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Abstract 
 
 
 

Natural attenuation of petroleum hydrocarbons in groundwater has been extensively 

investigated in many industrial settings. However field-based assessments have typically 

focused on small scale domains. Few studies have characterised the natural attenuation 

processes acting on contaminant plumes associated with large and complex light non-

aqueous phase liquid (LNAPL) source zones. Previous investigations of contaminant 

plumes have documented pollutant degradation under variable redox conditions, but 

overall little is know about contaminant behaviour in carbonate aquifers where 

methanogenesis is the dominant degradation process.  

 

The objective of this Thesis is to quantify the natural attenuation mechanisms acting on a 

large and complex hydrocarbon plume in a coastal carbonate sand aquifer, and develop 

insights into the long-term sustainability of those mechanisms. At the selected study site 

the natural attenuation assessment is complicated by multiple LNAPL source zones, 

variable groundwater recharge rates and a layered sand aquifer which sustains vertical 

migration to an underlying limestone unit through a separating clay aquitard. 

 

Detailed discrete-depth field installations are used to characterise the distribution of 

hydrocarbon compounds in the multi-component plume, and to infer natural attenuation 

processes and rates through model-based data interpretation. A transient three-

dimensional site groundwater model is constructed, and alternative conceptual 

hydrogeological models are systematically studied to identify the most plausible 

conceptual model which generates the (i) observed plume behaviour and (ii) 

biogeochemical response, as a result of contaminant release, transport and degradation 

from known LNAPL sources. Scenario-modelling illustrates that under typical site 

conditions, discontinuities in the clay aquitard can sustain the necessary vertical gradients 

without expressing as "sinks" in site-scale water table contour maps. Quantification of 

natural attenuation is undertaken by integrating the hydrogeological and hydrochemical 

information into a steady-state two-dimensional cross-sectional reactive transport model. 

Non-reactive and reactive transport simulations were carried out for a selected vertical 



transect along the main flow direction. Model parameters for both physical transport and 

reactive processes were constrained using the chemical concentrations observed in the 

field. 

 

The study illustrates that the hydrocarbon plume, as a result of degradation reactions, is 

evidently stable in its extent within the carbonate sand aquifer. Methanogenesis accounts 

for 84% of the mass removed by biodegradation, while the remainder is due to sulphate 

reduction. Different portions of the plume are, to a variable degree, affected by the supply 

of electron-acceptors through recharge. As a result of the high concentration of 

bicarbonate and sulphate in the ambient groundwater, calcite appears to precipitate 

during hydrocarbon biodegradation. This behaviour differs from previously reported 

studies. As a result of carbonate buffering by the aquifer matrix, the biodegradation ratio 

between methanogenesis and sulphate is rather insensitive, even to substantial changes in 

electron acceptor concentrations. On this basis, the natural attenuation processes that 

have stabilised the hydrocarbon plume appear sustainable. 

 
 
 

 3



Acknowledgements 
 
 
 
 
Over the past six years I have been encouraged and assisted by many people.  

 

Dr Greg Davis and Dr Henning Prommer provided their boundless time, energy and 

guidance, and just as importantly, humour and support. To Greg and Henning, I am truly 

grateful. Dr Rod Lukatelich at BP Kwinana supplied the initial motivation for this Thesis, 

assisted with funding and provided technical guidance as the project developed. As with 

many aspects of my career, Rod’s leadership is always generous and appreciated.  

 

I would like to thank Assoc Professor Christoph Hinz (and previously Dr David Reynolds) 

for providing UWA supervision for this project. Dr Trevor Bastow produced the analytical 

data, but also provided valuable advice and at important times, showed great patience. 

John Rayner provided much-needed encouragement and assistance across the many years. 

Many other people at CSIRO and BP assisted me through this project; Joe Ariyaratnam, 

Colin Johnston, Robert Woodbury, Dr Richard Silberstein, Dr Mike Trefry, Dr Anja 

Sinke, Janelle Shackley and David Donovan are just some of the many people that helped 

me at various stages through this project. To each I am very appreciative.    

 

Finally I would like to thank my partner Anne. 

 
 
 
 
 
 
 
 
 



TABLE OF CONTENTS 
 

1 INTRODUCTION .......................................................................................................................10 
1.1 BACKGROUND .......................................................................................................................10 
1.2 AIMS AND OBJECTIVES ..........................................................................................................12 
1.3 OVERVIEW.............................................................................................................................12 
1.4 STRUCTURE OF THE THESIS....................................................................................................14 
1.5 STATEMENT ...........................................................................................................................15 

2 SITE BACKGROUND................................................................................................................16 
2.1 SITE SETTING.........................................................................................................................16 
2.2 SOURCE AND DISSOLVED HYDROCARBON CONTAMINATION.................................................23 

3 THEORETICAL BACKGROUND ...........................................................................................31 
4 MATERIALS AND METHODS ................................................................................................43 

4.1 FIELD DATA COLLECTION......................................................................................................43 
4.2 ANALYTICAL DATA ...............................................................................................................45 
4.3 HYDRAULIC FLOW MODELLING.............................................................................................48 
4.4 REACTIVE TRANSPORT MODELLING ......................................................................................49 

5 FIELD DATA COLLECTION...................................................................................................51 
5.1 HYDROCARBON AND BIOGEOCHEMICAL INDICATORS ...........................................................51 
5.2 SOURCE LNAPL....................................................................................................................72 
5.3 DISCUSSION OF RESULTS .......................................................................................................75 

6 HYDRAULIC FLOW MODELLING .......................................................................................78 
6.1 HYDRAULIC MODEL DEVELOPMENT......................................................................................79 
6.2 CALIBRATION AND VALIDATION............................................................................................88 
6.3 ADVECTIVE TRANSPORT; COMPLETING THE HYDRAULIC CONCEPTUAL MODEL...................96 

7 REACTIVE TRANSPORT MODELLING.............................................................................112 
7.1 MODEL DEVELOPMENT, BOUNDARY AND INITIAL CONDITIONS ..........................................112 
7.2 DEFINITION OF A SITE SPECIFIC REACTION NETWORK.........................................................116 
7.3 SIMULATION RESULTS, SENSITIVITY ANALYSIS AND DISCUSSION.......................................128 
7.4 UNCERTAINTIES WITH REACTIVE TRANSPORT MODELLING.................................................159 

8 CONCLUSIONS........................................................................................................................164 
9 REFERENCES ..........................................................................................................................169 
 
 

APPENDIX A – ANALYTICAL RESULTS....................................................................................179 
APPENDIX B - HYDRAULIC MODEL CALIBRATION AND VALIDATION RESULTS .....180 
APPENDIX C – PHT3D SITE SPECIFIC REACTION CODES..................................................184 
 

 5



FIGURES 
 
FIGURE 2-1:  LOCATION OF BP KWINANA ...............................................................................................16 
FIGURE 2-2:  SITE GEOLOGICAL STRATIGRAPHY (FROM BP, 1999) .........................................................17 
FIGURE 2-3:  PEAK AND LOW WATER LEVELS IN SAFETY BAY SANDS AQUIFER ......................................22 
FIGURE 2-4:  PEAK AND LOW WATER LEVELS IN TAMALA LIMESTONE AQUIFER .....................................22 
FIGURE 2-5:  MAXIMUM LIMIT OF LNAPL PLUME, BASED ON MONITORING WELL DATA IN 2005............24 
FIGURE 2-6:  1999 ANNUAL GROUNDWATER MONITORING DATA (µG/L) FOR THE TOP/BASE OF THE TWO 

AQUIFERS (SBS – SAFETY BAY SANDS & TL – TAMALA LIMESTONE), WITH APPROXIMATE 
POSITION OF THE LNAPL SOURCE AREA ........................................................................................26 

FIGURE 2-7:  2006 ANNUAL GROUNDWATER MONITORING DATA (µG/L) FOR THE TOP/BASE OF THE TWO 
AQUIFERS (SBS – SAFETY BAY SANDS & TL – TAMALA LIMESTONE), WITH APPROXIMATE 
POSITION OF THE LNAPL SOURCE AREA ........................................................................................27 

FIGURE 2-8:  TOTAL PETROLEUM HYDROCARBON IN MONITORING WELLS 921-924, LOCATED UNDER 
EXTENSIVE LNAPL SOURCE (KEROSENE, GASOLINE AND COMPONENTS) .......................................28 

FIGURE 2-9:  BTEX SPECIES IN MONITORING WELLS 924 (UPPER SAFETY BAY SANDS AQUIFER), 
LOCATED UNDER EXTENSIVE LNAPL SOURCE (KEROSENE, GASOLINE AND COMPONENTS)............29 

FIGURE 5-1:  NOVEMBER 2001 MLS INSTALLATIONS .............................................................................52 
FIGURE 5-2:  ANALYTICAL RESULTS (µG/L) FOR BENZENE, ETHYLBENZENE AND M,P-XYLENE FEBRUARY 

2002 ...............................................................................................................................................53 
FIGURE 5-3:  APRIL 2002 MLS INSTALLATIONS......................................................................................55 
FIGURE 5-4:  ANALYTICAL RESULTS (µG/L) FOR BENZENE, TOLUENE, ETHYLBENZENE, M,P-XYLENE MAY 

2002. ..............................................................................................................................................55 
FIGURE 5-5:  NOVEMBER 2002 MLS INSTALLATIONS. ............................................................................58 
FIGURE 5-6:  ANALYTICAL RESULTS (µG/L) BENZENE AND ETHYLBENZENE NOVEMBER 2002................58 
FIGURE 5-7:  ANALYTICAL RESULTS (MG/L) FOR BICARBONATE, SULPHATE, IRON(II), NITRATE 

NOVEMBER 2002. ...........................................................................................................................59 
FIGURE 5-8:  SODIUM-CHLORIDE RATIO AND PH ALONG TRANSECT ........................................................60 
FIGURE 5-9:  MLS IN PROJECT DOMAIN...................................................................................................61 
FIGURE 5-10:  MLS DOWNGRADIENT OF MAIN SITE LNAPL SOURCE AREA. ...........................................62 
FIGURE 5-11:  2003 TRANSECT 1.............................................................................................................64 
FIGURE 5-12:  2004 TRANSECT 1.............................................................................................................65 
FIGURE 5-13:  2005 TRANSECT 1.............................................................................................................66 
FIGURE 5-14:  JUNE 2003 DEPTH-AVERAGE CONCENTRATION OF BENZENE, TOLUENE, ETHYLBENZENE, 

XYLENE ISOMERS AND NAPHTHALENE (µG/L).................................................................................67 
FIGURE 5-15:  JUNE 2003 DEPTH-AVERAGE CONCENTRATION OF SULPHATE, METHANE, NITRATE, 

DISSOLVED IRON, BICARBONATE AND CALCIUM (MG/L) .................................................................68 
FIGURE 5-16:  VERTICAL DISCRETE REPRESENTATION OF 2003 BENZENE RESULTS .................................69 
FIGURE 5-17:  VERTICAL DISCRETE REPRESENTATION OF 2003 TOLUENE RESULTS .................................70 
FIGURE 5-18:  LNAPL-AQUEOUS EQUILIBRIUM DISSOLVED PHASE CONCENTRATION OF BENZENE, 

TOLUENE, ETHYLBENZENE, XYLENE ISOMERS AND NAPHTHALENE .................................................74 
FIGURE 6-1:  PLAN VIEW OF THE AREAL EXTENT AND DISCRETISATION OF THE HYDRAULIC MODEL .......80 
FIGURE 6-2:  MONTHLY MEAN SEA LEVEL FOR COCKBURN SOUND JANUARY 1999 – JULY 2002 ..........81 
FIGURE 6-3:  OBSERVED WELL LEVEL, UPSTREAM BOUNDARY FLUX AND RECHARGE .............................83 
FIGURE 6-4:  KWINANA WEATHER STATION RAINFALL DATA ..................................................................85 
FIGURE 6-5:  WAVES 10 YEAR AVERAGE SIMULATION OF RAINFALL AND RECHARGE ...........................86 
FIGURE 6-6:  RECHARGE AS FUNCTION OF RAINFALL (WAVES AND SCALED MODEL) ............................87 
FIGURE 6-7:  ZONES FOR PARAMETER ESTIMATION .................................................................................90 
FIGURE 6-8:  SAFETY BAY SANDS MODEL RESULTS – TRANSIENT PERIOD 33 ........................................91 
FIGURE 6-9:  TAMALA LIMESTONE MODEL RESULTS – TRANSIENT PERIOD 33.......................................92 
FIGURE 6-10:  SAFETY BAY SANDS CALIBRATION                FIGURE 6-11:  TAMALA LIMESTONE 

CALIBRATION..................................................................................................................................92 
FIGURE 6-12:  SCATTERGRAM OF SAFETY BAY SANDS CALIBRATION .....................................................93 
FIGURE 6-13:  SAFETY BAY SANDS VALIDATION                FIGURE 6-14:  TAMALA LIMESTONE VALIDATION

.......................................................................................................................................................94
FIGURE 6-15:  SCATTERGRAM OF SAFETY BAY SANDS VALIDATION.......................................................95 
FIGURE 6-16:  FREMANTLE HARBOUR TIDAL DATA.................................................................................96 
FIGURE 6-17:  EXAMPLE OF PROCESSES LEADING TO VERTICAL PLUME MIGRATION (FROM API, 2006) ..97
FIGURE 6-18:  PB8 PUMPING AND SAFETY BAY SANDS (209) MONITORING WELL ..................................98 

 6



FIGURE 6-19:  IDEALISED MODEL CASE FOR SENSITIVITY ASSESSING "HOLES IN CLAY".........................102 
FIGURE 6-20:  PMPATH PLUME PARTICLE TRACKING "HOLE IN CLAY" OF VARYING KV ......................104 
FIGURE 6-21:  EFFECT ON PHREATIC SURFACE OF VARYING CLAY "HOLE" DIMENSIONS .......................106 
FIGURE 6-22:  EFFECT ON PLUME MIGRATION OF HYDRAULIC TEST.......................................................109 
FIGURE 7-1:  REACTIVE TRANSPORT MODEL DOMAIN ..........................................................................114 
FIGURE 7-2:  LNAPL SOURCE POSITION................................................................................................118 
FIGURE 7-3: EXAMPLE OF FIRST-ORDER AND MONOD REACTION RATE EXPRESSIONS.........................124 
FIGURE 7-4: "CLOSED" AND "OPEN" CARBONATE SYSTEMS - MONOD REACTION EXPRESSION............127 
FIGURE 7-5:  DOMAIN SUB-PLOTS - BENZENE, TOLUENE, ETHYLBENZNE AND XYLENE ISOMERS (SAFETY 

BAY SANDS AQUIFER)..................................................................................................................130 
FIGURE 7-6:  HYDROCARBON AND GEOCHEMICAL SPECIES MP23 SUB-PLOT.......................................131 
FIGURE 7-7: HYDROCARBON AND GEOCHEMICAL SPECIES MP24.........................................................132 
FIGURE 7-8: HYDROCARBON AND GEOCHEMICAL SPECIES MP26.........................................................133 
FIGURE 7-9:  HYDROCARBON AND GEOCHEMICAL SPECIES MP25........................................................134 
FIGURE 7-10:  HYDROCARBON AND GEOCHEMICAL SPECIES MP15......................................................135 
FIGURE 7-11: HYDROCARBON AND GEOCHEMICAL SPECIES MP13.......................................................136 
FIGURE 7-12: DOMAIN SUB-PLOTS - BICARBONATE, METHANE, CALCITE, SULPHATE AND PH (SAFETY 

BAT SANDS AQUIFER) ..................................................................................................................137 
FIGURE 7-13:  DOMAIN SUB-PLOTS - ALKALINITY SPECIES ..................................................................138 
FIGURE 7-14: DOMAIN SUB-PLOTS - BENZENE, TOLUENE, ETHYLBENZNE AND XYLENE ISOMERS 

(SAFETY BAY SANDS AND TAMALA LIMESTONE AQUIFER) .........................................................139 
FIGURE 7-15:  DOMAIN SUB-PLOTS - BICARBONATE, METHANE, CALCITE, SULPHATE AND PH (SAFETY 

BAT SANDS AND TAMALA LIMESTONE AQUIFER) ........................................................................140 
FIGURE 7-16:  DOMAIN SUB-PLOTS HYDROCARBON SPECIES - NON-REACTIVE CASE..........................141 
FIGURE 7-17:  DOMAIN SUB-PLOTS GEOCHEMICAL SPECIES - NON-REACTIVE CASE ...........................142 
FIGURE 7-18:  DOMAIN SUB-PLOTS HYDROCARBON SPECIES - NO-DEGASSING CASE..........................143 
FIGURE 7-19:  DOMAIN SUB-PLOTS GEOCHEMICAL SPECIES - NO-DEGASSING CASE ...........................144 
FIGURE 7-20: EFFECT OF PHT3D ADVECTION SCHEME ON BENZENE AND BICARBONATE PREDICTED 

PLUME ..........................................................................................................................................145 
FIGURE 7-21: COLUMN 120 PHT3D PLUME EVOLUTION (BENZENE MOLES/LITRE) ..............................149 
FIGURE 7-22:  COLUMN 120, LAYER 22 PHT3D PLUME EVOLUTION (BENZENE MOLES/LITRE)............150 
FIGURE 7-23: INTEGRATED MOLES OF METHANE ACROSS MODEL DOMAIN............................................152 
FIGURE 7-24:  COLUMN 120, LAYER 22 - CELL BREAKTHROUGH CURVE (BENZENE) - SENSITIVITY 

ANALYSIS.....................................................................................................................................155 
FIGURE 7-25:  INTEGRATED MOLES OF METHANE - SENSITIVITY ANALYSIS .........................................155 
FIGURE 7-26: AQUIFER BIOGEOCHEMICAL RESPONSE: PHT3D INITIAL AND MODIFIED CONDITIONS.....157 
FIGURE 7-27: UNFILTERED VS FILTERED BICARBONATE     FIGURE7-28: UNFILTERED VS FILTERED 

CALCIUM......................................................................................................................................160 
FIGURE 7-29:  ION BALANCE FOR 2008 RESAMPLE RESULTS ................................................................160 
 
 

 7



 

TABLES 
 
TABLE 5-1:  NOVEMBER 2001 INITIAL MLS (µG/L) RESULTS. DEPTH MEASURED FROM GROUND SURFACE 

(M)..................................................................................................................................................52 
TABLE 5-2:  2003 SELECTED HYDROCARBON SPECIES (µG/L)..................................................................71 
TABLE 5-3:  2003 BIOGEOCHEMICAL INDICATOR SPECIES (MG/L)............................................................72 
TABLE 6-1:  PERTH COASTAL REFERENCE RECHARGE ESTIMATES ...........................................................84 
TABLE 6-2:  WAVES MONTHLY MEAN RECHARGE AS FUNCTION OF RAINFALL ......................................86 
TABLE 6-3:  WAVES AND SCALED RECHARGE AS FUNCTION OF RAINFALL ............................................87 
TABLE 6-4:  CALIBRATED PARAMETER VALUES FOR SAFETY BAY SANDS, BASAL CLAY AND TAMALA 

LIMESTONE.....................................................................................................................................91 
TABLE 6-5:  OBSERVED STANDING WATER LEVEL MP20 & MP21 MAY 2008.....................................110 
TABLE 6-6: MODFLOW PREDICTED HEADS (COLUMN 4)....................................................................111 
TABLE 7-1:  INITIAL GEOCHEMICAL CONDITIONS (DISSOLVED SPECIES) ...............................................118 
TABLE 7-2:  2003 TRANSECT 1 BENZENE DATA (µG/L) ........................................................................121 
TABLE 7-3:  CALIBRATED HYDROCARBON REACTION RATE PARAMETERS...........................................128 
TABLE 7-4: COMPARISON OF PLUME-SCALE BTEX-BIODEGRADATION RATES (MOLES/LITRE.S) ...........153 
TABLE 7-5: INITIAL GEOCHEMICAL CONDITIONS (SENSITIVITY ANALYSIS)..........................................154 
 
 
 

 8



List of Acronyms, Symbols and Units 
 
 
bgs  Below Ground Surface 
AHD  Australian Height Datum 
BP  BP Australia Pty Ltd 
BTEX  Benzene, Toluene, Ethylbenzene and the Xylene isomers 
CAFB  Canadian Air Force Base 
CLW  CSIRO Land and Water  
CSIRO  Commonwealth Scientific and Industrial Research Organisation 
CSM  Conceptual Site Model 
LNAPL  Light Non Aqueous Phase Liquid 
MLS  Multi Level Sampling devices  
redox  Reduction / Oxidation (state or reactions) 
RL  Relative Level (to AHD) 
 
 
αL  Longitudinal Dispersivity [L] 
αv  Vertical Dispersivity [L] 
Kh  Horizontal Conductivity [L/T] 
Kv  Vertical Conductivity [L/T] 
n  Porosity [ø] 
R  Recharge [L/T] 
Sy  Specific Yield [ø] 
S  Storage Coefficient [ø] 
T  Transmissivity [L2/T] 
 
 
cm  centimetres 
km  kilometres 
m  metres 
mg/L  milligrams / litre 
µg/L  micrograms / litre 
 

 9



1 Introduction 
 

1.1 Background 
 
Groundwater pollution by petroleum hydrocarbons has been extensively reported in the 

USA, Europe and Australia over recent decades (Prommer et al., 1999). Petroleum 

hydrocarbon compounds can be relatively mobile in groundwater, and light non-aqueous 

phase liquids (LNAPLs) such as gasoline in subsurface environments provide a long-term 

source of dissolved contaminants (Davis et al., 1999). With the expanding focus on the 

value of groundwater resources, the importance of cost-effective technologies for 

restoring aquifers impacted by pollutants is increasingly recognised (Thornton et al., 

2001a). Natural attenuation is a remedial alternative for the containment, and reduction in 

mass and concentration, of petroleum hydrocarbons in the environment (ASTM, 1998). 

Remediation depends upon natural processes such as dispersion, dilution, sorption, 

volatilisation and biodegradation of petroleum constituents to achieve the restoration 

goals. Natural attenuation of petroleum hydrocarbons in groundwater has been 

extensively investigated over the past thirty years (Wiedemeier et al., 1999). However as 

summarised by Christensen et al. (2000) and Heidrich et al. (2004), research on 

attenuation processes has typically addressed plume behaviour in relatively simple 

hydrogeological settings, and generally for single, isolated pollution sources. 

