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EXECUTIVE SUMMARY

This report presents the numerical modelling conducted by Coffey Geosciences Pty Ltd/Water Studies Pty 
Ltd for the Hydrogeological Studies for the Examination of Soil Salinity across Tasmania.  Three study areas 
were incorporated within this investigation, located in central, north-eastern and southern Tasmania 
(Tunbridge, Waterhouse and Coal River respectively).

Prior to the commencement of groundwater modelling a broad field program was conducted across each 
project site involving the installation of numerous groundwater monitoring wells and a series of 
hydrogeological tests.  The field testing included:

 groundwater level monitoring;
 groundwater sampling and associated analyses;
 permeability testing (falling-head and rising-head tests);
 infiltration testing; and,
 land-use mapping.

Data collated during the field program was augmented with information gathered from previous 
investigations to develop the various characteristics of the groundwater model (model domain, modelling 
parameters).

The specific groundwater modelling activities undertaken to support the general objectives of the project 
included unsaturated and saturated zone modelling.  Unsaturated zone modelling was carried out using 
HYDRUS-1D modelling software while saturated zone modelling, including flow and solute transport 
modelling, was performed using MODFLOW and MT3D96 respectively.

Unsaturated zone modelling was used to investigate the rate of groundwater recharge and associated 
vertical saline movement in all three project sites.  The simulations carried out as part of this component of 
modelling was based on a 20 year duration and indicated a gradual decrease in TDS with time for each site.
Sensitivity trials conducted on each unsaturated zone simulation revealed that TDS concentrations are 
dependant upon vadose zone thickness with increased thickness resulting in a longer residence time and 
hence a higher TDS concentration.

MODFLOW models were developed for each site to simulate groundwater flow.  Associated solute 
transport modelling, based on transient simulations over a 20 year duration, predicted changes in 
groundwater TDS concentrations relative to time.  The model simulations indicate the pattern of salt 
transport is highly influenced by the direction and magnitude of groundwater flow, with the modelling 
outputs demonstrating that TDS mobilisation is towards major groundwater discharge areas.  As a 
consequence, groundwater TDS concentrations may be expected to increase with time in these areas.
Generally, groundwater flow in each study area reflects the drainage pattern of surface topography.  Salt 
concentrations in rainfall and soil were assigned as the only salt source in the solute transport modelling.
Currently, no other sources of salt have been monitored in the environment that may be mobilised to the 
groundwater system.  As a result, a decrease in TDS concentration with time was observed in each study 
area, solely due to the TDS concentration in rainfall recharge being approximately one order of magnitude 
less than that of groundwater.

Sensitivity analyses undertaken to assess the reliability of the steady-state groundwater flow model indicate 
that conditions were most sensitive to variations in transmissivity, particularly for the Waterhouse study 
area.  Sensitivity trials conducted on the solute transport modelling identified little variation in the modelled 
transient output relative to changes in transmissivity and dispersivity.

The investigation presented in this report is considered to provide a preliminary basis for the prediction of 
saline impacts relative to the current groundwater regime.  The models developed during this investigation
create a solid basis for future hydrogeological studies in each project area.  Data collected from future 
studies may be utilised for further refinement of the simulated groundwater regime.  Moreover, these 
groundwater models provide a framework that can be extrapolated for conceptualising salinity accumulation, 
recession and movement for other areas featuring similar surface and subsurface characteristics.
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1 INTRODUCTION

Mineral Resources Tasmania (MRT), Department of Infrastructure, Energy and Resources in association 
with Department of Primary Industries Water and Environment (DPIWE) commissioned Coffey Geosciences 
Pty Ltd (Coffey) in association with Water Studies Pty Ltd to undertake the project “Hydrogeological Studies 
for the Examination of Soil Salinity” (Tender Number MRT 01/2001). This report describes the numerical 
modelling work component of this project which was carried out by Water Studies Pty Ltd for three study 
areas located in central, northeastern and southeastern Tasmania. (Tunbridge, Waterhouse and Coal River 
respectively). A location map showing the location of these sites is shown in Figure 1. The work included
numerical modelling of groundwater flow and salt transport for these three study sites.

The first study area of Tunbridge, comprises an area of approximately 50km2 and is located along the 
Midland Highway, approximately 80km north of Hobart. The township of Tunbridge located in the northwest 
of the study area is the closest regional center to the project site. Climate data for the Tunbridge study area 
was sourced from the Commonwealth Bureau of Meteorology, SILO Services (BOM-SILO) which provided 
an average annual rainfall, average annual pan evaporation, average minimum and maximum temperature of 
490mm (over the past 20 years), 957mm, 5.0o C and 15.4o C respectively. The second study area, 
Waterhouse, located along the north east coast comprises a catchment of approximately 92km2. The coastal 
township of Tomahawk is located to north of the study area. As was the case Tunbridge study area, climate 
data for the Waterhouse site was sourced from BOM-SILO services. The SILO interpolated records 
identified an average annual rainfall and pan evaporation of 680mm (over the past 20 years) and 1101mm 
respectively. The average temperature range interpolated for this area was between 9.0o C and 17.0o C. 

The third study area is located within the Coal River valley and encompasses an area of approximately 
80km2. The largest residential center within the study area is the township of Richmond located to the south 
of the site and approximately 20km to the northeast of Hobart. BOM-SILO services interpolation of the 
climate data for the Coal River area identified an average annual rainfall and pan evaporation of 530mm (over 
the past 20 years) and 945mm respectively. The average temperature range interpolated from this area was 
between 5.0o C and 15.0o C. 



WSDJ00185/1-B: Hydrogeological Studies for the Examination of Soil Salinity - 7th October 2002 2

2 OBJECTIVES

The overall objectives of the project can be summarised as follows:

 assessment of the hydrogeological setting for areas identified as being affected by soil and water 
salinity (by development of a conceptual hydrogeological model);

 assessment of the groundwater flow regime of the three case study sites, particularly areas where 
groundwater flow is restricted by changes in subsurface geology;

 examination of site geomorphology, particularly break in slopes which may result in saline seepage 
fronts;

 assessment of infiltration rates (recharge) to the groundwater system at each of the three case study 
sites; and,

 assessment of climatic effects on the groundwater system.

The specific groundwater modelling activities undertaken to support the general objectives given above, 
were as follows:

 Develop a 1D unsaturated zone model (HYDRUS-1D) for use where appropriate in the prediction of 
temporal recharge flux and salinity migration rates;

 Construct a numerical groundwater flow model (MODFLOW) for each study area using all available data 
to represent the conceptual hydrogeological model (aquifer geometry) and interpreted flow behaviour; 
and,

 Utilise the simulated groundwater flows generated in the MODFLOW model as a basis for simplified 
water quality modelling using MT3D96 to estimate the extent of salt mobilisation within the three study 
areas and the consequent concentration changes over time in selected bores.
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3 DATA SOURCES

The unsaturated flow, groundwater flow and solute transport models were developed using data derived 
from the following sources:

 Mean daily and monthly climatic data for Tunbridge, Waterhouse and Coal River including rainfall, 
minimum and maximum air temperatures and evaporation. (Commonwealth Bureau of Meteorology, 
SILO Services);

 Stream flow gauging data (Department of Primary Industries, Water and Environment);

 Representative chemical analyses of water samples from monitoring bores within the three study areas 
(MRT and Coffey);

 Soil texture analyses (%sand, %clay, %silt) up to a maximum of 3.5m below ground level from bore 
hole drilled in all three study areas (DPIWE & Coffey);

