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Abstract 
 

 

Due to reduced water levels in Perth scheme supply dams, there has been an increased 

reliance placed on the ground water sources within the Perth Basin. This has resulted in a 

decrease in the height of the water table, which has consequently placed a strain on 

wetlands in the Perth basin. One proposed method of alleviating this is to use artificial 

groundwater recharge through bores to increase water supply to the wetlands.  The aim of 

this study is to investigate the responsiveness of various combinations of stratigraphy 

found within the Perth Basin to artificial recharge through well injection. 

 

Generic conceptual models were developed based on the stratigraphy of the Bassendean 

sand region of the Perth basin. Artificial recharge within these models was then simulated 

using MODFLOW, focussing on the effects of stratigraphic layer characteristics and 

combinations on the feasibility of artificial recharge. The effects of leakage, and bore 

placement on water table rise were also investigated. 

 

The dominant stratigraphic layers present in the Bassendean sand are Gnangara sand, 

Guilford clay, Basssendean sand and Ascott limestone. Numerical modeling revealed that 

the most feasible stratigraphic combination is Ascott limestone overlain by Bassendean 

sand and the least feasible is Gnangara sand overlain by Bassendean sand.  It was found 

that the effects of leakage into underlying formations is negligible (given the properties 

of the underlying Kardinya Shale), and that bore location and screen length have a 

significant effect on the water table rise in most conceptual models. 
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1 Introduction 

 
Reduction in rainfall in the South West of Western Australia has resulted in a decrease in 

surface water resource availability (Water Corporation 2002). These reductions have 

resulted in an increasing pressure on ground water resources in the Perth basin through 

domestic, industrial and agricultural uses. These increases pose a threat to water levels in 

urban wetlands on the Swan Coastal plain, in the form of lower water tables and 

prolonged dry phases (Ramsar 2002). Reducing the availability of ground water may lead 

to a gradual decline in the spatial extent of a wetland dependent ecosystem, or the health 

of the vegetation. In some cases thresholds may exist where after a certain point the entire 

ecosystem is destroyed (Hatton and Evans 1998). Since Wetlands are important features 

of the urban environment, their maintenance is an important consideration in the 

development of future groundwater management strategies (Careeg 1997).  

 

Artificial recharge can be used to mitigate against the over extraction of the ground 

water, by raising the water table to a sustainable level. It is the process by which excess 

water and waste water is directed into the ground by either spreading on the surface, 

injection wells, or by altering conditions to increase natural infiltration to replenish an 

aquifer (Scatena and Williamson 1999). Artificial recharge is used throughout the world 

for land subsidence control, water treatment, storage and recovery, and wetland 

protection. In considering artificial recharge for wetland sustainability it is important to 

ensure that artificial water levels are not significantly higher than the regional water 

levels (Allan and Lovett 1997).  

 

Previous studies into the feasibility of artificial recharge in the Perth basin have been 

either site specific, or focused predominantly on water quality issues. There has been 

minimal investigation into the hydraulic response of characteristic combinations of 

stratigraphic layers to artificial recharge. Examination of these responses is of critical 

importance, because hydraulic parameters and aquifer thickness, which control 

groundwater flow, vary with stratigraphy.  
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This study aims to investigate the responsiveness of the dominant stratigraphic 

combinations found within the Perth basin to artificial recharge through well injection. 

The objectives of the study are to: 

 

1. Review literature to determine which principles of ground water flow are relevant in 

explaining the behaviour of flow through varying stratigraphic layers. Assess the work 

that has been undertaken on the feasibility of artificial recharge in the Perth basin. Gain 

an understanding of the geology and hydrogeology of the Perth basin. 

 

2. Develop conceptual models based on the dominant stratigraphic relationships within 

the Perth basin. 

 

3. Numerically model the generic conceptual models to determine if different 

stratigraphic combinations have an effect on the feasibility of artificial recharge through 

well injection for wetland sustainability. If stratigraphic combinations do effect 

feasibility, assess which combinations would be the most suitable. 

 

4. Investigate the effects of leakage, well placement, and well type on the feasibility of 

the models. 

 

5. Conduct a sensitivity analysis to determine if the models are sensitive to stratigraphic 

layer thickness, recharge rate, and hydraulic conductivity. 

 

 This study is preliminary, in that it aimed to acquire information on the stratigraphic 

relationships and parameters of varying stratigraphic layers and to determine if different 

combinations and characteristics affect the feasibility of artificial recharge for wetland 

sustainability in the Perth basin. The study does not predict the exact response, but if 

different combinations are relevant, then it is expected their responsiveness to artificial 

recharge will be explained by applying the basic principles of ground water flow. 
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2 Literature Review 

The Purpose of this literature review is to provide insight into the motivations and 

limitations of the study, and describes the site information and concepts used. The first 

section of the review presents the principles of ground water flow. Particular emphasis 

has been directed toward the equations governing flow and the parameters that determine 

the suitability of an aquifer to artificial recharge. These factors form the basis of the 

analysis in this study and are referred to throughout this report. The following section 

gives an overview of the program MODFLOW. This program is based on the equations 

of groundwater flow and was used for the numerical modeling undertaken in this study. 

The major limitations in using MODFLOW are considered. 

 

An introduction into the principles and limitations of artificial recharge, and an overview 

of the work that has already been undertaken in the Perth basin, on artificial recharge is 

discussed. The relevance of the previous work and the importance of this study are 

emphasized. The conceptual models developed in his study are based on the stratigraphy 

of the Perth basin area. As such, site information on the geology and hydrogeology of the 

Perth basin is included. Deficiencies in the available information are presented, as they 

had a significant impact on the development of the conceptual models.  

 

2.1 Ground Water Principles 

It is expected that an explanation of the behaviour of the flow through varying 

combinations of characteristic stratigraphic layers, investigated in this study, can be 

developed through application of basic ground water principles. An overview of how 

ground water is distributed in the subsurface, parameters governing ground water flow 

and how they vary between stratigraphic units, and equations which characterize ground 

water flow are presented in this section. 
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2.1.1 Ground Water Distribution in the Sub Surface 

Below the land surface soil pores contain both air and water. Soil beneath the ground can 

be divided into two zones. An unsaturated zone (soil pores contain both water and air) 

and a saturated zone (soil pores contain water only). Pressure in pores in the unsaturated 

zone is less than atmospheric pressure, and pressure in pores in the saturated zone is at a 

pressure greater than atmospheric pressure. The water table (or potentiometric surface) is 

the border between the unsaturated zone and saturated zone, where pressure is equal to 

atmospheric pressure. 

 

Groundwater is naturally replenished by rainfall. When rain falls on the ground it 

infiltrates into the unsaturated zone where it is redistributed. Redistribution processes 

include: exfiltration1, capillary rise2, plant uptake, and interflow3 (figure2-1). Water that 

is not redistributed eventually flows into the saturated zone as groundwater recharge.  

 

 

Figure 2-1 Surface Hydrogeology: When water falls on the ground it is redistributed through 

exfiltration, capillary rise, plant uptake and interflow. Source: Dingman 1994 

                                                 
1 Evaporation from the upper layers of the soil 
2 Movement from the saturated upward into the unsaturated zone due to surface tension 
3 Lateral flow 
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Climate, topography, soils and vegetation of a region determine the temporal and areal 

distribution of inputs into a groundwater system (Dingman 1993). However directions 

and rates of groundwater movement are controlled by geology (Dingman 1993). The 

main geological factors effecting ground water movement are lithology and stratigraphy. 

Stratigraphy gives a direct understanding of the distribution of aquifers and confining 

beds and hence a qualitative understanding of at least the major characteristics of 

groundwater movement (Dingman 1993) and lithology effects the hydraulic conductivity 

distribution.  

 

2.1.2 One Dimensional Ground Water Flow 

Ground water flow is dependent on hydraulic conductivity, which governs the rate at 

which groundwater can flow, and hydraulic head, which is the force that drives the flow. 

These two parameters can be combined into a function called Darcy’s law. Hydraulic 

conductivity varies between stratigraphic layers and therefore the rate at which water can 

flow through different layers varies. Changes in stratigraphy can result in changes in the 

hydraulic head distribution across an aquifer because hydraulic conductivity is directly 

related to hydraulic head through Darcy’s law. 

 

2.1.2.1 Hydraulic Conductivity 

Hydraulic conductivity is the rate at which water moves through a porous medium under 

a unit potential energy4 gradient (Dingman 1993). As such, hydraulic conductivity is a 

function of the properties of the porous medium and the fluid passing through it.  

 

The ability of ground water to flow through a porous medium depends on the size and 

shape of soil grains and the properties of the ground water. The size and shape of the soil 

grains determines the nature of the pathways through which the fluid can flow. Intrinsic 

                                                 
4 Potential energy is energy associated with elevation. A higher elevation results in greater potential energy. 
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permeability defined by equation 2-1 (Whitlow 1998), is used to describe these 

properties. 

 

2Cdk i = ……………………………………………………(2-1) 

where 
k i  is the intrinsic permeability 
C is the shape factor of the grains 
d is the average grain diameter 

 

There are two main properties of ground water that affect flow. They are specific weight 

and dynamic viscosity. Ground water flow is directly proportional to the specific weight5 

and inversely proportional to the dynamic viscosity6 of the ground water. This 

relationship is expressed in equation 2-2 (Fetter 1994). 

  









=

µ
γ

kk i ………………………………………..(2-2) 

where 
k is the hydraulic conductivity [l t-1]  
k i is the intrinsic permeability 
γ is the specific weight [N m-3] 
µ is the dynamic viscosity [N t m-3] 

 

As hydraulic conductivity is dependent on the porous medium, it varies with soil type 

(Table 2-1) Generally the rate of ground water movement is slow in soils of low 

hydraulic conductivity (clays) and fast in soils of high hydraulic conductivity (gravel). 

 

 

 

 

                                                 
5 Specigic weight of a fluid is the weight per unit volume (Young et al. 1997). 
6 Dynamic viscosity is the constant of proportionality between shearing stress and the rate of change of 

velocity with respect to vertical distance (Young et al 1997). 



Chapter 2  Literature Review  

 7

 

Table 2-1 Typical Values for hydraulic Conductivity, applicable to the Perth Basin. Source: Davidson 

1995 

 

Lithology Hydraulic Conductivity (m/d) 

Sand  

Very coarse to gravel 246 

Very coarse 204 

Coarse 73 

Medium to very coarse (moderately sorted) 50 

Fine to gravel (poorly sorted) 10 

Medium 16.5 

Fine to medium 8.2 

Fine 4.1 

Fine to very fine 1.7 

Very fine 0.8 

Silty  4 

Clayey 1 

Clay 0.4 

Sand and limestone 8 

Limestone and calcarenite 100-1000 

 

2.1.2.2 Hydraulic Head 

The most significant hydraulic property of soils is their ability to hold and transmit 

groundwater. Because the amounts of energy vary spatially, groundwater is forced to 

move from one region to another in an attempt to eliminate these energy differentials 

(Fetter 1994). 

 

There are three types of energy in groundwater: elevation energy (gravitational potential 

energy), energy due to fluid pressure, and kinematic energy (due to fluid movement). The 



Chapter 2  Literature Review  

 8

total energy at a point in the soil is the sum of all three energy types, as described by 

Bernoulli’s law (equation 2-3) 

 

Total Energy = 
g

P
z

g
v

ρ
++

2

2

…………………..(2-3) 

 

 where 
 v2/2g is the kinetic energy [L t-1 ] 
 z is the elevation energy [L] 
 P/ρg is the potential energy [N m t2 L-4] 
 

For typical Groundwater flow the amount of kinetic energy is negligible, due to very low 

velocities, and the pressure at a point (P) is equal to the weight of the overlying water per 

unit cross-sectional area (equation 2-4). 

 

pghP ρ= …………………………..…………………………………………..(2-4) 

 where 
 hp = height of the water column that provides pressure head 
 

By eliminating the kinetic energy, and substituting equation (2-4) into (2-3), the total 

energy at a point becomes the sum of the elevation head and the pressure head. Total 

energy at a point in groundwater flow is referred to as hydraulic head  (equation 2-5). 

Groundwater moves from high hydraulic head to low hydraulic head. 

 

phzh += ……………………………………………...(2-5) 

  where 
 h is the hydraulic head (L) 

 

2.1.2.3 Darcys Law 

Darcy’s law (equation 2-6) describes the movement of ground water from high hydraulic 

head to low hydraulic head. Darcy’s law states that the rate of water flow through a 

porous medium is proportional to the difference in the hydraulic head between two points 
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and inversely proportional to the length of the flow path, and that the quantity of flow is 

proportional to the hydraulic conductivity (k) (Fetter 1994). 

 

l
hhkA

Q
∆

−−
=

)( 12 ……………………………….……(2-6) 

where 
Q is the discharge [L3 T-1] 
k is the hydraulic conductivity [L T-1] 
A is the cross sectional area to the flow [L2] 
h1 is the hydraulic head at the first point [L]  
h2 is the hydraulic head at the second point [L] 
∆ l is the distance between the two points [L]  

 

Darcy’s Law does not just describe one dimensional ground water flow, it can be 

interpreted in three dimensions, where k is a tensor and ∆h (∆h = h2- h1) is a vector. The k 

tensor defines the hydraulic conductivity of the porous medium in the ‘i’, ‘j’, and ‘z’ 

directions of a cartesian co-ordinate system, and the ∆h vector is in the direction of the 

change from high to low hydraulic head, in each ‘i’, ‘j’, and ‘z’ direction. 

 

The discharge described by Darcy’s law is the product of the cross sectional area of flow 

and a flux perpendicular to this area (equation 2-8), which is Darcy flux. 

A
Q

q =  ……………………………(2-8) 

where 
q is Darcy flux (L3 T-1 L-2) 
A is the cross sectional area to the flow (L2) 
Q is the discharge (L3 T-1) 

 

The cross sectional area through which water can flow is actually much smaller than A, 

due to the porous medium. To find the velocity (v) at which ground water is moving, 
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Darcy flux is divided by the effective porosity7 of the porous medium to account for the 

actual open space available for the flow (equation 2-9).  

 

e

V
q

θ
= …………………………………………..(2-9) 

 where 
 q is the Darcy flux (L3 T-1 L-2) 
 V is the velocity of ground water through the porous medium (L  T-1) 
 θe is the effective porosity of the porous medium 
 

2.1.3 Aquifers 

Individual stratigraphic layers or groups of stratigraphic layers can be classified as an 

aquifer, aquifuge, aquitard, or a confining layer. The classification of the stratigraphic 

layers depends on the behaviour of ground water flow in the stratigraphic layer. 

 

An aquifer is a geological unit that can store enough water to transmit it at a rate fast 

enough to be geologically significant, they generally have a hydraulic conductivity of 

greater than 10-2 (m day-1) (Dingman 1993). An aquifer with a hydraulic conductivity of 

less than 10-2 (m day-1) is generally referred to as a confining layer (Fetter 1994). This is 

because although water does move in these layers it moves very slowly relative to 

adjacent layers. Confined aquifers can be grouped into aquifuges (an absolutely 

impermeable unit that will not transmit any water), an aquitard (a unit of low 

permeability that can store groundwater and also transmit it slowly from one aquifer to 

another) (Fetter 1994), and an aquiclude (a unit capable of absorbing water, but will not 

transmit enough to yield significant supply) (Bear 1979). 

 

If an aquifer is overlain by a confining layer it is referred to as a confined aquifer. 

Conversly an aquifer that is not confined, with its upper boundary being the surface of the 

                                                 
7 Porosity is the relationship between soil particles and the pore space between them, effective posrosity is 

the porosity available for fluid flow (Fetter 1994). Effective porosity is the passage ways in a porous 

medium available for fluid flow (passage ways that are larger than the size of a water molecule). 
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water table is referred to as an unconfined aquifer. Recharge to an unconfined aquifer 

mainly occurs by infiltration through the unsaturated zone, however it can also be 

recharged from lateral flow or upward seepage from underlying strata. Recharge to 

confined aquifers can occur either in a recharge area, where the aquifer out crops, or by 

slow downward leakage through a leaky confining layer (aquitard) (Fetter 1994). A 

perched aquifer occurs when a low permeability material is found within a more 

permeable material above the water table. Water moving downwards to the water table is 

intercepted by this layer and accumulates above it, saturating the soil only above this 

area, while soil around this area remains unsaturated. 

 

2.1.3.1 Properties of Aquifers 

Aquifers are described by transmissivity, specific storage, and storativity. These 

properties are directly related to hydraulic conductivity and hydraulic head. 