 

There is an implicit relationship between hydrogeological setting and the spatial-temporal 

distribution of a contaminant plume (Cozzarelli et al., 1999). Field-based case studies have 

tended to focus on site settings where quantification techniques can be more successfully 

applied (Wilson et al., 2004). However if vertical hydraulic gradients lead to the non-

uniform vertical distribution of reactive species, assumptions valid in horizontal flow-field 

studies can not be used (Schäfer et al., 2001). Discrete-depth sampling is advocated to 

assist interpretation of plume dynamics due to aquifer heterogeneities and temporal 

variability (Smith, 1991; Brauner and Widdowson, 2001). There are only a small number 

of studies that have quantified natural attenuation processes in hydrogeological settings 

where vertical gradients are sustained by depositional stratification or communication 

between aquifer units (e.g. Thornton et al., 2001a; Prommer et al., 2006; Colombani et al., 
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in press). A limited number of studies have examined the role of recharge in modifying 

redox conditions within a contaminant plume (e.g., Scholl et al., 2006). Quantification is 

even more challenging when the geochemical effects of biodegradation are influenced by 

water-rock interactions in aquifers (Cozzarelli et al., 1999; Chapelle, 2001). Case-studies 

describing the natural attenuation of petroleum hydrocarbons under multiple redox 

conditions are common (e.g. Baedecker et al., 1993; Christensen et al., 2000). However 

only a few studies have quantified biodegradation of contaminant plumes in carbonate 

aquifers where methanogenesis is dominant (e.g. Hunkeler et al., 1999; Schäfer et al., 

2001), and in these examples the hydrogeological setting was relatively simple, the 

LNAPL source isolated and the plume geometry clearly defined. 

 

Field-based assessments have typically been undertaken with limited and well-defined 

sources. Examples include the emplaced benzene source at CAFB Borden (e.g. Acton and 

Barker, 1992; Schirmer et al., 2000), the much-researched crude oil release at Bemidji, 

Minnesota (e.g. Bennett et al., 1993; Essaid et al., 2003) or retail-scale fuel storage sites 

(e.g. Davis et al., 1999; Reinhard et al., 2005). Detailed discrete-depth studies that 

characterise multi-component plumes from a large LNAPL source, and the 

biogeochemical response in a carbonaceous aquifer, are seldom described in the literature. 

A limited number of studies have examined contaminant plumes on large industrial sites 

where the source is isolated and the plume geometry clearly defined (e.g. Anderson and 

Lovley 2000; Schäfer et al., 2001; Gödeke et al., 2006). However there are very few studies 

that have quantified natural attenuation mechanisms acting on the plumes of large 

complex LNAPL source zones in industrial settings (e.g. Heidrich et al., 2004; Suarez and 

Rifai, 2004; Schirmer et al., 2006; Miles et al., 2008).  

 

As natural attenuation has become increasingly accepted as a technique for remediating a 

wide range of organic contaminants, numerical modelling has evolved as an important 

step in analysing and demonstrating the underlying natural processes (Prommer et al., 

2000b). Multi-species reactive transport models are powerful tools for interpreting and 

predicting the fate of contaminants, as they couple hydrogeological and hydrochemical 

conceptual models into a single integrated platform. Numerical models provide the 

functionality to consistently describe the complex interaction between flow, solute 

 11



transport, aquifer composition and biogeochemical parameters in complex and variable 

settings (Schäfer et al., 2001). Wherever a multitude of processes interact, whether 

physical, chemical or biological, mathematical modelling has been shown to provide a 

rational framework to formulate and integrate theoretical knowledge with site-specific 

investigations (Prommer et al., 2003b). 

 

The motivation for this Thesis originated several years earlier. Site investigations reported 

that only a relatively small quantity of dissolved hydrocarbon was discharging across BP 

Kwinana’s marine boundary, which appeared inconsistent with the significant mass of 

LNAPL under the refinery tankfarm and process areas (BP, 1999). At the time, it was 

unclear whether natural attenuation processes were preventing plume migration towards 

the site’s boundary monitoring wells, or if the plume was progressively expanding and the 

potential plume dimensions and boundary concentrations had not yet been fully realised.  

 

1.2 Aims and Objectives 
 

The objective of this Thesis is to identify and quantify the major processes affecting the 

fate of the dissolved hydrocarbon plumes at the Kwinana site. If determined that the 

plume has reached steady state, a secondary objective is to infer insights into whether the 

processes are sustainable under plausible perturbations of the hydrochemical conditions. 

 

1.3 Overview 
 

In this Thesis, natural attenuation of benzene, toluene, ethylbenzene and the xylene 

isomers (BTEX) and other hydrocarbon compounds is quantified through detailed field 

measurements and numerical modelling. The natural attenuation assessment is 

complicated by multiple LNAPL source zones, a carbonate aquifer matrix and the complex 

hydrogeological setting, which sustains vertical migration from an upper sand aquifer to 

an underlying limestone unit through a separating clay aquitard. 
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The Thesis comprises three key elements;  

(1) detailed field observations over multiple years,  

(2) development of a conceptual and three-dimensional numerical groundwater flow 

model, and  

(3) development of a two-dimensional vertical section reactive transport model 

 

During the development of the Thesis, a number of standard monitoring wells and 41 

multi-level samplers (MLS) were installed into the superficial sand aquifer across the site. 

Historical site water level data for the shallow sand and deeper limestone aquifers was 

used for model calibration. However other field observations, including LNAPL sampling, 

depth-discrete water levels and groundwater sampling, were collected over a three year 

period (2003 – 2005) for the purposes of this Thesis. Additional sampling and analysis was 

undertaken in 2008 to confirm results from earlier observations. Analysis of the LNAPL 

and dissolved hydrocarbons was provided by CSIRO Laboratories, while analysis of the 

inorganic species was performed at local commercial laboratories. 

 

The finite-difference hydraulic model MODFLOW (McDonald and Harbaugh, 1988), via 

the graphical user interface Processing Modflow Pro (Chiang and Kinzelbach, 2000), was 

employed to refine the conceptual site model (CSM). A CSM had been partially-defined 

by earlier hydrogeological and geotechnical assessments. However historical observations 

of groundwater flow direction, vertical hydraulic gradients and uniform hydrocarbon 

concentrations through the sand aquifer had not been adequately explained. Testing of 

alternative conceptual models was undertaken to identify the most plausible model that 

generates the observed uniform-depth concentration profiles. The systematic approach 

employed had not been previously described in the literature. A three-dimensional 

transient groundwater model was constructed, which was calibrated against three years of 

seasonal water level data in the sand and limestone aquifers using the parameter 

estimation model PEST (Doherty, 2002). Boundary conditions were defined by observed 

data and an iterative analytical approach conceived by the author. Following verification 

of the hydraulic model, the advective transport model PMPATH (Chiang and Kinzelbach, 

1994) and the solute transport model MT3DMS (Zheng and Wang, 1999) were employed 
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to complete the CSM by scenario-testing plausible options that could explain the general 

characteristics of the hydrocarbon contaminant plume. 

 

The biogeochemical multi-component reactive transport model PHT3D (Prommer et al., 

2003a) was employed to quantify the key natural attenuation processes acting on the 

dissolved hydrocarbon plume at Kwinana. Hydrogeological properties were translated 

from the transient three-dimensional groundwater model to construct a steady-state, two-

dimensional vertical section, or “slice” model. This approach has been successfully applied 

to a series of comparable reactive transport problems (e.g. Prommer et al., 2002; 

Vencelides et al., 2007; Miles et al., 2008; Prommer at al., 2008; Colombani et al., in press). 

The use of two-dimensional models to investigate biogeochemical processes is still 

computationally demanding, but in many circumstances is a practical alternative to full 

three-dimensional simulations (Prommer et al., 2008). LNAPL source and aquifer 

hydrochemical inputs were derived from the sampling and analysis phase of the study. By 

trialing standard and original reaction rate expressions, the relative contribution of the 

key natural attenuation processes were quantified to assess the stability of the 

contaminant plume. Once a reasonable approximation to the dominant processes had been 

developed, the sensitivity of these processes to changes in hydrogeological and 

hydrochemical conditions was explored. Understanding the effect of biodegradation on 

aquifer hydrochemistry can be challenging when accounting for the contribution of 

spatially-variable recharge and water-rock interactions (Cozzarelli et al., 1999). Studies 

that have attempted to assess the robustness of dominant biodegradation pathways, in a 

carbonate aquifer under these conditions, are not commonly described in the literature.  

 

1.4 Structure of the Thesis 
 

The structure of this Thesis follows the phases of research. Section 2 provides an 

introduction to the site; the hydrogeology, history and extent of contaminant sources and 

plumes. Section 3 sets the context for the research contribution by reviewing previous 

studies that have focused on similar themes examined in this Thesis. An outline of the 

Materials and Methods is provided in Section 4. Section 5 describes the process of defining 

the model domain and the subsequent collection of field data. A summary of the three-
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dimensional groundwater model, and the approach adopted to refine the hydrogeological 

conceptual model is provided in Section 6. Integration of the earlier research into the 

multi-species reactive transport model, and the subsequent assessment of the model are 

provided in Section 7. The key findings of the Thesis are presented in Section 8. 

 

1.5 Statement 
 

Andrew King collected or coordinated all field activities, including monitoring well and 

MLS installations, LNAPL sampling, water level gauging and groundwater sampling over 

the period (2003 – 2008) for the purposes of this Thesis. Andrew King conducted the 

literature review, developed the site conceptual hydrogeological and hydrochemical 

conceptual models, constructed the three-dimensional site numerical groundwater and 

two-dimensional numerical PHT3D transect models, generated the visualisation and 

interpretation MATLAB code, and carried out the analysis of model results. 

 

Henning Prommer introduced Andrew King to the use of the numerical model PHT3D 

and oversaw development of the site-specific reaction module. Greg Davis and Henning 

Prommer provided advice on (i) scientific and modelling related aspects of the Thesis and 

(ii) improving the manuscript with respect to readability and clarity.  
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2 Site Background  
 

2.1 Site Setting 
 
Location 
 
The study site, the BP Refinery Kwinana, is located at James Point which is approximately 

50 km south of Perth on the eastern shores of Cockburn Sound. The finished grade 

elevation of the site is approximately 5 m above mean sea level (AHD). Sand dunes with 

crest elevation of 9 m AHD border the western shoreline of the site. The groundwater 

across the site varies from 3 to 5 m below the ground surface. 

 

 
Figure 2-1:  Location of BP Kwinana 
 

Geological Stratigraphy 

 

The geological description presented below is based on regional features described in the 

literature and a review of subsurface data accumulated in numerous investigations carried 

out at the site over a period of 50 years between 1952 and 2002.   
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Figure 2-2:  Site Geological Stratigraphy (from BP, 1999) 
 

At James Point the Quaternary section is comprised of Safety Bay Sands and Tamala 

Limestone, of thickness about 35 m above the Cretaceous Leederville Formation (Playford 

et al., 1976). The Leederville Formation provides a low permeability hydraulic basement.  

The reduced permeability of the Leederville Formation is a local feature to the area 

surrounding James Point; in other areas of the Perth metropolitan area, the Leederville 

Formation is an important confined aquifer (Davidson, 1995). 

 

Cretaceous 

 

The Cretaceous Leederville Formation is a highly indurated, occasionally glauconitic, dark 

micaceous siltstone and shale, with inter-bedded sandstone. Occasional pyrite grains have 

been reported (Smith and Nield, 2003). In contrast to the overlying unconsolidated sands 

and calcarenites, its hard nature, composition and dark colour are distinctive. The 

Osborne Formation, which is known to disconformably overlay the Leederville 

Formation, is not present beneath the site. Neither is the Tertiary Wadjemup Formation, 

which is present to the northwest of James Point (Playford et al., 1976). 
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Quarternary 

 

Quaternary deposits are comprised mainly of Tamala Limestone and overlying Safety Bay 

Sands. However, deep drilling at the site has revealed a section of coarse quartz sand with 

varying amounts of clay between the Leederville Formation and Tamala Limestone in 

some areas close to the coastal boundary (Bodard, 1991). Previous investigations (Layton, 

1979; Radian, 1989) assigned this to Rockingham Sand, which underlays the Tamala 

Limestone some 6-8 kms south of James Point in the Rockingham area. 

 

Rockingham Sand 

 

The Rockingham Sand is 5-7 m thick and is first intersected at about 25 m below the 

ground surface, between the Tamala Limestone and Leederville Formation. It appears to 

be of restricted distribution according to topographic lows in the top of the Leederville. It 

predominantly comprises coarse to very-coarse well rounded quartz grains in a yellow to 

brown or green calcareous clay matrix. Pebbles as large as 6 to 9 mm diameter have been 

reported (Bodard, 1991). The Rockingham Sand appears to be predominantly uncemented, 

although fragments of cemented limestone have been reported among drilling returns, 

and some sections are very hard to drill. Occasional shell and other fossil fragments have 

also been reported in logs.   

 

Tamala Limestone 

 

The Tamala Limestone overlies the Rockingham Sand where this is present. It is 

predominantly eolian calcarenite, and is mainly comprised of coarse to medium grained 

sand of calcareous skeletal fragments (foraminifer and molluscs) and variable amounts of 

quartz (Playford et al., 1976).  Fossil shell debris is common. At James Point the Tamala 

Limestone is typically white to grey or tan in colour, depending on weathering or 

alteration. Generally it is 10-15 m thick and well indurated by calcite cement.  It is usually 

about 15-20 m below the surface. 
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An important feature at James Point is an outcrop of the Tamala Limestone at the 

shoreline. It exhibits large-scale cross-bedding typical of dunal deposits and calcified and 

karst structures. The rock is highly porous, and has highly rugged and chaotic weathering 

patterns featuring deep holes, jagged edges and prominent finely crystalline-cemented 

patches. Solution cavities and zones of soft lime are noted in some drilling reports. 

 

Safety Bay Sand 

 

The Safety Bay Sand is a succession of shallow marine, littoral, coastal plain and dunal 

sands, which corresponds to the Quindalup Dune System. Like the Tamala Limestone, the 

Safety Bay Sand is comprised of skeletal fragments (foraminifer, molluscs), quartz, and 

minor feldspar, modally distributed such that the calcium carbonate content is normally 

greater than 50% (Playford et al., 1976). However, it is almost entirely unconsolidated, 

except for some lithification at several horizons. Safety Bay Sand is 14-16 m thick at the 

site. Although shelly layers of intact and coarse fragments are common, the unit is 

persistently fine grained, highly rounded and well sorted. Up to 75% of grains are in the 

fine sand range, with a low silt and clay content (Bodard, 1991). 

 

Drilling logs show three stratigraphic units, and in order of deepest to shallow are: 

a) Basal Clay, 

b) Becher Sand Facies,  

c) Undifferentiated Dune Sands 

 

Basal Clay 

 

Dark clay is consistently found at the base of the Safety Bay Sand, although is reported as 

absent in some drilling logs (Smith et al., 2003). While generally present within the site, 

there are places particularly close to the shoreline where the Basal Clay thins or is absent. 

Where present, references suggest the shell-gravel content of the Basal Clay has not 

significantly affected the aquitard’s properties (Bodard, 1991). The dark colouration is due 

to the presence of organic matter, and the layer thickness can be 1-2 m.  
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Becher Sand Facies 

 

The Becher Sand Facies is intercepted between 5 and 6 m below the surface and is 8 m 

thick. Within the site the intersection of the Becher unit and the overlying 

Undifferentiated Dune Sands roughly corresponds with the water table (CSIRO, 1996). 

The Becher unit has a distinctive grey colouration, possibly due to the presence of 

organics and minor minerals (Bodard, 1991). The Becher Sand Facies is not readily 

distinguishable from the Undifferentiated Dune Sand other than by colour. Sieve analysis 

of Becher Sand Facies shows that fine to very-fine grains predominate and that there is 

some spatial variation in distribution (CSIRO, 1996). In the lowest part of the Becher Sand 

Facies, above the Basal Clay, a Posidonia seagrass horizon is commonly present suggesting 

a marine aquatic origin such as a small embayment, lagoon or saline lake.  

 

Undifferen iated Dune Sand t

r

 

Above the Becher Sand Facies are light-tan or beige coloured sands, underlying a top soil 

zone up to 1 m thick. Apart from the limestone outcrop in the westerly section of James 

Point, the shoreline comprises entirely of Undifferentiated Dune Sand (Bodard, 1991). 

Grainsize data for the Undifferentiated Dune Sand suggest that the unit tends to be 

marginally coarser and of more uniform composition than the Becher Sand Facies (CSIRO, 

1996). A cemented horizon is intercepted at 2 m below grade level, and marks a boundary 

between overlying homogenous light coloured dune sand, and the darker underlying 

sands which exhibit subtle horizontal stratification. The stratification reflects coarse layers 

and thin weakly cemented bands and lenses (CSIRO, 1996). This cemented horizon 

extends sporadically over much of the site. 

 

Hydrogeology 

 

Aquifer P operties 

 

Hydraulic conductivity (Kh) of the Safety Bay Sands is estimated to range 10-30 m/day 

(Bodard, 1991). Based on a saturated thickness of 10 m, transmissivity (T) estimates vary 
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considerably; 190-235 m2/day (Bodard, 1991), 100-200 m2/day (PPK, 2000) and 200-600 

m2/day (Nield, 1999). Variations in hydraulic conductivity reflect subtle changes in soil 

types that make up the Safety Bay Sands across the site. Early investigations characterised 

minor variations as Fine-Medium Sand (Type 2), Beach Sand (Type 3), Shelly Sand (Type 

4), and Sandy Shell (Type 5), and provided some indication of the spatial distribution of 

the different soil materials (Radian, 1989). The total porosity of the sands has been 

measured in a number of studies to be about 0.5, and the effective porosity is likely to be 

around 0.3. The specific yield (Sy) of the Safety Bay Sand is estimated as 0.1-0.3; however 

the higher end of this range is considered more likely (Bodard, 1991). 

 

Hydraulic conductivities in the Tamala Limestone are broadly defined, as the scale and 

structure of the porosity is unknown (Smith et al., 2003). Transmissivity estimates include 

1700-2600 m2/day (Bodard, 1991), 4000+ m2/day (PPK, 2000) and 2000-3200 m2/day 

(Smith et al., 2003). Porosity (n) and Storativity (S) values have been estimated as 0.3 and 

0.02 respectively, although are provided with little confidence (Bodard, 1991).   

 

Groundwater Levels 

 

Groundwater flow is in a north-westerly direction on the upgradient boundary of the site. 

However as groundwater moves towards Cockburn Sound, the flow field in the Safety Bay 

Sands diverges and flow vectors adopt a westerly aspect close to James Point. This flow 

divergence is not as pronounced in the Tamala Limestone. The average gradient across the 

site is 0.001 in winter, compared to about 0.0005 in summer.   

 

The water table ranges between about 1.5 m and 0.3 m AHD near the shoreline (3.5 – 4.5 

m bgs). Contour plans of water levels in the Safety Bay Sands and Tamala Limestone 

aquifers for the peak and low months are presented in Figures 2.3 and 2.4.   
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Figure 2-3:  Peak and low water levels in Safety Bay Sands aquifer 

 

 

Figure 2-4:  Peak and low water levels in Tamala Limestone aquifer 
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Water levels in the Safety Bay Sands show strong seasonal variations in response to local 

recharge. Maximum water table elevation is normally experienced in August/September 

and minimum in March/April with a typical annual range of about 0.5 m.  The amplitude 

of seasonal fluctuation at the coastline is not as great as that at the centre and eastern 

boundary of the refinery.  The Tamala Limestone aquifer also displays seasonal variations 

in response to regional recharge, and the water level is affected by changes in sea level. 

There is typically a head difference of about 0.5 - 0.8 m between the Safety Bay Sands and 

the Tamala Limestone, leading to vertical leakage downward into the Tamala Limestone 

aquifer. The higher head in the Safety Bay Sands is a result of rainfall recharge to the 

aquifer (BP, 2005). 

 

There is a phase shift between the seasonality of the two aquifers, likely to be due to the 

difference in seasonality of annual rainfall and the variation in mean sea level (BP, 2002). 

In areas where tidal stresses are important, the hydrostatic head difference between the 

two aquifers has been observed to reverse, although this effect is short-lived.   

 

2.2 Source and Dissolved Hydrocarbon Contamination 

 

BP Refinery (Kwinana) was built in 1954 to the accepted environmental standards of the 

day. The refinery produces a full range of transport fuels, such as gasoline, jet and 

kerosene, diesel, fuel oil and liquefied gas. Until 2002, the refinery also produced a range 

of lubricating oils.  

 

Operational practices and plant design have significantly changed since the refinery was 

first constructed. Historically it was common practice to water drain tanks and discharge 

pumps and vessels directly onto the ground. In addition, spills through overfilled tanks, 

leaking pipework and poor handling of materials were commonplace. In the process areas 

and tank farm, any hydrocarbon or process chemicals drained onto the ground infiltrated 

directly into the subsurface. Current practice and plant design are now more effective in 
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reducing on-going sources of hydrocarbon into the subsurface, however the legacy of over 

50 years operation remains. 

 

LNAPL Source Zone 

 

A network of over 150 monitoring wells screened across the water table is used to 

monitor changes in the Safety Bay Sands watertable and thickness of mobile LNAPL. 

Depending on the seasonal water table position, the mobile LNAPL expands and contracts 

through the year, but the limits of the LNAPL source appear stable. Based on monthly 

observed data, the maximum extent of the LNAPL (lowest water table position) is 

presented in Figure 2.5.   

 

 

 
Figure 2-5:  Maximum limit of LNAPL plume, based on monitoring well data in 2005 

 

There are a wide range of product types handled, refined and stored at the refinery. This 

has led to the generation of a number of “sub-plumes”, consisting of different product 
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types in the subsurface, ranging from light end gasoline types to crude and other heavy 

feeds.  The presence of different LNAPL source zones has an important effect on the 

resultant dissolved phase plume. 

 

In the southern half of the site, the LNAPL source zones coincide with the stored oil and 

products in the tankage. Close to the coastal boundary, the dominant LNAPL source is 

diesel and heavy fuel oil. Progressing east towards the rear of the site, the source changes 

from crude oil to kerosene, then gasoline and components. Gasoline consists of a range of 

components, such as isomerate, alkylate, reformate, “poly-gas” and “cat-cracked spirit”. 

While generally having similar physical properties (e.g. density, viscosity and volatility), 

the components have quite different chemical compositions. Residual lubricating oil 

LNAPL is present under the northern end of the site, however under the rest of the 

process area, the LNAPL plume is a general mixture of refinery products.  

 

Dissolved Phase Hydrocarbon Plume 

 

In the early 1990’s the refinery commenced monitoring the groundwater for organic and 

inorganic contaminants, as well as a range of water quality parameters. The refinery wells 

are sampled during November each year. While quality-assurance improvements have 

been made to sampling/analytical procedures, the consistency applied to the monitoring 

program has produced a data set that can be effectively used to assess spatial and temporal 

changes in dissolved phase contaminants. 

 

At each location 3 m well screens were placed in the top and base sections of the Safety 

Bay Sands, and at 8 locations, wells were screened at the top and base of the Tamala 

Limestone aquifer. The wells at the top of the Safety Bay Sands aquifer are screened below 

the lowest recorded/expected water table to ensure LNAPL does not invade the well.  