 Soil chemistry analyses for representative 0.25m and 0.50m soil intervals up to about 5.5m below 
ground level for all three study areas (DPIWE);

 20m digital elevation model (MRT);

 Spatial distribution mapping of current groundwater Total Dissolved Solids (TDS) concentrations; and,

 Previous hydrogeological and geological reports published technical papers and other background 
information related to conceptual hydrogeology, stratigraphy and geomorphology for each study area.
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4 NUMERICAL MODELLING SOFTWARE

4.1 UNSATURATED ZONE FLOW

HYDRUS-1D (Simunek et al, 1998) is a one-dimensional, finite-element, variably-saturated flow and solute 
transport model.  It can be used to simulate one-dimensional water flow and the movement of solutes in 
non-uniform soils. HYDRUS-1D uses the Richards equation for simulating variably-saturated flow and the 
advection-dispersion equations for solute transport. It also simulates water uptake by crop roots as well as 
non-linear, non-equilibrium reactions and first-order solute degradation reactions.  Although there are severe 
data restrictions that limit its use in this investigation, HYDRUS-1D has been applied to assist in the 
estimation of recharge in the three areas of interest to this study. To achieve this, the recharge output of 
HYDRUS-1D was compared to the recharge input indicated in the calibration trials for the MODFLOW 
models developed for each area.

4.2 GROUNDWATER FLOW

Selection of the modelling package and approach was subject to the following requirements for use in the 
study area models. These requirements included:

 the ability to simulate three dimensional flow in a complex and spatially distributed hydrogeological 
environment;

 an industry standard model;

 comprehensive and continued software support; and

 flexibility to allow easy revision as and when new data become available.

Given these specific requirements, an appropriate version of the United States Geological Survey package 
MODFLOW (McDonald & Harbaugh, 1988) was utilized, which is a modular three-dimensional finite-
difference groundwater model for the description and prediction of the behaviour of groundwater systems. 
A finite difference approach is adopted whereby a set of partial differential equations for water movement is 
replaced by a large matrix equation in which spatial and temporal differentials are replaced by discrete 
differences. Like most numerical models, MODFLOW can accommodate an almost unlimited degree of 
heterogeneity within the model domain. It is flexible with respect to accommodating modifications to data 
sets, which is important for future work carried out with any of the three models which may be indicated in 
response to further data acquisition or field testing in the area.

The MODFLOW package itself is a DOS-based program. For efficient use, it requires a front-end editing 
program to take full advantage of a graphical Windows environment to assist visualising the aquifer model 
under consideration. Processing Modflow/PM5 (Chiang and Kinzelbach, 1993) was used for this purpose in 
this study. 
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4.3 GROUNDWATER CONTAMINANT TRANSPORT 

The MT3D96 (Zheng, 1999) transport model has been used to calculate spatial and temporal TDS 
concentrations. The model is capable of simulating advective transport, hydrodynamic dispersion (including 
both mechanical dispersion and diffusion), mixing or dilution from fluid sources, and mathematically simple 
chemical reactions, including decay, linear and non-linear sorption represented by a retardation factor. It 
should be noted that the basic chemical reaction package included in MT3D96 is intended for single-species
interactions only. For this investigation, only advection and dispersion have been simulated in order to 
predict a conservative outcome for salt transport.

MT3D96 solves the advection-dispersion transport equation using the groundwater flows computed by 
MODFLOW for each given time step as input. Each stage (i.e. MODFLOW and then MT3D96) is run 
independently. In MT3D96, advection and dispersion parameters are applied along with the entered 
groundwater flows to predict for given initial conditions, the distribution of saline concentration at each time 
step of simulation.
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5 UNSATURATED ZONE MODELLING

5.1 MODEL APPROACH

The HYDRUS-1D model was used to investigate the rate of groundwater recharge and associated vertical 
saline movement at the Tunbridge, Waterhouse and Coal River sites. It should be noted, that this modelling 
approach is considered to be highly approximate in the context of the three areas for quantifying the 
temporal water flux and salt migration through the unsaturated zone to the underlying water table. This is 
because of the restricted data availability, which limited the reliability of the calibration. As further data 
becomes available, so it will be possible to increase the level of reliance on the model.

In this work, rainfall and evapotranspiration losses for the study area were considered externally to the 
MODFLOW model. The quarterly recharge and solute concentration figures were created for the 
MODFLOW model in a series of separate simulations using HYDRUS-1D configured to produce recharge 
time series as a function of rainfall, approximate soil physical properties, and a feasible and representative 
potential evapotranspiration rate. The strategy was to provide recharge time series as a boundary condition 
to the MODFLOW model that were not necessarily accurate, but were likely to exhibit reasonable similarity 
with recharge in the field in relation to unsaturated soil-water flow and associated time lags and peak flow 
attenuations.

The modelling approach adopted was similar for the three study areas. The thicknesses specified for the 
model layers were accommodated to make best use of distribution of roots, chemistry of soil and moisture 
content of the soil profile. Minimum and maximum thicknesses of the non-uniform model layers considered 
0.0025m and 0.05m respectively. 

Given the paucity of data for parameterisation of the HYDRUS-1D model and the absence of suitable 
calibration data, a maximum simulation period of 20 years was considered. The initial pressure heads were 
set to those calculated at the end of a preliminary 20 year HYDRUS-1D simulation.

It is important to note that the available soil physical data is very similar for each study area. Soil sampling 
did not extend to the entire model domain and as a consequence, limited soil chemistry data are available 
for all three study areas. In the absence of any other information, the parameters measured at specific 
horizons (which typically were at 25% or less of the depth of the unsaturated zone) have been applied over 
the entire extent of the vadose zone and a single representative recharge zone was adopted for each of the 
separate study areas. 

The modelling of vertical saline movement through the vadose zone was also limited because at this stage 
there is no evidence to confirm or deny the presence of salt sources within the environment other than 
rainfall, for all three sites. For the purposes of the exercise, which should be regarded as a pilot study with 
respect to the use of HYDRUS-1D, it is assumed that rainfall is the only salt source. It should be noted that if 
the presence of other sources is confirmed in future, the model is sufficiently flexible to allow these sources 
to be included as instantaneous or transient inputs to the system as required.

For both Tunbridge and Waterhouse the thickness of the unsaturated soil profile was estimated to be 
approximately 5m. According to available topographic and water table data for the Coal River area, the 
unsaturated thickness was of the order of 4m. 

Future studies may attempt to define the parameters given below more accurately, and may also consider in 
detail the sensitivity of recharge and salt concentration to rooting depth and plant-water relations, all of 
which are outside the scope of this project.
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5.2 EVAPOTRANSPIRATION

Representative daily values for daily potential evapotranspiration (PET) were required for input to the 
unsaturated zone model, HYDRUS-1D. A potential evapotranspiration rate of between 1.3 x 10-3m/d and 2.4 
x 10-3m/d was adopted for the 20-year model simulation. The root distribution was considered to decrease 
linearly from the surface to a depth of 1.0m below ground level.

The evapotranspiration rate of plants varies with different climatic conditions, soil type and plant species. 
However, the evapotranspiration rate of grass is generally within the range of 1.5 x 10-4m/d to 4.7 x 10-
3m/d (Thorn, 1995). As grass was the predominant vegetation species observed in the three study areas, 
this range was used for prescribing the evapotranspiration. 

The seasonal potential evapotranspiration (PET) rates for the three study areas are given Table 1 below.

