.86 -8.3 7.2 1.016
S.D 43 - - 5.5 - -
Jandabup Lake
m7 66.7 - - -18.1 - -
m9A 71.8 - - -17.9 - -
m9B 50 - - -23.5 - -
m9C 63.8 - - -20.1 - -
m12B 108 - - -11.3 - -
m12C 122 - - -11.2 - -
m8A - 287 - - 21.5 -
m8B - 222 - - 23.2 -
m11A - 209 - - 24.2 -
m11B - 271 - - 3 -
m15B - 294 - - 22.4 -
m15C - 266 - - 17.3 -
Average: 72 258 3.58 -18.2 18.6 1.037
S.D 19 32 - 4 7.3 -
Tbomsons Lake
TM8A 58 - - -17.9 - -
TM8B 100 - - -18.1 - -
TM8C 403 - - -16.6 - -
TM16A 62.2 - - -19.1 - -
TM16B 136 - - -16.8 - -
TM16C 293 - - -10.2 - -
TM7A - 848 - - 2 -
TM7B - 734 - - 9.6 -
TM9C - 1738 - - 5.6 -
TM14A - 813 - - -0.1 -
TM14B - 876 - - 0 -
Average: 175 1002 5.71 -16.4 3.4 1.020
S.D 129 371 - 2.9 3.7 -
Table 4.6.3 Chloride and deuterium enrichment ratios in groundwater capture and release zones of

four Swan Coastal Plain lakes



Sat.! Unsat./Sat. Travel Recharge rate lOO-yr Travel
Source Method Soil Type Unsat. Distance Travel Time (mm/yr) Distance (m)

(m) .

Sharma et al. [1991] Field lysimeter Bassendean Unsat. 1.5 32 days 1570 1700
Sand

Townley et al. Field cores Karrakatta Un sat. >10 10 years N/A > 100
[this Report] Sand

and

Groundwater Karrakatta Sat. > 50-100 10 years N/A > 1000-2000
observations Sand

Table 4.6.4 Transport characteristics of nitrate in relation to wetland buffer zones



Source Method Soil Type SaLt Vnsat. Travel Travel Time Groundwater Input Conc. IOO-yr
Vnsat. Distance (m) (yr) flow/recharge (mg/L) Travel

(mm/vr) Distance (m)

Sharma et aI. Field lysimeter Loam Unsat. 1 140 500 5 0.7
[1991]

& Spearwood Un sat. 1 20 500 5 5
Sand

transport model Bassendean Unsat. 1 7 500 5 14
Sand

Gerritse [1993a] Column Top Unsat. 3.5 300-800 1000 12 0.4 - 1.2
adsorption Soil

Subsoil Unsat. 10 300-2000 730 10 0.5 - 3.0

Gerritse [1993b] Adsorption Calcareous Unsat. 3 10 3650 10 -15 14.6
experiments Sand

Townley et aI. Field cores Karrakatta Sand Unsat. 1 5 - 10 20[this Report]
Adsorption Karrakatta Sand Unsat. 1 9-99 100 5 2
experiments 6.1 - 53 100 10 5

Table 4.6.5 Transport characteristics of phosphate in relation to wetland buffer zones



Benzene Toluene P-Xylene Napthalene

vgroundwaterfvorganic 1.02 1.04 1.12 1.32
tl/2 oxic degradation (days) 80-160 10-20 20-280 20
Travel distance (metres) 140-300 10-30 30-480 30
tl/2 anoxic degradation (days) 400 70-140 150-300 20-40
Travel distance (metres) 750 140-260 260-510 30-60

Source of basic data:
Soil type:

Thierren et al. [1992 a,b]
Bassendean Sand

Figure 4.6.6 Transport characteristics of BTEX compounds in petroleum in relation to wetland buffer zones



Koc Half life Fraction of Time TH Applied Mass Conc.(i)
(kg/m3) (days) applied mass (years) (kg/ha (a.i.» (mg/L) at 3m

depth
Simazine

0.037 32 4.9 x 10-5 4.5 1.0 2.5 x 10-3
0.037 75 1.4 x 10-2 4.5 1.0 7.0 x 10-1
0.037 75(i) 4.3 x 10-1 1.2 1.0 2.1 x 101

Fenamiphos
0.137 10 8.2 x 10-47 15.1 10.0 4.1 x 10-45
0.137 38 7.4 x 10-13 15.1 10.0 3.7 x 10-11
0.137 67 1.3 x 10-7 15.1 10.0 6.5 x 10-5
0.137 67(i) 3.4 x 10-1 3.5 10.0 1.7 x 101

Linuron
0.210 75 5.5 x 10-10 22.7 2.25 2.7 x 10-8
0.210 75(i) 1.0 x 10-1 3.3 2.25 5.0 x 101

Diquat
4.25 7300 1.3 x 10-2 450 1.0 0.65
4.25 7300(i) 6.3 x 10-1 83 1.0 3.15 x 101

(I) calculated with decreasing organic carbon content
(ii) in 1 cm soil layer with e = 0.2 m3 m-3

Table 4.6.7 Residual concentrations of pesticides reaching a depth of
3 metres in Bassendean Sand with a recharge rate of 1 m yr-1
[from Singh, 1989]
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Figure 4.6.1 Flow-through domain for 2aIB=I, showing contours of b_IB and
cLlc+ when P(2a)IU+B=O.1 above and E(2a)IU+B=O.1 below the
Q=O line, with data from Nowergup Lake superimposed
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Figure 4.6.2 Flow-through domain for 2aIB=I, showing contours of
(1+0L)/(1+o+) when P(2a)IU+B=O.1 above and E(2a)IU+B=O.1
below the Q=O line, with data from Nowergup Lake superimposed
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Figure 4.6.3 Flow-through domain for 2a/B=1, showing contours of b_/B and
CL/C+ when P(2a)/U +B=0.25 above and E(2a)/U+B=0.25 below
the Q=O line, with data from Nowergup Lake superimposed
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Figure 4.6.4 Flow-through domain for 2a/B=1, showing contours of
(l+od/(l+o+) when P(2a)/U+B=0.25 above and E(2a)/U+B=0.25
below the Q=O line, with data from Nowergup Lake superimposed
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Figure 4.6.5 Dividing streamlines for three sets of parameters within the range
indicated by analysis of b_/B, CL/C+ and (l+8d/(1+8+) with
b_/ B=0.6
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Figure 4.6.6 Dividing streamlines for three sets of parameters within the range
indicated by analysis of b_/B, CL/C+ and (l+cd/(l+c+) with

b_/B=O.5



Figure 4.6.7 Flow-through domain for 2a/B=4, showing contours of b_/B and
CL/C+ when P(2a)/U+B=0.1 above and E(2a)/U+B=0.1 below the
Q=O line

Figure 4.6.8 Flow-through domain for 2a/B=4, showing contours of
(1+8L>/(1+8+) when P(2a)/U+B=0.1 above and E(2a)/U+B=0.1
below the Q =0 line



5 . MODELLING

5.1 Introduction

Water management agencies commonly use two-dimensional models in plan, such as the
Golder package [Golder Associates, 1979], AQUIFEM-N [Townley, 1993] or
MODFLOW [McDonald and Harbaugh, 1988], to simulate the behaviour of regional
aquifers [see also Anderson and Woessner, 1992]. These models assume that flow is
essentially horizontal, or equivalently, that aquifers are hydrostatic, with piezometric
heads equal at all elevations. Since lakes invalidate this assumption, by locally inducing
vertical flows, special care is required to account for effect of lakes on regional aquifer
behaviour.

Lakes and wetlands on the Swan Coastal Plain cover a small proportion of the total land
surface area. From a regional perspective, i.e. at a "regional scale", we must view each
lake as a component of a larger system, a "far field" distribution of groundwater levels
and flows (Figure 5.1.1). At the same time, each lake can be studied at a "local scale",
where the distribution of groundwater levels and flows is often described as the "near
field" (Figures 5.1.1 and 5.1.2). The approach taken during this Project has been to
work at both scales: to learn as much as possible at the local scale and then to extrapolate
conclusions from the local scale to the regional scale.

Real physical systems are three-dimensional, have complex geometry, hydrogeology and
distributions of recharge, and exhibit transient flow. At this stage, computer technology
does not allow us to include all such levels of complexity simultaneously. Thus the
approach taken in this Project has been to develop a hierarchy of models which together
allow us to predict how shallow lakes affect regional aquifers. Figure 5.1.3 illustrates the
hierarchy of models, and indicates the purposes for which different models have been
used.

Models can be classified by their number of spatial dimensions, by whether or not the
flow is steady, by the size of the region to which the model is applied, and by the degree
of complexity with which the spatial distribution of recharge is described. Figure 5.1.3
uses all these descriptors and also indicates a direction of increasing complexity through
the hierarchy. Much of our attention has been focused on the simpler and middle levels
of complexity.

The specific modelling objectives of this Project have been (i) to develop a systematic
method of representing lakes in two-dimensional plan models, (ii) to predict the size and
shape of groundwater capture zones, and (iii) to develop an understanding of lake level
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dynamics. This Chapter contains three separate Sections dedicated to addressing these
objectives: Sections 5.5, 5.6 and 5.7, respectively. Before being able to focus on these
questions, however, we have chosen to summarise many other results which have been
obtained during, or prior to, this Project. Sections 5.2, 5.3 and 5.4 therefore summarise
the state of the art in modelling lake-aquifer interaction at a local scale: (i) two-
dimensionally in vertical section, (ii) two-dimensionally in plan, and (iii) in three

dimensions. These models become the tools with which we address our overall
objectives.
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5.2 Two-Dimensional Lake-Aquifer Interaction in Vertical Section

A significant number of researchers have simplified the study of lake-aquifer interaction
by using two-dimensional models in vertical section. Figure 5.2.1 shows our idealisation
of flow through a long "flow-through" lake. In theory, such a representation is only
valid for an infmitely long lake. Three-dimensional results presented below in Section
5.4, however, justify our assertion that this idealisation is likely to be very accurate on the
centreline through lakes that are elongated in the direction perpendicular to the direction of
aquifer flow.

Two-dimensional simulations in vertical section were first carried out in Western
Australia by 00 Gin Hung, as a Final Year Civil Engineering project at The University of
Western Australia in 1985. Nield [1990] presented a systematic analysis of flow in
vertical section as a Master of Science Thesis at The University of Western Australia. His
results have been extended during this Project and will shortly be published in the
literature [Nield and Townley, 1993a, b].

The computational methods used in vertical section are described in detail by Nield and
Townley [1993a]. Software for calculating and displaying flow patterns has been
rewritten, extended, verified and documented with the name "FlowThru" [Townley et al.,
1992]. Many of the results presented here have been obtained using FlowThru, and we
summarise here the assumptions and results obtained by Nield and Townley [1993a],

specifically in the context of flow-through lakes.

In order to simulate flow in vertical section, we assume that the vertical section is
rectangular with geometry shown in Figure 5.2.2. The "length" of the lake (in the
direction of aquifer flow) is assumed to be 2a. The saturated thickness of the aquifer is
assumed to be B. We assume a fixed distance of L = 2B from the edges of the lake to the
upgradient and down gradient boundaries.

Nield and Townley [1993a] demonstrate that neglecting the shape of the phreatic surface
(i.e. assuming a horizontal surface on the domain) is a good approximation. They also
discuss the effect of assuming L = 2B, rather than a longer distance. In the context of
flow-through lakes in a regional aquifer, we believe that using results based on L = 2B is
perfectly adequate.

Figure 5.2.3 shows the assumed boundary conditions. The lake itself is assumed to be
infinitesimally thin at the horizontal upper boundary, with constant piezometric head equal
to zero within the water body. We assume spatially uniform inflow per unit area, U+,
outflow per unit area, U_, and recharge per unit area, R. Flows are positive in the
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directions shown, but in general can be positive, negative or zero. The bottom boundary
is assumed to be a no-flow boundary. If U+, U_ and R are chosen independently, a
water balance for the domain shows that there must be a net inflow to the aquifer through
the lakebed of:

Q = - U~ + UJl- 2RL (5.2.1)

This net inflow has dimensions of flux per unit length in the direction perpendicular to the
cross-section.

The lake boundary can be of two types. Since real lakes often have a lining of silt or mud
with low hydraulic conductivity, we assume in general that the lake acts as a mixed or
3rd-type boundary for the aquifer. We visualise the distribution of hydraulic conductivity
beneath the lake as shown in Figure 5.2.4a. Following an approach described by
Geldner [1981], the resistance to vertical flow due to the low conductivity sediment can
be equivalently represented by an additional layer of material of depth D and the same
vertical conductivity as the aquifer, Kz (Figure 5.2.4b). The appropriate value of D can
be computed using a formula for resistors in series:

from which

o
D+B J dz
Kz = Kzs(x)

-B

o
D = J(K~(Z) -1)dZ

-B

(5.2.2)

(5.2.3)

If there is a sharp discontinuity in conductivities, such that a sediment layer of thickness
Ds with vertical conductivity Kzs overlies an aquifer of thickness B with vertical
conductivity Kz, then:

KZDD""'-K szs

which is typically larger than the actual thickness D s.

(5.2.4)

When D = 0, the water body is in perfect hydraulic connection with the aquifer, and a
specified head condition is prescribed on the bottom of the water body. The head is
arbitrarily set to zero. When D is non-zero, a mixed boundary condition is specified,
whereby the downwards seepage flux into the aquifer, qs(x), is proportional to the
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difference between the piezometric head of the surface water, again set to zero, and the
head in the aquifer, (I>(x,O), Le.:

qs(x,O) = - ~z (I>(x,O) for-a <x<a (5.2.5)

The flow inside the model domain depends on nine independent parameters: a, B, D, L,
Kx, Kz, U+, U_ and R. From dimensional analysis, the solution can be expressed in

terms of seven non-dimensional ratios, thus:

{2a D L !fx U+ U_ RL}
flow geometry = f B' B' B' Kz' Kx' U+' U~ (5.2.6)

With LIB equal to 2 and the effect of UJKx (representing the slope of the phreatic

surface) assumed to be negligible, only five independent dimensionless parameters
remain. For a particular water body length (2a/B), sediment resistance (D/B) and
anisotropy ratio (Kx/Kz), the flow geometry depends on two dimensionless flow
parameters: i.e. the horizontal flux ratio (U.JU +) and the ratio of recharge to horizontal
flux (RLIU +B).

Flow solutions were obtained for a homogeneous isotropic domain, in which the
piezometric head, (1), obeys Laplace's equation:

(5.2.7)

with the boundary conditions described above. A streamfunction, 'If!, defined by Bear

[1979, pp. 165-169; see also Frind and Matanga, 1985]:

dlfl _ -K~l.dlfl _ ~~
dX - dZ' dZ - dX

(5.2.8)

also obeys Laplace's equation in the isotropic domain, with boundary conditions derived
from the solution for (1). As described by Nield and Townley [1993a], any anisotropic
aquifer can be scaled to an equivalent isotropic aquifer with effective isotropic
conductivi ty K =(K xK z)0.5.

All modelling results in vertical section were obtained using AQUIFEM-N [Townley,
1993], a linear triangular finite element model which is capable of computing (I> and lfI

consecutively. Solutions have been stored as unformatted files and are manipulated and
displayed by FlowThru [Townley et al., 1992]. Figure 5.2.5 shows the finite element
grid used for the case of 2a/B = 1. Notice that elements are graded in size and are much
smaller near the edges of the lake where curvature in the distribution of piezometric head
is highest. This grid has 1501 nodes and 2824 elements, a sufficient number to ensure
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smooth contour plots of model results. Similar grids are used for different lake

geometries.

For computational efficiency, the principle of superposition is used to generate solutions
for different flow boundary conditions from a small number of pre-calculated solutions
[Geldner,1981; Marsily, 1986, 143-145]. For any given geometry and sediment
resistance, FlowThru combines three solutions, each with one of the three boundary
fluxes set to unity and the remaining two set to zero. Let flJa and VIa be solutions obtained
with U~ = 1, U...B= 0 and RL = 0; let flJb and Vlb be solutions obtained with
U~ = 0, UJJ = 1 and R = 0; and let flJc and VIc be solutions obtained with
U~ = 0, UJJ = 0 and RL = 1. Solutions to the general problem with U~ = a,
UJJ = f3 and RL = r are then given by

(5.2.9)

(5.2.10)

i.e. as linear combinations of three fundamental solutions (Figure 5.2.6).

Groundwater flow patterns computed using AQUIFEM-N and FlowThru can be
displayed as traditional flow nets (Figure 5.2.7a). But flow patterns beneath lakes in
vertical section are characterised by the occurrence of stagnation points, where the
velocity is zero, and the "squares" in flow nets near stagnation points are often so
distorted that it is difficult to identify directions of flow. Figure 5.2.7a shows as a
dashed line special contours of streamfunction which are known as "dividing
streamlines". The dividing streamlines for this case are redrawn in Figure 5.2.7b.
FlowThru allows the user to choose to view the complete flow net, contours of
equipotential or streamfunction alone, or just dividing streamlines. The dividing
streamlines summarise the whole solution and, with experience, allow the user to
visualise the whole flow net. Figure 5.2.8 shows an example screen from FlowThru,
illustrating the additional display of head distributions along the top and side boundaries
of the domain, and of the seepage distribution along the lakebed. The seepage
distribution can be enlarged and is also printed to an output fIle.

Nield and Townley [1993a] present a systematic study of flow patterns which can occur
beneath lakes of different sizes (different 2a/B), as a function of U.JU+ andRL/U~.
Emphasising only those flow-through regimes with UJU+ > 0 (i.e. those which have
flow in the same direction at both lateral boundaries), since these have most relevance to
the Swan Coastal Plain, Figures 5.2.9 and 5.2.10 show flow regimes with 2alB = 1 and
4, respectively. By studying figures of this kind, including in the range UJU+ > 1, we
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have identified a large number of fundamentally different "flow regimes". These have
been classified as recharge, discharge and flow-through regimes (see Nield and Townley
[1993a] for a complete classification), and Figure 5.2.11 shows those regimes which

occur with UJU + > O.

If R = 0, the most likely flow regime on the Swan Coastal Plain is of type Ff1. When
net recharge is positive, the most likely regime becomes FT2, with an additional dividing
streamline separating water discharging from the lake from water entering as direct
recharge. If net recharge is negative (i.e. if evapotranspiration exceeds infiltration on a
long-term average basis), the most likely regime is of type Ff3. If UJU+ deviates far
from 1, or if RL/U-rB deviates far from 0, many other flow patterns become possible.
Figure 5.2.12 shows what Nield and Townley [1993a] describe as a "transition diagram"
for the case of 2a/B = 1. This Figure shows boundaries between flow regimes as a
function of the two controlling non-dimensional ratios. Table 5.2.1 summarises the
occurrence of the most likely flow patterns. Finally, Figure 5.2.13 presents a transition
diagram for the case of R = 0, based on an analytical result obtained by Aravin and
Numerov [1965, pp.168-172] (see also Geldner and Kaleris [1980]).

From a practical point of view, the more complex flow regimes are distinguished by the
occurrence of stagnation points either at the land surface, in the interior of the domain, on
the bottom of the aquifer, or in some cases by the occurrence of multiple stagnation points
on the lakebed. Figure 5.2.14 shows four ways in which there can be groundwater
mounds near the downgradient boundary of a lake. Those described in Figures 5.2.14a
and 5.2.14b are only likely to occur near very small lakes, perhaps near ephemeral lakes
during periods of heavy infiltration. That shown in Figure 5.2.14c may occur near very
long lakes during heavy recharge. But the flow regime shown in Figure 5.2.14d is
unlikely to occur, unless a lake is extremely long, or equivalently, unless there is a low
conductivity impeding layer at a very small depth below the lakebed.

The most likely situations on the Swan Coastal Plain near Perth are illustrated in Figure
5.2.15. This Figure distinguishes between "short" and "long" lakes, roughly defined as
having 2a/B ~ 1 and 2a/B ~ 4, respectively. With no recharge, flow regimes are flow-
through regimes of type Ffl. It can be seen that the shorter lake has less tendency to
attract water from the bottom of the aquifer. It has a significant depth of underflow
beneath the lake, and has a shallow capture zone. Conversely, the longer lake tends to
have a capture zone almost as deep as the aquifer. With light regional recharge (small
RLiU -rB), stagnation points migrate down gradient from the centre of the lake. Heavy
recharge can result in one of the more complex flow regimes, typically of the types
shown.
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It was mentioned above that all results obtained using AQUIFEM-N and FlowThru can
be applied to anisotropic aquifers. Intuitively, when vertical hydraulic conductivity is less
than the horizontal conductivity, flow is easier in the horizontal direction and is less likely
to deviate upwards or downwards. This has the effect of reducing the degree of
connection between a lake and the underlying aquifer. Anisotropic aquifers should be
"converted" to equivalent isotropic aquifers in order to calculate flow regimes (Figure
5.2.16). The simplest approach is to stretch vertical coordinates by the square root of the
anisotropy ratio (Kx/Kz)O.5 and to consider the equivalent B to be larger than the physical
value of B. This has the effect of decreasing the effective non-dimensional length of the
lake,2a/B. We refer the reader to Table 5.2.2, and to a complete explanation by Nield
and Townley [1993a].

Figure 5.2.17 formally defines the depth of the capture zone, b+, on the upgradient side
of a lake. Using this definition, we can use the ratio b+/B to describe how the geometries
of capture zones vary. Figure 5.2.18 shows how b+/B varies as a function of 2a/B when
R = O. This curve has been obtained using FlowThru, but can also be derived
analytically (see Nield [1990], for his discussion of the solution by Aravin and Numerov
[1965]).

When a lake has a low conductivity lining, and the lake is modelled using D/B *" 0, flow-
through regimes have a stagnation point at the top of the equivalent depth of sediment, D,
rather than at the top of the aquifer (Figure 5.2.19). This means that the dividing
streamline identified by FlowThru touches the bottom of the lake tangentially rather than
at 45°, as in the case of D = O. This tendency is clearly seen in Figure 5.2.20, which
also shows that the depth of the capture zone decreases as D/B increases. Figure 5.2.21
shows how b~B changes as a function of D/B.

Models in vertical section also predict the spatial distribution of seepage along the
lakebed. Whereas the net seepage into the aquifer, Q, is determined by independent
choices of U+, U_ and R, the spatial distribution of qs(x) which integrates to give Q is
part of the solution. Figure 5.2.22 shows how the spatial distribution of seepage varies
as a function of 2a/B when U.JU+ = 1 and R = 0, Le. for a range of flow-through lakes.
It is clear that for a long lake, most of the inflow and outflow occurs very near the edges
of the lake. For a short lake, on the other hand, even though there is a stagnation point in
the middle of the lake, there is significant flow occurring through the lakebed near the
middle of the lake. Figure 5.2.23 illustrates the effect of D/B *" O. The distribution of
seepage also becomes more uniform as D/B increases. A much more extensive analysis
of seepage is presented by Nield [1990] and Townley and Nield [1993b].
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Townley et al. [1988] and Nield and Townley [1993a] also show that every point in the
(U.JU+, RLIU~) domain corresponds to a unique value of QIU~. To see this, we

rearrange Equation 5.2.1 to the form:

(5.2.11)

Equivalently, lines with constant QIU+B are given by

(5.2.12)

i.e. a family of lines with slope 1/2 in the (U -.fU+, RLiU +B) plane. These lines may

be useful for determining the likelihood of occurrence of particular flow regimes when
something is known about the net flux Q from the water body to the aquifer. This
possibility is pursued further in Section 5.7.2.

One final issue when considering two-dimensional flow in a vertical section concerns the
relationship between near field and far field solutions. Throughout this work we have
assumed that U+ and U_ are uniform over the depth of the aquifer, at a distance of L=2B
from a lake. Suppose that a groundwater divide (no-flow boundary) were located only
4B or 6B upgradient from a lake, and suppose that recharge occurred uniformly at rate R.
Under these circumstances, the actual distribution of aquifer flow at L = 2B would not be
uniform with depth, but would be concentrated towards the upper boundary of the
aquifer. Our model of lake-aquifer interaction would then be based on an inappropriate
choice of boundary conditions.

This question has been examined by Barr and Townley [1993], by systematic analysis of
flow in a rectangle. This analysis is similar to those by Raats [1978], who presented an
analytical solution, and by Dillon [1988], whose DIYAST model predicts the movement
of nitrate plumes away from the surface. Let S be the horizontal length of a rectangular
vertical section which extends from an upgradient no-flow boundary to a down gradient
boundary with constant piezometric head. Barr and Townley show that when the non-
dimensional length of the upgradient region, SIB, is 10 or more, aquifer flow is almost
uniform over the depth of the aquifer at the outflow boundary. In such a case, the near
field solution for a lake matches perfectly with the far field, such that the two solutions
are as good as a single regional scale solution. With SIB = 5, as in Figure 5.2.24a, there
is a slight tendency for flow exiting from the rectangle to be concentrated near the surface,
and there is thus a slight mismatch with the assumed uniform flow entering Figure
5.4.24b. Figure 5.2.25 shows how the vertical distribution of flux at the downgradient
boundary of a rectangle varies with SIB. Clearly the distribution is effectively uniform
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for SIB ~ 10, and fortunately this is usually the case. The only potential difficulty is in
highly anisotropic situations, when scaling the physical system to an equivalent isotropic
system may result in a significantly smaller SIB. As an example, if B is 100 m and S is
4000 m for a particular lake, but KxlKz is 100, then the equivalent SIB in an equivalent
isotropic system is 4000/(100* 1001/2) = 4, which suggests that the flux distribution at
L = 2B from the lake may not be uniform over the whole thickness of the aquifer.
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Table 5.2.1 Approximate ranges of parameter values in which the most likely
flow regimes occur.



Model parameter Anisotropic physical Equivalent isotropic Equivalent isotropic

domain domain with domain with

KxlKz = 100 x' = x/lO (i) z' = 10 z (i)
a 250m 25m 250m

B 50m 50m 500m

D 5m 5m 50m

L 1000 m (ii) 100m lO00m

Kx 100 md-1 10 md-1 10 md-1

Kz 1 md-1 10 md-1 10 md-1

U+ 0.01 md-1 0.01 md-1 0.001 md-1

U_ 0.01 md-1 0.01 md-1 0.001 md-1

R 0.0001 md-1 0.001 md-1 0.0001 md-1

2aIB 10 1 1

DIB 0.1 0.1 0.1

LIB 20 (ii) 2 2

KxlKz 100 1 1

U_/U+ 1 1 1

RLIU~ 0.2 0.2 0.2

Notes: (i) The scaling factor [(KxIKz)O.5] = 10 is calculated using the physical values in the
anisotropic domain

(ii) L in the anisotropic domain is chosen such that LIB in the equivalent isotropic
domain is 2

Table 5.2.2 Relationship between anisotropic and equivalent isotropic domains
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Figure 5.2.5 Example finite element grid when 2a/ B = 1



<I>a = 0(a)

1

(b)

1

(c) 1
J; J, <I>c = 0 J

1
J;

(d) y
J; J, <I> =0 J

<I> = a<I>a + P<I>b + l'<I>c
'II = a'¥ a + p'¥b + 1''I'c

y
J; J,

a

e.g. a = 1, P = 1, Y = 1

Figure 5.2.6 Principle of superposition [from Nield and Townley, 1993a]



(a)

(b)

dividing streamline _

Figure 5.2.7 Definition of dividing streamline



FlowThru

Flow regime

Groundwater
D ire ct ion 0 f U+:
U-/U+
RL/U+B
Kx/Kz
Net flow Q/U+B

flow near
--->
1.000
0.200
1.000
-0.400

shallow
2a/B
D/B
[L/B]

water bodies
1.000
0.000
2.000

FT2

[_1 I

1.000

J
0.200

~

f--

-f=:
\+1- --~

J
0.200

1.000
Figure 5.2.8 Example screen from FlowTbru [from Townley et al., 1992]



2 :I I I :I D I :J D
:I I I :1 D I =2 I

1 J: I I :s 0 l 2;;J
:J I I 7;;J F ~

I
= ] I =7 -l-~--- ::K:-'"" 10 - - -'""

-~- r~ ~.
j

-1 C:Z;::;;Z1 L;;?C d L;;?C J
I \T I I 'Q~ I I )2 I

-2 D T I D r I D L IRL
U+B 0 0.5 1

- --- water balance line

Figure 5.2.9 Dividing streamline diagrams showing flow regimes
for 2alB = 1, DIB = O. The water balance line defines
regimes for which the net flux Q from the water body
into the aquifer is zero [after Nield and Townley, 1993a]



0 0

0 I

0 :;z"C
I :;zSl I 7<::::::3

1

2 1 --'

o
P:7s:

:vs:-1

\ \

RL -2 0 _

U+B U_ 0
U+

0 _

0.5 1

- - - - water balance line

Figure 5.2.10 Dividing streamline diagrams showing flow regimes
for 2alB = 4, DIB = 0 [after Nield and Townley, 1993a]



FLOW-THROUGH REGIMES

With no reverse flow regions:

FT1 I • =:7:--- · I

· =::;7::=:. I Fr3 F .~. I

::~. I FT5 ~ .:37:: I

With reverse flow regions:

~d FT9~

~ FTl1r Z~
RECHARGE REGIMES

Partially penetrating:

DISCHARGE REGIMES

Partially penetrating:

)

~z;.
.252

D.
Fully penetrating:

R10 1+. []
Fully penetrating:

I
f

010 •

Figure 5.2.11 Schematic diagrams showing dividing streamlines for recharge,
discharge and flow-through regimes which may occur in regional
flow situations [after Nield and Townley, 1993a]



A2

I
Al

-2.0

AIO

-3.0
0.0 1.0 2.0 4.0 5.0 60

Figure 5.2.12

5

4

3

U IU- +

2

o

Actual flow regimes occurring in each area of the transition
diagram for 2alB = 1 and DIB = 0, when V _IV + > 0

Region where Regime R1 occurs

Region where Regime FT1 occurs

Region where Regime 01 occurs

o 0.2 0.4

2a1B

0.6 0.8

Figure 5.2.13 Transition diagram for flow in vertical section when R = 0



(a)

reverse flow
region

\ possible
stagnation point

(b)

reverse flow
region

stagnation point

(c)

reverse flow
region

stagnation
points

(d) x ..

stagnation
/ points
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5.3 Two-Dimensional Lake-Aquifer Interaction in Plan

FINAL REPORT

Modelling of lake-aquifer systems in plan has not been systematically examined in the
literature. In this section, we summarise the findings of Townley and Davidson [1988],
who studied circular and elliptical lakes in plan in the absence of recharge. We also
summarise new results obtained during this Project.

Figure 5.3.1 shows a conceptualisation of a circular lake which is fully penetrating, i.e.
the lakebed has vertical walls that penetrate from the land surface to the bottom of the
aquifer, so that piezometric head over the surface of the cylinder is equal to the elevation
of the lake surface. Under these circumstances, with appropriate boundary conditions
that also apply uniformly over the whole depth of the aquifer and with no recharge, the
distribution of piezometric head will be the same at all elevations and flow will be two-
dimensional in plan.

Figure 5.3.2 defmes the geometry of the two-dimensional conceptualisation used for
modelling. We now use a as the radius of a circular lake, and Was the half-width of the
domain, between the lake centreline and a no-flow boundary parallel to the direction of
regional aquifer flow. Such a boundary will have no flow across it if (i) there is a
physical impermeable boundary such as a fault, (ii) there is a line of lakes, such that this
boundary is a boundary of symmetry, or (iii) the boundary is "far enough" away from the
lake. Notice that L is defined analogously to Figure 5.2.2 in vertical section, except that
it is defined relative to lake diameter, 2a, rather than aquifer thickness, B.

Boundary conditions for the model in plan are shown in Figure 5.3.3. In the simplest
case, we assign ~ = 0 around the boundary of the lake, flux boundary conditions U~
and UJJ per unit length at the two ends, and recharge R per unit area over all of the
domain except the lake.

The flow inside the model domain depends on seven independent parameters: a,W, L,
T = KB, U~, U_B andR. Dimensional analysis for the problem in plan shows that

the solution depends on five non-dimensional ratios:

{. a L U+ U_ RL}
flow geometry = f w' 2a' K' U+' U~ (5.3.1)

With LI2a equal to 2, only five independent dimensionless parameters remain. The ratio
2aIB does not appear in two-dimensional models in plan because B is not a parameter in
the model except through its association with K. For a particular water body diameter
(alW), the flow geometry therefore depends on two dimensionless flow parameters: the
horizontal flux ratio (U-.lU+) and the ratio of recharge to horizontal flux (RLIU+B). The
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parameter UJK does not affect the flow geometry, but does affect calculated rates of

flow.

The mathematical problem in plan is to solve [Bear, 1979]:

(5.3.2)

with T =KB and boundary conditions as defined above. When R = 0, the piezometric
head satisfies Laplace's equation, and there is therefore also a corresponding
streamfunction. But in general, when R '# 0, there is no strearnfunction. Townley and
Davidson [1988] obtained results when R = 0 using a Green's function method, with
special Green's functions chosen to match boundary conditions exactly as L ~ 00. Data

sets have since been prepared so that the same results can be obtained using
AQUIFEM-N.

Figure 5.3.4 shows an example grid used with AQUlFEM-N to simulate flow in plan.
With a fixed head boundary around the edge of the circular lake, and with uniform KB
and zero R inside the lake, the density of elements inside the lake is not important
Elements inside the lake are only important in later approaches, for example in two-
layered modelling described in Section 5.5. It is, however, important to have relatively
small elements immediately outside the lake boundary, especially near the lateral edges of
the lake, in order to be able to represent subtle changes in slope. The example grid has
relatively few nodes and elements - in general, we use many more. One important
feature of the grid is that there are three nodes outside the lake connected to the node
which acts as a stagnation point in symmetric flow-through situations (Figure 5.3.5a);
other grids, for example that obtained by dividing the quadrilaterals near the potential
stagnation point across the other diagonals, make it impossible to track particles
originating near the stagnation point (Figure 5.3.5b).

Systematic analysis of two-dimensional flow in plan has shown that there are fewer
fundamentally different flow regimes than in vertical section. Figure 5.3.6 shows the
three regimes which we believe can occur. Figure 5.3.6a shows a basic flow-through
regime, with stagnation or dividing points on each side of the lake; a stagnation point
occurs if the lake is represented as a region of constant piezometric head, as presented
here, but in other representations developed in Section 5.5, the flow rate at the dividing
point is not zero. Figure 5.3.6b shows complete capture, similar to a capture zone for a
pumping well in a two-dimensional regional flow, and Figure 5.3.6c shows a lake acting
as a source. The latter two regimes are characterised by a special point known as saddle
point, but the saddle point is only a stagnation point when R = O. These three regimes
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were all recognised and described by Townley and Davidson [1988] in the absence of
recharge. Adding recharge in plan, either positive or negative, does not cause any
fundamental differences to the appearance of possible flow patterns in plan. Figures
5.3.6b and 5.3.6c support the observation that lakes in a regional flow behave similarly
to large diameter wells, the major difference being that lakes have constant head
boundaries whereas wells are generally perceived to have constant flux boundaries.

Although there are only three fundamental appearances in plan, at least in terms of the
directions of groundwater movement at the water table, these three flow patterns conceal a
large number of different flow patterns in the third (vertical) dimension. By examining
Figure 5.2.11, in particular noting the presence or absence of groundwater mounds and
depressions, we see that Figure 5.3.6a could really be equivalent to any of FT1, FT2,
FT3, FT4 or FT5. Figure 5.3.6b could represent any of D1, D2, D3, D4, FT8 or FTlO.
Finally, Figure 5.3.6c could represent any of R1, R2, R3, R4, FT9 or FT11. The
distribution of equipotentials in plan is not sufficient to determine what is happening
below the water table.

From our experience, it is possible to make some generalisations about the appearance of
groundwater flow patterns in plan (Figure 5.3.7). In the absence of recharge, with
uniform regional flow (UJU+ = 1) and with no net inflow or outflow in the lake
(Q = 0), both small and large lakes exhibit flow-through regimes with stagnation or
dividing points located symmetrically across the diameter of the lake. With "light"
recharge, or with U_ slightly smaller than U+, these points migrate around the boundary
of the lake in the downgradient direction and the lake exhibits a net loss of water to the
atmosphere by evaporation. With "heavy" recharge, or with U_much smaller than U+, a
small lake can exhibit complete capture (see Townley and Davidson [1988]).

In the above Figures, groundwater flow patterns have again been illustrated using
dividing flowlines. Because of the source term, R, in equation 5.3.2, a streamfunction
does not exist (except when R is zero), and there is no mathematical equivalent. It is
therefore important in the context of two-dimensional flow in plan to use the term
"flowlines" or "pathlines", because streamlines do not exist. The only way to determine
the path of groundwater in this case is to calculate Darcy fluxes, after first calculating fJ,

and then to track "massless particles" through the domain using a so-called "particle
tracking" algorithm.

In the case of linear triangular [mite element models, it is trivial to calculate velocities at
the centroids of elements (i.e. the x- and y- components of specific discharge, integrated
over the thickness of the aquifer), but such velocities are discontinuous at element
boundaries. Approximate nodal velocities can be computed as an average or areally-
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weighted average of element velocities for all elements which share a node. But because
[mite element models conserve mass globally (over the whole domain) rather than locally
(for each node or element), problems arise near boundaries, particularly curved
boundaries, with or without fluxes across the boundaries. A practical method has
recently been proposed by Bloschl and Blaschke [1992], in which each triangular element
is subdivided into three triangles with an interior "node" at the centroid, so that both
element velocities and nodal velocities are used (Figure 5.3.8). Special care is required
near singularities. Figure 5.3.9a shows Bloschl and Blaschke's [1992] method for
modifying the general rule near wells or other sinks. Figures 5.3.9b, c and d show our

new algorithms for handling saddle points and stagnation points on boundaries.

In Figure 5.3.10, we show pathlines calculated by particle tracking using PLOT, an
ancillary program which accompanies AQUIFEM-N. When R = 0, we can compare the
results with those of Townley and Davidson [1988, Figure 6h]. No general results are
available prior to this Project for the case when R is not zero.

Figure 5.3.11 defines w+, the width of the capture zone upgradient of a lake. The
geometry of the flow pattern can therefore be summarised by the non-dimensional ratio
w+/a. Figure 5.3.12 shows capture zone widths as a function of a/W for the case when
R = O. One set of results is based on the quasi-analytical solution presented by Townley
and Davidson [1988], but was first presented in this form by Townley et al. [1991]. The
second set has been obtained using AQUIFEM-N with a grid of the type shown in Figure
5.3.4, but with 64 nodes around the lake boundary and about 1500 nodes overalL The
agreement between the two solutions is reasonable but not perfect Discrepancies are due
to (i) differences in model assumptions (Townley and Davidson modelled a domain of
finite width 2W, infinitely long in the downgradient direction and with L = 8a on the
upgradient side, whereas the AQUIFEM-N results reported here have L = 4a in both
upgradient and down gradient directions), and (ii) discretisation effects (including the
sensitivity of particle tracking to the size of the elements). The largest discrepancies occur
when a/W ~ 0.1, in which case AQUIFEM-N predicts a slightly narrower capture zone
than Townley and Davidson [1988].
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Figure 5.3.1 Groundwater flow near a circular fully-penetrating flow-through lake
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Figure 5.3.2 Idealised geometry for plan model of a fully-penetrating circular lake
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Figure 5.3.3 Boundary conditions and recharge for plan model of a fully-
penetrating circular lake

Figure 5.3.4 Example grid for two-dimensional plan model
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Figure 5.3.10 Flow lines and capture zone determined by particle tracking,
with a/w = 0.25 and R = 0
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Figure 5.3.11 Flow lines and capture zone determined by particle tracking,
with a/w = 0.25, V _IV + < 0 and R = 0
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5.4 Three-Dimensional Lake-Aquifer Interaction

Figure 5.4.1 shows the idealised geometry that we use to simulate three-dimensional flow
near a shallow circular lake. This geometry is nearly identical to the conceptual "near
field" shown in Figure 5.1.2. Boundary conditions are shown in Figure 5.4.2. There is
a close relationship between the three-dimensional model and both the two-dimensional
idealisations presented above.