 

Transmissivity 

 

Aquifer transmissivity is a measure of the amount of water that can be transmitted 

horizontally through a unit width by the full saturated thickness of the aquifer under a 

unit hydraulic gradient (Fetter 1994).  Transmissivity is the product of the hydraulic 

conductivity and saturated thickness (equation 2-10). 

bKT = …………………………………………….…..(2-10) 

where 
T = Transmissivity [L2/T] 
b = saturated aquifer thickness [L] 

 k = hydraulic conductivity [L/T] 

 

Specific Storage 

 

As mentioned previously, hydraulic head is representative of pressure. Therefore grain 

arrangement and water density in voids are effected by change in hydraulic head. If the 

hydraulic head is increased the grain skeleton expands and water contracts, this 

increasing the effective porosity and resulting in water being absorbed. If the hydraulic 
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head is decreased, the grain skeleton contracts and water expands, which decreases the 

effective porosity and results in water being expelled. 

 

Specific storage (equation 2-11) is the amount of water per unit volume of a saturated 

formation that is stored or expelled from storage owing to the compressibility of the 

mineral skeleton and pore water due to a unit change in hydraulic head (Fetter 1994). 

 

)( βαρ ngS ws += …………………………………….(2-11) 

where 
Ss = specific storage [1/L] 
ρw = density of water [M/L3] 
g = acceleration due to gravity [L/T2] 
α = compressibility of the aquifer skeleton [1/(M/L T2)] 
β = compressibility of water [1/(M/L T2)] 
 

Storativity of a Confined Aquifer 

 

When the hydraulic head in a saturated aquifer or confining unit changes, water will be 

expelled or stored. The storativity is the volume of water that a permeable unit will 

absorb or expel from storage per unit surface area per unit change in hydraulic head 

(Fetter 1994). 

 

In a confined aquifer a rise or fall in the height of the water table does not accompany a 

hydraulic head increase or decrease. All released or absorbed water is accounted for by 

the expansion and contraction of the water and grain skeleton. Therefore storativity is the 

product of the specific storage and aquifer thickness (equation 2-12). 

 

sbSS = ………………………………………………..(2-12) 

where 
S is the storativity 
B is the thickness of the aquifer [L] 
Ss is the specific storage [L-1] 
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Storativity of an Unconfined Aquifer 

 

In an unconfined aquifer, the expansion and contraction of the grain skeleton and water, 

is also accompanied by a rise or fall in the water table. The change in the height of the 

water table alters the level of saturation. As the water table falls, water drains from the 

pore spaces. This storage or release is due to the specific yield (Sy) (Fetter 1994). 

Therefore the storativity of an unconfined aquifer is a combination of the specific yield 

and specific storage (equation 2-13). 

 

sy bSSS += + ………………………………………(2-13) 

where 
S is the storativity  
Sy is the specific yield 
b is the aquifer thickness [L]  
Ss is the specific storage [L-1] 

 

2.1.4 Three Dimensional Saturated Ground Water Flow Equations 

The three dimensional flow through porous media is governed by the laws of physics, 

and therefore the general equations for groundwater flow were developed by combining 

Darcy’s law with expressions of the law of conservation of fluid mass (continuity) 

(Dingman 1993).  As ground water flow is a function of several variables, it is usually 

described by partial differential equations in which the spatial co-ordinates x, y, z, and 

time t, are independent variables (Fetter 1994). The saturated groundwater flow equation 

varies between confined and unconfined aquifers, and can be altered depending on the 

characteristics of the medium. 

 

2.1.4.1 Confined Saturated Ground Water Flow  

The general equation for transient (time varying flow) in a saturated confined 

heterogeneous and anisotropic aquifer is (equation 2-14): 

 

t
h

S
z
h

k
zy

h
k

yx
h

k
x szyx ∂

∂
=








∂
∂

∂
∂

+







∂
∂

∂
∂

+







∂
∂

∂
∂

………………………..(2-14) 



Chapter 2  Literature Review  

 14

 

For steady state flow in a confined aquifer the equation can be simplified (equation 2-15): 
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Steady state flows for a homogenous and isotropic confined aquifer the groundwater flow 

equation can be simplified as the hydraulic head becomes constant with time and the 

hydraulic conductivity does not vary spatially (equation 2-16): 
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2.1.4.2 Unconfined Saturated Ground Water Flow 

The main difference between the confined and unconfined groundwater flow equations is 

that in a confined aquifer, when the water table declines, the saturated thickness of the 

aquifer remains constant. In an unconfined aquifer the saturated thickness can change 

with time8. 

 

The general equation for three dimensional groundwater flow in an unconfined aquifer is 

(equation 2-17): 
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However as h is not constant, this is a non-linear equation which can not be solved 

simply. To simplify the equation, the Dupuit approximation is used. The Dupuit 

approximation assumes that the hydraulic gradient is equal to the slope of the water table 

                                                 
8 In a confined aquifer δh represents a change in hydraulic head only. In an unconfined aquifer δh 

represents a change in the hydraulic head which is equivalent to a change in the height of the water table. 
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and that for small water table gradients, streamlines are horizontal. Therefore the variable 

thickness h, is replaced with an average thickness b, and it is assumed constant over the 

aquifer (Fetter 1994). The unconfined ground water flow equation for three dimensional 

flow in a unconfined aquifer, under homogenous and isotropic conditions becomes 

(equation 2-18): 

 

t
h

kb

S

z
h

y
h

x
h y

∂
∂

=
∂
∂

+
∂
∂

+
∂
∂

2

2

2

2

2 t……………………………………………..(2-18) 

 

2.1.4.3 Leakage 

Ground water not only flows vertically within an aquifer, but it can also flow through a 

semi permeable layer from an overlying (or underlying) aquifer. This flow is referred to 

as leakage.  

 

The leakage through a semipermeable layer from an overlying (or underlying) aquifer 

with hydraulic head into an aquifer with hydraulic head is given by (Bear 1979) (equation 

2-19). 

 

b
h

khq v
−

= * ……………..….(2-19) 

 where 
 k is the hydraulic conductivity of the semipermeable layer [L t-1] 
 b us the thickness of the semipermeable layer [L] 
 h* is the hydraulic conductivity of the semipermeable layer [L t-1] 

h  is the hydraulic conductivity of the underlying  layer [L t-1] 

 

If the leakage from the semipermeable layer qv is found to be negative, then leakage is 

out of the layer. 
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2.1.5 Radial Groundwater Flow Equations 

The equations presented above describe how groundwater flows under natural forces. 

Wells can be used to inject water into the ground, for purposes such as artificial recharge. 

Because injected water flows out radially from the well it is considered as an input that 

affects the natural flow pattern in an aquifer (Bear 1979). Wells are also used for 

extraction. The flow due to extraction is the same as injection except in the opposite 

direction. Radial flow is generally presented in terms of extraction, and will therefore be 

presented this way. 

  

When water is extracted from an aquifer, the hydraulic head is lowered by a vertical 

distance called draw down, independent of the type of aquifer. The drawdown surface in 

the vicinity of the pumping well (cone of depression) shows the variation of the 

drawdown with distance from the well (Bear 1979) (figure 2.2).  

 

 
 

Figure 2-2 When water is pumped from an aquifer a cone of depression, centered at the well will 

form. Source: Fetter 1995 
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In an aquifer the cone of depression will grow until: 

 

• It ‘flattens’ due to the amount into the well equaling the amount being pumped 

from the well. 

• It intercepts a water body (when the cone reaches the water body, water will be 

pumped from the water source as opposed to the groundwater supply). 

• When there is sufficient leakage or recharge to sustain the pumping rate. 

 

Flow to the well and shape of the cone of depression are governed by radial flow 

equations. 

2.1.5.1 Radial Unsteady Flow in a Confined Aquifer 

The main assumptions used to derive unsteady radial flow for a confined aquifer are: 

• The aquifer is isotropic and homogenous; hence flow towards the well is 

symmetric in the horizontal plane. 

• The slope of the piezometric surface close to the vicinity of the well is small, 

hence vertical flow is negligible and all flow to the well can be assumed to be 

horizontal. 

• The well is pumped at a constant rate. 

 

When the well pumps groundwater under the above assumptions, water us withdrawn 

from aquifer storage and flow is induced to the well in all directions (Dingman 1994). 

Radial flow to the well can be described by transforming the two dimensional equation 

for ground water flow in a confined aquifer under homogenous and isotropic conditions 

(equation 2.14) into polar co-ordinates (equation 2-20). 
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As equation 2-20 is difficult to solve numerically, Theiss (1935) developed an analytical 

solution based on the analogy of flow of heat to a line sink and the following assumptions 

(Fetter 1994): 
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• The aquifer is confined top and bottom. 

• There is no source of recharge to the aquifer. 

• The aquifer is compressible and water is released instantaneously from the aquifer 

when the head is lowered. 

• The well is pumped at a constant rate. 

  

Under these conditions, the solution to the Theiss equation has the form (equation 2-21) 

(Dingman 1994). 
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Qw = Constant pumping rate (L3/T) 

r = radial distance from the pumping well (L) 

ho – h(r,t) = drawdown  (L) 

 

The function W[u(r,t)] is known as the well function, and can be replaced by an infinite 

series (equation 2-24) (Fetter 1994): 
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A graphical solution to the Theiss equation has been developed. The Theiss type curve is 

a plot of W(u) as a function (1/u) on full logarithmic paper. If an aquifer is homogenous 
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and isotropic, a plot of field data for draw down as a function of time at an observation 

well (plotted on the same scale as the theiss type curve) can be matched to the theiss type 

curve, which can be used to determine aquifer tranmissivity. 

 

 

 

 

2.1.5.2 Unsteady Flow in a Unconfined Aquifer 

Unsteady radial flow in an unconfined aquifer is more complex than in a confined 

aquifer, as groundwater in an unconfined aquifer is not only drawn from specific storage, 

but also by a lowering of the water table, hence flow to a well in an unconfined aquifer 

also includes a vertical component. As a result, there are two main phases of time 

drawdown from a well in an unconfined aquifer. 

 

Initially the aquifer responds similarly to a confined aquifer, it contributes a small volume 

of water only from specific storage, therefore it can be assumed that ground water flows 

only horizontally. As time progresses the water table begins to decline and water is 

derived primarily from the gravity drainage of the aquifer and there are both horizontal 

and vertical components, however eventually the rate of drawdown decreases and flow 

again becomes horizontal (Fetter 1994). 

  

The flow of water in an unconfined aquifer toward a pumping well is described by the 

following equation (Fetter 1994) (equation 2-25). 
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where 
h is the saturated thickness of the aquifer (L) 
r is the radial distance from the pumping well (L) 
z is the elevation above the base of the aquifer (L) 
Ss is the specific storage (1/L) 
kr is the radial hydraulic conductivity (L/T) 
kv is the vertical hydraulic conductivity (L/T) 
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t is the time (T)  
 

The equation for radial flow in an unconfined aquifer (equation 2-21) is also difficult to 

solve numerically, so Neuman (1972) developed an analytical solution. Newmans 

solution is comprised of two parts, and is based on the following assumptions (Fetter 

1994). 

 

 

• The aquifer is unconfined. 

• The unsaturated zone zone has no influence on the drawdown. 

• Water initially pumped comes from the instantaneous release of water from 

elastic storage. 

• Eventually water comes from storage due to gravity drainage.  

• The drawdown is negligible compared to the saturated aquifer thickness. 

• The specific yield is at least 10 times the elastic storativity. 

• The aquifer may be (but does not have to be) anisotropic with the radial hydraulic 

conductivity different from the vertical hydraulic conductivity. 

 

 ho – h(r,t) =  Qw/(4π kho ) W[uA, uB, Γ]……………...(2-26) 

 

 where 

 

 W[u(r,t)] = well function ……………………………(2-27) 
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Tt

Sr
truA 4
),(

2

=   for early drawdown………………..(2-28) 

 
Tt

Sr
tru y

B 4
),(

2

=   for late drawdown…………...……(2-29) 

 and 



Chapter 2  Literature Review  

 21

 
h
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2

2

=Γ ………………………………………….….(2-30) 

kv is the hydraulic conductivity in the vertical (L/T) 
kh is the hydraulic conductivity in the vertical (L/T) 

 

As with the Theiss equation, there is also a graphical solution to the Nueman equation. A 

similar approach is used, however there are two type curves. Type-A curves are used for 

early drawdown data, when instantaneous release of water from storage is occurring. 

These curves also take into account the later effects of gravity drainage, which causes 

deviation from the Theiss curve (Fetta 1994). Type- B curves are used for late draw down 

data when effects of gravity drainage are becoming smaller and eventually ends on a 

Theiss type curve (Fetta 1994). 

 

2.1.6 Stratigraphy and Ground Water Principles 

The principles of ground water flow relevant in explaining the behaviour of flow through 

varying layers of stratigraphy have been presented. It is expected that an explanation for 

the behaviour of the flow through varying combinations of dominant stratigraphic layers 

within the Perth basin that will be investigated in this study can be developed through 

application of these principles. 

 

In summary, it can be expected that if hydraulic conductivity varies between layers, the 

rate that water can flow through the layers and the hydraulic head distribution across the 

layers will also vary, due to the relationship between hydraulic conductivity and 

hydraulic head, described by Darcy’s law. The hydraulic conductivity of layers will be a 

predictor of whether individual stratigraphic layers or groups of stratigraphic layers will 

behave as confining layers, or confined or unconfined aquifers, and the ground water 

flow within aquifers will be described through the three dimensional ground water flow 

equations. When the injection well is used to simulate injection into the stratigraphic 

layers, flow from the well will be radial and governed by the radial groundwater flow 

equations. The injected water from the well will also disrupt the natural flow regime, 

resulting in a rise in the water table or potentiometric surface within the models. 
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2.2 MODFLOW 

MODFLOW is a comprehensive groundwater modeling program developed by the US 

geological survey. It will be used in this study to numerically model the injection of water 

into combinations of dominant stratigraphic relationships in the Perth basin, to determine 

the feasibility of the models to artificial recharge. It is a computer program that 

numerically solves the three dimensional saturated ground water flow equation for porous 

medium (section 2.1.4) by using a finite-difference method (Harbaugh et al. 2000). 

MODFLOW is able to simulate steady and transient flow in a heterogeneous aquifer 

where layers can be confined, unconfined, or a combination of confined and unconfined 

(US Geological Survey 2002). Hydraulic conductivity’s for any of the layers may differ 

spatially and be anisotropic provided that the principal axes of hydraulic conductivity are 

aligned with the co-ordinate directions (Harbaugh et al. 2000). The flow from external 

stresses, such as flow to wells, recharge, evapotransipration, and flow to drains and 

riverbeds can also be simulated. 

 

MODFLOW was originally documented by McDonald and Harbaugh in 1984, however 

since this time it has undergone many updates (Harbaugh et al. 2000). The original 

version MODFLOW–83 was written in the Fortran-66 programming language and was 

updated to MODFLOW-88 which was written in the Fortran 77 programming language 

(Harbaugh and McDonald 1996). More recently a third MODFLOW-96 and fourth 

version MODFLOW-2000 have been created to enhance program structure.  

 

The design concepts and limitations of the MODFLOW-96 version will be discussed in 

further sections, as it was the version of MODFLOW used in this study. Only detailed 

discussion will be included for design concepts most vital to an understanding of the 

numerical modeling undertaken in this study.  
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2.2.1 Design Concepts 

2.2.1.1 Packages, Procedures and Modules 

MODFLOW uses a modulization approach to programming. There are three main 

modulization entities in MODFLOW, these include packages, procedures and modules. 

From a users perspective the MODFLOW program is divided into packages. Each 

hydraulic capability (e.g. leakage to rivers, recharge, and evapotranspiration) that is 

included in the groundwater equation is a separate package. In addition each solution 

method (e.g. preconditioned conjugate gradient and strongly implicit procedure) used for 

solving the simultaneous equations resulting from the finite difference method are also 

separate packages (Harbaugh et al. 2000). The remainder of the program that is not 

included in either the hydraulic or solution package becomes the basic package, which 

provides overall program control. From a programmers perspective the MODFLOW 

program is divided into procedures. Procedures are pieces of the program that make the 

code as logical as possible, while maintaining functionality. 

 

To enable the program to be easily divided into packages and procedures, the program 

code is broken down into modules. Each module contains the program code within a 

single procedure for a single package. Therefore the code for a package can be created by 

collecting all of the modules that correspond to a package and the code for any procedure 

can be created by collecting all of the module that correspond to the procedure (Harbaugh 

et al. 2000). 

 

2.2.1.2 Space and Time Discretization 

Computations in MODFLOW are carried out by reading information entered into a finite 

difference grid. The grid is rectangular horizontally, but can be distorted vertically. 

Definition for vertical geometry for confined layer is not required, as vertical cell 

geometry is found from transmissivity9, storage coefficients10, and vertical leakance11 

                                                 
9 Hydraulic conductivity of cell times cell thickness. 
10 Specific storage times cell thickness. 
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parameters (Harbaugh et al. 2000), which are entered into the grid. By not directly 

specifying the vertical cell geometry for confined layers, the amount of input data and 

computer memory requirements are minimized (Harbaugh and Mcdonald 1996). 

 

The dimensions of the grid are based on a cartesian co-ordinate system (figure 2-3). 