Table 1:    Mean Daily Pet for Three Study Areas for Quarterly Stress Periods

5.3 BOUNDARY AND INITIAL CONDITIONS

Initial conditions for development of the unsaturated zone flow model were used based on available soil 
chemistry and rainfall data. Average TDS concentration of the rainfall was 32 mg/L. This value was regarded 
to be a reasonable initial condition. Soil chemistries were obtained from various soil samples located 
throughout the investigation areas. The salinity concentrations observed from these samples define the 
range of TDS for Tunbridge, Waterhouse and Coal River as 200mg/L to 900mg/L, 28mg/L to 200mg/L and 
60mg/L to 350mg/L respectively. Due to the lack of variation in salinity concentration within the soil profile 
of the Waterhouse and Coal River sites, the maximum values (200mg/L and 350mg/L respectively) were 
applied as the initial conditions. However, due to a relatively large range in TDS concentrations observed 
across the Tunbridge site a linear variation was applied to represent conditions through the soil profile.  The 
soil profile was divided into three intervals, 0-1m, 1-2m, and 2-5m below ground level.  The salinity concent-
ration applied to each interval was based on the maximum average concentration observed for that interval 
from samples collected across the investigation area. These concentrations were 903mg/L, 574mg/L and 
448mg/L for the intervals 0-1m, 1-2m and 2-5m respectively.   The measured daily rainfall for the whole
simulation period was used as a time variable boundary for the soil surface of the respective investigation 
areas. Estimated and seasonally adjusted potential evapotranspiration rate was also used as a top boundary 
condition. The bottom boundary condition was considered as free drainage for the three sites to simulate a 
more realistic scenario for the unsaturated zone model.

5.4 BULK DENSITY PROFILE

A constant bulk density value with depth was adopted throughout the soil profile at each study site. A bulk 
density of 1.3g/cm3 considered to be representative of these areas was assumed in each case.

Quarter Mean Daily PET
Tunbridge Area (m/d)

Mean Daily PET
 Waterhouse Area (m/d)

Mean Daily PET
Coal River Area (m/d)

1 2.4 x 10-3 2.4 x 10-3 2.2 x 10-3

2 2.4 x 10-3 2.2 x 10-3 1.8 x 10-3

3 2.4 x 10-3 2.0 x 10-3 1.3 x 10-3

4 2.4 x 10-3 2.2 x 10-3 1.8 x 10-3
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5.5 WATER RETENTION AND UNSATURATED HYDRAULIC CONDUCTIVITY 

Brief details are given in this section for the purposes of completeness, on the treatment of water retention 
and unsaturated hydraulic conductivity functions in the unsaturated zone modelling component of the study.

A software package, Rosetta (USDA-ARS), was used to generate a representative soil property dataset for 
the entire topsoil profile. Rosetta incorporates algorithms that relate water retention relationships with 
texture analysis and bulk density to determine soil properties. 

Due to the absence of a comprehensive set of soil physical properties over the unsaturated zone at this 
stage, a calculated average soil property data set was used to represent the soil profile in the unsaturated 
zone modelling. 

The moisture retention curve (MRC) is a functional relationship between metric suction (usually ψ = 0 to ψ = 
-15000 cm) and the volumetric soil water content.  To represent the MRC the van Genuchten (1980) power
function relationship has been used during this study and is outlined below.

Van Genuchten (1980) states a power function for MRC as:

( )

m

n
rS

r

h1

1






α+

=
θ−θ
θ−θ

(Eq-1)

where θ is the soil water content, θS is saturated soil water content, θr is residual soil water content, h 
is the water suction value and α, n, m are empirical constants. This equation can then be used in 
conjunction with the pore-size distribution model by Mualem (1976) to yield the van Genuchten-
Mualem model (van Genuchten, 1980):
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where the moisture retention function can be stated in terms of an effective degree of saturation, Se:
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and Ks is the hydraulic conductivity at saturation. The parameter L (-) is an empirical pore tortuosity / 
connectivity parameter that is normally assumed to be 0.5 (Mualem, 1976). The calculated 
hydraulic soil properties for Tunbridge, Waterhouse and Coal River are given Table 2, 3 and 4 
respectively.

Table 2:   Estimated Soil Parameter Values for Unsaturated Zone of Tunbridge Area

Test
Location θr (-) θS (-) α (m-1) n Ks (m/d)

1 0.09 0.44 2.8 X 10-4 1.19 1.32 X 10-1

2 0.08 0.42 3.2 X 10-4 1.22 1.29 X 10-1

3 0.09 0.43 2.9 X 10-4 1.18 1.41 X 10-1

4 0.08 0.41 2.9 X 10-4 1.21 1.58 X 10-1

5 0.09 0.44 2.9 X 10-4 1.18 1.32 X 10-1

6 0.08 0.41 2.6 X 10-4 1.26 1.05 X 10-1

7 0.09 0.44 2.2 X 10-4 1.23 7.7 X 10-2

8 0.09 0.44 2.8 X 10-4 1.21 1.26 X 10-1

9 0.08 0.39 2.7 X 10-4 1.26 1.21 X 10-1
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Table 3:   Estimated Soil Parameter Values for Unsaturated Zone of Waterhouse Area

Test
Location

θr

(-)
θS

(-)
α

(m-1)
n Ks

(m/d)
1 0.06 0.37 2.7 X 10-4 1.60 5.5 X 10-1

2 0.06 0.37 2.9 X 10-4 3.22 6.7
3 0.06 0.37 3.0 X 10-4 1.40 2.9 X 10-1

4 0.06 0.37 3.0 X 10-4 2.85 4.8
5 0.06 0.37 3.1 X 10-4 3.04 5.7
6 0.06 0.37 3.1 X 10-4 2.47 3.4
7 0.06 0.37 2.9 X 10-4 2.55 3.4
8 0.06 0.37 2.7 X 10-4 2.03 1.5
9 0.08 0.43 1.6 X 10-4 1.37 5.3 X 10-2

10 0.05 0.37 3.3 X 10-4 3.10 5.9

Table 4:  Estimated Soil Parameter Values for Unsaturated Zone of Coal River Area

Test
Location

θr

(-)
θS

(-)
α

(m-1)
n Ks

(m/d)
1 0.07 0.39 2.6 X 10-4 1.27 1.07 X 10-1

2 0.07 0.40 2.1 X 10-4 1.34 8.77 X 10-2

3 0.05 0.38 3.3 X 10-4 1.42 3.85 X 10-1

4 0.05 0.37 3.1 X 10-4 1.57 5.89 X 10-1

5 0.08 0.39 2.7 X 10-4 1.25 1.26 X 10-1

6 0.07 0.39 2.6 X 10-4 1.31 1.21 X 10-1

7 0.05 0.38 3.5 X 10-4 1.62 7.77 X 10-1

8 0.05 0.39 3.3 X 10-4 1.44 4.13 X 10-1

9 0.07 0.38 2.7 X 10-4 1.28 1.28 X 10-1

10 0.09 0.43 2.7 X 10-4 1.23 1.19 X 10-1

11 0.08 0.40 2.6 X 10-4 1.27 1.07 X 10-1

12 0.07 0.39 2.6 X 10-4 1.31 1.29 X 10-1

13 0.05 0.38 2.8 X 10-4 1.37 2.47 X 10-1

14 0.06 0.38 2.9 X 10-4 1.36 2.18 X 10-1

15 0.09 0.46 2.5 X 10-4 1.19 1.29 X 10-1

16 0.07 0.37 2.8 X 10-4 1.50 3.91 X 10-1

17 0.07 0.38 2.7 X 10-4 1.31 1.43 X 10-1

18 0.07 0.39 2.7 X 10-4 1.29 1.17 X 10-1

19 0.07 0.39 2.7 X 10-4 1.29 1.25 X 10-1

20 0.09 0.45 1.5 X 10-4 1.33 7.87 X 10-2

21 0.07 0.38 2.7 X 10-4 1.28 1.28 X 10-1

22 0.07 0.38 2.7 X 10-4 1.30 1.42 X 10-1

5.6 PLANT UPTAKE PARAMETERS

An important capability of HYDRUS-1D is its ability to simulate the complete water budget of the 
unsaturated zone including water uptake by plant roots. Approximations were made as to the position and 
density of plant roots in the unsaturated zone and the biophysics of plant transpiration as a function of soil 
pressure levels. The model of Feddes (1987) was selected for simulating the water-stress response function 
for grass. A maximum root depth of 1m was used, with a vertical distribution corresponding to decrease 
linearly from ground surface to maximum depth (1m) of root distribution.