Flow inside the three-dimensional model domain depends on nine independent
parameters: a, B, W, L, Kx=Ky, Kz, U+, U_ andR. Dimensional analysis for the three-

dimensional problem shows that the solution depends on seven non-dimensional ratios:

{a 2a L L U+ !fx U_ RL}
flow geometry = f w' 13' B or 2a' Kx' Kz' U+' U~ (5.4.1)

With U+/K known only to have a significant effect on flow rates, six independent
dimensionless parameters remain. For a particular water body diameter (alW) and size
relative to aquifer thickness (2aIB), and for a particular LIB or Ll2a, the flow geometry
depends on two dimensionless flow parameters: the horizontal flux ratio (UJU +) and the
ratio of recharge to horizontal flux (RLIU +B). The anisotropy ratio KxlKz can be taken

into account by scaling to an equivalent isotropic porous medium, as described in Section
5.2. To date we have not been able to account for low conductivity linings in three
dimensions. If this becomes possible at a later date, it will be necessary to add the ratio
DIB to the list of dimensionless parameters, as in Section 5.2.

Notice that L can be defined relative to either B or 2a. With the benefit of hindsight, it is
natural to adopt different definitions depending on 2a/B. A short flow-through lake, with
2aIB":;'I, is likely to see a boundary atL=2B as being a long way away. A long flow-
through lake, with 2aIB» 1, has a capture zone extending all the way to the bottom of the
aquifer, and is likely to seeL=2B as being fairly close. Although capture zone depth for
a long lake will not change significantly between L=B and L=4a, it is possible (based on
two-dimensional modelling in plan in Section 5.3) to imagine that the width of the capture
zone might still be changing as far away as L=4a. For this reason, we choose to adopt
L=B when 2aIB":;'1and L=4a when 2aIB'?1.

The mathematical problem in three dimensions is to solve:

(5.4.2)
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given the boundary conditions defined above. Following initial attempts using FLOSA-
3D [Nawalany, 1986], solutions were obtained using BIGFLOW [Ababou et ai., 1988],

a fmite difference model specially designed for large numbers of nodes. Our approach
has been exactly analogous to that in vertical section. Complete solutions have been
generated by superposition of three solutions with unit values of boundary fluxes U+, U_
and R. Numerical experiments have been carried out for a range of geometries, i.e. for
different values of 2a/B, a/Wand LIB.

In three dimensions, a streamfunction is mathematically defmed [e.g. Bear, 1972,
pp.226-230], but in practice, directions of groundwater movement can only be
determined by particle tracking. During this Project, we have adapted a method described
by Nawalany [1986, 105-108 and Appendix G], which uses trilinear interpolation
between calculated velocities and 4th-order Runge-Kutta integration to calculate travel
paths. As an example, Figure 5.4.3 shows particle tracks generated from a series of
starting points on the boundary of a three-dimensional region surrounding a circular lake.
This Figure has been prepared using a program called Stream [Trefry, 1992], which can
track particles forwards or backwards along flow lines and is able to determine when
flowlines intersect a lake.

Although three-dimensional images are useful, it is instructive to focus attention on
flowlines on the plane of symmetry through the middle of the lake and parallel to the
direction of average flow. By careful numerical experiments, we have been able to
demonstrate that all the flow regimes shown in Figure 5.2.11 in vertical section also
occur in three dimensions, i.e. that the same patterns can be seen on the plane of
symmetry. (The same can be said for other flow regimes described by Nield and
Townley [1993a] which are not shown in Figure 5.2.11.) Figures 5.4.4 and 5.4.5
show flowlines on the plane of symmetry as a function of U.JU+ and RL/U~ when
2a/B = 1 and 4, respectively.

Figure 5.4.3 allows some feeling for the three-dimensional nature of the flow pattern, but
is not as useful as a family of dividing flowlines which together define a dividing surface.
A dividing surface in three dimensions separates water which interacts with the lake from
water which does not, just like dividing streamlines in a two-dimensional vertical section
and dividing flowlines in plan. Figure 5.4.6 shows a family of dividing flowlines for the
same case as is illustrated in Figure 5.4.3.

In some circumstances, families of dividing flowlines can be difficult to visualise, so we
have also developed procedures for tessellating the dividing surface, i.e. using the
dividing flowlines to define a set of contiguous triangular facets which together form a
surface in three-dimensional space. Facets are defined by an ordered set of three vertices,
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the order defining the visible side of the triangle, while the other side is transparent. To
allow complex surfaces to be viewed with different lighting, every triangle is defmed
twice so that each side has a different colour and different reflective properties. Figure
5.4.7 shows a grey-scale version of a rendered image containing the dividing surface
shown in Figure 5.4.6. Such images (and their full-colour equivalents) can be routinely
produced for a variety of three-dimensional flow regimes, further examples being shown

in Figures 5.4.8 and 5.4.9.

In order to characterise the shape and size of three-dimensional capture zones, it is useful
to use both b+ and w+, as previously defined. These variables are particularly useful
when R = 0, because when R '# 0, capture zones and release zones may be more complex
in shape (see for example Figure 5.4.8, which shows a depressed release zone in a
regime of type FT2). Three-dimensional capture zone geometry for flow-through lakes is
summarised in a series of five Figures. Figures 5.4.10 and 5.4.11 show b+/B and w+/a

as a function of 2a/B for a range of values of a/W. Figures 5.4.12 and 5.4.13 show b+/B

and w~a as a function of a/W for a range of values of 2a/B. These results can also be
presented as contours over a two-dimensional range of 201B and a/W (see, for example,
Figure 5.4.14, which shows variation in b+/B).

The results show the surprising result that over a wide range of 201B and a/W, the
maximum depth of a three-dimensional capture zone (for the case of U.JU+ = 1 and
R = 0) along the line of symmetry through the middle of the circular water body is
almost identical to the result obtained in a two-dimensional vertical section (see Figures
5.2.18 and 5.4.10). Furthermore, the width of the capture zone, w~a, varies between 1
and 2, and as 2a/B increases, it asymptotically approaches values obtained from two-

dimensional analysis in plan (see Figures 5.3.12 and 5.4.11). There is thus a beautiful
consistency between all the results we have obtained two-dimensionally in vertical
section, two-dimensionally in plan, and in three dimensions.

The fact that some curves in Figures 5.4.10 to 5.4.14 are not perfectly smooth is due to
the difficulty in achieving sufficient resolution in three-dimensional modelling. These
results were obtained using only 11 nodes across the diameter of the water body (Figure
5.4.15), but such grids still have hundreds of thousands of nodes, especially for small
a/W. There is thus some difficulty using particle tracking to identify the shape of a
capture zone when the result depends critically on distinguishing between pathlines which
just meet or just pass the water body.

As part of any three-dimensional analysis, it is possible to determine the spatial
distribution of seepage fluxes across the bottom of a lake. Figure 5.4.16 shows an
example for a flow-through lake. The image is shaded with different colours indicating
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the intensity of flow. The highest seepage rates are found on the centreline of the lake
near the upgradient and downgradient shores. It is clear that the resolution of the
simulation limits our ability to determine a smooth and accurate distribution.
Nevertheless, the Figure gives an indication that the three-dimensional modelling results

are intuitively correct.

The agreement between b~B on the centreline of a three-dimensional flow system and
b~B in a two-dimensional vertical section deserves further discussion. The agreement is
so good in Figure 5.4.10 that we might be tempted to believe that the solutions should be
identical. But in fact there are differences which can be explained. Three-dimensional
solutions in an isotropic domain are obtained using Laplace's equation with three second
derivative terms (Equation 5.4.2, with all conductivities equal) whereas solutions in
vertical section are obtained with Laplace's equation with only two second derivatives
(Equation 5.2.7). The difference between the two equations is the second derivative of f/J

with respect to y, the direction perpendicular to average groundwater flow in our
coordinate system. The central plane in our three-dimensional solutions (at y = 0) is a
plane of symmetry, thus we can argue that af/J/ay = 0 aty = O. This is equivalent to
arguing that there is no flow across the plane of symmetry. However on either side of the
plane of symmetry, there are (small) non-zero fluxes in the y-direction, equal in
magnitude but opposite in direction. As a result, it is not possible to claim that
a2f/J/ay2= 0 at y = O.

The near equality of results must therefore be an indication that a2f/J/ay2 must be very

nearly zero on the plane of symmetry, or at least almost negligible relative to the
remaining two terms. Figure 5.4.10 does not shown near equality for all flow regimes,
only for simple flow-through regimes. Such regimes have large stagnation zones under
the water bodies, especially for large 2a/B, thus it is easy to imagine how a2f/J/ay2 might

be small beneath the water bodies. Because of the boundary conditions at each end of the
domain, we would also expect small a2f/J/ay2 on the plane of symmetry towards each end

of the domain. Thus deviations can only occur as we approach the boundary of a lake,
i.e. as flowlines deviate towards or away from the lake. Components of flow in the y-
direction will be largest near the lake boundary at a distance a from the plane of
symmetry. Because a circular lake intersects the plane of symmetry at right angles, large
lakes with large radius of curvature can be expected to induce little flow in the y-direction
adjacent to the plane of symmetry. All of these observations imply that a2f/J/ay2 must be

negligibly small on the plane of symmetry of three-dimensional flow-through regimes,
thus explaining why agreement with the two-dimensional result is so good.
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Figure 5.4.1 Idealised geometry for model of three-dimensional flow near a
shallow circular lake

R

Figure 5.4.2 Boundary conditions for three-dimensional model near a shallow
circular lake



Figure 5.4.3 Particle tracks or flow lines near a flow-through lake
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Figure 5.4.4 Array of flow patterns on the plume of symmetry in a three-
dimensional flow field with laiR = 1



Figure 5.4.5 Array of flow patterns on the plume of symmetry in a three-
dimensional flow field with 2a/B = 4



Figure 5.4.6 Dividing flowlines which together describe a dividing surface

Figure 5.4.7 Rendered image of three-dimensional dividing surfaces for a
flow-through regime of type FTI



Figure 5.4.8 Rendered image of three-dimensional dividing surfaces for a
flow-through regime of type FT2

Figure 5.4.9 Rendered image of three-dimensional dividing surface for a
discharge regime of type D3
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Figure 5.4.16 Spatial distribution of bottom seepage for a circular flow-
through lake
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5.5 Approximate Representations of Lakes in Plan Models

An important objective of this Project has been to develop a sound theoretical basis for the
use of two-dimensional plan models for large regions containing shallow lakes. During
the Perth Urban Water Balance Study [Cargeeg et al., 1987], a regional-scale model was
developed which did not attempt to model the behaviour of individual lakes and wetlands.
The fmite element grid used in that study was created by dividing approximately 2 krn

squares into two triangles, thus nearly all lakes in the modelled region are smaller than a
single finite element. Concurrent modelling studies of smaller regions [Metropolitan
Water Authority, 1985a, b] used much finer grids, and introduced a concept of two-
layered modelling to simulate lakes as high conductivity conduits, connected to the
regional aquifer by a layer with finite resistance. The resistance of this layer was
determined by calibration, but questions remain as to the theoretical justification of the
approach.

The concept of using a simplification of this type is not new. Numerous authors describe
methods of incorporating the effects of vertical flows observed in vertical section in one-
dimensional models. In the original User's Manual for AQUIFEM-l, for example,
Townley and Wilson [1980, pp.68-71, 79-80] summarise a number of ways of using
3rd-Type boundary conditions to represent partially penetrating water bodies or flowing
wells which induce vertical flows. These methods are based on the work of Herbert
[1970], Aravin and Numerov [1965] and Scherer [1973] (for partially penetrating streams

acting as recharge or discharge water bodies) and of Muskat [1946, pp.258-286] and
Lass and Scherer [1973] (for partially penetrating flowing wells). Luckner et al. [1969]

,report a similar kind of approach with application to a range of types of surface water
bodies, but their work is less complete. Most recently, Sacks et al. [1992] have
described a modelling approach that is very similar to that used by the Water Authority,
and have applied it to lakes in the south of Spain. However, we have been unable to fmd
any attempts in the literature to incorporate three-dimensional effects in a two-dimensional
model, i.e. for large water bodies which can not be approximated as linear features in a
plan model.

Nield [1990, Ch.6] describes two possible approaches for representing flow-through
lakes in one-dimensional aquifer flow models. That is, having studied flow patterns in
two dimensions in vertical section, he sought a simplification that would work in one-
dimensional depth-averaged models, often described (e.g. by Bear [1979]) as the
"hydraulic" approach. Nield's first approach involved representing a lake as a region of
enhanced transmissivity. The second approach used a two-layered model in one
dimension, i.e. one layer to represent the physical aquifer, and a second layer above to

254



FINAL DRAFT dated Friday, 26 February 1993 FINAL REPORT

represent the lake. The latter approach is a lower-dimensional version of the approach
used by the Water Authority. The purpose of Section 5.5 is to provide support for the
Water Authority's approach, as well as guidance in its application.

There are several issues which should be discussed at this stage. First, in Figure 5.5.1,
we illustrate the two concepts described above. The concepts are shown both for Nield's
one-dimensional approaches as approximations to two-dimensional sections (the top half
of the Figure), and for two-dimensional approaches as approximations to three-
dimensional solutions (the bottom half of the Figure). Second, we point out that in
developing an approximate solution, it is important to define the criterion by which the
best approximate solution is chosen. A two-dimensional solution in vertical section
allows us to see a capture zone thickness, but a one-dimensional approximation does not,
so it is not possible to use capture zone thickness to match these solutions. Nield
therefore chose to match solutions using the head loss from one end of a lake to the other,
in a sense ensuring that the parameters of the one-dimensional model cause an effective
resistance in the region of the lake equivalant to the real resistance in two dimensions.
When approximating a three-dimensional flow pattern by a two-dimensional model, it
becomes feasible, however, to use the width of the capture zone as a criterion for
matching solutions. This is equivalent to matching the resistances, but does not require
explicit calculation of depth-averaged heads in the three-dimensional model. This is the
approach adopted here.

In both types of approximations, only one model parameter is used to match the different
solutions. All other model parameters are held constant at appropriate values. If more
than one parameter were allowed to vary, we could either continue to match as described
above, in which case there would probably be numerous combinations of parameters
which give the same degree of fit, or it might be possible to have a more complex
matching criterion. For example, in the case of matching a two-dimensional model to a
three-dimensional model, we could perhaps match both head loss and capture zone width
by varying two or more model parameters in the two-dimensional model. With a large
transmissivity approximation (see Figure 5.5.1), the value of T* used within the lake
could be heterogeneous, with two or more zones. Matching the head loss between two
points on the lake boundary does not ensure that all heads around the boundary are also
correct. There is an infinite number of possibilities, but the methods described here are
the simplest possible methods of matching the solutions.

Qualitatively, we can see some differences between the two methods of approximations,
even without doing any calculations. When T* is constant within a two-dimensional
lake, and larger than the regional value of T,flow is attracted towards and throught the
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lake, and a head drop occurs from one side of the lake to the other. Net recharge (the
excess of rainfall over evaporation) inside the area of the lake is spatially constant, an
assumption which we make in both kinds of approximation. There is no way of seeing
any spatial distribution of seepage between the lake and the aquifer, because the model
does not include any such flow. The two-layered approach, on the other hand, explicitly
includes leakage. Such a model can produce an illustration of the spatial distribution of
seepage, which could also be compared with the "true" three-dimensional result. But
unless the models are matched with more than one parameter, it is not possible to match
both the capture zone width and the seepage distribution simultaneously. We have
chosen to match the former.

Both of the approaches to be described below require (i) existing three-dimensional
results, such as those presented in Figures 5.4.11 and 5.4.13, and (ii) a particular two-
dimensional model capable of simulating one or two layers, such as AQUIFEM-N
[Townley, 1993]. The choice of two-dimensional model is not critical, but the user does
need to be intimately familiar with how the model uses aquifer property model parameters
during the calculations. This is necessary to ensure that the model uses parameter values
exactly as the user intends them to be used

To be specific, consider the way AQUIFEM-N uses model parameters. Aquifer
properties can be provided to AQUIFEM-N either as nodal values or as element values.
Regardless of which set is provided, AQUIFEM-N then calculates the other set of values.
Element values are calculated from nodal values by a straight arithmetic average, i.e. as
the sum of three nodal values divided by 3. Nodal values are calculated from element
values as a weighted average according to the areas of the surrounding elements, i.e. each
element parameter is multiplied by the element area, and the sum of such products is
divided by the sum of the areas. Both procedures result in a kind of smoothing, so if it is
desired to keep a sharp boundary between two regions, such as between the lake region
and the outside, then special care is required to avoid the smoothing.

Special procedures for providing model parameters are discussed below as they are
needed. Figure 5.5.2, however, provides a summary of the possible approaches. For
completeness, we include the case where a lake is modelled with a constant head
boundary, as used earlier in Section 5.3.
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5.5.1 Using large transmissivities to represent lakes in plan

Matching a one-layered lD model to a 2D vertical section model

FINAL REPORT

By way of introduction, consider the use of large transmissivities in one-dimensional
models. Nield [1990] showed that an enhanced T* can be used in a one-dimensional
model to reproduce the change in depth-averaged piezometric head across a lake in a two-
dimensional vertical section. He proved that in order to match the head loss across a lake
when U_/U+ = 1 and R = 0, we require:

where

T*/T = lIJl (5.5.1)

(5.5.2)

is the non-dimensional change in depth-averaged head. Note that Jl is always between 0

and 1 in a flow-through situation, because it represents the gradient of depth-averaged
head across the lake divided by the gradient at the left boundary. Thus T* is always
greater than T. Figure 5.5.3 shows Equation 5.5.1, in the form of Jl plotted against

T*/T. Analysis of many two-dimensional simulations in vertical section [Nield, 1990]
gives a relationship between the depth-averaged head loss Jl and parameters 2a/B andD/B

of the two-dimensional model (which have no meaning in the one-dimensional model).
Results have been obtained with UJU+ = 1 and R = 0, and are shown in Figure
5.5.4. By choosing points from curves in Figures 5.5.3 and 5.5.4 with the same values
of Jl, we obtain the desired relationship between the one-dimensional model parameter

T*/T and the two-dimensional model parameters 2a/B andD/B (Figure 5.5.5). We see
that T*/T is as high as 20 for 2a/B = 16 and D/B = O. For purposes of clarity, Figure
5.5.6 pictorially represents the process of matching solutions to achieve equivalent
parameters in the lower-dimensional model.

Matching a one-layered 2D plan model to a 3D model

This approach can also be used in a two-dimensional plan model, and was attempted in
two [mal year Civil Engineering projects at The University of Western Australia by
Hughes [1986] and Bruce [1987]. In these reports, T*/Twas of the order of 100000,
thus the modelled head drop across lakes was very small. In this section we aim to
provide a theoretical basis for the choice of T*/T in two-dimensional models.
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Before proceeding, we refer again to Figure 5.5.2 and to the need for special care in
defining aquifer property model parameters in AQUIFEM-N. It is important in this large
transmissivity approach that a sharp distinction should exist between transmissivities of
finite elements on either side of the lake boundary. If this approach is used in transient
simulations, there should also be a sharp contrast in storage coefficient S. AQUIFEM-N
uses element values of T to build the transmissive matrix and nodal values of S to build
the storage matrix. Thus model parameters should be given by elements in this approach,
and AQUIFEM-N's conversion from element to nodal values by weighted averaging will
give exactly the right nodal values for S. If model parameters were given by nodes, it
would not be possible to choose nodal values on the lake boundary which would then
allow the correct element values to be obtained by averaging on either side of the
boundary.

To give some confidence in the ability of particle tracking to give the correct results,
Figure 5.5.7 shows capture zone widths obtained using AQUIFEM-N with a fixed head
boundary around the lake. These agree well with the approach of Townley and Davidson
[1988], with some slight loss of accuracy for small a/W. At this stage, we are unable to
explain why there is any discrepancy for small lakes, except that such lakes and their
capture and release zones are represented by fewer [mite elements than lakes with large
a/W. A smaller number of elements implies less accuracy in the finite element solution
itself, and possibly also in the particle tracking calculations. All our results were obtained
using a large value of transmissivity inside the lake, but because of the fixed head
boundary, any value of lake transmissivity would give the same results.

Figure 5.5.8 compares the large transmissivity approach in steady state with the use of a

fixed head boundary. The latter is useful here for comparison purposes, but can not be
used in the interior of a large region (e.g. as part of a regional model containing many
lakes) where the lake elevation is not known a priori. As shown in Figure 5.5.2,
piezometric head in the large transmissivity approach is specified at only one node in the
centre of the lake. The purpose of doing so is to provide a datum for the whole solution,
but it is necessary to specify net recharge RL inside the lake, as well as U+, U_ and R, in
order to ensure that the fixed head node does not act as a source or sink. The value of RL
must be chosen carefully to ensure a water balance over the whole domain. The large
transmissivity approach agrees well with the earlier AQUIFEM-N results, as expected.
Again there is some discrepancy for very small lakes, possibly due to discretisation and
the sensitivity of particle tracking to element sizes and orientations.

The effect of enhanced conductivity for circular inclusions in two dimensions has been
studied analytically by Wheatcraft and Winterberg [1985], in an infinite domain. Similar
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results are also presented by Strack and Haitjema [1981]. Toth [1962] studied the effects
of elliptical inclusions in three dimensions, and Toth and Rakhit [1988] studied elliptical
inclusions in two dimensions, but both of these papers present results in a form which is
not very useful for studies of lake-aquifer interaction. Wheatcraft and Winterberg show
that the capture zone width can be calculated explicitly as:

-=fa2 -
w+ _ T

a - ( T*)1+ -T
(5.5.3)

(their Equation 42). Thus as T*/T ~ 00, the capture zone width approaches 2. Figures

5.5.7 and 5.5.8 are consistent with this result, in that the theoretical result is obtained in
an infinite domain, which corresponds in our numerical solutions to a/W ~ O.

Now that we have shown that a very large T* is equivalent to a range of earlier results,
we can consider the effect of smaller T*/T (Figure 5.5.9). As T*/T ~ 1, the capture

zone width approaches the width of the lake, as expected. Keeping in mind the fact that
the criterion for equivalence is the width of capture zone, we present the same results with
w+/a plotted as a function of T*/T, and with different curves for different a/W (Figure
5.5.10). This Figure is equivalent to and plays the role of the analytical solution used
earlier (Equation 5.5.1 and Figure 5.5.3). Figure 5.5.10 also emphasises the asymptotic
behaviour of w~a as T*/T increases. Once T*/T is larger than about 100, the effect on
w~a is small. Wheatcraft and Winterberg's [1985] analytical solution is also plotted in
Figure 5.5.10, as the case marked a/W ~ 0, above the solution for a/W=O.05. The

curves for a/W:;:: 0.1 and 0.05 plot almost on top of each other, a direct result of the
flattening out of the curves as a/W ~ 0 in Figure 5.5.9. This appears to be due to a lack

of resolution in our calculations for lakes with small a/W. Better resolution would
produce CUNeswhich continue to rise in Figure 5.5.9 and curves closer to the analytical
solution for a/W ~ 0 in Figure 5.5.10.

In order to find effective values of T*/T for use in a regional-scale two-dimensional plan
model, we now "calibrate" these two-dimensional results for a single circular lake against
three-dimensional results presented earlier. One CUNein Figure 5.4.11 gives results of
three-dimensional simulations with a/W:;::0.2, and a range of 2a/B. Figure 5.5.11
shows one CUNefrom Figure 5.5.10 with a/W:;:: 0.2, and horizontal lines at the values of
w+/a corresponding to different 2a/B in Figure 5.4.11. By reading the intercepts of the
horizontal lines with the curve, we obtain a relationship between the two-dimensional
model parameter T*/T and the three-dimensional model parameter 2a/B, as shown in
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Figure 5.5.12. This curve provides a guide to the choice of T*IT when the remaining
three-dimensional model parameters, alW and DIB, are 0.2 and 0 respectively.

In principle we could apply this approach to all curves in Figure 5.4.11, but we have not
yet done so. We have only used a few values from Figure 5.4.13 to demonstrate that
T*IT is not very sensitive to alWat 2alB = 4. All the results are presently for the case
with DIB = O. Extension for non-zero DIB will require the incorporation of either a low-
conductivity layer or a 3rd Type boundary condition in BIGFLOW (see Section 5.4).
Results would then be best presented as curves ofT*IT against 2a1B, parameterised by
DIB, with separate Figures for different values of aiW. Anisotropy can be taken into
account by scaling to an equivalent isotropic medium (see Section 5.2 and Table 5.2.2),
i.e. the physical2alB should be reduced by the square root of the anisotropy ratio, before
using Figure 5.5.12. This is consistent with the fact that three-dimensional results in
Figures 5.4.11 and 5.4.13 were obtained for an isotropic medium. Figure 5.5.13
summarises the procedure used to obtain effective values of T*IT in a two-dimensional
model.

5.5.2 Using two-layered models to represent lakes in plan

Matching a two-layered ID model to a 2D vertical section model

Nield [1990] fIrst applied this approach to match a two-layered one-dimensional
model to a two-dimensional model in vertical section. In a two-layered approach, the
leakage flux or seepage from a lake (in Layer 1; see Figure 5.5.1) to the underlying

aquifer (in Layer 2) can be expressed as:

(5.5.4)

where hL is the head in the lake. The leakage coefficient is represented as KzID*, where
the model parameter D* is viewed conceptually as a depth of material with hydraulic
conductivity Kz, the vertical conductivity of the aquifer. The aim is to choose D*, or the
ratio KzID*, so that the head loss across the lake in the two-layered model agrees with
that in the two-dimensional model in vertical section. The concept of a depth D* is
closely related to the parameter D defined in Section 5.2 (see Equations 5.2.2 and 5.2.3),
except that D is a parameter in a model which includes the vertical dimension, whereas D*
is a parameter of a two-layered one- or two-dimensional depth-averaged model.

If hi and h2 are heads in the two layers, the problem to be solved takes the form:

(5.5.5)
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(5.5.6)

where subscripts refer the appropriate layer. Inside the boundary of the lake, K'/B' is
equal to Kz/D* and Equation 5.5.6 for Layer 2 can be written as:

(5.5.7)

where; = x/a is non-dimensional distance. At this stage, we recognise that T2 = T, and
defme a non-dimensional quantity A by:

1 _ (K za2)1/2
I\, - D*T

(5.5.8)

(which differs from Nield's definition of A). The non-dimensional head loss J.l across a
lake is preserved [Nield, 1990] if A is chosen so that

tanh A
--=J.l

A
(5.5.9)

This functional relationship is displayed in Figure 5.5.14. Given values of J.l from two-

dimensional solutions in vertical section (Figure 5.5.4), we easily find relationships
between A and 2a/B, parameterised by D/B in the two-dimensional calculations (Figure

5.5.15).

Although A is a natural parameter in the analytical solution of the two-layered problem, a

modeller is actually more interested in Kz/D* = (Kz/B)/(D*/B), as required explicitly for a
model data set. With T = KxB, Equation 5.5.8 can be rearranged to give:

(5.5.10)

where 2a/B* denotes the reduced 2a/B in an equivalent isotropic medium, if the physical
system is actually anisotropic. This form for A explains the near linearity of lines

radiating from the origin in Figure 5.5.15, with slopes nearly equal to the inverse of
2(D*/B) 1/2. If D*/B were independent of 2a/B*, the lines would be perfectly straight.
Their curvature indicates a slight dependence of D*/B on 2a/B*.

Equation 5.5.10 implies that:
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(5.5.11)

Thus Figure 5.5.15 can be converted to Figure 5.5.16, a plot of D*IB versus 2aIB*,
parameterised by DIB. This plot is interesting only because it shows the near constancy
of D*IB for any DIB. Plotting D*ID = (D*IB)/(DIB) against 2a1B*may seem appealing,
as a way of examining the relationship more closely, but does not allow a comparison
with the case of DIB = O. A plot of (D*IB)-(DIB) against 2aIB*, however, shows the
"extra" resistance needed in the two-layered'modelto properly match the non-dimensional
head loss (Figure 5.5.17). It is clear that extra resistance is really only significant when
the physical DIB is zero or very small. If DIB is far from zero, a modeller may as well
use the best estimate ofDIB and ignore the additional resistance.

To summarise, given D*IB, a modeller computes KzID* = (KzIB)/(D*IB) and uses this
value in a model data set. The value ofD*IB is always greater than that of the physical
DIB, because the leakage coefficient in a two-layered model accounts for resistance to
vertical flow within the aquifer as well as in the lake lining. The leakage coefficient in a
two-layered one-dimensional model is always less than it would be as a boundary
condition in a two-dimensional model. Figure 5.5.18 summarises the process of finding
effective parameters for use in the one-dimensional model.

Matching a two-layered 2D plan model to a 3D model

In this Project, our aim has been to enhance the two-layered approach by calibrating two-
dimensional flow patterns against three-dimensional patterns. As in the large
transmissivity approach, we begin by generating a large number of solutions for two-
layered two-dimensional flow. Because the two-layered one-dimensional approach
shows a dependence on A, we calculate the capture zone width as a function of alW and
A. by particle tracking Finally we match capture zone widths from three-dimensional

simulations with those from the two-layered two-dimensional simulations, and derive
relationships between A and other physical variables.

Referring to Figure 5.5.2, it is important to specify model parameters for AQUIFEM-N
in a particular way, in order to obtain exactly the desired result. Since AQUIFEM-N uses
nodal values of leakage coefficients for leakage between layers, we must ensure that such
values are exactly as desired. With large values of leakage coefficient being used outside
the area of the lake, and a range of finite values being used inside the lake, special care is
needed near the lake boundary. Considering a node on the lake boundary (Figure
5.5.19), leakage is calculated as the product of KzID*, the head difference between the
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lake and the underlying aquifer and one third of the areas of elements inside the lake
which share that node. AQUIFEM-N always multiplies nodal leakage coefficients by one
third of the area of all elements sharing the node, thus the AQUIFEM-N data set must
provide the desired Kz/D* multiplied by one third of the sum of areas of adjacent elements
inside the lake and divided by one third of the sum of areas of all adjacent elements.
Nodal values of leakage coefficients at nodes inside or outside the lake can be given in the

usual way.

Transmissivity in Layer 1 is large inside and zero outside the lake. Providing nodal
values of transmissivity in this case is perfectly satisfactory, even with large values
provided for the nodes on the lake boundary. AQUIFEM-N averages nodal values to
produce the correct element values inside the lake, but where one nodal value is zero in an
element, AQUIFEM-N assigns zero to the element value. Transmissivity in Layer 2 is

uniform and does not need any special treatment.

For transient simulations, the storage coefficient in Layer I is 1 inside the lake and zero
outside. Since AQUIFEM-N uses nodal values of storage coefficient, multiplied by one
third of sum of the areas of all surrounding elements, the desired nodal values on the lake
boundary (i.e. 1) need to be multiplied by one third of the sum of areas of adjacent
elements inside the lake and divided by one third of the sum of areas of all adjacent
elements, as for leakage coefficients above. That is, the AQUIFEM-N data set contains
values of S smaller than 1 for nodes on the lake boundary. In Layer 2, the modeller may
choose to allocate a non-zero aquifer storage coefficient (S = SoB) beneath the lake, but
regardless of whether or not this is zero, the nodal values provided on the lake boundary
must be areally weighted averages of S = Sy outside the lake and S = SoB inside the lake.

Figure 5.5.20 shows two-dimensional numerical results for w+!a as a function of A for a
range of a/W. These curves can be considered analogous to the analytical result presented
in Figure 5.5.14, as they summarise the behaviour of a two-layered two-dimensional
model. As in the large transmissivity approach, three-dimensional results are provided by
Figures 5.4.11 and 5.4.13, unfortunately only for the case of DIB = O. Matching capture
zone widths from the two sets of results gives relationships between A and 2a/B*,
parameterised by a/W (Figure 5.5.21). If more three-dimensional results were available
for D/B :1= 0, it would be possible to present further sets of curves for various D/B,
perhaps as separate Figures for each value of a/W, and a number of curves on each
Figure with various D/B. Figure 5.5.22 shows effective D*/B values as a function of
2a/B, and Figure 5.5.23 shows the variation of (D*/B)-(D/B). Figure 5.5.24
summarises the process of obtaining these effective parameters.
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All results presented in this Section have been obtained by numerical procedures and
therefore contain errors. Symbols on curves in the various plots correspond to individual
simulations, and curves fitted by cubic splines have small wobbles induced by these
errors. In spite of this, the results are in general very smooth and seem to be robust.

5.5.3 Comparison of the different approaches

In this Section, we have presented two approaches for obtaining effective parameters for
two-dimensional plan models of regional aquifers which contain a single lake. In one
case, we obtain an enhanced transmissivity (expressed as T*/n for a one-layer model. In
the other, we obtain a leakage coefficient (expressed as A, D*/B or (D*/B)-(D/B)) for a

two-layered model. In both cases we present relationships between one-dimensional
analytical models and two-dimensional simulations in vertical section (after Nield [1990])
and relationships between two-dimensional numerical models in plan and three-
dimensional simulations. The results provide guidance to a modeller on the choice of
parameters, but are not yet complete.

There is a close relationship between the two approaches. Relating Equation 5.5.9 to
Equation 5.5.1, we see that there must be a close (one-to-one) relationship between T*/T
and AI(tanh A). Figures 5.5.3 and 5.5.14 show that the two are almost identical, except
near J1 = 1, i.e. for small lakes. The fact that the two are almost identical for large lakes
suggests that there may be little to be gained using a two-layered approach instead of the
large transmissivity approach for large lakes. Having chosen T*/T as a parameter of a
single-layer one-dimensional model, we can immediately determine AI(tanh A) and hence
A as a parameter of a two-layer one-dimensional model such that the lake region in each
model has the same effective conductance. Figure 5.5.25 illustrates the concept that T*
can be considered as an equivalent "conductance" to produce the same effect as a two-
layered sandwich of conducting layers, much like the problem of finding equivalent
resistors for resistors in parallel in electrical circuit theory.

The separating layer of conductivity Kz is actually highly anisotropic, because it has zero
conductivity in the horizontal direction. This realisation is critically important if we are to
understand why A has the form of Equation 5.5.8. Imagine repeating several simulations

in a two-layered two-dimensional model in plan. Results for w.Ja are the same for all
combinations of Kz/D*, a2 and Twhich combine to give the same A. With constant T,
reducing a by a factor of 2 (while keeping a/Wand Lla unchanged) therefore requires an
increase in Kz/D* by a factor of 4. We can imagine a closely packed bundle of vertical
resistive filaments being squashed into one quarter of the area and therefore causing an
increase in the resistance per unit area by a factor of 4.
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Both of the approximate approaches allow flow to pass in the aquifer under the lake.
This is certainly the case in three dimensions, except when 2a/B is extremely large, in
which case all aquifer flow passes throught the water body itself. The prescribed head
approach described in Figure 5.5.2 and utilised in Section 5.3 always has flat
equipotentials within the boundary of the lake, thus there is no flow in the aquifer beneath
the lake. Any flow approaching a lake represented by a prescribed head boundary leaves
the aquifer at the upgradient boundary and recharges the aquifer at the down gradient
boundary. The prescribed head approach is useful for studying single lakes in isolation,
but one of the approximate approaches must be used for studying lakes embedded in a
larger region, at least partly because the level of the lake is not known and can not
therefore be prescribed.

Our comparisons between the different models have all been carried out with R = 0 and
UJU+ = 1. Such an assumption has simplified the comparisons, and has allowed us to
specify RL = 0 inside the lake at all times. Because we have done no testing with other
parameter values, we can not judge the range of applicability of the matched solutions we
have developed. However, the fact that capture zone depths and widths are relatively
insensitive to fluxes allows us to have some confidence that the results can be used in
practice.

We have also not tested the use of approximate approaches in unsteady situations. We
have reasoned that the proposed approaches should work well, and again, since seasonal
dynamics may have small effects on capture zones, the matched solutions may be quite
adequate. More testing is required, and some discussion of dynamic effects will be
presented in Section 5.7.
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5.6 Identification of Capture Zones

5.6.1 Capture zones in vertical section, in plan and in three dimensions

FINAL REPORT

Results were presented in Sections 5.2 to 5.4 for the geometry of capture zones in two-
dimensional and three-dimensional regions near surface water bodies. Many of the two-
dimensional results presented there were obtained by Nield [1990] and Townley and

Davidson [1988]. Thus the purpose of this Section is to present new results obtained
during this Project, particularly relating to the effects on capture zones of unequal U_ and
U+, non-zero recharge and bottom linings.

Figures 5.2.18 and 5.2.21 show how b~B varies with 2a1B,including the effects of DIB
in a two-dimensional vertical section. Here we extend earlier results by Townley and
Davidson [1988, Figure 12] and Townley et ale [1991, Figure 4], by showing in Figure

5.6.1 the effects of U.JU+ with RLlU~ = 0 and DIB = O. Figure 5.6.2 shows the
effects of a range of values of RLIU~, with U.JU+ = O. Finally, Figure 5.6.3 shows
the effects of varying both U.JU+ andRLlU~, such that Q = 0, i.e. so that there is no
net flux from the water body into the aquifer (see Equation 5.2.1). These three sets of
results are equivalent to comparing results along a horizontal line, a vertical line and an
oblique line with slope 1/2, all through the point (1,0) in the (U.JU+, RLlU~) plane.

The results show clearly that capture zone depth in a two-dimensional vertical section is
fairly insensitive to variations in U.JU+ andRLIU~ when 2aIB is greater than about 6.
At that stage, capture is almost complete, all the way to the bottom of the aquifer, and
fluctuations in flow conditons have little effect. Effects are greatest for small values of
2a1B.

Figures 5.6.4 and 5.6.5 show additional results, taking into account bottom resistance
DIB. Comparing Figure 5.6.4 to Figure 5.2.21, we see that when U.JU+ = 0.9, b~B
asymptotically approaches 0.1 (= 1 - 0.9) as 2alB approaches O. This result is
predictable from a water balance point of view. In fact when b~B is identically equal to
0.1, it indicates complete capture (regime Dl), as discussed by Townley and Davidson
[1988]. When U.JU+ = 1.1 (Figure 5.6.5), there is a tendency for b+IB to be smaller
than with U.JU+ = 1, especially for small2aIB, but capture zone depth can never be less
than zero. For those few cases where b~B is identically equal to 0, the flow regime must
be of type R1.

A significant issue in practice concerns the effect of anisotropy, or the combined effects
of anisotropy and bottom resistance. As explained in Section 5.2, all results for an
isotropic aquifer can be applied to anisotropic situations by appropriate scaling. In
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essence, the physical2alB for a lake of interest is reduced by the square root of the
anisotropy ratio, in order to find the effective 2aIB of an equivalent isotropic aquifer.
Figures 5.6.4 and 5.6.5, for example, can be applied to anisotropic aquifers simply by
using an effective 2aIB. The effects of anisotropy are taken into account automatically in
FlowThru [Townley et ai., 1992], by using the procedure outlined here.

Because many more Figures have been prepared with DIB = 0 than with non-zero DIB, it
is tempting to ask whether or not it is possible to fmd some equivalence between bottom
resistance and anisotropy. The physical effect of a low conductivity lining is to impede
vertical flow upwards from an aquifer to a lake, or downwards from the lake to the
aquifer. Anisotropy has a similar effect, except that the vertical resistance is distributed
more widely in space. Figure 5.6.6 shows capture zone depths as a function of DIB for
four different lake sizes (2a1Bfrom 1 to 8) and three values of anisotropy (KxlKz from 1
to 16). It is clear that b~B increases as 2alB increases, decreases as DIB increases and
also decreases as KxlKz increases. But Figure 5.6.6 is not in a suitable form to answer
our question.

The same data can be displayed in another form. Figure 5.6.7 shows capture zone depths
as a function of KxlKz andDIB, with 2alB = 1, and similar Figures can be prepared for
other values of2alB. Consider an isotropic aquifer (with KxlKz = 1) and suppose that a
lake of interest has a range of possible DIB values. Corresponding values of b~B are
those at the left-hand ends of the curves in Figure 5.6.7. If we project horizontal lines
from these points to the right until they intersect the DIB = 0 curve, we can then identify
effective values of KxlKz which have the same b~B as the isotropic aquifer with different
values of DIB. For different values of 2a1B,we can therefore plot effective KxlKz against
physical DIB, all assuming that the aquifer is actually isotropic. Such a result is shown in
Figure 5.6.8.