Horizontal grid dimensions are specified in variables ‘i’ and ‘j’. Where ‘j’ is the number 

of columns (from the left to right side) and ‘i’ is the number of rows (from the top to the 

bottom in plan view). The cells in each column and row have a constant width. The user 

must enter the horizontal dimensions of the grid, and the number of rows and columns. 

Layers are specified in the variable ‘z’, and are numbered starting from the top layer and 

going down. The user must enter the elevation of the top layer (layer 1) and the bottom 

elevation of every layer, as this information is used to calculate the depth of the cells. 

(Harbaugh  2000).  

 

 

 

 

 

 

 

 

 

 

Figure 2-3 Modflow models are based on a finite different grid. The grid uses a cartesion co-ordinate 

system with ‘i’, ‘j’ and ‘z’ components. 

 

The fundamental component of the time discretization is the time step. Time steps are 

grouped into stress periods, where time dependent input data can be changed every stress 

period (Harbaugh and Mcdonald 1996).  

                                                                                                                                                 
11 Vertical hydraulic conductivity divided by the vertical distance between cells  

Layers (‘z’) 

Columns (‘j’) 

Rows (‘i’) 
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MODFLOW can simulate steady state and transient conditions. For steady state the right 

hand side of the ground water flow equations (equations 2-14, 2.17) are set to zero. This 

is the only part of the flow equation that depends on the length of time. Therefore the 

stress period length does not affect the calculated heads in a steady state simulation, only 

a single time step is required for steady state stress periods (Harbaugh et al. 2000).  

 

2.2.2 Principles of the Block Centred Flow Package 

Time and space discretization is included in the Block centred flow (BCF) package in 

MODFLOW. This package is the most important package in the program as it computes 

the conductance between each of the grid cells and sets up finite difference equations for 

the cell by cell flow, based on the three dimensional saturated ground water flow 

equation.  

 

2.2.2.1 Ground Water Flow Equations 

The ground water flow equations (equations 2-14 and 2-17) are solved by using a finite 

difference approximation as presented in equation 2-31 (Harbaugh et al. 2000).  
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                                                                                                  ……… (2-31) 

 where 

 hi,j,k
m  is hydraulic head at cell i,j,k at time step m (L); 

  

CV, CR, and CC are hydraulic conductance’s, or branch conductance’s, between 

node i,j,k and neighbouring node (L2T-1) 
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Pi,j,k is the sum of coefficients of head from source and sink terms (L2T-1) 

Qi,j,k is the sum of constants from source and sink terms, with Qi,j,k<0.0 for flow 

out of the ground water system, and Qi,j,k>0.0 for flow in (L3T) 

SSi, j,kis the specific storage (L-1) 

DELRj is the cell width of column j in all rows (L) 

DELCi is the cell width of row 'i' in all columns (L) 

 THICKi,j,k is the vertical thickness of cell i,j,k (L) 

 tm is the time at time step m (T) 

 

 

This equation is modified to the form shown in equation 2-32 for solution by the 

computer. The CV, CR, and CC coefficients are conductance’s and the HCOF and RHS 

coefficients are composed of the external source and storage terms (Harbaugh and 

McDonald 1988).  
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The finite difference equation is solved for the centre point (node) of each cell in the 

finite difference grid. The equations must be solved simultaneously at each time step for 

the entire grid (Harbaugh et al. 2000), because each equation may have up to seven 

unknown values of head (due to dependence on surrounding nodes), and the set of 

unknown head values changes from one equation to the next through the grid. Under 

steady state conditions the RHSijk term is set to zero, and therefore only one value of 

head, for one time step is calculated in a steady state simulation. 

 

The method by which the MODFLOW solves the simultaneous equations can be chosen 

within the BCF package. The most commonly used is the strongly implicit procedure. 
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Strongly implicit procedure is a method for solving a large system of simultaneous 

equations by iteration (Harbaugh et al. 2000). 

 

2.2.2.2 Conductance 

Conductance is a combination of several of the parameters used in Darcy’s law (equation 

2-6). It is defined as shown in equation 2-33 (Harbaugh and McDonald 1988) for one-

dimensional flow in a cell. 

 

 

l
kA

C =  

                                                                        ………………………. (2-33) 

 Where 

 k is the hydraulic conductivity of the material in the direction of the flow (Lt-1) 

 A is the cross sectional area perpendicular to the flow (L2) 

 L is the length of the flow path (L) 

 

 

Therefore Darcy’s law can be written in terms of conductance for each cell (Harbaugh et 

al. 2000) (equation 2-34). 

 

)( 12 hhCQ −=  

                                                                   …………………………(2-34) 

 Where 

 Q is the flow (L3t-1) 

 C is conductance 

 h2-h1 is the head differences across the prism (between nodes) parallel to flow (L) 

 

The finite difference equation (equation 2-31) uses branch conductance, which is the 

conductance between the nodes of adjacent cells. Branch conductance is calculated by 

equation 2-35 (Harbaugh and McDonald 1988). 
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                                                                                   ……………………… (2-35) 

where 

 C is branch conductance 

 C1 is the conductance of the first cell in series 

 C2 is the conductance of the second cell in series 

 

In relation to the finite difference equation (equation 2-31) CR is the branch conductance 

between nodes orientated along rows (horizontal conductance), and CC is the branch 

conductance between nodes orientated along columns (vertical conductance). 

 

In a model layer which is confined, horizontal conductance is constant for the simulation 

as the change in hydraulic head (h2 – h1) is held constant as the height of the cell. If the 

layer is unconfined or potentially unconfined, new values of horizontal conductance must 

be calculated as head fluctuates (Harbaugh and McDonald 1988). New values of 

horizontal conductance are calculated through a set of equations, which simulate water 

table conditions. These equations are activated by setting the wet/dry flag option (found 

in the BCF package) to zero for unconfined layers.  

 

Simulations which calculate fluctuating head can result in errors when; situations in 

which actual reversals in water-levels occur, oscillation of computed heads occur during 

iteration, or hydraulic head drops erroneously below the bottom elevation of a cell. The 

latter is because the cell is considered to be dewatered, and is permanently set to no flow. 

MODFLOW does not have a provision for the restoration of a dewatered cell (Harbaugh 

and McDonald 1988).  

 

It is important to note that cells assigned to a confined layer can not be dewatered, to 

represent the permanent saturated state of a confined aquifer. This is of particular 

relevance when simulating a rise in water table, where the initial water table is below the 
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bottom elevation of the top layer of unconfined cells. A value of one must be entered into 

the top layer wet/dry flag to deactivate the water table condition simulation equations. If 

these equations are not deactivated the top layer will be simulated as a no flow boundary, 

and independent of pumping rate the water table will never rise above the confining 

layers. There is also error associated with deactivation of water table simulation 

equations. This error is due to the inaccuracy of a constant head value (cell height) being 

used in an unconfined layer. Using a fine ‘z’ resolution in the grid can reduce this error. 

 

 

2.2.3 Principles of the Well Package 

The well package is an important package used in this study. The well package is used to 

simulate features such as wells which discharge or recharge water into the aquifer, at a 

rate that is independent of both cell area and head in the cell (Harbaugh and McDonald 

1988). 

 

The user specifying the discharge rate, Q, into the well package, determines the discharge 

from a well. Negative values of Q are used to indicate well discharge, while positive 

values of Q indicate recharge. At the beginning of each stress period the well module 

reads four values for each well, the ‘i’, ‘j’ and ‘z’ co-ordinates and the discharge or 

recharge rate Q, of the well during each stress period. When the finite difference 

equations are solved for each iteration, the value of Q is subtracted from the RHS value 

for the cell containing the well (Harbaugh and McDonald 1988). 

 

The major limitation in the application of the well package for this study is that it does 

not accommodate wells that are open to more than one layer in the model. A well of this 

type must be represented as a group of single layer wells, each open to one of the layers 

tapped by the multi layer well, and each having an individual Q term. The individual Q 

term must be a proportion of the well and computed externally to MODFLOW. The 

limitation in this approach is that a multilayer well being represented as a group of single 

layer wells, fails to take into account the interconnection between various layers provided 
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by the well itself (Harbaugh and McDonald 1988). It is therefore an incomplete 

representation of the problem.  

 

2.2.4 Limitations in MODFLOW 

In addition to the limitations of dewatering cells and the inability of MODFLOW to 

accommodate wells that are open to more than one layer (discussed above), there are 

further general limitations in the application of MODFLOW to this study. 

 

Since MODFLOW is a saturated flow model, unsaturated flow cannot be modelled. This 

limits the well placement in the model. The well must always be placed below the water 

table, confining the investigation to water table rise to recharge below the unsaturated 

zone. However there are no ground water modeling programs to date, with the capacity to 

model recharge through well injection into the unsaturated zone. 

 

MODFLOW uses a constant discretization grid to solve the finite-difference ground 

water flow equation. The disadvantage in this approach is that for accurate solution to be 

obtained, particularly in areas where hydraulic head gradients vary rapidly (near wells) a 

highly refined grid must be used. The use of a fine mesh over the entire domain can be 

computationally intensive, and in some cases intractable (Mehl and Hill 2002). A 

possible solution to this predicament, as described by Mehl and Hill (2002) would be to 

use a variable spaced mesh, where local grid refinement can be used in areas of interest, 

while cells where detail is not needed can remain at a large aspect ratio. 

 

Another limitation in the structured grid is that complex stratigraphy can be difficult to 

simulate in MODFLOW models. This is because the grid requires that each grid layer be 

continuous throughout the grid domain (Norman 2002). It is therefore difficult to 

explicitly represent common features between layers. 
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2.3 Artificial Recharge 

As previously discussed (section 2.1.1), ground water is naturally replenished through 

uncontrolled processes such as rainfall. Ground water can also be replenished through 

controlled means, referred to as artificial recharge (Joy 1994). Artificial recharge is 

defined as a process by which excess water and waste water is directed into the ground, 

by either spreading on the surface, injection wells or by altering conditions to increase 

natural infiltration to replenish an aquifer (Scatena and Williamson 1999). 

 

There are three main motivation behind the use of artificial recharge, these include; 

control of the hydrological regime, storage of water, and water quality control (Bear 

1979; Joy 1994, Bouwer 1996, and  Scatena and Williamson 1999). 

 

Ground water is a valuable and low cost resource and is often depleted due to over 

extraction. This results in ecosystem damage, land subsidence, and salt water intrusion. 

By artificially recharging an aquifer, water levels can be raised and by manipulating these 

levels rate and direction of flow within the aquifer can be controlled (Bear 1979). 

 

Water is often stored in aquifers to overcome short-term or long-term differences 

between water supply and demand (Bouwer 1996). This is mainly achieved through an 

aquifer storage and recovery system (ASR). During ASR operations, supplies of treated 

waste or surface water are injected into an aquifer during winter months of surplus, and 

subsequently recovered to help meet peak summertime demands (Wendell and Kwan 

1994). Finally the quality of water stored in an aquifer can be improved. The movement 

of water through soils renovates the water by decreasing the number of contaminant 

constituents. The soil physically filters out large organic and inorganic particles, which 

drastically reduce biological oxygen demand, and aids in the removal of metallic ions 

salts, ammonium and other positively charged contaminants (Joy 1994). An example of 

this occurs in the Perth basin, where oxygenated storm water produces a decrease in 

soluble iron due to precipitation of iron oxides in the aquifer (Appleyard 1993) 
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2.3.1 Methods of Artificial Recharge 

There are a number of factors that need to be considered when evaluating the feasibility 

of artificial recharge. These include; quality of source water, the hydrogeological setting, 

cost of recharge facilities, and the availability and costs of alternative sources of supply 

(Bouwer 1996). 

 

The two main methods of artificial recharge are surface spreading and subsurface 

injection, and the primary determinant in the selection between these processes is the type 

of geological formation and it’s hydrogeological characteristics (Scantera and 

Williamson 1999). When a large confined aquifer is overlain by permeable soils and the 

price of land is low, surface spreading techniques would provide the most optimal 

process of artificial recharge. Conversely if target aquifers are confined, soils have a low 

permeability, cost of land is high, or the recharge area availability is restricted, then 

recharge via injection wells is the preferred method of artificial recharge (Scatena and 

Williamson 1999; Bouwer 1996; and Bear 1979).  

 

Artificial recharge in Australia has been limited primarily to infiltration basin schemes 

until the late 1990’s. Recent expansion into injection schemes; particularly with aquifer 

storage and recovery (ASR) in South Australia, using storm water with minimal pre 

treatment, has provided irrigation supplies (Scatena and Williamson 1999). Research and 

development undertaken in South Australia indicates that ASR will be an essential 

surface and ground water resource management devise. Well injection is used in the 

Adelaide plains as there is a thick clay formation (Hindmarsh clay), which covers most 

alluvial aquifers. Research has also shown that well construction is critical to success of 

injection, in particular where water compatibility problems exist and well clogging may 

occur (Gerges et al. 2002). 

 

2.3.2 Artificial Recharge in Western Australia 

A number of recharge schemes exist, or have been proposed and feasibility investigated 

in Western Australia, none of which have focused specifically on investigating the effects 



Chapter 2  Literature Review  

 33

of stratigraphy. The majority of the studies have been conducted in the Perth basin. 

Investigations into artificial recharge include the Canning Vale Recharge Study, Natural 

Storm Water Infiltration Basins in the Perth Metropolitan, the Broome Waste Water 

Management Project, the Mosman Park Effluent Reuse Feasibility Study, and the Lexia 

Bore Field model. Currently the Mandurah Waste Water Treatment Plant disposes of 

effluent through infiltration basins. 

 

The Canning Vale recharge study and the natural storm water infiltration basins in the 

Perth metropolitan focused on the use of infiltration techniques and have mainly assessed 

the removal of contaminants and infiltration rates.  

The Canning Vale recharge study investigated recharging the unconfined aquifer near the 

canning vale waste water treatment plant using infiltration basins. The most significant 

outcomes were that infiltration rates of 0.5 m day-1 could be maintained in the 

Bassendean sand and that most bacteria are removed in the first few meters of the soil 

profile (Mathew et al 1982). One of the main recommendations of the Perth urban water 

balance study was that urban storm water runoff should be used to increase ground water 

supplies in the Perth metropolitan area. Analysis showed that if all storm water was 

directed to infiltration basins there would be significant improvements in the water table 

level in the western suburbs, and little improvement in the northern suburbs, particularly 

in the Wanneroo chain of wetlands (Cargeeg 1987). These investigations are not 

applicable to this study as they investigated the use of infiltration techniques and water 

quality issues, due to the potential use of waste and storm water. 

 

The Broome waste water management project, the Mosman park effluent reuse study, and 

the Lexia bore field model are the most applicable to this study as they focus on the 

feasibility of recharge through injection into the aquifer. 

 

Investigations in the Broome waste water management project and the Mosman park 

effluent reuse study predominantly focused on water quality, as the water to be injected 

was treated waste water effluent. The Mosman park study concluded that injection of 

treated effluent into the aquifer was not recommended, due to the effects of additional 
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nitrogen in off site discharge and the costs of pre-treatment required in order to prevent 

injection well clogging (Scatena and Williamson 1999). The Broome waste water 

management project also recommended pre treatment of effluent to reduce suspended 

solids to prevent well clogging, with additional treatment to reduce biological oxygen 

demands and nutrient loads (Otto et al. 1997). 

 

The aim of the Lexia bore field12 study was to quantify the amounts of water required to 

raise the water table of the wetlands near the Lexia bore field using artificial recharge, to 

mitigate against predicted decline during pumping of 11 GL yr-1 in the Lexia area 

(Donnelly 2000). A conceptual model based on the stratigraphy of the area was 

developed and numerically modeled using MODFLOW. The study concluded that 2 GL 

yr-1 of water would be required to mitigate against draw down in the wetlands. However 

the study did not consider adjustments to bore position within the layers and abstraction 

and recharge rates, these factors may have a significant impact on the results. 

 

2.3.3 Feasibility of Artificial Recharge in the Perth Basin 

In 1999 a pre-fesibility study on the potential role of artificial recharge in the Perth basin 

was conducted by the Center of Ground Water Studies (Scantera and Williamson 1999). 

The study identified the critical issues common to artificial recharge through well 

injection as: aquifer characteristics affecting artificial recharge; aquifer type and 

properties; water quality; and the mixing efficiencies of existing ground water and 

injected water. The most important aquifer characteristics and properties that need to be 

assessed are; aquifer extent and thickness, hydraulic parameters, homogeneity and 

isotropy, and stratification. The importances of these factors to the feasibility of artificial 

recharge through well injection are outlined in table 2-2. 

