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Abstract

Abstract
Understanding the role of groundwater in delivering nutrients to coastal waters is
becoming increasingly important to the development of management practices for these
environments. Estimates of nutrient flux from groundwater have rarely considered the
significance of in-situ removal of nutrients, despite many works showing that
subterranean transport of these contaminants may be anything but conservative. This
thesis examines the assumption of conservative transport of nitrate in a shallow aquifer at
Cockburn Sound, Western Australia, where ecosystem disturbance has the placed
groundwater input of nutrients, particularly nitrate, under renewed scrutiny. Field
observations demonstrated the aquifer experiences seasonal changes in salinity, and
nitrate concentrations are found to be considerably higher in shallow regions of the
aquifer. From these observations, a numerical model is calibrated to the observed
salinities of the mixing zone of fresh and saline waters, and the model yields predictions
of seasonally varying residence times for shallow groundwater. A review of the literature
on geochemical reactions capable of removing nitrate from the system produces
timescales for denitrification to remove the observed nitrate concentrations. The transport
timescales are found to be significantly greater than the reaction timescales, at all times
of the year, indicating geochemical reactions are indeed important and must be
considered in order to develop accurate estimates of nutrient fluxes from groundwater to
marine waters.
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Introduction

Introduction
The ecosystems of oligotrophic marine waters can be highly sensitive to inputs of
nutrients. Landward sources of nutrients to ocean waters include river runoff, waste
outfall and groundwater seepage. Management practices for coastal water bodies have
increasingly recognised the importance of groundwater inputs of nutrients to receiving
near-shore ecosystems.

The contribution of both the volume and nutrient flux of submarine groundwater
discharge (SGWD) is perhaps the most difficult to estimate. Difficulties arise due to the
manners in which nutrient inputs from this source must be estimated on a regional scale.
Direct measurement of fluxes of porewater and its contaminant concentration at the
seafloor is complicated by the high degree of spatiotemporal variation of discharge
locations (Loveless & Oldham, , in preparation - b). The use of geochemical tracers
and/or hydrological models can also lead to estimates of net groundwater discharge when
coupled to measurements of nutrient concentrations made along the groundwater flowpath.
At Cockburn Sound, Western Australia, initially successful management responses to
minimise environmentally degrading levels of nutrients became less successful due to an
apparent increase in the nutrient contribution of groundwater. A range of methods has
been used to characterise the groundwater discharge into the Sound, and measurements of
nitrate levels in the aquifer have been combined to estimate the magnitude of this input.
These analyses assume the conservative transport of nutrients from the inland
measurement point to the ocean, and are representative of other such studies carried out
around the world. However, biogeochemical processes such as denitrification are capable
of removing nitrate along this flow path. The degree to which such processes occur
depends on many factors, including geochemical properties and residence time.

The aim of this project is to test if the assumption that denitrification is an insignificant
consideration in the formation of nitrate flux estimates from the aquifer to Cockburn
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Sound waters, is sensitive to seasonal variation in nitrate residence time. Therefore, the
key objectives are to:
•

Form independent predictions of the seasonal variation in ground water residence
times

•

Form estimates of the timescales required for denitrification to remove nitrate
from the groundwater

•

Compare nitrate transport timescales with reaction timescales and so assess the
validity of the assumption of conservative transport for seasonal flows of nitrate.

Following this introduction is Chapter 1, which reviews literature on SGWD, factors
affecting nitrate fate and transport, studies carried out at the study site, and the computer
model used in this project. Chapter 2 details the site characteristics and methods used in
collecting field data and developing the model. The results of the field analyses and
model output are presented in Chapter 3. In the place of a discussion, Chapter 4 contains
a manuscript summarising the work done, results found, and includes a discussion of the
main findings. Thus, some repetition of material occurs at the beginning of Chapter 4. A
discussion of limitations composes Chapter 5, while Chapters 6 and 7 give a summary of
the recommendations for further work, and the conclusions of this project, respectively.
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1 Literature Review
1.1 Coastal SGWD
1.1.1 Background
Fresh groundwater, initially derived from precipitation, coming into hydraulic connection
with saline coastal waters, is a worldwide phenomenon. Where this occurs, higher density
ocean water may intrude beneath fresher, terrestrially-derived waters, in the form of a salt
‘wedge’ or ‘toe’. Fresh waters may continue to discharge to the bounding water-body, by
flowing seaward over the fresh-salt water interface.

Li et al. (1999b) detailed the confusion that has arisen in the classification of SGWD due
to some researchers including groundwater discharge due to tidal- and wave-forced
recirculation in their definition, and others only considering the net groundwater
discharge, as estimated from aquifer recharge. Li et al. (1999b) proposed a simple
conceptual model in which net discharge, and discharges caused by tidally driven
oscillation and wave setup are all components of total submarine groundwater discharge.
The same conceptualisation has been employed in this work. Submarine Groundwater
Discharge (SGWD) refers to the total out-flow from a coastal aquifer that is directly to
marine waters, and Net Groundwater Discharge (NGD) refers to fresh waters that leave
the aquifer, possibly via the mixing zone, and thus makes up a component of any waters
that leave the aquifer at salinities less than that of seawater. A conceptualisation of the
mechanisms affecting SGWD is shown in Figure 1.

Moore’s (1996) field investigation, based on tracking Radium enrichment in coastal
waters on the South Atlantic Bight, was one of the first studies to show that in some
catchments groundwater discharge could result in fluxes of water and chemicals to the
nearshore ocean of similar magnitude to streamflow.
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Figure 1 – Conceptualisation of the different mechanisms affecting SGWD
Adapted from Michael (2005). The depth of the Ghyben-Herzberg (Badon-Ghyben, 1888; Hertzberg, 1901)
fresh-salt water interface is 40 times the height of groundwater above mean sea level.

Until recently, the variations of seawater level resulting from tidal fluctuations or wave
setup have usually been neglected in regional groundwater flow studies due to the
difficulty of accounting for such variations. Tidal oscillations in unconfined aquifers are
damped near the shoreline (Nielsen, 1990). Even so, there is a quasi-steady state rise in
the mean water-table (Philip, 1973), capable of significantly affecting the local velocity
field in the vicinity of the exit face, “because the gradients generated by rising and
falling tides will be substantially larger than gradients and consequential velocity
components owing to variable density effects” (Ataie-Ashtiani et al., 2001). Li et al.
(1999b) found that the local flow processes of groundwater circulation and oscillating
flow, caused by wave setup and tide, may typically constitute up to 96% of submarine
groundwater discharge, compared with 4% due to the net groundwater discharge.

The effects of tides and waves on SGWD are strongly affected by beach slope, the
neglecting of which can lead to serious errors in predicting the water-table position and
groundwater flux if predictions are based on observed hydraulic head (Ataie-Ashtiani et
al., 2001). Similarly, mean water-table elevations have been observed further above mean
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sea level than is predicted by analytical solutions (Turner, 1998; Turner et al., 1996;
Nielsen, 1990).

Robinson et al. (1998) carried out a study of seasonal SGWD from the unconfined
Columbia Aquifer, using observations from seepage meters, potentiometric head
differentials between the sediment-water interface, and hydraulic gradient between beach
piezometers. Their estimates varied widely between methods, with seepage meters
suggesting considerably lower discharge compared to predictions made from hydraulic
head differentials and gradients. This study is one of the more thorough reported in the
literature, and highlights the difficulty of reconciling directly measured SGWD with the
estimates formed from hydrological properties in the aquifer.

Through a series of numerical simulations and field experiments involving seepage
meters and geochemical tracers, Michael et al. (2005) determined that at Waiquoit Bay,
Massachusetts, yearly recharge patterns were the dominant cause of changes to both salt
and fresh water discharge from a shallow aquifer. Tidal pumping, nearshore circulation
due to tides and waves and saline circulation driven by dispersive entrainment, and
subsequent brackish discharge, were all found to have negligible effects on the net saline
discharge over time periods bigger than a tidal cycle (Figure 1). Likewise, only seasonal
forcings were found to alter the salt-mass balance of the aquifer, since the elastic storage
contributes little water over the timescale of tides, and these perturbations were found to
be attenuated within 15m from the shore (Michael et al., 2005). They also observed a
seasonal lag between the winter recharge and the discharge of freshwater, due to the
encroachment of seawater in drier months which first needed to be ‘flushed’ out with the
onset of fresh flows.

1.1.2 SGWD of Nutrients
Studies have suggested the impacts of tides and waves on SGWD are significant.
However, according to many of these same works, the effects of tides and waves may not
have a long term effect on NGD and the discharge of nutrients. As part of the numerical
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investigation by Ataie-Ashtiani et al. (2003), the overheight in the water table and
changes in the groundwater velocity field were found to cause much variation in the
discharge of contaminants over a tidal cycle, but have no effect over long time periods.
The interferences of tides and waves as investigated by Li et al. (1999b) were not found
to change the total amount of land-derived chemical input to the ocean over a long
period. Their results suggested substantial increases in chemical fluxes to the ocean may
occur over shorter periods, such as a factor of 20 above average levels on a monthly
basis, should the fresh-salt water interface be allowed to encroach and then retreat over
similar periods of time. They recognised increases resulting from such movements of the
salt-toe may have important implications for the marine environment and hence for
coastal resources management (Li et al., 1999b).

Uchiyama et al. (2000) report that nitrate is the most common groundwater contaminant.
Its presence in groundwater systems is increasing, mainly due to growing anthropogenic
sources, particularly from leached surface-applied fertilizers. The solubility and stability
of the nitrate species allows it to be transported long distances without undergoing
significant changes, ignoring the effects of biological processes. Elevated levels of nitrate
can be conveyed to places where different biogeochemical conditions enables these
species to suddenly become available as nutrients and so upon discharge, promote surface
water eutrophication, or other bio hazards (Korom, 1992).

1.1.3 Estimation of SGWD Nutrient Discharge
Uchiyama et al. (2000) carried out a study of the nutrient inputs to Hasaki Beach in Japan
through measurements of the height and chemical constituents of groundwater. They
created a numerical model to represent the groundwater flow system based on observed
water table heights, and checked the accuracy of the model by comparison of the position
of the steady state (i.e. non variable boundary conditions) saltwater interface as simulated
to that predicted by an experimentally derived empirical expression (Uchiyama et al.,
2000) with and without tides. By then using the SGWD per unit width and nutrient
concentrations measured in the groundwater within one metre of the shoreline, they
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arrived at estimates of nutrient input to the Kashima Sea. It is not clear from their
published work if they coupled the monthly nutrient data from the five months over
which they collected nutrient and groundwater level data in order to form these estimates.
However, since data collection only took place for a five month period, the estimated
nutrient inputs via SGWD cannot be applied to a full year. Further, the accuracy of the
numerical model output is indeterminable since in calibrating it to only a five month
period of data, seasonal variation in the position of the salt-fresh water interface may
cause the steady-state assumptions applied to be invalid. Therefore, although their study
demonstrated the use of combining field data with numerical modelling in this
application, data collection based around only one part of the yearly cycle – that is so
important to shallow groundwater systems – limits the validity of their results.

Charette et al. (2001) calculated groundwater discharge to Waiquoit Bay using a radium
mass-balance approach, and coastal groundwater concentrations of DIN, combining both
measurements to produce estimates of nitrogen input to the bay. Similarly, through
estimations of groundwater discharge based on watertable observations, assumed soil
characteristics, and measurements of the concentration of several groundwater nutrients,
Ullman et al. (2003) make estimates of SGWD of nutrients to Delaware Estuary.

All of the above studies (Charette et al., 2001; Ullman et al., 2003; Uchiyama et al.,
2000) combined measurements of groundwater nutrient concentrations with various
techniques of predicting SGWD to make estimates of SGWD of nutrients. These studies
are some of the most comprehensive attempts to quantify SGWD of nutrients, yet none
couple a complete seasonal cycle of groundwater data with complimentary nutrient
measurements. This is perhaps surprising considering the seasonality of shallow
groundwater systems has been known since ancient times (Fegley, 2004), and seasonal
variation in nutrient levels has been reported since at least the early 1980s (Limmer &
Steele, 1982). No reports of studies were found that developed a yearly estimate of
groundwater nutrient inputs through coupling seasonally varying values of concentrations
with SGWD.
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1.2 Background to Cockburn Sound and BP Refinery SGWD
investigations
A particularly thorough study was recently carried out into the groundwater nutrient
discharge to Cockburn Sound. The study by Smith et al.(2003) used past measurements
and estimates of groundwater discharge and nutrient concentrations to compliment
further field measurements and modelling to provide a range for possible nutrient
discharge to the Sound. One of the past investigations complimenting the work by Smith
et al. was a SGWD inter-comparison investigation into the accuracy of different
measurement and modelling techniques. The investigation was one of four similar
inquiries conducted by the Scientific Committee on Oceanic Research Working Group
112 (“Magnitude of Submarine Groundwater Discharge and its Influence on Coastal
Oceanographic Processes”, SCOR WG112). Working Group 112 was established in 1997
to improve understanding of how SGWD influences marine chemical and biological
processes, and preceded the formation of Working Group 114 (“Transport and Reaction
in Permeable Marine Sediments”) by two years. It is perhaps unfortunate that both
working groups were not formed at the same time. Although the four inter-comparison
studies conducted by WG112 (Moore, 2003; Lambert & Burnett, 2003; Taniguchi et al.,
2003) provided insight into the applicability of different SGWD and NGD predictive
methods, as was their aim, there does not appear to have been similarly extensive
investigation into the effects of seasonality on such flows, or the constituents transported
by them. As discussed in earlier sections of this review, this limits subsequent studies
using such flux values (i.e. those groundwater fluxes that are seasonal but have only been
investigated over less than a year) in their abilities to draw conclusions on nutrient fluxes
due to considerations of biogeochemistry etc.