This process can be repeated with different physical values of KxlKz. Thus Figure 5.6.9
assumes a physical value of KxlKz = 4 and shows effective values of KxlKz as a function
of physical 2aIB and DIB. The effective values are all greater than 4, because any bottom
resistance must enhance the isolation of a lake from the aquifer. Unfortunately, Figures
5.6.8 and 5.6.9 are not perfectly smooth. This is due to sensitivity in the procedures
used to extract values from fitted curves. The Figures can be used to convert a physical
DIB to an approximate effective anisotropy ratio. This can then be used to obtain an
effective 2a/B such that approximate depths of capture zones can be obtained from
equivalent isotropic results with DIB = O.

Sensitivity studies can also be performed using two-dimensional models in plan, to obtain
more general results for w~a than those presented in Figure 5.3.12. To do so, we use
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the approach shown in the upper left comer of Figure 5.5.2, i.e. using a fixed head
boundary around the boundary of a circular lake. Results in plan are most likely to be
applicable to large lakes, i.e. those with large 2a1B.

Figure 5.6.10 extends the earlier results of Townley and Davidson [1988, Figure 8] and
Townley et al. [1991, Figure 3] by simulating the effects of a range of values of U-fU+.

Figure 5.6.11 then shows the effects of varying RLIU~, while keeping U-fU + = 1. It
appears from these Figures that w~a is extremely sensitive to changes in flow conditions
for small alW. But on reflection, it becomes apparent that it is not particularly relevant to

develop curves with constant U-fU + orRLlU ~ for flow in plan.

The reason for this is that as alW decreases and a water body becomes increasingly
isolated, a wider and wider section of the flow domain carries flow which bypasses the
water body and should not affect the resulting flow regime or the capture zone itself.
Figure 5.6.12 illustrates the fact that these bypass zones simply carry regional flow past
the water body.

Consider the water balance of a two-dimensional region in plan, with no recharge.
Following Equation 5.2.1, the net inflow from the water body into the lake can be written
as:

Q = - 2WU~ + 2WUJJ (5.6.1)

Note that Q now has dimensions [L3T-l], whereas in Equation 5.2.1, its dimensions
were [L2T-l]. Instead of normalising Q by 2WU~, which would be analogous to our
approach in vertical section, we choose to normalise by 4aU~, since this is the inflow
over a width equal to twice the diameter of the water body. We choose this width as a
nominal width of influence for a water body, knowing that this is normally the case when
2alB is sufficiently large and for normal flow-through conditions. The result is:

Q---=
4aU~

(5.6.2)

For the case of zero recharge, it is then possible to select a value of QI4aU~, and to
modify U.JU+ as alW changes in order to achieve that value of Q/4aU~. The variation
in w+la with R = 0 and various values of Q/4aU~ is shown in Figure 5.6.13. At each
value of alW on each curve, there is a different value of U-fU+. This is analogous to the
approach used to generate Figure 5.6.3, where two parameters were adjusted to achieve a
desired value of Q = O.
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It is tempting to extend this approach to include recharge. With recharge included, and
taking into account the circular shape of the water body in plan, Q can be written:

Q = - 2WU~ + 2WU-.B - [2W (2a + 2£) -1ta2]R

Normalising as above (and assuming L = 2B) gives:

(5.6.3)

Q
4aU~

-1 + ~: - [ 2 + ~ ( 1
= 2.!!:...

W

~ .!!:...) 2a ] RL
4 W B U~

(5.6.4)

This result is interesting because it involves 2a/B, a ratio not normally associated with
two-dimensional modelling in plan. The appearance of 2a/B is due to normalising Q with
respect to inflow over the thickness of the aquifer, U~. For a given physical size of
lake, 2a/B, and assuming that this value is large enough to ensure two-dimensional
behaviour in plan, we could investigate the variation in w+/a for a fIxed value of
Q/4aU ~, but this would require juggling three parameter values, i.e. UJU +, RLiU ~
and a/W, to achieve the desired result We have not yet performed calculations of this
type.

It is also interesting to see the relationship between Equations 5.6.4 and 5.2.11. Apart
from the factor 2a/W, which is due to adopting a nominal width 4a rather than 2W, the
only other difference is a geometrical factor equal to the product of 0.5 [1-(1t/4)(a/W)] and

2a/B. The former varies between 0.5 and 0.11 as a/W goes from 0 to 1, while the latter
can increase without bound.

Capture zone geometries in three dimensions are summarised in Figures 5.4.10 to
5.4.14, for the case of UJU+ = 1 andR = O. Here we investigate sensitivity to changes
in flows. But based on the argument above, we recognise that plotting curves with
constant UJU+ or RL/U~ (as in Figures 5.6.10 and 5.6.11) is not particularly useful.
The water balance as represented in Equation 5.6.4 applies exactly in three dimensions,
and there is no diffIculty with the parameter 2a/B, which is of course well-defmed in our
three dimensional idealisation. We therefore present three-dimensional results in terms of
sensitivity to changes in Q/4aU~. In all cases we setR = 0, so that UJU+ is a function
of a/W.

Figure 5.4.10 shows that b+/B is not very sensitive to a/W, thus we show in Figure
5.6.14 the effect of Q/4aU ~ = :to.1 for a/W = 0.2. When the water body acts as a
source (positive Q), there is a tendency for capture zone depths to be reduced.
Conversely, when the water body acts as a sink, capture zone depths are slightly larger,
especially for sma1l2a/B. Figures 5.6.15 and 5.6.16 show how w+/a varies for the same
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two values of Q/4aU~. Capture zones are narrower with positive Q and wider with
negative Q. Symbols on all curves represent results from individual three-dimensional
simulations, and wiggles in the curves are due to inaccuracies in the computation of
particle tracks.

It is worth noting that although the emphasis in this Section is on capture zones, the
results can be equally applied to release zones whenever R = O. The depth and width of a
capture zone (bJB and wJa, respectively) for a given value of UJU+ are equal to b~B
and w~a obtained with UJU + set equal to its inverse. This is not quite equivalent to
reversing the sign of Q, but doing sois a reasonable approximation.

5.6.2 How to identify release zones for a single flow-through lake

So far in Section 5.6, we have presented new results on the geometry of capture zones,
and have developed solute and isotope balance equations which in principle allow us to
use observations of a lake's release zone to identify components of the water balance. In
this Section, we build on these results and discuss how one might proceed to identify
release zones in practice for an isolated flow-through lake. Although there are many
possible flow-through configurations for short surface water bodies, long water bodies
tend to have flow regimes of types FTl, Ff2 or Ff3. This Section focuses on release
zones for flow regimes of these types.

A basic assumption here is that it is necessary to identify a lake's release zone before it is
possible to predict its capture zone. Clearly there is no way to measure anything in the
field that tells us that water at a particular location upgradient of a lake is certain to move
into the body of the lake. It is only possible to make observations "after the fact", by
identifying water that has already passed through the lake.

The only possible observations which can help with this task are based on
hydrogeochemical or isotopic signatures which label water that has been in the lake.
Hydrogeochemical signatures include concentrations of chloride or other non-reactive
solutes which are concentrated by evaporation. Since transpiration from shallow water
tables also causes solute concentrations to increase, there is some possibility that solute
measurements could lead to improper conclusions. Isotopic signatures, however, are
unambiguous, since evaporation from an open water surface is the only process that can
cause isotope enrichment. It is therefore clear that the best practical way of identifying a
release zone is by constructing a nest of sampling piezometers on the down gradient side
of the lake. In our experience, nests of bores have proven to be more cost-effective than
a single multiport bore.
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In designing the screen depths for a nest of bores or a multiport, it is necessary to make
an initial estimate of the depth of the dividing streamline on the downgradient side of the
lake. This is easily accomplished using FlowThru [Townley et al., 1992], or using
Figures presented in this Report. Many Figures in this Report give the depth of capture
zones for flow-through lakes as a function of lake length, 2a/B, for a variety of flow
conditions. The depth of a release zone at a distance of L = 2B from a lake is equal to the
depth of the capture zone at the same distance from the lake whenever UJU + = 1. This
result comes from a simple water balance below the dividing streamlines. A more general
result is given by Equations 5.6.9 and 5.6.10, based on a two-dimensional vertical

section. Given any estimate of UJU+, it is possible to convert values of b+!B to values
of b-.1B using these Equations.

As indicated in Section 5.2, the depth of a release zone is influenced by anisotropy and
D/B. It may also vary seasonally, as discussed below in Section 5.6.7. In one sense,
identifying the depth of a release zone in the field provides information about anisotropy
and D/B. But on the other hand, we suggest here that it is desirable to predict the depth
of the release zone, utilising estimates of anisotropy and D/B, in order to design field
measurements. The process is iterative.

5.6.3 Solute and isotope balances for identifying lake-aquifer interaction

One aim of this Project was to demonstrate the use of groundwater chemistry, and in
particular concentrations of the natural isotopes 2H and 180, to identify the groundwater
release zones of shallow lakes. The use of tracers to identify groundwater flow patterns
is well established, but the following results and our use of tracers in relation to shallow
flow-through lakes are new.

Good tracers are distinguished by the fact that either (i) they do not react at all with the
material they flow through, or (ii) they react and/or change in a well-known way.
Phosphate is not a good tracer because it is easily adsorbed and is therefore "lost" from
solution. Chloride and bromide are good tracers because they do not react and are not
removed by evaporation or transpiration. The natural isotopes 2H and 180are good
tracers because although they are removed by evaporation and transpiration, the processes
are well understood and can be predicted quantitatively.

In the following, we present a general analysis of solute and isotope balances for shallow
flow-through lakes, and then discuss a number of simplifications. Figure 5.6.17 shows
two vertical sections through a flow-through lake, in which the surface water body is
shown with vertical walls above the top of the aquifer. The different cases correspond to
R > 0 and R ::;;0, specifically to flow regimes of types FT2 and FT3. The case of R = 0
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(regime FTl) is naturally included in the second case by setting R to zero. We assume a
background inflow concentration of C+ on the upgradient side of the cross-section and a
long-term average concentration of CL in the lake. Any solute flowing out of the lake will

be advected towards the right hand boundary and may also spread both longitudinally and
laterally by dispersion. For the present purposes, however, we assume that dispersion is
negligible and that concentrations are generally constant along any streamline. Because of
seasonal dynamics in lake levels and concentrations, the observed CL at mid-depths in the
release zone probably gives a better indication of lake concentration than can be obtained
by direct measurements in the lake itself.

We proceed by calculating water and solute balances for both vertical sections in Figure

5.6.17. In general, the bottom of the release zone intersects the right hand boundary at a
depth b_. The depth b_ can be determined theoretically using FlowThru (as a function of
U.JU+ andRLlU~ for any 2alB andDIB), but can also be identified in the field by
changes in water chemistry. When R>O, a simple water balance shows that the top of the
release zone intersects the right hand boundary at a depth given by (RLIU ..B)B. Thus a
water balance for the lake yields:

[U+b+ + RL] - [U-h_ -RL] + P(2a) - E(2a) = 0 (5.6.5)

This has exactly the same form as a steady version of Equation 4.1.1, with square
brackets grouping the inflow and outflow terms to show the correspondence. A minor
difference is that Equation 5.6.5 is written using volumes rather than depths. Equation
5.6.5 is also equivalent to Equation 5.2.1, when we recognise that the net flux from the
lake into the aquifer is Q = (P-E)(2a). A solute balance over the boundary of the lake has
the general form:

(5.6.6)

where for purposes of generality we allow evaporation to remove solute. In most cases,
CE is assumed to be zero. Equation 5.6.6 has the same form as a steady version of
Equations 4.1.3. When R > 0, the inflow volume actually combines fluids with two
concentrations. When R < 0, it is usual to assume that solute remains behind, i.e. that
CR = O. If we assume a more general case with CR < C+, Figure 5.6.17b illustrates the
fact that solute entering the left boundary above the top of the (advective) capture zone
would be concentrated and carried along until it eventually entered the water body. If
CR < CL, evaporative concentration would also occur downgradient of the water body,
but all solute leaving the lake would eventually leave the right hand boundary. Careful
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consideration of these arguments confirms that Equations 5.6.5 and 5.6.6 are valid for
any value of R, even though it is usual to assign CR = 0 for R < O.

Solving Equation 5.6.6 for CL and substituting from Equation 5.6.5 gives:

U+b+c+ + RLcR + P(2a)cp - E(2a)cE
CL= U+b+ + RL + P(2a) - E(2a) (5.6.7)

which has obvious similarities with solutions in Table 4.1.4, where CE was explicitly
assumed to be zero. Dividing by U~+c+, we get a non-dimensional equation of the
form:

b+ RL CR P(2a) Cp E(2a) CE
CL= -B + -U-~- -c++ -U-~- C+ - -U-~- -c+
C+ b+ RL P(2a) E(2a)

If + U+B + U~ - U~ (5.6.8)

The lake concentration cIlc+ can be seen to depend on UJU+ andRLIU~, two new flux
ratios [P(2a)IU~ and E(2a)IU~], b+!B (which also depends on UJU+ andRLlU~),
and a series of concentration ratios.

Unfortunately, it is difficult to measure b+!Bin the field, so we need a way to express
b+!Bin terms of bJB. A solute balance for the region beneath the dividing streamline in
Figure 5.6.17 shows that:

from which:

~+=I-g:(I-~)
= 1-U_ + U_ b_

U+ U+B

Thus Equation 5.6.8 takes the form:

1_ U_ + U- b_ + RL CR+ P(2a) Cp_ E(2a) CE
CL= U+ U+ B U~ C+ U~ C+ U~ C+
C+ 1 U- U- b_ RL P(2a) E(2a)

- U+ + U+ B + U~ + U~ - U~

A water balance for the lake-aquifer system (see Equation 5.2.11) shows that:
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which basically gives Q as a function of UJU+ andRL/U~ throughout the parameter
space. Substituting this into the denominator of Equation 5.6.11, we obtain:

(5.6.13)

which is less elegant in its symmetry but perhaps simpler to use than Equation 5.6.11.
Given estimates of UJU+, RL/U~, P(2a)lU~ and E(2a)/U~, this provides a
predictive relationship between q)c+ and b-lB.

Now consider a range of possibilities for the various concentration ratios in Equation
5.6.13. With a conservative tracer such as chloride, it would be usual to assume that

CE/C+ = O. It would also be appropriate to assume cp/c+ = 1, which is equivalent to
assuming that groundwater inflow is chemically identical to rainfall. In this case,
Equation 5.6.12 becomes:

(5.6.14)

If R>O and we assume CR/C+ = 1, i.e. recharge chemically identical to inflow and rainfall,
we get:

(5.6.15)

but if R<O and we assume that negative recharge can not remove solutes (i.e. CR/C+ = 0),
or equivalently that R>O and CR/C+ :::::0, we get:

(5.6.16)

If we further assume that the contribution of solutes in rainfall is negligible (i.e.
cp/c+ :::::0), we get:

(5.6.17)
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These approximations are only given for the purposes of approximate calculations. Any
computer implementation of the equations should use Equation 5.6.13 and allow for

different values of CR/C+ as R changes sign.

Now consider the isotopic tracers, 2H and 180, which are affected by interaction with the
atmosphere. Because 2H and 180 are present in some proportion in all molecules of
water, rainfall adds isotopes to a surface water body, and evaporation removes them.
Although the proportions of 2H and 180 are not affected during water uptake by

vegetation, they may be modified in the unsaturated zone by evaporation at the soil
surface, thus it may be difficult to specify CR/C+, To further complicate the issue, isotope
values are normally presented in so-called S-notation, where Dx for isotope x is given by:

Dx = ( R Rx - 1) x 1000%0
x in V-SMOW

(5.6.18)

where Rx is the ratio of the concentration of the isotope of interest to that of the most
common isotope, e.g. Rx is equal to [2H]/[1H] in the case of deuterium. Since [1H] is
very nearly constant, Equation 5.6.18 also applies with concentrations, ex, in place of
ratios, RX' The notation %0 denotes per mille, but in mathematical expressions, it is
common to express Dvalues as fractions, such as 0.025, rather than as 25 %0. A more

complete discussion about isotopes is given in Section 4.1.4.

Figure 5.6.18 shows isotope balances for two flow-through lakes with R > 0 and R ~ 0,
respectively. Water and mass balance arguments can be used, as for solutes above, to
derive an equation of the same form as Equation 5.6.13. Alternatively, Equation 5.6.13
can be translated into S-notation as:

(5.6.19)

Substituting Equation 4.1.6 for 1+D£ into Equation 5.6.19 gives:
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E(2a) a*
U~ I-h+~e

1 +------RL U_ b_
- U+B + U+ 13

=

FINAL REPORT

(5.6.20)

from which:

(5.6.21)
l_U-+U_b- + RL 1+0R+P(2a)I+0p+E(2a) h 1+0A

U+ U+ B U~ 1+0+ U~ 1+0+ U~ I-h+~e 1+0+

_ RL + U_ b_ + E(2a) a*
U~ U+ B U~ I-h+~e

In order to see the similarity between this and Equation 4.1.12, we can convert Equation
5.6.21 back to physical units, by multiplying by (1+~)U~/U~. In this form, we get:

[U+B-U_(B-b_)] (1+0+) + RL (1+0R) + P(2a) (l+op) + E(2a) h (1+0A)
I-h+~e

a*
-RL + U_b_ + E(2a)--

I-h+~e

(5.6.22)

Using Equation 5.6.10 to simplify the numerator and substituting from Equation 5.6.5
for -RL+U..lL in the denominator gives:

U+b+ (1+0+) + RL (1+0R) + P(2a) (1+op) + E(2a) h (1+0A)
I-h+~e

h-e
U+b+ + RL + P(2a) + E(2a) ---

I-h+~e
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(5.6.23)

After multiplying top and bottom by I-h+t1e, this has exactly the same form as Equation

4.1.12. A key difference is that Equation 5.6.23 explicitly represents the volume and
isotope contributions from the capture zone, based on predictive modelling of lake-aquifer
interaction. Equation 5.6.23 also recognises three inflows, one outflow and evaporation,
i.e. one more inflow than in Equation 4.1.12. It is clear that 1+OLis a mixture of four
1+0 values, the three inflows being weighted by flows, and the atmospheric value being

weighted by some multiple of the evaporation rate.

If we assume that rainfall and recharge have the same isotopic content as groundwater
inflow, Equation 5.6.21 can be rewritten in as:

1 U_ U - b_ RL P(2a) E(2a) h 1+0A
-U++ U+B +UD+ UD- UD1+OL +'-" +'-" +'-" I-h+t1e 1+0+

-- -----------------------
1+0+ _ RL + U_ b_ + E(2a) a*

U~ U+ B U~ I-h+t1e

(5.6.24)

which is similar to Equation 5.6.18, except for the terms involving DE. When R < 0,
isotopes are removed at the ambient concentration, so that OR= £4 and OR= OLon the

upgradient and downgradient sides of the lake, respectively. Nevertheless, Equations
5.6.21 to 5.6.24 can be shown to be uniformly valid for all R. The whole advantage in
using an isotope tracer as well as a conservative tracer such as chloride is that the solute
balance equation is distinctly different. It may therefore be possible to gain additional
information about the various flux ratios.

Having derived all these equations, it remains to be shown how they may be used. In the
fIrst instance, they can be used to predict the concentration of solute or a natural isotope in
a flow-through lake. More importantly, they can be used in an inverse sense to help
calibrate a model of a particular site, using field observations. Such a calibration
procedure could be iterative and ad hoc, but we have also developed a more systematic
approach.

First we present the basic results, to be used in a predictive sense. Consider a vertical
section through a flow-through lake with 2a/B = 1. Figure 5.2.12 shows the regions in
(U..JU+,RL/U~) space where different flow regimes occur, and in particular, we can
see a region where regimes of types FTl, FT2 and FT3 occur. The net flux from a lake
to an aquifer, Q, is uniquely determined at every point in (UJU+, RL/U~) space by
Equation 5.2.11. Thus in Figure 5.6.19, we show the domain containing regimes FTl,
FT2 and FT3 for 2a/B = 1, superimposed by lines of constant Q/U~. In this and
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subsequent Figures, the horizontal and vertical axes are U..JU+ and RL/U ~,

respectively. Notice that if U+ is positive entering the left end of the domain, Q is
negative above the Q = 0 line, Le. the aquifer is losing water to due to an excess of
evaporation over rainfall. Below the Q = 0 line, Q is positive and rainfall must exceed
evaporation. The water balance of a lake-aquifer system depends only on the net flux, Q.
However it will be seen below that solute and isotope balances require explicit knowledge

of the components of Q, namely P and E.

All flow patterns of types FTl, FT2 and FT3 have a well-defined depth of release zone,
b_, at a distance L = 2B from the lake. Thus it is possible to prepare a contour plot of
b..JBwithin this region. Figure 5.6.20 shows contours of b..JB in this flow-through
region for 2a/B = 1. Every unit square inside the flow-through region in Figure 5.6.20
requires 10 000 runs of FlowThru, i.e. with resolutions of 0.01 in the U..JU+ and

RLlU~ directions. The whole contoured region uses 43387 evaluations of b..JB.
Notice that b..JB is zero at the left-hand end of the region, at the transition between
regime FT5 and FT3, and reaches a maximum at the right-hand end of the domain. The
extent of the region along the R = 0 axis can be predicted analytically, and is displayed,
for example, in Figure 5.2.13.

Given a value of b..JBat every point in this region, it is possible to compute CfjC+ using
Equation 5.6.13. To do so, we need to make a number of assumptions about
concentration ratios. But because the solute balance depends on P and E independently, it

is also necessary to make some assumption about P and/or E. Suppose we were to
choose a constant value ofP(2a)/U~ = 1, and then calculate CfjC+ throughout the region
of interest. The value of Q/U~ in the bottom right corner of Figure 5.6.19 exceeds 1,
thus our choice of P(2a)/U~ at all locations in the (U..JU+, RL/U~) plane would imply
a non-physical negative value of E in this region. Suppose we were to choose

E(2a)/U~ = 0.5. The value of Q/U~ at the top of Figure 5.6.19 is less than -0.5,
thus our choice of E(2a)/U~ would imply a non-physical value of P. It is clear that
different assumptions are needed on either side of the Q = 0 line. One way to do so is to
select a value of P(2a)/U-tB above the Q = 0 line and to select the same value for
E(2a)/U~ below the Q = 0 line.

This approach is illustrated in Figure 5.6.21, with P(2a)/U~ = 0.5 above the line and
E(2a)/U~ = 0.5 below the line. The Figure shows contours of cIJc+ based on the
assumptions that CR/C+= 1 when R > 0, CR/C+= 0 when R < 0, cp/c+ = 1 and CE/C+= O.
Contour values range from 1.131 in the bottom right corner to nearly 4000 at the left-
hand end on the R = 0 axis. In this and all following contour plots of cIJc+, contour
intervals are not equal. Rather, the contour values are equal to 1 plus 1,2 or 5 times
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some power of 10, Le. 1.01, 1.02, 1.05, 1.1, 1.2, 1.5,2, 3,6, 11, 21, 51 etc. Notice

that contours tend to bend in two places. First, there is an obvious bend across the R = 0
axis, because of the different values of cRlc+. Second, there is a slight bend as contours
cross the Q = 0 line, because of the fact that P is prescribed on one side and E on the
other.

It is important to consider the physical meaning of P(2a)IU~, in order to be able to
assign its value in real situations. Consider an extension of the vertical section in the
direction towards an upgradient groundwater divide, as shown in Figure 5.2.24. By a
water balance in the extended section, U~ entering the near field must be equal to RS,
where S is the distance from the boundary of the near field (at L = 2B) to the top of the
mound. It follows that:

P(2a) P(2a) 1
U~ = RS = R S

P2a

(5.6.25)

This form is useful because it is relatively easy to estimate RIP, the proportion of rainfall
which recharges the aquifer. This ratio is typically of the order of 0.1 to 0.3 on the Swan
Coastal Plain. Furthermore, the ratio S/2a is easily determined, but can typically be 5 to
50 or more. It follows that P(2a)IU ~ could range from 0.1 or less to 2 or more. The
value P(2a)IU~ = 1 corresponds to RIP = 0.1 and S/2a = 10. We should note also, at
this stage, that if an aquifer is anisotropic and is scaled to give an effective 2a1B, the value
of P(2a) must be the actual physical total rainfall, Le. without reducing the value of a.

Equivalently, if we evaluate P(2a)/U~ using RIP and S/2a, then the latter are also the
physical unsealed values.

Consider the behaviour of (1+OL)/(1+0+) given by Equation 5.6.21. Suppose that
(1+0R)/(1+0+) = 1, (1+op)/(l+o+) =1, 1+0A = 0.882, 1+0+ = 0.9786, h = 0.6,
AE = 0.01 and a* = 0.913. The last five values are approriate for deuterium, with three
of these being typical values near Perth, and two being universally applicable. With
P(2a)IU~ = 0.5 above the Q = 0 line and E(2a)IU~ = 0.5 below the line, Figure
5.6.22 shows contours of (1+OL)/(1+0+) varying from 1.009 at the bottom right of the
Figure to 1.041 at the left. The variation in (1+OL)/(1+0+) is much less than that in cljc+.
Contours are continuous across the R = 0 axis because (1+OR)/(1+0+) has the same value
for all R. The contour intervals in this and all other contour plots of (1+OL)/(1+0+) are

0.005.

296



FINAL DRAFT dated Friday, 26 February 1993 FINAL REPORT

It is useful to overlay various combinations of curves, so in Figures 5.6.23 to 5.6.32, we
present five pairs of plots, each pair giving cIJc+ and (1+OL)/(1+0+) overlaid on bJB.

The plots span the most likely range of P(2a)IU ~ for a lake with 2aIB = 1.

We now consider the effect of different 2alB. First, the region in which regimes of types

FrI, Fr2 and FT3 occur varies with 2aIB (see Figure 5.6.33). As 2aIB decreases, the
region gets smaller, and its extent along the R = 0 axis is given in Figure 5.2.13. As
2alB increases, the region becomes very large, and its lower boundary becomes almost

horizontal as it tends to approach a point on the R = 0 axis at very large U-fU +. The
number of runs of FlowThru required to calculate b-fB throughout the region becomes
very large as 2alB increases. On the other hand, b-fB becomes much less variable, thus
high resolution is not as necessary. Figure 5.6.34 shows how b-fB varies when
2alB = 4. There is little change in b-fB over much of the region, a result which could
have been predicted from Figures 5.6.1 to 5.6.3. Figures 5.6.35 to 5.6.40 show three
pairs of plots with cIJc+ and (1+OL)/(1+0+) overlaid on bJB.

None of the Figures described above illustrate the effect of changing assumed
concentration ratios such as cRlc+, cplc+, (I+OR)/(I+o+) or (I+op)/(I+o+). Every such
change affects the resulting plots. Changing (1+oR)/(I +£4) to something other than 1
causes contours of (1+oL)/(I +0+) to bend as they cross the R = 0 axis.

Having presented a range of results based on solute and isotope balances for flow-
through lakes, we now turn our attention to how these results could be used in practice in
an "inverse" sense. Inverse modelling essentially means calibrating a model using
measurements. Suppose we are able to measure b-fB in the field, by identifying a change
in solute and/or isotope concentration at a distance L = 2B down gradient of a lake.
Suppose also that we can determine cIJc+ and (1+OL)/(1+0+), and that all other necessary

concentration ratios can be measured or estimated. In principle, it should be possible to
utilise these data to estimate the components of the water balance of the lake.

We proceed as follows. For a given lake, we first estimate the appropriate values of 2alB
and DIB, taking into account estimated anisotropy which has the effect of reducing 2a1B.

For the given 2aIB and DIB, we then develop a transition diagram of the form of Figure
5.2.12. This diagram identifies the region in (U-fU+, RLIU~) space where flow-
through regimes (of Types FrI, Fr2 and Fr3) occur. At any point inside this flow-
through region, we can determine the depth to the bottom of the release zone, bJB, and
QIU~. After making a number of assumptions, and given a knowledge of b-fB and
QIU~, we can also calculate at any point in this region values of cIJc+ and
(1+oL)/(I +0+) using the equations developed above. The resulting four sets of contours

can be overlaid, usually in the combinations chosen above, and field measurements of
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bJB, cIJc+ and (1+8L)/(1+8+) can then be used to identify a single point in (UJU+,

RLIU~) space. Using the identified point, we then determine the unknown components
of the water balance and check all results for consistency.

In practice, this procedure would have to be iterative. Preparing contour plots of cIJc+
and (1+8L)/(1+8+) requires an assumption aboutP(2a)/U~, which may be based on an

estimate of RIP. Once we identify a particular point in (UJU+, RLIU~) space, we
know U...JU+,RLIU~, QIU~ and hence E(2a)/U~. If we assume U~, perhaps on
the basis that P is known with some confidence and we have assumed P(2a)/U~, we
can then calculate U_,Rand E. If any of the latter are obviously incorrect, it is probably
appropriate to revise the estimate of P(2a)/U~, and iterate.

This procedure is a way of using field measurements based on hydrogeochemical and
isotope concentrations to identify components of the water balance. There may be
reasons, however, why this procedure might not work well. The procedure is based on
many assumptions. The first is that the surface water - groundwater system is in steady
state, which is rarely the case. In fact there are fluctuations in water levels and lake
concentrations throughout the year, and it is merely a hypothesis that groundwater
concentrations downgradient of the lake represent some kind of outflow-weighted
average of lake concentrations. A second assumption is that the flow system is properly
represented by a two-dimensional vertical section, Le. that the water body is long enough
in the direction normal to the direction of average groundwater flow so that three-
dimensional end effects are negligible. Deviations from two-dimensional flow will affect
all solute balance equations developed above, because cross-sectional areas
(perpendicular to the direction of average flow) contributing groundwater inflow and
recharge will be different. A third assumption is that the effective geometry of the lake is
well known, Le. that the transition diagram and sets of contours can be obtained using the
right values of 2alB and DIB. It is important to remember (see Section 5.2) that when an
aquifer is anisotropic, the physical water body length a is effectively shortened by the
square root of the anisotropy ratio, thus the effective 2aIB is also smaller. The value of
DIB is unchanged, but if bottom resistance is significant, it is important to include its
effect. A fourth assumption is that bJB is measured at the right location, at a distance
L = 2B downgradient from the water body in an equivalent isotropic domain. In an
anisotropic physical domain, this distance is increased by the square root of the
anisotropy ratio (see Table 5.2.2). In summary, there are several reasons why the
suggested procedure may not work. Nevertheless, the procedure is conceptually
valuable, and may be found be to useful in some situations.

5.6.4 How to predict capture zones for a single lake
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Section 5.6.1 emphasised theoretical predictions of capture zone geometry using separate
models in vertical section, in plan and in three dimensions. Here we focus on combining
all of these results in order to characterise the complete capture zone geometry for any
single lake.

Our earlier results lead to the following conclusions:

• capture zone depth for a flow-through lake is most influenced by 2a/B, where 2a
is the length of the lake in the average direction of groundwater flow

• the depth of a three-dimensional capture zone on the centreline through a shallow
circular lake is almost identical to that calculated in a two-dimensional vertical
section, e.g. with FlowThru [Townley et at., 1992]

• if an aquifer is anisotropic, an equivalent 2a should be calculated by dividing the
physical 2a by the square root of the anisotropy ratio

• if a lake has a continuous low-conductivity lining, the effect is similar to
anisotropy, and an approximate equivalent anisotropy can be used to reduce the
effective 2a

• the width of a three-dimensional capture zone for a shallow circular lake is
between 1 and 2 times the diameter of the lake, the value being close to 2 for an
isolated lake far from its nearest neighbours, but closer to 1 when the lake is one
of a chain of lakes at the same location along the average direction of flow

• a two-dimensional model in plan can be used to calculate the width of a capture
zone if the lake is properly represented by one of two methods, using either an
enhanced transmissivity or a two-layered approach

These conclusions are a very brief summary of the findings presented in this report, but
they are sufficient to allow us to recommend a procedure by which government agencies
and consultants can estimate the shapes of capture zones.

On the basis of the above, a procedure for estimating the capture zone of a single lake is
as follows:

• First study regional groundwater levels and identify the average direction of
groundwater flow. Choose a line through the centre of the lake in the direction of
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average flow, and estimate a representative "length" of the lake, 20" in the
direction of flow.

• Obtain a geological cross-section, identify the thickness of the uppermost
unconfined aquifer, B, and then calculate 2a1R.

• Estimate the anisotropy ratio, KxfKz, and calculate an effective 2aIB by dividing
the actual 2aIB by the square root of the anisotropy ratio.

• Estimate the thickness of a low-conductivity lake lining, Ds, and its vertical
hydraulic conductivity, Kzs' Then calculateDIB using Equations 5.2.3 or 5.2.4.

• In the first instance, assume UJU+ = 1 andR = O. Use Figure 5.2.18 to estimate
b+!B. Otherwise, estimate other values of UJU+ andRLIU~ , keeping in mind
the fact that L = 2B(KxIKz)O.5 depends on the assumed anisotropy ratio, and use

Figures 5.6.1 to 5.6.3. If DIB is non-zero, use Figures 5.2.21, 5.6.4 and 5.6.5,
or use Figures 5.6.8 and 5.6.9 to find a value of KxlKz which encapsulates the
effect of DIB.

• Now determine an average width of the lake, in the direction perpendicular to the
average direction of flow. Even if the lake is not circular in plan, consider this
width to be 2a for the purpose of estimating the width of a capture zone.

• Estimate the degree of isolation of the lake, by estimating 2W, the effective
separation between the centres of adjacent lakes. If the lake is large, with effective
2aIR greater than about 4, use results from two-dimensional modelling in plan
(Figures 5.3.12,5.6.10,5.6.11 and 5.6.13) to estimate w+la as a function of
aiW. If the lake is small, use three-dimensional results which also depend on
2alB (Figures 5.4.11, 5.4.13, 5.6.15 and 5.6.16).

• The estimated depth and width of the capture zone apply at L = 2B(KxIKz)O.5. In
most situations with flow-through lakes, R>O and it is possible to identify an
aquifer boundary in the upgradient direction, often a groundwater divide or a
hydrogeologic no-flow barrier. If L+S is the distance from the boundary to the
upgradient boundary of the lake, we can argue that U~ "'"RS (see Figure
5.2.24). It follows that the capture zone can only extend a distance of L+(bJB)S
from the lake, along the centreline of the capture zone. The shape of the capture
zone at the land surface must be an elongated curve which mimics the shape of the
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capture zone in a vertical plane at a distance L from the lake (see Figures 5.4.6 and
5.4.7). This argument is illustrated in Figure 5.6.41.

• In summary, the shape of a capture zone at the land surface depends on estimates
of b+!B and w+!a. The first of these depends on 2a/B, Kx/Kz and D/B. The
second depends on all of these, as well as a/W. Figure 5.6.42 illustrates a range
of possibilities for a long and a (fairly) short lake with 2a/B equal to 16 and 2,
respectively. It is particularly important to note that large lakes tend to have
capture zones which extend all of the way to an upgradient groundwater divide,
however anisotropy or bottom resistance can substantially reduce the length of the

capture zone.

It is useful now to consider a number of lakes, typical of those on the Swan Coastal
Plain, and to estimate the shapes of their capture zones. Table 5.6.1 considers a number
of lakes, giving their physical sizes in relation to aquifer depth, and describing their
capture zones based on a number of assumptions. More to come .....

5.6.5 Interaction between Lake Pinjar and Nowergup Lake

In Section 4.2.2, we presented field results which show quite clearly that Nowergup
Lake on the Swan Coastal Plain receives groundwater which must previously have
flowed through Lake Pinjar. Lake Pinjar is a much larger ephemeral lake located between

Nowergup Lake and the crest of the Gnangara Mound, and would be classified by
Semeniuk [1987] as a sumpland. In this Section, we describe our attempts to simulate
the flow system along a transect which includes both of these water bodies. The results
can be generalised to the interaction between any number of flow-through lakes along the
same flow path.

Modelling of the Pinjar-Nowergup transect was carried out using AQUIFEM-N
[Townley, 1993] to simulate steady flow and solute transport in a vertical section. The
transect through the two lakes (see Figures 4.2.19 to 4.2.21) has been approximated by a
rectangle 18 kIn long and 70 m deep. Representing the region between the water table
and the bottom of the superficial formations by a rectangle is a geometric approximation,
because the water table rises nearly 70 m over these 18 kIn, but the effect of this
approximation on the resulting flow pattern can be shown to be negligible.

Modelling was first carried out using several finite element grids with up to 19 000
triangular elements, with high densities of nodes near the ends of each lake, but it was
found that numerical results became unstable as anisotropy ratios were increased. Further
runs were carried out with a more uniform grid with 8 750 elements. Mter initial
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simulations to calculate flow nets, we started to solve transport problems and found that
this discretisation was too coarse to produce smooth contours. We then generated
another uniform grid with 9 900 nodes and 18 128 elements. This grid had average
nodal spacings of about 20 m and 6 m in the horizontal and vertical directions,
respectively, and allowed very smooth solutions for heads, streamfunction and
concentrations. It appears that it may be better, in general, to have uniform grids, than to
design grids with very small elements in some regions and large elements in others. The
grid with 18 128 elements was used for all results reported here.

The top left of the domain (Figures 5.6.43a, b) was assumed to represent the coast, and
piezometric head was set to zero at a single node. Heads at nodes within Nowergup Lake
(4.625 to 5.125 km from the coast) were set to 17 mAHD and heads at Lake Pinjar

(10.875 to 12.875 km from the coast) were set to 40 mAHD, these values being
approximations to the real levels of these lakes. Recharge was assumed along the top
surface (over all element sides outside the lakes) and a uniform inflow equal to 60 times
the recharge rate was assumed at the right hand end of the domain, to represent recharge
occurring over a distance of 4.2 km from the model boundary to the crest of the Gnangara
Mound. The aquifer was assumed to be homogeneous but possibly anisotropic. In
contrast to most of this Report, regional flow was considered to be from right to left,
consistent with Figures 4.2.20 and 4.2.21.

As observed in Section 4.2.2, the purpose of this modelling was to demonstrate that
under certain conditions, discharge from one lake can become inflow to another lake in
the downgradient direction. We started by investigating the flow patterns that would
occur for a range of recharge rates, R, and anisotropy ratios, Kx/Kz, given an assumed
horizontal conductivity, Kx, of 20 md-1. Figures 5.6.44 and 5.6.45 each show three
flow patterns with different assumed parameters. Each plot is vertically exaggerated by a
factor of 70 and shows contours of streamfunction with contour interval 1. Contours of
streamfunction define streamtubes and hence the direction of groundwater flow. Where
streamtubes are narrow, the rate of flow is large. Conversely, where streamtubes are
wide, the rate of flow is slow. Even without plotting dividing streamlines, as in Section
5.2 and elsewhere, it can be seen that some or all of the outflow from Lake Pinjar can
easily become inflow to Nowergup Lake.

Figure 5.6.44 uses R = 0.0004 md-1 = 147 mm y-l, Kx = 20 md-1 and anisotropy ratios
of 1, 10 and 100. When anisotropy is small, the aquifer regions away from the lakes
exhibit almost horizontal flow, with a slightly downward component due to regional
recharge. The two lakes induce localised upward and downward flows, justifying the
basic assumption of FlowThru (see Section 5.2) that it is acceptable to study lake-aquifer
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interaction in the "near field" of a lake. Figures 5.6.44a and 5.6.44b also indicate that
both lakes have capture and release zones extending to the bottom of the aquifer. Figure
5.6.44c, however, with an anisotropy ratio of 100, indicates that it is possible for
outflow from Lake Pinjar to pass below Nowergup Lake, without entering the water
body. This behaviour is consistent with observations (see Section 4.2.2) and reinforces
the conclusion drawn in Sections 4.2.2 and 4.6.1 that anisotropy in the superficial
formations must be quite high.

Figure 5.6.44a shows small perturbations in the streamlines on the down gradient side of
each lake. This appears to be due to the finite element discretisation, in which triangular
elements are about 3 times longer in the horizontal direction than in the vertical. An
anisotropy ratio of 10 makes the elements effectively undistorted, whereas an anisotropy
ratio of 100 makes them 3 times longer in the vertical direction. It seems that horizontal
resolution in Figure 5.6.44a is not quite adequate. It also interesting to note that more
streamtubes leave Lake Pinjar than enter it, indicating that if Lake Pinjar were to wet all
year at an elevation of 40 mAHD, it would act as a net source of recharge for the aquifer.
Conversely, more streamtubes enter Nowergup Lake than leave it, thus Nowergup Lake
at 17 mAHD acts as a net sink for groundwater. Since Lake Pinjar is ephemeral, the
steady state solutions presented here are not perfectly correct. Nevertheless, we believe
that they offer a partial explanation of the annual average behaviour.