The range of available moisture required for uptake by plants was set 0.5m to 2.5m, while the value of the
soil pressure head above which root uptake ceases (i.e. wilting point) was set to 10m. In terms of salt 
uptake by grass, the total dissolved salts (TDS) tolerance was set to 0.00002g/cm3.
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5.7 SOLUTE TRANSPORT PARAMETERS

Fetter (1993) provided a relationship for dispersivity to length, which demonstrated a conservative estimate 
of dispersivity to path length of approximately 10%. Based on information provided in Jury et al. (1991) and 
Fetter (1994), a reasonable range of values would be within 0.04m to 0.1m for smaller scale sites. However, 
a longitudinal dispersivity of 1.0m was adopted, to produce a more conservative result. This is supported by 
Gelhar et al. (1992) who concluded that at a given scale, the values of longitudinal dispersivity can range 
over two orders of magnitude, based on a review of over 50 field scale tests. To ensure conservatism in the 
analysis, adsorption of electrical conductivity to soil minerals was not simulated, i.e. no binding of solute by 
soil minerals was considered.

Fetter (1993) states that the values for molecular diffusion are well known, and fall in the range 1x10-5cm2/s
to 2x10-5cm2/s. A value of 2x10-5cm2/s for the molecular diffusion coefficient of water at 25oC was adopted. It 
should be noted that in practice, molecular diffusion effects are often negligible due to the relative orders of 
magnitude of the parameters in the governing equations.

The initial solute concentration within the soil was based on TDS values measured in each of the three study 
areas, as discussed in section 5.3. 

5.8 RESULTS

The simulations carried out using HYDRUS-1D reflect the conceptual model of behaviour in the unsaturated 
zone, and indicate the expected gradual decrease in TDS concentrations with time at each of the three 
study areas.  In the absence of data to the contrary, it is expected that concentrations are likely to be diluted 
over time by rainfall recharge.

Sharp changes in concentration of TDS in soil profile are encountered at depths  below the applied rooting 
depth of 1.0m after 1-year simulation period in each of the three study areas. It is likely in this situation that 
higher water absorption in the root zone results in an increase in local salt concentration.

The low saline concentration in rainfall recharge results in continuous dilution of concentration at the base of 
the vadose zone. These reductions in concentration were simulated for lower vadose zones in the Tunbridge 
and Waterhouse areas, where there is a decline of about 100mg/L over 20 years.  A comparative decrease
in TDS concentration is about 300mg/L over the same period of simulation, was observed for the Coal River 
area.

A sensitivity analysis of the applied vadose zone thicknesses was carried out for the three study areas. 
Unsaturated zone thicknesses of 4, 5 and 6m were applied in the Tunbridge and Waterhouse areas and 
thicknesses of 3, 4, and 5m were applied in the Coal River area in sensitivity trials. As can be expected, the 
TDS concentration in the lower soil profile rises with increasing vadose zone thickness. The increase in 
depth of the vadose zone results in a longer residence time and hence a higher TDS concentrations than in 
the case of the shallower vadose zones. Results of these sensitivity analyses conducted for periods of 20 
years simulation are provided in Table 6. 

Plant TDS tolerance was set to a minimum value of 0.00002g/cm3 to obtain a conservative estimate of 
solute migration within the unsaturated zone. Sensitivity analyses were also carried out by increasing TDS 
tolerance by up to two orders of magnitude. However, it was observed that there was a negligible decline in 
solute concentration in the lower vadose zones even after 20 years period of simulation. 

A sensitivity analysis of the parameters α (measure of capillary fringe thickness) and n (pore size distribution) 
was not carried out. Such an analysis is beyond the scope of this exercise given that there are limitations in 
the available data.  However, in time and as more data become available, these parameters will contribute to
the refinement of the model. 
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Simulation results that include the mean predicted 5 yearly recharge, the TDS concentration, the proportion 
of annual rainfall as recharge and root uptakes are shown in Tables 7 – 9. The predicted TDS concentration 
profile with depth has been plotted for the representative times of 5, 10, 15 and 20 years for the three study 
areas and are presented in Figures 2, 3 and 4.

Table 5:   TDS Concentration of Bottom of the Soil Profile

Study Area
After 1 Year TDS 

Concentration
(mg/L)

After 20 Years TDS 
Concentration

(mg/L)

Change In TDS 
Concentration

(mg/L)

Applied Vadose 
Zone Depth (m)

Tunbridge 447 325 122 5

Waterhouse 170 61 109 5

Coal River 349 66 283 4

Table 6:   Results of Sensitivity Analysis TDS Concentration (mg/L)

Vadose Zone Depth 
Study Area

3m 4m 5m 6m

Tunbridge - 231 325* 389

Waterhouse -   57    61*   70

Coal River 54    66*  91 -

*Concentration for final depth applied

Table 7:   Summary of Results Predicted Using Hydrus-1D for Tunbridge Study Area

Time
(Years)

 Recharge 
(% Annual 
Rainfall)

 Root Uptake 
(% Annual 
Rainfall)

Recharge
(m/d)

TDS Concentration 
(mg/L)

5 9.53 87.5 1.3 x 10-4 449

10 7.69 90.9 1.0 x 10-4 434

15 7.92 90.7 1.1 x 10-4 367

20 7.44 91.1 1.0 x 10-4 325
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Table 8: Summary Of Results Predicted Using Hydrus-1d For Waterhouse Study Area

Time
(Years)

 Recharge (% 
Annual
Rainfall)

 Root Uptake 
(% Annual 
Rainfall)

Recharge
(m/d)

TDS Concentration 
(mg/L)

5 8.9 90.0 1.7 x 10-4 149

10 12.1 91.4 2.3 x 10-4 78

15 11.0 92.1 2.1 x 10-4 63

20 9.2 92.6 1.7 x 10-4 61

Table 9: Summary of Results Predicted Using Hydrus-1D for Coal River Study Area

Time
(Years)

 Recharge 
(% Annual 
Rainfall)

Root Uptake 
(% Annual 
Rainfall)

Recharge
(m/d)

TDS Concentration 
(mg/L)

5 7.6 94.2 1.2 x 10-4 251

10 10.4 94.5 1.6 x 10-4 112

15 10.3 94.5 1.6 x 10-4 71

20 8.9 93.8 1.4 x 10-4 66
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6 GROUNDWATER FLOW MODELLING

6.1 INTRODUCTION

Groundwater flow models were developed for each of three sites. Due limitations within the current data 
sets for these areas, this modelling work should be regarded as preliminary in nature. However, as noted 
previously, the models used in this study used are sufficiently flexible as to allow revision to the calibrations 
in response to new information, arising from activities such as further field work or extended data sets.