1.3 Biogeochemical processes affecting SGWD of nutrients
Two reviews, one by Korom (1992) and another by Slomp and Van Cappellen (2004),
together provide a comprehensive summary of the factors affecting the fate of nitrate in
the saturated zone. The Korom review focuses on the biogeochemical characteristics
affecting denitrification, and the studies into the rates at which this process may occur in
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a range of aquifers and laboratory systems. The review by Slomp and Van Cappellen
focuses on how nitrate and the processes that alter its concentration are affected by
various scenarios of subterranean fresh and sea waters and their mixing.

Korom (1992) explains the four possible processes that may interrupt the leaching of
nitrate. These are soil retention, assimilatory reduction into microbial biomass,
Dissimilatory Nitrate Reduction to Ammonium (DNRA) and denitrification. Only
denitrification may act as a major sink, with the other processes only temporarily
immobilising the nitrate species from groundwater systems (Korom, 1992).

Denitrification is the process of converting nitrate to nitrogen gas. This process is
facilitated by microbial action. The bacteria responsible for this process require particular
conditions in order to perform denitrification. Most known denitrifying bacteria are
heterotrophic and organotrophic. These definitions signify the bacteria use organic
carbon as both an electron acceptor in their pursuit of energy, and a source of cellular
carbon (Korom, 1992). Further, most are also facultative anaerobes, meaning they are
capable of survival with or without oxygen. After the most energy-liberating electrondonating species, oxygen, becomes limiting in the oxidising of organic carbon, facultative
anaerobes switch to the use of nitrate and oxygen as electron acceptors (Slomp & Van
Cappellen, 2004; Korom, 1992). Nitrate becomes increasingly unstable lower in the
aquifer, as it is thermodynamically unstable in the presence of manganese/iron or
sulphate. Denitrification in many aquifers is limited by a lack of electron-donors in the
form of available organic carbon and pyrite (Slomp & Van Cappellen, 2004). Under such
conditions, nitrate is transported conservatively. Further, some bacteria are capable of
denitrifying using reduced manganese, iron or sulphides. Therefore, regions more
suitable for denitrification are shallow, hypoxic (less than 1mg/L dissolved oxygen), and
may be nitrate or carbon limited.

Where hypoxic groundwater meets oxic seawater, nitrate discharge is affected
predominantly by the groundwater anoxia (Slomp & Van Cappellen, 2004). Anoxic
groundwater that is high in nitrate may discharge with little modification if the aquifer
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and mixing zone is carbon limited. In contrast, if organic matter decomposition is not
carbon limited, denitrification may occur to the extent that groundwater discharge
contains no nitrate, and ammonium (the product of DNRA) will be relatively abundant
(Slomp & Van Cappellen, 2004). These processes are similar, though more limited, for
cases of anoxic groundwater mixing with anoxic seawater.

Both Korom (1992) and Slomp and Van Cappellen (2004) find in their reviews that
denitrification is very sensitive to temperature, being lowest in colder groundwater. This
would suggest that along with the variation in the position of the salt-fresh water interface
and composition of these waters, the temperature of these waters – another seasonally
variable factor – should also be a significant consideration in the study of the stability of
nitrate in the saturated zone.

Many studies have been conducted to evaluate the rate at which denitrification takes
place, across a range of hydrogeological and chemical conditions. Most rates described in
the literature were found to be described in terms of zero order rate constants, which
typically use units of “mass nitrate-nitrogen per mass of dry sediment per time” such as
[µgN · kg-1 dry sediment · day-1] or “mass of nitrate-nitrogen per litre of water per time”
such as [µgN · L-1 · day-1]. Denitrification rates described by zero order kinetics are
independent of time and concentration. Under such denitrification rates, the time taken
(∆t) for an initial soil or water concentration of nitrate (C0) to decrease to a new level (C1)
may be found by dividing the difference in concentrations by the zero-order
denitrification rate constant (kzero) of the applicable units to the concentrations. This is
shown below in Equation 1.
∆t

=

C1 − C0
k zero

Equation 1

Some denitrification rates are found to more closely fit the behaviour of first-order
kinetics, which are dependent on the concentration present and thus change with time as
the limiting reactant (nitrate) is consumed. The rate of denitrification (δC/δt), the current
concentration of nitrate (C) and the first order rate constant (kfirst) in units of time-1 are
related as shown in Equation 2.
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∂C
= −k first ⋅ C
∂t

Equation 2

Equation 3 demonstrates how to evaluate a reaction timescale (∆t) between two
concentrations of nitrate C0 and C1, for denitrification rates described by first-order
kinetics.
∆t

=

− ln(C1 / C0 )
k first

Equation 3

Below in Table 1 is a summary of the findings of studies into denitrification that were
conducted in conditions similar to those found at the study site.

Table 1 – Denitrification rates reported for shallow sandy aquifers

Study /
Form
* Smith and
Duff, 1988 /
Lab
* Morris et al.,
1988 /
Lab

Soil
types

Temperature
(oC)

Initial
Concentration
of NO3-–N
(mg.L-1)

Depth
Below
Surface
(m)

Zero-Order
Rate of removal
(mg.N.L-1.day-1)

Sand and
gravel

22-25

0.49-15.7

1.5 27.1 **

0.0267 - 0.5474

Sand and
limestone

22

14

5 - 185

0.3204 ***

0.2403

0.12 - 0.2

* Smith et al.,
1991 /
Lab

Sand and
gravel

12

11

4.7
below
water
table

Van Beek & Van
Puffelen, 1987 /
Field

Coarse
sand with
shells

10

2.1

26

(Morris et al., 1988; Smith et al., 1991; Smith & Duff, 1988; Van Beek & Van Puffelen, 1987)

* In Korom (1992), a conversion of the rates from “per wet-sediment” to “per dry-sediment” were used on
the values of Smith and Duff (1988) and Smith et al. (1988). The values stated in this conversion (porosity
= 0.4, mass density of sandy sediments = 2.67g/cm3), were used to create a rate per litre of porewater. The
same conversion was used on the rate found by Morris et al. (1988).
** Smith and Duff (1988) reported the highest rates of denitrification in the shallowest 5m of their samples
*** Although the study of Morris et al. (1988) extended deep into the subsurface, the rate reported above is
indicative of rates found at 5-10m below the water table
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Zero order rate constants up to two magnitudes higher than those above have been found
in unconfined aquifer waters (Trudell et al., 1986). Toda et al. (2002) discovered rates up
to 4.4 mgN L-1 d-1 in an unconfined coastal aquifer with high nitrate levels, high DOC
and low DO, up to two metres below the water table. However, these studies have
typically derived such values from nitrate-injection-withdrawal experiments, which
ensure nitrate is in excess and therefore promote higher denitrification rates.

Schroth et al. (1998), estimated first order denitrification rate constants in shallow
groundwater (1.5m below water table) of a petroleum-contaminated silt and clay aquifer
with high levels of TOC (10-75mg/L). The rate constants were determined to be around
0.2 – 0.3 hr-1 in regions of the aquifer with DO concentrations less than 2mg.L-1. The site
examined by Schroth et al. shared many of the physio-chemical conditions observed at
the site investigated in the present work, although the aquifer soils were much finer
(Loveless & Oldham, in preparation -c). Thus, these estimates provide a useful upper
limit of denitrification rates.

1.4 Numerical Modelling
In order to understand the flow profile and develop estimates of fresh water discharge,
development of suitable models using analytical and numerical methods is required.

Early analytical approximations to the position of the interface, such as that derived by
Badon-Ghyben (1888) and Hertzberg (1901), assumed the absence of vertical gradients
and that the interface was non-diffuse. The main limitation of such assumptions was the
absence of a freshwater outlet. Since Glover’s (1959) sharp interface analytical solution
to the freshwater flow pattern region, analytical models have continued to improve
through their consideration of unsteady flow and a movable interface (Isaacs & Hunt,
1986; Hantush, 1968).

However, the analytical solutions to flow in this complex region with simple properties
and negligible dispersion across the interface, are typically limited in their applicability to
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steady-state conditions in aquifers. The reality is that transient conditions prevail
(Michael et al., 2005), and dispersion, particularly velocity-dependent dispersion (Frind,
1982), cannot be easily incorporated into these models.

Similarly, the first numerical models that attempted modelling of salt-fresh water
interactions assumed various simplifications such as a sharp interface (Ledoux et al.,
1990; Liu et al., 1981) or constant dispersion (Lee & Cheng, 1974). Sharp interface
models disallow prediction of solute concentrations, whereas constant dispersion
assumptions result in overs-simplified velocity fields (Ataie-Ashtiani, 1997).

More recently, a wide range of models has been developed, each capable of solving the
flow and solute equations with different numerical and discretisation schemes. Models
such as FEFLOW (Diersch, 2002), SUTRA (Voss, 1984), and SEAWAT (Guo et al.,
2002) have been developed to model the effects of solutes on fluid density and flow. All
three have been verified against a variety of real-world and analytical problems. Of these,
FEFLOW and SEAWAT allow transport for more than one solute, as is required for
simulation of contaminant migration in the variable density flows of coastal aquifers.
SEAWAT is the more readily available of these codes, being available free of charge
from the U.S. Geological Survey free of charge (U.S. Geological Survey, 2004).

1.4.1 SEAWAT
The recently revised SEAWAT (Guo et al., 2002) code was designed to simulate
variable-density groundwater flow, using the finite difference approach. SEAWAT
combines a modified version of MODFLOW-2000 (Harbaugh et al., 2000) to solve the
variable-density groundwater flow equation with MT3DMS (Zheng et al., 1999) which
solves the solute-transport equation, to establish fluid densities on a one time-step lag
from the flow solution. For small timesteps, the errors introduced through allowing the
current flow solution to be solved based on densities solved using the previous time
step’s flow solution, are not expected to be significant (Langevin, 2001). Further, the
Generalized-Conjugate-Gradient Solver allows dispersion, source/sink and reaction terms
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to be solved implicitly with no stability constraints (Zheng et al., 1999). MT3DMS offers
options for solving the transport equation including the method of characteristics (MOC)
and the hybrid method of characteristics (HMOC), which are two methods capable of
reducing, if not eliminating, the numerical dispersion commonly encountered in such
modelling.

The governing equation SEAWAT uses to evaluate variable density flow is mass
conserving (rather than volume conserving) and is presented below in terms of equivalent
freshwater head in Equation 4:
Equation 4

⎛ ∂h f
∂ ⎡
⎢ ρK fx ⎜⎜
∂x ⎢⎣
⎝ ∂x

⎛ ∂h f
⎞⎤ ∂ ⎡
⎟⎟⎥ +
⎢ ρK fy ⎜⎜
⎝ ∂y
⎠⎥⎦ ∂y ⎢⎣

⎛ ∂h
ρ −ρf
⎞⎤ ∂ ⎡
⎟⎟⎥ + ⎢ ρK fz ⎜ f +
⎜ ∂z
ρf
⎠⎥⎦ ∂z ⎢⎣
⎝

⎞⎤
∂h f
∂ρ ∂C
⎟⎥ = ρ S f
+n
− ρsq
⎟⎥
∂
t
∂
C
∂
t
⎠⎦

Where ρ is fluid density [M.L-3]; ρf is the density of fresh water [M.L-3]; Kfx, Kfy, and Kfz
are the equivalent freshwater saturated conductivities in the x, y and z directions
respectively [L.T-1]; hf is the equivalent freshwater head [L]; Sf is equivalent freshwater
specific storage [L-1]; C is the concentration of the dissolved fluid that affects fluid
density [M.L-3]; t is time [T]; n is porosity [1]; ρs is the fluid density of source or sink
water [M.L-3]; qs is the volumetric flow rate of sources and sinks per unit volume of
aquifer [T-1]. Full derivation and explanation of Equation 4 may be found in Langevin et
al. (2003). The effects of temperature on density and dynamic viscosity, and of solutes on
dynamic viscosity, are assumed to be negligible for the above equation to apply.
Full derivation and explanation of Equation 4 may be found in Langevin et al. (2003).
The effects of temperature on density and dynamic viscosity, and of solutes on dynamic
viscosity, are assumed to be negligible for the above equation to apply.

Considering the recency of SEAWAT’s creation, the model has successfully been used
for a wide range of variable density flow applications, including the modelling of coastal
aquifers (Langevin, 2001; Bakker, 2003; Langevin et al., 2004; Materson, 2004). Some of
these works have noted the formation of the simulated salinity profile is highly dependent
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on horizontal hydraulic conductivity, and transverse dispersivity. These findings are
consistent with those of Smith (2004), who further finds the rate of saltwater circulation
within the salt wedge is proportional to both the horizontal and vertical components of
hydraulic conductivity, rather than their ratio. This would suggest these parameters, in
particular, are important for an accurate calibration of modelled coastal aquifer dynamics.
Numerical studies of coastal aquifers by Uchiyama et al. (2000) and Bhosale and Kumar
(2002) have also yielded similar findings as to the importance of these parameters.