Figure 5.6.45 has three similar plots with R = 0.0008 md-l = 294 mm y-l. The flow
patterns are very similar to those in Figure 5.6.44. Since the average annual rainfall near
Perth is about 870 mm, values of net recharge in Figures 5.6.44 and 5.6.45 correspond
to 17% and 34% of rainfall, respectively. For the purposes of the rest of this Section, we
adopt the former as a better approximation to the real situation.

In order to examine the effects of hydrodynamic dispersion on the movement of tracer
plumes, we also used AQUIFEM-N to solve a steady state advection-dispersion equation
for the same modelled region. This kind of calculation can represent the movement of
either natural isotopes (deuterium and oxygen-18) or chloride. Small background
concentrations of 0.02 (in arbitrary units) were specified at the right hand end of the
domain and in recharge, and concentrations of 1 were specified at the fixed head
boundaries in the two lakes (see Figure 5.6.43c). Transport models of this kind require
additional parameters known as longitudinal and transversal dispersivities, aL and aT

respectively [e.g. Bear, 1979]. We experimented with a range of values, knowing that aL
typically needs to be of the order of the nodal spacing. Figure 5.6.46 shows results with
R = 0.0004 md-l, Kx = 20 md-l, an anistropy ratio of 100 (as in Figure 5.6.44c),
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aL = 20 m and three values of aT equal to 0.1, 0.01 and 0.001 of aL. Contours for
concentration are at intervals of 0.1 between 0.05 and 0.95.

The colour images show two plumes starting in each lake, though in some cases the
plume from Lake Pinjar is partly captured by Nowergup Lake. The largest value of aT
causes so much transverse mixing that the plume emanating from Lake Pinjar mixes over
the whole of the aquifer thickness. The smallest value allows a plume from Lake Pinjar

to stay in the middle of the aquifer as far as Nowergup Lake, where part of the plume is
captured and part bypasses beneath the lake. Until recently, a ratio of aUaT = 1000
would have been considered much too large, because it was generally believed that
transverse mixing was a very important transport mechanism. The fact that we observe
what appears to be a plume at mid-depths near Nowergup Lake (see Section 4.2.2)
indicates that anisotropy must be high and that aUaT must also be large. Observations of
a hydrocarbon plume and of deuterated organic tracers by Thierrin et al. [1992a, b] on the
Swan Coastal Plain can also only be explained if aUaT is large.

The analysis presented here has successfully demonstrated that field observations along
the Pinjar-Nowergup transect can qualitatively be explained by groundwater flow in a
highly anisotropic aquifer, and dispersion which is much smaller in the transverse
direction than in the longitudinal direction. Nearly all the modelling presented in this
Report assumes that capture zones can be defined by advection only, without taking into
account hydrodynamic dispersion in an aquifer. Although dispersion must have an effect
in practice, we have shown here that interpretation on the basis of advection alone may be
reasonable in Swan Coastal Plain soils.

The modelling presented here is limited in two important ways. First, it does not include
leakage to or from the Leederville Formation. It is widely accepted that the superficial
formations recharge the Leederville Formation near the top of Gnangara Mound and
receive upward flows from the Leederville closer to the coast Furthermore, the isotopic
and chemical characteristics of groundwater at the bottom of the superficial formations on
the upgradient side of Nowergup Lake are consistent with upward leakage of
groundwater from the Leederville Formation (see Section 4.2.2). With increasing
reliance on groundwater on the Swan Coastal Plain, a better understanding of leakage
between different layers is urgently required. Future research should combine cross-
sectional modelling of a deeper cross-section than is modelled here with isotopic,
chemical and physical measurements.

Second, the fact that Lake Pinjar is only wet during part of the year means that the results
presented here are only approximate. In Section 5.7.6, we address the effects of seasonal
fluctuations on capture zones, but it is sufficient to say that the average effect of Lake
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Pinjar is probably equivalent to a permanent lake of somewhat shorter length in the
direction of average flow. If Lake Pinjar is dry at the end of summer and wet to a length
of 2 km at the end of a wet winter, its average effect may be equivalent to that of a

permanent lake about 1 km in length.

5 .6.6 Capture zones for lakes on the Swan Coastal Plain

In earlier sections, we have obtained results using two-dimensional models in vertical
section for the depth of capture zones for "long" lakes (Section 5.2), using two-
dimensional models in plan for the width of capture zones for fully penetrating circular
lakes (Section 5.3), using three-dimensional models for the depth and width of capture
zones for shallow circular lakes (Section 5.4), and most recently using two-layered two-
dimensional models as an approximation to three-dimensional models (Section 5.5). All
the above results have been idealised and at a local scale. They have not accounted for
spatially variable aquifer properties or for spatially variable net recharge. The purpose of
this Section is to describe a methodology for predicting capture zones for lakes embedded
in large regional aquifers, where it is necessary and/or possible to account for
heterogeneity.

The approach is based on the assumption that it is possible to set up a two-dimensional
model of regional aquifer flow using a package such as the Golder package [Golder
Associates Inc., 1979] or AQUIFEM-N. In particular, we present an example using an
application of the Perth Urban Water Balance Model [Cargeeg et al., 1987a, b] to the
Jandakot Mound near Perth. In this application, the model uses regional data derived
from the PUWBS data base, and uses the PUWBS Vertical Flux Model to compute net
recharge, but the [mite element model is run in two-layered mode with a second layer
being used to simulate seven of the more significant lakes. The Perth Urban Water
Balance Model was provided by the Water Authority as an executable file for an 80386-
based PC, on the understanding that it would be used only for the modelling described
here. Data sets containing hydrogeology and land use characteristics were provided by
the Water Authority, and no check has been made on the Water Authority's calibration of
the model.

The approach is described by the following sequence of steps:

• First, the regional model is run including spatial variability in aquifer properties
and net recharge. This model is dynamic, with at least monthly variations in
rainfall, evaporation, pumping rates and other hydrological variables. Lakes are
simulated using large conductivities within the lakes and leakage coefficients
calibrated on the basis of matching historical water level observations. This
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approach is similar to that described in Section 5.5, but the Water Authority has
not yet had an opportunity to adjust the calibration of their model based on the
findings of this Project.

• As the regional model is run, we choose to output at each monthly time step not
only calculated water levels but also "net vertical flux" at each node of the models
grid.

• We generate from the Perth Urban Water Balance Model grid a new grid suitable
for AQUIFEM-N. This is achieved by dividing each Golder quadrilateral into two
triangular elements, the dividing line being chosen across the shortest diagonal of
the quadrilateral.

• We use the output from the Perth Urban Water Balance Model and the new grid to
generate a steady state data set for AQUIFEM-N, which is used to calculate the

long-term average water table configuration in the region. This is achieved by
averaging the net vertical flux computed in the regional model. AQUIFEM-N is
set up using a two-layered approach, as described in Section 5.5.2.

• AQUIFEM-N calculates and outputs not only average water levels but also aquifer
fluxes, Qx and Qy [m2d-1], at the centroids of all triangular elements in the lower
aquifer.

• Program PLOT, an ancillary program which is part of the AQUIFEM-N package,
uses the outlines of lakes (defined as a string of nodes in anti-clockwise order) to
identify two stagnation points on the boundary of each lake. After modifying
fluxes to account for aquifer thickness, it then calculates the capture zones of the
lakes by particle tracking. Because the regional model is two-dimensional,
capture zones extend either to a boundary or to the top of an upgradient
groundwater mound. Real capture zones will only extend this far if at a local scale
a lake captures flow over the whole thickness of the aquifer, i.e. only for long
lakes without a low conductivity lining, however a two-dimensional model is not
capable of determining the depth of capture.

• At this stage, we manually adjust the extent of the capture zones using (i)
knowedge of 2a/B, anisotropy and D/B (as discussed in Section 5.6.4), and (ii)
effective porosities and retardation factors. It would be technically possible,
however, to automate this procedure so that Program PLOT could produce closed
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capture zones at the land surface, of the types shown in Figures 5.6.41 and
5.6.42.

Figure 5.6.47 illustrates the structure of the Perth Urban Water Balance Model and Figure

5.6.48 shows a finite element grid developed by the Water Authority for the Jandakot
Mound, to the south of Perth. The grid is not ideal, for at least two reasons. First,
unlike the three subregional models developed during the Perth Urban Water Balance
Study, the grid does not extend to the ocean or to the Swan Estuary. Much of the
boundary therefore follows an assumed equipotential, and water levels are therefore
maintained at this boundary, regardless of the extent of pumping within the modelled
region. Second, although the grid is refined near lakes, the refinement is in a radial sense
(in order to handle fluctuating lake levels) and there are very few nodes around the
perimeter of each lake. This causes some difficulties in particle tracking, as described
below.

Figure 5.6.49 shows equipotentials and flux vectors predicted by AQUIFEM-N, using
aquifer properties and time-averaged net vertical flux extracted from the Water Authority's
model. Figure 5.6.50 then shows pathlines obtained by particle tracking in a backwards
direction, starting from stagnation or dividing points on the perimeter of each of seven
lakes. The pathlines define capture zones in plan for these lakes, based on two-
dimensional flow in plan, which does not and can not take into account any flows in the
vertical direction. For this reason, these capture zones are realistic for very large lakes
(i.e. lakes with large 2a/B), which have capture zones that extend to the bottom of the
aquifer upgradient of the lake. But they are too long for any lake whose capture zone
extends only part of the way to the bottom. Smaller lakes, or lakes which are effectively
small because of aquifer anisotropy or a low conductivity lining, will have shorter capture
zones as discussed in Section 5.6.4.

It is clear that particle tracking gives a better indication of the ultimate capture zones of
lakes than short arrows indicating flow directions and rates. An interesting feature of
Figure 5.6.50 is that because the six lakes on the western side of Jandakot Mound (the
so-called East Beeliar chain of wetlands) are relatively close together, the individual
capture zones of the lakes tend to merge to form one very wide capture zone. This
tendency is a confirmation that capture zone width, w~a, decreases for a lake in plan as
a/W increases, Le. as the lake becomes closer to its neighbours (see Section 5.3).

The procedure for generating particle tracks requires some care. In order to produce
Figure 5.6.50, the boundary of each flow-through lake is defined as a list of nodes, and
heads are analysed around the boundary (as described in Section 5.3) to determine the
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location of stagnation or dividing points. Whereas careful analysis of circular lakes in
Section 5.3 used large numbers of nodes on lake boundaries, the seven lakes in Figure
5.6.50 have between 6 and 11 boundary nodes, for Banganup Lake and North Lake,
respectively. Bibra Lake has 10 nodes on its boundary, as shown in Figure 5.6.51. The
elements labelled 1 and 2 on the northeast side of Bibra Lake, however, are effectively

part of the lake as well. This is because these elements have all three nodes within the
lake, thus the water table is effectively flat. From the point of view of automatically
detecting dividing points, it is important to design grids such that elements on the lake
boundary have no more than two nodes within the lake. It is also desirable to have many
more nodes on the lake boundary than in Figure 5.6.51, to give some precision in the
location of the dividing point. The number of nodes or elements is hardly a limitation
given the power of today's computers, so it ought to be possible to design appropriate
grids for any application.

The results shown in Figures 5.6.49 and 5.6.50 are approximations in the sense that the
AQUIFEM-N solution assumes that each lake includes all the elements which can
possibly be lake elements in the Perth Urban Water Balance Model. The lakes are thus
larger than they probably should be. Only minor changes are needed to ensure that
AQUIFEM-N adjusts the size of each lake iteratively as water levels are calculated, but
such changes have not yet been made. The issue is important, however, because it is
closely related to issues of capture zone dynamics.

The issue of capture zone dynamics is discussed in Section 5.7.6 below, but for a flow-
through lake where surface area depends on water level, the important effects are that (i)
as water level rises, the effective 2a/B increases, thus the depth of capture zone increases,
and (ii) as water level rises, the effective width increases, thus the width of the capture
zone for an isolated lake increases. In order to model a region with many lakes correctly,
it is necessary therefore to be able to change the size of a lake in each time step (as is the
case in the Water Authority's latest implementations of the Perth Urban Water Balance
Model), but also to change the effective parameters (either lake transmissivity in a large
transmissivity approach, or leakage coefficient in a two-layered approach) according to
the change in 2a/B and using the parameterisations developed in Section 5.5. In order to
achieve good dynamic calibrations of the Perth Urban Water Balance Model, the Water
Authority has found it necessary for some lakes to assign aquifer properties in concentric
rings, such that the outer rings have larger leakage coefficients. It is clear from the results
of this Project that this is consistent with the fact that capture zones become wider as
water level and surface area increase. Larger capture zones of course influence the water
balance of a lake, and hence the magnitude of lake level fluctuations (see Sections 5.7.2
and 5.7.3). Concentric rings with larger and larger transmissivities or leakage
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coefficients (in either of the two possible approaches) will cause a lake to have the right
degree of attractiveness, in order to attract groundwater flow towards the lake. The
values in each ring should be larger than those recommended in Section 5.5, because
Section 5.5 was based on constant properties within a total diameter, not on concentric
rings with increasing properties.

To conclude this discussion, we address the issue of how capture zones such as those
defmed above can be modified to take into account the fact that real flow is not two-
dimensional, as well as the effects of sorption. First of all, the effects of 2a/B, Kx/Kz
and D/B can be taken into account as described in Section 5.6.5. Each individual capture
zone can be truncated to defme an ultimate capture zone which takes into account the
effects of three-dimensional flow. Second, it is possible to define 5-year, 20-year and
lOO-year capture zones (for example), by using particle tracking to integrate backwards
along pathlines until a specific time is reached. This type of zone is illustrated in Figure

5.3.11, but its calculation requires a value of effective porosity (since the velocity of a
particle of water is equal to the Darcy flux divided by effective porosity). Third, it is
possible to use the concept of a retardation coefficient for take account of the fact that a
solute front moves more slowly if a solute can be adsorbed to the solid matrix. These
simple modifications could easily be added to the procedure described above, thus
allowing the production of maps identifying capture zones for any surface water bodies
on the Swan Coastal Plain.

5.6.7 Further complexities and capture zone dynamics

In this Section, we point to a few complexities which affect the geometry of capture and
release zones, and which have not been systematically studied during this Project.

Although we have studied the effects of low conductivity lake linings, we have assumed
in all cases that they are uniform over the whole of the bottom of a lake, in vertical
hydraulic conductivity and in thickness, or more particularly in the ratio of the two. This
may be the exception, rather than the rule. There is some evidence (and some people
certainly believe it to be the case) that hydraulic conductivities may be greater on the
upgradient side of a lake, where groundwater inflow rises through unconsolidated
sediments, and smaller on the down gradient side, where downwards seepage may tend to
consolidate the sediments. Low conductivity sediments are probably deeper in the middle
of shallow lakes (e.g. in North and Bibra Lakes) and may have negligible depths around
the perimeter of a lake where banks are steeper and wind-induced wave action may lift
sediments into suspension.
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Heterogeneity in Kzs/Ds (see Equation 5.2.4) or D/B will have marked effects on flow
patterns, but in quite predictable ways. Figure 5.6.52 shows a few examples of possible
flow patterns. A low conductivity lining on the upgradient and downgradient sides of a
lake (Figure 5.6.52b) will make the lake appear shorter, and result in a capture zone
which is shallower in depth and narrower in plan. A low conductivity lining at the
downgradient side only will have a similar effect (Figure 5.6.52c), but the stagnation
point will be much closer to the upgradient edge of the water body. If sediments are
concentrated near the centre of a lake, a long lake will look like two very short lakes in
series (Figure 5.6.52d), and a circular lake will appear to be annular in plan. Since all of
the water body has the same surface level,. however, piezometric head beneath an
impermeable lining will be the same as in the lake, and there will be a stagnation point on
the base of the impermeable lining. From a groundwater point of view, the lake behaves
as a single lake with length equal to the distance between the upgradient and
down gradient boundaries. The low conductivity lining near the middle of the lake
prevents upward and downward seepage in a region where seepage is normally small.
But the fact that flow paths near the dividing streamlines are longer, because of the flow
reversal beneath the centre of the lake, may cause the capture zone to be slightly deeper.

There is little doubt that there are many interesting interactions between multiple lakes in
vertical section, in plan, and in general, in three dimensions. Section 5.6.5 on the Pinjar-
Nowergup transect showed that the capture zone of a short downgradient lake will
include the upper part of the release zone of a large upgradient lake. Similarly, a large
downgradient lake will capture all of the release zone of a short upgradient lake, and its
capture zone may even extend beyond the capture zone of the upgradient lake. Since
Mariginiup Lake acts as a reasonably short lake, this is likely to be the case along a
flowline through Mariginiup Lake and Lake JoondaluP. In their recent study of a
paleochannel near Kalgoorlie in Western Australia, Turner et al. [1993] implied that a
series of salt lakes can also have flow-through type behaviours, which are a
generalisation of Figure 5.6.52d with many lakes. Very similar statements can be made
in plan and hence in three dimensions.

The literature contains other interesting examples of interactions between lakes in close
proximity to each other. A systematic investigation by Meyboom [1966, 1967]
demonstrated seasonal reversals in flow directions near sloughs in hummocky moraine in
south-central Saskatchewan in Canada. These shallow depressions are typically filled
with snowmelt during spring and early summer, supply water for transpiration by
phreatophytic willow rings during summer, and undergo a transition to flow-through
behaviour by autumn (see Figure 5.6.53). Prendergast [1989] presents a map of
equipotentials near Lakes Tyrrell, Wahpool and Timboram in Victoria. Figure 5.6.54a
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shows our interpretation of the flow pattern in plan as consisting of two embedded
complete capture zones, of the type shown in Figure 5.3.6b, this being consistent with
the fact that these salt lakes are net sinks for groundwater. A cross-section through these
lakes (Figure 5.6.54b) suggests that although there may be density effects, Lake
Timboram is a flow-through lake probably of type FT2, Lake Wahpool is of type FT8
and Lake Tyrrell is of type DlO (see Figure 5.2.11). Sacks et al. [1992] describe the
interaction between three lakes in Donana National Park in Spain. Figure 5.6.55 shows
that there is a clear transition between flow-through behaviour for two of the lakes from
the middle of the dry season until the middle of the wet season (the third lake being dry
during most of this period), and complete capture by all three lakes at the end of the wet
season.

Two of these examples emphasise the dynamic nature of flow regimes, and hence of
capture and release zones. Intuitively, we imagine that groundwater flow patterns change
seasonally between different regimes, as defined in vertical section (Figure 5.2.11), in
plan (Figure 5.3.6) and in three dimensions (Section 5.4). As discussed above, all the
flow regimes in Figure 5.2.11 and all corresponding three-dimensional flow patterns
appear at the land surface to be one of the three patterns in Figure 5.3.6. But there are
subtle transitions below the water table, and as the balance between aquifer flows and
recharge changes, we expect flow patterns to follow some path or locus within a
transition diagram of the form of Figure 5.2.12. It is not possible to claim that a dynamic
system will move between a number of steady states, however in some general sense we
expect this to be the case. Storage effects at the water table (due to specific yield), at the
surface of an open water body (due to an effective specific yield of unity) and throughout

the aquifer (due to the compressibility of water and the solid matrix) all ensure that there
is a difference between dynamic and steady state behaviours. However systems with fast
response times (i.e. those with large transmissivity, low specific yield and perhaps
relatively small surface water bodies) probably do have flow patterns which are close to
steady state.

Unfortunately, limited resources have meant that it has not been possible to conduct
systematic transient modelling during this project, however Section 5.7 addresses many
issues of dynamic lake-aquifer interaction. Sections 5.7.2 and 5.7.3, in particular, lead
to the finding that it is possible for lake-aquifer systems to be either surface water
dominated or groundwater dominated. As a result, but even before we obtained the
quantitative results presented in Section 5.7.3, we concluded that some surface water
bodies may alternate between complete capture and completely recharging regimes
(Figures 5.3.6b and 5.3.6c, respectively), but that these regimes would occur at different
times depending on the whether the system is driven by surface water or by groundwater.
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Figure 5.6.56 illustrates the fundamental types of behaviour. It is likely that only very
small lakes or wetlands actually undergo transitions between both extremes.

The lakes described by Meyboom [1966, 1967] and Sacks et at. [1992] appear to be
driven by groundwater fluctuations, but they only undergo transitions between complete
capture and flow-through regimes, i.e. they never completely recharge the aquifer. It
seems likely that lakes of the Swan Coastal Plain are also groundwater driven, at least in
their natural state. However artificial drainage channels which connect lakes to each
other, supply urban stormwater runoff to wetlands and, in some cases, prevent lake
levels from exceeding undesirably high levels have the potential to change the
fundamental behaviour of lakes so that they are dominated by surface water inputs and
outputs. Further research is needed to verify this hypothesis and to determine whether or
not such a change has any undesirable influences on wetland ecosytems. The one-
dimensional periodic analysis presented in Section 5.7.3 could easily be extended to two
dimensions in plan, using AQUIFEM-P [Townley, unpublished] (see Section 5.7.2), and
using dynamic particle tracking to identify seasonal changes in flow regimes.

In Section 5.6.6, we discussed briefly the issue of capture zones changing as the size of
lake grows and declines. At the risk being repetitive, it is important to emphasise this
effect. Lakes with vertical walls, or at least with steep banks, do not change significantly
in plan area on a seasonal basis, or on the time scale of storm events. Those with very
gently sloping bottoms, however, can vary enormously in size. Some lakes on the Swan
Coastal Plain can be as large as 2 km in diameter at the end of the wet season, but dry out
summer. A dry lake is no longer a lake, at least hydrologically speaking, because the
dominant effect of a lake is that it provides a low resistance conduit across the top of the
land surface, so that groundwater can fmd an easier route along its path to the ocean or its
ultimate sink. Groundwater flow beneath a dry lake reverts to essentially uniform
unidirectional flow. A large lake, however, attracts groundwater from a strip of aquifer
roughly twice its diameter in width. In doing so, it has a major influence on the regional
groundwater flow pattern and on the regional water balance.

Figure 5.6.57 shows what happens to a groundwater flow system both in vertical section
and in plan as a water body changes from being large to being dry. The Figure assumes
that a flow-through regime is maintained, though other changes may be possible. A large
lake creates a region of effectively large transmissivity (see Section 5.5) which attracts
groundwater towards it and loses a large amount of water by evaporation. Its effectively
large specific yield acts to reduce the rate at which regional levels change. A smaller lake
area is less transmissive, attracts less groundwater and loses less water by evaporation.
If the shape of the bottom is saucer-like, the flatter bank slopes when the surface area is
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small means that levels change faster than when the area is large. This is less so when the
lake is drying out, as total evaporation is proportional to the exposed surface area, but a
lake which receives surface drainage from a fIxed catchment area will rise faster at the
early stages of filling that at the end. The discussion in Section 5.6.6 on why effective
model parameters in two-dimensional plan models may need to change in concentric rings
is supported by this discussion and by Figure 5.6.57. Any lake, such as Lake Pinjar,
which experiences such extremes in flow patterns can not be expected to have release
zones which are clearly identifIable by chemical and isotopic methods. Fluctuations in the
position of dividing flowlines provide one of the few mechanisms for mixing within the
release zone.
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(All distances are approximate. This table contains examples, not careful predictions)

Lake Length 2a Aquifer 2a Assumed D Predicted Distance Length of Width of Width of(m) thickness B B Xx Assumed B b_ to top of capture zone lake capture zone-(m) Xz B mound S b_s (m) (m)
(m) B

(m)
Loch McNess 1 0

1
10 0

1
100 0

1
Gnangara Lake 1 0

1
10 0 ~

1 Y100 0
1 I. e'

Herdsman Lake 1 0 \l~1
10 0 l-

I I-100 0
1 ~

Lake Monger 1 0
,-

1
10 0

1
100 0

1
North Lake 1 0

1
10 0

1
100 0

1
Forrestdale Lake 1 0

1
10 0

1
100 0

1

Table 5.6.1

TOWNLEYLR
Sticky Note
This Table was incomplete in the Final Draft.
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Figure 5.6.2 Depth of capture zone in a vertical section as a function of
2a/B, for different values of RL/U+B
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Figure 5.6.3 Depth of capture zone in a vertical section as a function of
2ul B, with V _IV + and R L/ V +B varying such that Q = 0
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Figure 5.6.4 Depth of capture zone in a vertical section as a function of
2ul B, with V _IV +=0.9, for different values of D I B
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Figure 5.6.5 Depth of capture zone in a vertical section as a function of
2a1B, with V_IV +=1.1, for different values of DI B
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Figure 5.6.7 Depth of capture zone as a function of anisotropy, for different
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Figure 5.6.8 Anisotropy as a function of bottom resistance for different
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Figure 5.6.19 Flow-through domain for 2a/B=1, showing contours of Q/ U+B

o

-,
o 2 3 4 5

Figure 5.6.20 Flow-through domain for 2a/B=1, showing contours of b_/ B
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Figure 5.6.21 Flow-through domain for 2aIB=!, showing contours of CLlc+
when P(2a)IU+B=0.5 above and E(2a)IU+B=0.5 below the Q=O
line
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Figure 5.6.22 Flow-through domain for 2aIB=!, showing contours of
(1+0L)/(1+0+) when P(2a)/U+B=0.5 above and E(2a)/U+B=0.5
below the Q =0 line
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Figure 5.6.23 Flow-through domain for 2aIB=1, showing contours of b_1B
and CLlc+ when P(2a)IU+B=0.1 above and E(2a)IU+B=0.1 below
the Q=O line
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Figure 5.6.24 Flow-through domain for 2aIB=1, showing contours of
(l+0L)/(l+o+) when P(2a)IU+B=O.1 above and E(2a)IU+B=O.1
below the Q =0 line
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Figure 5.6.25 Flow-through domain for 2a/B=1, showing contours of b_/ B
and CL/C+when P(2a)/U+B=0.25 above and E(2a)/U+B=0.25
below the Q=0 line
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Figure 5.6.26 Flow-through domain for 2a/B=1, showing-contours of b-,-/B
and (1+0L)/(1+o+) when P(2a)/U+B=0.25 above and
E(2a)/U+B=0.25 below the Q=O line
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Figure 5.6.27 Flow-through domain for 2aIB=1, showing contours of b_1B
and CLlc+ when P(2a)IU+B=O.5 above and E(2a)IU+B=O.5 below
the Q=O line
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Figure 5.6.28 Flow-through domain for 2aIB=1, showing contours of b_1B

and (1+oL)/(1+o+) when P(2a)IU+B=O.5 above and
E(2a)IU+B=O.5 below the Q=O line
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Figure 5.6.29 Flow-through domain for 2aIB=1, showing contours of b_1B
and cLlc+ when P(2a)IU+B=l.O above and E(2a)IU+B=l.O below
the Q=O line
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Figure 5.6.30 Flow-through doma,ill. for 2a/B=1, showing contours.;o!" b_/ B
and (l+od/(l+o+) when P(2a)/U+B=1.0 above and
E(2a)/U+B=1.0 below the Q=O line
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Figure 5.6.31 Flow-through domain for 2aIB=I, showing contours of b_1B
and cLlc+ when P(2a)IU+B=2.0 above and E(2a)IU+B=2.0 below
the Q=O line

-,
o 2 3 4

Figure 5.6.32 Flow-through domain for 2aIB=1, showing contours
and (1+0L)/(1+o+) when P(2a)IU+B=2.0 above and
E(2a)IU+B=2.0 below the Q=O line
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Figure 5.6.33 Flow-through domains for three values of 2a/ B
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Figure 5.6.34 Flow-through domain for 2a/B=4, showing contours of b_/ B



Figure 5.6.35 Flow-through domain for 2a/B=4, showing contours of b_/ B
and CL/C+when P(2a)/U+B=O.1 above and E(2a)/U+B=O.1 below
the Q=O line

Figure 5.6.36 Flow-through domain for 2a/B=4, showing contours of b_/ B
and (1+0L)/(1+o+) when P(2a)/U+B=O.1 above and
E(2a)/U+B=O.1 below the Q=O line



Figure 5.6.37 Flow-through domain for 2a/B=4, showing contours of b_/ B
and CL/C+when P(2a)/U+B=O.5 above and E(2a)/U+B=O.5 below
the Q=O line
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Figure 5.6.38 Flow-through domain for 2a/B=4, showing contours of b_/ B
and (l+od/(1+o+) when P(2a)/U+B=O.5 above and
E(2a)/U+B=O.5 below the Q=O line



Figure 5.6.39 Flow-through domain for 2a/ B=4, showing contours of b_/ B
and CL/C+when P(2a)/U+B=2.0 above and E(2a)/U+B=2.0 below
the Q=O line
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Figure 5.6.40 Flow-through domain for 2a/B=4, showing contours of b_/ B

and (1+0L)/(1+0+) when P(2a)/U+B=2.0 above and
E(2a)/U+B=2.0 below the Q=O line



Figure 5.6.41 Schematic diagram showing extension of a capture zone towards
a groundwater divide
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Figure 5.6.44 Contours of stream function with R = O.0004md-1, Kx = 20md-1
and (a) Kz = 20md-1, (b) Kz = 2md-1, and (c) Kz = O.2md-1
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Figure 5.6.45 Contours of stream function with R = O.0008md-1, Kx = 20md-1
and (a) Kz = 20md-1, (b) Kz = 2md-1, and (c) Kz = O.2md-1
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Figure 5.6.46 Contours of streamfunction with R = O.0004md-1, Kx = 20md-1
and Kz = O.2md-1, and contours of concentration with aL = 20m
and (a) aT = 2m, (b) aT = O.2m and (c) aT = O.02m
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Figure 5.6.51 Enlargement of grid near North and Bibra Lakes

_=7<=_
(a)

lake
(b) low conductivity

_5"€in9C

(c) (d)

I I

--~--

Figure 5.6.52 Possible flow patterns with non-uniform low conductivity linings
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5.7 Lake Water Level Fluctuations

5.7.1 Theoretical approach in vertical section and three dimensions

FINAL REPORT

Groundwater flow near a real surtace water body is always three-dimensional and
transient, and results in dynamic fluctuations of the water level within the surtace water
body. To our knowledge, there have ~een no rigorous attempts to model such a coupled
system dynamically in three dimensions. Neither are there two-dimensional analyses in
vertical section which account properly for the fluctuating surtace water levels. Winter's
[1978] modelling was three-dimensional but steady, and his [1983] two-dimensional
modelling was dynamic, including recharge through an unsaturated zone, but used a
constant water level in the surface water body. Modelling of Lake Dofiana in Spain by
Sacks et al. [1992] was dynamic, but used an approximate method, similar to the two-
layered unsteady model presented in Figure 5.5.2.

During the course of this Project, we tried to obtain a three-dimensional finite element
model which could easily be extended to the full coupled problem. However the only
suitable code we found (owned by HydroGeoLogic Inc. in the U.S.A.) is still tied by
commercial agreements and we have not yet been given permission to use it. For this
reason, as well as because steady three-dimensional modelling was much more difficult
than we had envisaged, complete three-dimensional dynamic modelling has not yet been
carried out.

The purpose of this Section is to present for the first time a formal definition of the three-
dimensional dynamic problem of lake-aquifer interaction, and then to argue that the same
methodology could be used in vertical section. In subsequent Sections, we present a
discussion of expected behaviour, an approximate one-dimensional model for an aquifer
containing several lakes, and an approximate method for two-dimensional modelling in
plan.

Unsteady groundwater flow in three dimensions satisfies [Bear, 1979, p.93, Equation
(5-29), for a three-dimensional homogeneous anisotropic medium]:

S acfJ = K a2cfJ +K a2cfJ +K a2cfJ
o dt x ax2 Yay2 z az2

where So is the specific storativity of the aquifer, which incorporates the effects of
compressibility of both the water and the solid matrix. This equation is a simple
extension of Equation 5.4.2.
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Boundary conditions are very similar to the steady case, with the exception of the upper
sunace. Suppose the top surface of the saturated aquifer S is defined by F(x,y,z) = 0,
i.e. by a surface in three-dimensional space. Outside the area of the surface water body,
the upper boundary is the phreatic surface (i.e. the water table), which we denote as Sp.
Inside the plan area of the water body, the upper sunace of the aquifer (i.e. the bottom
sunace of the water body) is an "intenace" which we denote as Sf.

Pressure at any point on Sp is always atmospheric (zero gauge pressure), hence <p = z. It
follows that F(x,y,z,t) = <p(x,y,z,t)- z = O. On this surface we assume time-varying net

recharge R(t) in the negative z direction, but it is necessary to derive a "kinematic"
boundary condition to account for the fact that R will induce movement of the water table.
The kinematic boundary condition depends on a local water balance at the water table, of
the form [see Bear, 1979, p.99, Equation (5-47), for a three-dimensional anisotropic
medium]:

(5.7.2)

where Sy is the specific yield of the aquifer at the location of the water table, a quantity
related to but always less than the porosity. Equation 5.7.2 contains (and is derived
using) the condition <p = z, but still must only be applied on the upper boundary Sp,
where <p = z. Implementing the boundary condition involves an iterative procedure

whereby we assume the approximate location of the phreatic sunace (z), apply Equation
5.7.2 as a boundary condition for Equation 5.7.1 to obtain a new solution for <p

throughout the aquifer, and then choose move the phreatic surface so that z = <p.

Now consider the intenace S[ at the upper sunace of the aquifer below the water body.
In this case the sunace itself (i.e. the bed of the water body) does not move up and down,
but the perimeter of the water body (where the S[ meets the Sp) can move "in" and "out"
from one contour of the land sunace to another. At every point on Sf, <p is equal to hL,

the elevation of the open water surface. Furthermore, at every such point, the rate of
groundwater flow (normal to the intenace) into the aquifer is [e.g. Bear, 1979, p.97,
Equation (5-37)]:

q=-(K alP + K alP + K a<P)_ n
.Iax Yay Z az

(5.7.3)

where n is a unit vector normal to S[ in the inward-pointing direction, i.e. from the water
body into the aquifer. Since n has components aF/ax, aF/ay and aF/dz in the three
coordinate directions, it follows that:
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where:

FINAL REPORT

(5.7.4)

(5.7.5)

At the same time, hL is not known a priori, especially in a dynamic situation, and must
satisfy a water balance within the surface water body. Such a balance takes the form:

(5.7.6)

where A is the plan area of the surface water body, P and E are rainfall (precipitation) and
evaporation respectively, and q is given by Equation 5.7.4. This form of the water
balance equation assumes that there are no other sources or sinks other than groundwater
flows, but it can easily be extended to include surface water inflows or outflows.
Overall, the interface condition is just as complex as the phreatic surface condition. It
involves fIrst of all assuming hL, determining the corresponding region Sf and its plan
area A, solving for l/J throughout the aquifer using Equation 5.7.4 as a flux boundary

condition for Equation 5.7.1, and then solving for hL using Equation 5.7.6. If A is
independent of hL (i.e. if the water body has vertical walls), the problem can be solved in
one step without iterating, at least if we approximate the phreatic surface condition by not
iterating there as well.

Now consider a fInite element formulation for a coupled lake-aquifer model, using the
notation of AQUIFEM-N [Townley, 1993]. To simplify the development, which we
have not found previously published, we start by assuming steady state. The matrix
equation to be solved has the form:

Kh =f (5.7.7)

where h is a vector of n nodal heads, K is an n x n conductivity matrix and f is a vector
of nodal fluxes and/or boundary conditions.

Suppose that there are four types of nodes in the model domain: (1) internal nodes or
nodes on constant flux or no-flux boundaries, (2) nodes on the upper surface in the
phreatic surface region Sp, (3) nodes on the upper surface in the interface region Sf, and
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(4) nodes on fixed head boundaries. Furthermore, suppose that the lake level hL is a
scalar unknown. The overall matrix equation for steady state flow can be partitioned by
dividing the head vector h into four vectors hI, h2, h3 and h4. Thus we get:

(5.7.8)

Defme a vector iwhich has the same length as h3 but all its terms are 1. Since all terms
in h3 must be equal to hL, we can write:

(5.7.9)

Substituting this in Equation 5.7.8 gives:

(5.7.10)

or

(5.7.11)

which is a system with more equations than unknowns. Premultiplying the third row of
the partitioned matrix equation by iT (i.e. summing the rows of the component
submatrices) gives:

(5.7.12)

Because h4 contains known heads, the equations are usually solved by rearranging to a
reduced form:

(5.7.13)
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which is now an equation for all the unknown heads. After solving for hI, h2 and hL, it
is possible to substitute these in the last row of Equation 5.7.12 and thereby obtain an
expression for the flux into the aquifer at the fixed head nodes:

(5.7.14)

In the same way, we argue that h3 is like a vector of fixed heads, and that f3 is a vector of
nodal fluxes from the water body into the aquifer. The quantity iTf3 is the scalar sum of
all nodal fluxes into the aquifer (like an integral of fluxes through the bed of the water
body), which plays an important role in the water balance of the surface water body. In
fact, we can write the steady state water balance equation for the surface water body (see
Equation 5.7.6) in the form:

A(P - E) = iTf3

Thus Equation 5.7.13 becomes:

(5.7.15)

(5.7.16)

which is a reduced dimensional system of equations which assumes knowledge of all
fixed heads and treats the head in the surface water body as a single unknown. Having
solved for all heads, Equation 5.7.14 is the appropriate way to compute fluxes into the
fixed head nodes.

As discussed above, if the surface area of the surface water body is constant as hL varies,
Equation 5.7.16 can be solved directly. If A depends on hL, however, the equation
needs to be solved iteratively, not only to adjust the value of A, but also to repartition
nodes between h2 and h3, as nodes move from the phreatic surface to the (submerged)
interface, or vice versa. For a given ground surface, it would probably be desirable to
interpolate between nodes to fmd the exact area of the flooded surface and and the
remaining fractions of elements on the phreatic surface, in order to divide recharge or net
rainfall between f2 and A(P - E).

Now consider the effect of the phreatic surface boundary condition. In practice, in order
to meet the condition f/J = z on the phreatic surface, it is necessary to change the

coordinates of nodes at or near the phreatic surface in each iteration, setting z to the
previously calculated f/J. The equations are solved at each iteration using recharge
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allocated in the normal way to f2. Thus the phreatic surface is in fact easier to handle than
the interrace condition, but always requires iteration if it is to be properly satisfied.

Nothing in the above derivation is specific to the dimensionality of the model. All the
above applies equally well to two-dimensional models in vertical section or to a three-
dimensional model. The method can also be extended to a transient situation.

The matrix equation for unsteady flow takes the form:

db
S dt + Kb = f (5.7.17)

where S is a matrix of storage coefficients, which for simplicity we assume to be
diagonal (i.e. a "lumped" storage matrix). With the same four types of nodes as above,
this equation can be partitioned giving (in operator notation):

(5.7.18)

As before the fixed head boundary nodes can be removed from the vector of unknowns,
leaving:

Again we substitute ihL for b3, premultiply the third row of the matrix equation by iT,
and substitute for iTf3 from the following dynamic water balance equation for the surrace
water body:

The result is:

~ = A d~L = A (P - E) - iTf3 (5.7.20)
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This equation can be solved in the usual way by discretising in time with a Crank-
Nicolson or fully implicit method. Nodes on the phreatic surface need to satisfy the
dynamic phreatic surface boundary condition (Equation 5.7.4), which effectively means
that 822 has terms on its diagonal which depend on Sy and the length of element sides
between nodes on the phreatic surface, and that iteration is necessary to ensure that f/J = z
at the end of every time step.

5.7.2 Qualitative discussion

It is well-known that water levels in the shallow lakes of the Swan Coastal Plain fluctuate
seasonally. Water level data for 46 lakes and wetlands during the 20-year period 1972-
1991 are presented in Section 4.3. Regional groundwater levels also fluctuate, and it is
tempting to try to "analyse" relationships between groundwater levels and lake levels
independently of a water balance model. Because the physical relationships (causes and
effects) are quite complex, however, such analysis may not always be successful.

Because the climate in Perth is mediterranean, strong seasonality in rainfall causes a very
distinct annual cycle in groundwater and lake levels. Recharge in winter months
combines with pumping (for public and private purposes) in summer months to give a
"periodic" forcing function for the groundwater flow equation. The solution of the
groundwater equation is similarly "periodic", and shows annual fluctuations
superimposed on a long-term average distribution of groundwater levels. Townley
[1985] presented data for a transect through Star Swamp and developed both analytical
and finite element methods for separating the steady and periodic components of this
behaviour. These methods explain how relationships between aquifer parameters control
the magnitude and timing of groundwater level fluctuations. They have not yet been
applied systematically, however, to obtain information about the spatial variation of
aquifer parameters in the Perth region.