6.2 CONCEPTUAL MODELS

6.2a Tunbridge

A conceptual model of Tunbridge area was prepared using geological and hydrogeological data from 
published reports and fieldwork. Aquifers in the study area consist of alluvial deposits bounded by 
outcropping dolerite to the South and the Blackman River to the North (refer Figure 5). The alluvial deposits 
create a shallow, mainly unconfined aquifer, underlain by a fresh rock basement. The prevailing groundwater 
flow direction is generally northwards towards the Blackman River. However, as can be expected some 
localised drainage patterns exist in the vicinity of lakes and saltpans. It is assumed that the main recharge 
mechanism is rainfall, although it is expected that a component of recharge comes from outside the 
modelled area in the form of lateral recharge and as seepage from underlying basement formations. 

Quantifying the extent of this recharge component is beyond the scope of this study. The regional 
distribution of aquifer parameters is not well understood at this stage. For this reason, the calibration 
process resorted to estimates made on the basis of published aquifer parameter values. 

The range of transmissivity values typical of the geological formations in this area were assumed to be in 
the vicinity of 5-30m2/d, porosity values to be in the range of 15% to 45% and specific yields of up to 0.35. 
Collection of additional hydrogeological is needed to refine the conceptual model.

6.2b Waterhouse

The Waterhouse study area consists mainly of beach sand dominated units with minor alluvial sand units 
located adjacent to the Tomahawk River. This area is bounded by granite outcrops (refer Figure 6). The 
granite hills, which form the southern, eastern, and north-western boundaries of the region, rise from the 
alluvial plains to an altitude of approximately 100mAHD. Sheepwash Creek and the coastline form the south 
western and the northern boundaries of the model. Sand formations create a shallow, unconfined aquifer, 
underlain by impermeable granite rocks. The general groundwater flow directions are towards Tomahawk 
River, the coast and locally towards Sheepwash Creek, to the west of the study area. The main recharge 
mechanism to the groundwater regime is considered to be rainfall, while it is possible that surface runoff 
from surrounding granite slopes contributes to the recharge of the aquifer. However surface runoff was not 
modelled, as no reasonable estimations of this event was possible.

The permeability of the Tomahawk Formation that forms the eastern part of the model was assessed to be 
in the range of 0.4m/d to 20 m/d, with porosity values varying between 32% and 56% (Bowden, 1978). It is 
expected that typical transmissivities for the area may be up to 70m2/d.
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6.2c Coal River

The Coal River study area consists of Triassic, Jurassic, Tertiary and Quaternary formations. Consolidated, 
fractured sandstones, and dolerites represent the Triassic and Jurassic formations respectively. Tertiary 
sedimentary deposits are restricted to the estuaries of the Coal River while Tertiary basalts occur as flows 
and necks in various parts of the basin. Quaternary alluvial sand and gravel deposits occur in most valleys 
and around the shores of Pitt Water Bay (Leaman, D.E., 1971). A geology map of the Coal River site is 
presented in Figure 7.The topography of this study area is dominated by two major rock types: Jurassic 
dolerite and unconsolidated Mesozoic sediments. The dolerite forms high ridges and many individual hills, 
while the low lying areas to the south are underlain by the Tertiary sedimentary deposits.

Groundwater flow is toward the Coal River, which then subsequently flows into Pitt Water Bay. Subsidiary 
flow occurs adjacent to tributaries of the Coal River. Limited data are available for the hydrogeological 
parameters of rock occurring in the Coal River catchment. Representative hydraulic parameter values, from 
published studies have been assigned for the different rock types. The porosity values were assumed to be 
in the range of 15% to 45%and distributed transmissivities were estimated to lie between 2m2/d and 
40m2/d.

6.3 SPATIAL AND TEMPORAL DISCRETISATION

To simulate groundwater flow using MODFLOW, uniformly spaced, finite-difference model grids were 
constructed for each study area. The grid locations are shown in Figures 8, 9 and 10. The finite-difference
model grids were set up using AMG coordinates based on the Australian Geodetic Datum (AGD66).

The number of cells, cell size and number of active cells for the three models are presented in Table 10. 

Table 10:    Spatial Discretisation of Regional Models

Model Location Number of 
Rows

Number of 
Columns

Cell Sizes (m) Number of 
Active Cells

Tunbridge 80 69 100 x 100 4271

Waterhouse 71 101 200 x 200 2304

Coal River 151 61 100 x 100 6436

All models comprise a single layer, set to MODFLOW type ‘2’ confined/unconfined with user specified 
transmissivity. This allows specifying transmissivity values for each cell regardless layer thickness. 

Surface topography for the three model areas was based on the 20m digital elevation model (DEM). Depth 
to basement was interpolated from available borehole data. It is emphasised that the number and spatial 
distribution of boreholes was limited, resulting in considerable uncertainty in the depth to basement. For this 
reason, it was assumed for each catchment that the thickness at any location was not less than the 
minimum thickness determined from the available borehole logs for that aquifer.

The groundwater flow models were calibrated for steady-state conditions, using water level data derived 
from field investigation. The subsequent solute transport modelling was based on duration of 20 years. Total 
transient simulation time was divided into 80 stress periods with each stress period divided into 3 time 
steps of monthly duration.
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6.4 BOUNDARY CONDITIONS

Boundary conditions used in three models consisted of both internal and external boundaries. External 
boundaries included areas represented with either constant head cells or no-flow cells. Internal boundaries 
included drains and spatially distributed recharge.

Perennial rivers, lakes and the coastline were represented by constant head cells. The values of water 
elevation were taken from available topographic data. Inactive cells were placed in the areas of outcropping 
impermeable formations and outside modelled catchments. It was assumed that shallow, subsurface 
aquifers can be identified as having similar spatial distribution as surface catchments.

Drain cells were used to simulate intermittent streams and rivulets. When the hydraulic head in a drain-cell
is greater than the specified drain elevation, water flows into the drain and is removed from the 
groundwater model. The rate at which this process occurs, is controlled by a conductance term. This 
conductance term is a function of the length of the drain within a cell and a hydraulic conductivity term that 
accounts for head losses between the drain and the aquifer. The assigned conductance is dependant upon 
on characteristics of the aquifer and the drain itself. To allow water to flow freely from the system the 
conductance was set to a nominal value of 1000m2/d. The locations of the drain cells coincide with 
intermittent rivers, swamps and saltpans. The general elevation of drain cells was set to one meter below 
the surface elevation to account for riverbed (as well as swamps and saltpans bed) elevation lower than 
surface elevation.

For the Tunbridge model, the northern boundary was set as a MODFLOW ‘General Head Boundary’ (GHB). 
The use of a GHB allows the simulation of flow towards the Blackman River where it lies outside the model 
domain. Although the Blackman River is for the most part external to the model it is considered to have an
influence on the groundwater dynamics. This GHB package requires two basic parameters to be specified: 
the water table elevation at the hydraulic boundary (Blackman River) and ‘GHB conductance’. The 
conductance term is a function of the distance to the hydraulic boundary and hydraulic conductivity over that 
distance. These values were adjusted during calibration process. The final values varied between 4 and 8 
m2/d. Water table elevation at the boundary was calculated from topographic data. Spatial distributions of 
boundary conditions are presented on Figures 11, 12 and 13.

6.5 RECHARGE

According to available data, soil parameters, land use and vegetation over the entire area of the respective 
models were assumed to be uniform. As a consequence, no explicit spatial differences in groundwater 
recharge were assumed and uniform recharge values were applied. Steady-state recharge values were 
guided by the unsaturated zone modelling results for the same catchments. The values of adopted recharge 
are presented in Table 11.