MODFLOW-2000 and MT3DMS are extensively used by hydrogeologists and a variety
of Graphical User Interfaces (GUIs) exists to pre and post process data for these
programs. However, other input files are specifically required for simulations in
SEAWAT. The MODFLOW Version 4 (Winston, 2000) plug-in-extension to ArgusONE GUI (Argus Holdings Ltd., 1997), is one of the few programs that has been
designed for input of the complete set of parameters required by SEAWAT, and the
execution of the program. Another GUI from the U.S. Geological Survey is Model
Viewer (Hsieh & Winston, 2002). This program allows graphical viewing of
MODFLOW and MT3DMS output files.
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2 Methods
Information on the water table level, salinity and nitrate concentrations was collected to
aid in the calibration of a numerical model to the site conditions. From this information,
and previous studies, a numerical model was created to meet the project objectives.

2.1 Site Description
Cockburn Sound is one of the most intensively used marine systems in Western
Australia. This is a result of the degree of shelter from ocean swell, the depth of the
embayment, and the proximity to Perth and Fremantle (Hillman et al., 2001). Cockburn
Sound lies approximately 20km south of the Perth-Fremantle area. The Sound is
sheltered along most of its seaward side by Garden Island, 16km long-shore, 9km wide
and has a 17-22m deep central basin (Figure 2).

Figure 2 – Cockburn Sound
Adapted from Smith et al. (2003)
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One of the uses of this water body is the absorption of wastes produced by industries
requiring the port facilities of Cockburn Sound. A lack of management of wastes,
groundwater and sewerage in the 1960s and 1970s led to environmental degradation of
the Sound (Smith et al., 2003). Management responses to reduce nutrient inputs appeared
to be initially successful with measurable improvements in marine water quality observed
by the early 1980s (Hillman et al., 2001). However, the 1990 Southern Metropolitan
Coastal Water Study revealed that chlorophyll-a concentrations had re-deteriorated to
levels seen in the 1970s. The Study also revealed that the key source of nitrogen inputs
was no longer point source contamination from industrial outfalls, and attributed the main
source to be the diffuse discharge of contaminated groundwater. Hillman et al. (2001)
later estimated that 70% (219 tonnes per year) of the anthropogenic nitrogen load into
Cockburn Sound was contributed by submarine groundwater discharge.

The BP Refinery study site is located immediately north of James Point, which protrudes
from the centre of the Cockburn Sound shoreline. It is known that nutrient contamination
of groundwater occurs at high levels in this stretch of foreshore (Smith et al., 2003).
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The geology around Cockburn Sound consists of Tertiary and Quaternary age sediments
and overly a stratigraphic sequence of Jurassic and Cretaceous age sediments. The
Tertiary and Quaternary deposits are referred to locally as superficial formations, and are
up to 110m thick (Smith & Hick, 2001).

The saturated extent of the superficial formations is accordingly referred to as the
Superficial Aquifer and is mostly unconfined. Groundwater is recharged through direct
vertical infiltration and experiences minor leakage to the underlying confined aquifer
system, but mostly drains laterally to the Indian Ocean, Swan-Canning River estuary
system and other regional surface drains (Smith & Hick, 2001).

Closer to Cockburn Sound, two groundwater recharge ‘mounds’ dominate the freshwater
flows of the region. These mounds are regions of high piezometric head in the aquifer.
The Jandakot Mound lies to the north-east of the Sound and the smaller Safety Bay
Mound lies to the south of the Sound. James Point punctuates the centre of the Cockburn
Sound shoreline, and is a similar distance (approximately 12 km) from both mounds.

A detailed picture of the local geology can be drawn from an analysis of approximately
45 borehole transects (Bodard, 1991). A transect through James Point presented by
Smith et al. (2003) reveals the general layers in the upper regions of the beach (Figure 3).
The uppermost layer of Safety Bay Sand extends to a depth of approximately five metres.
Beneath the Safety Bay Sand is a layer of Becher Sand, typically eight metres thick.
Safety Bay Sand is cream-coloured, calcareous, unlithified and contains shell fragments.
Becher Sand is mostly structureless and bioturbated Both the Safety Bay and Becher
Sands consist of fine- to medium- grained quartz sands (Smith et al., 2003) and in this
study we refer to them as the same unit (the sands).

Figure 3 – Geological transect through James Point
Adapted from Smith et al. (2003).
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Becher Sand was found to be consistently separated from the underlying Tamala
Limestone by Basal Clay. This clay layer is typically one metre thick, though ranges up
to two metres and forms an aquitard between the sand and limestone regions of the
superficial aquifer. According to Smith et al. (2003), this results in water levels in the
sand aquifer being relatively more influenced by vertical recharge in the refinery area.
This suggests that local groundwater recharge is resulting in shallow ‘mini-mounds’ of
piezometric head dominating the groundwater flow in these upper regions of the aquifer.

The Tamala Limestone extends approximately 20-30m beneath the sand to the
Cretaceous sediments below. It contains various proportions of quartz sand, fine to
medium-grained shell fragments and minor clay lenses and exhibits secondary porosity in
the form of numerous solution channels and cavities (Smith et al., 2003). The Tamala
Limestone is hydraulically connected to the ocean via the Safety Bay/Becher Sand
formations, see Figure 4.

Figure 4 – Conceptualisation of Hydrogeology at Cockburn Sound
Adapted from Smith et al. (2003)
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Loveless and Oldham (unpublished data) carried out sediment analysis at the study site.
At 51m from the shoreline, the sediments are dominated by course, loosely packed
calcium carbonate sand in the 2.5m to the water table, and below the water table
fluidised, low (3%) organic carbon, fine calcium carbonate (24-47%) and silicious sands
constitute the shallow saturated zone. A thin veneer of semi-cemented sand exists at the
water table, which the authors suggested is due to the sand at the marine and freshwater
interface in the mixed zone becoming semi-lithified. It was found the colour of the sand
becomes progressively darker grey with depth and smells sulphurous, indicating the
progression towards a more reducing environment. The geology and hydrochemistry at
depths 12m and 16m differed such that the superficial aquifer appears separated by a clay
aquitard into the shallower sand aquifer and the underlying limestone aquifer. These
findings of Loveless and Oldham (unpublished data) appear consistent with those of
Bodard (1991).

Estimates of hydraulic conductivity of the sand aquifer range from 6-73 m/d (Davidson,
1995; Bodard, 1991; Appleyard, 1994). Recently, tidal-analysis methods have suggested
conductivities in the range of 53-174 meters per day in nearby sands (Smith & Hick,
2001). All of these studies have estimated or approximated porosity to be approximately
0.3. Bodard (1991) also estimated average yearly groundwater velocities in the range of
15-73 m day-1.

The monthly ocean height varies seasonally over a range of approximately ±10cm AHD
(Australian Height Datum). This is due to the seasonality of the Leeuwin Current and
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barometric effects, with the strongest currents and on-shore winds causing the sea level to
be consistently higher over April to July. This information is represented by Figure 5
below, adapted from Pattiaratchi and Buchan (1991).

Figure 5 – Monthly mean sealevel at Fremantle between 1959-1989
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The mean ocean level rises considerably in winter and is depressed during summer.

2.2 Field Sampling
2.2.1 Materials and Method
Water table level, salinity and nitrate concentrations in the surface aquifer were measured
to allow calibration of the numerical model. A 35m bore and piezometer sampling
transect was used, aligned normal to regional groundwater height contours and extending
shoreward from 51m inland of the waterline. The most inland sampling cluster, Cluster
B, consisted of two wells screened at approximately 1m and 6.5m below the average
water table height. These wells had the Easting 383004 and Northing of 6434455.
Clusters C through E consisted of 3 piezometers each, screened for 0.5m at
approximately 1, 3 and 5m below the water table, see Figure 6.

Figure 6 – Layout of sampling clusters.
Cluster B consists of wells, Clusters C-E are piezometers
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Groundwater samples were collected over the two hours surrounding low tide on
November 15th and 16th 2004, April 8th and August 15th 2005, identified as times of
transitional, low and high fresh groundwater flux. All wells and piezometers were
sampled using a hand bailer, except during the November sampling, when the wells of
Cluster B were sampled using a peristaltic hammerhead pump. At least two-times the
well volume was removed and discarded before samples were collected.

Samples of Dissolved Inorganic Nitrogen (DIN) were collected in duplicate in 100mL
HDPE containers that had been previously acid soaked in 10% HCl, rinsed with deionised water and air dried. DIN samples were stored in darkness and on ice, and taken
immediately to the laboratory for filtering through 0.45 µm SARSTEDT disposable
filters. The samples were frozen until analysis which occurred within 10 days at Murdoch
University Marine and Freshwater Research Laboratory MAFRL (NATA#10603).
Analyses were also performed on the DOC, TOC and filterable reactive phosphorous, and
the results of these may be found in Loveless & Oldham (in preparation).

On the sample dates, salinity, DO, pH and temperature were measured in the field
immediately upon sample collection. This was performed using a hand held TPS WP-81
pH-Cond-Salinity meter with a conductivity probe (part number 122201) and TPS Aqua-
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D DO meter with a TPS ED1 sensor in November and August, and a Yeokal 611 in-situ
multiparameter water quality meter in August. These data, along with groundwater levels,
were also measured in March and July of 2004 for the wells at Cluster B. Tidal cycle
effects on the piezometric head at the Cluster B bores screened in the sand aquifer are
known to be of the order of a few centimetres (Walker, 1994).

2.3 Numerical Modelling of Physical Conditions
A numerical model was created in SEAWAT to investigate the seasonal variance in
residence time of nitrate in the shallow sand aquifer under different boundary flow
conditions. The model was thus designed to replicate the important hydrogeological
characteristics of the aquifer.

2.3.1 Basic Model Configuration
The dimensions of the modelled aquifer were longer than those covered by the sampling
transect, in order to allow full propagation of the salt-toe. Figure 7 shows the
conceptualised model. The maximum depth of the model was chosen based on the
observed saturated depth (approximately ten metres), and hence was slightly shallower
than the depth of sand at the site. The two-dimensional model consisted of an idealised
homogeneous aquifer 130m long, up to 10m deep and one metre wide. The top elevation
was set to two metres from the landward end to 27m from the shore and decreased to
0.2m over the last 27m of shoreline to form a 1:15 slope, similar to the observed
beachface.

Figure 7 – Conceptual Model
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Choice of discretisation is typically linked to the selection of a value for longitudinal
dispersivity. Maintaining the Mesh Peclet number (the ratio of grid spacing to
longitudinal dispersivity) below two ensures numerical dispersion is less than actual
dispersion of the porous medium. However, numerical dispersion may also avoided by
the use of the Method of Characteristics scheme (MOC) (Zheng et al., 1999). This was
employed for all model runs after an initial run with the Hybridised-MOC (HMOC)
scheme, which is expected to be faster than the MOC scheme, though possibly less
accurate (Zheng et al., 1999). In general, there was close agreement between the different
schemes, though the MOC scheme was always run for increased accuracy after the
observing the closeness of the HMOC scheme to the observed results. Therefore, the
choice of discretisation and longitudinal dispersivity could be made independent of each
other.

A regular mesh of 0.5m spacing was used to define the aerial discretisation, and the
model was discretised into 40 vertical layers. The high degree of vertical discretisation
was to allow sufficient resolution of the small, vertical head gradients arising due to
density differences (Guo et al., 2002).

General Head Boundaries (GHBs) were formed on both the landward and seaward end of
the aquifer, and were assigned a conductance of 500m/d to allow ease of flow, such that
the imposed boundary head conditions could be accurately met. These GHBs were set on
the boundary cells that contained or shared a vertex with an elevation of 0m. The result
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was that two cells at each of the landward and seaward boundaries were flow boundaries.
Therefore, the landward GHB was 0.5m (10m depth ÷ 40 layers × 2 adjacent cells) long,
and the seaward GHB was 0.41m (8.2m depth ÷ 40 layers × 2 adjacent cells) long, with
the rest of the sides of the model consisting of no-flow boundaries.

Groundwater flux was manipulated through use of the GHB package. Using the Recharge
Package would have added extra levels of complexity to the calibration. This is in part
due to the dynamics of unsaturated solute transport (Ataie-Ashtiani, 1997), and also the
difficulties of calibrating head fluctuations with the use of this package, due to the
uncertainty of the fraction of freshwater flow that is derived from precipitation rather
than from the hydraulic connection the sand aquifer has to the limestone aquifer upgradient of the clay aquitard (Figure 4). The seaward GHB was set to the density and
salinity of seawater (1025kg/m3 and 35 parts per thousand), and the entire length of the
seaward whereas the landward boundary used freshwater parameters.

2.3.2 Model Calibration
The model should replicate key attributes of the system if the model estimates of aquifer
dynamics are to be credible. Model calibration in many studies of single-density flow is
carried out through matching water-balance estimations with measurements of hydraulic
head and hydraulic conductivity, since conceptually simple relationships, such as Darcy’s
Law, exist between these parameters. However, these methods may not be appropriate for
calibration to this investigation’s system. Tidal overheight causes changes to the water
table height at considerable distances from the forcing. As a consequence, calibrating a
model that is incapable of accounting for such phenomena to observed hydraulic head is
unlikely to yield realistic estimates of net groundwater flux. To test this hypothesis,
simulations were run with boundary conditions set to simulate the much higher head
observed at 51m from the shore. Even when the inland head was set to remain at the
lowest observed level, and the ocean boundary head was fixed at its highest level for all
stress periods, the resulting steady-state salinity profile (Figure 8) demonstrated that the
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saltwedge was unable to propagate inland, which has not been suggested to be the case at
the site (Loveless & Oldham, in progress).

Figure 8 – Use of observed head as a calibration technique
The plots show the entire simulated length of the aquifer, 130m, and the lower 8m. The ‘ridges’ at the top
left of each plot is a relic of the output GUI due to the sloping upper limit of the aquifer. The vertical scale
has been exaggerated by 3 relative to the horizontal. The colour bar shows salinity in ppt. Note the inability
of the saltwedge to form or propagate inland.