The main concept from Townley [1985] to be applied in this discussion is that because
the groundwater flow equation is nearly "linear", it is possible to separate steady (or long-
term average, or even long-term trend) behaviour from seasonal fluctuations. Because of
interaction between shallow lakes and the aquifer, issues of managing long-term lake
water levels and seasonal fluctuations in lake water levels are distinctly different. They
are influenced and controlled by different processes, i.e. long-term rainfall trends and
seasonal rainfall fluctuations, respectively.

Consider the unsteady equation for two-dimensional groundwater flow in plan in an
unconfined aquifer:
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(5.7.22)

Suppose [after Townley, 1985] thatR can be represented as the sum of a long-term
average RO (which is not time-varying) and a fluctuation RI. If we linearise Equation
5.7.22 by assuming that T is independent of h, then the equation is mathematically
"linear" and h can be represented as the sum of ho and hI. where:

and

o = T (J2ho+ T a2ho +Ro
ax2 ay2

(5.7.23)

(5.7.24)

That is, average groundwater levels depend on the long-term average recharge. Water
level fluctuations depend only on the deviations of recharge from the long-term average.
Understanding this separation is important for the qualitative discussion which follows.

There are numerous ways in which the role of a lake in a regional aquifer can be
described. To simplify this discussion, however, we first distinguish between two cases,
one where the size of a lake is always known (Le. because it has vertical walls around its
boundary) and another where the size of a lake depends intimately on the regional flow
system of which it is part. Most of the discussion below applies to the fIrst case, but
some features of lake behaviour only apply when the plan area of a lake varies seasonally.

In the context of steady flow, we know that a lake attracts groundwater flow towards it
and acts as a low resistance conduit for flow. The degree of attraction depends on the
thickness of the aquifer (2a/B), on the distance of nearby boundaries or other lakes (a/lV),
and on bed resistance (D/B). The width of the capture zone (or more generally, the type
of flow regime) has been shown in Sections 5.2, 5.3 and 5.4 to depend on UJU+ and
RL/U~, hence clearly there is a dependence on the long-term average recharge Ro.

Intuitively speaking, the reason for a lake's attractiveness is that water flows through the
lake with neglible slope on the water surface. In fact, from the point of view of
groundwater modelling, the lake surface is horizontal and the water body is hydrostatic,
with constant piezometric head everywhere inside the water body. If we view the lake as
an extension of the porous medium below, and suppose that flow in the lake satisfIes a
gradient law with the same form as Darcy's Law, then the water body itself can be
viewed as a region with "infInite hydraulic conductivity". Even though there is no
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hydraulic gradient within the water body, there must be a horizontal head gradient in the
aquifer beneath the water body, which provides a driving force for underflow passing
beneath the lake. In one-layered 2D plan models, we have seen that the region of a lake
can be represented by a region of enhanced transmissivity (T*/n, where the degree of
enhancement is chosen to allow the model to match particular results in 3D (e.g. the width
of a capture zone), and there is then a gradient of head throughout the region of a lake. In
two-layered 2D models, a leakage coefficient (K'/B') is chosen to connect the aquifer to a
disk of very large transmissivity, also to match a 3D solution, and again there is a
gradient in head in the lower layer beneath the lake. Either type of approximate model in
plan thus simulates the attractiveness of a lake and predicts some loss in depth-averaged
head.

When flow is unsteady, changes in water levels in the regional aquifer result in changes

in lake water levels. Conversely, changes in lake water levels result in changes in
regional groundwater levels. Throughout these changes, the lake continues to attract
groundwater, though the degree of attraction probably varies.

Assume for a moment that there is no surface water drainage into or out of a lake, i.e. the
components of the lake water balance only include the excess of rainfall over evaporation
and groundwater flows. There are then several reasons why a lake affects regional
dynamics, and vice versa. The first is the lake's attractiveness, which is still a feature of
unsteady flow. In fact the degree of attraction is likely to vary as flux ratios (UJU+ and
RLlU~) change through the seasons, and particularly when the plan area of a lake
changes. A second reason is the difference between the regional value of Sy and an
effective Sy = 1 in the lake. The concept of an effective parameter in this case applies
again to the use of plan models to simulate three-dimensional behaviour. Whereas the
theoretical approach developed in Section 5.7.1 uses Sy in the phreatic boundary
condition (Equation 5.7.4) and directly incorporates an effective Sy = 1 in the lake water
balance equation (Equation 5.7.6, where no such coefficient appears), the approximate
approaches for transient modelling outlined schematically in Figure 5.5.2 require this use
of an effective Sy inside the region of a lake. The third reason is the difference between
regional recharge and effective rainfall P-E over the area of the lake, not so much in an
average sense, because average differences affect the long-term average lake and
groundwater levels, but especially in the sense of differences in the magnitude of
fluctuations. Whether we use Equation 3.7.24 or a two-layered equivalent, there are
differences between the lake and its surrounding region in all three coefficients Sy, T and
RI. The challenge is to unravel the relationships between many possible combinations of
parameters so that we gain a general understanding of lake-aquifer dynamics.
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At this stage we point out that in one sense the important relationships between
parameters are well known. But in another sense they are not, because not all
hydrologists are aware of their significance, or skilled in their interpretation, and also
because although the relationships are known, their influences on lake-aquifer interaction
are not. In Section 5.5, we introduced the parameter A. = (Kza2/D*nO.5 (Equation 5.5.8)

obtained by manipulating the aquifer flow equation for the lower of two aquifers
(Equation 5.5.7) into an almost non-dimensional form (Equation 5.5.7). The A.
parameter is one important relationship between parameters, when flow is modelled using
a two-layer approach. Now consider the unsteady equation for a single layer (Equation
5.7.22). If we perform the same scaling as before on this equation, we get:

(5.7.25)

where u = yla, 't = tlO is non-dimensional time and e is a time scale (e.g. 1 year)
characteristic of the problem. Clearly Sya21TO is an important non-dimensional ratio
which links the influences of Sy and T. This same ratio appears frequently in analytical
solutions for aquifer flow (such as pump test solutions), because the differential

equations for different problems can always be manipulated to a form which contains this
ratio. The last term in Equation 5.7.25 is not non-dimensional, because h has not yet
been normalised relative to a characteristic value, but it does indicate the important
interaction between R and T. Finding a general method for normalisation is difficult,
because in practice h is measured relative to an arbitrary datum. The right way to proceed
is to scale h relative to some head difference characteristic of the problem.

We showed above that with R represented as RO+Rl(t), the unsteady equation can be
separated into two parts (Equations 5.7.23 and 5.7.24). With h similarly represented as
ho + hl(t), both equations can be non-dimensionalised and there are two characteristic
heads needed for normalising the equations. Equation 5.5.2 used U+o-IK as a
characteristic head drop (i.e. the change in head that would occur over a distance a with a
uniform gradient U+!K), hence non-dimensionalising Equation 5.7.23 (the steady or
long-term average component) using this quantity gives RoalU~ (very close to RLIU~)

as an important non-dimensional ratio representing the interrelationship between recharge
and horizontal flow. Townley [1985] showed that a natural normalisation of Equation
5.7.24 (for the fluctuations or deviations from the average) is the fluctuation in head
when T = O. In this case the aquifer responds in so-called "bucket mode", simply
draining and fIlling as recharge Rl(t) is negative or positive, respectively. With a strong
annual cycle, the movement of the water table depends on the integral of Rl(t) over a
year, divided by Sy, and the result depends on the precise form of Rl(t). If 2RaOis the
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integral of the positive components of Rl(t), where 8 is again the period of the
fluctuations (e.g. 1 year), then hl(t) will fluctuate between IRa8/Sy. Non-
dimensionalising Equation 5.7.24 using this quantity givesRlSya2/RaT8as a second

important non-dimensional ratio representing the interrelationship between recharge and
horizontal flow. This ratio can be seen to be the product of the Sya2/T8 and Rl/Ra,

which emphasises the important role ofthe precise shape of Rl(t).

The outcome of this discussion is that without solving any problems explicitly, there are
at least three non-dimensional ratios which influence the solution of Equations 5.7.23 and
5.7.24. First, the steady solution depends on ROa/U~, a result which is not surprising
because many results earlier in Section 5 were shown to depend on RL/U ~ where
L = 2a. Second, the unsteady solution depends on Sya2/T8 and Rl/Ra. The most

important result here is the second one, i.e. that unsteady behaviour depends on Rl(t), the
deviation between R(t) and the long-term average RO. Fluctuations or perturbations in
head depend on fluctuations or perturbations in recharge. The influence of these three
ratios is independent of and additional to the effect of differences in S, T and R between
the regions inside and outside the lake.

To conclude this discussion, we return to consider the effects of differences in Sand
Rl(t) between the regions inside and outside the lake. If there is no difference between
regional recharge and P-E , then the lake causes a reduction in the rate of change of
regional water levels, simply because of the larger effective value of Sy. In a sense, it is
as if the lake is an inclusion within the regional aquifer which has an area larger than the
actual lake area by a factor of 1/Sy. It may be more useful, however, simply to think of a
lake as a region with Sy = 1, so that the effect of changes in regional recharge or
boundary conditions are damped.

In many situations, regional net recharge may be different from P-E over the area of a
lake. In the Perth region, for example, we know that P-E is positive in winter months
and negative in summer months. Net recharge in non-urban areas depends on landuse
and depth to water table. In urban areas, the net recharge is also strongly affected by
pumping. Figure 5.7.1 shows typical distributions of regional net recharge, compared to
P-E over a lake, with various assumptions about pan-to-Iake coefficients based on
Figures 4.3.6 and 4.3.7. More to come ....

5.7.3 One-dimensional analysis with periodic forcing

Suppose that surface water bodies are wide enough in the direction perpendicular to the
average direction of aquifer flow such that it is reasonable to assume that flow is
adequately described by flow in a two-dimensional vertical section. Suppose also that
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water bodies are relatively long in the direction of flow (i.e. 2a/B is large), so that there is
almost complete capture of groundwater over the whole thickness of the aquifer. As a
result, the zone beneath the water body is a zone of almost constant head. With the
exception of short distances near each end of the water body, flow is essentially

horizontal and can be modelled by a one-dimensional aquifer flow equation.

Under these circumstances, it is possible to develop analytical solutions for the steady and
dynamic behaviour of one-dimensional lake-aquifer systems, especially after making the

additional assumption that rainfall minus evaporation over water bodies and net recharge
to the aquifer is approximately sinusoidal in time. Such an analysis is described as a
periodic analysis, because the climatic forcing is assumed to vary as a sinusoid with a
period of one year.

Previous attempts to obtain periodic solutions for aquifer behaviour have usually
expressed time variations using sine and cosine functions, and as a result, solutions have
tended to be complicated in form [see, e.g., Colville and Holmes, 1972; Colville, 1974;
Davis and Peck, 1986]. Townley [1985] presented an alternative method based on
methods used for solutions of the wave equation, for analysing either surface water
waves or vibrations of buildings. In this method, fluctuations in heads are represented by
the real part of a complex number. Without over-emphasising the play on words, the use
of mathematical techniques based on complex variables results in a particularly simple
form of the solution. The analysis which follows is an extension of the work by
Townley [1985] and Townley and Brooker [1990].

Consider a one-dimensional region which extends from the top of a regional groundwater
mound to a constant head boundary such the sea (Figure 5.7.2a). The region may
contain an arbitrary number of subregions, each with homogeneous aquifer properties (Si

and Ti) and spatially constant but periodically fluctuating recharge Ri. The region may
also contain one or more surface water bodies which receive a net surface input equal to
rainfall minus evaporation. The latter is assumed to vary periodically and to be constant
in space over each water surface, but in principle, it could also include surface runoff
from drains or streams. To start with, we consider the specific case of a single lake with
an aquifer subregion upgradient and downgradient of the lake, each of the same length, L
(see Figure 5.7.2b).

Groundwater flow in subregion i satisfies an aquifer flow equation of the form:

(5.7.26)
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LetRi be expressed in the form:

Ri =Ris + RI(Rip eiOJt)

FINAL REPORT

(5.7.27)

where Ris represents the steady or long-term average component of recharge, Rip is a
complex number which represents the amplitude of periodic fluctuations in recharge,
i =-v -1, w = 2n1() is the angular frequency of fluctuations, () is the period of the

fluctuations, and the operator RI(.) returns the real part of the complex number enclosed.
Because Equation 5.7.26 is a linear differential equation, it follows that hi can be
represented by:

hi = his + RI(hip eiOJt) (5.7.28)

where his represents the steady or long-term average component of head, and hip is a
complex number which represents the amplitude of periodic fluctuations in head Since
hip = RI(hip) + i Im(hip), where the operator Im(.) returns the imaginary part of the
complex number enclosed, and since eiax = cosrot + i sinrot, the fluctuating part of hi

becomes:

RI(hip eimt) = RI(hip) coswt - Im(hip) sinrot (5.7.29)

In this form, it is easier to see how Equation 5.7.27 represents the sum of a steady
component and a general sinusoid.

Substituting Equation 5.7.27 into Equation 5.7.26 allows the solution to be separated into
two independent parts, with his and hip satisfying:

and

a2h'T' __ 'S +R. = 0
I ax2 IS

(5.7.30)

(5.7.31)

respectively. Equation 5.7.31 is a linear second order ordinary differential equation
which can be solved by standard techniques. The only difference between it and the
usual forms of ordinary differential equations is that the state variable, hip, is complex.
Thus a solution is fIrst obtained for the complex variable, and the real physical solution is
then calculated using Equation 5.7.29.
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Within any given subregion, general solutions to Equations 5.7.30 and 5.7.31 take the
form:

and

1R.
hi? -2" it x2 + Cil x + Ci2

hip = Dil cosh aix +Di2 sinh aiX + bi

(5.7.32)

(5.7.33)

where ai2 = iwSiffi and bi = Rip/iwSi. The general solutions depend on arbitrary

constants Cil, Ci2, Dil and Di2 which must be determined using boundary and other
conditions. The constants Dil and Di2 are in general complex.

Before we consider how to determine these constants, consider the water balance for an
open water body in some subregion j. Suppose that:

(5.7.34)

represents the sum of steady and periodic components of the water level in the water
body. A simple water balance for the water body has the form:

(5.7.35

where Pj represents rainfall, Ej represents evaporation, Lj is the length of the water body
in the direction of flow, Qj-l represents from the aquifer subregion to the left and Qj+l
represents flow to the aquifer subregion to the right. It is assumed here that the water
body has vertical sides, i.e. that the length (or surface area) of the water body does not
change as water level changes. If Pj and Ej have steady and periodic components and are
represented as above, Equation 5.7.35 can be separated into equations for the steady and
periodic components of hi

(5.7.36)

and

(5.7.37)
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where derivatives of heads are obtained by differentiating Equations 5.7.32 and 5.7.33
for appropriate subregions. As a result, Equations 5.7.36 and 5.7.37 act as coupling
conditions between subregions.

Now consider the specific case with three subregions. Suppose that subregion 1 extends
from a coastline to a lake, subregion 2 represents the lake, and subregion 3 extends from
the lake to a groundwater divide. Subregion 1 has a fixed head boundary at the left-hand
end while subregion 3 has a no-flow boundary at its right-hand end. At the junctions
between subregions 1 and 2 and subregions 2 and 3, Equations 5.7.36 and 5.7.37
provide coupling conditions based on conservation of fluxes. There are also the

additional requirements that hI = h2 and h2 = h3 at these boundaries. For both the steady
and periodic parts of the problem, there are five unknowns. For steady flow, these are
Cl and C2 in regions 1 and 3 and h2s in subregion 2. For periodic flow, they are Dl and
D2 in regions 1 and 3 and h2p in subregion 2. For simplicity, we now define Cjl = hjs

and Djl = hjp in an open water body, thus all unknowns are represented by Cor D.

It is now possible to write two sets of simultaneous equations for the unknown constants.
The equations are ordered such that boundary or matching conditions are given for the
left-hand and right-hand ends of aquifer regions, and a single equation is given for an

open water body linking the water body to subregions on either side. It is not necessary
to use a single x-coordinate system for all subregions. Since x is only used to identify
particular locations within aquifer sub-regions, it is possible and even preferable (for
reasons of accuracy) to use local coordinates within each subregion. In the following, we
assume that each subregion has a local origin in the middle of each region. The left-hand
and right-hand ends of subregion i are then at x = -L;/2 and x = L;/2, respectively.
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The coefficients required for the steady solution are given by:

-Li 1 0 0 0

;1 1 -1 0 0

-TI0 0 T3 0
o 0 -1 -~3 1

o 0 0 -T30

C5.7.38)

For the periodic solution, we require:

cOSh(-a/21) sinhC-al~l) 0 0 0

coshCal~l) SinhCal~l) -1 0 0

-TlalsinhCal~l) -TlalcoshCal~l) -iroL2 T3a3sinhC-aff) T3a3Cosh(-aff)

o 0 -1 coshc-aff) sinhC-aff)

o 0 0 -T3a3sinhCa!::f)-T3a3cOShCaff)

(5.7.39)

Similar equations can easily be written for the general problem of an arbitrary number of
aquifer subregions and an arbitrary number of lakes. When two aquifer subregions share
a common boundary, there are two matching conditions which ensure that heads and
fluxes are continuous at the interface. The same result can be achieved by including a
dummy water body between the subregions and then setting the length of the water body
to zero. Setting L2 = 0 in Equations 5.7.38 and 5.7.39, for example, effectively removes
the water body but ensures continuity between subregions 1 and 3. Once the various
constants are known, the spatial variations of steady and periodic components of head are
easily calculated thoughout any subregion. A simple FORTRAN program has been
written to perform these calculations, and results are displayed using calls to the PLOT88
library of graphics subroutines for 386 pes [Young and Van Woert, 1989].
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As an example of the use of this technique, consider a 4.8 Ian aquifer subregion, a 400 m
water body and another 4.8 Ian aquifer subregion extending to the groundwater divide.
Suppose that both aquifer regions have the same S = 0.1 and T = 500 m2d-1, and that
Rs = Rp = 0.0003 md-1 (:::::100mm y-l) such that recharge fluctuates between 0 and
0.0006 md-1, with a peak at the end of June, 0.5 of the way through the year. Suppose
that P-E on the open water surface has an average value of -0.0024 md-1 (:::::800mm y-l)

and an amplitude of 0.0024 md-1, and that the peak: of P-E also occurs halfway through
the year. Although no attempt has been made to calibrate this model, it may be useful to
think of a cross-section through the Jandakot Mound to the south of Perth or through
Lake Joondalup to the north. A transmissivity of 500 m2d-1 is not unreasonable on the
Swan Coastal Plain [Balleau, 1972]. Figure 5.7.3 shows the average water table
elevation computed using Equations 5.7.38 and 5.7.32. Figure 5.7.4 defines axes for
three-dimensional plots of water table fluctuations and Figure 5.7 .5b shows fluctuations
computed using Equations 5.7.39, 5.7.33 and 5.7.29. For comparison, Figures 5.7.6
and 5.7.7 show the average water table and fluctuations for a single aquifer 10 Ian long
with no lake, but with aquifer properties and recharge as above.

The average water table distribution (Figure 5.7.3) clearly shows the position of the lake.
The effect of an excess of evaporation over rainfall within the lake is to reduce the
maximum water table elevation at the groundwater mound from 30 m (see Figure 5.7.6)
to about 18 m. It is important to note that the water table immediately downgradient of
the lake is predicted to be concave down, even though a real water table is concave up, at
least locally near the edge of a lake (see, e.g., results using FlowThru). This is not

surprising, because it is well known that head solutions of the aquifer flow equation
(Equation 5.7.26) are often slightly inaccurate near boundaries, whereas predicted flows
are exact [e.g. Bear, 1979, pp.78-80].

Fluctuations in water levels are illustrated using three-dimensional views of the water
table in space and time, with hidden lines removed. Solutions have been calculated at
intervals of 200 m in the x-direction, so that each water table distribution is defined by 51
points. Solutions have been obtained at intervals of 1/24 of a year, i.e. 25 solutions are
plotted in the t-direction. Each plot is scaled differently in the vertical direction. Figure
5.7.5b has an amplitude in the lake of 0.146 m, and the peak lake level occurs 0.755 of
the way through the year, i.e. with a phase lag of 0.255 y relative to the recharge.
Without the lake, Figure 5.7.7 has an amplitude at the middle of the x-domain of 0.174 m
and a phase lag of exactly 0.25 y. This behaviour corresponds to an aquifer with a long
response time relative to the forcing. Townley [1985] discusses solutions of this kind in
detail, and also explains the characteristic amplification that appears to occur near the
ocean boundary. The value of 0.174 m is identical to the amplitude that would be seen in
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a bucket of sand with no lateral flow, hence Townley [1985] describes this behaviour as
"bucket mode". The amplitude in a bucket is calculated as RplillS =RpOI21rS= 0.174 m,
where 0 in the numerator is the period of 365 d, and the phase lag is always one quarter
of a period.

Changing aquifer properties and relative magnitudes of recharge can be expected to result
in different behaviours. Having argued in Section 5.7.2 that fluctuations should depend
on non-dimensional ratios such as SL2ITO, it would be reasonable to explore the

behaviour of the lake-aquifer system as a function of this ratio, in this case where L is the
distance from the ocean to the lake and from the lake to the groundwater divide.
Examination (and non-dimensionalisation) of Equation 5.7.39, however, reveals that
RLpS/Rp is the second natural non-dimensional ratio for this problem. Here we use RLp
to denote the complex amplitude of P-E within the lake, thus the ratio is in fact a complex
number, with both magnitude and phase. If P-E within the lake and R over the land
surface are in phase, however, the ratio is simply a ratio of amplitudes. Notice that
recharge over the land surface in the absence of lateral aquifer flow causes the water table
to rise in proportion to RIS. Net P-E over the lake in the absence of lateral flows to or
from the aquifer causes the lake level to rise in proportion to P-E. Thus RLpS/Rp = 1
represents a balance in the effects of P-E and R. When RLpS/Rp > 1, we would expect
lake levels to fluctuate more than the water table, and vice versa.

Figure 5.7.8 shows six contour plots which summarise the solution for a lake oflength
400 m in the middle of a 10 km aquifer. The three uppermost plots are of (a) the
amplitude of lake level fluctuations, (b) the amplitude of water table fluctuations at a
location 0.9 of the way between the ocean and the lake (at x = 0.9L), and (c) the ratio of
the lake amplitude to the water table amplitude. Lake and aquifer levels are normalised
with respect to Rpi illS, the water table fluctuation which would occur in the absence of

lateral aquifer flow. The lower plots are of (d) the phase lag between recharge and lake
levels, (e) the phase lag between recharge and water table elevation at the chosen location,
and (f) the phase lag between lake level and water table elevation at the chosen location.
The choice of x = 0.9L is arbitrary, and similar plots could be prepared for any other
location, either upgradient or down gradient of the lake. Phase lag is measured as a
fraction of a period. Each plot has axes as shown for Figure 5.7.8d, i.e. the solution has
been obtained over four orders of magnitude for each of SL21TO and RLpS/Rp .

Generally speaking, lake level amplitudes exceed "bucket mode" amplitudes when
RLpS/Rp> 1 and are less than "bucket mode" amplitudes when RLpS/Rp < 1 (Figure
5.7.8a). The upper right quadrant of Figure 5.7.8a shows almost logarithmic spacing in
contours, indicating that the response is almost linear in RLpS/Rp' Peak lake levels
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barely lag the peak recharge when SL2IT() is small (i.e. in short or very transmissive

aquifers), but the lag increases towards 0.25 for less responsive systems (Figure 5.7.8d).
When SL2IT() is large, the phase lag is just less than 0.25 when RLpS/Rp > 1 and greater

than 0.25 when RLpS/Rp < 1. Amplitude and phase lag at x = 0.9L show similar trends,
except in low transmissive systems when phase lags are reversed. Figure 5.7.8e shows
that when SL2IT() is large, the phase lag is significantly greater than 0.25 when

RLpS/Rp> 1 and less than 0.25 when RLpS/Rp < 1. Figure 5.7.8c shows that lake
amplitudes generally exceed aquifer amplitudes (at x = 0.9L) when RLpS/Rp > 1 and are

less than water table amplitudes when RLpS/Rp < 1. However the contour showing
equality is not simply a horizontal straight line across the middle of the plot. Figure
5.7.8jillustrates the characteristic difference in phase between lake levels and water table
elevations, depending on RLpS/Rp .

The whole of Figure 5.7.8 has been prepared for a single geometry, for which Figure
5.7.5b shows only one solution. The particular parameters used for the latter solution
correspond to SL2IT() = 0.1(4800)2/(500*365) = 12.6 and RLpS/Rp = 0.8, thus Figure
5.7.5b is represented by a point roughly 3/4 of the way across and 1/2 of the way up each
plot in Figure 5.7.8. In terms of the discussion above, Figure 5.7.5b is consistent with
the discussion because the amplitude of lake fluctuations is slightly less than aquifer
fluctuations at x = 0.9L and can be seen to have a lag just greater than 0.25 relative to
recharge. The lag is apparent by seeing the slightly positive lake level at t = 0 in Figure
5.7.5b. In order to illustrate the effect of different parameters, Figures 5.7.5a and c
show results with RLp increased and decreased by one order of magnitude, respectively.
These results correspond to points roughly 3/4 of the way across and 1/4 and 3/4 of the
way up each plot in Figure 5.7.8. They emphasise the marked changes in amplitudes and
subtle differences in phase which occur as SL21TO and RLpS/Rp change. The amplitudes
oflake fluctuations in Figures 5.7.5a and 5.7.5c are RplwS = 1.184 m and 0.048 m,

respectively, many times more and less than 0.146 m in Figure 5.7.5b. The phase lags
between the recharge and the lake are 0.228 and 0.322, resectively. In the first case, the
lake lags the recharge by less than 0.25 of a period but leads the water table at x = 0.9L
by 0.079, whereas in the latter case, the lake lags recharge by more than 0.25 of a period
and also lags the water table at x = 0.9L by 0.117.

Figures 5.7.9 and 5.7.10 show similar summaries for lakes which are proportionally
larger, i.e. for 1.2 km and 2 km lakes in the middle of a 10 km aquifer. The differences
are relatively subtle and will not be discussed here. The important conclusion is that there
are differences, and that the simple analytical model is capable of predicting the
differences.
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The one-dimensional analysis presented above is most likely to be applicable to long
flow-through lakes with large 2a1B, because such lakes have capture and release zones
which extend all the way to the bottom of the aquifer. Consider what happens when 2aIB

is smaller, such that capture and release zones extend only part way to the aquifer bottom.
In a fluctuating situation, the proportion of aquifer flow flowing into and out of the lake
will vary, thus the behaviour of the coupled lake-aquifer system is no longer
mathematically linear and a periodic analysis is not theoretically justifiable. On the other
hand, assuming that the capture and release zone depths are constant may be a reasonably
good approximation, and in such cases we can extend the periodic analysis developed
above.

The steady equation for the water balance of the lake (Equation 5.7.38) does not change.
If we suppose that the proportion of aquifer flow which flows into and out of lake j is
approximately bjlB, the equation for the periodic fluctuation in lake level becomes:

(5.7.40)

and four terms in the third row of Equation 5.7.39 are multiplied by bIB. Figure 5.7.11
shows results for a 2 kIn lake with bIB = 0.5. Lake level fluctuations are significantly
different, but this situation would require an isotropic aquifer about 2 kIn thick (i.e.
FlowThru predicts bIB ""0.5 when 2a/B "" 1) or a 100 m thick aquifer with an anisotropy

ratio of 400. Further research is needed to verify that Equation 5.7.40 is valid.

Although results have only been presented for a homogeneous aquifer of length L both
upgradient and downgradient of a single lake, and for uniform recharge, the general
approach described in this Section allows numerous regions of different lengths, aquifer
properties and recharge, and numerous lakes. Simple tests have verified that the three-
region solution used here reproduces the results of Colville and Holmes [1972], Townley
[1985] and Davis and Peck [1986] with appropriate parameter values. The method
therefore has wide applicability to the problem of understanding relationships between
climatic and water level fluctuations.

It is clear that periodic analysis could just as easily be applied to two-dimensional models
in plan. Townley [1985] described a periodic fmite element model based on
AQUIFEM-l [Townley and Wilson, 1980]. This model is called AQUIFEM-P
[Townley, unpublished], and is partially documented. It would be simple to utilise the
large transmissivity approach developed in Section 5.5.1 and to simulate spatial
distributions of amplitudes and phase lags for two-dimensional regions, even including
multiple lakes.
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5.7.4 Uncertainty in lake water balance calculations

FINAL REPORT

So far, we have managed studiously to avoid the issue of water balance equations for
lakes, at least in the form commonly used in Western Australian studies [e.g. Allen,
1980; Congdon, 1985]. It is common practice to write a water balance equation of the
form:

!lV=P-E+R+G (5.7.41)

where !lVis the change in volume in a water body, P is total rainfall over the surface

area, E is total evaporation, R is net surface runoff into the water body, and G is net
groundwater inflow. All quantities are estimated over the same interval of time, typically
a year, a season, or a month. Each quantity is subject to error, thus the water balance as a
whole is subject to error.

The usual way to use Equation 5.7.41 is to assume that all components are known except
one, the latter being known as the residual. Hydrologists often assume that G is the
residual, because historically it has been the most difficult to estimate. Researchers
studying open water evaporation, however, have tended to assume that E is the residual,
usually by neglecting G altogether. Winter [1981b, p.l08] discusses a version of
Equation 5.7.41 in which G is the residual. He then carries out an uncertainty analysis to
show the effect of uncertainty in estimates of various components of the water balance on
the accuracy of the final estimate of G. His argument can be summarised as follows.

Consider a lake receiving rainfall and net groundwater inflow and losing water by
evaporation. Suppose there is no change in lake volume over the time interval of interest.
The water balance equation would then be written as:

E=P+G (5.7.42)

If ZE and Zp are independent measurements (or estimates) of E and P, we would estimate
net groundwater inflow as:

If

and

1\

G =ZE-Zp

ZE=E+CE
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(5.7.45)

where EE and Ep are independent measurement errors (errors of estimation) with zero
1\

mean and variances (52E and (52p, respectively, then G is an unbiased estimate (its

expected value is the true value) with variance:

(5.7.46)

Errors in measurements of all components of the water balance add together to increase
uncertainty in the residual.

One of the major achievements of this Report has been to develop new methods of
estimating G, the difference between groundwater inflow and outflow. Thus it is
possible now to have independent measurements (estimates) of all components of the
water balance. A different problem exists in trying to utilise all the available information.

Consider a lake with rainfall P, surface inflow (runoff) R, net groundwater inflow G and
evaporation E. The water balance equation is:

E=P+R+G (5.7.47)

If we measure or estimate all four components independently, then ZE - Zp - ZR - ZG is
very unlikely to be zero. That is, the water balance is not preserved.

1\ 1\ 1\ 1\

We now aim to fmd four estimates, E, P, R and G, different from the measurements,
such that:

1\ 1\ 1\ 1\

E=P+R +G

i.e., the water balance is perfectly satisfied. First we define:

z =(~~J
such that z = x + v where v is assumed to have zero mean and covariance:
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R=

(J2E 0 0 0
o (J2p 0 0
o 0 (J2R 0
o 0 0 (J2G

(5.7.51)

Letp(z:x) denote the probability density of z [Schweppe, 1973, pp. 126-127]. Assume
that we observe z and that Zactual is the value of the observation. The function
P(Zactual:X), viewed as a function of x, is called the likelihood function. The maximum
likelihood estimate of x is defined to be the value of x that maximises p(z:x) for

z =Zactual.

If we assume that v is normally distributed, maximisingp(z:x) can be shown to be
equivalent to minimising:

~E-E~ ~p-P~ ~R-R~ ~G-G~---- +---- +----+ ----dlE (J2p (J2R dlG
(5.7.52)

1\ 1\ 1\ 1\

But since we require E = P +R +G, we can substitute P +R +G for E in the above,
thus leaving a function of the three variables P, R and G.

Differentiating Equation 5.7.52 with respect to these three variables and setting the results
to zero leads to the three necessary conditions for a minimum:

1 1 1 ZE Zp- - -+-
(J2E +(J2p (J2R dlG (j}

dlE dlp
1 1 1 ZE ZR (5.7.53)- - -+-

(J2p (J2E +(J2R dlG dlE (J2R
1 1 1 ZE ZG- - -+-

(J2p (J2R (J2E +(J2G dlE dlG

1\ 1\ 1\

Solving these equations gives P, Rand G such that p(z:x) will be maximised.

As a simple example, consider a three-variable case (without G),with ZE = 4, Zp = 2,
ZR = 3, (JE = 1, (Jp = 1 and (JR = 2. Clearly the three observations do not satisfy a water

balance and clearly there is more uncertainty in ZR than in the other two components of
the water balance. We would therefore expect the maximum likelihood estimates to move
1\

R further from ZR than the other variables from their measured values.

The three-variable solution can be obtained by reducing Equation 5.7.53. Thus:

373



CSIRO Division of Water Resources FINAL DRAFT dated Friday, 26 February 1993

(

L+ L
1 1

1 1- -+
1 1

(5.7.54)

A A A
giving P = 2.80, R = 1.56, and by the water balance equation (constraint), E = 4.36.

Figure 5.7.12 shows the position of the maximum likelihood estimate, perhaps in a
A

position which may not easily have been guessed. As expected R is quite far from ZR,
because there was more uncertainty in ZR than in the other two measurements.

The purpose of this discussion has been to emphasise that water balances are uncertain,
but that there are techniques for properly combining uncertain estimates to obtain "best
estimates" .

5.7.5 Effects of bathymetry

There is a common perception that one of the fIrst things needed in any study of lake or
wetland hydrology is a map showing bathymetry, i.e. contours of bottom elevation from
the deepest part of the water body to the highest likely water levels. It is quite common to
prepare area-level and volume-level curves [e.g. Megirian, 1982, who uses decribes area-
level curves as hypsographic curves], but it is not clear what else can be done with this
information. There is no doubt that the area with shallow water depths or with shallow
depths to water table is important to the development of fringing vegetation, and therefore
influences evapotranspiration, but there are few calculations that that can be made using
the bathymetry.

Consider a shallow circular lake with vertical banks such that the lake water level
fluctuates one metre on an annual basis. If the lake is 100 m in diameter and its
underlying aquifer is 50 m deep, it makes little difference whether the lake is on average
1 m or 5 m deep. Groundwater flow through the lake is affected by the size of the lake
(in this case, 2a/B = 2), but not significantly by the depth or the volume of the lake.
Seasonal changes in lake concentrations of chloride or deuterium or any other passive
tracer, however, are directly affected by volume. Thus although the bathymetry does not
affect the water balance, it does affect mass balances of dissolved ions.

If a lake does not have vertical banks, so that its area changes as level changes,
groundwater flows are certainly affected, as discussed in Section 5.6.7. When the level
is higher, a lake attracts more groundwater towards it and loses more water by
evaporation. Thus bathymetry plays a role in lake water balances as soon as area changes
with depth, and solute balances are similarly affected. Any effect also depends on the
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difference between net recharge beyond the water's edge (the excess of infIltration over
evapotranspiration) and net rainfall on the surface of the water body (rainfall minus
evaporation).

The difficulty comes when we try to make generalisations. As we have not yet been able
to develop a fully-coupled three-dimensional lake-aquifer model as described in Section
5.7.1, we do not have a tool for systematically evaluating the effects of bathymetry.
Apart from the suggestion in Section 5.6.7 that water levels may rise faster when a lake is
nearly dry, generalisations will require further research.

5.7.6 Effects of pumping near lakes

The Water Authority has a particular interest in the effects of pumping of groundwater
near shallow lakes. The Authority has for many years simulated the effects of pumping
using regional groundwater simulation models, most recently using the Perth Urban
Water Balance Model (see Section 5.6.6). But during this Project, we have not
conducted special numerical experiments, partly because proper analysis should be done
using a transient three-dimensional model, which we have not had at our disposal, and
partly because it is possible to make generalisations to answer the obvious questions.

Every summer in Perth, when lake water levels decline, it is common to hear suggestions
or even accusations that low water levels are caused by Water Authority pumping for
public water supply. It is important to realise that Water Authority pumping is only a
small proportion of total groundwater use, since there are tens of thousands of private
bores used for irrigating residential gardens, and since local councils and industry also
extract groundwater for irrigating public open space and for industrial purposes,
respectively [Cargeeg et al., 1987a]. Water Authority bores are in general further away
from lakes and wetlands than private bores, and as a result, it can be shown that their
effect on lake water levels is less than that of the private bores. In some ways, this is a
moot point, because every cubic metre withdrawn from the aquifers of the Swan Coastal
Plain will have an effect, thus all users share a responsibility for the total effect. But from
a narrow technical point of view, pumping close to a wetland will have a greater effect.

A general strategy to reduce the effect of pumping on lakes is to pump as far away from
the lakes as possible, both in space and in time. By far away in space, we mean either
laterally or vertically, thus pumping from the Leederville Formation, especially where it is
separated from the superfIcial formations by a low conductivity aquitard, will have a
lesser effect than pumping from the unconfmed aquifer immediately next to a lake. This
has been the strategy adopted for artificial lake level maintenance at Nowergup Lake
[Water Authority of Western Australia, 1992]. By far away in time, we mean that since
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lake levels typically reach their minimum in late summer, it would be advantageous if
pumping could be minimised at this time and maximised in late winter when water levels
are highest. This raises the possibility of modified strategies of conjunctive use of
groundwater and surface water, where a specific objective of the conjunctive use is to
maintain higher wetland levels. Maximising groundwater use and minimising surface
water use in winter months would tend to induce additional recharge, reduce losses to
surface drains which take water to the ocean or to the Swan Estuary, keep water levels
high in surface reservoirs while evaporation is least, and ensure regular overflows from
dams to scour sediments in streams. A policy of maximising groundwater use and
minimising surface water use in summer months would tend to lower lake levels, and
increase evaporation losses from surface reservoirs. There may be some opportunity in
the future to modify conjunctive use policies for the benefit of lakes and wetlands.

5.7.7 Effects of changes in land use and climate

Changes in land use and climate have an enormous potential to affect the behaviour of
lakes and wetlands. This is well known on the Swan Coastal Plain, and numerous

attempts have been made to relate groundwater levels and lake water levels with these
changes. Anson [1983], for example, performed statistical analyses for several lakes, but
his regression coefficients can be shown to be equivalent to coefficients in a groundwater
model [Department of Conservation and Environment, 1984, Appendix B]. The Perth
Urban Water Balance Study [Cargeeg et al., 1987a] also examined the effects of changes
in land use and climate on the regional groundwater system, thus these issues are
probably better studied using regional water balance models, where there is a more direct
correspondence between model parameters and physical processes, than by statistical
correlations.

The effect of change in land use is most clearly understood when it is realised that some
lakes on the Swan Coastal Plain were not lakes until fairly recently, until after nearby
urbanisation which caused increased recharge and rises in groundwater levels. Lake
Claremont is an example of a lake which was not always a lake, and dead trees within the
lake are due to the rise in water levels which created the lake, rather than to pollution or
seasonal fluctuations in levels.

The issue of the permanence of lakes is an interesting one, because it seems that there
may be a dynamic feedback mechanism which tends to keep lakes at or about their current
levels, in spite of minor changes in land use or climate. The argument is based on the
cycle illustrated in Figure 5.6.57. When a lake is large in area, it creates a zone oflarge
effective transmissivity which reduces the resistance felt by a particle of water moving
towards the ocean. Any increase in regional recharge does not significantly increase the
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water table gradient or water levels, because a slight increase in lake level and area
increases the carrying capacity of the lake-aquifer system. At the same time, a large area
with an effective specific yield of unity tends to slow the rate of lake level rise, as does

the increased total evaporation over a larger area. When a lake is small or nearly dry, any
drop in recharge tends to drop regional levels, but this causes a drop in the effective
transmissivity of the lake so that the water table gradient is maintained. Any surface
runoff to the smaller lake surface area causes levels to rise faster than the same volume of
runoff to a large lake, and the smaller total evaporation slows the rate at which lake levels
decline. Clearly it is possible for recharge to reduce to levels so that the lake is always
dry, but given a specific topographic control, it seems that there is a tendency for a lake to
be fairly insensitive to perturbations in climate. It would be very interesting to study this
kind of stability using long-term climatic records and sediment analyses of the kind
collected at North Lake by Karl-Heinz Wyrwoll of The University of Western Australia
[pers. comm.].
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Figure 5.7.5 Fluctuations in water table elevation: (a) with RLpS/Rp = 8,
(b) with RLpS/Rp = 0.8, and (c) with RLpS/Rp = 0.08
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Section 5 describes a large number of modelling results, many of which are completely
new. In this Section, we briefly list the major achievements.