 

 

 

                                                 
12 Lexia borefeild is located north of the Swan River in the Bassendean sand area of the Perth basin. It is 

one of the largest borefeilds used by the Water Corporation. 
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Table 2-2 Important hydrogeologic and geologic parameters in assessing the feasibility of artificial 

recharge into an aquifer through well injection. Source: Scatena and Williamson (1999) 

 

The study examined the Geologic formations of the Perth basin and the hydrogeologic 

properties of these formations to determine if the characteristics and properties were 

suitable for artificial recharge. Assessment showed that the Bassendean sand and Tamala 

limestone stratigraphic units of the superficial aquifer in the Perth basin are the most 

suitable for artificial recharge via both infiltration and well injection. The analysis was 

conducted on the generalized parameters of the whole stratigraphic units, therefore no 

consideration was given to the varying stratigraphic layers within the units. In addition, 

prefeasibility study only evaluated the hydrogeology suitable for artificial recharge in the 

Perth basin and did not attempt any numerical modeling or conceptual scheme design 

(Scatena and Williamson 1999). 

 

 

 

 

 

Factor requiring consideration Description 
Aquifer extent and thickness Thickness, porosity and area coverage determine the 

available storage, retention time and recharge 
mitigation. 

Hydraulic parameters Significant parameters are porosity and hydraulic 
conductivity transmissivity and storage. These 
parameters command the rate and passage of recharge 
water. 

Homogeneity and isotropy Even-grained, homogenous aquifers permit accurate 
flow path migration prediction in contrast to aquifers 
delivering their permeability from fractures. 

Stratification Hydraulic parameters and aquifer thickness (which 
govern ground water flow) vary with stratigraphy. 
Stratification due to varying lithologies may also result 
in the formation of perched aquifers.  
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2.3.4 Investigation into the Effects of Stratigraphy on Artificial 

Recharge in the Perth Basin 

As discussed in section 2.1 stratigraphy will have a significant impact on the feasibility of 

artificial recharge, because the properties that govern ground water flow vary between 

stratigraphic layers. 

 

While the pre feasibility study conducted in 1999 investigated the feasibility of the larger 

stratigraphic formations it did not consider varying stratigraphic layers within the larger 

units, or develop conceptual models and attempt numerical modeling. In addition 

previous feasibility studies on the artificial recharge in the Perth basin have focused on 

infiltration techniques, water quality issues, and have been site specific. 

 

This highlights the need for further investigation into the effects of stratigraphic layers 

within larger stratigraphic units through conceptual and numerical modeling in the Perth 

basin. The development of generalised conceptual models of the dominant stratigraphy in 

the Bassendean sand and Tamala limestone units, identified in the prefeasibility study, 

will be a first step in assessing if differing stratigraphic layers within larger stratigraphic 

units are likely to impact on the feasibility of artificial recharge for wetland sustainability. 

Assessment of varying combinations of layer stratigraphy will identify the most optimal 

combinations which will in turn lead to greater education in decision making when 

determining the best location for site specific modeling and investigation. 

 

2.4 Study Site Information 

As previously discussed the most critical issue in determining the feasibility of artificial 

recharge through well injection is the assessment of the aquifer properties and 

characteristics. It is therefore important to have a thorough understanding of stratigraphic 

layers and the hydrogeologic properties of these layers when considering the feasibility of 

artificial recharge. 
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The majority of information on the geology and hydrogeology of the Perth basin was 

found through Western Australia’s geological survey, commencing in 1981. The 

information from this survey can be found in the ground water survey of Western 

Australia reports and records, and ground water survey of Western Australia Water 

Corporation and Waters and Rivers Commission hydrology reports. A condensed 

summary of all information from these reports and records was published in 1995 in 

hydrology and ground water resources of the Perth region Western Australia: bulletin 

142. There are reports and records prior to 1981, however imperial units were used and 

stratigraphic information is outdated (Commander 2002). In addition bore data of all 

bores in the Perth basin is available from the Waters and Rivers commission water 

information (WIN) data base.  

 

2.4.1 Geological Characteristics of the Perth Basin 

As the outcome of the artificial recharge being investigated in this study, is to raise the 

water table to the land surface for wetland sustainability, only the late-tertiary to 

Quaternary sediments of the Perth basin13 need to be considered14.  The late tertiary to 

quaternary sediments vary in thickness from 15m to 110m, and they rest with a 

pronounced unconformity on the much older Mesozoic and Cainozoic formations (Allen 

1976). Despite their variability, they form a single aquifer system, and to avoid 

complications with nomenclature are referred to collectively as the superficial formations 

(Allen 1976). 

 

The superficial formations comprise in order of deposition; Ascot formation, Yoganup 

formation, Guildford clay, Gnangara sand, Bassendean sand, Tamala limestone, Becker 

sand and Safety bay sand. These formations consist mainly of sand, silt, clay and 

limestone in varying proportions (Davidson 1995). In broad terms they consist of a 

                                                 
13 The Swan Coastal Plain is situated on the eastern onshore edge of the Perth basis. It is underlain by about 

8000 m of Phanerozoic sedimentary rocks, separated from the archean crystalline rocks of the Darling 

range by the Darling fault (Allen 1976). 
14 The late tertiary to quaternary sediments form the uppermost stratigraphic layers within the Perth basin. 



Chapter 2  Literature Review  

 38

sequence of calcareous marine sands and eolianites (coastal limestone) near the coast, 

passing inland to a variable sequence of clay, clayey sand and minor gravel (Guildford 

formation) adjacent to the Darling range (Appendix A) (Allen 1976).  

 

Only the Bassendean sand will be considered in this study, because the predominant 

surface geology over the central Perth region, and was found to be feasible for artificial 

recharge in the pre-feasibility study conducted by the Center for Ground water studies 

(section 2.3.3). Discussion will be directed toward the varying stratigraphic layers within 

the Bassendean sand, as the effects of these layers on artificial recharge feasibility has not 

yet been investigated. 

 

The Bassendean sand unit varies in known thickness to a maximum about 80m depending 

primarily on topography (Davidson 1995). It interfingers in the east with the Guildford 

clay and conformably overlies the Gnangara sand. To the west it is unconformably 

overlain by the Tamala limestone (Davidson 1995). Continuous sediments of Ascott 

limestone also occur throughout the Bassendean sand. Table 2-3 presents a lithological 

description of each of these stratigraphic layers. 

 

Drilling in the Bassendean sand however has shown that the relationship between units is 

more complex than suggested by surface mapping (Allen 1976). It has been found that a 

layer of friable, limonite-cemented sand (coffee rock) occurs throughout most of the area 

near the water table (Davidson 1995). This complexity results from the palaeogeographic 

conditions at the time of deposition and the variations in sea level since the late Piliocene 

(Allen 1976). 
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Table 2-3  Lithological descriptions of units within the Bassendean Sand. Source: Davidson (1995) 

 

Formation Lithology 

Bassendean Sand Sand: Pale grey to white and fine to coarse, but predominantly 
medium grained. It consists of moderately sorted, subrounded to 
rounded quartz sand, and commonly has an upward fining 
progression in grain size. Fin grained, black, heavy minerals are 
commonly scattered throughout. 

Guildford Clay Clay: pale-grey, blue, but predominantly brown and slightly sandy 
clay. Contains lenses of fine to coarse-grained, very poorly sorted, 
conglomeratic and shelly sand at its base. 

Gnangara Sand Sand: pale-grey, fine to very coarse grained, very poorly sorted, 
subrounded to rounded quartz sand and abundant feldspar.  

Tamala Limestone Limestone: creamy white to yellow, or light grey, calcareous 
eolianite. Contains various proportions of quartz sand, fine to 
medium grained shell fragments and minor clayey lenses. The 
quartz sand varies from fine to coarse grained, but is predominantly 
medium grained, moderately sorted, subangular to rounded, 
frosted, and commonly stained with limonite. 

Ascott Limestone Limestone: hard to friable, grey to fawn calcarenite, containing 
shell fragments. Thin beds of fine to coarse sand, very poorly 
sorted, angular to rounded. 

 

2.4.2 Hydrogeological Characteristics of the Superficial Formations in 

the Perth Basin 

The superficial formations are saturated with water to a level controlled by annual 

rainfall, the water that the sediments contain is unconfined and the top of the zone of 

saturation forms a water table, which extends beneath the coastal plain (Allen 1976). 

 

The northern and southern areas are hydrologically distinct. In the northern area the water 

table forms a pronounced north-south tending ridge (the Gnangara mound) and 

immediately south of the Swan river, the water table forms a ground water province 

referred to as the Jandakot mound (Allen 1976). The Jandakot mound covers 

approximately half of the southern area. 
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Ground water is recharged by rainfall infiltration, and discharge generally occurs by 

evaporation from wetlands, transpiration from vegetation and leakage into underlying 

aquifers where downward hydraulic gradients occur and confining beds are absent, and 

by abstraction of ground water from boreholes (Davidson 1995). Ground water in the 

superficial aquifer also discharges into natural and constructed drainages, wetlands and 

springs. Along the coast groundwater discharges through a general seepage face on the 

beach or under the ocean (Davidson 1995). 
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3  Conceptual Models 

 
Generic Conceptual Models representative of stratigraphic layers in the Bassendean sand 

region of the Perth Basin were developed. Stratigraphic layers within the models are a 

combination of Bassendean sand, Gnangara sand, Guildford clay and Ascot limestone. 

Layer depths and water table elevations within the models were found through analysis of 

bore data from all bores with bore logs in the Bassendean sand. Lithological descriptions, 

used to classify the layers were obtained from the geological survey. Model parameters 

were found through statistical analysis of recorded data, or consultation with geologists 

with experience in the geology and hydrogeology of the Perth basin. 

 

3.1 Generic Conceptual Model Development Process 

Through consultation with geologists familiar with the geology and hydrogeology of the 

Perth basin (Martin 2002; Davidson 2002; Xianen 2002), it was found that the dominant 

stratigraphic layers within the Perth basin are Guildford clay (GC), Gnangara sand (GS), 

Bassendean sand (BS), and Ascot limestone (A). It was decided that varying 

combinations of these layers, that exist in the Bassendean sand would form the generic 

conceptual models.  

 

Published and unpublished data from the geological survey was found to be too general 

to determine all combinations and associated depths of these layers. Therefore bore data 

(consisting of bore logs) from all bores within the Bassendean sand was extracted from 

the Water and Rivers Commission water information database. Analysis of this data 

revealed inconsistencies in stratigraphic layer classifications from lithological 

descriptions recorded in the bore logs. Consequently, lithological descriptions of BS, GS, 

GC, and A from the geological survey were used to reclassify stratigraphic layers. Once 

the stratigraphic layers were classified, all possible combinations of BS, GS, GC, and A, 

dominant within the Bassendean sand were identified. Layer depths and water table 

elevations were then developed through statistical analysis of the bore data. 
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3.1.1 Data Collection 

As this study focused on the feasibility of artificial recharge for wetland sustainability, 

only the late tertiary to quaternary sediments (superficial formations) of the Perth basin 

were considered. Of the superficial formations, the Bassendean sand is the dominant 

surface geology over the central Perth region. Depending on surface topography, 

Bassendean sand varies in known thickness to a depth of 80m (Davidson 1995). Within 

the Bassendean sand there are varying stratigraphic relationships. According to Martin 

2002; Davidson 2002; Xianen 2002, the dominant stratigraphic layers within the 

Bassendean sand are Guildford Clay (GC), Gnangara Sand (GS), Bassendean Sand (BS), 

and Ascott Limestone (A). A layer of ‘coffee rock’ (friable, limonite-cemented sand) also 

occurs with the Bassendean sand layers near the water table (Davidson 1995). Due to the 

varying heterogeneity within the Bassendean sand and the generalized nature of 

published and unpublished data from the geological survey, it was decided that bore data 

was the best source of information to determine the stratigraphic combinations of GS, 

BS, A, and GC and water table levels. 

 

Bore data was extracted from the Water and Rivers Commissions water information 

(WIN) database. WIN is an oracle database that contains site, hydrogeological, and water 

level data for surface water and ground water sites throughout the state. The program 

used to extract data from the database is called Cognos Impromptu data. This program 

was used to extract the bore logs of bores located in the Bassendean sand. Bore data was 

supplied in excel format, for future manipulation purposes. 

 

3.1.2 Geological and Water Elevation Data 

The bore data collected consisted of bore logs with recorded lithological descriptions and 

associated stratigraphic layer classifications (geological data), eastings, northings, site 

identification numbers, and water level readings of all bores in the Bassendean sand 

region of the Perth basin.  
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To ensure that bore data collected was only from bores located in the Bassendean sand, 

all bores were mapped onto the Bassendean sand region of the Perth basin. This was 

achieved by copying eastings, northings, and site identification numbers into a 2D scatter 

point file15, and mapping this file onto an image of the Bassendean sand region, using 

GMS mapping software (Appendix B). There were 3586 bores within the Bassendean 

sand with bore logs that contained geological data. 

 

Examination of the bore data revealed that not all bore logs with geological data had 

water level elevation readings. Therefore site identification numbers of bores logs with 

geological data were matched to site identification numbers of bore logs with water 

elevation readings. It was found that of the 3586 bores with geological data, only 1432 

had recorded water table elevations. 

 

3.2 Representative Stratigraphic Combinations 

In order to determine the stratigraphic combinations representative of the dominant 

stratigraphy in the Bassendean sand region, the geological data (lithological descriptions 

and stratigraphic layer classifications) in all 3586 the bore logs contained in the bore data 

was analysed. 

 

Analysis of the stratigraphic layer classifications in the bore logs suggested there was a 

maximum of five stratigraphic layers at any one location. Closer examination of the bore 

data revealed inconsistencies in stratigraphic classification of lithological descriptions 

between bore logs and lithological descriptions summarised in the geological survey.  

 

Due to these inconsistencies, lithological descriptions were reclassified into one of the 

four stratigraphic layers (BS, GS, GC, and A) dominant in the Bassendean sand. This was 

achieved by matching lithological descriptions in the bore logs to those outlined by the 

geological survey (Table 3-1). Bore logs that contained data that could not be confidently 

                                                 
15 A 2d scatter point file is a set of points identified by ‘x’ and ‘y’ (eastings and northings) co-ordinates. 

GMS interpolates the 2D scatter point set onto the pixel co-ordinates (‘u’ and ‘v’) of an image. 
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classified according to these pre defined descriptions were excluded from the bore data. 

This may have resulted in a possible inaccuracy in this study. However for modeling 

accuracy only reliable classifications could be used. 

 

Table 3-1 Classification of given lithologies into known stratigraphic layers within the Bassendean 

sand, as described by the geological survey (Davidson 1995) 

 

Stratigraphic Layer Lithology 

Bassendean Sand 

(BS) 

Sand; grey brown to whitish grey, fine to coarse, poorly sorted, 

black heavy minerals 

Gnangara Sand 

(GS) 

Sand; grey, slightly clayey, fine to very coarse, very poorly sorted, 

scattered pebbles, rare feldspar 

Ascott Limestone 

(A) 

Hard to friable, grey to fawn calcarenite, interbeded sand 

containing shell fragments, fine to coarse, very poorly sorted, 

contains shell fragments 

Guildford Clay 

(GC) 

Clay; grey brown, slightly sandy, contains weathered glauconite 

 

Following reclassification the majority of borelogs were found to have two and three 

stratigraphic layer combinations, any bore logs not of two or three stratigraphic layer 

combinations were excluded from the bore data. It was found that the number of bore 

logs that could be classified according to this system was 198, and that a maximum of 

three stratigraphic layers can exist at any one point within the Bassendean sand. A 

summary of the possible combinations of stratigraphic layers with the Bassenedean sand 

are displayed in Table 3-2. 
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Table 3-2 Possible combinations of stratigraphic layer combinations found within the Bassendean 

sand of the Perth basin 

 

2 Stratigraphic Layers 3 Stratigraphic Layers 

BS/GS BS/A/GC 

GC/A BS/GC/A 

BS/GC BS/GC/BS 

GC/GS BS/GC/GS 

GC/BS BS/GS/GC 

GS/BS GC/BS/A 

A/GS  

BS/A  

GS/GC  

A/GC  

 

3.3 Generic Conceptual Models 

The possible combinations of stratigraphic layers (table 3-2) are the generic conceptual 

models. This is because they are representative of the dominant stratigraphy of the 

Bassendean sand region of the Perth Basin. Verification of the models was achieved by 

comparing the location of the models to generalized positioning outlined in the geological 

survey. Layer depths and water elevations were obtained from the bore data, and 

hydraulic parameters found through consultation with geologists. 

 

3.3.1 Location Verification 

To determine the location of the models, 2d-scatter point files containing eastings, 

northings, and site identification numbers of all bore logs relating to each generic 

conceptual model were created. These 2D-scatter point files were then mapped using 

GMS-mapping software onto the Bassendean sand region of the Perth basin 

(Appendix C). 
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Mapping showed that all combinations were located, and evenly dispersed over the 

Bassendean sand region south of the Swan River. Three layer combinations of 

BS/GS/GC and BS/GC/GS and two layer combinations of BS/GC, BS/A, and GC/GS 

could also be found at a few locations north of Perth, which is characteristic of the Perth 

basin geology. The locations of the stratigraphic layers were consistent with general 

descriptions as outlined in the geological survey, in that they were found to occur at 

similar locations to those described in the geological survey. (Table 3-3). 