The SEAWAT model allows the use of a different characteristic, salinity, to be used in
this calibration. Regions of the aquifer will become saltier or fresher depending on the
upstream source of inflows, and the source may alter with changes in hydraulic gradient.
A larger hydraulic gradient and smaller hydraulic conductivity will induce faster flows
and hence enable increased transport of any dissolved species carried by the flow
(Equation 4).
From this understanding of the physics of flow and transport, a system to calibrate the
model was devised. Firstly, the seasonal changes in groundwater head at 51m, where the
daily effects of tides are known to be small (Walker, 1994), were stated in terms of a
difference from the maximum observed head. These observed changes in head were
taken to be indicative of the water table response to seasonal changes in both the
freshwater flux and the ocean height. Therefore, changes in at least one of these
boundaries needed to be known and ‘set’ in the model to allow calibration of the other.
Rather than rely on previous estimates of freshwater flux through the site, which do not
include seasonality, the sea level was chosen as the ‘independent’ boundary condition.
An estimate of the sea elevation, during the periods in which the head variation at 51m
was observed, was found by averaging the historical monthly averages (Figure 5) over
each period. This divided the year into five separate ‘stress’ periods in which the head at
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the seaward GHB was set, and the landward GHB could be manipulated to produce the
observed variations at 51m from the ocean boundary.

As explained, precisely what hydraulic head the seasonal variations should be centred on
to replicate the seasonal changes in aquifer salinity, was initially unknown due to the
effects of tidal overheight. Therefore, the salinity profile was used to provide the means
of calibration for the different seasonal stress periods. If the values entered at the
landward GHB were such that the head variation at 51m from the ocean boundary was
similar to that observed, but the salinity profile was too fresh or too saline relative to the
salinity measurements, this would indicate the net freshwater flux during the simulated
year was incorrect due to the fluctuations being centred too high or too low, respectively.
Therefore, the head that the variations in landward head were centred on could be
adjusted to enable a better fit of the salinity profile to the observed data. This relationship
is shown diagrammatically in Figure 9. The accuracy of the calibration was assessed as
‘acceptable’ if the range in hydraulic head was within 5cm of the observed range, since
this is the reported size of fluctuations due to the diurnal and semidiurnal tidal
fluctuations.
Figure 9 – Schematic of the calibration process

This process also provided a method of calibrating the hydraulic conductivity of the
model, since more extreme ranges of head (both at the landward boundary and at 51m)
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are required to cause the salinity profile to change as much as it did in the field for lower
conductivities. Hence, if hydraulic conductivity was set too high or too low, the
calibrated head variations at 51m would accordingly be too low or too high, relative to
the field observation of head variation during over a year. The initial hydraulic
conductivity choice came from the middle of the range of previously documented values
for the site.
Figure 10 – Flow diagram of the calibration process.

Not included the analysis of the sensitivity of the model to changes in dispersion or
anisotropy

The result of changing longitudinal and transverse dispersivity, and anisotropy, was also
tested to see if a better fit could be made to the observed salinity profile. In accordance
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with Langevin (2001) and Langevin et al. (2003), the ratio of longitudinal to transverse
dispersivity values was set to 0.1 for all simulations. By raising or lowering the
dispersivity between simulations, the salinity profile correspondingly became more or
less sharp (Figure 11). However, the level of resolution to which the observed salinity
profile may be known is reduced by the length of the sampling screens (0.5m) and the
possibility of heterogeneities in the aquifer. Hence, a range of longitudinal and transverse
dispersivity values allowed similarly ‘accurate’ salinity profiles to be simulated (Table 2).
A value for longitudinal dispersivity was chosen from the middle of this range for the
calibrated model, and the transverse dispersivity used was one-tenth of this value.

Figure 11 – Effect of varying dispersivity
The top plot uses: Longitudinal dispersivity = 0.1, Transverse dispersivity = 0.01.
The lower plot uses: Longitudinal dispersivity = 0.025, Transverse dispersivity = 0.0025.
Both plots show the aquifer after the same set of seasonal forcings, with all parameters and inputs being
identical except for dispersivity values. The plots show the entire simulated length of the aquifer, 130m,
and the lower 8m. The ‘ridges’ at the top left of each plot is a relic of the output GUI due to the sloping
upper limit of the aquifer. The vertical scale has been exaggerated by 3 relative to the horizontal.

The effect of anisotropy in the vertical-horizontal plane was also assessed over the range
shown in Table 2. As Figure 12 shows, the salinity profile formed was insensitive to
changes in anisotropy, and so isotropic properties were used for the calibrated aquifer for
ease of parameter entry. This result is consistent with that predicted by the Dupuit
assumption of horizontal flow, since it demonstrates that the position of the salt-fresh
water interface is affected by conductivity only in the horizontal (Kh) and not the vertical
(Kv).
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Figure 12 – Effects of varying anisotropy
The top plot shows anisotropic conditions: Kh=25m/d, Kv=10m/d, final stress period.
The lower plot used isotropic conditions with Kh=Kv=25 m/d, final stress period.
Both plots show the aquifer after the same set of seasonal forcings, with all parameters and inputs being
identical except for dispersivity values. The plots show the entire length of the simulated aquifer, 130m,
and the lower 8m. The vertical scale has been exaggerated by 3 relative to the horizontal.

Table 2 – Summary of the control & varied parameters used in model calibration
Parameter

Controlled or
Varied
Control
Control

Varied
Range
F*
F

Value used in
calibrated model
1000kg/m3
35ppt, 1025kg/m3

Fresh water density
Sea water concentration and
density
Ratio of fluid density change to
Control
F
0.7143
concentration
Porosity
Control
F
0.3
Ratio of Longitudinal to
Control
F
0.1
Transverse Dispersivity
Longitudinal Dispersivity
Varied
1-0.01
0.025
Transverse Dispersivity
Varied
0.1-0.001
0.0025
Equivalent freshwater saturated
Varied
5-50m/d
25m/d
horizontal conductivity
Anisotropic ratio (Kz/Kx)
Varied
0.1-5
1
* Controlled inputs were Fixed (F) to one value for all simulations
A complete list of all model and solution scheme input parameters may be found in Appendix B.

The initial conditions of the aquifer were set at a constant head of 0m, and a
concentration of 0ppt. The set of cyclic boundary conditions was repeated for 6 years in
the model, as it was observed the transient models would reach a pseudo-steady state for
the last three years. This was found by comparing the concentration profiles at the end of
complimentary stress periods, and observing that the differences were insignificant in
years four through six. Some simulations using lower values of hydraulic conductivity
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(10 m.day-1 or less) required further run time to reach steady state, and so the cycle of
seasonal stress periods was continued until the salinity profile was observed to only vary
insignificantly between stress periods of the same seasonal conditions.

2.3.3 Residence Time Modelling
The calibrated model was then used to simulate the flow path of a conservative
contaminant (nitrate) injected into the top of the aquifer at 50m from shore. Extra stress
periods were added between the pre-existing stress periods to allow tracer slugs to be
added to the aquifer. The length of these extra stress periods was one day, which was
found to be long enough to allow a sufficient quantity of the tracer solute for it to be
tracked, but not long enough to significantly alter the two- and three-month seasonal
stress periods. Tracers were added by:
1)

activating at least two dissolved constituents in the MT3DMS “Basic” control
panel of the GUI

2)

creating a ‘Time Variable Concentration’ (TVC) contour across the width of
the model at an elevation of -1m and distance of 50m from the shore

3)

Designating the concentration of the tracer solutes to a value of 100kg/m3
during the ‘extra’ stress periods, for the TVC contour, before rerunning the
simulation. This caused those cells sharing a side or vertex with the contour to
become set to this concentration for the duration of the one-day stress period.

As the SEAWAT program only uses the concentration of the first dissolved solute,
arbitrary concentrations of the other solutes could not affect the variable density flow.
The concentration was set to such a high value to compensate for the short time over
which it applied to the cells. Designating the introduction of a tracer in this manner
requires that the concentration of all other solutes for all other stress periods be set at the
contour, since cell properties may not switch between ‘constant’ and ‘active’ between
stress periods. Although this limitation of the model did not interfere with the
introduction of tracers near the water table at 51m (where the concentration of seawater
could be safely assumed to be zero), it prevented the introduction of tracers at lower
elevations. This is because lower in the aquifer, concentration of the salt (i.e. the ‘first’
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solute) would need to be stipulated for all stress periods and yet the concentration at this
position was highly variable due to the simulated movement of the salt-toe.

Model Viewer (Hsieh & Winston, 2002) was used to observe the contours of the tracers
(and salinity profiles) from simulations. Residence times were calculated from the
velocity of the 0.5% initial of concentration contour during stress periods. The 0.5%
concentration was chosen, as it was approximately the highest concentration which
existed for all stress periods until a tracer left the system, and thus would form the
smallest, least dispersed contour from which to judge the average velocity of the solute.
Within five metres of the shore, the velocity profile is expected to be almost entirely tide
and wave dominated, and hence the fate of a tracer beyond this point was not assessed for
velocity purposes.
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3 Results
3.1 Field Results
Sampled salinities are shown in Table 3, and can be found along with the other data on
groundwater attributes measured in the field in Appendix A. The intermediate salinity
readings at mid depth wells indicate a diffuse salinity interface between the terrestrial
groundwater and saline subterranean marine water, although the thickness of this layer
was indeterminable due to the width of the well and piezometer screens. The salinity
measurements suggest a cyclic freshening of the aquifer waters during late winter, and reencroachment of the salt-wedge during autumn as the landward head drops and the
average sea level rises. These effects appear to be more strongly experienced shallower in
the aquifer, where large seasonal variations in salinity were observed (10.6–20.1ppt at
C2), compared to samples taken near the base of the aquifer at Well B2, where salinities
range from 30.6–32.7 parts per thousand.
Table 3 – Salinity measurements from the aquifer in November, August and April
Cluster
Distance
from shore

B

C

D

E

51m

40m

33m

15m

Depth
below

Nov

Apr

Aug

Nov

Apr

Aug

Nov

Apr

Aug

Nov

Apr

Aug

0.651

0.610

0.454

0.607

0.58

0.797

0.551

0.991

0.661

2.75

5.07

NR

3m

0.911

0.80

0.756

1.58

1.28

0.822

16.0

14.6

14.0

5m

16.1

20.1

10.6

22.7

27.2

NR

23.8

NR

NR

watertable
1m

6m

31.2

32.7

30.6

All concentrations are in ppt
* NR = Not recorded. The shifting beach profile and disappearance of well caps occasionally allowed some
beach piezometers to become clogged

The deepest sample from each cluster always had salinities above ten parts per thousand.
This confirms there is no significant break in the clay aquitard between the sand aquifer
and underlying limestone region of the superficial aquifer, since such a break would
allow fresh water from the deeper aquifer – which has a considerably higher groundwater
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flux – to well-up and impede the propagation of the salt water toe. This is an important
finding for the creation of the numerical model, since it supports the assumption of a noflow boundary along the base of the model at least as far as the closest piezometer
cluster, Cluster E, which lies within 15m of the water line.

The yearly range in hydraulic head observed at wells B1 and B2 (Table 4) was consistent
with a previous study at the site by Walker (1994). The lowest head was recorded in
March of 2004, and the highest was found in July of the same year. In April 2005, the
head was 24cm higher than in March of the previous year. The highest head was recorded
in July of 2004, and a similarly high value was recorded in August of 2005.
Table 4 – Groundwater Head at 51m from shore

Year
2004
2004
2004
2005
2005

Month
March
July
November
April
August

Head (m AHD)
1.26
1.70
1.51
1.50
1.68

Values from 2004 were attained from a study by Loveless (in preparation)

Analysis of dissolved oxygen and total and dissolved organic carbon levels (Loveless, in
preparation) were consistent with the conditions required for nitrate-limited (rather than
carbon-limited) denitrification. The temperature distribution of samples typically ranged
by about three degrees in a given season. Groundwater temperature ranged from around
17°C in August to 25°C in April. Data on DO, temperature, pH and conductivity are
presented in Appendix A.
Nitrate concentrations demonstrated high variability both seasonally and spatially (see
Table 5). Much higher concentrations were typically found in samples taken from within
1.5m below the water table. Only two shallow samples (B1 and D1 in April) were below
4 µmol NO3- L-, while all samples taken from more than 3m below the water table were
less than this level. This variability suggests that nitrate is not entering the aquifer
continuously, but rather disjointedly, possibly during recharge episodes. The data
suggests that nitrate transported at the top of the aquifer is likely to be more significant to
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final ocean input than transport of the smaller concentrations observed lower in the
aquifer.
Table 5 – Distribution of NO3- in µmol L-1 within the aquifer
Cluster
Distance
from shore
Depth
below
watertable

1m
3m
5m
6m

B

C

D

E

51m

40m

33m

15m

Nov

Apr

Aug

143

0.857

92.9

0.320

1.39

Nov

Apr

Aug

Nov

Apr

Aug

Nov

Apr

Aug

49.3

70.7

30.0

21.8

2.78

100

25.7

13.6

NR

0.860

0.535

0.286

NR*

0.607

0.179

1.32

1.29

28.6

2.93

0.750

0.250

3.71

0.428

NR

2.03

NR

NR

0.714

* NR = Not recorded. The shifting beach profile and disappearance of well caps occasionally allowed some
beach piezometers to become clogged
Observed error was always < 2 µmol/L, and usually < 0.5 µmol/L.