• Section 5 provides a systematic evaluation of steady flow near shallow lakes in a
2D vertical section, in plan and in 3D. The basic assumption is that lakes are
infmitesimally thin and circular in plan. We have assumed that aquifer properties
are homogeneous, but in general anisotropic, and we have assumed uniform
recharge and boundary conditions.

• In Section 5.2 we have summarised results obtained by Nield [1990], for
groundwater flow in a 2D vertical section near a shallow lake. Nield's Thesis
research overlapped with early part of this Project, but numerous extensions to his
work have been made, leading to a list of unique flow regimes somewhat longer
than that given by Nield [1990]. The results presented in this Report are
completely consistent with those presented by Nield and Townley [1993a]. They
have also been implemented in an interactive package called FlowThru for pes
and Macintosh computers [Townley et al., 1993a]. FlowThru is also completely
consistent with this Report.

• In Section 5.3, we have studied groundwater flow in plan near a circular lake.
We have used an existing groundwater flow model called AQUIFEM-N
[Townley, 1993], but have added particle tracking capabilities in order to define
the capture and release zones of lakes. The particle tracking algorithm is unique,
in that it automatically recognises several types of stagnation and dividing points,
in particular on the boundary of a lake.

• Section 5.4 presents unique results using 3D high resolution modelling with
particle tracking to predict capture and release zones in three dimensions. Results
have been obtained using a code named BIGFLOW [Ababou et al., 1988], which
is specially designed for maintaining accuracy with up to a million finite difference
nodes. The results confirm that three-dimensional flow patterns are very closely
related to those in vertical section. We have developed techniques for calculating
and displaying a dividing surface, the three-dimensional analogue of a two-
dimensional dividing streamline, using an envelope of flowlines and 3D computer
visualisation techniques.
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• Nield [1990] developed preliminary results consistent with one of the objectives
of this Project, i.e. the development of new methods of representing flow-through
lakes in plan models. Nield developed two methods which can be used in one-

dimensional models to reproduce behaviour seen in two dimensions in vertical
section. The first uses a large transmissivity to represent the lake, and the second
uses a two-layered approach, analogous to that used by the Water Authority, in
which lakes are represented as regions in a second aquifer. Section 5.5 extends
Nield's work by matching two-dimensional capture zone widths to those
computed in three dimensions. All matching has been carried out using steady
state solutions, but we are confident that results can be used in transient models.
The results are presented as graphs providing advice on appropriate enhanced

transmissivities and leakage coefficients to use in each of the two approaches.

• Apart from developing modelling techniques in vertical section, in plan and in
three dimensions, we have systematically calculated capture zone depths and
widths for a range of conditions. Section 5.6.1 provides many graphs indicating
the influence of recharge and aquifer flows on the depth and width of capture
zones.

• Water balance studies of surface water bodies typically treat net groundwater
inflow, the excess of inflow over outflow, as an unknown, i.e. as the residual in
the water balance. Following a review of the theory of evaporation of isotopes
(Appendix B) and a summary of balance equations for simple inflow-outflow
systems (Sections 4.1.4 and 4.1.5), we have used our knowledge of how capture
and release zones vary in a vertical section to develop lumped solute and isotope
balance models which incorporate sound knowledge of groundwater throughflow.
Section 5.6.3 describes a new methodology for estimating components of the
water balance near a flow-through lake, based on observations of release zone
depth and the ratio of concentrations in the release zone to those in the regional
groundwater flowing into the lake. Equations are derived for balances of a non-
reacting tracer, such as chloride, and for stable isotopes, 2H and 180, and a
graphical technique has been developed to facilitate the use of these equations.

• In Section 5.6.4, we have drawn together many earlier results, and have presented
rules of thumb for predicting capture zones for a single isolated lake. Because we
do not yet have models and computers powerful enough to compute three-
dimensional flow patterns for very large regions, we have been forced to
extrapolate so-called near-field solutions to the far field, by taking into account the
water balance of a region beyond the near field.
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• Most of our modelling has been based on the premise that contaminants moving
towards or away from a lake are basically advected, i.e. that dispersive mixing is

negligible. In Section 5.6.5, we have modelled coupled steady flow and steady
transport in a vertical section along a transect through two lakes. We have made
inferences about the role of lateral mixing, and have again extrapolated our
experiences to make qualitative predictions about other situations involving
multiple lakes.

• Section 5.6.6 describes an application of the Water Authority's Perth Urban Water
Balance Model to Jandakot Mound, and our use of particle tracking to delineate
capture zones for seven lakes on the Mound. The Perth Urban Water Balance

Model takes into account complex variations in topography, soil and vegetation
types, land use etc., calculates net recharge to the water table dynamically over
many-year time periods, and then calculates water table elevations. Our approach
has been to extract key parameters from their model, including the spatial
distribution of net recharge, and to use an average of time-varying recharge to
compute average water table elevations and average capture zones.

• Section 5.6.7, although containing no new modelling, provided a qualitative
explanation of capture zone dynamics. We hope that future Projects will allow us
to progress further in this exciting area.

• To date there have been no models developed of lake-aquifer interaction which
properly account for the lake water level as an unknown. We have presented in
Section 5.7.1 a theoretical approach for use in vertical section or in three
dimensions which properly solves for heads within an aquifer and in a lake
simultaneously. This approach has not yet been implemented, but offers a method
for more rigorous modelling of lake-aquifer interaction in the future, especially for
dynamic problems.

• Because of the mediterranean climate near Perth, there is a strong seasonal
response in the water table and in lake levels to the annual cycle of recharge. We
have therefore extended an existing method [see Townley, 1985] by which the
long-term average behaviour of an aquifer is separated from annual fluctuations.
By approximating the fluctuations in recharge over the land surface, or rainfall
minus evaporation over the area of a lake, by a sinusoid (a sine or cosine
function), it is possible to calculate sinusoidal fluctuations in water level
throughout a coupled lake-aquifer system. Section 5.7.3 presents the theory for a
one-dimensional periodic analysis, based on the use of complex variables. A
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simple application to a lake-aquifer system with a lake positioned half-way
between a groundwater divide and a fIxed head boundary provides insights into
the dynamic behaviour of the system. In particular, we have shown that two non-
dimensional variables are critically important in controlling relative amplitudes and
lags between water table and lake levels.

• Traditional lake water balances which treat one variable as an unknown allow the
application of uncertainty analysis to calculate the uncertainty in the estimate of the
residual variable. We have developed in Section 5.7.4 a more general uncertainty
analysis which is applicable to any water balance situation in which a number of
variables are interrelated by a water balance model. If estimates of all variables are
obtained independently, the water balance is no longer satisfIed exactly. The new
method uses estimates of uncertainty in all variables to obtain the best possible
revised estimates such that a water balance is ensured. This method has not yet
been applied in practice, but offers a new possibility in future studies.

Many research projects set out to collect fIeld data and to use a process-based model to
explain or make predictions about fIeld behaviour at a particular site. This Project has
been different because of the large number of lakes and wetlands on the Swan Coastal
Plain. Our goal was to develop methodologies and where possible simple tools to allow
others work on specific fIeld sites. We believe we have achieved this goal. We have not
rigorously calibrated our models on any fIeld data, but our models are based on accepted
principles and are consistent with each other. The strength of our achievements is based
on a family of interrelated models, rather than on anyone model alone.
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6 . RESEARCH OPPORTUNITIES

Good research asks more questions than it answers, and this Project has been no
exception to that rule. In this final Section, we present a list of possible future research
activities to build on our findings:

• There is an opportunity to carry out further steady state simulations of lake-aquifer
interaction, building on the results described in Sections 5.2 to 5.4. A conscious
decision was taken during this Project to assume that aquifers are homogeneous in
the near field, i.e. that hydraulic conductivities are spatially uniform. Clearly this
is not the case, and many lakes in the Perth region occur at boundaries between
different hydrogeological or geomorphological units. Site-specific models of
Nowergup Lake or Thomsons Lake, for example, should probably include
distinct regions with different hydraulic conductivities upgradient and
down gradient of the lakes. T6th [1963] and Freeze [1969] carried out simulations
in cross-sections with regions of different conductivities, but such simulations
could be performed systematically for regions containing single or multiple
surface water bodies.

• Three-dimensional modelling can be extended in several ways. First, the results
reported here do not include a low conductivity lining, but the latter is simply a
special case of the heterogeneity referred to above. Leaky linings need not be
continuous over the whole of a lake bottom, and could have different
conductivities in inflow and outflow regions, depending on the direction of
seepage. Some lakes may have virtually impermeable bottoms, except for a
narrow ring around the shoreline. Second, we need to increase our ability to
model very large systems with millions of nodes, especially in order to simulate
interactions between several nearby surface water bodies. It may be advantageous
to use special equation solvers designed for multiple processors, or to use multi-
grid modelling techniques. There may be an advantage using finite element
models in three dimensions, possibly with special elements which take into
account the nature of known singularities near the edge of a lake. Third, there is
much to be done in improving three-dimensional visualisation of flow patterns.
The applicability of a three-dimensional streamfunction needs to be investigated.

• There is a need to develop modelling software which is capable of simulating lake-
aquifer interaction in complex situations, in order to overcome limitations imposed
by simplified models with approximate geometries and homogeneous aquifer
properties. Apart from the need to operate within a user-friendly graphical
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interface, modelling tools are required which properly couple the surface and the
subsurface in a vertical section and in three dimensions, using the theory
developed in Section 5.7.1. Such models need to be able to handle the phreatic
surface boundary condition, and the problem of changing lake surface area as lake
levels change. Future models need to be much more easily applicable to transient
problems.

• The methods developed in Section 5.5 for representing lakes in two-dimensional
plan models need to be properly tested in practice. These methods have been
developed so that the widths of capture and release zones are matched in steady
flow-through situations. We need to investigate how well the parameterisations
work when flows are unsteady, and when aquifer flow towards a lake is not equal
to flow away from the lake. Such work could easily be carried out by the Water
Authority as part of future regional modelling studies.

• In general, our understanding of transient behaviour of lake-aquifer systems is in
its infancy. We believe that groundwater flow regimes can cycle seasonally
between several fundamentally different regimes, as defined in Sections 5.2 to
5.4. There is an opportunity to carry out specific studies on individual lakes,
especially small lakes or larger lakes with low conductivity linings, in order to

prove that our hypotheses are correct. It may be possible to carry out periodic
modelling in a vertical section using AQUIFEM-P [Townley, unpublished],
especially to investigate the effects of anisotropy on fluctuations in flow paths near
lakes. There is also an opportunity to work with the Water Authority on regional
modelling using the the Perth Urban Water Balance Model. The latter includes a
dynamic Vertical Flux Model which predicts the spatial and temporal variation of
the source term to the aquifer flow model. Dynamic variations in this "recharge"
term may influence local behaviour near surface water bodies.

• As another example of heterogeneity in large systems, we need to extend our
understanding of lake-aquifer interaction to include deeper aquifers. All of the
modelling reported here assumes a single homogeneous aquifer, even though the
unconfined aquifer in Perth occurs in the superficial formations, which in many
places rest unconformably on the Leederville Formation. Just as a lake induces
upward flow from the bottom of an aquifer, it also induces upward leakage from
deeper aquifers. Conversely, depending on relative magnitudes of hydraulic
conductivities and other parameters, a flow-through lake may discharge water to
lower aquifers. Lakes on the Swan Coastal Plain near Perth should not be seen
only as a windows into the unconfined aquifer, but also as windows into deeper
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systems as well. There is an opportunity to carry out systematic modelling of
layered systems, on a range of scales.

• Modelling has shown that the shape of a lake's capture and release zones depends
on the large-scale anisotropy of the aquifer material. Whereas aquifer tests by
pumping can be used to estimate aquifer transmissivities and storage coefficients,
it is very difficult in practice to determine vertical hydraulic conductivities and
hence anisotropy ratios. Simply by their presence, surface water bodies induce
vertical components of flow and therefore provide an opportunity for observing
the effects of anisotropy. It would be useful to use field observations of release
zones to infer the value of average anisotropy near a surface water body.

• There are opportunities for two types of hydrological studies on a range of lakes
on the Swan Coastal Plain. This Project has predicted many types of lake-aquifer
interactions and has verified a few. In a sense it has provided a framework and
tools that will allow others to make more progress in the future.

The first type of study includes detailed studies of specific lakes. It would be
timely to carry out an intense investigation of a single lake, aiming to determine its
water balance, but using solute, isotope and thermal balances as well. Such an
investigation would need at least two years of field monitoring, with much
emphasis placed on measuring evaporation from the open water surface, and on
estimating recharge and evapotranspiration nearby. Careful experimental design is
needed to allow measurement of lake and water table elevations which will
confirm the seasonal cycle between different flow regimes. It would be possible
to use chemical and isotopic measurements to identify the widths of lake release
zones in plan, since no field experiments of this kind have been carried out.

The second type of study is more regional in nature. Now that we know some of
the possible differences between different lakes, it would be timely to characterise
lakes in the region based on our framework. It would be possible to build up a
database of key parameters describing geometry, aquifer properties, lake linings,
lake level and nearby aquifer response, chloride and isotope measurements etc.,
and to make and/or check predictions based on this Report. A regional study of
this nature could identify even more clearly the key role of surface drainage in
influencing lake level fluctuations. It could also lead to an estimate of the spatial
distribution of anisotropy in the unconfined aquifer.

395



CSIRO Division of Water Resources FINAL DRAFT dated Friday, 26 February 1993

• Although this Project started with a clear emphasis on lakes on the Swan Coastal
Plain, it has become clear that there are many other types of surface water bodies
to which our fmdings could be applied. There are direct applications to long water
bodies such as canals, drains, rivers and streams, and it would be interesting to

carry out such work. In many parts of the world, lakes occur in river basins, as
part of a surface drainage network. Such lakes can also also receive and discharge
groundwater, i.e. they may act as recharge, discharge or flow-through lakes in
terms of our classification, regardless of the magnitude of surface water
throughflows. It would be interesting to extend the analysis by Brainard and
Gelhar [1991] to include a lake in a drainage channel. Such an analysis would be
relevant to many lakes in Western Australia, such as Lake Toolibin and various
lakes in the Kent River basin (which is now under study). Groundwater flow
patterns near junctions in a stream network also provide an interesting topic, as
patterns are likely to change seasonally or during runoff events as levels rise and
fall in different parts of the network.

• It has been proposed above that shallow lakes on the Swan Coastal Plain may be
important in controlling the stability of the regional hydrologic system. As lake
levels fall, the lakes become smaller in area, attract less aquifer flow and lose less
water by evaporation, thus reducing the tendency for levels to fall. Conversely,
as lake levels rise, the lakes become larger, attract more aquifer flow and lose

more water by evaporation, thus reducing the tendency for levels to rise. It would
be interesting to study historical fluctuations in lake levels, and to relate these
changes to climate change. Dynamic feedback of the type suggested here can play
an important stabilising role.

• All modelling in this Report assumes that the concentrations of dissolved
constituents in groundwater and lakewater are so small that density variations can
be safely neglected. This is not the case in salt lakes in inland Australia, nor in
ponds constructed for solar salt production, as at Shark Bay in Western Australia.
In such cases, there are numerous effects of density differences, including the
possibility of "fingering" as salty water migrates downwards [Barnes et ai.,
1990]. Salt lakes often form in topographically closed basins [e.g. Duffy and
AI-Hussan, 1988], but can also occur in flow-through situations. Wood and
Sanford [1990] and Sanford and Wood [1991], for example, have shown that the
rate of outwards seepage can determine not only the concentration of salts in
lakewater but also the composition of evaporite deposits. There are many
opportunities to extend our new knowledge of groundwater flow patterns near
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lakes and other shallow surface water bodies to more complex situations where
density-driven flow and chemistry become important

We look forward to opportunities to work with government agencies, universities and
other organisations in the future.
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APPENDIX A REVIEW OF PHOSPHATE ADSORPTION EQUATIONS

The adsorption and desorption of phosphate on soils and lake sediments has been the
subject of very extensive research. At the request of the Water Authority and
Environmental Protection Authority, the purpose of this Appendix is to provide a brief
review of the relevant mechanisms and processes, with special emphasis on recent
research in Western Australia. More work is needed to verify recent predictions oflong
travel times, of the order of hundreds of years.

Relationships between dissolved and adsorbed phosphate

Most experimental measurements of phosphate adsorption and desorption have involved
batch equilibration of the soil or sediment of interest with solutions of varying phosphate
concentrations. The adsorption and desorption characteristics of the given soil are then
described by adsorption models, such as the well-known Freundlich or Langmuir
isotherms [e.g. Bear and Verruijt, 1987, 170-173].

The Freundlich isotherm defmes the relationship between the concentration of
phosphorus in solution and its concentration in the adsorbed or labile phase by:

s =Kcm (A.l)

where s is the phosphate content of the soil (mass per unit mass of soil, usually in
mg kg-I), c is the concentration of dissolved inorganic phosphate (mass per unit volume
of solution, usually in mg L-1), and K and m are constants. When m=l, K is known as
a "distribution coefficient" or "partitioning coefficient", Kd, and the isotherm is known as

a linear isotherm:

(A.2)

However the exponent m is less than 1 for phosphate, and the Freundlich isotherm can
only describe the adsorption process for phosphate over limited ranges of concentration
[Barrow and Shaw, 1975].

The Langmuir adsorption isotherm has also been used to describe equilibrium between
dissolved and adsorbed phosphate. The Langmuir equation may be written in terms of
the equilibrium distribution coefficient as:

s ksmax- = Kd = ---
c 1 + kc

where Smax is the adsorption maximum.

415

(A.3)



CSIRO Division of Water Resources FINAL DRAYI' dated Friday, 26 February 1993

In spite of its limitations, Barrow and Shaw [1985] concluded that the Freundlich
equation was superior to the Langmuir equation for Western Australian soils, in its ability
to describe adsorption of phosphate. These authors modified the Freundlich equation,
however, to take into account the effects of time and temperature of equilibration.
Barrow and Shaw's [1975] mechanistic model of phosphate adsorption considers
phosphate in solution to be in fairly rapid exchange equilibrium with labile phosphate on
the soil surface. Adsorbed phosphate is subsequently converted into a form that is not
readily exchanged with phosphate in solution and is therefore not in equilibrium with it.
Consideration of this slow transformation led to a modified Freundlich isotherm which
includes a dependence on time to account for the slow reaction of phosphate with the soil
[Barrow and Shaw, 1975]:

(A. 4)

where K is the adsorbed phosphate after 1 day with e = 1 mgL -1, t is time in days, and
m and n are constants determined from experimental data. For a wide range of soil types,
m is between 0.2 and 0.6 and n is between 0.075 and 0.23 [Barrow, 1980].

It is important to realise that the definition of e in Equation A.4 is somewhat ambiguous.
It is not clear whether e is the concentration of phosphorus in the mobile phase at t = 0 or
at time t at the end of a batch experiment. Furthermore, batch experiments can be either
"free drift" experiments, in which e decreases as s increases such that the total amount of
phosphorus in the system remains constant, or chemostat (i.e. "phosphatostat")
experiments, in which e is maintained at a constant level such that the total amount of
phosphorus in the system increases with time. Interpretation of experimental results and
their application to problems of phosphate transport obviously depends on the details of
the experimental procedures. In the following, we assume that batch experiments are free
drift experiments, and that e in the modified Freundlich isotherm is the initial
concentration. We return, at the end of this Appendix, to discuss the implications of
different experimental procedures and different ways of utilising experimental results.

Approximate solutions of the transport equation using an instantaneous isotherm

One-dimensional transport of phosphate in a porous medium can be described by an
advection-dispersion equation of the form [e.g. Marsily, 1986, p.254]:

d(8e+ps) + dqe = ~ (8D de)
dt dZ dZ dZ

(A. 5)

where 8is effective porosity (or moisture content in an unsaturated soil), p is the bulk

density of the aquifer material (mass of soil per unit volume of porous medium, usually in
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kg dm-3 or g cm-3), q is the Darcy flux in the z-direction (volume per unit time per unit
cross-sectional area of the porous medium) and D is a hydrodynamic dispersion
coefficient which may also include the effects of diffusion.

Suppose that diffusion and dispersion are negligible (D = 0), and that q is constant with
depth. A non-sorbing solute has s = 0, thus Equation A5 becomes:

(A.6)

which indicates that the solute moves at the water velocity, Vw = q/fJ. If solute is applied

suddenly at time zero at one end of a length of porous medium, the solute advances as a
sharp front moving at constant velocity.

In spite of its limitations, the linear isotherm and its distribution coefficient Kd are widely
used to estimate of the impacts of groundwater contamination. Assuming D = 0 and
constant q , and substituting Equation A2 into Equation A5 gives:

or:

(A.?)

ac-+at
q ac = 0

fJ+pKd az
(A.8)

from which the apparent velocity, Vr, of a retarded front is:

V - qr -
fJ +pKd

It follows that:

(A.9)

1

1 + pKd

fJ

< 1 (A. 10)

where R is frequently known as a "retardation factor". Groundwater moves a distance ,

in time '/vw = fJt;!q. The corresponding time for the sharp front of a sorbing contaminant
to move a distance 'is:

'r = (1 + PKd) fJ' = RfJ'
fJ q q
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This expression gives a crude estimate for the travel time of a sorbing contaminant, based
on the assumption of a linear isotherm.

Suppose instead that sorption is best represented by a nonlinear Freundlich isotherm,
given by Equation AI. First we observe that with D = 0, Equation A5 can be written:

from which:

d(Oe+ps) de + q de = (o+!:!-) de + q de = 0
de dt dz de dt dz

(A 12)

de-+
dt

q de = 0
OdS dz
+p-

de

(A 13)

It is tempting to assert that a sharp front therefore propagates with an apparent retarded
velocity of:

Vr = q
dS

O+p-
de

= q
o +pKmem-1

(A 14)

[e.g. Kookana et ai., 1992, Equation (3)]. But unfortunately this is not a solution of
Equation A13. When a linear isotherm is appropriate and solute is applied at t ~ 0 at one
end of a region of porous medium, Equation A9 is an exact solution to Equation A 7.
When the isotherm is nonlinear, however, e = e(z,t) is a function of space and time,
hence the right hand side of Equation A14 is a function of space and time and does not
represent the constant velocity of a sharp front

Bond and Phillips [1990] and Bond [1991] present approximate solutions of transport
equations in the unsaturated zone, but their results are directly applicable to the case
discussed here. The authors point out that in the case of a nonlinear isotherm, Equation
A14 represents the "characteristic" velocity of each individual concentration. The centre
of mass of phosphate (the combined mass of the sorbed and dissolved phases) can be
shown to move, however, at a velocity given by:

Vr = q
/).s

O+p-
/).e

(A15)

where & and /).e are the differences between maximum and minimum concentrations of
sorbed and mobile phases, respectively. It may appear that dslde (a tangent to the
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isotherm) has simply been replaced by a secant, but Equation A.15 is in fact a rigorous
result If we assume that the maximum values behind the front are at the inflow boundary
and that the minimum values ahead of the front are zero, we get:

Vr = q
sB +p-e
= q

B +pKem-1
(A.16)

where sand e are calculated at the inflow boundary. In general, the sorbed and mobile

phases move at different velocities. But if an isotherm is "favourable", i.e. with m < 1
[Lai and Jurinak, 1972], it can be shown that the front will be (reasonably) sharp and that
it moves with the velocity given in Equation A.16 [Bond and Phillips, 1990]. Equation
A.16 would apply for phosphate if a nonlinear Freundlich isotherm were applicable, with
no time dependence. Bond and Phillips [1990] also provide an approximate solution
which includes the spreading effect of hydrodynamic dispersion.

Equation A.16 can be obtained independently by a simple mass balance argument. If
phosphate enters a porous medium at rate qe, then in a time interval !J..t,a sharp front will
advance a distance !J..zand the additional amount of phosphate stored in that distance will
be (Be+ps)!J..z. It follows that:

and:

qe!J..t = (Be +ps) !J..z (A.17)

Vr = !J..z = qe
!J..t Be +ps = q

sB +p-e
= q

B +pKem-1
(A.18)

which is identical to Equation A.16. Equation A.15 is obtained by the same mass balance
argument if there are non-zero concentrations of phosphate ahead of the front.

Complete solutions of the transport equation

The problem of phosphate adsorption is extremely complex, and many theoretical models
have been proposed to match observations and to predict phosphate movement in the
field. Early papers attempted to model phosphate adsorption using a range of simple
isotherms, but more recent papers consider kinetic reactions on different time scales to
account for the fast reversible process of adsorption onto the surface of solid particles and
the slow possibly irreversible process of diffusion and precipitation of phosphate
minerals within the solid particles. We have not conducted a complete review of the
literature, but have identified a few key papers.
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The approach of Vander Zee et al. [1989] is typical of the modem approach. Adsorption
is modelled by a kinetic equation which has as its asymptotic steady state the Langmuir
isotherm. Diffusion of phosphate into the solid phase is then modelled as an unreacted
shrinking core process, with a fIrst-order reaction rate within the solid. Numerous
particle geometries can be taken into account, and in general, the coupled model of
transport, sorption and diffusion precipitation is solved numerically. An important
feature of this work is the authors' attempt to utilise the results of independent batch
experiments to determine parameters for the model. The batch experiments are based on
the use of a phosphatostat [Van Riemsdijk and Van der Linden, 1984], in which
phosphate concentrations in the mobile phase are maintained at a constant level
throughout each experiment. Agreement between observations and model predictions
based on independent measurements of parameters is remarkably good.

Numerous authors have worked on a simpler approach which assumes fIrst order
exchange between the mobile and sorbed phases, without explicit representation of the
subsequent slower diffusion process into the solid. Murali and Aylmore [1981] and
Gerritse [1989] describe Western Australian research of this kind. Mansell et at. [1992]
consider two parallel transfer processes to account for fast and slow transfer, but the
relative merits of this approach and that of Vander Zee et al. [1989] have not yet been
determined.

Approximate solutions of the transport equation using a time-dependent isotherm

We now discuss recent attempts to utilise the modified Freundlich isotherm proposed by
Barrow and Shaw [1975], i.e. Equation AA, in a solution of the transport equation. This
approach has several inconsistencies, and because of complexities, particularly with time
scales, the solutions offered to date have not been adequately verifIed. It will be shown
below that the modified Freundlich isotherm does allow us to hypothesise upper and
lower bounds on the rate of movement of a phosphate front. A new solution will also be
presented which is consistent with the assumptions made. The fInal conclusion of this
Appendix, however, is that much work is still required to relate the various solutions of
the transport equation to laboratory and fIeld scale experiments.

Notodarmojo et at. [1991] substituted Equation AA directly into Equation A.5, obtained
an analytical solution with m = n == 1, and developed a fInite difference model to obtain
solutions for other values of the exponents. While their solutions are no doubt correct for
the problem they have posed, their assumption that s in the transport equation is properly
represented by Equation A.4 is not a good one.
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There is an important difference between batch experiments, for which Equation A.4 may
be a good description, and column experiments in which there is transport through a
porous medium. In a batch experiment, a sample of soil is mixed with a known amount
of phosphate in solution and left to stand. After an interval of time, a small sample of
solution is extracted and analysed for phosphate remaining in solution. During this
interval, there is a gradual transfer of phosphate from the solution phase to the sorbed
phase, and solute concentration (the driving force for transfer to the sorbed phase)
steadily declines. A column experiment, on the other hand, starts at time t = 0 when
dissolved phosphate at a constant concentration is added to the top of the column. The
concentration of phosphate in solution at any given location along the column rises as the
phosphate front approaches but then stays steady at a value near but just below the
concentration entering the column.

There are thus two key differences between these situations. First, solute concentration
in a batch experiment steadily declines, while in a column experiment it rises and stays
almost constant. This suggests that sorption will always be higher at the top of a column
experiment at any given time than would be predicted using the results of the batch
experiment. Second, the time of contact is measured in a batch experiment from t = 0,
whereas in a column experiment, contact at any given z-location does not start until some
later time, 'l"z, when the phosphate front has reached that location. The amount sorbed at

the leading edge of a front is therefore not as great as would be predicted using Equation
A.4 with t = 'l"z. In attempting to the use the modified Freundlich isotherm in a transport
equation, we should therefore use t - 'l"zinstead of t. The conceptual model of

Notodarmojo et al. [1991] is clearly in error, but the effect of the error on their
predictions can not be quantified without further research.

Gerritse [1990] presented a table of phosphate travel times based on a modified
Freundlich isotherm for Western Australian soils, based on equations presented below
[Gerritse, pers. comm.]. Two more recent papers by Sharma et al. [1991] and Sharma
[1991] claimed that the travel time 'l"for a front to move a distance ~ can be obtained by
solving:

'l" = ~p K mcm-l'l"'lq

for 'l".This result was obtained by writing an equivalent of Equation A.14:

(A.19)

Vr = !; =
'l"

q ~ --.!l- = qas as pKmcm-I'l"'l
(J +p- p-;-aC aC

421

(A.20)



CSIRO Division of Water Resources FINAL DRAFf dated Friday, 26 February 1993

in which 9is assumed to be negligible relative to some large constant value of p(astac),

and the derivative is evaluated by differentiating Equation AA. As discussed above,
however, it is not appropriate to use the derivative in this way. Bond and Phillips [1990]
demonstrate that an expression of this form can not be used to determine travel times
when an isotherm is time-dependent

Gerritse [pers. comm.] asserts that his earlier paper [Gerritse, 1990] used a different
result, of the form:

Vr = !;. =
'r

q z -.!l.- z .!L = q
!1s !1s ri pKcm-1'r'l

9+p- ~ "'c
!1c !1c

(A2l)

which is based on similar mass balance concepts to those presented above (see Equations
AI? and A18), and assumes that there is no phosphate ahead of the front To obtain
this result, we need to assume that the solid matrix at every location behind the front has
experienced a batch type reaction over a period 'r with a solution which initially had a

concentration of mobile phosphate equal to c. This is clearly not the case, but it does
seem likely that Equation A2l provides a lower bound for the constant velocity of a
moving phosphate front during the whole period until t = 'r, and therefore a lower bound
on travel distance in time 'r. From Equation A2l, the travel time can be found by

solving:

which gives:

'r = SP K cm-1'r'lq

(
' K)<l/l-n)'r = ~ cCm-1)/(l-n)

(A22)

(A23)

This is an upper bound on the travel time because Equation A2l is a lower bound on
velocity. This model fails to recognise that if sorption increases with time, the velocity of
a front must decrease as a front advances.

Gerritse [l993a, b] recognises difficulties with the above methods, but in trying to obtain
a simplified solution, does not resolve the difficulties. Gerritse [1993a, b] proposes the
concept of an average residence time of phosphate at the moving front, based on a layer
of soil in which complete mixing is assumed to take place before phosphate advances to
the next layer. He calculates the travel time of a front through this finite thickness,
calculates the number of thicknesses in the total travel distance of interest, and multiplies
the travel time for each layer by the number of layers. This does not account for sorption
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continuing to remove phosphate from solution at all locations behind the front The time
taken for a front to traverse each layer must increase as the front advances further down
the profile.

Gerritse [1993a, b] defmes a mixing layer of thickness 2 x DISP, where DISP represents

longitudinal dispersivity aL, based on the "increase in spatial variance of a pulse of
solute". The concept of dispersivity and its relationship to the variance of spreading have
their roots in analytical solutions of diffusion and dispersion equations [see, e.g., Fischer
et al., 1979, pAl, p.54, p.91, p.103]. However, Gerritse does not explain why a layer
of thickness based on longitudinal dispersivity is an appropriate spatial resolution at
which to discretise a model of the coupled transport and sorption process. Gerritse's
[1993a] results show considerable sensitivity to DISP, and because there is no unique
way to define it, the concept seems to have limited application.

In spite of these reservations, it is useful to study what Gerritse [1993a, b] attempts to
do. First, we utilise Equation A.22 to determine the time, 'r2D, for a front to move a
distance 2 x DISP [Gerritse, 1993a, Equation (6)]:

2 x DISP P K 1
'r2D = ----- cm- 'r2Dnq

(A.24)

If we then assume that the layer of thickness 2 x DISP has been sorbing throughout the
time period 'r2D,Equation A.23 gives the travel time for the front to advance that distance.
By dividing a distance' into small pieces of length 2 x DISP, the total time for a front to
advance a distance' is [Gerritse, 1993a, Equation (7)]:

, (n/1-n) (PK)(l/l-n)
'r = ---- 'r2D = , (2 x DISP) - c(m-l)/(l-n)

2 x DISP q
(A.25)

This approach fails to recognise that at time t = 'r, only the fIrst layer of thickness of
2 x DISP has been in contact with phosphate for all (or most) of that time. Lower layers

have been sorbing phosphate for successively shorter times, thus the travel time for a
front to advance a distance of 2 x DISP should become longer with distance down the

profile. If Gerritse [1993a, b] had calculated a different travel time for each layer and
summed these travel times, he would have obtained a discretised approximation to the
total travel time, which would have converged to a reasonable answer as DISP
approached zero. In the limit, the solution would have been identical to the new solution
which follows, based on calculus and therefore without the need for dividing the profIle
into layers of fmite thickness.
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In fact Equation A.25 uses an average and constant velocity of the front, equal to
9'C= 2 X DISP/'C2D. The total travel time increases as DISP increases, and when
2 x DISP is set equal to the total travel distance of interest, ~, Equation A.25 reduces to
Equation A.23, the upper bound on travel time. As DISP goes to zero, Equations A.24
and A.25 imply that 'C goes to zero. However, Gerritse [pers. comm.] believes that there

can be problems using the Freundlich isotherm for times less than 1day (the time at
which K is determined), so presumably a lower limit for 2 x DISP is that distance which
results in 'C2D = 1day and a front velocity of 2 x DISP per day. The fact that 2 x DISP
is arbitrarily assigned adds to our uncertainty about the validity of this method.

New approximate solution o/the transport equation using a time-dependent isotherm

Here we propose a new solution for the movement of a phosphate front This solution is
based on assumptions made by other researchers, such as the hypothesis of a sharp front
of mobile phosphate, and the hypothesis that a modified Freundlich isotherm can be used
over long time periods. The solution has not been tested against data, but is consistent
with the assumptions made.

Suppose that the concentration of phosphate in the mobile phase is e at all locations
behind a moving front, but that s depends on the time that soil at each location has been in
contact with the mobile phase (see Figure A.l). This kind of sharp front approximation
for the mobile phase is consistent with approximations made by many other authors. At
time t, a simple mass balance of the kind presented above shows that:

z

qet = 8ez + fps(t) dz
o

where z represents the location of the front. At time t+l:1t:

z+.iz

qe(t +l:1t)= 8e(z +l:1z)+ fps(t+l:1t) dz
o

(A. 26)

(A.27)

Assuming that a front has reached its asymptotic shape [Van der Zee, 1990], so that the
spatial distribution of s shifts forward a distance I:1zin time I:1t,subtracting Equation A.26
from Equation A.27 gives:

z+.iz z .iz

qe I:1t = 8el:1z+ fps(t+l:1t) dz - fps(t) dz = 8el:1z+ fps(t+l:1t) dz
o 0 0
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(A.29)

Even though sorption is taking place at all locations behind the front, the total extra mass
sorbed during the intervall:1t is equal to the total mass sorbed in the first I:1zof the travel
path at time t+1:1t.This is illustrated in Figure AI, where the area shaded near t = 0 is
equal to the area representing increased sorption at all locations behind the front In the
limit as I:1zand I:1t approach zero, and substituting the modified Freundlich isotherm

(Equation A4), Equation A28 gives the velocity of propagation of a front:

() dz qe _ q _ q
V
r t = dt = 8e +ps(t) - 8 +ps(t) - 8 +pKem-1tn

e

Unlike earlier expressions, which appear to be quite similar, velocity is now a function of

time. This demonstrates that a front will progressively slow down if the soil behind the
front continues to adsorb phosphate. The front must slow down because the continuous
supply of phosphate at the inflow boundary contributes to a growing mass of sorbed
phosphate at all locations behind the front.

Equation A29 can be integrated to obtain the location of the front ~ at time r, but it is
important not to neglect 8 in the denominator, as doing so would result in an infmitely
large velocity near t = 0 and an overestimate of~. If n = 1, it is easy to obtain the closed

form solution:

q pKem-1~ = -- In(1+--r)
pKem-1 8

(A.30)

This solution is useful because it allows a check on, and may share some features with,
the more general solution which follows. When n"# 1, the location of the front is given
by [Gradshteyn and Ryzhik, 1965,3.1945.]:

r = qr F( 1 !.. 1+!.. _pKem-1 '(l)
~ 8 'n' n' 8

(A.31)

where F(a,{3; y; 8) is a hypergeometric function. The latter can be evaluated using a

series representation [Gradshteyn and Ryzhik, 1965,9.100; Abromowitz and Stegun,
1965, 15.1] which is convergent when the magnitude of the fourth argument of the
function is less than unity. For typical parameter values, Equation A31 can be used for
large numbers of days, perhaps of the order of 105 or more. When n = 1, Equation A31
reduces to Equation A30 [Gradshteyn and Ryzhik, 1965,9.1216.]. Unfortunately
Equation A31 is more difficult to evaluate than earlier approximations, but at least it is a
consistent solution to the problem posed. If Gerritse [1993a, b] had modified the travel
time in different layers, a sum of those travel times would have resulted in a good
approximation to Equation A.31.
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Possible problems with this solution include the fact that in practice, c will not be constant
at all locations behind the front In fact, from a mass balance point of view, it must
decrease from the source towards the front, with a slope controlled by the instantaneous
rates of sorption at all locations behind the front. This means that substituting the inflow
concentration of phosphorus for c in any isotherm equation will lead to an overestimate of
the rate of sorption. Another problem, as indicated below, is that the modified Freundlich
isotherm itself may not be applicable at large times. Both of these problems also affect
the other simplified models described above.

Summary and comparison of approaches

There is little doubt that approximate methods of determining travel times for phosphate
would be very useful for assessing likely impacts of excess fertiliser etc. on lakes and
wetlands down gradient of the source. Several possible methods have been suggested
which combine the use of a modified Freundlich isotherm with simple assumptions about
movement of a sharp front Some of these methods have not been supported by careful
development of the underlying theory, however an attempt has been made here to explain
the differences between the suggested methods.

Figure A.2 compares different values of the velocity of a sharp front which are obtained
using the methods described above. Equation A.16, based on a Freundlich isotherm
without any time-dependent modification, predicts the largest constant velocity of the
front. Equation A.21 assumes that all locations behind the front at time t = l'have been
in contact with mobile phosphate for that duration, thus it predicts a small constant
velocity which depends on the value of 1'. Equation A.2a predicts a slightly larger

constant velocity by a factor of 11m, but is based on an erroneous solution of the transport
equation and also assumes contact with mobile phosphate from t = a until t = 1'. Equation

A.25 gives a different velocity for each assumed value of DISP, with velocity decreasing
as DISP increases, but like Equation A.16, the result is independent of 't: Equation A.29

is the only method presented here which accounts for the fact that a front should slow
down as it progresses, to account for the fact that part of the inflowing phosphate is
sorbed over the whole distance behind the front and part contributes to the forward
motion of the front. It is also the only method which includes 8 in its final form, because

omitting it at small times would give an incorrect result. Equation A.29 predicts that the
initial rate of advance of the front at 1'= a is equal to the water velocity, q/8, but that the
rate drops to that given by Equation Al6 by 'l"= I day. Equation A.29 asymptotically
approaches Equation A21 as t ~ 1', and because of the neglect of 8in the Equation

A21, actually drops very slightly below it. However Equation A.21 is a moving target,
in the sense that as l' increases, the asymptote becomes lower.
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The shaded area under Equation A.29 represents the distance travelled up to time 1', as
given by Equation A.31. Areas under the other lines to the same value of l' allow a

comparison of different travel distances within that travel time. Since Figure A.2 is not
drawn to scale, it is not easy to estimate the relative areas under the curves. But it seems
likely, however, that Equations A.16 and A.21 provide over- and under-estimates,
respectively, of front velocity and travel distance in a given time. With n = 0.22 (a typical
value), the difference between travel distances after 100 years, calculated with Equations
A.16 and A.21, is a factor of 'V'l = 365000.22 which is very close to 10. The importance

of such a discrepancy depends on whether the difference is between 1 and 10m or
between 10 and 100 m, the latter being typical for soils on the Swan Coastal Plain. A
useful approach in practice may be to use Equation A.16, with K defined from 24-hour
batch adsorption experiments, to determine an upper bound on travel distance, and then to
use 'V'l to determine a corresponding lower bound. Equation A.20 [after Sharma et al.,

1991] is mathematically incorrect, but by chance it predicts a travel velocity larger than the
lower bound by a factor of 11m. For typical values of m, this result is between the lower
and upper bounds.