 

Table 3-3 Locations in the Bassendean sand of the Perth basin of stratigraphic layers, as outlined in 

the geological survey (Davidson 1995) 

Stratigraphy Location 

Ascott Limestone 

(A) 

Found in mainly in beds in the Jandakot area south of Perth, but is 

widespread at the base of the superficial formations 

Bassendean Sand 

(BS) 

Present over most of the central Perth region, interfingers in the 

east with Guildford clay and unconformably overlies Gnangara 

sand 

Gnangara Sand 

(GS) 

Extends over most of the central Perth region and intefingers with 

Guildford clay to the east 

Guildford Clay 

(GC) 

Interfingers with Bassendean Sand and Gnangara sand to the east 

and outcrops over the eastern Perth region. Present locally in areas 

removed from drainages, e.g. Menora (north of Perth), Fremantle 

(south/west of Perth), and the Ferndale –Lynwood area (south of 

Perth) 
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3.3.2 Layer Thickness 

The generic conceptual models (table 3-2) were graphed so that the difference in the 

stratigraphic layer thicknesses, from all bore data for each model could be easily 

visualized (Appendix D)  

 

Statistical analysis was performed on each of the stratigraphic layer thicknesses from 

bore data for each model. The mean, standard deviation, maximum, minimum and 

median of each layer were calculated (Tables 3-4 and 3-5). The mean value was 

calculated to form the base for layer thickness in the numerical models, and remaining 

values were calculated to test model sensitivity. 

 

Table 3-4 Statistical analysis of two layer generic conceptual model stratigraphic layer thicknesses. 

Stratigraphic Combination Layers Mean Standard 

deviation 

Max Min Median 

BS/GS BS 23.90 11.53 42.00 4.27 23.47 

 GS 19.50 14.49 70.41 4.20 17.98 

GC/A BS 25.00 8.44 35.05 6.71 23.47 

 GC 19.00 10.82 32.92 4.00 22.56 

BS/GC BS 25.12 10.61 45.00 4.27 24.00 

 GC 15.75 17.51 66.75 2.00 11.89 

GC/GS GC 25.31 3.02 28.96 20.50 24.38 

 GS 9.14 2.15 12.81 7.60 8.54 

GC/BS GC 16.84 7.65 24.00 6.71 21.00 

 BS 11.37 3.13 15.24 8.00 10.66 

BS/A BS 26.35 7.90 40.00 7.62 25.91 

 A 14.33 12.31 69.19 2.00 12.00 
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Table 3-5 Statistical analysis of three layer generic conceptual model stratigraphic layer depths  

Stratigraphic Combination Layers Mean Standard 

deviation 

Max Min Median 

BS/A/GC BS 20.10 11.18 28.00 12.19  

 A 3.27 2.45 5.00 1.53  

 GC 2.79 2.52 4.57 1.00  

BS/GC/A BS 22.16 5.15 27.00 12.00 24.00 

 GC 4.75 2.67 9.14 1.00 5.00 

 A 11.22 8.50 28.50 3.00 10.67 

BS/GC/GS BS 11.28 8.99 20.42 2.44 10.97 

 GC 11.79 9.91 21.94 2.14 11.28 

 GS 12.90 15.39 30.48 1.83 6.40 

BS/GS/GC BS 13.57 4.09 16.46 10.67  

 GS 14.02 6.90 18.90 9.14  

 GC 15.70 20.03 29.87 1.53  

 

3.3.3 Parameters 

Hydraulic conductivities for the Bassendean sand, Guildford clay, Ascot limestone, and 

Gnangara sand (table 3-4) were found through consultation with geologist Angus 

Davidson, author of the geological survey. It is important to note that it was assumed that 

vertical hydraulic conductivities are one tenth of horizontal conductivities and that this 

trend in hydraulic conductivity was in the Lexia borefield study by Donnelly (2000). 

 

 

 

 

 

 

 

 



Chapter 3  Conceptual Models   

 49

Table 3-6 Hydraulic conductivities of common stratigraphic layers within the Bassendean sand of the 

Perth basin (Davidson A. 2002) 

 

Stratigraphic Layer Horizontal Hydraulic 

Conductivity (m/d) 

Vertical Hydraulic Conductivity 

(m/d) 

Bassendean Sand 12.5 1.25 

Gnangara Sand 22.5 2.25 

Guildford Clay 0.4 0.04 

Ascott Limestone 8 0.8 

 

3.3.4 Initial Water Levels 

Of the remaining bore logs in the bore data only 11 had water level recordings 

(table 3-7). The average water level (13.5m) of these bores will be used as an initial water 

table elevation in the numerical models. 

 

Table 3-7 Water level recordings for bores in the final data set 

Bore ID 
Number 

Easting Northing Reference 
Point 
Elevation 

Water 
level 

Unit Datum 

20018291 396335.00 6457967.00 17.480 14.430 m AHD 

20018294 397374.00 6457825.00 11.390 8.340 m AHD 

20018297 398881.00 6458994.00 17.480 12.300 m AHD 

20018317 394420.00 6453904.00 20.530 19.560 m AHD 

20018323 402027.00 6452362.00 17.480 12.300 m AHD 

20018325 402335.00 6452275.00 15.960 13.220 m AHD 

20018327 401923.00 6452326.00 19.010 14.740 m AHD 

20018340 395760.00 6458295.00 16.760 6.400 m AHD 

20018346 395872.00 6458643.00 22.060 9.870 m AHD 

20018357 401367.00 6446829.00 25.100 21.140 m AHD 

20018566 405462.00 6450590.00 20.000 13.900 m AHD 
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3.4 Generic Conceptual Models: Summary 

The Generic Conceptual Models (table 3-2) were developed through analysis of bore data 

(consisting of bore logs) from the Water and Rivers Commissions water information 

database. The main analysis of the bore data consisted of classifying the lithological 

descriptions into stratigraphic layers and determining combinations of the layers 

characteristic of the Bassendean sand region of the Perth basin. Classification of the 

layers was achieved through the use of generalized descriptions published in the 

geological survey. 

 

The depths of each stratigraphic layer within each model varied, due to the varying 

locations of the models in the Bassendean sand. Statistical analysis of these depths was 

carried out. Mean depths will form the base layer depths in all models for numerical 

modeling. Hydraulic conductivities of the layers were found through consultation with 

the author of the geological survey. 

 

The dominant stratigraphic layers in the Bassendean sand region were found to be 

Bassendean sand, Gnangara sand, Guildford clay and Ascott limestone. Generic 

Conceptual Models developed in this study are representative of the dominant 

combinations of theses stratigraphic layers within the Bassendean sand region of the 

Perth basin. The models are not site specific, but are based on existing data. 
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4 Numerical Modelling: Stratigraphy and Artificial 

Recharge  

Generic Conceptual Models developed in chapter 3 were numerically modeled using 

MODFLOW. The aim of the numerical modeling was to determine if different 

stratigraphic combinations, representative of the dominant stratigraphy of the Bassendean 

sand region of the Perth basin have an effect on the feasibility of artificial recharge 

through well injection for wetland sustainability. If the stratigraphic combinations do 

effect feasibility, assess which combinations would be the most suitable. 

 

This chapter describes the methods used to construct and simulate the numerical models,  

analyse the results from the numerical modeling, and presents the significant results and 

analysis. A discussion explaining the effects of stratigraphy on the results, using ground 

water principles is included  

 

4.1 MODFLOW 

Numerical models were constructed and simulated in MODFLOW. As described in 

section 2.2, MODFLOW is a saturated ground water modeling program. Two approaches 

can be used in MODFLOW to construct a simulation: the grid approach and the 

conceptual model approach. While both approaches are based on a finite-difference grid, 

the grid approach involves working with set rectangular grid and applying sources/sinks 

and other model parameters on a cell by cell basis (Nelson et al 1999). The grid approach 

was chosen for this study to construct the generic conceptual models. This is because the 

models are not site specific and cell by cell editing was required. In addition, only steady 

state simulations of the models were run, because only the receptiveness of the models to 

artificial recharge, and not the behaviour over time was being investigated. 

 

The first step in MODFLOW was to create the finite difference grid. Once the grid was 

developed and a new simulation initialized, characteristics of the stratigraphic layers in 

the models, boundary conditions, and the recharge well were entered into the grid. The 
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generic conceptual models were modeled as unconfined aquifers. Grid resolution and 

stratigraphic layer vertical and horizontal hydraulic conductivities were entered using the 

block centered flow (BCF)16 package. The wet/dry flag in the uppermost layer was set to 

one, using the BCF package, to deactivate the water table simulation equations in all 

models. Boundary conditions were entered using the basic package for constant grid 

conditions, and no flow boundaries were assigned on a cell by cell basis. The recharge 

well was developed using the well package. 

 

Individual cell boundary conditions were assigned by selecting the cell and using the cell 

attributes command in the MODFLOW menu to assign a value of 0, 1 or –1, which 

resulted in the cells being active, inactive, or at constant hydraulic head respectively. The 

constant grid option in the basic package was used to assign initial hydraulic head 

(representing the elevation of the initial water table) to the entire grid. 

 

4.2 Development of the Numerical Models 

The ten generic conceptual models (Table 4-1) previously outlined were numerically 

modeled in MODFLOW. The two-layer stratigraphic layer combinations were chosen 

because bore data associated with these models contained greater than three bore logs per 

model indicating that the models occurred at more than three locations in the Bassendean 

sand. The three–layer stratigraphic combinations were chosen because bore data for these 

models had greater than two bore logs per model indicating that models occur at more 

than two locations in the Bassendean sand. 

 

 

 

                                                 
16 The BCF package computes the conductance between each of the grid cells and sets up the finite 

difference equations for the cell by cell flow based on the three dimensional ground water flow equation 

(Nelson et al. 1999). This means that characteristic hydraulic conductivities and layer depths must be 

entered into the grid. 
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Table 4-1 Generic Conceptual Models of the stratigraphic layers within the Bassendean sand of the 

Perth basin, to be numerically modeled using GMS -Modflow software. 

Two-Layer Combinations Three-Layer Combinations 

BS/GS BS/A/GC 

GC/A BS/GC/A 

BS/GC BS/GC/GS 

GC/GS BS/GS/GC 

 

Generic conceptual models were constructed under conditions that allowed investigation 

into the effects of stratigraphic layer characteristics and combinations on the feasibility of 

artificial recharge through a single point injection well. The models were developed using 

mean stratigraphic layer thicknesses (table 4-3) as found from the statistical analysis 

described in section 3.3.2.  

 

4.2.1 Finite Difference Grid in the Base Condition Set 

 The generic conceptual models were defined on a cartesian co-ordinate system with ‘i’ 

and ‘j’ horizontal co-ordinates being 2km by 2km. The horizontal space discretization of 

the grid was chosen to ensure symmetric radial flow from a recharge well located in the 

center of the grid by minimising boundary interaction. The depth of the models varied, 

depending on the mean thickness of the stratigraphic layers (Table 4-2). The datum of 

each model set at ‘z’=0. Grid resolution was made as refined as computational resources 

would allow. The ‘i’ and ‘j’ resolution was 20 m and the ‘z’ resolution was 2 m for all 

models (Table 4-3). 

 

4.2.2 Stratigraphic Layers  

Once the grid was completed and a new simulation initialized, stratigraphic layers were 

assigned to the grid using the BCF package. The aim of this investigation was to test the 

effects of basic stratigraphy on the feasibility of artificial recharge, not the effects of 
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varying soil characteristics within the layers. As such, stratigraphic layers were assumed 

to be homogenous17. 

 

The thickness of each layer was established by assigning characteristic vertical and 

horizontal hydraulic conductivities (Table 3-4) to each layer (2m thick) over the mean 

thickness of the stratigraphic layer. Maintaining a constant 2 m ‘z’ discretization within 

each layer allowed a constant and high resolution of finite steps between layers, which 

increases the accuracy of the simulation. A 2 m ‘z’ resolution also reduced the error of 

deactivating the water table simulation equations in the uppermost layer. 

 

4.2.3 Boundary Conditions  

Constant hydraulic head boundary conditions were used on the western, eastern, southern 

and northern boundaries, in layers to the height of the initial water table. This was to 

ensure uniform radial flow if a bore was placed in the center of the model, so that any 

non-uniformity could be attributed to stratigraphic characteristics of the layers. Layers 

above the height of the initial water table were kept as active cells to enable a rise in the 

water table when water was injected into the model.  

 

The elevation of the initial water table in all of the generic conceptual models was 13.5 

mAHD. This value is the mean water level recordings from bore data (section 3.3.4). In 

order to keep a constant initial water table elevation in all of the models of 13.5mAHD, 

the initial water table height above the datum in each model varied (table 4-4). A 

specified hydraulic head corresponding to the height of the initial water table from the 

datum was assigned to all cells (using the basic package) in the conceptual model to 

represent the initial water table. 

 

 

 

 

                                                 
17 Lithology within the layers was assumed to be uniform 
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Table 4-2 Mean stratigraphic layer depths used in base set generic conceptual models. 

 

Generic Conceptual Model  Total Depth (m) Layers Thickness of Stratigraphic 

Layers (m) 

BS/GS 43.40 BS 23.90 

  GS 19.5 

GC/A 44.00 GC 25.00 

  A 19.00 

BS/GC 40.87 BS 25.12 

  GC 15.75 

GC/GS 34.45 GC 25.31 

  GS 9.14 

GC/BS 28.21 GC 16.84 

  BS 11.37 

BS/A 28.5 BS 18.5 

  A 10 

BS/A/GC 26.26 BS 20.10 

  A 3.27 

  GC 2.79 

BS/GC/A 38.13 BS 22.16 

  GC 4.75 

  A 11.22 

BS/GC/GS 35.97 BS 11.28 

  GC 11.79 

  GS 12.90 

BS/GS/GC 43.29 BS 13.57 

  GS 14.02 

  GC 15.70 
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Table 4-3 Resolution of the grid used as a base for numerical modeling of all generic conceptual 

models. 

 

Direction Length (m) Resolution (m) 

I 2000 20 

J 2000 20 

Z Varied 2 

 

4.2.4 Injection Well  

A single point injection well was assigned to the centre cell in the bottom layer 

(table 4-5) in all models. The recharge rate of this well was initially set at 5479.45 m3 

day-1. This value was based on the optimal recharge rate as found in investigation of a 

Modflow Model of Artificial Recharge in the Lexia Borefeild18 by Donelly (2000). 

 

It was found that an injection rate of 5479.45 m3 day-1 resulted in substantial interference 

with the constant head boundaries, therefore it incrementally reduced 100 m3 day-1, to 

ensure no boundary interaction for any of the generic conceptual models. 

 

 

 

 

 

 

 

 

                                                 
18 Lexia Borefeild is located north of the swan river in the bassendean sand area of the Perth basin. It is one 

of the largest borefeilds used by the water corporation. 
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Table 4-4 The initial water table height in each Generic Conceptual Model set above the datum, to 

ensure a constant initial water table of 13.5mAHD in each model 

Generic Conceptual Model Height of the initial water 
table above the datum (m) 

Stratigraphic layer 
containing potentiometric 
surface 

BS/GS 29.90 BS 

GC/A 30.50 GC 

BS/GC 27.37 BS 

GC/GS 20.95 GC 

GC/BS 14.71 GC 

BS/A 27.18 BS 

BS/A/GC 20.16 BS 

BS/GC/A 24.63 BS 

BS/GC/GS 22.47 BS 

BS/GS/GC 29.79 BS 

 

Table 4-5 Location of single point Injection well in Base Generic Conceptual Models 

Generic Conceptual Model Stratigraphic layer 

containing injection well 

Height of injection well 

above the datum (m) 

BS/GS GS 0 

GC/A A 0 

BS/GC GC 0 

GC/GS GS 0 

GC/BS BS 0 

BS/A A 0 

BS/A/GC GC 0 

BS/GC/A A 0 

BS/GC/GS GS 0 

BS/GS/GC GC 0 
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4.3 Methods Used to Analyse Numerical Model Output 

Artificial recharge feasibility was determined by assessment and analysis of the 

maximum water table rise and the radius of influence in each generic conceptual model 

simulation. A function of maximum water table rise and radius of influence was 

developed and used to determine the mounded volume in the models at steady state under 

a constant recharge rate of 100 m3 day-1. The function for mounded volume was 

developed as both maximum water table rise and radius of influence are of equal 

importance in artificial recharge for wetland sustainability, and need to be jointly 

assessed. 

 

4.3.1 Maximum Water Table Rise 

The maximum water table rise in each of the generic conceptual models in each set was 

computed by using the GMS inbuilt data calculator to create a contour data set of the 

final head contours minus the initial specified head. The data browser was then used to 

find an exact value for the maximum water table rise in each model. This data was 

normalized and graphed so that comparisons of maximum water table rise in the models 

could be made.  