Table 11:    Adopted Steady-State Recharge Values for Three Study Area

Location Rainfall
(mm/yr)

Recharge
(mm/yr)

% of Annual 
Rainfall

Tunbridge 490 37 7.6

Waterhouse 680 69 10.2

Coal River 530 57 10.8

Transient recharge values for following solute transport modelling were adopted from unsaturated zone 
modelling outputs for respective study areas.
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Locations of available stream gauging stations outside the modelled catchments and lack of current gauging 
data (Tables 12-14) prevented calibration against streamflow. However, the data collected were used for the 
preliminary assessment of groundwater recharge values and for validation of unsaturated zone modelling 
outputs.

Table 12:    Stream Gauging Data from Tunbridge Area

Gauging
Station ID Location Period of Measurements

18312 Macquarie River d/s Elizabeth River Junction 1989 – Present

18217 Macquarie River at Trefusis 1979 – Present
(Missing 2001 – 2002)

Table 13:    Stream Gauging Data from Waterhouse Area

Gauging
Station ID Location Period Of Measurements

19202 Tomahawk River at Tidal Limit 1968 – 1990

19209 Boobyalla River u/s Campbell Creek 1981 - 1989

Table 14:    Stream Gauging Data from Coal River Area

Gauging
Station ID Location Period Of Measurements

3201 Coal River at Craigbourne Road 1961 - 1981

3203 Coal River at Baden 1971 – Present (Missing 1992, 1998, 2000, 
2001, 2002)

3206 Coal River d/s Craigbourne Dam 1986 - Present
(Missing 1992, 1993, 1997, 1998, 2001, 2002)

3208 Coal River at Richmond
1995 – Present

(Missing 1997, 2001, 2002)

6.6 AQUIFER PROPERTIES

The approach for assigning aquifer parameters that pertain to groundwater flow and solute transport was to 
use the simplest distribution that would result in adequate representation of the flow system. Initial values 
of the hydraulic properties for each layer were determined from typical regional values, results of similar 
investigations, and from field measurements. Prior to model calibration, lower and upper acceptable bounds
for these values were determined based on values from available data and published values from literature. 
The initially applied parameters were then refined within accepted bounds during the calibration process.

Due to the uncertainty of the depth to the base of the aquifer and therefore the aquifer thickness, a 
transmissivity term was employed in each model. The use of transmissivity accounts for variations in aquifer 
thickness and aquifer permeability.
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6.7 INITIAL CONDITIONS

To facilitate a steady state simulation, model parameters included water level elevation at constant head 
cells and general head boundary cells need to be specified. These values were assigned based on available 
topographic data. For each model, initial water level was assigned to each cell centre by the interpolation of 
water level data. 

6.8 FLOW MODEL CALIBRATION

6.8a Steady State Calibration

All three models were calibrated for steady-state conditions. The lack of long-term observations precluded 
the possibility of a transient calibration. The models were calibrated against piezometric water level data 
obtained from field measurements. Steady-state calibrations for the groundwater models were achieved by 
varying the transmissivity until a simulated steady-state head distribution comparable to measured heads 
was reached. Parameter estimation software, PEST (Doherty et al, 1994), was used in this process.

The calibrated steady-state head distributions were assigned as the initial water level for the solute transport 
modelling exercises that followed for each area.

The values for the steady-state calibration of heads at selected monitoring bores as well as comparison 
between calibrated and observed heads in the respective model domains are presented in Tables 15 to 17 
and Figures 14 to 16. Calibrated values of transmissivity and their spatial distribution are given on Figures 17 
to19. Calibrated steady state head distribution of the study areas are shown in Figures 20 to 22.

The model produces summary water balances, which are important for determining the computational 
accuracy and integrity of the model with respect to known flow components in the aquifer under 
consideration. As stated previously, there are limitations in surface flow data for the area. However, as and 
when further monitored data become available for the area, relevant components of the water budgets can 
be used in comparison to refine the model. For example, drain cells were used to simulate intermittent 
streams and rivulets. Any augmentation in future to records related to streams and rivulets will be valuable 
in comparisons with the “Drains” component of the summary. The model will also be able to produce more 
specific flow output for comparisons with monitored records as required. Tables 18 to 20 present the water 
budgets for steady-state conditions for each of the aquifers under consideration. 

Table 15:    Calibrated Groundwater Head Residuals for Boreholes (Tunbridge)

Borehole ID Calculated Head
(mAHD)

Observed Head
(mAHD)

Residuals
(m)

TMB07 211.02 209.30 1.72

TMB09 208.88 209.52 -0.63

TMB10 219.79 218.35 1.44

TMB11 205.51 205.13 0.38

TMB15 208.87 207.36 1.51

TMB16 213.20 214.79 -1.58

TMB17 211.21 211.95 -0.73

TMB18 206.83 206.5 0.33

TMB19 206.78 205.35 1.43

TMB20 206.19 206.24 -0.04

TMB21 204.69 203.11 1.58
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Table 16:    Calibrated Groundwater Head Residuals for Boreholes (Waterhouse)

Borehole ID Calculated Head
(mAHD)

Observed Head
(mAHD)

Residuals
(m)

WHMB02 1.40 1.84 -0.44

WHMB03 4.90 4.89 0.01

WHMB04 0.71 -1.12 1.83

WHMB06 9.28 9.29 -0.01

WHMB07 7.68 8.02 -0.34

WHMB08 1.31 -0.21 1.53

WHMB09 5.49 4.49 1.00

WHMB10 1.75 -0.30 2.05

WHMB12 7.12 5.36 1.75

WHMB13 11.17 9.76 1.41

WHMB15 13.95 16.72 -2.77

WHMB19 11.42 12.51 -1.08

WHMB20 10.49 10.60 -0.11

WHMB22 21.02 22.82 -1.79

WHMB24 13.57 11.40 2.17

WHMB25 14.16 16.13 -1.96

WHMB26 14.27 16.38 -2.11

Table 17:    Calibrated Groundwater Head Residuals for Boreholes (Coal River)

Borehole ID Calculated Head
(mAHD)

Observed Head
(mAHD)

Residuals
(m)

CRMB02 46.22 48.40 -2.19

CRMB03 46.96 47.40 -0.45

CRMB05 62.27 64.15 -1.88

CRMB06 37.12 38.77 -1.66

CRMB09 30.91 30.34 0.56

CRMB10 38.55 38.74 -0.19

CRMB11 30.15 30.62 -0.47

CRMB13 38.89 41.04 -2.15

CRMB14 21.56 21.90 -0.35

CRMB16 18.54 19.78 -1.24

CRMB17 28.98 28.86 0.12

CRMB21 61.94 64.22 -2.29

CRMB24 22.45 23.36 -0.92
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Table 18:    Water Budget for Calibrated Conditions (Tunbridge)

Flow Budget Term Inflow (m3/d) Outflow (m3/d)

Constant Head 61.5 651.6

Recharge 4208.0 0.0

GHB 0.5 272.0

Drains 0.0 3346.4

Total 4270.0 4270.0

Table 19:    Water Budget for Calibrated Conditions (Waterhouse)

Flow Budget Term Inflow (m3/d) Outflow (m3/d)

Constant Head 551.1 11365.2

Recharge 16461.3 0.0

Drains 0.0 5647.5

Total 17012.4 17012.7

Table 20:    Water Budget for Calibrated Conditions (Coal River)

Flow Budget Term Inflow (m3/d) Outflow (m3/d)

Constant Head 249.9 4681.8

Recharge 9709.3 0.0

Drains 0.0 5277.5

Total 9959.2 9959.3

6.8b Sensitivity Analysis

A sensitivity analysis was undertaken in order to assess the reliability of the steady-state model in response 
to variations in entered parameter distributions. The analysis, which was conducted with respect to 
transmissivity, since the model calibration was for steady-state conditions, is carried out whereby values are 
varied over a reasonable range that would be representative of field conditions and then applied in trials to 
determine the impact of the variation in transmissivity distribution on the prediction of head across the 
aquifer.