 

Figures 2.6 and 2.7 provide the “Total BTEX” and “Total Petroleum Hydrocarbon - TPH” 

data for December 1999 and 2006. For simplicity not every monitoring well location is 

shown in the Figures, however nearby wells indicate similar concentration data. 
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BTEX <3.5 <3.5 

<25 <25 
<25 <25 
<200 220 

S-Base 
<3.5 
<25 
<25 
200 

912-916 SBS

931-934 SBS-Top SBS-Base TL-Top TL-Base 
BTEX <3.5 37 10 <3.5 

TPH C6-C9 <25 70 27 <25 
TPH C10-C14 <25 31 57 110 

TPH >C15 110 <200 <200 <200 921-924 SBS-Top SBS-Base TL-Top TL-Base 
BTEX 12000 5000 <3.5 6200 

TPH C6-C9 13000 6500 <25 7600 
TPH C10-C14 1300 1600 120 800 
BTEX 170 65 <3.5 <3.5 
TPH C6-C9 350 170 <25 <25 

TPH C10-C14 900 640 <25 <25 
TPH >C15 2330 2670 140 180 

917-918 SBS-Top SBS-Base 
BTEX <5.0 <5.0 

TPH C6-C9 <25 <25 
TPH C10-C14 550 38 

TPH >C15 3820 530 

919-920 SBS-Top SBS-Base 

946-949 SBS-Top SBS-Base TL-Top TL-Base 
BTEX <3.5 <3.5 <3.5 7.3 

TPH C6-C9 45 29 31 99 
TPH C10-C14 35 910 2200 890 

TPH >C15 250 180 430 170 

TPH >C15 480 820 320 400 
BTEX <3.5 <3.5 

BS – Safety Bay Sands & TL – Tamala Limestone), with 

 26 
oundwater monitoring data (µg/L) for the top/base of the two aquifers (S
APL source area 
 
 

TPH C10-C14 <25 <25 
TPH >C15 <200 <200 

Figure 2-6:  1999 Annual gr
approximate position of the LN
 TPH C6-C9 <25 <25 
908-909 SBS-T
BTEX <3.
H C6-C9 <2
 C10-C14 <2

PH >C15 <20

Base 
.5 

25 
25 
00 
 
 
 
 
 
 
 
 
 
 
 
 

TPH C6-C9 
TPH C10-C14 

TPH >C15 

op SBS-Base 
5 <3.5 

TP 5 <25 
TPH 5 <25 

T 0 <200 
 

903-906 SBS-Top SBS-Base TL-Top TL-
BTEX <3.5 <3.5 <3.5 <3

TPH C6-C9 <25 <25 <25 <
TPH C10-C14 69 <25 <25 <

TPH >C15 1130 <200 200 <2
910-911 SBS-Top SB
BTEX <3.5 

TPH C6-C9 <25 
TPH C10-C14 <25 

TPH >C15 <200 <
 

-Top SBS-Base TL-Top TL-Base 



901-902 SBS-Top SBS-Base 
BTEX <5.0 <5.0 

-C9 <25 <25 
-C14 <25 <25 
15 <200 <200 

SBS-Base 
<5.0 
<25 
<25 
<200 

912-916 

931-934 SBS-Top SBS-Base TL-Top TL-Base 
BTEX <25 99 <25 <25 

TPH C6-C9 <25 <25 <25 <25 
TPH C10-C14 <25 <25 <25 <25 

TPH >C15 <200 <200 <200 <200 
921-924 SBS-Top SBS-Base TL-Top TL-Base 
BTEX 7800 1100 21 8500 

TPH C6-C9 7800 1700 130 8500 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

BTEX <5.0 <5.0 <5.0 <5.0 
TPH C6-C9 <25 <25 <25 <25 

TPH C10-C14 47 <25 <25 <25 
TPH >C15 <200 <200 <200 <200 

917-918 SBS-Top SBS-Base 
BTEX <5.0 <5.0 

TPH C6-C9 <25 <25 
TPH C10-C14 400 <25 

TPH >C15 2700 <200 

919-920 SBS-Top SBS-Base 
BTEX <5.0 <5.0 

946-949 SBS-Top SBS-Base TL-Top TL-Base 
BTEX <25 99 <25 <25 

TPH C6-C9 <25 <25 <25 <25 
TPH C10-C14 <25 <25 <25 <25 

TPH >C15 <200 <200 <200 <200 

TPH C10-C14 2200 1300 290 1300 
TPH >C15 920 340 820 620 
 Safety Bay Sands & TL – Tamala Limestone), with 

 27 
roundwater monitoring data (µg/L) for the top/base of the two aquifers (SBS –
NAPL source area 
Figure 2-7:  2006 Annual g
approximate position of the L

TPH C10-C14 <25 <25 
TPH >C15 <200 <200 

 

 
 

TPH C6-C9 <25 <25 
 

C9 
C14 
5 
TPH C6
TPH C10

TPH >C

908-909 SBS-Top SBS-Base 
BTEX <5.0 <5.0 

TPH C6- <25 <25 
TPH C10- <25 <25 

TPH >C1 <200 <200 

903-906 SBS-Top SBS-Base TL-Top TL-Base 
BTEX <5.0 <5.0 <5.0 <5.0 

TPH C6-C9 <25 <25 <25 <25 
TPH C10-C14 93 <25 <25 <25 

TPH >C15 610 <200 <200 <200 

 
 
 
 
 
 
 
 
 
 
 
 
 

910-911 SBS-Top 
BTEX <5.0 

TPH C6-C9 <25 
TPH C10-C14 <25 

TPH >C15 <200 

SBS-Top SBS-Base TL-Top TL-Base 



Similar data sets can be provided for other years, however Figures 2.6 – 2.7 demonstrate 

the key features that have been consistently reported through the period of monitoring: 

 

1. Even though the LNAPL source area is extensive, dissolved hydrocarbon is present 

near the coastal boundary in relatively few locations.  

2. Accounting for relative solubility, the discrepancy in concentration between the 

source and coastal areas depends on the hydrocarbon species; longer chain-length 

hydrocarbon species are more likely to persist compared to shorter chain-length 

species. 

3. Considerable differences in contaminant concentration can exist in relatively close 

proximity. 

4. The presence of dissolved hydrocarbon in the lower sections of the Safety Bay Sands 

and Tamala Limestone indicates significant vertical hydraulic gradients.  

 

There are a number of other details included in the groundwater monitoring data (not 

indicated in Figures 2.6 – 2.7), that require consideration: 

 

1. The plume concentration within the monitoring wells appears to have reached 

steady state. Figures 2.8 and 2.9 are included as examples of the relative stability of 

the observed data over 10 years of monitoring: 
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Figure 2-8:  Total Petroleum Hydrocarbon in monitoring wells 921-924, located under extensive 
LNAPL source (kerosene, gasoline and components) 
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Figure 2-9:  BTEX species in monitoring wells 924 (upper Safety Bay Sands aquifer), located under 
extensive LNAPL source (kerosene, gasoline and components) 
  

2. While degradation rates for the less-soluble hydrocarbons appear lower than the 

equivalent rates for the soluble fraction, there are also considerable differences in 

degradation patterns within the soluble species. For example, wells located under 

source areas of gasoline LNAPL have measured concentrations of benzene and 

ethylbenzene typically in the range of 8000 and 2000 µg/L respectively. However in 

those same wells the concentration of toluene and xylene is only marginally above 

detection levels, and extremely variable. Given the mole fraction of toluene and 

xylene is higher than benzene and ethylbenzene in the source LNAPL (BP, 2002), 

and the solubility behaviour is not significantly different, the relative concentration 

changes indicate degradation processes are occurring within the plume. 

3. The data indicates contaminant sources are impacting the refinery’s upgradient 

boundary. Monitoring indicates the contaminants have not migrated far onto the 

site, but the impact has had consequences for the aquifer hydrochemistry. This 

effect is discussed in detail in Section 7. 

4. The main difference between the 1999 and 2006 data is at coastal wells 912-916, 

located in the southern half of the site. In this area, a gasoline source located in the 

dunes had led to high concentrations in the boundary monitoring wells. In 2003 an 

air sparge system was installed, and the effect of the sparging is evident in the 2006 

data. The requirement for an air sparge system in this specific area indicates there is 
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a minimum space/time separation required to prevent unacceptable discharges 

across the marine boundary from LNAPL source areas.  

5. The data broadly demonstrates a homogenous vertical distribution of contaminants 

within the Safety Bay Sands aquifer. As the monitoring well network only includes 

data from the upper and lower section of the aquifer unit, the vertical distribution is 

only partially reflected in the annual data. However extensive monitoring with 

vertically discrete sampling devices in the eastern portion of the site (Johnson et al., 

1997) has demonstrated uniform concentrations of species like benzene and 

ethylbenzene through the saturated zone of the sand aquifer unit. This pattern is 

not typically described in texts.   
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3 Theoretical Background 
 

Natural Attenua ion of Petroleum Hydrocarbons t

 

Natural attenuation is a term used to describe the naturally occurring physical, chemical, 

and biological processes that reduce the concentration, mass, flux or toxicity of 

contaminants in groundwater (Wiedemeier et al., 1999; Thornton et al., 2001a). 

Christensen et al. (2000) reports that geochemical changes induced by microbial 

degradation reactions of contaminants have been recognised for over 40 years (e.g. Golwer 

et al., 1969) and the concept of differential redox zones appearing in contaminant plumes 

was introduced a decade later (e.g. Baedecker and Back, 1979; Champ et al., 1979). There 

is now a considerable volume of published articles, texts and regulatory protocols which 

detail the key natural attenuation mechanisms. Field and laboratory approaches have been 

used to investigate and quantify these mechanisms, with a variety of techniques. These 

include organic and inorganic geochemistry (e.g. Eganhouse et al., 1993; Cozzarelli et al., 

2001), isotope geochemistry (e.g. Wistotzky and Eckert, 2002; Scholl et al., 2006; 

Prommer at al., 2008), laboratory microcosm experiments (e.g. Reinhard et al., 2005; Vogt 

et al., 2007), redox indicators (e.g. Christensen et al., 2000) and dissolved gases (e.g. 

Chapelle et al., 1996b; Maurer and Rittmann, 2004b; Amos et al., 2005). 

 

Natural attenuation mechanisms can be described as abiotic or biotic (Chapelle, 2001). 

Abiotic mechanisms are physical processes such as advection, dispersion and dilution, and 

chemical processes that include sorption, volatilisation and chemical degradation. 

Advection transports contaminants along the flow path, and in general, does not cause a 

reduction in contaminant mass or concentration (Wiedemeier et al. 1999). Dispersion 

(which includes diffusion and mechanical dispersion), dilution, sorption and volatilisation 

do not degrade mass, although they will reduce the concentration of contaminants in 

groundwater (Wiedemeier et al., 1995).  

 

Biotic processes are the dominant contaminant mass degradation mechanism (Borden et 

al., 1995; Wilson et al., 2004). Petroleum hydrocarbons have been observed to microbially 
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degrade under a range or aerobic and anaerobic conditions (Reinhard et al., 2005). For the 

focus of this literature review, petroleum hydrocarbons will be described by the mono-

aromatic “BTEX” species (benzene, toluene, ethylbenzene and xylene isomers). For both 

crude oil and refined petroleum, BTEX species are often used as surrogates for dissolved 

hydrocarbons in natural attenuation assessments (Borden et al., 1995; Huling et al., 2002). 

Although petroleum components are generally 50% aliphatic/aromatic, simplifying the 

analysis to BTEX (plus other minor aromatic contaminants such as naphthalene and the 

trimethylbenzene isomers) is common practice as over 95% of the dissolved species are 

aromatic (Ball and Reinhard, 1996) and the BTEX species dominate the dissolved fraction 

(Coleman et al., 1984; Cline et al, 1991). 

 

BTEX species can be degraded under aerobic conditions (e.g. Borden et al. 1995; Essaid et 

al., 1995; Kampbell et al., 1996) and anaerobic conditions; nitrate reducing (e.g. Schäfer, 

2001; Mayer et al., 2001), iron reducing (e.g. Anderson and Lovley, 1999; Cozzarelli et al., 

2001; Salminen et al., 2006), sulphate reducing (e.g. Davis et al., 1999; Anderson and 

Lovley, 2000) and methanogenic conditions (e.g. Grbić-Galić and Vogel, 1987; Hunkeler 

et al., 1999). Biodegradation can also proceed under manganese reducing conditions 

(Baedecker et al., 1993; Thornton et al., 2001a), however this is less common. Using 

benzene as an example organic reactant, the stoichiometry of the different biodegradation 

processes can be described by the following sets of biochemical reactions (Stumm and 

Morgan, 1981; Wiedemeier et al., 1999); 

 

OHCOOHC 22266 365.7 +→+         (3-1) 

222366 36666 NOHCOHNOHC ++→++ +−      (3-2) 

++ ++→++ 2
22366 3078660)(30 FeOHCOHOHFeHC        (3-3) 

SHOHCOHSOHC 222
2

466 75.3365.775.3 ++→++ +−         (3-4) 

42266 75.325.25.4 CHCOOHHC +→+       (3-5) 

 
Equation (3-5) is a simplified equation for methanogenesis. Grossman et al. (1989) and 

Lundegard et al. (2000) discuss biogenic methane production by two enzymatic pathways; 

acetic acid fermentation and carbon dioxide reduction: 
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23266 336 HCOOHCHOHHC +→+                (3-6) 

243 333 COCHCOOHCH +→                 (3-7) 

OHCHCOH 2422 5.175.075.03 +→+                            (3-8) 
 

 

Maurer and Rittmann (2004a,b) focus on separating the fermentation and methanogenesis 

(carbon dioxide reduction) reactions, and recommend that numerical models include 

acetic acid and dissolved hydrogen as calibration species. Analysis of dissolved hydrogen is 

considered a useful approach for identifying which redox process is occurring (Chapelle, 

1995; Amos et al., 2005). However the literature typically uses the simplified form of 

Equation (3-5) since the net stoichiometry is the same (Hunkeler et al., 1999).    

 

The distribution of the pathways depends not only on the relative energy yields, but also 

on the availability of the organic substrates and terminal electron acceptors. Hence not all 

pathways are necessarily present in a given system (Hunter et al., 1998). Various 

references provide a range of estimates for the relative importance of the aerobic or 

anaerobic degradation pathways at contaminated sites (Wiedemeier et al., 1995; 

Christensen et al., 2000). For large contaminant source areas, the dominant mass removal 

processes are anaerobic due to the relatively rapid consumption of available dissolved 

oxygen compared to the available hydrocarbon substrate (Hunter et al., 1998; Cozzarelli et 

al., 2000; Christensen et al., 2000; Miles et al., 2008).  Amos et al. (2005) indicated that 

where a significant hydrocarbon source exists, methanogenesis will be the dominant long-

term degradation pathway as thermodynamically favoured electron acceptors are depleted 

from the aquifer. Reinhard et al. (2005) examined 38 case studies of BTEX degradation 

associated with gasoline contamination and found that sulphate reduction was the 

dominant mechanism at 70% of sites, while methanogenesis was the primary mechanism 

at 16% of sites. Jones and Agostino (1998) conducted a review of anaerobic case studies of 

hydrocarbon contaminated sites, and identified methanogenesis (39%) and sulphate 

reduction (29%) accounted for the majority of anaerobic degradation. Mayer et al. (2001) 

indicated in their literature review that sulphate reduction appears the dominant process, 

however with larger contaminant sources, methanogenesis had an increased contribution. 

Salminen et al. (2006) reported sulphate reduction and methanogenesis as the dominant 
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processes, followed by iron reduction. A number of researchers have indicated that while 

iron-reduction is not reported to the same extent as other redox conditions, this may be 

related to the difficulty in identifying the extent of contribution when the inorganic by-

product Fe(II) is precipitated as pyrite (FeS) or siderite (FeCO3) (e.g. Cozzarelli et al., 1999; 

Anderson and Lovley, 2000; Bekins et al., 2005).     

 

Field observation and modelling approaches have revealed an array of degradation rates 

quation (3-1) – (3-5) are listed in the order in which they are energetically favourable 

and orders of preferential degradation under different redox conditions. Relative to 

anaerobic conditions, almost all fuel hydrocarbons degrade rapidly under aerobic 

conditions (Borden et al., 1995; Wiedemeier et al., 1995). Thierrin et al. (1993) and later 

Davis et al. (1999) reported that under sulphate reducing conditions in a Perth sandy 

aquifer (with low calcite content), the preferential order of degradation was toluene and 

xylene (with o-xylene degrading faster than m-and p-xylene), followed by naphthalene 

and ethylbenzene. No conclusive evidence was found of benzene degradation. Borden et 

al. (1995) and Gödeke et al. (2006) record a similar preferential pattern for BTEX in 

shallow calcareous sands under sulphate reducing conditions, however they indicate 

benzene degraded at a higher rate than ethylbenzene. This same pattern has been 

reported in nitrate-reducing case studies (Wiedemeier et al., 1995), however many 

authors suggest that benzene can be biologically recalcitrant under denitrifying 

conditions. Bekins et al. (2005) and Cozzarelli et al. (2001) describe that under 

methanogenic conditions, toluene and xylene are the first BTEX compounds to be 

degraded, with benzene and ethylbenzene only transforming once other compounds have 

been consumed. Suarez and Rifai (1999) identified a similar pattern, however they added 

that p-xylene degraded at a slower rate than the o- and m-xylene isomers. Miles et al. 

(2008) found toluene and xylene isomers degrade first, and indicate ethylbenzene is 

preferentially degraded relative to benzene. Reinhard et al. (2005) report a similar 

preferential order in shallow sandy soils under methanogenic conditions, however they 

observed benzene and ethylbenzene having equivalent degradation rates.  

 

E

(Freeze and Cherry, 1979), determined by decreasing Gibb’s free energy, and is the basis 

for the concept of sequential Terminal Electron-Accepting Processes (TEAP) zones (Brun 
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et al., 2002; Klonowski et al., 2008). It is common to find regulatory protocols (e.g. ASTM, 

1998; USGS, 2003) adopt the approach described in early natural attenuation studies (e.g. 

Chapelle et al., 1995) that illustrated each TEAP existing exclusively and in sequence. 

However our understanding of spatially-sequenced TEAPs is now aided by the 

recognition that contaminant plume biodegradation can be regarded as concomitant 

“fringe processes” and “core processes” (Cozzarelli et al., 2000; Thornton et al., 2001a; 

Wilson et al., 2004). Fringe processes (Cirpka et al., 1999; Colombani et al., in press) 

describe the active zone where contaminants mix through dispersion with soluble 

electron acceptors (e.g. oxygen, nitrate and sulphate) on the edge or fringe of the plume. 

Weak dispersive mixing may mean these fringes are very thin and exhibit steep chemical 

gradients of both contaminants and electron acceptors (Cozzarelli et al., 1999). In contrast, 

core processes (Cozzarelli et al., 2000; Prommer et al., 2008) describe the zone inside the 

plume where contaminants mix with mineral-form electron acceptors (e.g. iron) or 

reaction by-products (e.g. bicarbonate). Equally important is the recognition that TEAPs 

are spatially and temporarily dynamic (Vroblesky and Chapelle, 1994), and that the 

geochemical conditions are sensitive to transient factors such as recharge and 

groundwater level (Cozzarelli et al., 1999; Anderson and Lovley, 1999; Lee et al., 2001). 

 

Case Studies with Complex LNAPL Source Zones 

 

esearch into natural attenuation of petroleum hydrocarbons has typically been restricted R

to single isolated sources, where there are clearly defined dissolved phase contaminant 

plumes (Wiedemeier et al., 1999). Quantifying the attenuation mechanisms is made 

significantly easier by examining plumes with an isolated source and simple hydraulic 

flow regime, where the definition of the plume can be clearly identified relative to the 

surrounding natural groundwater (e.g. Kampbell et al. 1996; Davis et al., 1999, Kao and 

Prosser, 2001; Bekins et al., 2005). There are examples of case studies that have 

investigated relatively large LNAPL sources (e.g. the Bemidji crude oil spill in Minnesota 

has been extensively researched by USGS-led projects). However despite the extended 

area of LNAPL impact, these sites are still defined by a single source with an isolated 

plume.  
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A number of studies have looked at hydrocarbon contaminant plumes from landfills 

here are a limited number of case studies that examine sites in industrial settings with 

ted number of studies have attempted to quantify the mechanisms acting on 

plumes near complex source zones through reactive transport modelling. Mayer et al. 

rather than typical petroleum fuel sites (e.g. Bjerg et al., 1995; Cozzarelli et al., 2000; Brun 

et al., 2002; Prommer et al., 2006; Rolle et al. in press). Landfills could be presented as 

complex source zones, however to date, published studies have largely examined the 

active processes at the plume scale as though the contaminants were generated from a 

single source (Scholl et al., 2006).      

 

T

complex or overlapping source zones. These examples have generally examined process 

characterisation and quantifying degradation rates and parameter uncertainty, by focusing 

on small defined areas of the site, or adopting plume-scale “box” or other alternative 

modelling approaches (Chiang et al., 1989; Borden et al., 1995; Essaid et al., 1995; 

Thornton et al., 2001b; Johnson et al., 2006; Schirmer et al., 2006).  In order to achieve an 

understanding of the mechanisms active on large sites, Heidrich et al (2004) recommends 

it is preferable to identify small areas where individual plumes can be studied rather than 

attempting to characterise the site-wide processes. Focusing the study domain to a small 

defined section of a much larger contaminated site is the approach adopted by Chiang et 

al. (1989), Vroblesky and Chapelle (1994) and Gödeke et al. (2006). Schäfer and Therrien 

(1995) and Schäfer (2001) examined the degradation of a xylene plume at an abandoned 

refinery, however the source was relatively isolated and the migration of the plume, and 

aquifer geochemical response, was defined without considering the effect of adjacent 

hydrocarbon sources. Anderson and Lovley (2000) examined biodegradation processes 

occurring on the advancing front of an isolated benzene plume on a refinery, however the 

source zone was some distance upgradient and the plume was clearly isolated and 

characterised. Johansen and Kyllo (1998) examined an overlapping plume generated by 

three separate sources in a gasoline tankfarm. Similarly Curtis and Lammey (1998) 

investigated a LNAPL plume comprised of 18 separate diesel source zones. However with 

both of these case studies, the objective was limited to classifying TEAP zones and did not 

attempt to quantify the attenuation processes.        