 

4.3.2 Radius of Influence 

The radius of influence of each of the generic conceptual model simulations under each 

of the four sets of conditions was found by using the GMS inbuilt data calculator to 

create a contour set of the final head contours minus the initial specified head. These 

contours were then read at a 0.05m resolution for each of the generic conceptual models. 

Data was normalized within each set of conditions and graphs were created to compare 

the radius of influence experienced by each of the models. 
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4.3.3 Mounded Volume  

It is important for the water table to rise to the surface, and cover a large enough area so 

sections of the wetland are not excluded from recharge. As such the maximum water 

table rise and radius of influence are of equal importance in determining the suitability 

and the generic conceptual models to artificial recharge for wetland sustainability. 

However results can be conflicting. It is therefore critical, in determining the applicability 

of a generic conceptual model to artificial recharge, for there to be a method of relating 

the maximum water table rise to the radius of influence. It was decided that the most 

appropriate method to relate the two would be to compute the mounded volume at steady 

state in the models. 

 

When water was injected into the generic conceptual models in all model sets, the water 

table rise predominantly occurred in the shape of a mound. At steady state it can be 

assumed that the maximum height of the mound is the maximum water table rise (δh), 

and the largest radius of the mound is the radius of influence (R)  (figure 4-1). 
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Figure 4-1 The water table mounds when water was injected into the generic conceptual models in all 

model sets. The maximum height of this mound is the maximum rise in the water table and the 

largest radius of the mound is the radius of influence. 

 

It was assumed that the shape of the mound could be approximated by an inverted 

parabola (figure4-2) with the radius of influence and maximum water table rise as 

boundary conditions. The volume of the mound can then be approximated using volumes 

of revolution of the parabola (equation 4-1) (Stewart 1995). 
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Figure 4-2 The volume of the mound can be found by approximating a parabola using the radius of 

influence (R) and the maximum water table rise (δh). 

 

Equation 4-2 was derived (Appendix E) to calculate the volume of the mound due to 

injection from the well. This equation was used to calculate the volume of injected water 

in all generic conceptual models. 
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where 

V = volume (m3) 

R  = radius of influence(m) 

δh = maximum rise in the water table (m) 
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Once the volumes were calculated they were normalized within each set of conditions 

and graphs were created to compare the mounded volumes in each generic conceptual 

model.  

 

4.4 Analysis  

The maximum water table rise and radius of influence recorded from the simulations of 

the generic conceptual models at steady state under a constant recharge rate of a 100 m3 

day-1 were used to asses the responsiveness of the models to artificial recharge. It was 

found that the characteristics and combinations of stratigraphic layers have a significant 

impact on maximum water table rise and radius of influence. This suggests that different 

stratigraphic combinations representative of the dominant stratigraphy of the Bassendean 

sand do effect the feasibility of artificial recharge. The discussion in this section will be 

directed toward how the stratigraphic combinations effect feasibility based on application 

of ground water principles, and the most suitable models for artificial recharge. 

 

Due to the injection well being located in the lowest stratigraphic layer of the models 

under base conditions, the BS/GC, BS/A/GC, and BS/GS/GC models were not included. 

This is because the lowest layer in these models is the Guildford clay. It is impractical to 

inject into the Guildford clay as the very low hydraulic conductivity (kh= 0.4, kh= 0.04) 

coupled with an injection rate of 100 m3 day-1 would result in a high pressure build up in 

the clay layer. The pressure build up would result from the extremely large hydraulic 

head difference that would be required to drive the flow through the clay, due to the 

resistance created form a high flow rate through a porous medium with a low hydraulic 

conductivity. This can be shown through a one dimensional application of Darcy’s law 

(figure 4-3). 
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Figure 4-3 A one dimensional application of Darcy’s law to a Guildford clay stratigraphic layer. To 

determine the hydraulic head difference (h2 - h1) required to drive the flow. 

 

4.4.1 Effect of Stratigraphic Layers on Maximum Water Table Rise 

The results from the simulations for the generic conceptual models simulations were used 

to asses the effects of stratigraphic layer characteristics and combinations on the 

A
Q

h h2 

∆

l 
Darcy’s Law: 

Q = -kA(h2 - h1)/ ∆ l 

Q = Recharge rate [ 100 m3 day-1] 

k= Hydraulic Conductivity of Guildford clay [0.4 m day-1] 

A = Area perpendicular to flow, average thickness of a Guildford clay 

layer [11.5 m] 

h2 - h1 = hydraulic head difference required to drive the flow through 

the Guildford clay 

∆l = horizontal length of the  Guildford clay layer [2000m] 

 
Substituting into Darcy’s Law: 
 
h2 - h1 = Q ∆l / -k A = 43478.26m 
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maximum water table rise experienced in the models at steady state under a constant 

recharge rate of 100 m3 day-1. These results are presented in figure 4.4. 

 

Maximum water table rises ranged from 0.4m (BS/GS) to 1.24m (BS/GC/A). The range 

in results was large, with the lowest maximum water table rise being approximately 30% 

of the highest. This signifies a strong relationship between maximum water table rise and 

the properties and combinations of stratigraphic layers. Results show that there is no 

correlation between the number of stratigraphic layers and responsiveness to water table 

rise, as the two three layer combinations (BS/GC/A and BS/GC/GS) experienced one of 

the highest and one of the lowest maximum water table rises respectively. 

 

The order of the maximum water table rise in the models can be explained through an 

inverse relationship between the hydraulic conductivity of the layer into which the 

injection well is located and the water table rise experienced in the model. This is because 

the largest maximum water table rises were experienced in models where water was 

injected into the Ascott limestone, which has the lowest hydraulic conductivity (kh = 8 m 

day-1, kv = 0.8 m day-1), and the smallest were observed in the models where water was 

injected into the Gnangara sand, which has the highest hydraulic conductivity (kh = 22.5 

m day-1, kv = 1.25 m day-1). Middle range maximum water table rises were experienced in 

models where water was injected into the Bassendean sand layer, which has a hydraulic 

conductivity of (kh = 12.5 m day-1, kv = 1.25 m day-1).  

 

The inverse relationship between maximum water table rise and hydraulic conductivity 

can be explained through the energy required to drive the ground water flow. Porous 

medium with a low hydraulic conductivity signifies smaller pore space for the fluid to 

flow through and therefore greater resistance to flow. Because of the resistance a greater 

energy gradient (change in hydraulic head) is required to drive the flow. The larger 

hydraulic head difference comes from an increase in the maximum rise of the water table. 

Donnelly 2000 made similar observations of an inverse relationship between water table 

rise and the hydraulic conductivity of the layer in which the injection well is located in 

the Lexia borefeild study. 
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4.4.2  Effect of Stratigraphic Layers on Radius of Influence 

The results from the simulations for the generic conceptual models under base conditions 

were used to asses the effects of stratigraphic layer characteristics and combinations on 

the radius of influence experienced in the models at steady state under a constant 

recharge rate of 100 m3 day-1. These results are presented in figure 4.5. 

 

Analysis of the results show that the largest radius of influence will occur in the BS/A 

and GC/A (840 m) models. The range in radius of influence between the generic 

conceptual models did not vary to the same extent as the maximum water table rise. This 

suggests that characteristics and combinations of stratigraphic layers have less effect on 

the horizontal flow than the vertical flow. A possible cause could be the homogenous 

nature of the horizontal layers (kx = ky). 
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Figure 4-4 The maximum water table rise (m) at steady state, observed in each of the Generic Conceptual Models under base conditions. Values are 

normalized to the largest maximum water table rise, which was observed in the BS/GC/A model. 
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Figure4-5 The radius of influence (m) at steady state, observed in each of the Generic Conceptual Models under base conditions. Values are normalized 

to the largest maximum water table rise, which was observed in the BS/A and GC/BS models. 
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4.4.3 Feasibility of Generic Conceptual Models 

In the majority of cases the water table rose through mounding, which supports the 

assumptions made to approximate volume in section 4.4.3. The mounded volume in the 

models at steady state under a constant recharge rate of 100 m3 day-1 were used (with 

consideration of maximum water table rise and radius of influence) to determine the 

feasibility of the models to artificial recharge through well injection. This is because 

maximum water table rise and the radius of influence are equally important in 

determining the feasibility of the models. The water table rise must reach the land 

surface, and the radius of influence must be large enough so that the horizontal recharge 

area incorporates the wetland 

 

Results showed that the most suitable model for artificial recharge for wetland 

sustainability at steady state under a constant recharge rate of 100 m3 day-1 is the BS/A 

model and the least feasible is the BS/GS model. Figure 4-6 shows the order of 

responsiveness of the generic conceptual models to artificial recharge.  

 

 

 

Figure 4-6 The order of feasibility of generic conceptual models which where based on the 

stratigraphy of the Bassendean sand of the Perth basin to artificial recharge. Through single point 

injection at a constant rate of 100m3/day, from an injection well located at the bottom of the model. 

 

While numerical modeling revealed that the order of feasibility of the generic conceptual 

models is as presented in figure 4-6, in reality this order of feasibility may not be entirely 

BS/A ⇒ BS/GC/A ⇒ GC/A ⇒ GC/BS ⇒ GC/GS ⇒ BS/GC/GS ⇒ BS/GS

Most 
Feasible  

Least 
Feasible  
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correct. Models containing Guildford clay (BS/GC/A, GC/BS, GC/A, BS/GC/GS, and 

GC/GS) need to be examined in greater detail due to the low hydraulic conductivity of 

the Guildford clay and the high injection rate from the well. Further testing would need to 

be conducted to determine the effects of thickness and location of the Guildford clay 

layer in the models to determine the practical feasibility of these models.  

 

The conclusions that can be drawn from the assumptions of this study are that  although 

numerical modeling has shown that the BS/GS model is the least receptive to artificial 

recharge, it may in reality be more feasible than the models containing a Guildford clay 

stratigraphic layer.  This is because water injected into the models at 100-m3 day-1 may 

not be able to penetrate through the Guilford clay due to the low hydraulic conductivity. 

The order of feasibility of the generic conceptual models to artificial recharge with 

consideration of the Guilford clay layer is shown in figure 4-7. 

 

 
 

Figure 4-7 The order of feasibility of generic conceptual models which where based on the 

stratigraphy of the Bassendean sand of the Perth basin to artificial recharge, given the real behaviour 

of Guildford Clay. 

Most 
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Least 
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BS/A ⇒ BS/GS ⇒ BS/GC/A ⇒ GC/A ⇒ GC/BS ⇒ GC/GS ⇒ BS/GC/GS 
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Figure 4-8 The mounded volume (m3) at steady state, observed in each of the Generic Conceptual Models under base conditions. Values are normalized 

to the largest maximum water table rise, which was observed in the BS/A and GC/BS models. 
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4.5 Stratigraphy and Artificial Recharge: Summary 

Generic conceptual models were developed and simulated in MODFLOW to investigate 

the effects of stratigraphy on the feasibility of the models for artificial recharge for 

wetland sustainability. Maximum water table rise and radius of influence from the 

simulations were used to assess the effects of stratigraphic characteristics and 

combinations.  

 

It was found that different stratigraphic combinations representative of the dominant 

stratigraphy in the Bassendean sand do have a significant impact on maximum water 

table rise and radius of influence, which indicates stratigraphy does affect the feasibility 

of artificial recharge in the Bassendean sand area of the Perth basin. Numerical modeling 

and analysis of the maximum water table rise, radius of influence, and mounded volume 

revealed the most suitable combination for artificial recharge is Ascott limestone overlain 

by Bassendean sand, and the least suitable combination is Gnangara sand overlain by 

Bassendean sand. However further investigation into the real behaviour and permissible 

injection rates into Guildford clay needs to be conducted before definite conclusions of 

practical application can be made.  

 

Results showed an inverse relationship between the hydraulic conductivity of the layer 

into which water is injected and the maximum water table rise. Ground water principles 

were used to provide and explanation for this behaviour. The varying stratigraphic layers 

had less impact on the radius of influence than the maximum water table rise, which can 

be attributed to the homogenous nature of the horizontal layers and vertical heterogeneity 

of the models. 
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5 Numerical Modeling: Leakage, Well Placement, and 

Well Type 

Different sets of conditions were placed on the numerical models (developed in chapter 

4) of the Generic Conceptual Models. The aim was to investigate the effects of leakage, 

well placement, and well type on the feasibility of the models. Simulations of the 

numerical models under each set of conditions were run in MODFLOW and the results of 

maximum water table rise, radius of influence and mounded volume were compared to 

the results for each model obtained in chapter 4. Conditions placed on the models in 

chapter 4 will be referred to as base conditions. 

 

This chapter describes the conditions placed on each of the numerical models to 

investigate the effects of leakage, well placement and well type, and presents the 

significant results and analysis. A discussion on the effects of the conditions and an 

explanation relating to ground water principles and previous findings is included. 

 

5.1 Condition Sets Placed on the Numerical Models 

In order to investigate the effects of leakage, well placement and well type on the 

feasibility of the Generic Conceptual Models, the numerical models were run under three 

sets of conditions and results from the simulations were compared to the models under 

base conditions (chapter 4). This resulted in four simulations per model, a total of 40 

simulations. Table 5-1 presents a description of each set of conditions. The stratigraphic 

layers in the models remained unchanged from the base conditions, only the additional 

features such as leakage and well placement and type were altered in the models. 
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Table 5-1 Sets of conditions place on each model to investigate the effects of leakage, well placement 

and well type on the feasibility of artificial recharge. 

Condition Set  Conditions 

Base - No flow boundary at the base of the model 

- Single point injection well located at the bottom of the 

base layer 

Leakage - Leakage through boundary at the base of the model 

- Single point injection well located at the bottom of the 

base of the model 

Bore - Leakage through boundary at the base of the model 

- Single point injection well located at the height of the 

initial water table 

Screen - Leakage through boundary at the base of the model 

- Fully penetrating injection well extending from the base 

of the model to the height of the initial water table 

 

5.2 Leakage Conditions 

To allow for the effect of leakage into underlying geologic formations to be investigated 

the base models (chapter 4) were modified by the addition of leakage. The leakage set of 

conditions was not applied to all of the ten generic conceptual models. This is because 

three of the models (Table 5-2) were found to be unfeasible, based on analysis of the 

models under the base conditions. 

 

The leakage condition was added onto the models in the leakage condition set to 

determine the effects of leakage on the maximum water table rise and radius of influence 

as found under base conditions. 
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Table 5-2 Generic conceptual models excluded from the base model set.  

Two-Layer Combinations Three-Layer Combinations 

BS/GC BS/A/GC 

 BS/GS/GC 

 

In order to correctly model leakage a 2D-scatter point file was created that contained 

eastings, northings, and site identification numbers of all bore logs representative of the 

remaining generic conceptual models. This 2D-scatter point file was then mapped using 

GMS-mapping software onto an image of the formations underlying the Bassendean sand 

region of the Perth basin.  

 

Mapping revealed that the majority of the bores overly the Kardinya shale member of the 

Osborne formation. The Kardinya shale member is assumed to have a vertical hydraulic 

conductivity of 1x10-6 m day-1 and an average thickness of 50 m (Davidson 1995). This 

information was used for the leakage condition in the leakage condition set. 

 

Leakage was added to the models through altering the finite difference grid. The grid for 

the generic conceptual models under leakage conditions was identical to the base 

condition grid, except for an additional layer of cells, which was added to the base of the 

base models to represent the Kardinya shale member.  

 

As the Kardinya shale member has an average thickness of 50 m, the layer of cells was 

allocated a depth of 50 m. The discretization in the ‘z’ direction of these cells was 50 m. 

A finer resolution was not required as flow within this layer is insignificant as it is only 

being used as a leakage sink. The ‘i’ and ‘j’ discretization remained consistent with the 

above stratigraphic layers. This layer was assigned a vertical hydraulic conductivity of 

1x10-6 m day-1 and a horizontal hydraulic conductivity of 1x10-5 m day-1. 
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5.3 Bore Conditions 

Leakage case conditions were modified to investigate the effect of the positioning of the 

single point injection well on the water table rise and radius of influence in the generic 

conceptual models. All characteristics of the bore set of conditions on the generic 

conceptual models were identical to leakage conditions, except for the location of the 

injection well. In the bore model set, the single point injection well was placed directly 

below the surface of the initial water table. The recharge rate of the injection well was 

kept constant at 100 m3 day-1 (Table 5-3). 

 

Table 5-3 Location of single point Injection well in Bore Generic Conceptual Models 

Generic Conceptual Model Stratigraphic layer 

containing injection well 

Height of injection well 

above the datum 

BS/GS BS 79.9 

GC/A GC 80.5 

GC/GS GC 70.95 

GC/BS GC 64.71 

BS/A BS 77.18 

BS/GC/A BS 74.63 

BS/GC/GS BS 72.47 

 

5.4 Screen Conditions  

The final set of conditions to be placed on the generic conceptual models was the screen 

condition set. Leakage conditions were modified to investigate the effect of injection well 

type on the maximum water table rise and radius of influence at steady state. The screen 

set of conditions was the same as the leakage conditions with the exception of a fully 

penetrating screened injection well as opposed to a single point injection well. The 

injection well was extended from the bottom of the base model (layer directly above the 
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leakage layer) to directly below the surface of the initial water table. The recharge rate 

through the well was kept constant at 100m3/day. 