In each of the study areas, transmissivities were decreased by 50% and increased by 200% in sensitivity 
analyses. The associated changes in predicted head are presented on Figures 14 to 16. The observed values 
are plotted against corresponding simulation values in a linear plot. For exact agreement between calculated 
and observed values, all points would lie on a 45O line. 

The agreement between calculated and observed values will vary according to transmissivity distribution.
The area within the red lines represents the possible variation in hydraulic head corresponding to changes in 
transmissivity within the range given above.
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In general, the narrower the area, the smaller the change in modelled head and hence the less sensitive the 
model is to transmissivity. Results indicate that WHMB22 and WHMB13 in Waterhouse area are most 
sensitive to change in transmissivity. Hence, these regions might be characterized as the most uncertain 
with respect to transmissivity. Additional investigation is recommended to increase the reliability of the 
model and improve understandings of the hydrogeological conditions in the Waterhouse area.
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7 CONTAMINANT TRANSPORT MODELLING

The MT3D96 software was used to simulate temporal changes in the distribution of total dissolved solids
(TDS) concentration as a result of salt mobilisation in the three sites over a 20-year duration. Chemical 
biodegradation and sorption reactions have not been considered, assuming conservative ion migration. 
Geochemical modelling was not included in the current study due to short record and limited spatial 
distribution of the monitored geochemical data. 

7.1 INITIAL CONDITIONS AND BOUNDARY CONDITIONS

Initial conditions for solute transport modelling included specifying initial TDS concentration in groundwater, 
as determined from analysis of groundwater samples. This data was extrapolated over the modelled area 
(Figures 23 to 25). Notably, the availability of spatially distributed TDS analytical data was limited. In the 
constant head cells placed along the coastline for the Waterhouse and along Pitt Water Bay for the Coal 
River study area, constant concentration of 35 000 mg/L was maintained during simulation process.

The active area of the MODFLOW model domain was maintained for the MT3D96 simulations. Variations in 
TDS concentrations with time for recharge to the groundwater systems were determined from unsaturated 
zone modelling. On the basis of available data, TDS concentration in recharge was assumed to be the only 
source of salt during the process of solute transport modelling. 

7.2 TRANSPORT PARAMETERS AND AQUIFER PROPERTIES

7.2a Advection

The process of solute advection was simulated using the method of characteristics (MOC) solution scheme 
together with particle tracking algorithm (the first-order Euler algorithm). This involved a set of moving 
particles distributed in the flow field at the beginning of the simulation being tracked forward through the 
flow field using small time increments. At the end of each time increment, the average concentration in a 
cell is evaluated from the concentration of particles located within a cell. A moving particle in groundwater 
flow system changes velocity as it moves due to spatial variation in velocity and temporal variations during 
transient flow. During a flow time step, advection is determined from velocities computed at the end of the 
flow time step. 

7.2b Dispersion

Dispersivity is the degree of kinematic dispersion in the porous medium. Horizontal transverse dispersivity 
can be approximated to one order of magnitude smaller than longitudinal dispersivity, while vertical 
transverse dispersivity can be taken as up to two orders of magnitude smaller (Zheng and Bennet, 1995). 
Longitudinal dispersivity values for all of three areas may be of the order of 10m, based on the following 
references (longitudinal dispersivity values shown in brackets):

 Fried, J. J., 1975.  Groundwater Pollution, New York: Elsevier. (0.1m to 12.0m - alluvium; 15.0m -

sand, gravel and clay lenses).
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 Robson, S. G., 1974.  Feasibility of digital waste quality modelling illustrated by application at Barstow, 
California, USGS Water Resources Investigations, pp. 46-73. (Average: 15.2m - alluvium).

 Roberts, P. V., M. Reinhard, G. D. Hopkins, and R. S. Summers, 1981.  Advection-dispersion-sorption
models for simulating the transport of organic contaminants.  Paper presented at International 
conference on Ground Water Quality Research. (2.0m to 11.0m - sand, gravel and silt).

 Rajaram, H., and L. W. Gelhar, 1991.  Three-dimensional spatial moments analysis of the Borden tracer 
test.  Water Resources Res. 27(6). 1239-1251. (Average: 7.5m - sand and gravel)

Thus with ratio of 1:10 assumed for both the horizontal transverse dispersivity to longitudinal dispersivity 
and vertical transverse dispersivity to longitudinal dispersivity, the following dispersivities were applied in 
the MT3D96 model:

 longitudinal dispersivity = 10.0m
 horizontal transverse dispersivity = 1.0m
 vertical transverse dispersivity = 1.0m

In the absence of site-specific data, no variations in dispersivity were considered in any of the three models, 
and so the values listed were applied uniformly across these areas.

7.2c Aquifer Properties

Additional aquifer parameters required for transient solute transport models included storage parameters 
and porosity. Without data from respective study sites, the following values were adopted:

 specific storage - 0.0001
 specific yield – 0.35
 porosity - 0.35 

These figures are considered to be representative of the aquifers in the study area and are based on 
published data (Morris, D.A., and A.I. Johnson, 1967, Anderson M.P., Woessner W.W., 1992).

7.3 RESULTS

Solute transport modelling was carried out to predict changes in groundwater TDS concentrations over time. 
TDS concentration breakthrough curves for the 20 year simulation were predicted for each bore used in the 
steady-state calibration. Results for selected bores are given in Figures 26 to 28.  Distributions of 
concentration at 1, 5, 10, 15 and 20 years of simulation are presented in Figures 29 to 43. 

Salt concentration in rainfall and soil was taken into account as the only salt source in the solute transport 
modelling. Currently, there are no other sources of salt that have been monitored and which may mobilise 
eventually to the groundwater system. Thus, the modelled decrease in TDS with time is solely due to the 
TDS concentration in recharge being approximately one order of magnitude less than that of the 
groundwater. As a consequence there is a trend reflected in the simulation of salt removal from the system. 
It is important to note that if any future fieldwork or monitoring suggests a different trend, the question of 
the presence of other salt sources will require further investigation.

There is also the possibility of some degradation of surface water bodies resulting from TDS mobilisation 
towards major groundwater drainage areas such as rivers, lakes and wetlands. This becomes an important 
consideration where water flows into ‘stagnant’ water bodies such as swamps, lakes and saltpans where 
evaporation will result in increased salinity and possible salt deposition along the margins. 
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The pattern of salt transport is highly influenced by directions and rates of groundwater flow. The temporal 
variations of changes in TDS concentration is dependent on bore location and local hydrogeological 
conditions. The largest change over time to be noted in the predicted TDS concentrations was a decrease of 
approximately 1700mg/L, 2800mg/L and 2700mg/L within 20 years of simulation for Tunbridge, Waterhouse 
and Coal River respectively.

It is also possible to expect minor increases in TDS concentration in bores which are located on the main 
directions of groundwater flow. The highest noted increase was about 380mg/L within 20 years of 
simulation in Waterhouse study area. It must be noted however, that the general trend in TDS concentration 
based on available geochemical data is dominated by a removal of salt from these systems with a 
consequent decrease in TDS concentration.