3.2 Calibrated Boundary Results
The results of performing the operations on the water table heights and historical ocean
heights described in Section 2.3.2 are given below in Table 6. Synthesis of the table is
shown in Appendix C.
Table 6 – Formation of Calibrated Boundary Conditions

Period

Period Name

Average Ocean
Height,
inputted to Model
(m AHD)*

Nov-Dec

Early Summer

-0.1

0.2

0.046

Jan-Mar

Late Summer

-0.07

-0.18

-0.098

Apr-Jun

Autumn

0.1

-0.06

0.05

Jul-Aug

Winter

0

0.7

0.302

Sep-Oct

Spring

-0.1

0.35

0.105

Calibrated
Landward
Head inputted
(m)*

Resultant
Head at 51m
(m)*

* In the model, 0m AHD = 0 elevation

These boundary conditions resulted in a seasonal range in hydraulic head of 0.4m in the
simulated model at 51m, also shown in the table above.
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3.3 Model Output
The salinity profile at different times of the simulated year is shown below in Figure 13.
The salinities simulated at the bottom of the aquifer were not as high as those observed at
well B2. The model was not able to be calibrated for such high salinities at this depth
without allowing the salinity at places corresponding to the other observation points
being raised significantly beyond the observed values. The salinities observed in
November could not be replicated as precisely as during the other sampling periods.
Figure 13 – The salinity profile in a) November, b) April and c) August, with field data from
corresponding times of year overlaying the contour positions.
Figures show only the nearest 50m of the 130m simulated domain, for ease of comparison of field results.
The vertical scale has been exaggerated 3:1 relative to the horizontal scale. All salinities are in ppt. The
distance in metres from the seaward boundary is indicated along the top of the figures and the elevation in
metres is shown on the vertical axis.

12 a)

12 b)
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12 c)

The progression of the tracers is shown below in Figure 14. During the winter stress
periods, tracers would move at their fastest towards the seaward boundary (Figures 13a
and 13b). As Figures 13c through 13e show, tracers in the aquifer at the beginning of the
mid-summer stress period remained in the aquifer for the duration of the entire midsummer and autumn stress periods, before exiting in either the mid-winter or spring stress
periods, under a negative gradient in the seaward direction.
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Figure 14 – Tracer Migration
Figure descriptions: a) a tracer (A) one day after injection at the beginning of a winter stress period. b) the
position of tracer A at the end of the winter stress period, and a new tracer (B) having entered one day
earlier. c) tracers at the end of the spring stress period, tracer A having almost passed the 5m mark. Plots d)
and e) show the progression of tracer B at the end of the late summer and autumn stress periods and in f)
the exit at the end of the following winter stress period.
Figures show the closest 55m of the modelled domain, with distance from the seaward boundary in metres
shown along the top of the figures and elevation in metres on the vertical axis. All contours represent 0.5%
of initial injection concentration.

A

a)

A

B

b)

A

B

c)
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B

d)

B

e)

B

f)

Table 7 shows the velocity of tracers assessed from the tracer plots. From these
velocities, and the length of time over which each applied (i.e. the length of the stress
period), the average yearly-velocity for the migration of the tracers was found to be
approximately 48m year-1 (see Appendix C for calculations).
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Table 7 – Travel time for a conservative tracer entering 50m from shore, broken up by stages
Time of year
simulated by
stress period

Mean

Time (days) for tracer to travel

transport

From-To metres from shore:

velocity
(m/d)

51-40m

40-33m

33-5m

Total
50-5m

Jul-Aug

0.46

24

15

86

125

Sep-Oct

0.29

38

26

296

360

Nov-Dec

0.17

261

15

83

359

Jan-Mar

-0.068

223

15

109

347

Apr-Jun

-0.032

120

15

97

232
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4 Manuscript of Main Findings

ABSTRACT
The ecosystems of oligotrophic marine waters can be highly sensitive to inputs of
nutrients. Management practices for coastal water bodies have increasingly
recognised the importance of groundwater inputs of nutrients to receiving near-shore
ecosystems. At Cockburn Sound, Western Australia, groundwater has been identified
as the new main source of nutrients, particularly nitrate, thought to be causing
increased ecosystem disturbance in the Sound. A range of methods has been used to
characterise the groundwater discharge into the Sound, and measurements of nitrate
levels in the aquifer have been combined to estimate the magnitude of this input.
These analyses assume the conservative transport of nutrients from the inland
measurement point to the ocean, and are representative of other such studies carried
out around the world. However, biogeochemical processes such as denitrification are
capable of removing nitrate along this flow path. The degree to which such processes
occur depends on many factors, including geochemical properties and residence time.
We test if the assumption that denitrification is an insignificant consideration in the
formation of nitrate flux estimates from the aquifer to Cockburn Sound waters is
sensitive to seasonal variation in nitrate residence time. A numerical groundwater
model is used to estimate transport timescales for nitrate during the year and these are
compared with reaction denitrification rates derived from denitrification rates from
literature. Transport timescales are found to be significantly longer than is required
for potential biogeochemical reactions to reduce groundwater-borne nitrate to
background (ocean) concentrations the year round.

INTRODUCTION
Coastal waters receive inputs of nutrients and other contaminants from a range of
landward sources such as river runoff, waste outfall and groundwater seepage. Of
these, the contribution of submarine groundwater discharge (SGD) is perhaps the
most difficult to measure or estimate. Estimates of SGD have typically been less than
10% of total surface water discharge to the ocean (2003). However, anthropogenic
enrichment of groundwater with inorganic nutrients such as nitrate from the
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manufacture and application of fertiliser, allows the contribution of SGD to nutrient
balances of oligotrophic coastal waters to potentially be significant (Uchiyama et al.,
2000).

Estimation of SGD of nutrients typically entails finding two values, each with their
own difficulties of calculation. The concentration of nutrients in the discharging
groundwater is required, as is the flux of nutrient-enriched groundwater. Deriving a
flux for contaminated water is complicated by the influence of variable density flow,
waves and tides on coastal aquifers. Li et al. (1999b) propose a simple conceptual
model in which net discharge, and discharges caused by tidally driven oscillation and
wave setup are all components of total submarine groundwater discharge. The same
conceptualisation has been employed in this work. Submarine groundwater discharge
(SGWD) refers to the total out-flow from a coastal aquifer that is directly to marine
waters, and Net Groundwater Discharge (NGD) refers to fresh waters that leave the
aquifer, possibly via the mixing zone, and thus makes up a component of any waters
that leave the aquifer at salinities less than that of seawater.

Sophisticated seepage meters and geochemical tracer analyses have been used to
measure SGD (Burnett et al., 2003), but the extent to which each may give accurate
estimates of NGD is unresolved (Burnett et al., 2004). Consideration of the effects of
variable density flow, and other characteristics of coastal aquifers, has led to the
development of more realistic numerical representations of the dynamics of these
systems (Li et al., 1997; 1999b; 1999a; Horn, 2002; Ataie-Ashtiani et al., 2001). As
Michael et al. (2005) demonstrate with the combined use of field and numerical
techniques, the net effects of tides and waves may be negligible over periods of time
much greater than a tidal cycle, compared to the effect of seasonal changes in
freshwater inputs and subsequent movement of the salt-fresh water interface.

Regardless of the method used to calculate a discharge estimate, the concentration of
nutrients in the discharging water is also required, and is derived from sampling of the
aquifer waters (Charette et al., 2001; Ullman et al., 2003; Uchiyama et al., 2000).
Unfortunately, studies show (Michael et al., 2005; Smith et al., 2003; Taniguchi et al.,
2003), there can be considerable spatiotemporal variation in both SGD and the
concentration of nutrients it transports. The result is that if nutrient fluxes are to be
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estimated on regional and/or seasonal scales by such methods, the coverage of
seepage meters or sea-floor samples may need to be prohibitively extensive to gather
enough information on the discharge regions. Attempts to circumvent these
complications use the nutrient concentrations of aquifer waters sufficiently far inland
to be unaffected by tidal or wave pumping and mixing, rather than measurements
collected from immediately adjacent the marine waters. Given the discharge volume
of these contaminated waters can be measured, this method will only provide accurate
estimates of nutrient flux if the assumption of conservative transport of the nutrients,
from the measurement point to marine waters is correct. However, the rigors of this
assumption are rarely explicitly examined.

Nitrate is perhaps the most prevalent nutrient contaminating groundwater that
discharges to nutrient limited ocean waters (Uchiyama et al., 2000), and thus in-situ
removal of nitrate may be an important consideration in nutrient flux estimates for
many coastal ecosystems. Korom (1992) explains that of the possible processes that
may interrupt the leaching of nitrate, only denitrification may act as a major sink.
Denitrification is the microbial process of reducing nitrate to nitrogen gas, as the
microbes use nitrate as an electron acceptor in the absence of oxygen for the uptake of
carbon. Denitrification may be nitrate, oxygen or carbon limited. If organic matter
decomposition is not carbon limited, denitrification may occur to such an extent that
groundwater discharge may contain no nitrate, and ammonium (the product of
DNRA) will be relatively abundant (Slomp & Van Cappellen, 2004). These processes
are similar, though more limited, for cases of anoxic groundwater mixing with anoxic
seawater.

Net Groundwater Discharge may be forced by seasonal events, in turn affecting
residence time of nutrients discharged. Nutrients entering a seasonal groundwater
system at a given position are therefore likely to spend different times and follow
different flow paths within the aquifer before discharge to a marine environment,
depending on when they enter the groundwater system. Variation in residence time
may allow biogeochemical processes occurring in the subsurface environment to
proceed to different extents (Loveless & Oldham, , in preparation). Depending on the
physical and chemical controls on these processes, their ability to remove
contaminants before discharge may therefore be significantly affected by the seasonal
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differences in residence time. Estimates of NGD of nutrients must therefore consider
the seasonality of all these processes.

This paper reports the findings of a study into the seasonal variability of nutrient
levels and aquifer properties in the unconfined aquifer at Cockburn Sound, Western
Australia. The results are used in the calibration of a numerical model created in
SEAWAT to represent the multi-density groundwater dynamics at the site. The model
is used to examine the effect of observed seasonal stressors on the residence time of
conservative nutrients entering the aquifer at different times of the year. Literature
values for the rates of denitrification, one of the processes capable of removing nitrate
at the study site, are used to derive the approximate timescale for concentrations to
decrease to background (ocean) levels. Finally, the significance of the residence time
is assessed in comparison to the biodegradation timescale.

METHODS
Study Site
Cockburn Sound is one of the most intensively used marine systems in Western
Australia. It is located approximately 20km south of Fremantle port. It is a marine
basin that is 16km long and 9km wide, and is sheltered along most of its seaward side
by Garden Island (Figure 15). The average depth is 10m, with a 17-22m deep central
basin (Hillman et al., 2001).

A lack of appropriate management of wastes, groundwater and sewerage in the 1960s
and 1970s led to environmental degradation of the Sound (Smith et al., 2003). Despite
improved management responses that reduced nutrient inputs and initially improed
water quality, the 1996 Southern Metropolitan Coastal Water Study revealed that
chlorophyll-a concentrations had again re-deteriorated to levels measured in the 1970s
(Hillman et al., 2001). Hillman et al. (2001) later estimated that 70% (219 tonnes per
year) of the anthropogenic nitrogen load into Cockburn Sound was contributed by
submarine groundwater discharge. The site underwent an extensive groundwater
nutrient discharge study (Smith et al., 2003), which revealed the presence of a number
of nitrogen contaminated groundwater plumes in the shallow aquifer.
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Figure 15 – Cockburn Sound (adapted from Smith et al. 2003)

The study site was situated down-gradient from a known nitrate contamination of the
shallow aquifer. An oil refiner site is located immediately south of James Point, which
protrudes from the centre of the Cockburn Sound shoreline. The hydrogeology of the
study site is typical of approximately 60% of the shoreline around Cockburn Sound,
consisting of Safety Bay and Becher Sands (“the sand”) overlying more highly
conductive Tamala Limestone (“the limestone”). The sand contains calcareous, quartz
and skeletal constituents of fine to medium grain sizes, with 90% of grain sizes being
in the range 0.25-1mm within the saturated region of the aquifer. A more detailed
picture of the local geology may be drawn from the analysis and review of Bodard
(1991), and Smith et al. (2003) technical report, and sediment analysis in Loveless (in
preparation). The sand and limestone at the studied location are separated by a clay
aquitard between one and two metres thick, the extent of which is unknown, but may
be anywhere from 50m to 2km according to bore logs (Smith et al., 2003). As such,
the shallow sand aquifer exhibits characteristics independent of the confined
limestone aquifer within the bounds of the aquitard. The sand aquifer is up to 13m
deep, with approximately the lower 8-10m being saturated. Estimates of hydraulic
conductivity of the sand aquifer range from 6-250 m day-1 (Bodard, 1991; Appleyard,
1994; Davidson, 1995; Smith & Hick, 2001). One such study, by Bodard (1991) was
carried out specifically at the study site and estimated hydraulic conductivities in the
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range of 10-30 m day-1 and average yearly groundwater velocities in the range of 1573 m day-1.

The monthly ocean height varies seasonally over a range of approximately ±10cm
AHD (Australian Height Datum). This is due to the seasonality of the Leeuwin
Current and barometric effects, with the strongest currents and on-shore winds
causing the sea level to be consistently higher over April to July (Figure 16).