Experimental procedures and interpretation of data

Regardless of apparent differences between the above solutions, they are only as good as
the assumptions behind them. As outlined when the modified Freundlich isotherm was
introduced, there is a significant difference between a batch experiment with decreasing
concentrations of mobile phosphate, and an experiment in a phosphatostat, where
concentrations are held constant. Here we discuss some implications of different
experimental procedures, especially with regard to the usefulness of fitted isotherms in
predicting phosphate transport.

Consider a free drift batch experiment in which samples are withdrawn at various time
intervals and analysed for dissolved phosphate, such that the sorbed mass can be
calculated by mass balance at those times. Data can be displayed on a plot of s against c
in two ways, as shown in Figure A.3a. Closed circles are used for points (c(t),s(t)), and
these points follow straight parallel lines when the axes are plotted with linear scales. The
slope of the lines depends on 8/p in the mixture, through conservation of mass within the

sample. On a log-log plot, the points follow arcs which are concave downwards. Open
circles in Figure A.3a are used for points (c(O),s(t)), where c(O) is the initial concentration
at the start of the batch experiment. Clearly it is possible to draw different sets of
isotherms through these two sets of points. Most of this Appendix assumes that Equation
A.4 is fitted to the second set of lines, so that c is really c(O), although Gerritse [pers.
comm.] believes that normal practice is to use c(t).
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In a phosphatostat experiment, c is maintained at a constant level, so that c(t) = c(O), and
the ambiguity disappears. In this case, data follow vertical lines as an experiment
proceeds (see Figure A.3b). Isotherms at different times can still be fitted to the data, but
the parameters of the isotherms will be different.

Isotherms through the closed circles in Figure A,3a can be either above or below
isotherms through the open circles, depending on the basic shape and slope of the
isotherms for a particular soil. Isotherms in Figure A,3b, however, will always be above
the isotherms through open circles in Figure A.3a, because the driving force for sorption
to occur is higher in the phosphatostat experiments at later times than in the free drift
experiments.

The basic goal of using simple laboratory batch experiments to allow solution of a
transport equation requires careful matching of the experiments to the transport situation.
We note that it is common in field situations to assume that phosphate concentrations at
the source are relatively constant in time. If the concentration of mobile phosphate tends
to remain relatively constant behind an advancing sorption front, a phosphatostat type of
batch experiment would therefore appear to be more closely related to transport in the
field situation. Using an isotherm through open circles in Figure A.3a will indicate less
sorption than should occur in a transport situation. Using an isotherm through closed
circles in Figure A,3a may predict too little or too much sorption, depending on its
location relative to Figure A,3b. It seems that phosphatostat experiments may provide a
better means of standardising a procedure which is consistent with the needs of simple
transport models.

It is important to note that the parameters of modified Freundlich isotherms are generally
based on laboratory experiments which run for periods of tens of days, to a maximum of
one or two years. Similarly, column experiments are typically conducted using length
scales of the order of 10 cm, and times scales of the order of tens of days or perhaps a
few months. The isotherms have not been verified over periods of hundreds of years,
even though the form of Equation AA allows such times to be used. The movement of
fronts has not been verified over distances of metres or periods of years, let alone
hundreds of metres or years. There is a need to confirm that predictions over hundreds of
years are in some way reasonable. One way to do this may be to study sites where
anthropogenic phosphate has been accumulating for centuries, as has been done in some
archaeological studies.
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Concluding remarks

FINAL REPORT

In this Appendix, we have presented a review of existing approaches for utilising
phosphate adsorption isotherms in approximate transport models to predict the rate of
advance of a phosphate front These models assume that soil is homogeneous, both
physically, in terms of hydraulic conductivity and porosity, and chemically, in terms of
sorption capacity. They are therefore idealised representations of field situations and may
be difficult to match with field data. Apart from the possibility of preferred pathways for
flow, Van der Zee and Van Riemsdijk [1986] have shown that prediction of phosphate
movement is very sensitive to variability in phosphate application rates and phosphate
adsorption capacities.

If we are prepared to assume the existence of a sharp front of mobile phosphate, we have
shown above that Equation Al6 probably significantly overestimates the front velocity
and underestimates travel times, and that Equation A21 underestimates front velocity and
overestimates travel times. Gerritse's methods [1993a, b] predict a range of velocities
and travel times between these two extremes, but in our view, there is not yet sufficient
evidence to support his hypothesis about the significance of a mixing layer of thickness
2 x DISP. If we accept that sorption increases with time, the velocity of a front must

decrease with time. We have developed a new approximate model (Equation A29)
which accounts for the variation in velocity and is consistent with several common
assumptions. This model needs to be tested, but will predict travel times somewhat
shorter than Equation A21.

In our view more research is needed to verify the use of the modified Freundlich isotherm
in transport modelling. We need to develop a capability for identifying isotherms based
on experiments in a phosphatostat rather than in simple batch experiments. We need to
conduct column experiments in longer columns and over longer times scales. We also
need to develop a capability to use models of the types proposed by Vander Zee et al.
[1989] and Mansell et al. [1992].
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APPENDIX B REVIEW OF ISOTOPE BALANCE EQUATIONS

In analysing lake water balances using stable isotopes, a critical parameter is the isotopic
composition of evaporating water, 8E. The primary reference for analysis of isotopic
fractionation during evaporation is the work of Craig and Gordon [1965]. Fractionation
is the process by which evaporation preferentially removes the lighter isotopes and leaves
some fraction of the heavy isotopes in the liquid phase. Craig and Gordon's major
contribution was an analysis of a simple model in which the vapour-liquid interface is
bounded on either side by a laminar boundary layer, with transport controlled by
molecular diffusion. Beyond the laminar layer in each phase is a region in which
turbulent or eddy diffusion is dominant. It can be shown [Craig and Gordon, 1965,
Equation (23)] that even under transient conditions, 8E is given by:

a* 8L (1 + EPiL> - h8A - e8E = ----------
1 - h +!1e +a* EPiL

(B.1)

where a* < 1 is the equilibrium isotope fractionation factor, e* = 1-a* is the equilibrium
enrichment factor, e = e* + !1e is the total enrichment factor, !1e is the kinetic isotope

enrichment factor determined by diffusion of the different isotopic species during
evaporation, h is the relative humidity normalised to the temperature of the surface water,
8A is the isotopic composition of atmospheric water vapour, E is the evaporation rate of

water and PiL is a diffusive resistance in the liquid laminar boundary layer. This form is

usually simplified by neglecting diffusive resistance, and as a result, the advective term
containing E also disappears, giving:

a*8L - h8A - e8E=-----
1-h+!1e

(B.2)

A more intuitive derivation is presented by Gat [1979], whose primary interest was in the
relationship between salinity and isotopic fractionation. If we ignore his use of activity
ratios to account for the effects of brine concentration, Gat expresses the total evaporative
flux as:

1-hE=--
P

where P is the resistance in a diffusive evaporation law, and the evaporative flux of
isotopes as:

a*RL - hRA
Ei =E REi =-----

Pi
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where REi is the concentration ratio of heavy isotopic water molecules (H2180 or H2HO)
in the evaporated vapour phase, RL is the corresponding concentration ratio in the liquid
phase, RA is the concentration ratio in the atmosphere, and Pi is the diffusive resistance
for the isotope of interest. Substituting Equation B.3 into Equation BA and converting to
8-notation, we obtain:

P [a*(l+8L) - h (1+8A)]=----------
Pi (1 - h )

(B.5)

It is useful to keep in mind that 1 + 8can always be thought of as being a concentration of

isotopes, relative to V-SMOW.

This result is identical to the simplification of Craig and Gordon's [1965] result, as
presented above. By adding 1 to Equation B.2, we obtain:

But by definition [see Craig and Gordon, 1965, Equation (18), p.?5],

Pi1- h + ~e = (l - h) -
P

Thus Equation B.6 is exactly equivalent to Equation B.5.

(B.6)

(B.?)

In practice, it is common to neglect ~e relative to 1- h [see, for example, Craig and
Gordon, 1965, p.?6; also p.?? where the average value of ~e for 2H is reported to be
about 0.020], and this is exactly equivalent to assuming that Pi = p. In either case,
Equations B.5 and B.6 become identical and simpler to use. For practical purposes, it is
tempting to use:

(B.8)

However, in order to obtain consistent results in further calculations, it is better to use
Equation B.5. Application of Equation B.5 requires knowledge of 8L, 8A, h, a* and ~e.

Knowing a form for 8E is only part of the problem. For a given water body exposed to
evaporation, the concentrations of the heavy isotopic species H21SO and WHO are

described by water and isotope balance equations:

cIs
dt =/-O+P-E
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and:
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(B.lO)

where s represents water level, OL is the isotopic composition of lake water (for either
H2180 or H2HO), O[is the isotopic composition of the inflow, 00 is the isotopic
composition of the outflow, Op is the isotopic composition of the rainfall and, most
importantly, 0E is the isotopic composition of the evaporated water. The primary

difference between this and similar equations for cWoride is that evaporation is capable of
removing a proportion of the isotopes of interest. Equations of the form of Equation B.9,
using 1+0as a variable, are not common in the literature but are natural for this problem.
In the case of well-mixed lakes, it is reasonable to assume that 00 = O£o Substituting

Equation B.9 into Equation B.1O then gives:

d(1+0L)s cit = - (I + P - E) (1+0L) + I (1+0[) +P (l+op) -E (1+0E) (B.ll)

Craig and Gordon [1965, p.75] first present a solution for an isolated water body, in
which I , 0 and P are all zero. Although their differential equations are expressed in a
different form, in terms of the fraction of fluid remaining rather than as a function of time,
the equations are closely related to Equations B.9 and B.11. An isolated water body does
not continue to become isotopically enriched without limit, because back-exchange of
water molecules from atmospheric water vapour limits the degree of enrichment. Craig et
al. [1963] present laboratory data showing the asymptotic approach to equilibrium, and
Welhan and Fritz [1977] present the dynamic solution in terms of an exponent, m, which
is approximately equal to (h - £)/(1 - h + L1£). The asymptotic value of OL is given by

[Craig and Gordon, 1965, Equation (24), p.79; Welhan and Fritz, 1977, Equation (4)]:

(B.12)

The same result is presented by Din~er [1968, Equation (12)] in terms of concentrations,
at least when his ratio of conductances, K, is approximated by 1. It can be obtained
directly by setting OE = OL in Equation B.6. The approximate form of this result is

clearly less accurate at low humidities, and less accurate for 2H than for 180. It should
therefore be used with extreme care.

Results for open water bodies are more difficult to obtain. Craig and Gordon [1965,
p.91] consider the case of a single input, I,equal in magnitude to evaporation so that the
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water level is steady. Steady state is achieved when DE= D[, thus setting DE = D[ in
Equation B.6 and solving for DL, we obtain:

(l-h+~e )D[+ h DA + eDL = --------
1 - e*

(B.13)

which is closely related to Craig and Gordon's [1965] Equation (32). Their
approximation neglects ~e in the numerator and approximates the denominator by 1.
They also leave out their liquid diffusion term, even though they explain that a diffusion
gradient in the liquid can be maintained at steady state in an open system. There are three
mechanisms in Equation B.13 for enriching DL. First, since 1- hand h add to 1, ~e
causes the sum of the D[ and DA terms to be greater than a weighted average. Second, the
total enrichment e in the numerator acts to increase DL. Third, the denominator being less
than 1 also increases DL. Whether or not the open system achieves an equilibrium DL
smaller or greater than the closed system value (B.12) clearly depends on hand D[.

For the particular case when I represents rainfall, and the atmospheric vapour over the
water body is in isotopic equilibrium with the rainfall, such that DA= D[- e*, Craig and
Gordon [1965, Equation (33)] present the approximate result:

(B.14)

which explains the slope of the evaporation line in 2H - 180 space. Evaluating Equation
B.14 for 2H and 180 and taking the ratio of the results defines the equation of the
evaporation line observed in Figure 4.1.3. The two values of D[ fix the position on the
MWL of the source of water which is being evaporated, i.e. the origin of the evaporation
line. Using e* equal to 0.069 and 0.009 and ~e equal to 0.019 and 0.005 at 25°C for 2H

and 180, respectively [see Craig and Gordon, 1965, p.93], the slope of the evaporation
line varies between 6.3 and 3.8 as h varies from 0 to 1. A slightly different result can be
obtained if ~e and 1 - e* in Equation B.IO are not neglected.

Craig and Gordon [1965, p.92] discuss the use of similar results for open systems which
include outflow, but do not present any formal solutions for such systems. Din~er
[1968] presents a framework for including all the components of a water balance, as in
our Equations B.9 and B.IO, but later simplifies the approach by lumping rainfall,
surface inflow and groundwater inflow together. Din~er's solutions are presented in
terms of concentrations, rather than in 8-notation, but all his closed form solutions are for

systems without inflows. Gat [1979] presents a solution for the final steady state
achieved with one inflow, one outflow, and evaporation. Representing the inflow by I,
we modify Gat's [1979] Equation (4) to the form:
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IE (l-h+~e )O[ + hOA + e
OL= -1--------

E (l-h+~e) + (h-e )

FINAL REPORT

(B.15)

This result is easily obtained by setting the numerator of Gat's Equation (3) to zero. It
differs from Gat's solution in that we have chosen to keep two ~e terms, as well as e in
the denominator, all of which are neglected in Gat's Equation (4). Adding 1 to both
sides, we obtain:

1+0L = I (1-h+~e)(1 +O[) + E h (l +OA )
I (l-h+~e ) + E (h-e)

(B.16)

which, like Equation B.15, reduces to Equation B.13 when outflow is zero and I = E.
Equation B.16 has an almost symmetrical form, typical of those possible for solutions for
this type. At fIrst glance it appears that 1+OLis simply a weighted average of 1+O[and
1+OB. Closer inspection reveals that the sum of the weights is greater than 1, thus at least
for some values of the parameters, it is possible for OL to become enriched. It is not clear
whether or not the equilibrium OL is in general smaller or larger than in Equation B.12.

It is interesting that Gat's [1979] derivation follows a cumbersome procedure based on
setting up a differential equation (after Craig and Gordon's [1965] Equation (16)) and
then (apparently) integrating to find the final steady state. A much simpler approach

involves setting the time derivatives in Equations B.9 and B.ll to zero, and solving
directly for OL. Setting P = 0 in the steady versions of Equations B.9 and B.11, and
substituting for 1+OEusing Equation B.6 leads directly to Equation B.16. It is advisable

not to approximate any terms until a fInal expression is obtained. This approach can be
further developed to present all previous results in a common form.

Before doing so, however, we comment briefly on the approaches taken by Allison and
Leaney [1982], Allison et al. [1983] and Phillips et al. [1986]. Allison and Leaney
[1982] solve an unsteady problem with inflow and evaporation, where 1- E = 0 in order
to achieve constant volume in an evaporation pan. The authors go to great lengths to
utilise the m parameter introduced by Welhan and Fritz [1977], and as a result, their
derivation is circular. Rather than using OE in the form given by Craig and Gordon

[1965, Equation (23)] (see Equation B.2 above), they manipulate expressions given by
Welhan and Fritz [1977] to obtain a different closed-form expression for OE, and then
develop and solve a differential equation for OE which is not as elegant in form as
Equation B.ll in terms of 1+OE. Although the authors' results are correct, with an

asymptotic steady state exactly equivalent to Craig and Gordon's [1965] Equation (32), it
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is their application of the equations, rather the equations themselves, which is an
important contribution to the literature.

Allison et al. [1983] develop an unsteady solution for a constant-volume evaporation pan
with one inflow, evaporation and sampling, such that! - 0 - E = O. Using Craig and
Gordon's [1965] Equation (23) for OE, the authors' Equations (A-2) to (A-4) are related
to Gat's [1979] Equations (3) and (4), and for the fIrst time in the literature, are fmally in

the form which is natural for this class of problems. It is important to note that Gat
[1979] allows the water level to vary. Thus just as there are two possible differential
equations and solutions for CL in the fourth and fifth columns of Table 4.1.4, the
problems studied by Gat [1979] and Allison et al. [1983] are slightly different Just as Cj
appears naturally in pairs of solutions in Table 4.1.4, Allison et al.'s Equation (A-3) is
exactly equivalent to Gat's Equation (4).

Phillips et al. [1986] present a water and isotope balance for Owens Lake in California,
for a period of one and a half years. Their approach differs somewhat from that
described here, in that the authors explicitly distinguish between gross evaporation and a
condensation back flux in both their water and isotope balance equations. Nevertheless,
their results could equally well have been obtained using several inflows and evaporation
in the equations presented here.

Although it would be possible to develop general unsteady solutions for isotope
concentrations, as in Table 4.1.4, we restrict our attention initially to steady solutions for
the mass balances of isotopes. Consider the general case with 1,0, Pand E all non-zero.
At steady state, we reduce Equations B.9 and B.IO to:

I-O+P-E=O

and

Substituting Equation B.6 into Equation B.18 gives:

from which, after substituting for 0 from Equation B.17:

1+OL = I (1-h+L\E)(1 +O[) + P (l-h+L\E)(1 +Op ) + E h (1+OA )
I (1-h+6E ) + P (1-h+6E) + E (h-E )
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It can be shown that this is a general solution, valid for all values of I, 0, Pand non-zero
E. For situations in which there are no inflows (i.e. I =P = 0), there is no non-trivial
steady state solution for Equation B.17, but the isotope concentration still approaches a
steady state given by Equation B.20. When I = 0 =P = 0, Equation B.20 reduces to
Equation B.12. When 0 = P = 0, the water balance requires I = E, and Equation B.20
reduces to Equation B.13. When P = 0, Equation B.20 reduces to Equation B.16. This
general result reproduces and summarises all previous steady state results by Craig and
Gordon [1965], Din~er [1968], Welhan and Fritz [1977], Gat [1979], Allison and
Leaney [1982] and Allison et al. [1983]. When combined with results for a conservative
tracer in Table 4.1.4, it also includes similar results presented by Din~er et al. [1978] and
Gat [1981]. The results of Phillips et al. [1986] are also closely related. Equation B.20
is probably easier to use in this 1+0 form, than with 0 as the subject of the equation.

Table 4.1.5 summarises a family of steady state solutions both for 1+OL and OL alone. In

order to simplify Equation B.20 in the fourth column, we utilise Welhan and Fritz's
[1977] m = (h - e)/(1 - h + ~e) and introduce a = h /(1 - h + ~e). Notice that m is

always associated with E in the denominator and a is always associated with the
atmospheric "source" term in the numerator. In all cases, the last row of the Table can be
used to derive any of the other results, simply by setting appropriate fluxes to zero.

As a final comment on these equations, Equation B.6 can easily be written in the form:

(B.21)

where I = a*/(l- h + ~e) = m + 1. Subsitituting Equation B.21 into Equation B.ll

leads directly to:

(B.22)

which emphasises, at least in its first form, the similarity between the isotope balance and
solute balance equations (see Equation 4.1.3). It clearly shows how the isotope
composition of the atmosphere appears to act as a source term in this case. With care, the
unsteady solutions presented in Table 4.1.4 can be used to provide solutions to Equation
B.22.
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APPENDIX C FLOW DIRECTIONS IN ANISOTROPIC OR
VERTICALL Y EXAGGERATED CROSS-SECTIONS

Consider an equipotential, a line of constant l/J,which slopes at angle 8to the horizontal
in the undistortedx-z plane (Figure C.l). The negative gradient of l/J,-Vl/J, is a vector
with components -iJl/J/ax and -iJl/J/azin the x and z directions, respectively. It is oriented
at angle a to the horizontal, where tan a = (al/J/az)/(al/Jtax). Since -V l/Jis orthogonal to
the equipotential, tan 8= -l/tan a= -(al/Jtax)/(al/J/az). For consistency, we define the
direction of the equipotential to be 8= a + TC/2. The direction of flow, at angle f3 to the
horizontal, is given by tan f3 = qz/qx = (-Kz al/J/az)/(-Kx al/J/ax) = tan a /(Kx/Kz) =
-l/[(Kx/Kz) tan 8]. These interrelationships are illustrated in Figure Al for the usual case
of Kx/Kz > 1, which results in a flow direction closer to the horizontal than -V l/J.

Now consider a distorted (i.e. vertically exaggerated) cross-section, as shown in Figure
C.2. In this case, the vertical coordinate is z' = cz, where in most practical situations,
c > 1. Figure C.2 is drawn with c = 2, thus all lines are twice as steep as in Figure
C.l. Notice that the angles between all lines have changed, and in particular that
8' '# a'+1C/2. In the new coordinate system, tan 8' = c tan 8 and tan f3' = c tan f3 =
-c /[(Kx/Kz) tan 8] = -[c2 /(KxfKz)]/ tan 8'. This defines the relationship between flow

direction and equipotentials in a vertically exaggerated cross-section through an
anisotropic aquifer.

Figure C.3 shows f3' as a function of 8' for a range of values of c2/(KiKz). When

c = 50 and Kx/Kz = 25, for example, the direction of flow is between 87° and 90° for all
8' in the range 100° to 180°. When c = 50 and Kx/Kz = 1, 8'must be between 90° and
90.5°, i.e. equipotentials must appear to be very close to vertical, for f3' to be less than
87°. The effect of large vertical exaggeration is therefore that the direction of flow
appears to be almost vertical (in the distorted picture) for nearly all values of 8'. Only
two points are common for all values of c2/(Kx/Kz), Le. f3' = 0° when 8' = 90° and
f3' = 90° when 8' = 180°.

For 8' not in the range 90° to 180°, Figure C.3 is still applicable, but with different axis

labels. Figure C.3 can be interpreted variously as :
• 0° ::;;f3'::;; 90° versus 90° ::;;8'::;; 180° (as shown),

• 180° ::;;8'::;; 270° versus 90° ::;;f3'::;; 180°,

• 180° ::;;f3'::;; 270° versus 270° ::;;8'::;; 360°, and

• 0° ::;;8'::;; 90° versus 270° ::;;f3'::;;360°.
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APPENDIX D CLIMATIC DATA FOR THE SWAN COASTAL PLAIN

This Appendix contains Tables of daily climatic data for a number of sites during 1991.
The data are:

• rainfall at Jandabup climate station

• rainfall at Pinjar climate station

• rainfall at Perth

• rainfall at Perth airport

• rainfall atWanneroo

• rainfall at Thomsons Lake

• daily maximum and minimum temperature at Jandabup climate station

• daily maximum and minimum temperature at Pinjar climate station

• daily maximum and minimum temperature at Perth

• daily maximum and minimum temperature at Perth airport

• daily pan evaporation at Perth

Daily rainfall at Pinjar climate station is labelled as being incomplete because of problems
encountered with the rain gauge.
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JANDABUP • DAILY RAINFALL (mm) • 1991

DAY JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1 0.0 0.0 0.0 0.0 0.0 1.2 16.0 14.6 0.4 0.2 1.4 0.0
2 0.0 0.0 0.0 0.0 0.0 0.2 6.4 21.2 0.0 0.2 0.0 0.0
3 0.0 0.0 0.0 0.0 0.4 14.0 22.6 13.4 0.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 12.6 43.4 0.0 2.8 0.6 4.6 21.4 0.0
5 0.0 0.0 0.0 0.0 0.0 1.0 3.6 1.8 0.2 0.4 4.6 0.0
6 0.0 0.0 0.0 0.0 0.0 0.4 1.4 0.0 5.8 0.0 0.0 0.0
7 0.0 0.0 0.0 0.0 0.2 0.2 0.2 0.0 0.4 0.0 0.0 0.0
8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 18.6 0.0 0.0 0.0
9 0.0 0.0 0.0 33.8 4.0 0.0 3.0 0.0 0.0 0.0 0.0 0.0
10 0.0 0.0 0.0 6.6 20.0 10.0 0.4 0.0 0.0 0.0 0.0 0.0
11 0.0 0.0 0.0 0.2 0.0 0.2 0.0 0.0 3.6 0.0 0.0 0.0
12 0.0 0.0 0.0 0.0 0.0 9.4 0.2 0.0 3.2 0.2 0.0 0.0
13 0.0 0.0 0.0 0.0 0.0 5.2 11.4 0.0 16.8 0.2 25.6 0.0
14 0.0 0.0 0.0 0.0 0.0 40.4 0.2 0.0 2.8 0.2 6.4 0.0
15 0.0 0.0 0.0 0.0 6.8 14.8 10.0 0.0 15.4 0.0 2.6 0.0
16 0.0 0.0 0.0 0.0 0.2 23.2 18.0 0.0 0.2 0.0 0.2 0.0
17 0.0 0.0 0.2 0.0 0.0 6.4 18.4 3.4 2.6 0.0 0.2 0.0
18 0.0 0.0 0.0 0.0 0.0 0.0 8.0 7.2 6.0 16.2 0.0 0.0
19 0.0 0.0 0.0 0.0 0.6 0.0 15.6 0.4 1.4 1.4 0.0 0.0
20 0.0 0.0 0.0 0.4 2.4 0.2 16.8 0.0 0.0 3.6 0.0 0.0
21 0.0 0.0 0.0 0.2 6.8 0.0 15.8 0.0 0.0 0.0 0.0 0.0
22 0.0 0.0 0.0 0.0 0.6 10.8 0.2 7.6 0.0 0.0 0.0 0.0
23 0.0 0.0 0.6 0.4 16.8 15.2 4.8 1.6 0.2 0.0 0.0 0.0
24 0.0 0.0 1.4 0.2 0.2 39.0 9.0 0.0 0.2 0.0 2.2 12.4
25 0.0 13.4 0.0 0.0 0.0 9.4 2.6 0.0 0.2 0.0 0.8 27.0
26 0.0 10.0 0.0 0.0 0.0 7.2 17.2 3.8 0.0 0.0 0.0 0.4
27 0.0 0.2 0.0 0.2 0.0 9.4 0.8 4.6 0.2 0.0 0.0 0.0
28 0.0 0.0 1.6 0.0 8.8 1.4 0.2 2.8 0.0 0.0 0.0 0.0
29 0.0 0.2 0.0 33.6 0.0 9.4 0.2 0.2 1.6 0.0 0.0
30 0.0 0.0 0.0 12.6 0.0 5.6 0.0 9.8 0.0 0.0 0.0
31 0.0 0.0 6.6 8.4 0.6 0.0 0.0

TOTALS: 0.0 23.6 4.0 42.0 133.2 262.6 226.2 86.0 88.8 28.8 65.4 39.8

PINJAR • DAILY RAINFALL (mm) • 1991 (incomplete)

DAY JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1 0.0 0.0 0.0 0.0 0.0 3.0 12.2 10.0 0.2 0.2 1.6 0.0
2 0.0 0.0 0.0 0.0 0.0 0.2 4.8 14.2 0.0 0.0 0.0 0.0
3 0.2 0.0 0.0 0.0 0.0 13.8 7.0 12.2 0.4 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 0.4 34.6 0.2 0.8 1.0 0.8 15.2 0.0
5 0.0 0.0 0.0 0.0 0.0 4.4 9.2 2.0 0.0 0.0 4.6 0.0
6 0.0 0.0 0.0 0.0 0.0 0.2 0.4 0.0 5.4 0.0 0.0 0.0
7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
8 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 3.4 0.0 0.0 0.0
9 0.0 0.0 0.0 14.0 0.2 0.0 4.2 0.0 0.0 0.0 0.0 0.0
10 0.0 0.0 0.0 0.8 0.0 8.6 0.8 0.0 0.0 0.0 0.0 0.0
11 0.0 0.0 0.0 0.2 0.0 0.2 0.0 0.0 4.0 0.0 0.0 0.0
12 0.0 0.0 0.0 0.0 0.0 4.0 0.6 0.0 0.0 0.0 0.0 0.0
13 0.0 0.0 0.0 0.0 0.0 4.2 3.0 0.0 4.0 0.6 29.0 0.0
14 0.0 0.0 0.0 0.0 0.4 28.0 0.2 0.0 0.0 0.0 3.6 0.0
15 0.0 0.0 0.0 0.0 1.0 12.6 14.2 0.0 4.0 0.0 2.8 0.0
16 0.6 0.0 0.2 0.0 0.0 24.0 29.2 0.0 0.2 0.0 0.0 0.0
17 0.0 0.2 0.2 0.0 0.0 5.2 8.2 0.0 0.8 0.0 0.0 0.0
18 0.0 0.0 0.0 0.0 0.0 0.0 14.0 0.0 3.8 16.2 0.0 0.0
19 0.0 0.0 0.0 0.0 0.4 0.2 12.8 0.0 0.4 2.0 0.0 0.0
20 0.0 0.0 0.0 0.4 0.0 0.0 30.8 0.0 0.0 2.8 0.0 0.0
21 0.0 0.0 0.0 0.0 0.0 0.0 25.2 0.0 0.0 0.0 0.0 0.0
22 0.0 0.0 0.0 1.0 0.0 8.0 0.0 0.0 0.0 0.0 0.0 0.0
23 0.0 0.0 0.0 0.2 7.2 10.8 1.0 0.0 0.0 0.0 0.0 0.0
24 0.0 0.0 1.8 0.0 0.0 30.6 9.6 0.0 0.0 0.0 1.2 15.2
25 0.0 8.6 0.0 0.0 0.0 10.4 1.2 0.0 0.0 0.0 0.2 27.6
26 0.0 3.4 0.0 0.0 0.0 7.8 4.8 4.4 0.0 0.0 0.0 0.4
27 0.0 0.2 0.0 0.0 0.0 13.8 1.4 9.2 0.0 0.0 0.0 0.0
28 0.0 0.0 1.8 0.0 11.0 2.0 0.0 2.2 0.0 0.0 0.0 0.0
29 0.0 0.4 0.0 13.8 0.0 5.6 0.0 0.0 0.4 0.0 0.0
30 0.0 0.0 0.0 14.8 0.0 4.2 0.0 3.8 0.0 0.0 0.0
31 0.0 0.0 11.6 8.6 0.0 0.0 0.0

TOTALS: 0.8 12.4 4.4 16.6 60.8 226.6 213.6 55.0 31.4 23.0 58.2 43.2



PERTH. DAILY RAINFALL (mm) • 1991

DAY JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1 0.0 0.0 0.0 0.0 0.0 2.0 0.0 13.8 0.2 5.6 0.2 0.0
2 0.2 0.0 0.0 0.0 0.0 0.4 22.0 11.8 0.0 0.0 0.2 0.0
3 0.0 0.0 0.0 0.0 0.0 0.0 11.4 7.8 0.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 2.6 29.6 3.8 11.2 2.6 0.0 0.0 0.0
5 0.0 0.0 0.0 0.0 13.2 11.6 0.6 3.2 1.4 9.2 21.0 0.0
6 0.0 0.0 0.0 0.0 0.0 0.4 6.6 0.0 0.2 0.0 0.0 0.0
7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.0 0.0 0.2 0.0
8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 14.6 0.0 0.0 0.0
9 0.0 0.0 0.0 3.4 0.0 0.0 0.8 0.0 9.6 0.0 0.0 0.0
10 0.0 0.0 0.0 34.4 8.4 2.0 1.0 0.0 0.0 0.0 0.0 0.0
11 0.0 0.0 0.0 6.6 0.6 9.8 0.0 0.0 0.0 0.0 0.0 0.0
12 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0 3.8 0.0 0.0 0.0
13 0.0 0.0 0.0 0.0 0.0 6.0 2.6 0.0 2.8 0.0 21.8 0.0
14 0.0 0.0 0.0 0.0 0.0 38.0 1.4 0.0 23.8 0.0 17.6 0.0
15 0.0 0.0 0.0 0.0 9.6 15.2 0.0 0.0 15.2 0.6 5.2 0.0
16 0.0 0.0 0.0 0.0 5.0 33.0 16.6 0.0 1.4 0.0 0.0 0.0
17 1.2 0.0 0.0 0.0 0.0 14.6 13.0 0.0 0.0 0.0 0.4 0.0
18 0.0 0.0 0.2 0.0 0.0 0.0 8.8 11.4 1.8 0.0 1.0 0.0
19 0.0 0.0 0.0 0.0 0.0 0.0 7.6 2.2 7.0 22.0 0.0 0.0
20 0.0 0.0 0.0 0.0 0.8 0.6 9.2 1.0 0.0 8.4 0.0 0.0
21 0.0 0.0 0.0 0.6 2.8 0.0 2.6 0.0 0.0 0.0 0.0 0.0
22 0.0 0.0 0.0 2.0 9.0 0.2 0.0 1.0 0.0 0.0 0.0 0.0
23 0.0 0.0 0.0 0.0 12.2 27.2 0.0 0.0 0.0 0.0 0.0 0.0
24 0.0 0.0 1.4 0.4 3.0 1.8 23.4 0.0 0.0 0.0 0.6 4.2
25 0.0 7.2 0.6 0.0 0.0 31.4 5.4 0.0 0.0 0.0 3.2 12.4
26 0.0 9.8 0.0 0.0 0.0 1.8 7.4 3.0 0.0 0.0 0.0 14.0
27 0.0 4.0 0.0 0.4 0.0 8.4 11.6 9.6 0.0 0.0 0.0 0.2
28 0.0 0.0 0.0 0.0 10.4 9.2 0.0 8.0 0.0 0.0 0.0 0.0
29 0.0 0.6 0.0 19.4 0.2 9.4 2.0 0.0 0.0 0.0 0.0
30 0.0 0.0 0.0 12.6 0.2 4.4 0.0 3.4 0.8 0.0 0.0
31 0.0 0.0 12.6 9.4 0.0 0.0 0.0

TOTALS: 1.4 21.0 2.8 47.8 122.2 244.2 179.0 86.0 95.8 46.6 71.4 30.8

PERTH AIRPORT. DAILY RAINFALL (mm) • 1991

DAY JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1 0.0 0.0 0.0 0.0 0.0 2.2 0.0 18.4 0.2 3.4 0.2 0.0
2 0.0 0.0 0.0 0.0 0.0 0.4 18.8 15.4 0.0 0.0 0.2 0.0
3 0.0 0.0 0.0 0.0 0.0 0.0 8.6 5.6 0.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 1.6 34.4 4.0 12.0 0.4 0.0 0.0 0.0
5 0.0 0.0 0.0 0.0 4.2 13.8 0.4 3.2 0.0 9.6 22.0 0.0
6 0.0 0.0 0.0 0.0 0.0 0.4 6.4 0.0 0.8 0.0 0.0 0.0
7 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 6.6 0.0 0.0 0.0
8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0 0.0 0.0 0.0
9 0.0 0.0 0.0 3.0 0.0 0.0 0.4 0.0 11.6 0.0 0.0 0.0
10 0.0 0.0 0.0 41.8 5.8 2.0 0.6 0.0 0.0 0.0 0.0 0.0
11 0.0 0.0 0.0 11.0 0.4 6.8 0.0 0.0 0.0 0.0 0.0 0.0
12 0.0 0.0 0.0 0.0 0.0 1.2 0.0 0.0 4.6 0.0 0.0 0.0
13 0.0 0.0 0.0 0.0 0.0 5.6 1.8 0.0 2.4 0.2 18.6 0.0
14 0.0 0.0 0.0 0.0 2.0 23.2 1.4 0.0 16.8 0.0 13.0 0.0
15 0.0 0.0 0.0 0.0 4.4 19.6 0.0 0.0 12.2 1.4 5.6 0.0
16 0.0 0.0 0.0 0.0 0.0 29.4 21.6 0.0 4.4 0.0 0.0 0.0
17 0.0 0.0 0.0 0.0 0.0 14.8 12.6 0.0 0.0 0.0 0.2 0.0
18 0.0 0.0 0.0 0.0 0.0 0.2 6.6 10.0 3.6 0.0 3.0 0.0
19 0.0 0.0 0.0 0.0 1.6 0.0 10.6 2.0 10.0 16.6 0.0 0.0
20 0.0 0.0 0.0 0.0 1.8 0.6 8.2 1.6 0.0 5.2 0.0 0.0
21 0.0 0.0 0.0 1.0 7.2 0.0 1.4 0.0 0.0 0.0 0.0 0.0
22 0.0 0.0 0.0 1.4 12.2 0.0 0.0 0.4 0.0 0.0 0.0 0.0
23 0.0 0.0 0.0 0.0 3.8 25.4 0.2 0.0 0.0 0.0 0.0 0.0
24 0.0 0.0 1.2 0.2 0.0 1.8 16.4 0.0 0.0 0.0 0.4 6.2
25 0.0 5.6 0.4 0.0 0.0 36.8 6.2 0.0 0.0 0.0 2.8 6.4
26 0.0 7.2 0.0 0.0 0.0 0.4 4.6 5.6 0.0 0.0 0.4 17.8
27 0.0 3.4 0.0 0.2 8.4 16.4 11.0 7.4 0.0 0.0 0.0 0.0
28 0.0 0.2 0.0 0.0 16.2 10.6 0.0 11.2 0.0 0.0 0.0 0.0
29 0.0 1.2 0.0 26.0 0.0 8.4 2.8 0.0 0.0 0.0 0.0
30 0.0 0.0 0.0 11.2 0.4 4.6 0.0 3.6 0.4 0.0 0.0
31 0.0 0.0 N/A 5.4 0.0 0.0 0.0

TOTALS: 0.0 16.4 2.8 58.6 106.8 246.6 160.2 95.6 83.2 36.8 66.4 30.4



WANNEROO • DAILY RAINFALL (mm) • 1991

DAY JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 12.9 0.0 8.8 0.0 0.0
2 0.0 0.0 0.0 0.0 0.0 0.0 29.0 19.8 0.0 0.0 0.0 0.0
3 0.0 0.0 0.0 0.0 0.0 0.0 15.8 10.0 2.5 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 2.0 39.4 4.0 6.2 0.0 0.0 0.0 0.0
5 0.0 0.0 0.0 0.0 11.8 7.4 6.1 4.0 0.0 3.5 0.0 0.0
6 0.0 0.0 0.0 0.0 0.0 3.3 0.0 0.1 1.3 0.0 3.0 0.0
7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.0 0.0 0.0 0.0
8 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 20.0 0.0 0.0 0.0
9 0.0 0.0 0.0 0.9 0.0 0.0 3.2 0.0 0.0 0.0 0.0 0.0
10 0.0 0.0 0.0 33.3 20.6 0.6 0.0 0.0 0.0 0.0 0.0 0.0
11 0.0 0.0 0.0 7.2 4.1 9.8 0.0 0.0 0.0 0.0 0.0 0.0
12 0.0 0.0 0.0 0.0 0.0 9.0 0.0 0.0 3.2 0.0 0.0 0.0
13 0.0 0.0 0.0 0.0 0.0 10.4 0.0 0.0 8.5 0.0 18.8 0.0
14 0.0 0.0 0.0 0.0 0.0 28.9 0.0 0.0 27.0 0.0 9.5 0.0
15 0.0 0.0 0.0 0.0 3.4 15.0 29.2 0.0 0.0 0.0 6.4 0.0
16 0.0 0.0 0.0 0.0 2.2 15.0 20.0 0.0 0.0 0.0 0.0 0.0
17 0.0 0.0 0.0 0.0 0.0 43.0 6.0 8.0 8.3 0.0 0.0 0.0
18 0.0 0.0 0.0 0.0 0.0 0.0 13.1 2.2 0.0 13.8 0.0 0.0
19 0.0 0.0 0.0 0.0 0.0 0.0 20.0 0.4 4.3 6.0 0.0 0.0
20 0.0 0.0 0.0 0.0 2.0 0.0 29.1 0.0 0.0 0.0 0.0 0.0
21 0.0 0.0 0.0 0.6 1.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0
22 0.0 0.0 0.0 0.3 7.2 0.0 0.3 9.6 0.0 0.0 0.0 0.0
23 0.0 0.0 0.0 1.6 20.1 26.1 0.0 0.0 0.0 0.0 0.0 0.0
24 0.0 0.0 0.3 1.2 5.4 0.0 16.5 0.0 0.0 0.0 0.0 4.8
25 0.0 8.3 1.4 0.0 0.0 33.4 0.0 0.0 0.0 0.0 2.6 22.0
26 0.0 11.6 0.0 0.0 0.0 3.5 9.0 9.8 0.0 0.0 0.0 5.2
27 0.0 4.8 0.0 0.0 0.0 16.8 6.8 1.7 0.0 0.0 0.0 0.0
28 0.0 0.0 0.0 0.0 5.4 9.4 3.0 0.0 0.0 0.0 0.0 0.0
29 0.0 1.2 0.0 22.6 0.0 4.0 0.0 0.0 0.0 0.0 0.0
30 0.0 0.0 0.0 22.2 0.3 0.0 0.0 0.0 1.4 0.0 0.0
31 0.0 0.0 7.6 5.3 0.0 0.0 0.0