 

 A limi
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(2001) tested the three-dimensional reactive transport model MIN3P on a phenol plume 

with a complex source in a deep sandstone aquifer. Essaid et al. (2003) trialled inverse 

modelling of the BTEX plume at Bemidji using the USGS code BIOMOC (Essaid and 

Bekins, 1997), and found that if some key parameters were constrained, reasonable 

plume-scale simulations could be achieved. Suarez and Rifai (2004) were able to 

reasonably simulate biodegradation of a BTEX plume from two sources in close proximity 

using Bioplume III (Rifai et al., 1997). However source complexity in this study was 

minimised by treating the overlapping plumes as though they were generated from one 

source. A study by Miles et al. (2008) employed MIN3P to model the dissolved plume 

emanating from an extensive kerosene source zone. Although a detailed calibrated 

hydraulic model was developed, due to the contribution of unidentified secondary 

contaminant sources, the authors were unable to reconcile the observed contaminant data 

with any transects based on groundwater flow direction. Prommer et al. (2008) found that 

calibrating the reactive transport model PHT3D with observed contaminant and electron 

acceptor/donor concentrations is challenging when unidentified sources along transects 

confound the plume geometry and concentration, and the aquifer’s geochemical response. 

 

In response to the challenges associated with complex and overlapping source zones, other 

approaches have been examined to quantify the key processes. Bockelmann et al. (2000, 

2001) proposed an integral approach to characterise complex plumes and estimate the 

mass flux of contaminants and electron acceptors discharging across a plane transverse to 

the plume axis. This technique was applied by Schirmer et al. (2006) at the Zeitz industrial 

megasite in Germany. For the phenol plume modelled by Mayer et al. (2001), Thornton et 

al. (2001a) employed the geochemical equilibrium model PHREEQC (Parkhurst and 

Appelo, 1999) on a plume scale to analyse the hydrochemical conceptual model of the 

same sandstone aquifer. Recognising the uncertainties associated with complex and 

overlapping source zones, together with the additional challenges of transient TEAP 

zones, Lee et al. (2001) proposed stochastic approaches to quantifying plume-scale 

processes. Thornton et al. (2001b) also trialled a probabilistic Monte Carlo approach to 

assess a plume-scale “box model”. While not intended to be used for predicting plume 

geometry and concentration along transects, the approach was suggested as an acceptable 

 37



methodology for understanding parameter uncertainty in deterministic model 

development.  

 

In addition to assessing attenuation of the dissolved phase plume, a few research studies 

ase Studies in Complex Hydrogeological Settings 

 

uantifying mechanisms that determine the contaminant plume concentration and 

eviewing the literature reveals many case studies that examine heterogeneous settings 

have also investigated natural attenuation mechanisms acting on the LNAPL source mass, 

through weathering processes such as volatilisation and dissolution (Guerin and Rhodes, 

2000; Lundegard and Johnson, 2006). Johnson et al. (2006) trialled a similar geochemical 

“mass balance” model as used by Thornton et al. (2001b) to examine parameter 

uncertainty in source zone natural attenuation. 

 

C

Q

geometry, and the geochemical response, can be challenging (Wiedemeier et al., 1995). 

Complex hydrogeological settings not only confound characterisation of contaminant 

plumes, but transient variability and the interaction between aquifer units affects the key 

processes and parameters that are required to be quantified (Smith et al., 1991; Skubal et 

al., 2001). There is a fundamental relationship between hydrogeological setting and the 

spatial-temporal distribution of a contaminant plume, and field-based case studies have 

tended to focus on relatively simple hydraulic settings where quantification techniques 

can be more successfully applied (Klonowski et al., 2008). Lee et al. (2001 a,b) and Wilson 

et al. (2004) discuss the challenges of characterising contaminant plumes in complex 

hydrogeological settings. Brauner and Widdowson (2001) noted that analytical and 

numerical modelling studies have often considered hydrogeological systems where a 

depth-integrated approach could apply (e.g. Brown et al., 1997; Suarez and Rifai, 2004). 

However Schäfer and Therrien (1995) and Schäfer (2001) acknowledge that a two-

dimensional representation can not apply where there are vertical hydraulic gradients or 

non-uniform vertical distributions of contaminants or electron acceptor species. 

 

R

with variable aquifer hydraulic properties (e.g. Bennett et al., 1993; Chapelle et al., 1995; 

Brauner and Widdowson, 2001; Miles et al., 2008). However Christensen et al. (2000) 
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summarise that the majority of field studies have examined aquifer settings where the 

groundwater flow regime is relatively horizontal with minimal vertical gradients (e.g. 

Hunkeler et al., 1999; Kao and Prosser, 2001; Skubal et al., 2001; Klonowski et al., 2008). 

Some researchers have discussed the role of recharge in delivering electron acceptors to 

contaminant plumes (e.g. Lee et al., 2001a.b; Miles et al., 2008). However Essaid et al. 

(2003), Wilson et al. (2004) and Van Stempvoort et al. (2007) indicate the effect of 

recharge on hydraulic gradients is less considered in plume attenuation studies. Chapelle 

et al. (1995) attempted to characterise the geochemical footprint of a gasoline plume in a 

sand aquifer overlying a karst limestone unit in South Carolina, however the authors 

reported that due to vertical gradients and aquifer heterogeneities, the contaminant and 

biogeochemical species concentrations were variable and demonstrated little systematic 

pattern. Transient groundwater effects on a gasoline plume were highlighted in Davis et 

al. (1999) and quantified in Prommer at al. (2002), who found that the impact of transient 

flow conditions on biodegradation reactions is surprisingly low. Gödeke et al. (2006) 

describes a tracer test at the Zeitz site in Germany, however the plume geometry reflect a 

horizontal flow regime despite the presence of a leaky dual aquifer system and the minor 

downward vertical gradients did not significantly affect plume migration.  

 

Prommer et al. (2006) examined the interaction between a shallow and deeper aquifer as a 

possible mechanism for the vertical gradients acting on a landfill phenoxy acid plume. 

After proposing a number of conceptual model alternatives, a “hole” in the clay creating 

downward hydraulic gradients was considered the most plausible mechanism. A sand 

overlying sandstone aquifer system was investigated by Vencelides et al. (2007), however 

as the sand unit had higher conductivity, vertical hydraulic gradients did not significantly 

impact plume dynamics. Colombani et al., (in press) employed PHT3D to model the 

transport of toluene in a mixed petroleum plume where uniform hydrocarbon 

concentrations with depth were observed at some locations near the LNAPL source. The 

conceptual model developed for that site included vertical hydraulic gradients generated 

by conductive sands and gravels at the base of the thick fine-medium sand aquifer. Miles 

et al. (2008) employed MIN3P to model a kerosene plume in a heterogeneous sand and 

clay aquifer, although as described above, the combination of a complex hydrogeology 
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and extensive source zone meant the authors were unable to reconcile the observed 

contaminant data with the site conceptual model.  

 

Case Studies in Calcareous Aquifer Settings 

 

In order to better quantify the fate and transport of organic contaminants in groundwater, 

associated geochemical changes should be accounted for (Kelly et al., 1997; Schäfer, 2001). 

Cozzarelli et al. (1999) describe that the geochemical effects of biodegradation of organic 

contaminants are not well quantified when they are influenced by water-rock 

interactions in aquifers. Hunter et al. (1998) reported that microbially-driven 

precipitation and dissolution reactions impact the chemical and physical characteristics of 

the porous medium, while Rifai et al. (1998) and Huling et al. (2002) discuss that accurate 

measurement of bicarbonate during biodegradation is difficult when calcite (calcium 

carbonate - CaCO3) acts as both a source and sink of carbon dioxide. To explore this 

further, Thornton et al. (2001a) employed a geochemical “box” model in a sandstone 

aquifer to determine whether bicarbonate in solution is due to degradation processes or 

calcite precipitation/dissolution. There are other case studies that have examined the 

geochemical response of organic biodegradation in a carbonate aquifer. In undertaking a 

review of available literature, Lee et al. (2001a) concluded that a calcium-bicarbonate 

aquifer system is the dominant aquifer type for petroleum contaminated sites, although no 

details are provided for this conclusion. 

 

A thorough study of aquatic carbonate chemistry is beyond the scope of this review. 

However, a comprehensive description of carbonate equilibrium chemistry is provided in 

Stumm and Morgan (1981). More focused treatments of the effect of organic contaminant 

biodegradation on calcareous aquifer materials are provided in many hydrogeology texts 

(e.g. Chapelle, 1993, 2001). One of the reasons why carbonate chemistry is complex is that 

it can involve “open” and “closed” systems (Freeze and Cherry, 1979). For the purposes of 

this review, an “open” system is one in which the saturated aquifer is in equilibrium with 

an atmosphere with a constant partial pressure of carbon dioxide. A “closed” system is one 

in which changes in carbon dioxide concentrations are contained within the saturated 

zone. Whether a system is “open” or “closed” has a significant effect on aquifer 
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geochemistry (Plummer, 1977). In calibrating geochemical or coupled reactive transport 

models, researchers typically account for an “open” system by including carbon dioxide 

“degassing” at a specified partial pressure (e.g. Mayer et al., 2001; Vencelides et al., 2007). 

Other authors have elected to examine biodegradation by treating the aquifer as a “closed” 

system (e.g. Hunkeler et al., 1999; Brun and Engesgaard, 2002; Miles et al., 2008).       

 

Biodegradation of organic contaminants generates carbon dioxide, which in an aquatic 

environment, associates with water to produce the weak carbonic acid (Chapelle, 1993).  

 

3222 COHOHCO →+                                                          (3-9) 

 

Bennett et al. (1993) and Hunkeler et al. (1999) discuss how the reduction in pH leads to 

dissolution of calcium carbonate in the aquifer matrix. When calcium carbonate dissolves, 

the effect is to “buffer” changes in pH and release calcium and bicarbonate into solution.    

 

−+ +→+ 3
2

323 2HCOCaCOHCaCO                                (3-10) 

 
An increase in the concentration of calcium and bicarbonate in the contaminant plume is 

commonly reported in field observations (e.g. Schäfer, 2001; Klonowski et al., 2008). In a 

“closed” aquifer system, the stoichiometric geochemical response (e.g. Ca2+, HCO3-) will 

reflect the moles of organic contaminant oxidised (Kelly et al., 1997). In an “open” system 

however, there is a partial pressure limit to the amount of carbon dioxide that dissolves in 

solution and the geochemical response will be less pronounced (Mayer et al., 2001; 

Vencelides et al., 2007).   

 

Kelly et al. (1997), Schreiber and Bahr (1999), Brun and Engesgaard (2002) and Colombani 

(in press) report changes in alkalinity geochemistry as described by Equations (3-9) and 

(3-10); a lowering in pH, dissolution of calcite and increase in calcium and bicarbonate 

ions. Quantifying carbonate geochemistry was described in Mayer et al. (2001), who used 

the reactive transport model MIN3P to simulate a phenol plume in a sandstone aquifer. 

The authors found that including calcite in the coupled geochemical model MINTEQA2 

(Allison et al., 1991) permitted a suitable calibration of the aquifer geochemistry. 
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However once calcite was removed as a parameter from the model, the authors were 

unable to match the pH, bicarbonate and other inorganic species.  

 

Carbonate geochemistry is complex and the aquifer geochemical response does not always 

exhibit as expected (Hunter et al., 1998; Huling et al., 2002). Plummer (1977) describes 

how calcite dissolved and precipitated as an organic plume migrated through pristine 

water with changing ionic concentrations. Chapelle (1993) illustrates how calcite 

dissolution or precipitation is a function of the concentration of other ions in solution. For 

example, if high sulphate (SO42-) is present (e.g. due to dissolution of gypsum), production 

of bicarbonate through biodegradation could actually precipitate calcite. Bennett et al. 

(1993) described that in an open carbonate system, where CO2 is degassing, the pH can be 

observed to rise and calcite precipitates. McMahon et al. (1992) and Chapelle et al. (1995) 

observed the precipitation of calcite during contaminant biodegradation, but neither 

provided an indication of what the driving geochemical processes had been. Thornton et 

al. (2001a) used the geochemical batch model PHREEQM (Appelo and Postma, 1993) for a 

phenol plume under sulphate reducing conditions in a deep sandstone aquifer and found 

that biodegradation led to over-saturation and precipitation of CaCO3, FeCO3 and MnCO3. 

Lee et al. (2001a) was unable to establish a relationship between increases in bicarbonate 

and observed inconsistent changes in calcium concentration. This may be because the 

geochemical conditions were occurring at a scale not reflected by the coarse monitoring 

network (Chapelle et al., 1995). Brun and Engesgaard (2002), neglecting transport, 

modelled a case study where pH increased and calcite precipitated under sulphate-

reducing conditions. In that study, calcite dissolved under methanogenesis with no 

subsequent change in calcium. Hunkeler et al. (1999) indicates calcite may precipitate 

under methanogenic conditions in an “open” system. In further examples of this 

complexity, Herczeg et al. (1991) and Hunkeler et al. (1999) report that while 

methanogens may biodegrade greater than 80% of a contaminant plume, methanogenesis 

has virtually no effect on alkalinity because CO2 is both consumed and produced. On this 

basis, calcite can be considered geochemically stable under methanogenesis.   
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4 Materials and Methods 
 

4.1 Field Data Collection 
 

Monitoring Installations - Groundwater Gauging 

 

Groundwater level data was taken from historical records, or gauging collected as part of 

this study from the site’s existing monitoring wells. The site has a network (>150) of 50 

mm PVC Class 12 monitoring wells screened across the water table in the Safety Bay 

Sands to monitor the presence of LNAPL. Monitoring wells were typically installed by 

hand augering or a hollow-stem auger drill rig. Gauging of the air-LNAPL and LNAPL-

water interface is undertaken with an ORC Interface Probe, and measurements are 

consistently taken from the same surveyed position on the well casing (AHD) on a 

monthly basis. Because of the transient and widespread presence of LNAPL at the site, 

gauged data is “corrected” to define the water table at those times of the year when 

LNAPL is expressed. The LNAPL density has been measured in each well that contains 

LNAPL, and correction of watertable position is carried out using the applicable density 

value for each well.  

 

The site has a network (20) of nested 50 mm PVC Class 12 monitoring wells that screen 

the full saturated thickness of both the Safety Bay Sands and Tamala Limestone aquifers (a 

bentonite seal between the nested wells ensures there is no direct connection). These 

wells are used to assess the long term effect of groundwater abstraction on Tamala 

Limestone aquifer water levels and saltwater intrusion. As the site’s five bores have a 

variable abstraction rate, it is not possible to measure equilibrated water levels in the 

Tamala Limestone at most times of the year. However at three-monthly intervals, the 

bores are turned off so that the potentiometric surface in the Tamala Limestone can 

equilibrate; the water level is gauged in the 20 wells, as well as selected (900 series) wells 

that are screened in the top and base of the Tamala Limestone. Gauging of the Tamala 

Limestone wells is undertaken with a Solinst Water Level Meter. 
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Kriging interpolation of the Safety Bay Sands corrected watertable was undertaken using 

Surfer 8.05 (Golden Software, 2004). Watertable maps were produced for 46 months, 

using an average of over 100 standard-screen monitoring wells per month, plus the 10 

fully screened wells measured on a quarterly basis, to provide the required calibration and 

validation data. Kriging interpolation of the Tamala Limestone potentiometric surface was 

undertaken on a quarterly basis for the same months used to measure transience in the 

Safety Bay Sands.  

 

Monitoring Installations – LNAPL Sampling 

 

LNAPL samples were recovered for this study to assess the hydrocarbon component 

compounds. As part of this study twelve 50 mm PVC Class 12 monitoring wells were 

installed into the final model domain area that was known or assumed to contain LNAPL 

source (Section 5). In addition, there were existing 50 mm PVC Class 12 monitoring wells 

in the domain that also contained LNAPL. LNAPL samples were extracted from these 

wells using a 40 mm hand bailer. As the bailer invariably collects groundwater as well as 

LNAPL, the groundwater was first drained from the bailer and the LNAPL decanted to a 

40 mL glass vial with Teflon insert for analysis. 

 

Monitoring Installations - Groundwater Sampling 

 

Over the period October 2001 to May 2003, 39 multi-level sampling (MLS) devices were 

installed across the Refinery. MLS were installed using either a hollow-stem auger drill rig 

or Geoprobe, which minimised disturbance to the aquifer during installation. Depending 

on the drilling method, a 2 mm gravel pack was installed, or else natural sand was allowed 

to “slump” around the MLS. Previous sampling studies of MLS installations in medium 

sands have shown that MLS can be “nested” without bentonite seals, and sample quality is 

not compromised by vertical communication between ports. Each MLS consisted of 5 

ports, commencing at a depth of 4 m and then installed every 2 m to a final depth of 12 m. 

The depth to water in the study area was typically 3.5 – 3.8 m. In some locations the 

upper port was unusable as it was screened in a zone of LNAPL.  
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The MLS were constructed of 10 mm slotted aluminium screen, surrounded by filter sock, 

which were then connected to 3 mm nylon (non-sorbing) access tubing. At the top of the 

tubing is a three-way valve, which allows the tubing to be purged and a sample extracted 

using dedicated syringes. Hydrocarbon sampling was undertaken using a glass syringe and 

the water transferred to a 40 mm glass vial with Teflon insert (no headspace). Sampling of 

the inorganic species and dissolved methane was undertaken using a 60 mL plastic 

syringe. Inorganic analysis samples were transferred to a 250 mL plastic container 

(including nitric acid preservation) and transported to the laboratory for analysis. The 

dissolved methane samples were transported to the laboratory in a sampling syringe (with 

no headspace). Standard water quality parameters (e.g. pH, temperature, Eh, EC and 

dissolved oxygen) were measured on extracted water samples. 

 

Two sample locations were installed as a nested series of 5 mm Class 12 PVC piezometers 

(MP20 and MP21) at the same depth of 4, 6, 8, 10 and 12 m. Because nearby MLS had 

shown that the groundwater at the base of the Safety Bay Sands was impacted very close 

to the start of the LNAPL source area, the purpose of these installations was to measure 

the local vertical gradients. Water level gauging was undertaken with a Solinst Water 

Level Meter. Groundwater was extracted from these wells for analysis using a surface 

peristaltic pump, with dedicated non-sorbing tubing employed for each piezometer. 

 

4.2 Analytical Data 

 

Selected Petroleum Compounds in Groundwater 

 

Groundwater samples were analysed for selected petroleum compounds that are intended 

to provide surrogates for characterising the natural attenuation mechanisms acting on the 

plume. Analysis of the selected petroleum compounds in groundwater was undertaken by 

CSIRO staff at the Floreat Laboratories in Perth. 
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The selected petroleum compounds analysed included: 

• benzene, toluene, ethylbenzene, o-xylene and m,p-xylene 

• trimethylbenzene isomers (1,2,3-; 1,2,4-; 1,3,5-) 

• phenol, o-cresol, m,p-cresol 

• naphthalene, 1-methylnaphthalene, 2-methylnaphthalene 

Two methods were used during the study and are based on a method by Patterson et al. 

(1993).   

Method 1.  Groundwater samples (10 mL) were acidified (0.2 mL, 4.5M HCl) and spiked 

with surrogate standards (dibromoethane, p-xylene-d10 and naphthalene-d8) prior to 

extraction with diethylether (3 mL). The diethylether layer was submitted for purge-and-

trap high-resolution gas chromatography with mass spectrometry (GC-MS) analysis. 

Quantification of the selected petroleum compounds (based on selected ions) was 

undertaken by spiking known amounts of authentic standards into the samples. GC-MS 

analysis was performed using a Varian Model 3400 gas chromatograph fitted with a 

Varian Saturn III mass spectrometer and injected using an autosampler.   

Method 2. Groundwater samples (19 mL) were acidified (0.3 ml, 4.5M HCl) and spiked 

with a surrogate standard (d8-naphthalene) prior to addition of dichloromethane (DCM).  

After thorough mixing the DCM layer was removed and dried using anhydrous sodium 

sulfate, providing a sample for GC-MS analysis. Quantification of the selected petroleum 

compounds (based on selected ions) was undertaken by spiking known amounts of 

authentic standards into the samples. GC-MS analysis was performed using an Agilent 

6890 gas chromatograph (GC) fitted with a vapourising injector (operating in splitless 

mode), an autosampler and an Agilent 5975 inert mass spectrometer. 

 

Selected Petroleum Compounds in NAPL 

 

NAPL samples were also analysed for the selected petroleum compound that are intended 

to provide surrogates for characterising natural attenuation. Analysis of selected 

petroleum compounds in NAPL was undertaken by CSIRO staff at the Floreat 

Laboratories in Perth. 
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The selected petroleum compounds for analysis included: 

• benzene, toluene, ethylbenzene, o-xylene and m,p-xylene 

• trimethylbenzene isomers (1,2,3-; 1,2,4-; 1,3,5-) 

• phenol, o-cresol, m,p-cresol 

 

NAPL samples (20 mg) were accurately weighed and spiked with a surrogate standard (d8-

naphthalene) prior to addition of DCM, providing a sample ready for GC-MS analysis.  

Quantification of the selected petroleum compounds was based on authentic standards 

prepared in a similar manner as the samples. GC-MS analysis was performed using an 

Agilent 6890 gas chromatograph (GC) fitted with vapourising injector (operating in 

splitless mode), an autosampler and an Agilent 5975 inert mass spectrometer. 

 

Selected Petroleum Compounds - Equilibrated LNAPL and Groundwater  

Water equilibration experiments were carried out at 20.9 oC using MilliQ water and based 

on a slow batch stirring method (SSM) described by Lang et al., (in press). Equilibration 

experiments were carried out in 40 mL glass volatile organic analysis (VOA) vials.  A cut-

off Pasteur pipette with the thin glass end removed was fitted through the Teflon-lined 

silicone septum and protruded approximately 12 mm from the top of the septum. LNAPL 

used in the equilibration experiments was placed on top of an aqueous solution (30 mL 

MilliQ water) in a 40 mL glass vial containing a small magnetic stirrer bar (15 x 1.5 mm).  

The lid was only lifted ~1 cm while the LNAPL was added to the glass vial such that the 

lower end of the cut off pipette remained in the water phase. The glass vial was sealed and 

the top of the Pasteur pipette sealed with Teflon. The stirrer bar rate was approximately 

100 rpm for all experiments for a period of 68 hours. Temperature fluctuations were 

monitored with a WTW 330i meter. Water for analysis was removed through the Pasteur 

pipette with the lid partially unscrewed to allow for pressure equilibration. Water samples 

were analysed for the selected petroleum compounds using Method 2 (above). 

Dissolved Methane 

 

Analysis of the dissolved methane in groundwater was undertaken by CSIRO staff at the 

CSIRO Laboratories in Floreat, and based on a method by Kampbell and Vandegrift 
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(1998). Water samples were collected from the field in 60 mL syringes. A headspace was 

prepared by replacing 10% of the syringe sample with helium. The sample was then 

shaken on a rotary suspension mixer for approximately 1 hour after which the headspace 

was transferred to a glass syringe, providing a sample ready for analysis by GC. Methane 

analysis was performed using an Agilent Model 6890 gas chromatograph fitted with 

thermal conductivity detector (TCD) and flame ionising detector (FID).   