 

The injection well was modeled by assigning individual injection wells to each layer at 

the same ‘i’ and ‘j’ co-ordinate location. Injection rates from each of the wells were 

calculated using equation 5.1 which describes horizontal flow through a multi layered 

aquifer. 

 

∑ ++
= n

nnkbkbkb

kbQ

1
221

11
1

...
……………………………(5-1) 

 

where 

Q1 = recharge rate into specified layer 

b1= width of specified layer 

k1=horizontal hydraulic conductivity of specified layer 

bn=width of nth layer 

kn=horizontal hydraulic conductivity of the nth layer 

 

The recharge rate into each layer from individual wells is shown in table 5-4. The amount 

of water injected into each cell was calculated by dividing the total recharge in the layer 

by the number of ‘z’ co-ordinates within the layer. 
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Table 5-4 The direct recharge to each stratigraphic layer in the generic conceptual models, from a 

fully penetrating injection well extending from above the leakage layer to the surface of the initial 

water table 

Generic Conceptual Model Stratigraphic Layers Direct Recharge to the 
Stratigraphic Layer (m3/day) 

BS/GS BS 23.03 

 GS 76.97 

GC/A GC 2.94 

 A 97.06 

GC/GS GC 2.20 

 GS 97.80 

GC/BS GC 1.01 

 BS 98.99 

BS/A BS 43.86 

 A 56.14 

BS/GC/A BS 54.14 

 GC 1.02 

 A 44.84 

BS/GC/GS BS 0.80 

 GC 1.60 

 GS 97.60 
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5.5 Effects of Leakage, Well Location, and Well Type on 

Maximum Water Rise   

All generic conceptual models were run under the three sets of conditions (Leakage, Bore 

and Screen) with a constant recharge rate of 100 m3 day-1. The maximum water table rise, 

at steady state was recorded for each simulation. These results were graphed with the 

results of maximum water table rise under base conditions (chapter 4), to compare results 

and determine the effects of leakage, well location, and well type on the maximum water 

table rise. These results are graphically presented in figure 5-1 and tabulated in appendix 

F. 

 

5.5.1 Leakage and Maximum Water Table Rise 

By comparing the maximum water table rise in the generic conceptual models under 

leakage and base conditions (figure 5-1), it can be concluded that the effects of leakage 

on the maximum water table rise are negligible. The negligible effect of leakage can be 

attributed to the extremely low hydraulic conductivity of the Kardinya shale member (kh 

= 1x10-5m day-1, kv = 1x10-6 m day-1). This suggests that the injection of water into 

formations above the Kardinya shale member is ideal for artificial recharge for the 

purpose of wetland sustainability. Numerical modeling has shown that all injected water 

will flow through the overlying layers resulting in a rise in the water table, as opposed to 

downward flow and loss to the underlying formations. These results support the findings 

of the geological survey, which also concluded that downward leakage into the Kardinya 

shale member from the overlying superficial aquifer is negligible (Davidson 1995). 
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Figure 5-1Maximum water table rise (m) at steady state observed in Generic Conceptual Models under base conditions of no leakage and injection well 

at the base of the model (base), leakage conditions with the injection well at the base of the model (leakage), bore conditions with the injection well 

directly below the water table and leakage (Bore), screen conditions with a fully penetrating well extending from the base of the model to directly below 

the initial water table (screen). A constant recharge rate of 100 m3 day-1 was applied under all scenarios. 
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5.5.2 Well Placement and Maximum Water Table Rise 

To determine the effect of injection well placement on the maximum water table rise in 

the models, the results for the models under bore conditions were compared to the results 

under leakage conditions. The only difference between these two sets of conditions is the 

placement of the injection well. In the leakage models the injection well was located at 

the base of the model (stratigraphic layer directly above the leakage layer), and in the 

bore models the injection well was located directly below the height of the initial water 

table. This has consequences when the injection well is moved to a stratigraphic layer of 

a different hydraulic conductivity. 

 

Results for the (GC/A, GC/BS, and GC/GS) models under bore conditions are not 

included as the injection well would be located in the Guildford clay layer. This is not 

feasible due to arguments previously presented (section 4-4). This may not exclude these 

models from artificial recharge through well injection for wetland sustainability at lower 

injection rates, as the Guilford clay is the top layer in the model. This is because clay has 

the ability to absorb and retain large volumes of water compared to other porous 

mediums (Whitlow 1998). Retainment of water in the Guildford clay may even enhance 

wetland sustainability. Further research would need to be conducted on suitable recharge 

rates for Guildford clay, flow into underlying layers, and the existence of wetlands in 

areas where Guildford clay is the dominant surface soil. 

 

The maximum water table rise in the models under bore conditions were significantly 

different to those observed under leakage conditions. The height of the maximum water 

table decreased in the BS/A and BS/GC/A models and increased in the BS/GC/GS and 

BS/GS models, as shown in table 5-5. 
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Table 5-5 Differences in the maximum water table rise in Generic Conceptual Models, resulting from 

the injection well being placed at the initial water table instead of at the base of the model. 

 

Generic Conceptual Model  Difference in the height of the water table from leakage 

to bore conditions (m)   

BS/A -0.2097 

BS/GC/A -0.2246 

BS/GC/GS 0.8082 

BS/GS 0.4775 

 

These differences in maximum water table height are consistent with the previous 

observation that the height of the maximum water table rise is inversely proportional to 

hydraulic conductivity (section 4.4.1). Under leakage conditions water was injected into 

the Ascott limestone layer of the BS/A and BS/GC/A models and under bore conditions 

water was injected into the Bassendean sand layer. The hydraulic conductivity of the 

Bassendean sand is higher than that of the Ascott limestone and therefore there was a 

decrease in the height of the maximum water table rise observed in the models under bore 

conditions. Similarly water was injected into the Gnangara sand layer under leakage 

conditions and into the Bassendean sand layer under bore conditions in the BS/GC/GS 

and BS/GS models. The hydraulic conductivity of the Bassendean sand is lower than the 

Gnangara sand and therefore an increased height in the maximum water table rise was 

observed under bore conditions.  

 

5.5.3 Well Type and Maximum Water Table Rise 

To determine the effects of a fully penetrating injection well, extending from the base of 

the model to directly below the initial water table, the maximum water table rise at steady 

state was compared to the results for the generic conceptual models under leakage and 

bore conditions. Results showed that there was a decrease in the maximum water table 

rise in each of the models when injection was made through a fully penetrating injection 
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well. When compared to a single point injection well placed at either the base of the 

model or at the height of the initial water table (Table 5-2). 

 

Table 5-6 Difference in maximum water table rise in the generic conceptual models under leakage 

and screen conditions, and bore and leakage conditions. 

Generic Conceptual Model Difference in the injected 

volume from leakage to 

screen conditions (m3) 

Difference in the injected 

volume from bore to 

screen conditions (m3) 

BS/A -6.75 x 105 -4.44 x 105 

BS/GC/A -5.65 x 105 -3.45 x 105 

BS/GC/GS -1.44 x 105 -7.48 x 105 

BS/GS -1.26 x 105 -3.87 x 105 

GC/A -6.67 x 105 - 

GC/BS -3.24 x 105 - 

GC/GS -1.13 x 105 - 

 

A generalized explanation for the decrease in the maximum water table rise can be 

developed through consideration of the Darcy flux (section 1.2.3, equation 1-8) from the 

injection wells. 

 

The Darcy flux from an injection well is the flow from the well divided by the surface 

area of the well open to the flow. The area open to flow from a single point injection well 

is much smaller than the area in a fully penetrating injection well. Which implies that that 

the Darcy flux from a single point injection well is much greater. This is shown in figure 

5-2. 
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Figure 5-2 Application of Darcy flux for flow from a well to demonstrate difference between a single 

point and a fully penetrating injection well 

 

Because the Darcy flux from the fully penetrating well is less than the Darcy flux from a 

single point injection well, the resistance to flow from the porous medium into which it is 

injected is also less. Therefore the energy gradient (change in hydraulic head), required to 

drive the flow is reduced. The smaller hydraulic head difference comes from a decrease 

in the maximum rise in the water table. 

 

B1 B2 

B = length of well open to flow 

[m] 

R = radius of the well [m] 

Q = flow from the well [m3 day-1] 

A = area of well open to flow [m2] 

 

Darcy Flux:  q1=Q/A1    q2=Q/A2  

                     A1= 2πRB1   A2= 2πRB2      

                                         subsituting 

                     q1=Q/2πRB1                             q2=Q/2πRB2 

Therefore: 

B1<B2 ⇒ q1>q2 

Single Point Fully 

Penetrating 
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5.6 Effects of Leakage, Well Location, and Well Type on the 

Radius of Influence 

All generic conceptual models were run under the three sets of conditions (Leakage, Bore 

and Screen) at steady state with a constant recharge rate of 100 m3 day-1. The radius of 

influence, at steady state, was recorded and compared to the results under base conditions 

(chapter 4). In order to make comparisons and determine the effects of leakage, well 

location and well type on the feasibility, the results were graphed. These results are 

graphically presented in figure 5-3 and tabulated in Appendix F. 

 

5.6.1 Leakage and Radius of Influence 

Comparison of the results for the radius of influence in the generic conceptual models 

under base and leakage conditions shows that leakage has no effect on the radius of 

influence. As previously discussed, there was no downward flow into the underlying 

formations, due to the extremely low hydraulic conductivity of the Kardinya shale 

member. This enforces the argument that injection of water into formations above the 

Kardinya shale member is ideal for artificial recharge for the purpose of wetland 

sustainability. Numerical modeling has not only shown that all injected water results in a 

rise in the water table, but also an increase in the horizontal recharge area. 

 

5.6.2 Well Placement and Radius of Influence 

To analyse the effects of well placement on the radius of influence at steady state in the 

generic conceptual models the results for the models under leakage conditions were 

compared to the results under bore conditions. In the leakage models the single point 

injection well was placed at the base of the models and in the bore models the well was 

placed directly below the initial water table. There were no differences in the radius of 

influence observed in the models under the two sets of conditions. This suggests that the 

vertical location of a single point injection well in the models has no effect on the 

horizontal recharge area.  
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Figure 5-3 Radius of Influence (m) at steady state observed in Generic Conceptual Models under base conditions of no leakage and injection well at the 

base of the model (base), leakage conditions with the injection well at the base of the model (leakage), bore conditions with the injection well di rectly 

below the water table and leakage (Bore), screen conditions with a fully penetrating well extending from the base of the model to directly below the 

initial water table (screen). A constant recharge rate of 100 m3 day-1 was applied under all scenarios. 
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5.6.3 Well Type and Radius of Influence 

To determine the effects of a fully penetrating injection well extending from the base of 

the model to directly below the initial water table, the radius of influence in the generic 

conceptual models under leakage and screen conditions were compared.  

 

Results showed that the radius of influence remained constant under the two sets of 

conditions, except in the GC/BS and GC/A models. The radius of influence increased by 

10 m in the GC/BS model and decreased by 10 m in the GC/A model. This suggests that 

the amount of water injected into each layer has an effect on the horizontal recharge area 

at steady state. 

 

5.7 Effects of Leakage, Well Type, and Well Placement on 

Feasibility 

The effects of leakage, well type and well placement on feasibility were determined 

through consideration of the changes in mounded volume at steady state in each on the 

models under each set of conditions. Results for mounded volume are displayed in figure 

5-5 and Appendix F. Changes in mounded volume can be attributed to changes in the 

maximum water table rise, as no significant changes in radius of influence occurred when 

the different conditions were placed on the models. 

 

The effect of leakage on the feasibility of the models was negligible because leakage was 

representative of the Kardinya shale member. The significant changes in the maximum 

water table rise in the BS/A, BS/GC/A, BS/BC/GS, and BS/GS models under bore 

conditions resulted in large differences in the mounded volumes. Therefore the placement 

of the injection well in the models influences the order of feasibility of the models to 

artificial recharge. The order of feasibility of the models under bore conditions is shown 

in figure 5-4. Consideration of the real effects of the clay layers was not considered, as 

the injection well is located above the clay layer under bore conditions. The clay layer 

under these conditions may even increase the feasibility of artificial recharge, as the low 
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hydraulic conductivity of the clay may cause it to act as a confining layer and prevent 

water flowing into the lower layers. Further investigation into the behaviour of the clay 

layer under these conditions would need to be conducted. 

 

 

Figure 5-4 The order of feasibility of the generic conceptual models under bore condition 

Although the maximum water table rise and therefore mounded volume under screen 

conditions was significantly less than under leakage conditions, the order of feasibility of 

the models remained unchanged. This is because although the injection well was 

extended across all stratigraphic layers in the models, the majority of water was still 

injected into the base layers, due to the height of the water table, layer thickness, and 

hydraulic conductivity. 

BS/GC/GS       ⇒       BS/A       ⇒   BS/GC/A       ⇒       BS/GS 

Most 
Feasible 

Least 
Feasible 
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Figure 5-5 Volume (m3) steady state observed in Generic Conceptual Models under initial conditions of no leakage and injection well at the base of the 

model (base), leakage conditions with the injection well at the base of the model (leakage), bore conditions with the injection well directly below the 

water table and leakage (bore), screen conditions with a fully penetrating well extending from the base of the model to directly below the initial water 

and leakage (screen). A constant recharge rate of 100 m3 day-1 was applied under all scenarios. 
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5.8 Leakage, Well Placement, and Well Type: A Summary 

Different sets of conditions were placed on the Generic Conceptual Models, numerically 

modeled in chapter 4. The purpose of running simulations of the models under varying 

conditions was to investigate the effects of leakage, well location, and well type on the 

feasibility of the models and hence suitability of dominant stratigraphic combinations to 

artificial recharge in the Bassendean sand. 

 

It was found that leakage from the base of the models had negligible effects on the 

feasibility of the models. This is because the leakage condition was representative of the 

leakage into the Kardinya shale member, which is the dominant formation directly 

underlying the Bassendean sand region. The Kardinya shale has an extremely low 

hydraulic conductivity, making it more favourable for water to flow through overlying 

stratigraphic layers. 

 

Modeling under bore conditions revealed that vertical injection well location has a 

significant impact on the feasibility of the models to artificial recharge. This can be 

attributed to the inverse relationship between maximum water table rise and the hydraulic 

conductivity of the stratigraphic layer into which injection is made. The use of a fully 

penetrating injection well as opposed to a single point injection well resulted in 

significant reductions in the maximum water table rise, but did not alter the order the of 

feasibility of the models. 

 



Chapter 6  Sensitivity Analysis  

 

 91

6 Sensitivity Analysis 

A sensitivity analysis was conducted on the Generic Conceptual Models to determine if 

they were sensitive to thickness and hydraulic conductivity of stratigraphic layers and 

recharge rate. This is because the thickness of stratigraphic layers and hydraulic 

conductivity varies spatially throughout the Bassendean sand, and a relatively low 

recharge rate was used in this study. 

 

The stratigraphic layer thickness sensitivity analysis was conducted on the four models 

found to be most feasible with a mean stratigraphic layer thickness. The hydraulic 

conductivity analysis was conducted on the most and least feasible models, and the 

recharge rate sensitivity analysis was conducted on the most feasible model. 

 

This chapter describes the methods used in each of the sensitivity analysis, and discusses 

the sensitivity of the stratigraphic combinations by comparing the maximum water table 

rise and radius of influence in sensitivity simulations of the models to previous results. 