Figure 16 – Monthly mean sealevel AHD (m) at Fremantle between 1959-1989
Adapted from Pattiaratchi and Buchan (1991). The mean ocean level rises considerably in winter and is
depressed during summer.
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Field Sampling
Water table level, salinity and nitrate concentrations in the surface aquifer were
measured to allow calibration of the numerical model. We used a 35m bore and
piezometer sampling transect, aligned normal to regional groundwater height contours
and extending shoreward from 51m inland of the waterline. Sampling clusters were
screened at various depths below the water table, see Figure 17.
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Figure 17 – Layout of sampling clusters.
Cluster B consists of wells, Clusters C-E are piezometers

Groundwater samples were collected over the two hours surrounding low tide on
November 15th and 16th 2004, April 8th and August 15th 2005, identified as times of
transitional, low and high fresh groundwater flux. All wells and piezometers were
sampled using a hand bailer, except during the November sampling, when the wells of
Cluster B were sampled using a peristaltic hammerhead pump. At least two-times the
well volume was removed and discarded before samples were collected.

Samples of Dissolved inorganic nitrogen (DIN) were collected in duplicate in 100mL
HDPE containers that had been previously acid soaked in 10% HCl, rinsed with deionised water and air dried. DIN samples were stored in darkness and on ice, and
taken immediately to the laboratory for filtering through 0.45 µm SARSTEDT disp.
filers. The samples were frozen until analysis which occurred within 10 days at
Murdoch University Marine and Freshwater Research Laboratory MAFRL
(NATA#10603). Analyses were also performed on the DOC, TOC and filterable
reactive phosphorous, and the results of these may be found in Loveless (in
preparation).

On the sample dates, salinity, DO, pH and temperature were measured in the field
immediately upon sample collection. This was performed using a hand held TPS WP81 pH-Cond-Salinity meter with a conductivity probe (part number 122201) and TPS
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Aqua-D DO meter with a TPS ED1 sensor in November and August, and a Yeokal
611 in-situ multiparameter water quality meter in August. These data, along with
groundwater levels, were also measured in March and July of 2004 for the wells at
Cluster B. Tidal cycle effects on the piezometric head at the Cluster B bores screened
in the sand aquifer are known to be of the order of a few centimetres (Walker, 1994).

Numerical Methods
A numerical model was created in SEAWAT (Guo et al., 2002) to investigate the
seasonal variance in residence time of nitrate in the shallow sand aquifer under
different boundary flow conditions. The recently revised SEAWAT code was
designed to simulate variable-density groundwater flow, using the finite difference
approach. SEAWAT combines a modified version of MODFLOW-2000 (Harbaugh et
al., 2000) to solve the variable-density groundwater flow equation with MT3DMS
(Zheng et al., 1999) which solves the solute-transport equation, to establish fluid
densities on a one time-step lag from the flow solution. For small timesteps, the errors
introduced through allowing the current flow solution to be solved based on densities
solved using the previous time step’s flow solution, are not expected to be significant
(Langevin, 2001). Further, the Generalized-Conjugate-Gradient Solver allows
dispersion, source/sink and reaction terms to be solved implicitly with no stability
constraints (Zheng et al., 1999). MT3DMS offers options for solving the transport
equation including the method of characteristics (MOC) and the hybrid method of
characteristics (HMOC), which are two methods capable of reducing, if not
eliminating, the numerical dispersion commonly encountered in such modelling. The
model has successfully been used for a wide range of variable density flow
applications, including the modelling of coastal aquifers (Langevin, 2001; Bakker,
2003; Langevin et al., 2004; Materson, 2004).

The governing equation SEAWAT uses to evaluate variable density flow is mass
conserving (rather than volume conserving) and is presented below in terms of
equivalent freshwater head (hf) in Equation 5:
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Equation 5

⎛ ∂h f
∂ ⎡
⎢ ρK fx ⎜⎜
∂x ⎣⎢
⎝ ∂x

⎛ ∂h f
⎞⎤ ∂ ⎡
⎟⎟⎥ +
⎢ ρK fy ⎜⎜
⎝ ∂y
⎠⎦⎥ ∂y ⎢⎣

⎛ ∂h
ρ −ρf
⎞⎤ ∂ ⎡
⎟⎟⎥ + ⎢ ρK fz ⎜ f +
⎜
ρf
⎠⎦⎥ ∂z ⎢⎣
⎝ ∂z

⎞⎤
∂h f
∂ρ ∂C
⎟⎥ = ρ S f
+n
− ρsq
⎟⎥
∂t
∂C ∂t
⎠⎦

Where ρ is fluid density [M.L-3]; ρf is the density of fresh water [M.L-3]; Kfx, Kfy, and
Kfz are the equivalent freshwater saturated conductivities in the x, y and z directions
respectively [L.T-1]; hf is the equivalent freshwater head [L]; Sf is equivalent
freshwater specific storage [L-1]; C is the concentration of the dissolved fluid that
affects fluid density [M.L-3]; t is time [T]; n is porosity [1]; ρs is the fluid density of
source or sink water [M.L-3]; qs is the volumetric flow rate of sources and sinks per
unit volume of aquifer [T-1]. Full derivation and explanation of Equation 4 may be
found in Langevin et al. (2003). The effects of temperature on density and dynamic
viscosity, and of solutes on dynamic viscosity, are assumed to be negligible for the
above equation to apply.

Conceptual Model
Figure 18 shows the conceptualised model. The two-dimensional model consisted of
an idealised homogeneous aquifer 130m long, up to 10m deep and one metre wide.
The top elevation was set to two metres from the landward end to 27m from the shore
and decreased to 0.2m over the last 27m of shoreline to form a 1:15 slope, similar to
the observed beachface.
Figure 18 – Conceptual Model

A regular mesh of 0.5m spacing was used to define the aerial discretisation, and the
model was discretised into 40 vertical layers. General Head Boundaries (GHBs) were
formed on both the landward and seaward end of the aquifer, and were assigned a
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conductance of 500m/d to allow ease of flow, such that the imposed boundary head
conditions could be accurately met. These GHBs were set on the boundary cells that
contained or shared a vertex with an elevation of 0m. The result was that two cells at
each of the landward and seaward boundaries were flow boundaries. Therefore, the
landward GHB was 0.5m (10m depth ÷ 40 layers × 2 adjacent cells) long, and the
seaward GHB was 0.41m (8.2m depth ÷ 40 layers × 2 adjacent cells) long, with the
rest of the sides of the model consisting of no-flow boundaries. The seaward GHB
was set to the density and salinity of seawater (1025kg/m3 and 35 parts per thousand),
and the entire length of the seaward whereas the landward boundary used freshwater
parameters.

Model Calibration
Tidal overheight causes changes to the water table height at considerable distances
from the forcing (2003). As a consequence, calibrating a model that is incapable of
accounting for such phenomena to observed hydraulic head, as may be done with
groundwater systems without such a boundary condition, is unlikely to yield realistic
estimates of net groundwater flux or consequently, velocity. The SEAWAT model
allows the use of a different characteristic, salinity, to be used in this calibration.
Based on the seasonal variations in the ocean height (Figure 5) and hydraulic head at
51m, where the daily effects of tides are known to be small (Walker, 1994),
parameters such as hydraulic conductivity and dispersivity (Longitudinal and
Transverse, but not the ratio between them) were varied until the best match to the
seasonal salinity profile was made. Table 8 shows the set of parameters that were
either controlled or varied in the model.
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Table 8 – Summary of the control and varied parameters used during model calibration
Parameter

Controlled or
Varied
Control

Varied
Range
F*

Fresh water density
Sea water concentration and
Control
F
density
Ratio of fluid density change to
Control
F
concentration
Porosity
Control
F
Ratio of Longitudinal to
Control
F
Transverse Dispersivity
Longitudinal Dispersivity
Varied
1-0.01
Transverse Dispersivity
Varied
0.1-0.001
Equivalent freshwater saturated
Varied
5-50m/d
horizontal conductivity
Anisotropic ratio (Kz/Kx)
Varied
0.1-5
* Controlled inputs were Fixed (F) to one value for all simulations

Value used in
calibrated model
1000kg/m3
35ppt, 1025kg/m3
0.7143
0.3
0.1
0.025
0.0025
25m/d
1

The initial conditions of the aquifer were set at a constant head of 0m, and a
concentration of 0ppt. The set of cyclic boundary conditions synthesising the seasonal
changes in boundary forcings was repeated until no observable change in the salinity
profile occurred between complimentary stress periods (i.e. two stress periods
replicating the boundary conditions at the same time of year) separated by three years.

Transport Time Calculations
The calibrated model was then used to simulate the flow path of a conservative
contaminant (nitrate) injected into the top of the aquifer at 50m from shore. One-day
stress periods were added between the pre-existing stress periods to allow tracer slugs
to be added to the aquifer. Residence times were calculated from the velocity of the
0.5% initial of concentration contour during stress periods. The 0.5% concentration
was chosen, as it was approximately the highest concentration which existed for all
stress periods until a tracer left the system, and thus would form the smallest, least
dispersed contour from which to judge the average velocity of the solute. Within five
metres of the shore, the velocity profile is expected to be almost entirely tide and
wave dominated, and hence the fate of a tracer beyond this point was not assessed for
velocity purposes.

52

Results

RESULTS
Field Results
Sampled salinities are shown in Table 9. The intermediate salinity readings at mid
depth wells indicate a diffuse salinity interface between the terrestrial groundwater
and saline subterranean marine water, although the thickness of this layer was
indeterminable due to the width of the well and piezometer screens. The salinity
measurements suggest a cyclic freshening of the aquifer waters during late winter, and
re-encroachment of the salt-wedge during autumn as the landward head drops and the
average sea level rises. These effects appear to be more strongly experienced
shallower in the aquifer, where large seasonal variations in salinity were observed
(10.6–20.1ppt at C2), compared to samples taken near the base of the aquifer at Well
B2, where salinities range from 30.6–32.7 parts per thousand.

Table 9 – Salinity measurements from the aquifer in November, August and April
Cluster
Distance
from shore

B

C

D

E

51m

40m

33m

15m

Depth
below

Nov

Apr

Aug

Nov

Apr

Aug

Nov

Apr

Aug

Nov

Apr

Aug

0.651

0.610

0.454

0.607

0.58

0.797

0.551

0.991

0.661

2.75

5.07

NR

0.911

0.80

0.756

1.58

1.28

0.822

16.0

14.6

14.0

16.1

20.1

10.6

22.7

27.2

NR

23.8

NR

NR

watertable

1m
3m
5m
6m

31.2

32.7

30.6

All concentrations are in ppt
* NR = Not recorded. The shifting beach profile and disappearance of well caps occasionally allowed
some beach piezometers to become blocked

The yearly range in hydraulic head observed at wells B1 and B2 (Table 10) was
consistent with a previous study at the site by Walker (1994). The lowest head was
recorded in March of 2004, and the highest was found in July of the same year. In
April 2005, the head was 24cm higher than in March of the previous year. The highest
head was recorded in July of 2004, and a similarly high value was recorded in August
of 2005.
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Table 10 – Groundwater Head at 51m from shore

Year
2004
2004
2004
2005
2005

Month
March
July
November
April
August

Head (m AHD)
1.26
1.70
1.51
1.50
1.68

Values from 2004 were attained from a study by Loveless (in preparation)

Dissolved oxygen and total and dissolved organic carbon levels (Loveless, in
preparation) were consistent with the conditions required for nitrate-limited (rather
than carbon-limited) denitrification (data not shown). The temperature distribution of
samples typically ranged by about three degrees in a given season. Groundwater
temperature ranged from around 17°C in August to 25°C in April.
Nitrate concentrations demonstrated high variability both seasonally and spatially (see
Table 11). Much higher concentrations were typically found in samples taken from
within 1.5m below the water table. Only two shallow samples (B1 and D1 in April)
were below 4 µmol NO3- L-, while all samples taken from more than 3m below the
water table were less than this level. This variability suggests that nitrate is not
entering the aquifer continuously, but rather sporadically, possibly during recharge
episodes. The data suggests that nitrate transported at the top of the aquifer is likely to
be more significant to final ocean input than transport of the smaller concentrations
observed lower in the aquifer.
Table 11 – Distribution of NO3- in µmol L-1 within the aquifer
Cluster
Distance
from shore
Depth
below
watertable

1m
3m
5m
6m

B

C

D

E

51m

40m

33m

15m

Nov

Apr

Aug

Nov

Apr

Aug

Nov

Apr

Aug

Nov

Apr

Aug

143

0.857

92.9

49.3

70.7

30.0

21.8

2.78

100

25.7

13.6

NR

0.860

0.535

0.286

NR*

0.607

0.179

1.32

1.29

28.6

2.93

0.750

0.250

3.71

0.428

NR

2.03

NR

NR

0.320

1.39

0.714

* NR = Not recorded due to faulty readings or blocked piezometers.
Observed error was always < 2 µmol/L, and usually < 0.5 µmol/L.
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Numerical Model
Table 6 shows the boundary head conditions used in the model to give a similar head
variation to that observed in the field at 51m (Table 12).
Table 12 – Formation of Calibrated Boundary Conditions

Average Ocean
Height,
inputted to Model
(m AHD)*

Calibrated
Landward
Head inputted
(m)*

Resultant
Head at 51m
(m)*

Period

Period Name

Nov-Dec

Early Summer

-0.1

0.2

0.046

Jan-Mar

Late Summer

-0.07

-0.18

-0.098

Apr-Jun

Autumn

0.1

-0.06

0.05

Jul-Aug

Winter

0

0.7

0.302

Sep-Oct

Spring

-0.1

0.35

0.105

* In the model, 0m AHD = 0 elevation

These boundary conditions resulted in a seasonal range in hydraulic head of 0.4
metres. The salinity profile at different times of the simulated year is shown below in
Figure 19. The salinities simulated at the bottom of the aquifer were not as high as
those observed at well B2. The model was not able to be calibrated for such high
salinities at this depth without allowing the salinity at places corresponding to the
other observation points being raised significantly beyond the observed values. The
salinities observed in November could not be replicated as precisely as during the
other sampling periods, being consistently lower than samples by approximately 5ppt.
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Figure 19 – The salinity profile in a) November, b) April and c) August, with field data from
corresponding times of year overlaying the contour positions.
Figures show only the nearest 50m of the 130m simulated domain, for ease of comparison of field
results. The vertical scale has been exaggerated 3:1 relative to the horizontal scale. All salinities are in
ppt. The distance in metres from the seaward boundary is indicated along the top of the figures and the
elevation in metres is shown on the vertical axis.