 

Inorganics 

 

Inorganic analysis of all groundwater samples was undertaken at a commercial laboratory 

in Perth using NATA-accredited methods. Samples were filtered prior to cation/anion 

analysis, however the laboratory had not previously filtered samples prior to carbonate 

and bicarbonate analysis. That procedure was modified for this study (see Section 7). 

Carbonate and bicarbonate were analysed via titration with standard acid. Other major 

anions were measured by ion chromatography. Major cations were measured by atomic 

absorption spectrophotometry.  

 

Inorganic species typically analysed for each sample: 

• Cations: calcium, iron (II) 

• Anions: nitrate, sulphate, chloride 

• Alkalinity: carbonate, bicarbonate 

 

For a reduced number of samples, full anion/cation analysis was undertaken. Ion balances 

were completed with expanded species on selected samples. 

 

4.3 Hydraulic Flow Modelling 

 

Hydraulic flow modelling of the site was undertaken using the well documented and 

widely used USGS finite-difference MODFLOW (McDonald and Harbaugh, 1988). The 

graphical user interface Processing Modflow Pro (Chiang and Kinzelbach, 2000), was used 

to edit the model input data.   
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Processing Modflow Pro integrates the flow model MODFLOW with several other 

modelling packages, such as the solute transport model MT3DMS (Zheng and Wang, 

1999), biodegradation reactive transport model RT3D (Clement, 1997), advective 

transport model PMPATH (Chiang and Kinzelbach, 1994) and the reactive multi-

component transport model PHT3D (Prommer, 2002; Prommer et al., 2003a). The 

transport packages use the flow-field(s) simulated by MODFLOW for the computation of 

advective or advective-dispersive transport. 

 

4.4 Reactive Transport Modelling 

 

Reactive transport numerical modelling integrates the site-specific hydrogeological and 

hydrochemical conceptual models into one internally-consistent platform. As natural 

attenuation has become increasingly accepted as a technique for remediating a wide range 

of organic contaminants, numerical modelling has evolved as an important step in 

analysing, demonstrating and predicting the underlying natural processes (Prommer et al., 

2000b). Hunter et al. (1998) discusses the value that can be derived from reactive transport 

modelling, including fulfilling many scientific needs such as (i) interpretation of measured 

chemical gradients in terms of reaction pathways and transport rates, (ii) construction of 

mass balance budgets for chemical species (iii) determination of the geochemical and 

hydrological factors affecting the relative importance of possible and competing reactions, 

(iv) performance of sensitivity analysis to evaluate the long-term risks and clean-up 

options at contaminated sites 

 

In principle a wide range of numerical reactive transport models are available for this 

purpose, including biodegradation models BIOPLUME I/II/III (Borden et al., 1986; Rifai et 

al., 1987; Suarez and Rifai, 2004), RT3D (Clement, 1997), BIORXNTRN (Hunter et al., 

1998) and SEAM3D (Waddill and Widdowson, 1998), or biogeochemical models TBC 

(Schäfer et al., 1998) or MIN3P (Mayer, 1999). A discussion of various modelling tools and 

approaches is provided in a number of references (e.g. Hunter et al., 1998; Barry et al., 

2002; Prommer et al., 2003b). The biogeochemical multi-component reactive transport 
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model PHT3D (Prommer et al., 2003a) was employed to assess and quantify the natural 

attenuation mechanisms acting on the dissolved phase plume in this study. PHT3D is a 

three-dimensional reactive multi-component transport model that couples the multi-

species transport simulator MT3DMS with the geochemical batch model PHREEQC-2 

(Parkhurst and Appelo, 1999). Although other models with comparable features exist, the 

combination of the modular and robust MODFLOW/MT3DMS flow/transport simulator 

and the versatile capabilities and reliability of PHREEQC-2 allow for quick adaptations of 

the numerical model to suit site-specific conceptual models. PHREEQC incorporates both 

equilibrium and kinetically controlled geochemical processes and reaction kinetics, which 

are formulated through user-defined reaction expressions. PHT3D employs the two-step 

sequential split-operator approach, which separates the processes (e.g. flow, transport of 

individual chemical species, chemical reactions) within the model and solves each sub-

model independently. While model variants are available that solve the processes 

simultaneously, the split-operator approach is by far the most efficient, both in terms of 

computation and personnel-time to set up the model (Schäfer and Therrien, 1995; 

Prommer et al., 2000). 

 

PHT3D can be employed to simulate a wide range of equilibrium and kinetically 

controlled reactive processes through user-defined rate expressions. PHT3D has been 

extensively applied to simulate the geochemical evolution of contaminated aquifers, as 

well as for modelling their remediation. This includes cases in which the natural and 

enhanced attenuation of both organic and inorganic contaminants has been assessed. 

Previous biogeochemical modelling studies have been carried out for landfill leachate 

plumes (Prommer at al., 2006), and aromatic and chlorinated hydrocarbon plumes 

(Prommer et al., 2002; 2008). A summary of the published applications of PHT3D is 

provided in Prommer et al. (2008).  
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5 Field Data Collection 
 

5.1 Hydrocarbon and Biogeochemical Indicators 
 

Data collection of dissolved phase hydrocarbon and biogeochemical species was developed 

over two phases; an initial site-wide review in 2001-2002, followed by a decision in 2003 

to focus the project domain and concentrate on the key reactive-transport processes. This 

section provides a review of the collection of data through the two phases. 

 

Initial Site Review: 2001 – 2002 

 

November 2001 & February 2002 

 

At the start of the project, the distribution of dissolved hydrocarbon contaminants was not 

exhaustively characterised. Only one set of monitoring wells within the main part of the 

site had been routinely sampled, and it was assumed the key natural attenuation processes 

could be quantified on a site-wide domain. On that basis, the first MLS were installed 

across the site as a plume-scale assessment. Groundwater flows in an approximate north-

west direction on the eastern half of the site. As the groundwater approaches the coast, 

two broad vectors emerge; a westerly flow in the southern part of the site and a north-

westerly flow in the northern part of the site. Twelve MLS were installed in September 

2001 along transects that followed the flow vectors in the separate parts of the site. 

Transect boundaries were chosen based on locations where detectable hydrocarbon had 

been historically observed in coastal monitoring wells (Figure 5.1). 
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Figure 5-1:  November 2001 MLS Installations 
 

Only one port was sampled per MLS as part of the initial assessment of the patterns of 

contaminant distribution. For the initial round, samples were analysed for the key 

dissolved phase hydrocarbon species. Table 5.1 provides the BTEX data collected from the 

first sampling period in November 2001. 

 
 Benzene Toluene Ethylbenzene O-Xylene M,P-Xylene 
MP01 – 4.5 m 72.8 212.5 66.0 31.7 85.3 
MP03 – 9 m 10.7 26.1 15.9 16.5 75.4 
MP04 – 9.7 m 28.3 60.5 104.2 12.1 55.1 
MP05 – 8.4 m 59.5 140.2 26.8 22.6 69.9 
MP06 – 8.1 m 4.5 27.2 15.0 14.3 76.6 
MP07 – 12.8 m 36.8 122.5 24.9 21.2 60.9 
MP08 – 7.8 m 66.0 168.5 32.4 26.0 74.0 
MP09 – 12.0 m 28986.3 1475.8 2351.9 376.4 3889.8 
MP11 – 12.8 m 5.2 17.6 600.2 8.9 37.6 
MP12 – 12.7 m 83.4 200.5 34.9 26.4 78.2 

Table 5-1:  November 2001 initial MLS (µg/L) results. Depth measured from ground surface (m) 
 
 

The depth of impact in MP09 (8 m below the watertable) was consistent with 

expectations. However, with the exception of MP09, Table 5.1 illustrates that little 

contaminant was measured in any of the sampled ports. This was unexpected because 

previous sampling (monitoring wells 921– 924; see Figures 2.6-2.7) at the site suggested 
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gross contamination would be observed within the main part of the LNAPL source area, 

and this contamination would be present at relatively uniform and high concentrations 

through the sand aquifer. Therefore the first sampling round provided an early indication 

that characterising this site would provide challenges.  

 
Further sampling was undertaken in February 2002, with groundwater samples taken 

from more ports at each installation. Results of this sampling were similar to that 

presented in Table 5.1, with minor dissolved impact observed across the site. However the 

large distances between the MLS made data interpretation difficult. As an example of the 

results of February 2002, Figure 5.2 illustrates the distribution of benzene, ethylbenzene 

and m,p-xylene across the site. Similar figures could be generated for the other 

contaminant species. Complete results of the February 2002 sampling are provided in 

Appendix A. 
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Figure 5-2:  Analytical results (µg/L) for benzene, ethylbenzene and m,p-xylene February 2002 
Depth is measured from the ground surface (m) 
 
 

The February results confirmed that the characteristics of the contaminant plume were 

different to that which had been predicted from historical data and other investigations at 
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the site. Comparing the data displayed in Figure 5.2 to Figures 2.6 and 2.7 demonstrates 

that within a very short distance, the relatively high concentrations evident in wells 923 

and 924 are absent by MP11, despite the significant LNAPL source in the general area of 

these monitoring installations.  

 

Upgradient of the main LNAPL source area, hydrocarbon is present at elevated 

concentrations (particularly m,p-xylene) indicating that even when no mobile LNAPL is 

present, residual concentrations can establish a significant dissolved phase impact. 

 

April 2002 

 

As a result of the initial phase of plume characterisation, it appeared that plume-scale MLS 

would not provide the required data resolution to identify and quantify the key natural 

attenuation processes. In March 2002, three additional MLS were installed in the 

upgradient section of the LNAPL source zone, between the existing MP09 and MP08. 

During installation planning, the LNAPL source zone was thought to be relatively 

homogenous and extensive, and so the exact placement of the sampling devices relative to 

the source contaminant was not considered critical. The primary consideration was 

installing the MLS along a transect coincident with the groundwater flow direction.  

 

Figures 5.3 – 5.4 indicate the position of the MLS and a selection of the analytical data 

measured during April 2002 sampling. Complete results of the April 2002 sampling are 

provided in Appendix A. 
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Figure 5-3:  April 2002 MLS Installations 
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Figure 5-4:  Analytical results (µg/L) for benzene, toluene, ethylbenzene, m,p-xylene May 2002.   
Depth measured from the ground surface (m) 
 
 

Figure 5.4 illustrates some of the key aspects of the data that define plume dynamics at the 

site. Benzene and ethylbenzene are more persistent than toluene and the xylene isomers, 

indicating degradation is occurring. The rate of attenuation for some species is sufficiently 

high that the “textbook plume”, illustrated by a reduction in average concentration with 
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distance from source, is unable to be established. In effect, the toluene and xylene plumes 

are effectively degraded in the source zone near the watertable. Alternatively, for the 

most recalcitrant species, there appears to be little change in average concentration as the 

plume migrates. However this appears to be affected by the presence of LNAPL source 

along the entire length of the transect.  Of the species shown in Figure 5.4, only benzene 

displays the behaviour of a “textbook plume”, which appears to reflect (a) absence of 

further sources along the transect and (b) degradation of the plume. 

 

In locations where a LNAPL source is absent or where the source does not include a 

particular hydrocarbon species, those species can be absent in the upper sections of the 

aquifer while high concentrations are measured at the aquifer base. Vertically uniform 

impact is observed for the more persistent species. Potential mechanisms for this 

observation, including vertical hydraulic gradients, are discussed in Section 6.  

 

The benzene data presented in Figure 5.4 raises a potential source of error in natural 

attenuation assessments: transect flowline “accuracy”. As discussed (in Section 3), Miles et 

al. (2008) highlighted the challenge of aligning a transect with the groundwater flow 

direction when the plume geometry and dimensions are affected by multiple LNAPL 

source zones. It was originally assumed that locating the MLS accurately along the same 

flow vector was not critical because of the size and consistency of the LNAPL source 

controlling the distribution of contaminants. However the March 2002 data indicates that 

while mass removal by biodegradation is (most likely) occurring, there is insufficient data 

density to quantify the attenuation with certainty. It is not clear whether the reduction in 

concentration is due to degradation processes alone, or variations created by not 

accurately following the groundwater flowpath. The watertable gradient is relatively flat, 

and as there is significant mobile LNAPL in the area of interest, determining flow 

direction with accuracy is difficult. On the basis of the March 2002 data, it was 

determined that the number of sampling devices needed to increase to improve data 

resolution. 

 

At this time, a decision was made to abandon the site-wide study and focus the 

contaminant data collection on a more constrained project domain. It would have been 
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possible to undertake the review on the downgradient (coastal) side of the site, following 

the approach adopted by other studies that have examined plumes in industrial settings 

(Johansen and Kyllo, 1998; Anderson and Lovley, 2000). However because of the 

importance of measuring the effect of biodegradation on aquifer hydrochemistry relative 

to the background conditions, it was decided to focus the project on the upgradient side 

of the main LNAPL source.  

 

November 2002 

 

The extent and variable nature of the LNAPL source reduces the certainty with which 

plume characterisation can be undertaken. In November 2002, the mechanisms of vertical 

migration remained undefined. The cost of plume characterisation on the scale of a 

refinery is very expensive. Before considerable resources were further invested into 

defining the project domain, four additional MLS were installed in August 2002 to collect 

initial biogeochemical data and assist characterisation of the hydrocarbon plume along an 

assumed groundwater flow direction.    

 

The April 2002 monitoring data demonstrated the relatively short lateral travel distance 

before the hydrocarbon plume had penetrated into the lower sections of the sand unit. 

This was initially surprising, as MP09 is only located ~120 m downgradient of the LNAPL 

source, although Figure 5.2 did indicate that residual subsurface hydrocarbon must be 

present upgradient of the first indications of mobile LNAPL. Even allowing for 

uncertainty with source position, the rapid descent to the base of the sand aquifer was 

unexpected. To assess the rate at which the plume is “diving”, MP20 and MP21 were 

placed close to the start of the known LNAPL source area. The other MLS (MP18 and 

MP19) were placed downgradient of this area to assess the relationship between flow 

direction, LNAPL source and plume dimensions. Figure 5.5 indicates the position of the 

MLS used for focusing the project in the November 2002 sampling rounds.  
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Figure 5-5:  November 2002 MLS Installations. 
 
 
Therefore in terms of transect orientation, the following options were considered: 
 
MP03 → MP20 → MP21 → MP09 → MP15 → MP13 → MP08 
                                                                           → MP19 → MP18 
 
Figure 5.6 illustrates benzene and ethylbenzene data measured during November 2002.  
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Figure 5-6:  Analytical results (µg/L) benzene and ethylbenzene November 2002.  
Depth is measured from the ground surface (m) 
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Similar detail could be generated for toluene and the xylene isomers; however plots of 

these plumes replicate Figure 5.4 due to the rapid degradation of these species. Complete 

results of the November 2002 sampling are provided in Appendix A. Figure 5.6 clearly 

illustrates the effect of vertical gradients on the migration of the benzene plume. At MP03 

very little benzene is present; but coincident with the LNAPL source, a benzene plume 

begins to immediately impact water 4 m below the water table. By MP09 the saturated 

thickness of the sand unit is impacted. After MP09 the plume undergoes gradual 

degradation until it is virtually absent by MP08. The purpose of the additional MLS 

shown in Figure 5.6 was to investigate how a minor deviation in transect orientation 

could affect the apparent distribution and natural attenuation of the contaminant plume.  

Unfortunately the introduction of a new LNAPL source in the area between MP14 and 

MP19 meant that a measurable difference in plume geometry and concentration along the 

alternative transects was not observed. The effect of this new source was evident when 

comparing the results of MP08 to MP18. In MP08 there was sufficient travel distance 

from the source to attenuate the ethylbenzene plume. However MP18 is too close to the 

LNAPL source and high concentrations of ethylbenzene are observed.     

 

Additional analysis was undertaken to measure if the changes in contaminant distribution 

are associated with coincident changes in the biogeochemical indicators. Figure 5.7 

provides a summary of the key results. Complete results are provided in Appendix A.  
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Figure 5-7:  Analytical results (mg/L) for bicarbonate, sulphate, iron(II), nitrate November 2002. 
Depth is measured from the ground surface (m)  
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The data in Figure 5.7 illustrates some of the key biodegradation processes that may be 

attenuating the petroleum hydrocarbons. Dissolved oxygen was routinely measured as 

part of the field parameters, although the method involved exposing the sample to 

atmosphere; therefore little confidence in placed in the results. However given the 

contamination upgradient of the site and the typical anaerobic state of Perth aquifers 

(Davidson, 1995), dissolved oxygen is not expected to be a significant electron acceptor for 

the biodegradation at the site. There is virtually no nitrate in the background water 

composition and the calcium carbonate sand aquifer at the site is known to be low in iron. 

Sulphate appears to be a significant electron acceptor but is rapidly exhausted at the start 

of the LNAPL source zone. Interestingly sulphate appears to recharge within the project 

domain, which is a mechanism of electron acceptor delivery that has been previously 

described (Lee et al., 2001a; Miles et al., 2008).  

 

By mapping sodium and chloride data along the transect length, Figure 5.8 provides an 

indicator of the consistency of the “conservative” species within the plume. This approach 

is included as non-petroleum tracers have not been employed in this study. 
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Figure 5-8:  Sodium-chloride ratio and pH along transect 
 
 

The ratio of sodium to chloride ions remains relatively consistent along the transect (0.6 – 

0.9), and there is only one location where the ratio appears to be significantly perturbed. 

Interestingly this occurs at a location that is known to have the highest pH in the project 

domain, and it is suspected that a source of caustic (sodium hydroxide) maybe in the area. 

 

By the end of 2002, the extent of the LNAPL source, groundwater flow direction and key 

processes were sufficiently characterised that the project domain could be defined for the 

remainder of the study. 
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Detailed Assessment of Project Domain: 2003 – 2005  

 

In April 2003 an additional 20 MLS were installed. Sixteen MLS were located in the 

defined project domain on the eastern side of the site, while four MLS were installed 

downgradient of the main site LNAPL source area. The purpose of the four MLS was to 

validate the information collected, and inferences developed, in the project domain.  

 

Figure 5.9 indicates the MLS in the project domain used for the natural attenuation 

assessment in 2003-2005, with Transect 1 highlighted (groundwater flow direction in this 

part of the site follows the transect vector). Figure 5.10 shows the position of the four 

MLS located downgradient of the main site LNAPL source area. 
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Figure 5-9:  MLS in project domain 
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Figure 5-10:  MLS downgradient of main site LNAPL source area. 
 
 
Within the project domain, the MLS were installed along three transects. For each 

transect, MP03/PHMP05 were considered to adequately represent aquifer background 

hydrochemistry. 

 
Transect 1: 
MP23 → MP24 → MP26 → MP25 → MP15 → MP13 → MP08 
 
Transect 2: 
MP22 → MP09 → MP27→  MP29 → MP19 
 
Transect 3: 
MP20 → MP21 → MP30 → MP28 → MP33 → MP35 
 
 

Complete data for all transects is provided in Appendix A. Figures 5.10 – 5.16 are provided 

below to illustrate the broad findings from the three years of monitoring of the site.  

 

Figures 5.11 – 5.13 provide the hydrocarbon (benzene, toluene, ethylbenzene, xylene 

isomers and naphthalene) and biogeochemical indicator species (sulphate, methane, 

bicarbonate, nitrate, iron (II) and calcium) for Transect 1 in 2003 – 2005. Similar figures 
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can be produced for Transects 2 and 3, however for conciseness, only Transect 1 is 

presented here as it illustrates the key relationships and trends. 

 

Figures 5.14 - 5.15 are depth-average areal plots using MLS data collected during 2003. 

Equivalent plots were generated for the maximum-value of each species, but have not 

been included here as the spatial-relationships look very similar to that for the depth-

average.  

 

Figure 5.16 - 5.17 discretise the 2003 benzene and toluene results across the project 

domain. Three-dimensional spatial plots are instructive as they effectively combine all of 

the information into one figure. These two plots are included as they show the difference 

between a hydrocarbon species that is rapidly degraded (toluene) and a species that is 

more persistent (benzene). Similar plots have been produced for the other hydrocarbon 

and biogeochemical indicators, however are not included here for conciseness.  
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2003 O-Xylene Transect 1
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2003 Sulphate Transect 1
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2003 Bicarbonate Transect 1
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2003 Calcium Transect 1
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Figure 5-11:  2003 Transect 1 
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2004 Benzene Transect 1
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2004 Ethylbenzene Transect 1
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2004 O-Xylene Transect 1
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2004 Sulphate Transect 1
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2004 Bicarbonate Transect 1
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Figure 5-12:  2004 Transect 1 
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2005 Benzene Transect 1
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2005 O-Xylene Transect 1
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2005 Bicarbonate Transect 1
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Figure 5-13:  2005 Transect 1 
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Benzene (µg/L)                                                Toluene (µg/L) 

 
Ethylbenzene (µg/L)                                       Naphthalene (µg/L)              

 
M,P-Xylene (µg/L)                                          O-Xylene (µg/L)                          
 
Figure 5-14:  June 2003 depth-average concentration of benzene, toluene, ethylbenzene, xylene 
isomers and naphthalene (µg/L) 
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Figure 5-15:  June 2003 depth-average concentration of sulphate, methane, nitrate, dissolved iron, 
bicarbonate and calcium (mg/L) 
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Bicarbonate (mg/L)                                          Calcium (mg/L) 

 

 



 
Figure 5-16:  Vertical discrete representation of 2003 benzene results  
– graduated symbols are used to differentiate between sample concentrations.   
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– graduated symbols are used to differentiate between sample concentrations.   
Figure 5-17:  Vertical discrete representation of 2003 toluene results  



Validation Monitoring: Downgradient of Main Site LNAPL A ea r
 
 

Figure 5.1 indicates five MLS were installed near the coastal boundary at the 

commencement of this study. It was initially thought these MLS could be monitored for 

validation purposes; however these MLS were installed too close to local LNAPL sources 

and unfortunately could not effectively demonstrate plume attenuation.  

 

Figure 5.10 illustrates the four MLS (MP38 – MP41) installed in the grassed area 

downgradient of the main site LNAPL source. LNAPL in that area of the site is a mixture 

of products, and previous sampling of monitoring wells located immediately upgradient of 

the four MLS (BP, 2000) indicated groundwater concentrations of 14000 µg/L total 

petroleum hydrocarbon (TPH) and 2600 µg/L benzene. The purpose of the validation 

monitoring was to place MLS downgradient of the LNAPL plume to determine whether 

equivalent physical or biogeochemical processes attenuating the plume in the project 

domain are also acting in other parts of the refinery. Tables 5.2 and 5.3 provide selected 

hydrocarbon and biogeochemical results for the 2003 sampling of MP38 – MP41.  