TOTALS: 0.0 24.7 2.9 45.1 138.4 271.3 221.2 84.7 78.1 33.5 40.3 32.0

THOMSONS LAKE. DAILY RAINFALL (mm) • 1991

DAY JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1 0.0 0.0 0.0 0.0 0.0 6.4 0.0 18.6 0.6 0.6 0.0 0.0
2 0.0 0.0 0.0 0.0 0.0 0.4 23.2 14.8 0.0 0.0 0.0 0.0
3 0.8 0.0 0.0 0.0 0.0 0.0 8.0 8.4 0.5 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 0.0 29.0 0.8 17.4 2.4 0.0 0.0 0.0
5 0.0 0.0 0.0 0.0 4.6 9.2 1.6 2.6 0.0 14.4 22.8 0.0
6 0.0 0.0 0.0 0.0 0.0 6.2 7.8 0.0 0.1 0.0 0.0 0.0
7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.0 0.0 0.0 0.0
8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 9.2 0.0 0.0 0.0
9 0.0 0.0 0.0 6.2 0.0 0.0 1.2 0.0 13.2 0.0 0.0 0.0
10 0.0 0.0 0.0 22.0 5.2 9.6 3.1 0.0 0.0 0.0 0.0 0.0
11 0.0 0.0 0.0 7.8 0.2 1.2 0.0 0.0 0.0 0.0 0.0 0.0
12 0.0 0.0 0.0 0.7 0.0 8.4 0.0 0.0 4.0 0.0 0.0 0.0
13 0.0 0.0 0.0 0.0 0.0 0.0 1.8 0.0 10.4 0.0 29.4 0.0
14 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 27.2 0.0 ILl 0.0
15 0.0 0.0 0.0 0.0 13.5 59.2 0.0 0.0 11.6 0.9 0.9 0.0
16 0.0 0.2 0.0 0.0 0.6 20.8 21.8 0.0 1.2 0.0 0.0 0.0
17 0.0 0.0 0.0 0.0 0.0 13.7 14.6 0.0 0.0 0.0 0.0 0.0
18 0.0 0.0 0.0 0.0 0.0 0.0 8.2 17.4 5.6 0.0 1.0 0.0
19 0.0 0.0 0.0 0.0 0.0 0.0 14.6 1.0 7.4 21.8 0.0 0.0
20 0.0 0.0 0.0 0.0 2.2 0.6 7.4 0.0 0.0 5.8 0.0 0.0
21 0.0 0.0 0.0 0.0 15.2 0.0 2.4 0.0 0.0 0.0 0.0 0.0
22 0.0 0.0 0.0 3.4 9.0 0.2 0.1 0.0 0.0 0.0 0.0 0.0
23 0.0 0.0 0.0 0.0 11.6 23.4 3.2 6.2 0.0 0.0 0.0 0.0
24 0.0 0.0 Ll 0.4 2.8 0.1 10.6 0.0 0.0 0.0 1.6 9.0
25 0.0 5.2 0.0 0.0 0.0 31.6 9.6 0.0 0.0 0.0 12.8 2.0
26 0.0 18.6 0.0 0.0 0.0 6.0 11.4 4.2 0.0 0.0 0.0 7.6
27 0.0 4.9 0.0 0.0 0.0 19.4 7.4 3.8 0.0 0.0 0.0 0.0
28 0.0 0.0 0.0 0.4 13.6 14.6 0.0 1.8 0.0 0.0 0.0 0.0
29 0.0 2.0 0.0 22.2 0.0 8.4 0.0 0.0 0.0 0.0 0.0
30 0.0 0.0 0.0 0.0 1.4 8.4 0.0 9.2 0.0 0.0 0.0
31 0.0 0.0 27.0 2.8 0.0 0.0 0.0

TOTALS: 0.8 28.9 3.1 40.9 127.7 261.4 179.4 96.2 104.6 43.5 79.6 18.6



JANDABUP • DAILY MAXIMUM TEMPERATURE ("C) • 1991

DAY JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1 26.64 30.85 44.42 29.82 23.95 18.83 24.34 18.66 15.63 17.76 18.62 22.34
2 23.37 31.13 36.06 33.76 29.37 21.97 20.71 16.36 16.32 20.15 16.79 22.75
3 23.29 30.51 29.46 36.74 31.00 22.23 19.37 19.09 18.19 19.35 19.52 30.85
4 25.80 28.81 37.11 36.44 23.91 21.24 18.75 17.61 18.77 20.23 21.59 25.18
5 32.77 32.75 31.20 33.41 21.84 20.25 17.27 16.64 20.92 17.01 16.53 21.76
6 37.13 33.30 24.73 36.79 22.04 20.06 15.74 18.17 18.12 18.64 17.48 20.02
7 39.35 36.34 26.55 26.06 23.63 22.62 15.85 18.92 17.42 19.46 19.13 21.74
8 28.96 26.27 25.01 27.82 23.33 22.12 17.59 17.12 14.69 25.09 20.77 28.66
9 25.69 29.16 31.00 19.76 20.19 21.89 17.33 21.35 15.63 31.39 20.38 31.17
10 28.49 32.68 31.30 20.04 20.47 20.64 19.82 25.82 18.49 28.87 21.95 38.08
11 30.36 34.16 35.11 21.33 23.13 20.19 21.35 21.03 18.17 23.13 22.96 24.94
12 36.10 28.51 34.51 23.44 26.53 20.23 22.00 17.37 18.08 33.67 19.82 26.25
13 27.39 30.06 35.28 27.65 26.06 19.48 19.95 17.31 18.06 30.32 15.69 24.40
14 29.69 31.18 38.79 29.82 26.64 17.40 24.53 18.17 16.83 19.97 17.89 27.89
15 34.79 32.51 34.32 31.67 20.60 20.40 19.67 21.52 14.10 20.21 19.59 34.44
16 39.95 25.13 27.16 35.30 23.01 18.64 17.57 20.23 15.35 24.55 21.26 38.96
17 38.10 24.88 26.94 34.96 22.12 18.94 17.12 19.26 15.95 26.55 21.03 38.68
18 40.83 30.38 28.53 35.69 23.33 18.43 17.09 16.60 17.31 20.94 21.24 22.34
19 42.06 38.74 32.62 37.39 23.44 20.51 13.29 17.91 17.50 17.20 25.11 21.07
20 41.02 41.43 35.86 27.84 22.10 21.74 16.17 17.37 19.80 17.31 27.69 26.53
21 25.52 38.72 32.68 30.90 19.46 22.64 17.87 18.15 18.10 19.50 30.10 35.50
22 26.51 42.66 30.53 23.63 22.12 23.74 17.18 16.36 17.46 23.03 31.07 24.10
23 31.76 48.35 25.91 23.59 18.62 20.38 19.72 16.04 19.76 20.27 20.58 28.72
24 27.89 26.66 22.45 24.70 19.57 19.22 19.05 18.45 20.86 22.90 20.02 23.16
25 29.41 20.77 21.20 25.78 20.15 20.00 19.80 23.61 20.27 25.07 19.26 21.61
26 31.30 26.30 23.41 22.08 21.97 20.53 17.01 17.20 19.35 25.67 21.95 22.58
27 33.86 29.41 25.41 25.65 22.36 18.06 21.03 15.48 18.75 24.96 30.66 22.62
28 36.79 36.19 23.67 24.53 17.93 18.51 22.88 16.53 23.65 21.52 37.17 24.62
29 42.33 23.59 23.89 18.90 19.74 19.70 15.67 20.42 18.60 23.37 27.33
30 46.46 23.37 24.30 20.04 22.55 19.67 17.35 16.71 21.67 21.78 29.69
31 47.84 24.73 20.40 20.47 17.50 18.68 23.43

AVERAGE: 33.27 32.07 29.77 28.49 22.52 20.44 19.03 18.35 18.02 22.38 22.03 26.82

JANDABUP • DAILY MINIMUM TEMPERATURE (0C) • 1991

DAY JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1 11.44 14.43 23.54 10.49 9.23 8.86 9.46 13.35 6.06 6.90 9.80 12.79
2 15.67 18.25 21.05 15.16 9.85 8.41 13.74 11.12 8.15 4.15 6.26 11.16
3 12.73 18.75 20.94 15.14 19.27 10.67 9.40 13.80 9.10 4.95 3.85 13.95
4 11.89 16.73 20.58 12.06 14.38 15.52 7.98 13.65 8.54 9.74 8.77 16.55
5 15.91 17.87 17.87 11.68 10.73 10.79 10.99 9.01 6.81 6.97 8.51 13.54
6 16.88 17.70 17.35 14.43 6.80 8.92 7.14 4.67 6.71 3.59 7.44 15.44
7 18.69 17.48 11.46 15.95 7.83 6.71 2.60 7.89 10.94 5.55 7.25 11.09
8 16.38 14.08 12.69 13.01 9.52 10.45 2.24 11.46 7.09 9.33 6.30 10.58
9 17.01 15.61 15.22 14.86 12.00 10.41 11.27 11.42 3.83 11.95 8.15 14.08
10 15.57 13.89 16.75 15.22 14.02 9.74 8.52 10.02 2.80 14.88 12.45 19.07
11 13.14 12.00 18.83 11.05 14.17 8.24 6.60 10.73 3.12 13.33 11.59 16.49
12 16.75 13.80 17.91 9.89 12.45 12.54 5.51 9.07 11.42 11.95 11.57 14.02
13 19.18 16.77 18.53 11.33 10.00 10.00 13.74 6.56 11.05 16.96 9.93 13.87
14 18.08 16.00 19.57 16.15 15.29 10.92 11.01 6.49 12.08 14.04 10.58 14.25
15 19.20 16.41 21.65 19.61 15.46 12.94 9.61 9.20 5.20 9.55 10.75 15.67
16 21.84 10.06 17.87 16.36 11.46 11.03 12.15 8.02 2.45 9.96 9.03 20.79
17 20.23 18.21 15.12 12.62 5.61 11.80 12.10 8.73 12.58 10.10 9.83 19.69
18 21.26 12.38 15.83 12.04 5.57 5.78 11.44 11.80 11.54 8.21 14.53 17.48
19 23.41 17.91 16.66 21.01 16.49 10.26 10.90 13.03 7.93 12.66 14.47 15.09
20 21.89 18.69 17.85 20.02 15.95 11.18 10.43 13.09 6.54 12.43 13.14 10.51
21 19.59 14.96 17.22 19.09 16.66 9.05 9.93 10.06 6.47 8.96 12.43 15.31
22 15.33 16.75 14.62 16.17 12.86 15.76 8.92 8.21 5.44 9.59 9.95 17.65
23 14.75 22.98 15.27 11.22 10.79 18.10 10.88 6.02 5.09 10.51 14.34 17.20
24 12.41 17.95 12.67 10.54 3.70 15.37 12.67 4.88 7.83 9.31 9.48 16.58
25 15.95 15.61 4.67 10.58 3.53 11.48 10.60 4.45 6.95 11.91 12.79 14.81
26 14.23 17.40 7.72 13.52 6.45 11.10 11.78 10.25 9.52 14.43 9.61 15.24
27 15.03 24.27 5.40 11.22 4.82 12.58 10.84 8.43 9.20 14.56 11.07 12.96
28 18.15 22.25 9.14 8.97 10.81 11.87 8.47 9.46 7.72 15.87 15.05 14.43
29 20.47 11.05 6.75 11.63 11.22 13.33 6.51 7.44 10.41 16.75 16.23
30 21.24 11.07 7.18 14.73 10.62 12.60 3.89 9.55 7.44 15.31 14.77
31 17.74 14.96 11.16 11.78 3.16 8.26 17.07

AVERAGE: 17.16 16.76 15.52 13.44 11.07 11.08 9.96 8.98 7.64 10.27 10.70 15.11



PINJAR • DAILY MAXIMUM TEMPERATURE (0C) • 1991

DAY JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1 26.96 30.82 43.89 30.08 24.66 18.04 24.68 18.76 16.04 18.45 18.40 22.42
2 23.44 31.00 37.44 33.84 29.80 21.99 20.36 17.11 16.80 21.11 16.97 23.76
3 23.10 32.28 29.71 36.53 31.56 23.25 19.41 19.58 18.10 20.14 20.03 31.81
4 25.37 29.26 37.27 36.81 23.62 21.10 19.00 17.95 18.71 20.59 22.72 25.58
5 32.84 32.41 31.39 34.81 21.62 20.19 18.04 17.02 21.18 17.92 16.75 22.44
6 37.46 34.05 24.51 37.44 22.12 19.86 15.98 18.21 18.18 19.79 17.66 20.31
7 39.37 36.94 26.96 26.16 23.59 22.92 15.33 19.71 18.01 20.18 19.86 22.68
8 29.52 26.24 25.22 28.41 22.86 22.68 17.43 17.80 15.95 26.65 20.90 29.88
9 26.16 30.47 30.95 20.21 19.95 22.03 17.37 22.10 16.23 32.27 21.27 32.83
10 28.93 33.99 31.00 20.12 20.49 20.58 19.58 25.07 19.01 29.99 22.16 38.60
11 30.86 34.66 35.44 21.51 22.99 20.56 22.10 21.25 18.25 23.24 22.85 25.54
12 36.94 28.04 34.47 23.64 26.26 20.23 21.97 17.85 18.71 34.29 19.86 26.97
13 27.89 29.93 35.25 27.33 25.98 19.41 19.97 18.93 18.38 31.16 15.86 25.15
14 29.37 30.95 39.00 29.91 26.76 16.91 24.59 19.53 17.25 20.38 18.05 29.27
15 35.12 33.27 33.71 32.02 20.51 20.19 20.34 23.59 14.78 21.22 20.07 35.61
16 39.96 25.31 27.22 35.42 22.92 17.87 17.39 20.46 15.67 25.13 21.66 40.62
17 37.72 24.64 27.65 35.23 22.66 18.97 17.08 19.83 16.95 27.34 21.42 40.32
18 40.52 29.95 28.69 35.75 25.03 18.34 16.91 16.93 17.88 22.24 21.61 22.46
19 42.69 38.92 32.95 36.98 23.14 20.34 13.22 18.25 18.34 18.31 26.11 21.44
20 41.35 41.19 35.86 27.59 21.84 22.29 15.57 18.01 21.01 17.51 28.67 27.84
21 25.68 39.59 32.67 30.69 19.56 22.88 17.93 18.68 18.81 20.77 31.27 36.74
22 26.79 42.50 31.15 23.33 22.40 24.05 17.13 16.54 18.27 24.02 32.09 24.80
23 31.62 48.53 26.33 23.03 19.15 20.54 19.43 16.38 20.55 20.72 20.92 30.36
24 27.50 26.57 22.14 24.59 19.62 18.41 19.04 20.31 21.27 23.94 20.18 24.09
25 29.28 20.69 21.17 25.59 20.06 20.30 20.17 24.76 21.01 26.11 19.86 21.85
26 31.56 27.22 24.64 21.84 21.58 20.23 17.52 17.25 19.86 27.00 23.57 23.07
27 33.60 30.69 26.22 25.87 23.05 18.17 20.30 15.91 19.46 25.19 31.88 23.11
28 37.33 36.90 23.10 25.01 17.91 18.43 22.90 17.19 24.67 22.09 38.11 24.61
29 42.41 23.31 23.92 18.65 20.28 19.78 15.75 22.05 19.01 24.50 28.08
30 46.27 23.51 24.22 20.25 22.97 20.04 18.14 17.08 22.42 22.24 30.34
31 47.83 24.83 20.34 20.49 18.08 19.18 24.09

AVERAGE: 33.40 32.39 29.92 28.60 22.61 20.47 19.07 18.93 18.62 23.17 22.58 27.63

PINJAR • DAILY MINIMUM TEMPERATURE eC) • 1991

DAY JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1 9.56 14.50 25.20 8.71 6.84 8.95 6.43 13.55 4.30 3.58 8.94 13.97
2 14.94 17.58 21.38 12.14 8.69 5.58 13.72 10.19 7.01 0.48 3.23 10.70
3 11.31 18.52 20.54 12.53 19.97 11.64 8.56 13.14 10.81 1.61 0.35 12.33
4 11.29 16.37 20.62 10.14 15.87 15.52 8.41 13.63 7.27 9.94 7.38 13.15
5 16.33 17.85 16.50 10.53 11.01 10.77 10.68 6.32 4.86 3.67 8.33 11.91
6 17.48 17.32 14.55 11.23 3.48 7.13 3.94 1.94 6.08 0.15 4.69 15.60
7 18.11 15.20 10.21 14.50 4.15 4.30 -0.34 4.96 7.40 1.50 6.83 10.63
8 17.39 12.81 11.70 9.45 8.58 7.97 0.20 10.01 7.66 6.27 2.32 5.95
9 16.91 16.17 15.87 14.81 13.05 9.32 12.46 10.64 1.74 8.44 2.82 8.72
10 16.20 12.53 16.52 15.09 13.59 10.05 6.65 6.00 -0.69 13.30 7.16 15.08
11 13.11 11.57 18.82 9.25 13.72 6.19 4.13 6.71 0.80 12.22 8.68 12.98
12 16.69 12.16 17.43 7.91 9.95 12.09 3.65 5.50 11.07 8.44 11.65 12.43
13 17.98 14.94 18.65 7.73 8.38 10.25 13.38 3.78 11.11 16.25 9.59 10.16
14 18.24 15.96 20.88 16.22 15.26 11.38 7.86 3.60 12.09 14.60 11.76 12.46
15 19.06 16.61 20.75 19.93 14.96 12.87 7.84 8.70 4.53 9.05 10.07 13.52
16 21.21 8.25 17.91 15.22 9.53 11.36 11.23 8.75 2.54 7.96 8.68 20.35
17 21.49 17.26 14.46 11.62 4.43 10.19 11.16 7.73 12.96 4.64 7.57 19.83
18 20.17 11.66 14.09 7.99 3.20 3.24 9.92 11.31 12.65 7.92 12.09 17.45
19 20.88 16.17 17.17 20.41 15.67 9.49 10.64 12.80 5.17 12.39 12.93 14.91
20 21.53 17.85 18.34 19.32 14.29 9.12 10.25 13.30 3.41 11.85 12.87 7.12
21 19.38 14.02 17.54 18.93 16.30 7.23 9.43 7.42 4.23 10.13 8.38 13.95
22 13.98 14.76 15.33 10.86 12.33 16.54 6.52 4.95 2.84 6.71 6.66 18.14
23 12.88 21.58 15.85 9.43 10.40 16.59 11.29 1.84 1.37 10.11 13.78 16.99
24 11.47 17.52 12.31 9.01 3.26 15.37 9.45 0.85 4.12 6.03 7.68 14.97
25 14.61 15.41 2.85 8.86 0.92 10.94 10.27 1.22 3.62 7.36 12.46 14.86
26 13.46 17.15 4.96 10.77 1.68 11.42 11.66 10.29 5.27 12.52 7.64 13.69
27 13.44 25.33 2.87 9.51 1.61 12.72 8.86 8.57 4.41 9.81 7.03 11.65
28 19.45 22.31 8.80 8.19 11.31 12.66 7.23 9.48 3.93 16.17 10.70 14.24
29 18.04 9.51 6.19 11.62 9.38 13.79 3.28 4.75 8.12 16.60 16.23
30 20.43 9.84 6.71 13.96 7.80 12.90 1.06 9.29 4.93 15.69 12.98
31 16.76 11.66 10.38 12.70 0.15 6.10 16.51

AVERAGE: 16.57 16.05 14.94 11.77 9.95 10.27 8.87 7.15 5.89 8.14 8.82 13.66



PERTH . DAILY MAXIMUM TEMPERATURE (0C) • 1991

DAY JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1 25.9 29.3 41.4 28.4 23.1 18.6 24.1 18.9 17.3 19.3 20.0 23.2
2 22.6 30.2 31.9 32.8 28.0 20.9 20.7 16.3 17.9 20.7 18.7 23.5
3 22.5 28.4 28.3 35.5 30.0 21.4 18.0 18.4 20.1 21.1 19.9 30.2
4 26.1 28.7 35.6 34.8 22.7 21.3 17.2 16.8 20.5 21.9 22.6 26.2
5 31.1 32.2 28.2 31.5 21.3 19.5 16.7 16.4 22.1 19.0 18.1 23.7
6 36.4 30.6 24.3 34.5 21.9 19.7 15.8 18.1 20.0 20.3 19.3 22.2
7 37.0 33.2 25.1 25.6 23.4 21.7 15.3 18.8 18.6 20.7 19.7 22.6
8 27.1 25.4 24.3 26.5 22.5 20.3 16.1 17.7 17.1 25.3 21.8 29.6
9 25.2 27.9 29.8 18.4 20.0 21.2 16.4 21.8 18.0 32.8 22.6 31.2
10 27.6 29.3 30.8 19.4 20.4 20.6 19.3 24.1 19.6 30.4 22.6 38.5
11 26.8 31.6 33.9 20.9 23.3 19.2 20.8 20.6 20.1 24.2 23.8 27.6
12 32.9 26.8 33.3 22.1 25.2 19.9 21.7 18.3 19.7 34.0 21.0 27.7
13 28.0 29.6 33.9 26.9 25.2 19.1 19.6 20.1 19.9 31.8 17.1 25.5
14 28.3 30.7 36.9 28.8 25.5 16.7 23.9 21.4 19.2 21.7 19.2 28.5
15 33.2 31.2 34.5 30.6 19.7 19.9 18.6 22.9 14.7 21.8 21.4 34.8
16 37.7 24.5 26.2 34.0 22.7 18.6 17.6 21.5 17.2 25.4 22.1 40.9
17 35.5 24.4 25.5 33.1 22.1 18.7 16.4 21.2 18.7 27.3 22.3 39.8
18 38.7 30.2 28.4 34.1 21.6 18.4 15.6 18.1 18.5 22.2 22.4 23.5
19 38.1 37.2 31.1 34.1 23.0 19.8 12.9 19.3 19.2 18.9 27.0 23.0
20 38.3 38.6 34.6 26.3 21.8 20.4 15.7 18.8 20.8 18.8 29.8 27.8
21 25.0 35.2 31.5 30.3 19.3 21.1 17.8 19.4 19.9 20.9 31.3 38.2
22 25.8 38.3 29.1 23.0 22.6 23.1 16.6 18.9 19.3 23.9 30.8 25.8
23 29.3 46.2 25.4 22.7 18.9 19.2 19.6 19.0 21.2 22.2 22.4 29.5
24 26.4 26.5 20.7 24.2 19.8 19.1 18.6 20.6 22.7 24.7 20.5 24.9
25 26.9 20.4 21.5 25.7 19.2 19.0 18.8 24.6 22.0 25.6 21.0 23.6
26 28.6 26.1 21.5 21.1 21.6 19.9 16.9 19.0 21.0 27.7 22.2 23.8
27 32.0 29.8 24.0 24.9 21.0 14.9 20.4 17.1 21.4 25.7 30.5 24.2
28 34.2 33.8 22.9 23.1 18.0 17.7 21.3 17.8 25.7 23.8 37.7 25.9
29 40.1 22.8 23.7 19.3 18.8 19.2 17.8 21.4 19.5 24.3 27.8
30 43.2 22.8 22.8 19.5 22.0 19.6 18.7 18.3 23.0 23.4 30.7
31 45.8 23.9 20.0 20.5 19.3 19.9 24.6

AVERAGE: 31.5 30.6 28.5 27.3 22.0 19.7 18.4 19.4 19.7 23.7 23.2 28.0

PERTH . DAILY MINIMUM TEMPERATURE (OC) • 1991

DAY JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1 15.6 22.8 22.5 16.0 U.8 10.7 10.4 13.8 7.3 9.0 12.7 14.9
2 15.6 17.2 23.5 17.9 14.0 9.6 15.0 10.4 11.0 7.8 9.8 13.2
3 14.7 20.3 21.7 18.9 16.3 12.0 13.5 U.5 U.8 9.7 8.3 16.3
4 13.5 17.0 20.7 18.5 17.1 14.6 8.5 12.0 11.3 13.2 12.1 18.3
5 15.5 17.5 21.4 18.0 17.3 11.3 9.9 10.7 10.2 10.6 11.0 15.0
6 19.4 17.5 17.0 20.4 9.8 10.0 9.2 6.7 9.8 8.5 10.0 15.5
7 23.0 20.5 15.8 18.6 10.6 9.3 5.0 8.2 8.9 10.0 10.1 13.5
8 21.3 17.4 15.1 16.9 13.0 11.4 3.3 11.1 12.7 12.9 11.0 14.7
9 18.7 18.0 15.4 16.6 13.7 12.4 5.7 11.0 5.8 14.8 12.6 18.1
10 16.3 17.9 16.6 14.2 13.6 13.5 9.7 10.5 6.5 19.4 14.6 21.4
11 15.6 18.4 18.6 1l.8 15.2 8.9 7.4 10.3 8.3 16.8 15.0 20.9
12 18.3 18.2 20.2 12.2 14.0 11.6 7.1 8.9 11.1 15.9 14.2 16.7
13 18.6 16.6 18.7 13.4 13.0 11.2 11.0 7.4 13.2 21.3 11.8 18.0
14 18.1 16.9 20.3 16.0 16.0 10.8 11.7 9.0 12.5 18.1 11.7 15.8
15 18.1 16.1 25.3 18.0 15.9 9.8 10.1 10.5 8.4 12.1 13.3 17.5
16 21.4 15.6 18.2 18.5 13.7 10.4 1l.8 11.7 5.7 12.4 12.3 20.8
17 23.4 19.0 17.7 17.6 10.0 12.1 1l.5 11.1 10.0 12.6 13.5 26.3
18 25.2 14.0 17.6 16.9 11.0 7.9 10.0 12.9 13.8 13.0 15.7 20.4
19 24.7 18.4 16.8 20.6 12.2 10.0 10.4 13.0 11.1 13.2 16.0 16.3
20 23.5 23.4 17.8 21.4 16.4 12.0 9.5 14.6 9.7 13.6 14.0 14.4
21 20.5 20.8 21.0 20.9 16.9 10.7 9.6 12.3 9.6 13.1 15.9 19.4
22 15.8 21.6 18.5 19.4 14.2 12.5 9.7 14.3 9.2 12.2 16.0 19.4
23 18.1 25.3 17.5 13.9 14.3 16.3 9.9 8.0 9.2 12.0 17.1 20.4
24 16.5 23.1 18.6 13.0 7.9 16.8 12.2 8.0 10.9 12.6 12.8 19.0
25 16.0 15.5 9.6 13.9 7.0 14.5 1l.8 9.0 10.2 13.6 13.8 17.4
26 16.5 15.9 11.2 15.3 8.7 11.9 10.8 13.6 1l.5 16.7 12.6 17.0
27 19.6 16.8 10.4 13.3 8.7 13.0 9.8 9.4 12.8 17.5 13.6 16.3
28 18.9 21.8 13.4 13.5 11.3 U.5 8.8 11.1 10.9 16.1 18.4 16.2
29 22.0 15.3 12.8 11.3 U.5 1l.5 9.3 12.2 16.9 18.0 18.8
30 25.1 14.9 12.6 12.8 12.7 14.3 7.2 13.5 10.2 17.9 19.0
31 25.5 15.3 13.0 11.6 6.6 12.9 18.9

AVERAGE: 19.2 18.7 17.6 16.4 12.9 11.7 10.0 10.5 10.3 13.5 13.5 17.7



PERTH AIRPORT • DAILY MAXIMUM TEMPERATURE (0C) • 1991

DAY JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1 26.0 32.0 41.0 29.0 23.0 18.0 23.0 18.0 17.0 18.0 20.0 24.0
2 23.0 32.0 35.0 32.0 27.0 20.0 20.0 16.0 17.0 21.0 19.0 25.0
3 23.0 31.0 30.0 35.0 30.0 21.0 19.0 18.0 20.0 21.0 20.0 31.0
4 28.0 31.0 35.0 35.0 23.0 21.0 16.0 17.0 20.0 20.0 23.0 27.0
5 31.0 32.0 30.0 33.0 21.0 N/A 16.0 16.0 22.0 18.0 18.0 25.0
6 36.0 32.0 25.0 N/A N/A 19.0 15.0 17.0 19.0 20.0 19.0 22.0
7 37.0 35.0 26.0 28.0 23.0 20.0 15.0 18.0 19.0 21.0 21.0 24.0
8 28.0 28.0 26.0 27.0 N/A 20.0 16.0 17.0 17.0 26.0 23.0 29.0
9 27.0 29.0 29.0 17.0 20.0 20.0 16.0 20.0 17.0 31.0 23.0 33.0
10 29.0 32.0 31.0 18.0 19.0 20.0 19.0 24.0 19.0 31.0 23.0 37.0
11 30.0 31.0 33.0 21.0 23.0 19.0 20.0 20.0 19.0 25.0 24.0 28.0
12 37.0 29.0 33.0 23.0 25.0 19.0 21.0 17.0 20.0 33.0 21.0 29.0
13 30.0 31.0 33.0 26.0 24.0 17.0 19.0 19.0 20.0 32.0 17.0 27.0
14 28.0 30.0 36.0 29.0 25.0 15.0 23.0 20.0 18.0 21.0 19.0 30.0
15 33.0 31.0 35.0 30.0 19.0 19.0 18.0 22.0 15.0 21.0 21.0 36.0
16 39.0 26.0 27.0 33.0 22.0 18.0 17.0 21.0 17.0 25.0 22.0 41.0
17 37.0 25.0 27.0 34.0 21.0 18.0 16.0 21.0 18.0 28.0 22.0 41.0
18 40.0 30.0 29.0 34.0 22.0 17.0 15.0 18.0 18.0 22.0 23.0 24.0
19 40.0 37.0 N/A 34.0 23.0 19.0 13.0 19.0 19.0 19.0 26.0 23.0
20 39.0 40.0 34.0 27.0 22.0 20.0 15.0 19.0 21.0 19.0 29.0 30.0
21 27.0 39.0 33.0 30.0 18.0 21.0 17.0 19.0 20.0 21.0 31.0 39.0
22 28.0 40.0 30.0 22.0 22.0 23.0 16.0 19.0 19.0 26.0 31.0 26.0
23 31.0 47.0 25.0 23.0 18.0 19.0 19.0 17.0 21.0 23.0 22.0 32.0
24 29.0 28.0 21.0 23.0 19.0 18.0 18.0 19.0 23.0 25.0 21.0 26.0
25 29.0 20.0 N/A 25.0 N/A 18.0 18.0 25.0 22.0 26.0 21.0 23.0
26 30.0 27.0 22.0 21.0 21.0 19.0 16.0 19.0 21.0 28.0 23.0 24.0
27 35.0 28.0 26.0 24.0 21.0 15.0 19.0 17.0 21.0 26.0 31.0 24.0
28 36.0 34.0 23.0 24.0 17.0 17.0 21.0 17.0 25.0 23.0 37.0 28.0
29 41.0 23.0 24.0 N/A 18.0 19.0 17.0 23.0 19.0 25.0 30.0
30 44.0 23.0 23.0 19.0 20.0 19.0 17.0 18.0 23.0 23.0 31.0
31 46.0 25.0 19.0 20.0 19.0 20.0

AVERAGE: 32.8 31.7 29.2 27.0 21.7 18.9 17.9 18.8 19.5 23.6 23.3 29.0

PERTH AIRPORT. DAILY MINIMUM TEMPERATURE (0C) • 1991

DAY JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1 13.0 18.0 22.0 13.0 8.0 9.0 10.0 14.0 5.0 7.0 10.0 13.0
2 15.0 16.0 22.0 11.0 12.0 8.0 14.0 10.0 10.0 6.0 7.0 11.0
3 12.0 19.0 21.0 19.0 13.0 9.0 12.0 11.0 12.0 7.0 7.0 15.0
4 13.0 17.0 20.0 15.0 16.0 14.0 7.0 12.0 11.0 11.0 10.0 17.0
5 15.0 17.0 19.0 15.0 15.0 10.0 10.0 10.0 8.0 9.0 11.0 13.0
6 18.0 17.0 14.0 18.0 8.0 N/A 8.0 4.0 9.0 6.0 7.0 14.0
7 22.0 19.0 13.0 N/A N/A 8.0 2.0 7.0 7.0 7.0 10.0 12.0
8 19.0 16.0 13.0 15.0 10.0 9.0 3.0 11.0 12.0 12.0 10.0 12.0
9 17.0 16.0 14.0 15.0 N/A 11.0 10.0 11.0 4.0 13.0 10.0 15.0
10 16.0 17.0 16.0 14.0 14.0 13.0 8.0 10.0 5.0 18.0 14.0 20.0
11 15.0 17.0 16.0 9.0 13.0 7.0 6.0 7.0 6.0 16.0 14.0 18.0
12 16.0 16.0 17.0 11.0 13.0 11.0 6.0 9.0 12.0 13.0 13.0 16.0
13 17.0 15.0 N/A 13.0 11.0 9.0 12.0 5.0 13.0 19.0 11.0 17.0
14 18.0 17.0 20.0 15.0 15.0 10.0 12.0 10.0 13.0 16.0 10.0 15.0
15 17.0 16.0 24.0 17.0 16.0 11.0 9.0 10.0 8.0 10.0 12.0 16.0
16 21.0 12.0 17.0 18.0 12.0 10.0 10.0 8.0 3.0 12.0 10.0 21.0
17 23.0 17.0 16.0 16.0 7.0 9.0 10.0 10.0 10.0 9.0 11.0 26.0
18 24.0 12.0 18.0 14.0 9.0 6.0 8.0 13.0 13.0 11.0 15.0 20.0
19 24.0 15.0 N/A 15.0 12.0 8.0 10.0 13.0 11.0 13.0 15.0 15.0
20 23.0 24.0 N/A 20.0 15.0 11.0 9.0 13.0 7.0 13.0 13.0 11.0
21 20.0 20.0 21.0 20.0 16.0 9.0 10.0 8.0 8.0 11.0 14.0 18.0
22 12.0 18.0 18.0 16.0 13.0 9.0 9.0 11.0 7.0 10.0 12.0 19.0
23 18.0 22.0 17.0 12.0 13.0 12.0 9.0 7.0 7.0 12.0 16.0 18.0
24 15.0 23.0 17.0 12.0 5.0 13.0 12.0 8.0 9.0 13.0 11.0 19.0
25 15.0 15.0 6.0 12.0 6.0 12.0 11.0 8.0 8.0 14.0 14.0 17.0
26 16.0 14.0 N/A 11.0 N/A 11.0 9.0 11.0 9.0 16.0 10.0 15.0
27 16.0 17.0 7.0 15.0 8.0 12.0 8.0 9.0 9.0 17.0 12.0 14.0
28 18.0 21.0 10.0 11.0 9.0 11.0 9.0 10.0 9.0 15.0 16.0 14.0
29 22.0 13.0 10.0 10.0 10.0 11.0 8.0 9.0 15.0 16.0 18.0
30 26.0 17.0 10.0 12.0 12.0 12.0 6.0 13.0 9.0 17.0 19.0
31 23.0 12.0 12.0 10.0 5.0 11.0 17.0

AVERAGE: 18.0 17.3 16.3 14.2 11.5 10.1 9.2 9.3 8.9 12.0 11.9 16.3



PERTH. DAILY EVAPORATION (mm) • 1991

DAY JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1 7.0 10.8 8.0 4.2 3.2 1.8 2.4 3.2 1.4 3.0 4.8 6.4
2 6.4 8.2 7.2 4.6 3.2 1.4 3.2 3.4 3.8 3.6 5.4 6.0
3 7.6 7.2 6.6 6.6 4.0 2.6 2.4 2.6 1.8 4.0 4.2 7.0
4 6.8 7.2 5.0 7.2 3.4 3.4 2.2 3.0 2.0 4.8 3.6 7.0
5 7.4 8.4 6.8 5.2 2.6 1.4 2.0 0.8 2.6 1.8 3.2 5.4
6 7.2 7.4 7.6 5.4 3.4 2.0 1.6 1.0 2.8 3.6 4.6 6.4
7 7.2 9.4 5.6 4.0 3.4 0.8 2.6 1.8 3.4 3.8 3.0 4.0
8 9.6 7.0 5.4 5.8 2.4 2.0 1.2 2.2 2.6 4.4 4.0 6.8
9 7.0 7.2 6.0 4.2 3.0 2.0 1.8 2.2 1.6 4.8 7.2 7.6
10 7.0 7.4 6.4 2.6 2.2 3.6 0.0 1.6 2.8 5.8 4.0 7.6
11 7.2 6.6 7.2 1.6 1.8 1.2 1.2 2.4 3.8 5.4 5.8 7.8
12 7.4 7.0 4.6 3.0 3.6 1.8 1.8 3.2 1.8 3.2 4.6 5.2
13 8.4 7.6 8.6 4.0 3.2 0.4 1.8 3.6 2.4 6.2 9.2 8.0
14 7.4 8.0 7.6 5.6 2.2 4.0 1.6 1.8 3.4 6.8 3.6 7.2
15 8.0 8.0 9.0 5.2 4.0 1.0 3.0 2.6 5.0 4.2 1.8 6.4
16 7.0 7.6 4.8 6.2 1.0 3.0 0.4 3.2 2.4 4.8 4.2 8.0
17 6.8 6.0 3.6 5.2 1.4 1.2 2.4 3.0 3.4 5.2 3.0 12.6
18 8.4 7.8 4.4 5.2 2.8 2.0 1.2 2.4 1.2 5.2 3.6 8.6
19 4.2 6.4 7.8 7.2 1.2 1.8 1.6 2.6 0.4 4.4 6.2 3.6
20 11.6 8.4 6.4 4.6 0.8 1.0 1.0 3.8 3.2 1.8 6.8 6.6
21 8.8 8.0 7.0 4.6 0.0 0.8 0.8 2.8 3.8 5.2 6.6 5.8
22 8.0 7.6 6.6 3.6 0.8 1.2 2.4 2.2 4.0 5.8 7.0 6.6
23 7.0 8.4 4.2 2.6 2.6 2.0 1.0 2.6 3.2 4.8 6.8 3.8
24 7.4 10.8 3.8 2.2 2.0 1.4 1.2 3.2 4.0 5.2 6.0 7.2
25 7.0 4.0 3.2 3.6 1.2 1.6 2.0 3.0 3.8 4.8 3.8 2.8
26 7.2 0.8 4.6 4.2 2.4 2.2 1.6 3.6 4.0 5.4 4.8 3.8
27 5.6 1.6 4.8 1.0 2.4 3.6 1.2 3.2 4.0 5.6 5.8 5.2
28 10.8 3.8 6.8 2.8 0.0 1.6 1.4 3.2 N/A 4.8 7.8 5.4
29 7.4 1.2 4.0 0.6 1.6 3.6 0.8 3.6 3.4 7.0 7.0
30 9.6 3.6 2.1 1.4 0.6 2.0 3.2 4.8 4.0 4.8 6.4
31 7.4 4.0 1.4 0.8 2.8 5.4 6.6

TOTALS: 235.8 198.6 178.4 128.3 67.6 55.0 53.4 81.0 87.0 141.2 153.2 198.8
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