17 a)

17 b)

17 c)

The progression of the tracers was analysed from plots such as those shown below in
Figure 20. During the winter stress periods, tracers would move at their fastest
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towards the seaward boundary (Figures 18a and 18b). As Figures 18c and 18d show,
tracers in the aquifer at the beginning of the mid-summer stress period remained in the
aquifer for the duration of the entire mid-summer and autumn stress periods, before
exiting in either the mid-winter or spring stress periods, under a negative gradient in
the seaward direction.
Figure 20 – Tracer Migration
Figure descriptions: a) a tracer (A) one day after injection at the beginning of a winter stress period. b)
the position of tracer A at the end of the winter stress period, and a new tracer (B) having entered one
day earlier. Plot c) shows the progression of tracer B at the end of the autumn stress period and in d)
the exit at the end of the following winter stress period.
Figures show the closest 55m of the modelled domain, with distance from the seaward boundary in
metres shown along the top of the figures and elevation in metres on the vertical axis. All contours
represent 0.5% of initial injection concentration.

A

a)

B

A

b)

B

c)
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B

d)
Table 13 shows the velocity of tracers assessed from the tracer plots. The model
predicts shallow groundwater may stagnate or even flow slowly inland for much of
the year Table 13. From these velocities, and the length of time over which each
applied (i.e. the length of the stress period), the average yearly-velocity for the
migration of the tracers was found to be approximately 48m year-1 using a eulerianstyle reference point.

Table 13 – Travel time for a conservative tracer entering 50m from shore, broken up by stages
Time of year
simulated by
stress period

Mean

Time (days) for tracer to travel

transport

From-To metres from shore:

velocity
(m/d)

51-40m

40-33m

33-5m

Total
50-5m

Jul-Aug

0.46

24

15

86

125

Sep-Oct

0.29

38

26

296

360

Nov-Dec

0.17

261

15

83

359

Jan-Mar

-0.068

223

15

109

347

Apr-Jun

-0.032

120

15

97

232

DISCUSSION
Denitrification Timescales
Most rates of denitrification described in the literature were found to be described in
terms of zero order rate constants, which typically use units such as [µgN · kg-1 dry
sediment · day-1] or [µgN · L-1 · day-1]. Denitrification rates described by zero order
kinetics are independent of time and concentration. Under such denitrification rates,
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the time taken (∆t) for an initial soil or water concentration of nitrate (C0) to decrease
to a new level (C1) may be found by dividing the difference in concentrations by the
zero-order denitrification rate constant (kzero) of the applicable units to the
concentrations. This is shown below in Equation 6.

∆t =

C1 − C 0
k zero

Equation 6

Some denitrification rates are found to be more closely described by first-order
kinetics, which are dependent on the concentration present and thus change with time
as the limiting reactant (nitrate) is consumed. The rate of denitrification (δC/δt), the
current concentration of nitrate (C) and the first order rate constant (kfirst) in units of
time-1 are related as shown in Equation 7.

∂C
= − k first ⋅ C
∂t

Equation 7

Equation 8 demonstrates how to evaluate a reaction timescale (∆t) between two
concentrations of nitrate C0 and C1, for denitrification rates described by first-order
kinetics.
∆t =

− ln(C1 / C0 )
k first

Equation 8

Below in Table 14 is a summary of the findings of studies into denitrification that
were conducted in conditions similar to those found at the study site.
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Table 14 – Denitrification rates reported for shallow sandy aquifers

Study /
Form
* Smith and
Duff, 1988 /
Lab
* Morris et al.,
1988 /
Lab

Soil
types

Depth
Initial
Temperature Concentration Below
Surface
(oC)
of NO3-–N
-1
(m)
(mg L )

Zero-Order
Rate of removal
(mg.N.L-1.day-1)

Sand and
gravel

22-25

0.49-15.7

1.5 27.1 **

0.0267 - 0.5474

Sand and
limestone

22

14

5 - 185

0.3204 ***

0.2403

0.12 - 0.2

* Smith et al.,
1991 /
Lab

Sand and
gravel

12

11

4.7
below
water
table

Van Beek & Van
Puffelen, 1987 /
Field

Coarse
sand with
shells

10

2.1

26

(Morris et al., 1988; Smith et al., 1991; Smith & Duff, 1988; Van Beek & Van Puffelen, 1987)

* In Korom (1992), a conversion of the rates from “per wet-sediment” to “per dry-sediment” were used on
the values of Smith and Duff (1988) and Smith et al. (1988). The values stated in this conversion (porosity
= 0.4, mass density of sandy sediments = 2.67g/cm3), were used to create a rate per litre of porewater. The
same conversion was used on the rate found by Morris et al. (1988).
** Smith and Duff (1988) reported the highest rates of denitrification in the shallowest 5m of their samples
*** Although the study of Morris et al. (1988) extended deep into the subsurface, the rate reported above is
indicative of rates found at 5-10m below the water table

Calculations were performed on the maximum observed nitrate concentration in this
study (November, Well B1), as the high initial concentration (2.00 mg NO3-1-N.L-1)
indicate the most likely occurrence of denitrification at rates predicted by zero order
kinetics (Table 15). A key assumption of these calculations is that the nitrate in the
groundwater is readily accessible by denitrifiers in the soil column.
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Table 15 – Zero-order denitrification rates from past studies and implied removal time for the
maximum concentration observed.

Zero-Order Rate

Days to remove all nitrate

suggested

from initial conditions of

(mgNL-1day-1)

November

Smith and Duff, 1988

0.0267 - 0.5474

4 - 75

Morris et al., 1988

0.3204

6

Smith et al., 1991

0.2403

8

Van Beek & Van Puffelen, 1987

0.12 - 0.2

10 - 17

Study

Zero order rate constants up to two magnitudes higher than those above have been found
in unconfined aquifer waters (Trudell et al., 1986). Toda et al. (2002) discovered rates up
to 4.4 mgN L-1 d-1 in an unconfined coastal aquifer with high nitrate levels, high DOC
and low DO, up to two metres below the water table. However, these studies have
typically derived such values from nitrate-injection-withdrawal experiments, which
ensure nitrate is in excess and therefore promote higher denitrification rates. The rates
found from such studies are not considered applicable to the current study where we find
relatively low concentrations of nitrate.

Schroth et al. (1998), estimated first order denitrification rate constants in shallow
groundwater (1.5m below water table) of a petroleum-contaminated silt and clay aquifer
with high levels of TOC (10-75mg/L). The rate constants were determined to be around
0.2 – 0.3 hr-1 in regions of the aquifer with DO concentrations less than 2mg.L-1. The site
examined by Schroth et al. shared many of the physio-chemical conditions observed in
the present work, although the aquifer soils were much finer. Thus, these estimates
provide a useful upper limit of denitrification rates. Applying these first-order decay rate
constants to the highest concentrations observed at Clusters B and C (Equation 8), we
estimate the minimum reaction time required for concentrations to reach those observed
in the seawater end-member for each sampling event. In all months for which nitrate data
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were available, the timescale is of the order of one day, an order of magnitude less than
the values suggested in Table 15 above.

Transport Timescales
To compare reaction timescales to residence times, we use estimates of groundwater
velocity from the numerical model. The validity of the average yearly velocity calculated
from the model, 48 m yr-1, may be tested by comparing this to past estimates made at the
site. Appleyard (1994) performed flow net calculations on the sand aquifer of Cockburn
Sound and estimated groundwater velocities to be in the range 37-183 metres per year.
Estimates of groundwater velocity in the sands of the oil refinery ranged from 15-73
m/year by Bodard (1991), who also used the flow net method. These studies provide
independent verification of the simulated velocities, with our estimate being at the lower
end of the range of Appleyard’s (1994) estimate, and almost exactly in the centre of the
more site-specific estimate by Bodard (1991). We calibrated groundwater flow to the
salt-water toe rather than the traditional water-balance approach, and considering the
differences in our assumptions and those of Appleyard and Bodard’s approach, the
similarity in these velocity estimates is remarkable. This may be due to the flux of fresh
water being a key control in both the formation of the salinity profile, and the waterbalance models. Accordingly, these studies support the estimates of average residence
time made above.

Although almost none of the tracer in the simulation was entrained by the saline counterflow near the seaward boundary, this is unlikely to actually be the case. The dispersion of
salt across the zone of diffusion and the enhancement caused of this effect by tides and
wave pumping has been studied since Cooper (1959). These processes would increase the
dispersion of nitrate from the shallowly discharging fresh water, into the counter-flow of
saline water entering the aquifer. There is some evidence of this occurring in our field
results. At a depth of around three to five metres, Cluster E always showed
concentrations above 1µmol.L-1, and a much higher concentration in August (Table 11),
even though ‘upstream’ measurements at similar depths only displayed concentrations
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higher than these values in November. These results may indicate the combined effects of
waves and tides dispersing the nitrate from the shallow, fresher regions of the discharging
aquifer, into brackish aquifer waters. If nitrate continued to be transported into the aquifer
by the flow of denser salt water, this could substantially increase its residence time in the
aquifer.

Comparison of Denitrification and Transport Timescales
A comparison of Table 13 and Table 15 reveals that the modelled residence time of
nitrate at 40-51m from shore is considerably greater than the time required to reduce
concentrations at these locations to background levels using either zero- or first-order
rates constants. Even in mid-winter high-velocity flows, the travel time of a tracer to
discharge along the 51m transect (125 days) is markedly longer than the time for
denitrification (75 days) calculated from the slowest rate found in literature for similar
conditions. This result implies that the concentration of nitrate in NGD from the site is
likely to be near-zero.

Extended residence times for aquifer waters may be more significant relative to any
denitrifying capabilities of the aquifer due to the time of year in which aquifer waters
slow and/or stagnate. Between November and July, temperatures in the aquifer were
found to be between 20-25 ºC, though by late winter, temperatures had dropped to 17-19
º

C. Lind (1983) cited in Korom (1992), showed that an increase in temperature from 10 to

25 ºC resulted in denitrification rates increasing by factors of around 2-20, with the
greatest temperature sensitivity demonstrated in samples of coarse-medium sand. The
higher temperatures observed during summer may therefore be more conducive to the
rates of denitrification described above.

Further, several of the rates outlined above were derived from laboratory studies that
were performed in hydrostatic conditions. Those studies have shown that a lag exists
between when nitrate-enriched waters enter a soil column that previously only held
nitrate at trace concentrations (<0.1mg N-NO3-.L-1), and when denitrification reaches
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zero-order rates of the same magnitude shown in Table 15. Therefore, the slower
velocities between January and June implied by the model, coupled by the warmer
temperatures during this period, are likely to encourage denitrification, possibly at the
rates and to the extent presented.

CONCLUSION
Through simulating the observed seasonal change in the salinity in the aquifer,
independent predictions of groundwater velocity in the vicinity of a discharge point were
derived for different times of the year. Nitrate levels were also sampled, and based on
documented denitrification rates in similar conditions, estimates of the time taken for
these concentrations to reach zero or background levels were obtained. The timescales for
transport far exceeded those of potential degradation, even in months of highest velocity
and for the highest nitrate levels observed. These results suggest that the use of inland
nitrate concentrations and the assumption of conservative transport to the discharge point,
can potentially cause considerable overestimation of nutrient fluxes to the coastal waters.
Accurate estimates of these nutrient fluxes and an understanding of the controls on nitrate
degradation along the beach front are essential for optimal management of the coastal
zone.
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5 Limitations and Sensitivity
5.1 Fieldwork and Observations
Although the salinity readings at the deep wells and piezometers showed a seasonal
pattern of summer encroachment of the salt wedge and winter refreshment, the
measurements were not necessarily indicative of the salinity at the exact well depth
sampled. The wells and piezometers were screened for 0.5m, resulting in the samples
drawn being an average of the aquifer waters over at least a 0.5m depth. This reduces the
resolution of the results used in the model calibration, since it was unclear at exactly what
depth the results should be applied for calibration.

Due to the expense of analysis, the changes in nitrate during the year were only able to be
analysed at three times during the year, limiting the conclusions that could be drawn
regarding the seasonality of nitrate in the system. However, it was possible to
demonstrate that nitrate was predominantly in the shallowest two metres beneath the
water table, and that it was consistent with previous works’ findings on the position of
denitrification zones within shallow aquifers.