 
 
 Benzene Toluene Ethylbenzene M&P-Xylene O-Xylene Naphthalene 
MP38 6 m 8.45 13.76 6.13 7.24 2.34 0.00 
MP38 8 m 0.31 6.36 4.73 3.85 0.00 0.00 
MP38 10 m 0.70 5.41 3.81 3.46 1.13 1.40 
MP38 12 m 0.95 5.31 4.06 3.91 1.62 0.60 
MP39 6 m 3.81 5.13 4.50 3.22 1.02 1.01 
MP39 8 m 0.00 3.27 1.31 2.13 0.00 0.00 
MP39 10 m 1.05 6.18 3.32 4.00 1.08 1.24 
MP39 12 m 0.00 4.90 3.21 3.77 1.43 0.72 
MP40 4 m 0.00 4.70 2.26 3.56 0.95 0.00 
MP40 6 m 10.19 13.95 5.52 6.81 1.87 1.06 
MP40 8 m 0.61 5.22 3.30 3.40 1.05 0.90 
MP40 10 m 7.90 13.60 5.92 7.32 2.36 0.76 
MP40 12 m 2.07 23.41 7.61 22.64 9.99 1.86 
MP41 6 m 2.23 6.54 5.01 4.62 1.44 1.43 
MP41 8 m 0.00 5.07 2.63 3.18 0.00 1.58 
MP41 10 m 0.87 3.78 1.31 3.02 0.65 0.53 
MP41 12 m 1.47 5.49 3.53 3.65 1.12 0.00 
Table 5-2:  2003 selected hydrocarbon species (µg/L)  
Depth measured from ground surface (m) 
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 Bicarbonate Calcium Nitrate Sulphate 
MP38 6 m 490 100 <1 130 
MP38 8 m 680 130 <1 150 
MP38 10 m 490 150 <1 190 
MP38 12 m 400 140 <1 130 
MP39 6 m 4400 75 14 290 
MP39 8 m 660 120 <1 290 
MP39 10 m 370 140 <1 190 
MP39 12 m 750 150 <1 180 
MP40 4 m 1800 46 16 42 
MP40 6 m 1100 100 <1 96 
MP40 8 m 600 110 <1 190 
MP40 10 m 380 150 <1 180 
MP40 12 m 830 120 <1 200 
MP41 6 m 1200 78 <1 90 
MP41 8 m 1200 100 <1 150 
MP41 10 m 530 85 <1 71 
MP41 12 m 510 83 <1 48 
Table 5-3:  2003 biogeochemical indicator species (mg/L)  
Depth measured from ground surface (m) 
 
 

Table 5.2 demonstrates the hydrocarbon has been affectively attenuated by the time the 

groundwater has reached MP38 and MP39.  The absence of hydrocarbon in MP38 - MP41 

does not verify whether similar processes are occurring as in the study domain. However 

Table 5.2 provides an indication the hydrochemistry is similar to the conditions 

upgradient of the main LNAPL source, suggesting that recharge of electron acceptors is 

occurring and infers the hydrogeological behaviour is similar (see Section 5.3). 

 

5.2 Source LNAPL 

 

In 2002 a series of standard monitoring wells were installed to investigate the LNAPL 

source in the project domain. Given the variability in LNAPL types across the site, and the 

differences in constituent mole fractions, an appreciation for the (in)consistency of the 

LNAPL source is an important element of the conceptual model. Modelling the 

dissolution effects of fluctuating mole fractions of the various species is beyond the scope 

of this project. However examining the effect of varying sources on the underlying 

groundwater is valuable when interpreting the difference between model-predicted 

results and observed data.  
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Section 4 discussed the method employed to collect aqueous concentrations in 

equilibrium with LNAPL in the monitoring wells across the study area.  Eganhouse et al. 

(1996) conducted similar analysis at Bemidji and found that as the LNAPL weathered at a 

similar rate throughout the LNAPL source area, the equilibrated dissolved phase 

concentrations from a number of locations within the source were highly correlated. 

Figure 5.17 provides the LNAPL-aqueous equilibrated concentrations for selected 

hydrocarbon species in this study, and demonstrates that at Kwinana, significant 

variability exists in the equilibrated dissolved phase concentrations. 
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Benzene (mg/L)                                                Toluene (mg/L) 

 
Ethylbenzene (mg/L)                                       Naphthalene (mg/L) 

 
M,P-Xylene (mg/L)                                           O-Xylene (mg/L) 
 
Figure 5-18:  LNAPL-aqueous equilibrium dissolved phase concentration of benzene, toluene, 
ethylbenzene, xylene isomers and naphthalene 
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5.3 Discussion of Results 
 
At the start of the final phase of data collection (2003), the conceptual model of the key 

physical and biogeochemical processes was emerging but not yet complete. The hydraulic 

conceptual model was not adequately defined. However the most significant gap in 

understanding was the attenuation capacity of the potential mechanisms acting on the 

hydrocarbon plume. Earlier monitoring had shown nitrate and ferrous iron were not 

present in significant concentrations, and that sulphate was effectively removed at the 

start of the LNAPL source area. Based on the experience of methanogenesis at most 

referenced sites, where bicarbonate is typically sourced from the daughter products of 

higher-energy redox degradation processes, it appeared that at the plume-scale there 

would not be enough bicarbonate to sufficiently degrade the continuous dissolution of 

hydrocarbon mass from the extensive LNAPL source. However historical site monitoring 

and the pre-2003 sampling events in this study clearly demonstrated biodegradation of the 

hydrocarbon compounds. The data collected as part of the 2003 – 2005 sampling period 

addressed some of the knowledge gaps in the conceptual model. This section provides a 

summary of the results from the field data collection and highlights some of the key 

natural attenuation processes acting at the site. 

 

Hydrocarbon species degradation appears to be consistent with the patterns observed in 

earlier monitoring. Toluene and the xylene isomers are rapidly degraded. Benzene, 

ethylbenzene, naphthalene and the tri-methylbenzene isomers degrade at a slower rate, 

with ethylbenzene appearing to be the most persistent of the species. There appears to be 

steep concentration gradients for benzene and ethylbenzene. This observation is 

consistent with Curtis (2003) who reported that under methanogenic conditions, steep 

concentration gradients are observed for benzene and ethylbenzene due to significantly 

lower reaction rates compared to other TEAP zones. 

 

The dissolved phase plumes are transported vertically towards the base of the sand aquifer 

within a short distance of the beginning of the LNAPL source area. Figures 5.16 and 5.17 

illustrate the distribution of hydrocarbon depending on the persistence of the species. 
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Toluene appears to attenuate relatively fast and is generally only observed in the upper 

section of the aquifer. Benzene and ethylbenzene are not as rapidly degraded, and can 

therefore be distributed through the saturated thickness of the sand aquifer.  

   

Although xylene isomers degrade rapidly, in some MLS elevated concentrations of xylene 

appear at the base of the sand unit in some sampling events. The detection of the xylene 

isomers is inconsistent. Interestingly this happens in MLS where no or limited 

concentrations of xylene appear in the middle of the sand aquifer. There is no obvious 

conceptual model that could explain these observations. 

 

Interpreting the patterns of plume attenuation for the more persistent species is made 

considerably more difficult by the intermittent presence of the LNAPL source along the 

length of the transect. Characterisation of the plume is even more difficult when the 

LNAPL constituents also vary within the intermittent source zone. Figure 5.18 clearly 

illustrates that even though the LNAPL source under the study domain has been caused 

by the release of similar gasoline and components, the hydrocarbon constituents (and 

mole fractions) of the LNAPL source zone are not consistent, which will have a significant 

effect on dissolution rates into the underlying groundwater. 

 

Nitrate, manganese and ferrous iron are not significant electron acceptors. The influent 

sulphate concentration is high relative to values reported in similar studies, however the 

sulphate is completely consumed a short distance from the upstream fringe of the LNAPL 

source zone. Besides sulphate reduction, methanogenesis appears to be the other 

significant degradation pathway. Figure 5.15 clearly shows that methanogenesis does not 

become a significant process until the majority of the sulphate has been consumed. The 

relationship between sulphate reduction and methanogenesis is affected by the presence 

of LNAPL. LNAPL is present for parts of each transect (Figure 5.18). Figures 5.11 and 5.15 

indicate that in the LNAPL zone, methanogenesis dominates. However in the region 

where LNAPL is not present (e.g. MP26 and MP13), higher concentrations of sulphate 

and lower concentrations of methane are measured. A similar interchange of sulphate 
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reduction and methanogenic redox processes based on recharge is described by Scholl et 

al. (2006) and Miles et al. (2008).  

 

There is no refinery activity that introduces sulphate to the subsurface at MP13. However 

the validation MLS (MP38 – MP41) offer some insight into the re-appearance of sulphate. 

Table 5.2 indicates that some nitrate is present in the upper part of the aquifer and 

sulphate is measured at elevated concentrations through the saturated thickness of the 

aquifer. The presence of sulphate downgradient and close to the LNAPL source is difficult 

to explain as there are no introduced sources of sulphate in this area. It is noted that in 

Table 5.2 there is an inverse relationship between bicarbonate and calcium, and that the 

bicarbonate maxima and calcium minima are in the upper part of the aquifer. This 

potentially indicates a preferential zone of biodegradation. While additional work is 

required to verify the hypothesis, this result suggests vertical migration of electron 

acceptors is recharging the aquifer with water percolating from the surface (MP38 – MP41 

are located in a lightly grassed area). Given how close this area is to the limestone knoll 

(Section 2.1), communication between the sand and limestone creating strong downward 

gradients is plausible (Section 6.3). A similar explanation could be applied at MP13. 

Sulphate percolates to the watertable, however due to the extensive presence of LNAPL, 

sulphate is rapidly reduced and is therefore not detectable in the aquifer. However where 

LNAPL is absent, sulphate recharges the aquifer and adjusts the redox state of the aquifer 

by acting as the dominant electron acceptor and limiting the activity of methanogens. 

 

Figure 5.15 indicates that bicarbonate is initially produced as a result of biodegradation, 

but that the production rate is not consistent along the flowpath. This may be due to the 

slower rate of biodegradation by methanogenesis, or it could be due to the effect of carbon 

dioxide degassing. Figure 5.14 indicates that calcium is consumed along the flowpath, 

possibly indicating precipitation of calcite. 
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6 Hydraulic Flow Modelling  
 
 

Section 5 discusses the challenges of developing a hydrochemical conceptual model for 

the site. Section 7 describes the process of integrating the hydrogeological and 

hydrochemical data into a reactive transport model that is able to acceptably replicate the 

patterns and behaviours observed in the field. The refinement of the partially-defined 

hydrogeological conceptual model, and transformation into a numerical groundwater 

hydraulic model, is the first step in this process. 

 

Development of the numerical groundwater model involved the following phases: 

 

• Assessment of existing hydrogeological data using a simple two-dimensional 

steady-state model; 

• Definition of boundary conditions (including recharge) and other transient 

hydraulic stresses;  

• Investigation of a two-dimensional transient model with observed data using 

defined stresses; 

• Development of a calibration and validation database, including three-

dimensional transient information, for construction of the site-scale groundwater 

model; 

• Definition of the three-dimensional model domain, layers, spatial and time 

discretisation; 

• Definition of initial conditions; and 

• Construction of the calibrated and validated three-dimensional transient site-scale 

groundwater model.   

 

The following sections provide a summary of the key components of the above phases. For 

conciseness, only the detail and outcomes that contributed to the completed three-

dimensional model are presented.   
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6.1 Hydraulic Model Development 

 

Characterisation of the likely response of a three-dimensional site-scale groundwater 

model to imposed hydraulic stresses was first examined using a two-dimensional model 

with assumed hydrogeological conditions. Previous investigations (Nield, 1999; PPK, 

2000; Smith et al., 2003) for both the site and surrounding area provided estimates for 

model parameters such as hydraulic conductivity, storage coefficients and recharge. 

Following this preliminary investigation, a simplified three-dimensional model was 

constructed.  

 

The initial model was defined as a 1600 m x 1600 m square domain, with the length and 

width of each grid cell equal to 100 m. The total model thickness of 30 m was discretised 

into 15 layers. The first 11 layers (upper 15 m) represented the Safety Bay Sands, a 1 m 

layer for the Basal Clay, followed by three layers (14 m) to represent the Tamala 

Limestone. Initially the model was run in steady-state mode to assess the sensitivity of the 

model to the initial estimates of the parameter values. With the boundary conditions 

fixed, model heads were found to be sensitive to the ratio between hydraulic conductivity 

(Kh) and recharge (R). By comparing the resulting changes in model heads relative to 

“typical” observed heads, broad estimates of parameter values were generated and checked 

against previous investigations for consistency.    

 

As the simplified variant of the three-dimensional model replicated some of the patterns 

in the observed hydraulic behaviour, further development of the site-scale groundwater 

model was based on this initial setup. To achieve a suitable response to the transient 

stresses and the orientation of the water level contours across the three-dimensional 

model, the domain and spatial discretisation were increased to minimise the direct 

influence of boundary effects. Figure 6.1 illustrates a plan view of the model domain and 

the discretisation employed for simulations. The left half of the figure shows the positions 

of the calibration/validation wells in the upper layer (representing the Safety Bay Sands 

watertable) relative to the extent of the model domain. Similar calibration/validation 

wells were located in the upper layer of the Tamala Limestone aquifer. The right half of 
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the figure indicates how the model domain aligns with the orientation of the refinery site 

and James Point.  

 

 
Figure 6-1:  Plan view of the areal extent and discretisation of the hydraulic model 
 
 

A description of the various boundary elements in Figure 6.1 follows in this section. 

Figure 6.1 illustrates that in the region of the limestone knoll (see Section 2), the row-

column discretisation was increased to improve model sensitivity to the change in 

hydraulic conductivity in that area of the site.     

 

Ini ial Conditions t

 

Initial water level conditions in both the Safety Bay Sands and Tamala Limestone aquifers 

were generated by setting the entire model at the same water level as the mean sea level 

of Cockburn Sound for January 1999. The upstream head boundary for the Safety Bay 

Sands and Basal Clay layers were defined using observed data for January 1999, and the 

upstream boundary head of the Tamala Limestone layer was set using an estimated value 

(based on observed head differences in December 1998). The model was first run in 

steady-state mode, and the resultant heads generated in each layer throughout the model 

domain used as the initial conditions for the subsequent transient simulations. 
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Boundary Conditions 

 

The basement, northern and southern boundaries were treated as no-flow boundaries 

(Type-2 Neumann Condition). The extent of the model domain was sufficient to ensure 

that boundary effects did not affect the area of interest in the model. 

 

Downstream Boundary Condition 

 

The downstream boundary condition was simulated as a time-varying prescribed-head 

(Type 1 Dirichlet’s Condition) boundary. A prescribed head boundary is often employed 

where aquifers interact freely with surface water bodies (Spitz and Moreno, 1996). The 

data for the fixed head values was based on monthly average changes in mean sea level for 

Cockburn Sound. Figure 6.2 provides a summary of the monthly mean sea level data for 

Fremantle Harbour and Mangles Bay Rockingham, two sites located in Cockburn Sound 

(Western Australian Department of Transport, 2002). 
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Figure 6-2:  Monthly Mean Sea Level for Cockburn Sound January 1999 – July 2002 
 
 

The data shown in Figure 6.2 was rescaled for the model datum and entered directly into 

the model as the downstream boundary condition. 
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Upstream Boundary Condition 

 

The upstream boundary condition was simulated as a time-varying prescribed-flux (Type

2 Neumann Condition) boundary. Alternative boundary conditions were investigated, 

however groundwater levels throughout the model domain were found to be too 

insensitive to changes in hydraulic parameters given that a time-varying prescribed-head 

boundary was employed on the downstream boundary. Spitz and Moreno (1996) discuss 

that a Type 2 boundary is the least constrained of the three boundary conditions, is the 

most difficult to solve but does improve model sensitivity to hydraulic parameter 

selection. For example, potential changes in groundwater flow direction through the 

seasonal cycle are more likely to be replicated through the use of a Type 2 boundary 

condition. Attempting to match observed and simulated water levels under these 

circumstances requires cumbersome focus on boundary head values if a Type 1 boundary 

is employed, implying the model response to hydraulic stresses is too dependent on the 

selection of boundary values. On this basis, a time-varying prescribed-flux boundary was 

considered an appropriate boundary condition.   

-

 

Determining transient flux values for the upstream boundary condition was not trivial. 

The model domain is small compared to the boundaries of the Jandakot Mound catchment 

that the site is located in, and therefore the model’s upstream boundary does not represent 

a natural hydraulic boundary (e.g. catchment divide). Previous steady-state catchment-

wide modelling studies have examined hydraulic conditions in the area of James Point 

(e.g. Nield, 1999; PPK, 2000; Smith et al., 2003). However these studies were undertaken 

at a regional scale and could not adequately be referenced for development of the 

upstream boundary conditions for this study. For example when PPK (2000) replicated 

the catchment-wide water level values, the 0 m AHD (sea level) contour was located on 

the eastern half of the refinery site, which is over 1 km from the site’s coastal boundary. 

There are a number of reasons why regional models fail to accurately replicate conditions 

in the area of the site. These models have typically represented the Safety Bay Sands and 

Tamala Limestone as one combined unit. Secondly there is significant groundwater 

abstraction from shallow bores upgradient of the site, usually unlicensed and unmeasured. 
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In addition, there are numerous wetlands for which recharge/discharge has not been 

characterised or quantified in previous regional modelling studies. 

 

Given that referenced algorithms to relate observed groundwater levels, boundary fluxes 

and recharge are not available to assist in defining the upstream boundary flux, an implicit 

method was developed as part of this study. The monthly measurement of minimum 

groundwater level during the calibration period was April 1999, and this month defined 

the “base” flux. A steady state simulation was then performed using observed groundwater 

levels for the upstream and downstream boundaries. Recharge was included in the steady 

state simulation using the algorithm relating rainfall to apparent recharge (see later this 

Section). Once the groundwater levels and groundwater flow direction replicated the 

observed data for April 1999, the MODFLOW Water Budget function was employed to 

calculate the grid-cell through-flow along the upstream boundary for that month (Chiang 

and Kinzelbach, 2000). These cell values provided the “baseline flux”, and flux values for 

subsequent months were calculated by a ratio applied to the April 1999 flux. The flux 

ratio was calculated by measuring the hydraulic gradient from the observed data set for 

each month of the calibration period, and dividing this by the April 1999 gradient. Figure 

6.3 provides an illustration of the flux data developed for one of the upstream boundary 

cells, the modelled recharge and an observed well head for the calibration period. 
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Figure 6-3:  Observed well level, upstream boundary flux and recharge 
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To test the repeatability of this approach, the gradient ratio method was applied to a 

steady-state simulation of the April 2000 data and this computed similar monthly 

boundary flux values as the simulations based on the 1999 data. The method developed for 

this study has limitations in that it is retrospective, and can not be used to estimate 

boundary fluxes and heads based on predicted rainfall patterns. Ideally a recharge-flux or 

recharge-head relationship could be developed to match rainfall predictions. However the 

purpose of this study was not to produce a robust predictive hydraulic catchment model, 

but to generate the numerical hydraulic framework to support the reactive transport 

biogeochemical model (Section 7). Significant effort would be required to quantify the 

sinks and sources upstream of the model domain, and so predicting model heads and 

fluxes based on conventional modelling approaches is beyond the scope of this project. 

The implicit method appears suitably robust and sensitive for the purposes of this study. 

 

Recharge 

 

Many estimates are available for recharge as a function of rainfall for Perth coastal sands. 

Table 6.1 provides a summary of the recharge values available in key references: 

 
 
Reference Catchment Recharge Estimate (as % of rainfall) 
Bestow (1971) Gnangara 7.30% 

Allen (1976a) Gnangara 
8.5% in northern area and 5.5% in 
southern area 

Carbon et al. (1982) Bassandean Sands 43% 

Davidson (1984a, 1987) Perth 
14% southern Perth and  13% northern 
Perth 

Sharma et al. (1988) Perth pasture 50-60% 
Sharma et al. (1991b) Perth market garden 40% 
Thorpe (1989) Gnangara 21% 
Farrington and Bartle 
(1989) Banksia Woodland 20-22% 
Cargeeg et al. (1987) Perth urban area 21% 

Davidson (1995) - WAGS 
Bulletin 142 Jandakot Mound 

0 - 24% in the superficial aquifer, but 
about 15% in the central sandy and 
coastal limestone areas 

Smith and Nield (2003) 
Cockburn Sound 
superficial aquifer 15 – 28% 

Table 6-1:  Perth coastal reference recharge estimates 
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A limitation of these estimates is that they each provide a single estimate, irrespective of 

seasonal effects. This simplification has been considered appropriate for catchment wide 

models (e.g. Nield, 1999; PPK, 2000; Smith et al., 2003), however it does have limitations 

for modelling at the site-scale of this project. The single-value estimate ignores important 

physical factors that affect recharge (Raper and Sharma, 1987). Perth’s medium-coarse 

sandy soils are relatively well drained and have low residual moisture content (Davidson, 

1995). Figure 6.4 provides precipitation values over a four year period (1999 – 2002) for a 

weather station located less than 2 km from the site (Western Australian Bureau of 

Meteorology). Given the highly seasonal nature of Perth’s rainfall pattern, the likelihood 

of precipitation to recharge the water table is extremely sensitive to the existing moisture 

content of the unsaturated soil zone. Therefore a preferred approach is to develop a 

relationship between the recharge estimate and time of year to reflect seasonality. 
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Figure 6-4:  Kwinana weather station rainfall data 
 
 

As an alternative to using a single percentage recharge factor as illustrated in Table 6.1, a 

new approach to recharge estimation was developed for this study. The one-dimensional 

soil column model WAVES (Dawes et al., 1998; Zhang et al., 1998) estimates the 

relationship between precipitation, evapotranspiration and recharge. WAVES has been 

trialled to simulate recharge for grassed land cover conditions in Perth, with a watertable 

4 m below the ground surface (pers comm., Dr Richard Silberstein, CSIRO). Fortuitously 

this modelled case closely approximates the conditions that exist at this site. Using a 10 
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year daily time-step simulation, Figure 6.5 provides a summary of the WAVES simulated 

relationship between rainfall and recharge. 

 

Waves Average Data over a 10 Year Simulation
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Figure 6-5:  WAVES 10 year average simulation of rainfall and recharge 
 
 

Figure 6.5 illustrates the strong relationship between recharge and seasonality (Raper and 

Sharma, 1987). The annual average recharge is 37.3% of rainfall, which is on the higher 

side of the estimates provided in Table 6.1. Table 6.2 provides a summary of the WAVES 

recharge percentage as a function of rainfall on an average monthly basis. 