 

6.1 Layer Thickness Sensitivity  

6.1.1 Methods Used to Test Layer Thickness Sensitivity 

The sensitivity of the maximum water table rise and radius of influence to the thickness 

of stratigraphic layers was tested, as stratigraphic layer thickness varies throughout the 

Bassendean sand. The set of generic conceptual models used in the sensitivity analysis 

(table 6-1) were chosen as they were found to be the most feasible for recharge with 

mean stratigraphic layer thicknesses. Generic conceptual models used in the sensitivity 

analysis were developed under the leakage set of conditions, but with varying 

stratigraphic layer thicknesses.  
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Table 6-1Generic conceptual models used in the sensitivity analysis to test the effect of stratigraphic 

layer thickness on the feasibility of artificial recharge 

 

2-Layer Combinations 3-Layer Combinations 

BS/A BSGCA 

GC/A  

GC/BS  

 

To vary the thickness of the stratigraphic layers in the generic conceptual models from 

the mean values previously used, the models were modified. The stratigraphic layers in 

the 2-layer models used in the sensitivity analysis (table 6-1) were altered by keeping one 

layer constant and increasing and then decreasing the thickness of the other layer by one 

standard deviation (table6-2). By holding two layers constant and increasing and 

decreasing the thickness of the remaining layer by one standard deviation, the 

stratigraphic layers in the 3-layer generic conceptual models were also modified. The 

standard deviation was found through the statistical analysis of the stratigraphic layer 

thickness of the bore data for the models (section 3.3.2). Modifications made to the 

models used in the sensitivity analysis are presented in table 6-3. 
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Table 6-2 Modifications of layer depths on models used in the sensitivity analysis 

Generic 
Conceptual 

Model 

Stratigraphic 
Layer 

1 Std of 
Stratigraphic 
Layer (m) 

Mean 
thickness of 
stratigraphic 

layer (m) 

Mean 
thickness of 
stratigraphic 
layer +1std 

(m) 

Mean 
thickness of 
stratigraphic 
Layer – 1std 

(m) 
BS/A BS 8 18.5 26.5 10.5 

 A 12.5 10 22.5 -2.5 

GC/A GC 8.5 25 33.5 16.5 

 A 11 19 30 8 

GC/BS GC 7.5 17 24.5 9.5 

 BS 3 11 14 8 

BS/GC/A BS 5 22 27 17 

 GC 3 5 8 2 

 A 8.5 11 19.5 2.5 

 

Table 6-3Modification set of generic conceptual models used in the sensitivity analysis, to test the 

effect of stratigraphic layer depth on the feasibility of artificial recharge. 
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Generic Conceptual 
Model 

Stratigraphic layer 
modification 

Thickness of 
Constant Layer/s 

(m) 

Thickness of 
Modified layer (m) 

BS/A FixBSA+1std 18.5 22.5 

 BS+1stdFixA 10 26.5 

 BS-1stdFixA 10 10.5 

GC/A FixGCA+1std 25 30 

 FixGCA-1std 25 8 

 GC+1stdFixA 19 33.5 

 GC-1stdFixA 19 16.5 

GC/BS FixGCBS+1std 17 14 

 FixGCBS-1std 17 8 

 GC+1stdFixBS 11 24.5 

 GC-1stdFixBS 11 9.5 

BS/GC/A FixBSFixGCA+1std 27 19.5 

 FixBSFixGCA-1std 27 2.5 

 FixBSGC+1stdFixA 33 8 

 FixBSGC-1stdFixA 33 2 

 BS+1stdFixGCFixA 16 27 

 BS-1stdFixGCFixA 16 17 

 

Each of the generic models was run in MODFLOW with each stratigraphic layer 

modification (Table 6-3) under leakage conditions. The maximum water table, radius of 

influence was recorded and the mounded volume calculated. These results were then 

graphed for all modifications and the leakage model results for each generic conceptual 

model, so that the effects of layer depth on the feasibility of artificial recharge could be 

analysed. 
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6.1.2 Results of Layer Thickness Sensitivity 

The results of maximum water table rise and radius of influence in each simulation were 

compared to the results from previous simulations of the models under leakage 

conditions, where all layer thicknesses had been assigned a mean value. Numerical 

modeling showed that the maximum water table rise and the radius of influence are 

sensitive to layer thickness in the four generic conceptual models tested. It is important to 

note that decreases of one standard deviation were not modeled in the BS/A model, as 

decreases to the layers resulted in the initial water table being below the bottom elevation 

of the Bassendean sand stratigraphic layer. 

 

The most significant results from the layer sensitivity analysis (figures 6.1and 6.2) were 

associated with changes in the bottom stratigraphic layer of the model. This is because 

simulations were run under leakage conditions and therefore the injection well was 

located in the bottom layer. It was found that an increase in the bottom stratigraphic layer 

in all of the models resulted in a decrease in the maximum water table rise The decrease 

in maximum water table rise ranged from 0.2m (BS/A) to 0.03m (GC/BS). Similarly 

results showed that a decrease in the bottom stratigraphic layer resulted in an increase in 

the maximum water table rise. The increases in maximum water table rise ranged from 

0.27 m (GC/BS) to 0.56 m (BS/GC/A). 
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Figure 6-1 The difference in maximum water table rise from previous results of generic conceptual 

models under leakage conditions, due to an increased thickness of one standard deviation  (from 

initial mean thickness) in the bottom stratigraphic layer of the models. 
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Figure 6-2 the difference in maximum water table rise from previous results of generic conceptual 

models under leakage conditions, due to a decreased thickness of one standard deviation  (from 

initial mean thickness) in the bottom stratigraphic layer of the models. 
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The trends in maximum water table rise can be explained through a one dimensional 

application of Darcy’s law, as shown in figure 6-3. An increase in the thickness of the 

stratigraphic layer is equivalent to an increase in the area perpendicular to the flow, and 

because all other variables are forced to remain constant the hydraulic head difference 

decreases, resulting in a reduction in the maximum water table rise. Conversely a 

decrease in the thickness of the stratigraphic layer is equivalent to a decrease in the area 

perpendicular to the flow, and because all other variables are forced to remain constant 

the hydraulic head difference increases, resulting in an increase in the maximum water 

table rise.  

 

 

Figure 6-3 One dimensional application of Darcy’s law, to explain effect of increase or decrease of 

one standard deviation in a stratigraphic layer 
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6.2 Recharge Rate Sensitivity 

6.2.1 Methods Used to Test Recharge Rate Sensitivity 

The sensitivity of the maximum water table rise and recharge rate was investigated 

because a relatively low rate was used in the modeling. The most feasible model with a 

recharge rate of 100 m3 day-1 (BS/A) was used for this purpose.  

 

The BS/A model was run under all sets of conditions (Base, Leakage, Bore, and Screen) 

with incremental increases in recharge rate of 100 m3 day-1 from 100 m3 day-1 to 500 m3 

day-1 to investigate the relationship between recharge rate and maximum water table rise, 

and determine if previous explanations given on maximum water table rise (chapter 4) are 

applicable at higher recharge rates.  

 

6.2.2 Results of Recharge Rate Sensitivity 

The maximum rise for each simulation was recorded and graphed to analyse the 

relationship. Results are presented in figure 6-4. Results show a positive linear 

relationship between recharge rate and maximum water table rise in the BS/A generic 

conceptual model. This can be explained through an application of Darcy’s law. 

(equation 2-6). Increasing recharge rate results in an increase in the hydraulic head 

difference across the stratigraphic layer because the variables of length cross sectional 

area and hydraulic conductivity remain constant across simulations. The increase in the 

hydraulic head difference is reflected by an increase in the height of the maximum water 

table rise. It should be noted that the linear relationship between the recharge rate and 

maximum water table rise is not in a 1:1 ratio under any of the condition sets. This 

suggests that the flow through the models is two dimensional (vertical and horizontal). 

 

The gradients of the relationship are dependent on the conditions placed on the model. 

The steepness of the gradients suggests that explanations concerning maximum water 

table rise in chapter 4, are also relevant at higher injection rates. The gradient is steeper 

under leakage conditions than under bore conditions. This suggests that the inverse 
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relationship between maximum water table rise and hydraulic conductivity is relevant at 

all recharge rates. While the maximum water table rise increases when the injection well 

is located in either layer, it increases by a smaller amount when it is located in the 

Bassendean layer (bore conditions) than the Ascott limestone layer (leakage conditions) 

due to the higher hydraulic conductivity of the Bassendean sand. Similarly the gradient is 

flattest when a fully penetrating injection well is used (Screen conditions). This is 

because the explanation of less resistance, due to decreased Darcy flux (section 5.5.3) 

resulting in reduced hydraulic gradient (maximum water table rise) also applies at 

increased recharge rates. 
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Figure 6-4 Relationship between recharge rate and maximum water table rise and recharge rate in 

the BS/A model under all sets of conditions. 
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6.3 Hydraulic Conductivity Sensitivity 

6.3.1 Methods Used to Test Hydraulic Conductivity Sensitivity 

The sensitivity of maximum water table rise and radius of influence to hydraulic 

conductivity was investigated, in the most (BS/A) and least (BS/GS) feasible models to 

artificial recharge. Sensitivity of the stratigraphic combinations was tested as the ratio of 

vertical hydraulic conductivity to horizontal hydraulic conductivity the kv:kh ratio (10:1) 

described in section 3.3.3 varies significantly throughout the Bassendean sand region. 

 

The hydraulic conductivity ratio (10:1) was changed to 20:1, 50:1, and 100:1, in each 

stratigraphic layer in the BS/A and BS/GS models and simulations run under leakage 

conditions.  

 

6.3.2 Results of Hydraulic Conductivity Sensitivity 

Results of maximum water table rise and radius of influence were recorded and graphed 

for each simulation. The results of the analysis are presented in figures.6-5 and 6-6.  

 

It was found that the maximum water table rise in the models is sensitive to changes in 

the kv:kh ratio and changes in this ratio had no effect on the radius of influence (figure 6-

5). This is because only the vertical component changed, and horizontal hydraulic 

conductivity remained constant. 

 

The maximum water table rise increased linearly with increases in the kv:kh ratio (figure 

6-6). This can again be explained through Darcy’s law (equation 2.6). The recharge rate, 

cross sectional area, and length of the stratigraphic layers remain constant across 

simulations, therefore the only possible response to decreases in vertical hydraulic 

conductivity is an increase in the hydraulic head difference, in order for the recharge rate 

to remain constant. The increases in the hydraulic head difference are reflected in 

increases in the maximum water table rise. 
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Figure 6-5 Sensitivity of the Radius of influence (ROI) in the BS/A and BS/GS models to decreases in 

the kv:kh ratio. 
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Figure 6-6  Sensitivity of maximum water table rise in the BS/A and BS/GS models decreases in the 

kv:kh ratio. 
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The difference in gradient steepness between the two models can be explained through 

the inverse relationship between maximum water table rise and the hydraulic conductivity 

of the stratigraphic layer in which the injection well is placed. The hydraulic conductivity 

of the Ascot limestone (injection well location in BS/A model) is much lower than the 

hydraulic conductivity (injection well location in BS/GS model) of the Gnangara sand, 

therefore greater increases in maximum water table rise occur in the BS/A stratigraphic 

combination. This explanation remains consistent with decreases in vertical hydraulic 

conductivity, because changes were made in the same order of magnitude in each model.  

The increases in maximum water table rise with decreases in vertical hydraulic 

conductivity supports the previous observation (section 6.2.2) of two dimensional flow 

and indicates that the majority of flow is in the horizontal direction. This is because 

increases in the maximum water table rise are not as great when vertical hydraulic 

conductivity is decreased than when the injection well is moved to a different 

stratigraphic layer and horizontal hydraulic conductivity is decreased.  

 

6.4 Sensitivity Analysis: Summary 

The sensitivity analysis showed that the stratigraphic combinations, representative of the 

dominant stratigraphy in the Bassendean sand region of the Perth basin are sensitive to 

changes in thickness, hydraulic conductivity and recharge rate. The analysis was 

conducted because the thickness of stratigraphic layers and hydraulic conductivity varies 

spatially throughout the Bassendean sand and a relatively low recharge rate was used in 

this study. 

 

The sensitivity analysis on layer thickness showed that an increase in the bottom 

stratigraphic layer causes a decrease maximum water table rise and conversely a decrease 

in the bottom stratigraphic layer results in a increase in the maximum water table rise. 

Results from the recharge rate sensitivity analysis indicated a positive linear relationship 

between maximum water table rise and recharge rate and that flow in the models is in 

both the horizontal and vertical directions. The hydraulic conductivity analysis revealed a 

linear relationship between decrease in vertical hydraulic conductivity and maximum 
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water table rise. Results supported the observation of two dimensional flow in the models 

but indicated that that the majority of flow is in the horizontal direction. It was also found 

that explanations used previously in this study, directed toward maximum water table rise 

can be applied at higher recharge rates and varying ratios of vertical to horizontal 

hydraulic conductivity. 
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7 Conclusions and Recommendations 

The dominant stratigraphic layers in the Bassendean sand region of the Perth basin are 

Bassendean sand, Gnangara sand, Guildford clay, and Ascott limestone. Properties that 

govern the behaviour of ground water flow vary with stratigraphy. As such the 

characteristics and combinations of these stratigraphic layers have a significant impact on 

the feasibility of artificial recharge for wetland sustainability through well injection.  

 

Based on numerical modeling and an assessment of maximum water table rise and radius 

of influence, the most suitable stratigraphic combination for artificial recharge is Ascott 

limestone overlain by Bassendean sand, and the least suitable is Gnangara sand overlain 

by Bassendean sand. Before any definite conclusions can be made, further investigation 

into the real behaviour and permissible injection rates into Guildford clay needs to be 

conducted through either laboratory or field testing. As the stratigraphic combination of 

Bassendean sand overlying Gnangara sand may in reality be more feasible than the 

combinations containing a Guildford clay layer, due to the low hydraulic conductivity 

and absorption properties of Guildford clay.  

 

Artificial recharge into formations above the Kardinya shale member is recommended. 

Numerical modeling showed that leakage into underlying Kardinya shale formation has a 

negligible impact on the feasibility of the various stratigraphic combinations to artificial 

recharge. Kardinya shale has an extremely low hydraulic conductivity; therefore it is 

more favourable for injected water to flow through overlying stratigraphic formations. 

Although Kardinya shale is the dominant formation underlying the Bassendean sand 

region leakage into the Mirrabooka and Leederville formations can occur. These 

formations have different hydraulic conductivities than the Kardinya shale. As such 

numerical modeling of leakage into these formations should be conducted in the future. 

 

The vertical location of a single point injection well has a significant impact on the 

maximum water table rise in the stratigraphic combinations. This can be attributed to an 

inverse relationship between maximum water table rise and the hydraulic conductivity of 
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the layer into which injection is made. Greater water table rises are most likely to occur in 

the dominant stratigraphic combinations in the Bassendean sand region when the 

injection well is located in the lowest stratigraphic layer. Further numerical modeling 

could be conducted on placing the injection well at varying heights within stratigaphic 

layers and in the centre layer in three layer combinations, as the injection well was only 

placed at the base of the lowest layer and directly below the height of the initial water 

table in this study. Numerical modeling into the effects of horizontal well placement 

could also be investigated, because horizontal placement is likely to have an impact on 

the shape of the rise of the water table. 

 

Well placement and well type have negligible impacts on the radius of influence in 

different stratigraphic combinations. This is because stratigraphic layers were assumed to 

be homogenous in the horizontal plane. In reality lithology within stratigraphic layers 

varies significantly, which could possibly have an effect on radius of influence, 

maximum water table rise and the shape of the rise of the water table. Therefore further 

modeling needs to be undertaken to determine the effects of horizontal and vertical 

heterogeneity within the stratigraphic layers. A possible variance in the lithology in the 

Bassendean sand is the presence of ‘coffee rock’ (a limonite cemented sand) which may 

cause ponding within Bassendean sand stratigraphic layers. 

 

The stratigraphic combinations were found to be sensitive to hydraulic conductivity and 

stratigraphic layer thickness. This supports the need for further modeling directed toward 

investigating the effects of varying horizontal and vertical heterogeneity in the 

stratigraphic layers and indicates that further modeling should be extended to 

investigating the effects of varying stratigraphic layer thickness in the horizontal plane. 

 

A major limitation in the numerical modeling of the stratigraphic combinations was that 

only saturated flow could be simulated. Restricting the location of the injection well to 

below the height of the initial water table. Injecting water into the unsaturated zone may 

prove to more feasible due to the location of the well being closer to the land surface. 
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Therefore modeling of injection into the unsaturated zone should be undertaken to 

determine the effects of stratigraphy on flow in the unsaturated zone. 

 

This study was preliminary in that the responsiveness of stratigraphy to artificial recharge 

through well injection was only investigated through generalized numerical modeling. 

Further work should be directed toward identifying areas where wetlands exist in the 

proximity of the most feasible stratigraphic combinations. Field investigations should 

then be conducted to develop site specific models which include variations in water table, 

topography, layer thickness and lithology, as a first step towards identifying a suitable 

location for artificial recharge for wetland sustainability through well injection. 

Investigations into a possible source of water and water quality issues should also be 

conducted. 

 

A major limitation in this study was the lack of reliable geological data on the 

Bassendean sand stratigraphic unit. While the geology and hydrogeology of the larger 

stratigraphic units within the superficial formations (late tertiary and quaternary 

formations) are well researched there is little information available on the varying 

statigraphy within the larger units. This information is not only important for this and 

similar studies, but for effective management of ground water resources. Knowledge of 

the geology within each superficial formation is crucial given the threat of climate change 

on the Perth basin. If the pressure on ground water resources is growing a thorough 

understanding of the geology and hydrogeology is needed to asses and mitigate against 

the impacts of increased extraction. It is recommended that extensive field research be 

undertaken to increase the knowledge base on the varying stratigraphy within the larger 

stratigraphic units (Safety bay sand, Guildford clay, Bassendean sand, and Tamala 

limestone) of the Superficial formations. 
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