5.2 Modelling
The calibration of the model was based on the position and movements of the salt wedge
during the year in an attempt to simulate the average seasonal fluxes and velocities in the
aquifer without recreating the short-term tidal effects. This method proved more effective
than basing model calibration on head measurements alone. The model also predicted an
average groundwater velocity (48m year-1) that was supported by independent methods,
and did so with a realistic range of seasonal head variations (0.4m) and a value of
hydraulic conductivity (25m day-1) that were comfortably within measurements and past
estimates made at the site. However, it is not without conceptual limitations. Tides and
waves are expected to enhance the dispersion of the salt-fresh water interface and alter
groundwater gradients near to the shore. Ignoring these effects may lead to inaccurate
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estimates of velocities and salinity in the near-shore groundwater. Even though these may
not affect the net amount of a conservative contaminant over seasonal timescales, they
may allow biogeochemical reactions to proceed to a greater or lesser extent than
predicted by this simplified transport model. As there was no way to measure
groundwater salinities nearer than 15m from the shore, the model was able to be
calibrated to predict groundwater dynamics in this region.

The aquifer media was simplified to be heterogeneous in the model, which is unlikely to
be the case in the field. Heterogeneities may have had at least two effects on the results
produced. If regions of similar scale to the aquifer (10-100m) consist of media that are of
different anisotropy or hydraulic conductivity, in particular, the response to the seasonal
forcings in the form of head or salinity changes may be experienced in some locations
sooner than others. This would result in the ‘snapshot’ of aquifer properties formed at the
sampling dates not being replicable with a homogeneous model. Smaller scale
heterogeneities adjacent to the well screens could also have implications for the model
accuracy. Heterogeneities over the length of the well screen may result in water entering
the well more readily from some elevations of the aquifer than others, meaning some well
samples are more representative of the location of the aquifer they open onto than others.
Accordingly, the exact position the salinity readings are representative of, may vary on
the order of 0.5m, affecting the calibration of the model.

The salinity profile in the model appears to be less accurately matched for the November
sampling than the other periods during the year (Figure 13). Most of the sample points
showed higher salinities than the model predicted. This could be due to the boundary
conditions in the field differing from those inputted to the model. There is evidence of
this, with November and December ocean heights for 2004 being around 7-10cm higher
than the historical average used in the model (Reena Lowry, 2005; Pattiaratchi &
Buchan, 1991). Therefore, the predictions of velocity made by the model will probably be
more correct for years of more ‘typical’ ocean height.
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5.3 Timescales
Denitrification may not be occurring at rates or locations sufficient to cause the removal
of nitrate over the timescales calculated and discussed earlier. The denitrification rates
used for the timescale comparisons were selected based on similarities of aquifer
characteristics and initial concentrations of nitrate to those observed, but as they are only
based on zero-order rate constants, their use may not provide accurate estimates of the
time for nitrate removal at low concentrations due to possible concentration dependence
of the process. This would result in lower rates, and thus longer times for nitrate removal
to reach the extent assumed in the zero order calculations. Even so, a twenty-fold increase
to most of the calculated reaction timescales does not alter the prediction of complete
removal of nitrate before discharge for the observed nitrate concentrations and their given
proximity to the shore (see Manuscript of Main Findings, Section 4). Further, no zero
order rate constants were found of lower magnitude to those presented, and the few
documented first order rate constants all yielded shorter reaction times than the lower
order constants.

The investigation by Smith et al. (2003) showed that higher concentrations of nitrate than
were measured in this study have been recorded in the shallow aquifer. At the study site,
concentrations in the sand aquifer have been found around 20 times greater than the
maximum level observed in this study (Bodard, 1991). Again, assuming the rates of
denitrification are similar to those reviewed, and these concentrations are recorded at
least 50m from the ocean, this does not greatly affect the results presented.

However, at other locations around Cockburn Sound, concentrations of nitrate up to
10,000 times greater than the samples analysed in this work have been recorded in
shallow regions of the aquifer, and even higher concentrations have been recorded in the
highly conductive Tamala Limestone. The clay aquitard exhibited by the study site does
not exist at all other locations around the Sound, allowing the sand and limestone aquifers
to be hydraulically connected. Therefore, these higher concentrations may be
significantly less affected by the predicted rate of denitrification before their discharge to
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marine waters, in part due to the increased quantity of nitrate to be removed, and partly
also due to the lower residence times of groundwater in the Tamala Limestone.

Considering the rate of nitrate removal has not actually been assessed directly at the site,
there is uncertainty as to the degree denitrification is contributing to decreased nitrate
levels along the sampling transect, if at all. Therefore, evidence that denitrification rates
are sufficiently high to cause significant removal of nitrate at the observed concentrations
and proximities, cannot be provided by the results of this study, although they do confirm
there is potential for said removal to occur, particularly in regions where flow velocities
and nitrate concentrations are similar to those reported here.
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6 Recommendations
The recommendations of this work stem from the limitations raised in the previous
section, and the uncertainty they create. The uncertainty in the predictions originates from
two key sources.

First, the groundwater model may be unable to sufficiently replicate the groundwater
dynamics as they change over a yearly cycle, leading to errors in estimations of transport
timescales. Variable-density flow models may be capable of verifying other estimates of
groundwater flux and velocities in other regions of discharge around Cockburn Sound,
such as the highly transmissive Tamala Limestone aquifer which is estimated to have a
much higher discharge than the sand aquifer.

Whether denitrification is occurring to the extents estimated is also yet to be verified. In
order to assess how indicative the inland nitrate concentrations are of the actual
discharge, an assessment of denitrification in the aquifer systems is needed, possibly
through acetylene-block injection experiments, or by direct analysis of aquifer soil and
porewater samples.

Assessment of the denitrification capabilities of the aquifer may also need to be
conducted in different seasons, in order to couple better predictions of both flow and
concentration in the formation of nitrate-flux estimates. Particular attention should be
paid to winter and spring flows, when flows are predicted to be at their highest. If the
denitrification timescales are still found to be significantly shorter than the transport
times, then the methods of estimating Cockburn Sound’s nitrate input will need to be reevaluated, such as by incorporating a measured rate of denitrification into the flow model
outputs, or by taking measurements of the groundwater nitrate concentrations much
closer to shore than is the current norm.
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7 Conclusion
The estimation of submarine groundwater discharge of nutrients requires accurate
predictions of both net discharge volumes, and the concentrations of nutrients being
transported to the ocean. Current methods used to estimate of SGWD of nitrate and other
nutrients at Cockburn Sound assume biogeochemical processes are insignificant, and
both the methods and assumptions are typical of those used around the world for similar
analyses. Through simulating the observed seasonal change to the salinity of the shallow
aquifer at Cockburn Sound, independent predictions of groundwater velocity in the
vicinity of a discharge point were derived for different times of the year. Nitrate levels
were also sampled, and based on documented denitrification rates in similar conditions,
estimates of the time taken for these concentrations to reach zero or background levels
were obtained. Contrary to the assumption of conservative transport, the timescales for
transport exceeded those of potential degradation for all distances and concentrations
observed, even in months of highest velocity and for the highest nitrate levels observed.
These results suggest that estimations of nutrient flux based on inland groundwater
concentrations are unlikely to be accurate, unless samples are taken close enough to the
discharge location for transport timescales to be relatively small. This work demonstrates
that the use of inland nitrate concentrations to derive accurate fluxes to marine waters
requires an understanding of controls of both the transport and reaction mechanisms
affecting the fate of nitrate. Therefore, further consideration of biogeochemical processes
that may occur in aquifers prior to discharge is needed in order for optimal management
of coastal waters to be achieved.
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Table 16 – Field Data from November 2004

Well
B1
B2

Temperature
(oC)
21.4
24.6

Salinity
(ppt)
0.651
31.2

pH
7.20
7.27

Dissolved
Oxygen
(mg.L-1)
NR
NR

C1
C2
C3

22.0
22.4
22.3

0.607
0.911
16.1

7.38
7.10
7.17

NR
NR
NR

D1
D2
D3

21.7
22.4
23.5

0.551
1.58
22.7

7.40
7.22
6.84

NR
NR
NR

E1
E2
E3

21.4
20.8
23.1

2.75
16.0
23.8

7.51
7.12
7.04

NR
NR
NR

Seawater

29.1

28.5

7.95

NR

Table 17 – Field Data from April 2005

Well
B1
B2

Temperature
(oC)
23.9
24.5

Salinity
(ppt)
0.610
32.7

pH
7.24
7.45

Dissolved
Oxygen
(mg.L-1)
1.2
0.0

C1
C2
C3

24.7
24.3
23.9

0.580
0.800
20.1

7.54
7.17
7.18

1.6
0.3
0.1

D1
D2
D3

24.8
24.7
24.9

0.500
1.28
27.2

7.47
7.21
7.14

0.5
0.1
0.0

E1
E2
E3

24.0
24.4
NR

5.07
14.6
NR

6.95
7.01
NR

0.7
0.0
NR

Seawater

22

31.8

8.18

7.4
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Table 18 – Field Data from August 2005

Well
B1
B2

Temperature
(oC)
17.6
18.9

Salinity
(ppt)
0.454
30.6

pH
7.06
7.27

Dissolved
Oxygen
(mg.L-1)
0.7
0.5

C1
C2
C3

18.2
18.2
19

0.797
0.756
10.6

6.92
6.72
7.13

0.9
1.1
1

D1
D2
D3

16.8
18.2
NR

0.661
0.822
NR

7.20
7.01
NR

1.8
1.1
NR

E1
E2
E3

NR
15.0
NR

NR
14.0
NR

NR
7.54
NR

NR
36.0
NR

Seawater

16.8

30.1

7.95

4
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Table 19 – List of model input parameters and solutions schemes
Tab

Package

Geology

Package

Main Flow
Package
GHB
PreconditionedConjugate Gradient
(PCG2)

Parameter Name (if
specified)

Option

Value

Interblock Transmissivity
Aquifer Type
Anisotropy
Vert. Discretisation
Specify Vertical Cont
Specify sfl
Specify Anisotropy
Wetting
Internal Array Storage

Arithmetic mean (1)

IAPART

No
No
Yes
BUFF, RHS occupy same space (0)

Block Centred Flow
Use

ITMP

Time-variable stress (1)

(Selected)
Mx outer iter'ns
Mx inner iter'ns
Matrix Precond'g
Mx abs. change head
Mx abs. residual
Relaxation parameter
Upper bound of mx eigenval.
Damping Factor

MXITER
ITERI
NPCOND
HCLOSE
RCLOSE
RELAX
NBPOL
DAMP

60
100
Modified incomplete Cholesky (1)
1.00E-07 (*1*)
10
1
Two (2)
1

Unconfined (1)
1
40
No
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Time

Transient/Steady flow
# Stress periods

ISS
NPER

Transient (0)
32 (*2*)

MT3DMS

Min saturated thickness fraction
Mass unit
# Components
# Mobile components
Advection
Dispersion
Genralized Conjugate Gradient Solver
Time-varying Concentration
Initial placement of moving particles

THKMIN
MUNIT
NCOMP
MCOMP
ADV
DSP
GCG
Yes
NPLANE

0.01
kg
3 (*2*)
3
Yes
Yes
Yes
Random (0)

MIXELM
ITRACK

Varied, see Section 2.3.2
MOC (and HMOC)
R-K only near sinks/sources (3)

PERCEL
MXPART
WD

1
1000000
0.5

DCEPS

1e-6

NPL
NPH

0
10
4
4

DISPERSION
Advection1

Advection Scheme
Particle tracking algorithm
# cells particle can move in one
timestep
Max # moving particles
Concentration Weighting factor
Size of negligible concentration
gradient
Initial # particles/cell where
concentration < DCEPS
“ “ > DCEPS

Advection2

Min moving particles/cell
Max moving particles/cell

NPMIN
NPMAX

GCG

Max # outer iterations
Max # inner iterations

1
40
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SEAWAT

Preconditioner
Relaxation factor for SSOR option
Convergence criterion

ISOLVE
ACCL
CCLOSE

Modified Incomplete Cholesky (3)
1
1e-4

Integrated MT3DMS Transport Process
Varidable Density Flow Process
Use couple flow and transport
Component used to compute fluid
density
Internodal density values calculated by
Max coupling iterations
Use VDF w-table corrections
Min Density
Max Density
Reference fluid density
d.Density/d.Concentration
Length of first timestep in IMT Process
Specify GHB elevation

IMT
VDF
MTDNCONC

Yes
Yes
Yes

MTDNCONC
MFNADVFD
NSWTCPL
IWTABLE
DENSEMIN
DENSEMAX
DENSEREF
DENSESLP
FIRSTDT
GHBELEV

1
upstream-weighted (1)
explicitly coupled (1)
Yes
1000
1025
1000
0.7143
0.001
Yes (*3*)

(*1*) – For SEAWAT runs, HCLOSE should be set to small values to allow resolution of the small vertical hydraulic gradients associated
with the variable density flows
(*2*) – The number of stress periods and components varied
(*3*) – This flag was not deliberately activated, but was apparently on for all model runs. It is the reason the GHB cells were only those
adjacent to the default elevation of 0m
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Table 20 – Creation of the head variations for the boundary conditions

Month

GW head at 51m:
Apparent
Head (m)
Difference
from Max (m)

Representative
Period

Period
Name

Average Ocean
Height,
inputted to
Model
(m AHD)*

Nov

1.51

-0.19

Nov-Dec

Early Summer

-0.1

Mar

1.26

-0.44

Jan-Mar

Late Summer

-0.07

Apr

1.50

-0.20

Apr-Jun

Autumn

0.1

Jul

1.70

0

Jul-Aug

Winter

0

Aug

1.68

-0.02

Sep-Oct

Spring

-0.1

* Heights were averaged from the figure produced in Pattiaratchi & Buchlan (1991) over
the Representative Period

Calculation of average yearly velocity, from Table 7
[(0.46 x 62) + (0.29 x 61) + (0.17 x 61) + (-0.068 x 90) + (-0.032*91)] = 47.5m (per year)
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