 
 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average 
14.4 12.7 8.8 8.3 13.2 61.9 75.1 71.0 70.5 42.5 33.2 35.5 37.3 
Table 6-2:  WAVES monthly mean recharge as function of rainfall 
 
 

Although the WAVES simulation captured the seasonality relationship, the annual 

average recharge was higher than what is expected for site conditions. Given the 

proportional relationship between recharge and hydraulic conductivity (Smith et al., 

2003), replicating the observed groundwater level data with high recharge values would 

mean the hydraulic conductivity values for the Safety Bay Sands would be outside the 

accepted range (Section 2.1). Rather than using the WAVES data directly, the monthly 

values in Table 6.2 were scaled to provide an annual average consistent with expected site 

conditions. Based on Table 6.1, an annual recharge of 22% was chosen for scaling the 
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WAVES data. Table 6.3 and Figure 6.6 provide a summary of the modified recharge 

function. 

 

 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average 
WAVES 

%R 14.4 12.7 8.8 8.3 13.2 61.9 75.1 71.0 70.5 42.5 33.2 35.5 37.3 
Model 

%R 15 10 5 5 5 35 45 45 45 25 15 15 22.1 
Table 6-3:  WAVES and scaled recharge as function of rainfall 
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Figure 6-6:  Recharge as function of rainfall (WAVES and scaled model) 
 
 
Additional Sources  

 

During model calibration it was identified that simulated water levels were consistently 

lower than the observed data recordings in one location. This location coincided with an 

area of the site where water directly discharges to the watertable from refinery 

operations, and it is also expected there are other leaks in the area. Monthly monitoring of 

groundwater levels in that section of the site indicated a localised groundwater mound. In 

developing the hydraulic model, a well source had to be included in that area of the site. 

In order to replicate the observed groundwater levels and groundwater contour 

orientation, a well value of 175 m3/day was determined for the source. While this appears 

to be a significant volume of water, relative to the size of the refinery’s process water 

inventory and the losses experienced daily, this volume is not considered significant in 

refinery terms. 
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6.2 Calibration and Validation  

 

Calibration of the three-dimensional transient hydraulic model was performed over 35 

monthly stress periods. Validation of the hydraulic parameters estimated through the 

calibration period was performed on eight monthly stress periods. Calibration was initially 

undertaken by “trial-and-error” before proceeding with the parameter estimation linear-

programming model PEST (Doherty, 2002) to refine the calibrated parameter values. 

Observation data from the refinery’s historical records for 24 monitoring wells was used 

for parameter estimation; 12 wells each in the Safety Bay Sands and Tamala Limestone 

aquifer units. Figure 6.7 illustrates the position of the 24 monitoring wells in the sand and 

limestone aquifers. The “observed” data required preparation before they could be 

employed for calibration/validation. 

 

Safety Bay Sands 

 

Because of the LNAPL source that exists across most of the site, the monthly monitoring 

data was “corrected” for the presence of LNAPL in the monitoring wells (see Section 4). 

“Corrected” groundwater level contour maps were generated for monthly data from 

January 1999 to July 2002, and “observed” data was taken from 12 of the monitoring wells. 

Petroleum density data is available for each of the monitoring wells that record the 

presence of LNAPL, and this information is used to “correct” the groundwater levels. 

However the presence of LNAPL in the well invariably leads to minor measurement 

inaccuracies in the observed monthly data record (i.e. inherent inaccuracies of field 

measurement of the air-LNAPL and LNAPL-water interface). Besides analytically 

calibrating with water level data for individual wells, model refinement was undertaken 

with site-scale groundwater maps. The benefit of generating groundwater contour maps 

for both observed and simulated data is that at the site there appears to be a minor 

seasonal change in groundwater flow directions. It is important that even minor changes 

in flow direction are considered when developing a reactive transport model, as it is 

critical for identifying transects and interpretation of field hydrochemical data. 
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Tamala Limestone 

 

Unlike the sand aquifer, measurements of the Tamala Limestone potentiometric surface 

are only taken quarterly (see Section 4). As monthly stress periods are used in the 

calibration of the groundwater model, the reduced observation data density meant that 

calibration of the limestone is inherently less optimised than the equivalent parameters 

for the sand unit. Another consideration is that unlike the upper sands, the downstream 

boundary tidal signal is strongly transmitted through the limestone well level 

measurements (BP, 2000). For the near-coast limestone monitoring wells, this short-term 

transient feature generated unmeasured variability in the observed data record. As no 

LNAPL exists in the limestone, field groundwater levels were not “corrected”, however 

the criteria for accepting a successful calibration was reduced to account for the limited 

data density and errors related to tidal signal.  

 

Hydraulic Parameter Zones 

 

Section 2 provides a summary of previous estimates of hydraulic parameters for the Safety 

Bay Sands, Basal Clay and Tamala Limestone. Commencing with general estimates, the 

hydraulic parameters for the different units were further refined to improve model 

calibrations. As variations in hydraulic gradient could not be acceptably achieved using 

single parameter values, the separate aquifer units were divided into MODFLOW 

calibration zones (Chiang and Kinzelbach, 2000). Radian (1989) reviewed the geological 

and hydrogeological borelog records of nearly 20 separate geotechnical investigations for 

the site. Radian determined that the Safety Bay Sands consist of six different soil types, 

ranging from clayey-sands to medium-coarse sands, and provided estimates of the areal 

extent of the different soil types. The Radian zones provided the basis for separating the 

Safety Bay Sands into zones that enabled a significant improvement in calibration 

performance. Figure 6.7 illustrates the parameter zones for the Safety Bay Sands, Basal 

Clay and Tamala Limestone. 
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Figure 6-7:  Zones for parameter estimation 
 
 

The Basal Clay aquitard had to be zoned (see Section 2 and 4) because the limestone knoll 

rises above datum level in the area of James Point, which creates a connection between 

the sand and limestone aquifers. The same zone in the clay layer can also be seen in the 

layers of the upper sand unit. Zones were also included in the limestone unit because it 

assisted calibration. Little detail is available for the hydraulic properties of the Tamala 

Limestone. Bodard (1991) simply described its hydraulic conductivity as “high and highly 

variable”. As minor zone changes in the limestone properties have no significant effect on 

the key conditions transferred for the reactive transport model, incorporating zones to 

achieve a better calibration was considered an acceptable approach. 

 

Calibration  

 

Table 6.4 provides a summary of the key hydraulic parameter estimates developed 

through “trial-and-error” and PEST processes. The range of values is based on the zone 

approach employed in each of the aquifer units. 
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 Safety Bay Sands Basal Clay Tamala Limestone 
Hydraulic Conductivity 
[m3/m2/day] 

8(1) - 20 0.001 240 - 350 

Vertical Conductivity 
[m3/m2/day] 

1(2) -10 
 

0.0009 – 0.003 25 

Specific Yield [ø] or  
Storage Coefficient  [ø] 

0.15 – 0.22 (Sy)(3) 

0.001 – 0.003 (S)(3)

 
0.001 

 
0.002 

Table 6-4:  Calibrated parameter values for Safety Bay Sands, Basal Clay and Tamala Limestone       
(1) Near upstream boundary, lower conductivity values (e.g. 5) were required to limit boundary 

effects within the model domain area of interest. 
(2) one zone in the Safety Bay Sands was calibrated as 0.25, however this was required to control 

the effect of the limestone knoll on surrounding heads in the sand unit 
(3) the Safety Bay Sands top layer is modelled as an unconfined aquifer, however the lower layers 

are modelled as confined units 
 
 

As an example of the results of the calibration of parameter values, Figure 6.8 provides an 

illustration of the modelled output using the calibrated heads for the Safety Bay Sands, 

while Figure 6.9 provides the equivalent time period for the Tamala Limestone.  

 

 
Figure 6-8:  Safety Bay Sands Model Results – Transient Period 33 
 
 

Figure 6.8 clearly shows the divergence in flow direction as the groundwater gets closer to 

the coast which was discussed in Section 2. 
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Figure 6-9:  Tamala Limestone Model Results – Transient Period 33 
 
 

Figures 6.8 and 6.9 have the same colour scheme to enable the difference in water level 

between the two units to be seen from both the potentiometric values and the contour 

shading. The minor difference in groundwater flow direction between the two units is 

apparent from these figures.  

 

Figures 6.10 and 6.11 provide examples of the “model-simulated” and “observed” data, 

showing two monitoring wells (Safety Bay Sands and Tamala Limestone) for the 

calibration period (35 months). Additional calibration results are provided in Appendix B. 

 

  
Figure 6-10:  Safety Bay Sands calibration                Figure 6-11:  Tamala Limestone calibration 
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At the end of the calibration phase, statistical analysis of the calibration was undertaken. 

Three common measures used to define the success of model calibration are: Root Mean 

Square (RMS), Scaled RMS and the Coefficient of Determination (CD). Ideally SRMS ≤ 5% 

and CD should be ≅ 1 for a successful parameter fit. The formulae used to assess the 

calibration are as follows: 
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Where n is the number of sample points, W is the weighting applied to values (1 in this 
case), H is observed data and h is modelled data. 
 
Due to data density, the statistical analysis could only be performed on the Safety Bay 

Sands data. For the calibration transient periods, the hydraulic parameters given in Table 

6.4 achieved a SRMS of 5.28% and CD of 0.97. Figure 6.12 provides a scattergram of 

observed compared to modelled results for the Safety Bay Sands.  
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Figure 6-12:  Scattergram of Safety Bay Sands calibration 
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Ideally the data of a well calibrated parameter set on the scattergram would form a close 

grouping along a line at 45 degrees to the origin. Figure 6.12 demonstrates an acceptably 

close grouping and there are no major trends in the data set. 

 

Validat on i

 

Following calibration of the hydraulic properties for the sand, clay and limestone units, 

the parameter values were validated with a separate data set. Eight months of transient 

boundary conditions (downstream fixed head, upstream fixed flux and seasonal recharge) 

were used to validate the hydraulic parameters by comparing model-predicted water 

levels to the observed data for the new set of hydraulic stresses. No changes were made to 

parameter values when the validation process was carried out. It was initially found that 

the validation of predicted and observed level data was unacceptable. Therefore the same 

parameter set was re-calibrated again with PEST, using the original 35 transient periods, 

followed by re-validation with the same eight validation transient periods. Sensitivity of 

the model-predicted water levels to the hydraulic parameter values was also assessed 

through this process.   

 

Figures 6.13 and 6.14 provide examples of the monitoring well data, showing “model-

predicted” and “observed”, for the same wells in the Safety Bay Sands and Tamala 

Limestone for the validation period (eight months). Not all monitoring well results are 

displayed for conciseness, however full results are provided in Appendix B. 

   

 
Figure 6-13:  Safety Bay Sands validation                Figure 6-14:  Tamala Limestone validation 
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Comparing predicted and observed data, validation achieved a SRMS of 3.88% and CD of 

1.07. Figure 6.15 provides the scattergram for the Safety Bay Sands data. 
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Figure 6-15:  Scattergram of Safety Bay Sands validation 
 
 
Errors associa ed with modelling the Tamala Limes one aquifer 
 
Figures 6.8 – 6.15 indicate the three-dimensional transient hydraulic model was able to 

satisfactorily simulate applied hydraulic stresses and adequately replicate the observed 

data over a 43 month period. On this basis, the model was considered sufficiently robust 

and sensitive to be used as the base model for reactive transport modelling. However 

Figures 6.11 and 6.14 indicate the reproduction of the Tamala Limestone aquifer response 

had not been completely successful. If the scale on the dependent (y) axis is examined in 

these figures, it can be seen that the scale of error is not large compared to the maximum 

difference in observed data. However it is concerning that some data points and “trends” 

in the observed data do not appear to be reflected in the simulations.  

 

The apparent “error” in the model can potentially be explained due to three factors;  

1. Poor data density in the Tamala Limestone data;  

2. The monthly time-step used for modelling is too coarse for modelling aquifer 

properties affected by short-term stresses (i.e. sea level oscillations); and  

3. Poor record keeping of Tamala Limestone potentiometric surface measurements. 
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Figure 6.16 indicates variability in sea level is experienced on an hourly basis in Cockburn 

Sound (Western Australian Department of Transport, 2002).  

 

Fremantle Harbour Monthly Data

-0.4

-0.2

0

0.2

0.4

0.6

0.8

19-Apr-01 4-May-01 19-May-01 3-Jun-01

m
 A

H
D

 
Figure 6-16:  Fremantle Harbour tidal data 
 

 

BP (2000) discusses the impact of sea levels on groundwater levels under the refinery, and 

reports that while the effect in the Safety Bay Sands is negligible at the site scale, the 

effect in the Tamala Limestone is very responsive. As the site’s historical data does not 

record time-of-measurement, replicating the observed limestone level data by calibrating 

hydraulic parameters is virtually unattainable. Field measurements are carried out 

approximately at the same time of the day, however the tidal effect on potentiometric 

level at that time will differ. This explains why monitoring wells furthest from the coast 

are more likely to be replicated in a model, while the observed data in monitoring wells 

near the coast is more erratic and difficult to reproduce. Another interesting feature is 

that the peaks and troughs in sea levels change during the year. Peaks in winter occur in 

the late morning, but during the summer, these peaks can in the late evening. The 

temporal variability partially explains why the observed data was simulated well during 

the summer, but poorly during the winter.  

 

6.3 Advective Transport; Completing the Hydraulic Conceptual Model 
 
Construction of three-dimensional groundwater model provided estimates of the key 

hydraulic parameters that apply to the unconfined and confined aquifers at the site. 
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However calibration of the parameter set did not complete the hydraulic conceptual 

model. As discussed, previous monitoring had revealed uniform concentration profiles of 

some hydrocarbon compounds through the sand aquifer in sections of the site. 

Completion of the hydraulic conceptual model required improved characterisation of the 

mechanism driving dissolved contaminants to the base of the aquifer, in what had been 

demonstrated to be a relatively short distance from the LNAPL source. 

 

API (2006) summarises the subsurface processes that can lead to “diving” plumes, some of 

which are independent of the dissolved plume solutes: 

 

• Hydraulic – high recharge infiltration rates, deep well pumping, strong downward 

vertical gradients; 

• Dispersive – vertical dispersivity spreading plume through profile; 

• Geological – preferential pathways, dipping strata; and 

• Biological – vertical concentration gradients created by enhanced biodegradation 

creating the “appearance of a diving plume”  

 

Figure 6-17 provides an example of a recharge-driven diving plume, which experiences 

spreading due to vertical dispersion: 

 

 
Figure 6-17:  Example of processes leading to vertical plume migration (from API, 2006) 
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Not all of the processes described in API (2006) will generate uniform concentration 

profiles through the 10 m saturated thickness of a medium-fine grained sand aquifer. It 

was considered that five potential mechanisms may be accountable: 

 

1. Pumping for the refinery’s process water supply in the Tamala Limestone 

2. Recharge ratio to groundwater discharge  

3. High vertical dispersivity  

4. “Holes” in the Basal Clay  creating local zones of vertical flow 

5. Operational refinery practices 

 

The advective transport model PMPATH and the solute transport model MT3DMS were 

employed to assess these mechanisms. 

 

Tamala Limestone Production Bore Pumping 

 

Previous site investigations have demonstrated there is a response relationship between 

the Safety Bay Sands monitoring wells and production bore pumping in the Tamala 

Limestone, however the generated head difference is minimal (3 cm) and very localised. 

Figure 6.18 provides a five-week data record of the response of a monitoring well (209) 

which is located directly above the Tamala Limestone production bore PB8.  

 

 
Figure 6-18:  PB8 pumping and Safety Bay Sands (209) monitoring well 
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Other Safety Bay Sands wells located a relatively short (< 25 m) distance from 209 showed 

no hydraulic effect of pumping. The refinery only has three active pumping wells, while 

the vertical distribution of contaminants is commonly observed across the site. On this 

basis, the role of Tamala Limestone production was not considered to be an element of the 

hydraulic conceptual model that needed further assessment.  

 

Ratio of Recharge Rate to Groundwater Discharge Rate 

 

Calibration of a hydraulic model against observed potentiometric levels when (some) 

boundaries are defined by fixed heads requires the balancing of recharge estimates and 

hydraulic conductivity (Smith and Nield, 2003). Whether “trial-and-error” or numerical 

techniques are employed, when other parameter values are fixed, calibration is achieved 

by varying the recharge and conductivity within the accepted parameter space to find an 

acceptable approximation to the observed values. The relationship between recharge and 

groundwater discharge is proportional; as the recharge value increases so does the 

conductivity and vice-versa (Nield, 1999). 

 

The ratio between recharge and groundwater discharge is one of the key mechanisms that 

determines vertical plume migration (API, 2006). Assuming recharge is evenly 

distributed, the subsurface is homogenous and the aquifer thickness is large relative to the 

accumulation of recharge, then the rate of plume “dive” can be defined as: 

 

q
i

V
ISlope ==         (6-4) 

 Where: 
Slope = change in depth per change in horizontal distance [L/L] 
I = Accretion rate; recharge divided by porosity [L/T] 
i = Recharge rate [L/T] 
V = Horizontal groundwater seepage velocity [L/T] 
q = Darcy velocity [L/T] 

   
The derivation of the plume diving slope is based upon two solutions of the one-

dimensional Dupuit equation for flow in unconfined aquifers (Bear, 1972). Derivation 

(Strack, 1984; Haitjema, 1995) is provided on the US EPA On-Line Resource 

(www.epa.gov/athens/learn2model/part-two/onsite/diving.htm).  
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For the average site parameter values estimated through calibration of the three-

dimensional hydraulic model, it does not appear that site recharge could be accountable 

for the rapid vertical migration of contaminants. Taking the most “optimistic” case of 

calibrated parameters; highest recharge (0.00155 m/day), lowest hydraulic conductivity (5 

m/day) and lowest porosity of 0.15, the steepest slope of vertical migration is 0.002. In 

comparison, Figure 5.11 demonstrated that the benzene contaminants had migrated to the 

base of the aquifer (through 10m saturated thickness) in a distance less than 100 m from 

the LNAPL source, which indicates a slope of greater than 0.1. Compared to the examples 

provided (API, 2006), the recharge conditions at Kwinana are significantly less than 

required to demonstrate vertical migration. On this basis, the vertical migration of 

contaminants is unlikely to be primarily driven through recharge.    

 

Vertical Dispersivity (αv) 

 

Although vertical dispersivity is included in API (2006), vertical dispersivity does not 

strictly lead to plume migration. Dispersivity values are macroscopic parameters used in 

solute transport modelling to account for the longitudinal and transverse spreading of 

plumes by subsurface heterogeneities at various scales (Chiang et al., 1989). While 

dispersion affects the spreading of dissolved phase plumes relative to the plume centre of 

mass, it does not affect the net vertical migration of the plume. If dispersivity alone 

accounted for the vertically-uniform contaminant plumes observed proximate to LNAPL 

sources (Johnston et al., 1997), the required dispersivity parameter values would 

significantly exceed published estimate ranges. Reference values for dispersivity are of the 

order of 10-3 – 10-1 m for the observation scale of assessment used in this study (e.g. Gelhar 

et al., 1992). Previous assessments for similarly permeable and uniform soils as the Safety 

Bay Sands (e.g. Prommer et al., 2002; 2008) adopted longitudinal dispersivity values of the 

scale 10-2 m, with transverse dispersivity values of the scale 10-3 m. Historical BP site 

assessments of isolated hydrocarbon sources have generally reported thin plumes, 

implying low dispersivity values (BP 2000, 2002). On this basis, it is unlikely that 

transverse vertical dispersion could be responsible for the observed plume migration.  
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“Ho es in the Basal Clay” l

 

An important hydraulic factor controlling plume migration is the presence of downward 

vertical hydraulic gradients within an aquifer; i.e. reduced potentiometric head with 

depth (API, 2006). The potentiometric head in the Safety Bay Sands is higher than that in 

the Tamala Limestone. Pressure differences between the aquifers can lead to plume 

migration if the Basal Clay is partially permeable. If the clay is impermeable, the separate 

aquifers would be hydrostatic and plume migration could not occur. If the clay was 

infinitely permeable, vertical migration is possible depending on the relative hydraulic 

conductivities of the aquifer units (Prommer et al., 2008; Colombani et al., in press), 

however the pressure difference would disappear. To replicate the site conditions (i.e. 

vertical migration while preserving the pressure difference between the aquifer units), the 

aquitard permeability has to be both limited, in magnitude and extent. Site borelogs (see 

Section 2) indicate that the clay is discontinuous and potentially absent at many locations. 

On this basis, the potential of vertical communication between the sand and limestone 

aquifers as a mechanism for vertical plume migration needs to be considered.  

 

To assess the role of Basal Clay leakance, a three-dimensional idealised-model was 

developed to assess sensitivity of plume migration and potentiometric heads to changes in 

vertical conductivity and the size of the “hole” in the clay. Hydraulic parameters from the 

calibrated site model defined the initial conditions of the idealised-model. A consideration 

with localised zones of leakance is whether a vertical gradient, of sufficient magnitude to 

migrate contaminants to the base of the aquifer, would be observed as a “sink” in the 

refinery’s observation bore monitoring program. Decades of monitoring had not 

previously displayed “sinks”. Therefore, in undertaking the sensitivity analysis, the 

hypothesis of preferential pathways was considered false if the creation of gradients, 

sufficient to uniformly redistribute the contaminant, created localised watertable minima. 

The idealised-model setup consisted of 11 layers representing the sand aquifer (each 1 m 

thick, except for layer 1 which was 5 m thick), 1 layer representing clay (1 m) and 3 layers 

representing limestone (each 5 m). The horizontal and vertical hydraulic conductivities of 

the Safety Bay Sands were assumed to be 18 m/day and 2 m/day respectively. Values of 

250 m/day and 25 m/day were assumed for the Tamala Limestone. The model was first run 
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with the assumption of a continuous clay layer (Kv = 8x10-4 m/day, “No Holes” case). For 

subsequent model runs conductivities in the zone representing the “hole” in the clay were 

progressively increased while also varying the size of the “holes”. For each hole, the Kv of 

the layer was increased by 2x, 5x, 10x, 20x, 50x, 100x, 200x and 1000x (that is, the final 

case had Kv = 8x10-1 m/day). Figure 6.19 provides a plan view of the idealised-model. 
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Figure 6-19:  Idealised model case for sensitivity assessing "holes in clay" 
 
 

The model run was undertaken for two scenarios; for boundary conditions representing 

“summer” or “winter” conditions, thereby producing the highest and lowest recharge and 

water level conditions observed for the three-dimensional site model. The heads were 

recorded for each model run, and PMPATH particle tracking performed to determine the 

sensitivity of the phreatic surface and plume migration to changes in “hole” size and 

vertical conductivity.  Figure 6.20 provides a series of PMPATH results that illustrate the 

effect of a change in Kv, for the case of a 5m x 5m hole in the Basal Clay. Similar figures 
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could be provided for other sized holes, however only one case has been included for 

conciseness. The first sub-figure is for the “No Holes Case”, where the 5m x 5m hole has 

the same conductivity as the rest of the clay layer. Each following sub-figure illustrates 

the effect of increasing the conductivity of the “hole” on the vertical migration of particles 

placed at different starting depths through the aquifer profile.  
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Figure 6-20:  PMPATH plume particle tracking "hole in clay" of varying Kv 
The “hole in clay” is size 5 m x 5 m, and Figure 6.20 illustrates the effect on particle migration as 
the hole Kv is increased from 1x to 1000x the Kv of the surrounding clay material 
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The effect of recharge as a mechanism for diving plumes is illustrated in the “No Holes 

Case” sub-figure. However as indicated earlier, recharge alone is not sufficient to create 

the vertical vectors observed in the field data. Figure 6.20 illustrates that a relatively 

minor “hole” in the clay is able to create significant vertical pathlines once the vertical 

conductance is between 200 and 1000 times that of the background clay. When the “hole” 

is less conductive, enhanced vertical migration does occur but not to the extent 

demonstrated in the observed field data. Given the background Kv of the Basal Clay was 

calibrated as 8 x 10-4 m/day, a Kv of three orders magnitude higher is acceptable with the 

range of a clayey-sand or sandy-clay matrix. 