7.4 SENSITIVITY ANALYSIS

Sensitivity analyses were performed to determine the effect of variations in aquifer parameters on modelled 
transient outputs. Parameters included in the analyses were transmissivity, storativity and dispersivity. 
These parameters were varied over the ranges presented in Table 21 below.

Table 21:    The Range of Parameters Values Varied During Sensitivity Runs

Parameter Calibrated Value Lower Bound Upper Bound

Transmissivity (m2/d) (Distributed values, 
Figures 17 to19)

200% increase 50% decrease

Specific Storage (m-1) 0.0001 0.00001 0.001

Specific Yield (-) 0.35 0.15 0.45

Longitudinal Dispersivity (m) 10 1 100

The sensitivity analyses generally resulted in only minor variations to the modelled concentration values for 
changes to the transmissivity and dispersivity. 

The modelled outputs were most sensitive to variations in specific yield. Note that specific storage plays a 
minor role because in each case the aquifer layer remains unconfined for much of the time. The changes in 
TDS concentrations in selected boreholes, according to variations in the parameters discussed previously 
are presented on Figures 44 to 52.
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8 CONCLUSIONS

 The models developed during this study create a solid basis for future hydrogeological study and allow 
for the refinement of the simulation of groundwater behaviour in these study areas as required in 
future.

 These models provide a framework that can be extrapolated for conceptualising salinity accumulation, 
recession and movement for other areas featuring similar surface and subsurface characteristics. 

 Groundwater flow models were developed for each site. Limited data regarding watertable dynamics 
and insufficient time scale observations prevented transient calibration. Consequently, steady state 
models were calibrated, which provide reasonable agreement against a range of observed values.

 Unsaturated zone modelling is important to estimating recharge to the saturated zone. Groundwater 
recharge via the vadose zone is predominantly controlled by layer thickness, the PET of local 
vegetation, the distribution of local vegetation and the soil physical properties. Better approximation of 
groundwater recharge will be achieved as the quality and availability of vadose zone data improves.

 Recharge and TDS concentration at the base of the vadose zone was obtained from the unsaturated 
zone modelling; with the results used as input for the saturated zone model. Obtained results for the 
three study areas after the simulation of 20 years are presented Table 22. 

Table 22:    Hydrus 1-D Predicted Recharge And TDS Concentration After 20 Years

Study Area Vadose Zone 
Depth (m)

Recharge (m/d) TDS
Concentration (mg/L)

Tunbridge 5 1.0 x 10-4 325

Waterhouse 5 1.7 x 10-4 61

Coal River 4 1.4 x 10-4 66

 Unsaturated zone modelling may be further refined by allocating different recharge zones within the 
study areas. The recharge zones should be determined according to thickness of the vadose zone, 
distribution of vegetation and soil property parameters. This differentiation may be possible when 
further data is acquired from future investigations.

 Sensitivity analyses for the unsaturated zone modelling were carried out by varying the thicknesses of 
the vadose zone for three study areas for the 20 years simulation time. These analyses indicated that 
TDS concentrations increase with increasing vadose zone depth.  The increase in the depth of the 
vadose zone results in a longer residence time and hence a higher TDS concentration than in the case 
of shallower vadose zone.

 The presence, location and distribution of salt sources other than rainfall to the system are unclear, 
although the modelling outputs indicate that it can be expected that there are additional sources 
present. This is because salt is being removed from the system while concentrations in groundwater 
are about one order of magnitude higher than the concentration in rainfall and soil. 
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 Solute transport within the unsaturated zone is further complicated by the presence of clay layers. 
Preferential flow paths, which can increase the rate of solute transport, are very common in clay layers 
in the vadose zone. The models used for vadose zone simulation in this study have not considered the 
potential for behaviour to be controlled by preferential flow path mechanisms. The presence and extent 
of clay layers within these areas will have to be characterised for this aspect of solute transport to be 
represented more accurately.

 Groundwater flow models for each of the study areas were developed based on the conceptual
hydrogeological models. The conceptual models were interpreted from data gathered during the field 
program and published hydrogeological and geological reports.

 Modelling of the saturated zone identified decreases in TDS concentration for each of the three study 
areas. These decreases amounted to 1700mg/L, 2800mg/L and 2700mg/L over the 20 years simulation 
for the Tunbridge, Waterhouse and Coal River investigation areas respectively.

 Sensitivity analyses for the saturated zone modelling indicated that the most sensitive parameters to 
the model outputs are the storage parameters (porosity and specific yield). The maximum variations in 
TDS concentration, relative to changes in storage parameters, are 1700mg/L, 1150mg/L and 850mg/L 
over the simulated 20 year period for Tunbridge, Waterhouse and Coal River respectively. 

 Outputs obtained from the saturated zone modelling indicate that TDS mobilisation is towards major 
groundwater discharge areas. As a consequence, TDS concentration could be expected to increase 
with time in these areas. This becomes an important consideration where water flows to ‘stagnant’ 
water bodies (swamps, lakes and saltpans) where evaporation will result in increased salinities and 
possible salt deposition.
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9 RECOMMENDATIONS

 Even though sensitivity analyses were conducted as a review to the calibration and to the 
transmissivity data sets applied, it must be recognised that the models are based on non-unique
solutions in terms of the entered hydrogeological parameters. Further fieldwork and data monitoring of 
hydrogeological parameters is recommended therefore, to increase the reliability of the flow and 
transport modelling.

 The geometry of the aquifers was found to be in error in some instances where they were based on
the given surface data and basement levels interpolated from borehole logs.  This is a particular 
problem given the shallow depths of the aquifers in question. Hence, any further information to emerge 
in future from geophysical methods or borehole logging would be extremely valuable for refining the 
groundwater flow model.

 It is recommended that further groundwater level and quality monitoring is carried out in each of the 
study areas to provide the additional data necessary to improve the reliability of the current saturated 
flow and transport models.

 Long term observations of piezometric water level and water chemistry would allow transient 
calibration that would greatly improve water quality predictions. Temporal variations in groundwater 
table elevation and TDS concentration would bring important information regarding groundwater 
system dynamic and could reveal additional trends of its changes. It would also, allow identification of 
areas vulnerable to salinity problems.

 Because the salinity investigation is related to a shallow aquifer, it is important to model the interaction 
of both surface and groundwater systems. Hence, collection of stream flow and surface water quality 
data is recommended.

 Little is known about the full extent of salt sources in the environment, although the indications are that 
other sources may be expected to be within these systems. Further monitoring and analysis will be 
required to address the question of the presence of other salt sources, based on changes in trend over 
time.

 To improve predictions of changes in TDS concentration with time, it is important to take into account 
mineral dissolution reactions in the system. Geochemical modelling along selected, representative flow 
paths based on current modelling work, is also recommended.

 Further site investigation should be undertaken at different periods to determine the spatial and 
temporal distribution of soil parameters and soil chemistry through the whole profile of the unsaturated 
zone.

 Increasing salt concentration in surface water bodies will lead to surface water quality and 
environmental biodegradation. Hence it is important to improve and implement extensive water quality 
monitoring.

 As indicated from sensitivity analysis, predicted TDS concentration is most sensitive to changes in 
storage parameters. Hence, further pumping tests to determine storage parameters in addition to 
transmissivity are recommended.

For and on behalf of

WATER STUDIES PTY LTD

DR EWAN WILSON

GENERAL MANAGER
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