 

While not readily apparent from Figure 6.20, the model indicated there was no 

discernable effect on the phreatic surface of the sand aquifer even with a “hole” vertical 

conductance of three orders higher than the background clay. To further assess the 

sensitivity of the phreatic surface in the idealised model, the “hole” size was gradually 

increased and the observation wells shown in Figure 6.19 used to measure the change in 

fluid levels. For conservative assessment, the changes in levels were assessed under steady 

state conditions with minimum recharge. “Hole” size was varied from:    

 

• 5 m x 5 m 

• 10 m x 10 m 

• 20 m x 20 m 

 

Figure 6.21 provides a summary of the effect of changing “hole” size and vertical 

conductance on fluid heads in the sand aquifer. The difference in starting heads for the 

observation wells is due to their relative position to the model boundaries. For the 

observation bores in each scenario, there is a reduction in head due to the presence of the 

“hole”. The reduction increases with changes in “hole” size and conductivity, and the 

changes are more sensitive for the observation wells closest to the position of the “hole”. 

Importantly, significant changes in “hole” conductivity and size still only generate 

relatively small changes in head; e.g. a 20 m x 20 m “hole” with Kv of 500 times 

background generates a 7 cm reduction in head. 
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Figure 6-21:  Effect on Phreatic Surface of varying clay "hole" dimensions 
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Data records of well gauging undertaken at a large industrial site, given the errors 

associated with the presence of LNAPL (with varying properties) and other common 

field-inaccuracies, are unlikely to be sensitive to these subtle changes in watertable. With 

all of the non-equilibrium conditions that exist at the site, areas of local 5 cm “sinks” will 

not be observed in groundwater contours. It is reasonable to assume that persistent 

localised “sinks” may exist in the data set and have not been previously recognised. On 

this basis it is very plausible that communication between the aquifers, due to the absence 

of clay in relatively small areas, accounts for vertical contaminant migration and the 

uniform concentration profiles observed at the site. 

 

Hydraulic Testing of Refinery Tanks 

 

The discussion above examined whether diving plumes could be created by natural 

recharge-driven vertical fluxes, and the analytical solution (Equation 6-4) for a diving 

streamline quantified the relative importance of the vertical gradients compared to aquifer 

horizontal fluxes. Scenario simulations indicate recharge is not significant compared to 

the modelled groundwater discharge rates, and that the subsequent vertical gradient is not 

sufficient to vertically distribute the plume. 

 

While rainfall generated recharge is not significant, there are sources of artificial recharge 

at the site. For example, Section 6.1 indicated the three-dimensional hydraulic site model 

includes a source well of 175 m3/day in the processing area, due to known leaking 

infrastructure. The other major source of artificial recharge at the refinery is hydraulic 

testing of tanks, where at the conclusion of the test, large volumes of water are dumped 

onto a confined area over a short period. Hydraulic testing is performed throughout the 

tankfarm and process areas. This water is not recovered and historically no consideration 

was given to draining this water into areas impacted by LNAPL contamination. The 

drainage of water through the contaminated soil would create significant transient 

vertical heads and it was thought that this could play a role in the distribution of 

contaminants in the aquifer. 
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Simulations were carried out to model the effect of a large impulse of water introduced to 

the subsurface above a contaminant source. An idealized case was modelled with a 

domain of 500 m x 300 m (grid 5m x 5m) with 15 layers comprising 11 sand layers, one 

clay layer and three limestone layers. The transient modelled consisted of 36 monthly 

stress period, except for the “hydraulic test” stress period which lasted 5 days. Parameter 

values from the calibrated site model provided the initial hydrogeological conditions.  

 

Figure 6.22 provides a summary of model results of draining 40 000 m3 of water across an 

area of 375 m2 (used to approximate a tank bund). This would be considered an extremely 

large and sustained volume for a hydraulic test; however this approach does allow the 

mechanism to be assessed conservatively. In Figure 6.22 the groundwater flow is from 

right-to-left, with a constant concentration source located in Layer 3 (representing a 

shallow source in the Safety Bay Sands aquifer). Vertical dispersivity is not included. For 

this scenario, the volume is drained during stress period 5, while the sub-figures are 

presented for stress periods 4, 5, 9, 20 and 36. Each of the sub-figures in Figure 6.22 is 

divided into two; the upper sub-figure is the no-stress scenario while the lower sub-figure 

is the hydraulic test. 

 

Figure 6.22 indicates that vertical distribution of a contaminant plume can occur, however 

the extent of vertical penetration is limited. Although the magnitude of the artificial 

recharge is high, the short duration and relatively small volume of the source compared to 

aquifer transmissivity mean the recharge is redistributed both vertically and horizontally. 

The horizontal component to the recharge flux limits the extent of vertical penetration. 

Even with the sustained effect of rainfall recharge continuing to create a vertical 

component to plume migration, the dissolved phase contaminants are unable to impact 

the full saturated thickness of the aquifer. On the basis of the idealised case, the potential 

for hydraulic testing of tanks to be responsible for high concentrations of contaminants in 

the base of the aquifer appears limited. 
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Figure 6-22:  Effect on plume migration of hydraulic test 
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Completing he Hydraulic Conceptual Model t

 

After assessing the potential contribution of the five possible mechanisms, it appears that 

localised migration zones in the clay layer is the most probable mode under which 

dissolved phase contaminants are able to migrate to the base of the aquifer. The other 

mechanisms have been discounted because either the physical evidence is not available to 

indicate the effect would apply across the site (e.g. production bore pumping) or are 

insufficient (e.g. hydraulic testing) to replicate the observed conditions. In addition, the 

sensitivity analysis indicates the plume is able to be driven to the base of the aquifer 

without creating evident “sinks” in the site’s monitoring program. While this conceptual 

model appears “convenient”, the mechanism is increasingly accepted as one that plays an 

important role in plume migration (e.g. Prommer et al., 2006; Prommer et al., 2008). 

 

In concluding the conceptual model, further evidence was sought as to whether the 

potentiometric pressure within the Safety Bay Sands materially demonstrates a vertical 

gradient; that is, a reducing standing water level with depth. Nested piezometers (MP20 

and MP21) installed at two locations in the LNAPL source zone had very short screens 

(<20 cm) at 2 m intervals from the top to the base of the aquifer. Table 6.5 provides an 

example of the measured standing water levels in the piezometers in May 2008.  

 
 
 Top of Casing (m) 

relative ground surface 
Depth to Water (m) Standing Water (m) 

relative ground surface 
MP20 (multiports)    
4 m 0.055 2.56 -2.505 
6 m 0.32 2.82 -2.5 
8 m 0.12 2.62 -2.5 
10 m 0.074 2.60 -2.526 
12 m 0.216 2.74 -2.524 
MP21 (multiports)    
4 m 0.03 2.55 -2.52 
6 m 0.26 2.78 -2.52 
8 m 0.155 2.68 -2.525 
10 m 0.26 2.79 -2.53 
12 m 0.263 2.80 -2.537 
Table 6-5:  Observed Standing Water Level MP20 & MP21 May 2008 
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Table 6.5 illustrates that within the aquifer there is very little material difference between 

the water levels in each of the nested piezometers. That is, there is only a very small 

vertical gradient through the aquifer profile. When this data was first observed, it created 

some concern that the mechanism may not be accountable for the vertical migration of 

the plume. However when the equivalent water levels were assessed in the calibrated 

hydraulic model, it was found that within each aquifer the vertical gradient was similarly 

very low. For the steady state calibrated model described in Section 7, Table 6.6 provides 

the equivalent of “standing water levels in a piezometer”. The values in Table 6.6 are the 

hydraulic heads for each cell in a column proximate to a “hole” in the clay aquitard: 

 
 

Aquifer 
Layer Position 
 (above Datum) 

Standing Water Level  
(above Datum Level) 

Safety Bay Sands 27 – 28 m 28.00912 
Safety Bay Sands 26 – 27 m 28.009 
Safety Bay Sands 25 – 26 m 28.00889 
Safety Bay Sands 24 – 25 m 28.00878 
Safety Bay Sands 23 – 24 m 28.00868 
Safety Bay Sands 22 – 23 m 28.00858 
Safety Bay Sands 21 – 22 m 28.00848 
Safety Bay Sands 20 – 21 m 28.00839 
Safety Bay Sands 19 – 20 m 28.00831 
Safety Bay Sands 18 – 19 m 28.00823 
Safety Bay Sands 17 – 18 m 28.00815 
Safety Bay Sands 16 – 17 m 28.00808 
Safety Bay Sands 15 – 16 m 28.00801 
Basal Clay 14 – 15 m 27.80307 
Tamala Limestone 10 – 14 m 27.59813 
Tamala Limestone 5 – 10 m 27.59809 
Tamala Limestone 0 – 5 m 27.59807 
Table 6-6: MODFLOW Predicted Heads (Column 4) 
 
 

Table 6.6 clearly demonstrates that while the vertical gradients in each aquifer are 

minimal, enhanced vertical migration of contaminants plumes is possible. On this basis, 

the conceptual model selected for completing the reactive transport model and the 

quantification of natural attenuation processes included minor zones of vertical migration 

in the Basal Clay.   
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7 Reactive Transport Modelling  
 
 

In order to simulate the complex dynamics of subsurface environments, biogeochemical 

models couple transport processes to the primary metabolic and secondary geochemical 

reactions, including redox transformations, mineral dissolution and precipitation, sorption 

processes and acid-base speciation reactions (Hunter et al., 1998). Reactive transport 

numerical modelling integrates the site-specific hydrogeological and hydrochemical 

conceptual models, derived from (i) theoretical work, (ii) field investigations and (iii) 

hydraulic and advective transport modelling (Prommer et al., 2008). The importance of 

reactive transport modelling is that it provides a comprehensive framework for unifying 

data and conceptual models into one internally-consistent platform. Quantification of key 

processes identified through earlier work is validated by reactive transport modelling; 

previous assumptions and hypothesis will be considered flawed if they can not adequately 

replicate site conditions and observed data. The reactive multi-component transport 

model PHT3D was selected for this part of the modeling study.   

 

 

7.1 Model Development, Boundary and Initial Conditions 

 

The domain of the reactive transport modelling evolved through the study, and focuses on 

that area of the site where detailed field characterisation was undertaken (Section 5). The 

selected domain is the tankfarm LNAPL source area on the eastern side of the refinery. 

Following development of the transient three-dimensional groundwater model, the 

hydrogeological properties were exported to construct a steady-state two-dimensional 

vertical section, or “slice”, model. Employing a steady-state two-dimensional approach is 

an acceptable simplification of the key hydrogeological and hydrochemical processes 

under the following study conditions: 

 

1. The LNAPL source had been present for over 40 years prior to the collection of 

field data for this study. Plume data collection from across the site over the last 20 

years had not shown significant changes in dimensions or concentrations. In 
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addition, the hydraulic field data (and the calibrated site model) indicated no long 

term trends in the data. 

2. The source area is relatively consistent and large compared to the model domain. 

Due to the size of the source and the nature of the fuel types, variations in the 

LNAPL source across the model transect were considered minor compared to 

variations along the transect. Similarly, the aquifer geochemical responses are not 

affected by adopting a two-dimensional approach. While data for three transects 

in the model domain were collected, broad consistency in transect data allowed 

reactive transport modelling to focus quantification on only one transect.  

3. Development of the site three-dimensional groundwater model revealed no data 

transience that would significantly affective reactive transport behaviour. 

4. Reactive transport modelling is a computationally expensive process. The use of 

two-dimensional models to investigate biogeochemical processes is still 

computationally demanding, but in many circumstances it is a practical alternative 

to full three-dimensional simulations (Prommer et al., 2008). This approach has 

been successfully applied to a series of comparable reactive transport problems 

(e.g. Prommer et al., 2002; Vencelides et al., 2007; Miles et al., 2008; Prommer et 

al., 2008; Colombani et al., in press). 

 

It is important to note that a depth-averaged (plan) two-dimensional model could not 

realistically represent groundwater flow and species distribution when there is a vertical 

hydraulic gradient and non-uniform vertical distribution of contaminants and 

biogeochemical indicators (Schäfer, 2001).  

 

Model Domain and Hydraulic Conditions 

 

The model domain defined for the reactive transport model was 2000 m long, 30 m thick 

with a width of 1 m. Cell length was generally set to 20 m, but refined to 5 m near the 

LNAPL source zone. The cells were 0.5 m thick in the Safety Bay Sands, 1 m for the Basal 

Clay and 5 m in the Tamala Limestone. Figure 7.1 illustrates the model domain, boundary 

conditions and the resulting steady state piezometric heads.    
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Figure 7-1:  Reactive Transport Model Domain 
 
 

Groundwater flow on Figure 7.1 is shown from left to right. Consistent with the three 

dimensional groundwater model, a fixed flux upgradient boundary (light blue) and fixed 

head downgradient boundary (dark blue) were used to simulate the hydraulic conditions. 

In the Safety Bay Sands, the upgradient cell flux boundary was fixed at 0.009 m3/day, 

while the Tamala Limestone cell flux was fixed at 0.65 m3/day. On the downgradient 

boundary, the Safety Bay Sands were set at a fixed head of 26.7 m and the Tamala 

Limestone set at 26.25 m. Recharge was fixed at 0.0006 m3/m2.day. 

 

Simulation Period 

 

All modelling scenarios were run for a simulation period of 10 000 days. This period (27 

years) was considered to be sufficiently long to represent the time the LNAPL source had 

been present in the subsurface. The modelling results show that steady state plume 

conditions (i.e., concentration distribution within the model domain) are reached within 

this period and running the model for longer periods would be unnecessary. 

 

Advection 

 

A variety of methods are available to solve advective transport in MT3DMS/PHT3D, with 

differing performances, depending on the grid-discretisation and other factors (Prommer 

et al., 2002). In this study the simulations were originally performed using the Hybrid 

Method of Characteristics solution. However this was exchanged, as excessive numerical 

dispersion created artificial mixing of the plume and background water, eroding the field-
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observed sharp contaminant concentration gradients in the simulated results. As an 

alternative, the Third Order TVD Method based on the ULTIMATE algorithm (Leonard, 

1988; Leonard and Niknafs, 1990), was adopted because it is mass conservative without 

excessive numerical dispersion and artificial oscillation. The TVD solution is also 

computationally more efficient than the Method of Characteris ics solution (Brauner and 

Widdowson, 2001).  A Courant number of 0.75 was selected to satisfy the model stability 

requirement, which limited each simulation transport step size to less than 1 day. 

t

 

Use of the TVD solution enabled considerably steeper concentration gradients to be 

simulated at the leading edge of the plume, and enabled the reaction rate expressions to 

adequately replicate the relatively uniform concentrations for the conservative species in 

the main plume. Figure 7.20 in Section 7.3 illustrates the effect of alternative advective 

solvers on the two simulated plumes. 

 

Dispersion 

 

The longitudinal dispersion coefficient was set at 1 mm, based on results from modelling 

studies in similar hydrogeological environments in the Perth coastal sands (Prommer et 

al., 2002; 2003b). As described in Section 6.3, this is consistent with reference values for 

the scale of this domain (e.g. Gelhar et al., 1992; Engesgaard et al., 1996; McNab and 

Dooher, 1998). The vertical dispersion coefficient was set at 10% of the longitudinal 

coefficient, which is consistent with approaches adopted by other studies in fine-medium 

coarse sands (e.g. Bekins et al., 2005). Other studies have selected higher transverse 

dispersion coefficients to increase mixing of the electron acceptors and hydrocarbon 

compounds (e.g. Schäfer and Therrien, 1995; Schäfer, 2001). However the observed steep 

contaminant concentration gradients (Section 5) suggested that smaller dispersion 

coefficients were appropriate (Davis et al., 1999; Thornton et al., 2001b).  
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Sorption 

 

Based on calculated retardation coefficients provided in Wiedemeier et al. (1995; 1999) for 

BTEX species, the retardation coefficient was set at 1 as the fraction organic carbon (ƒOC) 

in the soil matrix is very low and of the range 0.01- 0.03% (Johnston et al., 2003). 

 

7.2 Definition of a Site Specific Reaction Network 

 

A conceptual model for the reactive processes was developed on the basis of the field-

observed results and translated into the numerical model by formulating a reaction 

network of mixed equilibrium and kinetically controlled reactions. During the modelling 

study, the reaction network was refined stepwise until the numerical model provided a 

satisfactory description of all observations. The final reaction network included (i) LNAPL 

sources, (ii) selected dissolved petroleum hydrocarbon species, (iii) biogeochemical 

indicators and major ion species, (iv) “open system” carbonate buffering by the aquifer 

matrix and (v) the production of dissolved methane gas. The most important aspects of the 

reaction network are discussed below. 

 

Selected Hydrocarbon Species 

 

Based on a review of the historical and observed data (Section 5) as well as the physico-

chemical properties of the compounds, the following hydrocarbon species were included 

in the reactive network (initial concentration set at zero moles/litre): 

 

Mono-Aromatic Hydrocarbons: 

Benzene, Toluene, Ethylbenzene, m,p-Xylene and o-Xylene 

Poly-Aromatic Hydrocarbon: 

Naphthalene 

Tri-Methyl Benzene (TMB): 

 1,2,3-TMB, 1,2,4 -TMB and 1,3,5-TMB 
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Although the analysed concentration of tri-methyl benzenes was low, the species were 

included in PHT3D because of their role as a “conservative” tracer species in many 

references (e.g. Wiedemeier et al., 1999). Other hydrocarbon species were included in the 

laboratory analysis (e.g. phenol, cresols and methyl-naphthalenes) however were not 

included in the reactive transport model as their contribution was minor. 

 

Contaminant Source  

 

The contaminant source was modelled by defining an immobile LNAPL source zone 

(concentration 0.4 moles/litre). Dissolution from this LNAPL phase into the aqueous 

phase was modelled as a linear mass transfer process. This approach was adopted from 

comparable studies (e.g. Prommer et al., 2001b; Schäfer et al., 2001; Miles et al., 2008).  

 

Using LNAPL as a source term allows the dissolved concentration to be determined by the 

mixed phase solubility of each species within the LNAPL. The approach also allows the 

reaction network to mimic, based on Raoult’s law, the temporal evolution of a LNAPL 

mixture and the depletion of individual compounds with time. While not a major 

consideration for this study (given the continual “addition” of LNAPL into the subsurface 

that occurred through the operating period of the refinery), depletion of LNAPL can be an 

important mechanism of natural attenuation (Johnson et al., 2006; Lundegaard and 

Johnson, 2006).  

 

The rate expressions used to generate appropriate dissolved phase concentrations for each 

of the hydrocarbon species are detailed in Appendix C.  

 

The transect position of the LNAPL was determined from the field data (e.g. Figure 5.11). 

The source position was the same for most of the species, however the benzene position 

was constrained to match the observed contaminant plume data. Figure 7.2 provides a 

summary of the LNAPL source position. 
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Benzene LNAPL source position 
 

 
Other hyd ocarbon species LNAPL source posit on r i
 
Figure 7-2:  LNAPL source position   
 
 
Groundwater Composition  
 
The groundwater composition representing the initial and ambient (i.e., uncontaminated) 

geochemical conditions in the model was based on field data collected during the initial 

MLS sampling (2003). This water composition was also used to define the recharge water 

composition and specify the concentration at the model’s inflow boundaries. Verification 

of the assumed initial conditions was undertaken using subsequent field sampling. Figures 

5.11 – 5.13 include the observed data used to determine the model initial conditions. The 

ion balance for the analytical results was checked with PHREEQC-2. Minor adjustments 

to the field data was required to charge balance the solution. Section 7.3 provides 

information on the hydrochemistry of the site and how this was represented in the model. 

Table 7.1 provides a summary of the modelled ambient water composition. 

 
Species Concentration (moles/L) Concentration (mg/L) 
Oxygen 0 0 
Bicarbonate 5.402 x 10-3 330 
Sulphate 4.358 x 10-3 418 
Calcium 4.850 x 10-3 194 
Chloride 2.679 x 10-3 94 
Potassium 2.590 x 10-4 101 
Magnesium 2.062 x 10-3 49 
Sodium 1.745 x 10-3 40 
Sulphide 0 0 
pH 7.1  
pe -0.051  

Table 7-1:  Initial Geochemical Conditions (dissolved species) 
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The concentrations of bicarbonate, calcium and sulphate in Table 7.1 are relatively high 

compared to regional values that would typically be encountered in the Safety Bay Sands 

and Tamala Limestone. However a review of historical site data confirms elevated 

concentrations are persistently recorded for the refinery’s upgradient boundary. The 

reason for the high concentration of these species is the historical injection of chlorinated 

contaminants with saline water approximately 900 metres upgradient of the domain of 

this study (BP, 2002). These shallow injections have resulted in significant changes of the 

hydrochemistry found at the refinery’s upgradient boundary, compared to conditions 

found prior to industrialization of the Kwinana area. While the bicarbonate, calcium and 

sulphate concentrations appear high compared to most typically reported values in other 

studies, there are several examples where comparable background concentrations were 

found; for example, sulphate concentrations of more than 300 mg/L (e.g. Johansen and 

Kyllo, 1998; Vencelides et al., 2007). 

 

Mineral oxides are an important source of electron acceptors for biodegradation 

(Thornton et al., 2001a). In this modelling study, the carbonate mineral calcite (CaCO3) is 

included in each model cell. Calcite buffers changes in the hydrochemistry as a result of 

biodegradation (see Chapter 3), and is included in the model to balance the carbonate 

chemistry (Chapelle, 1993). Inclusion of calcite as a mineral species is commonly 

described in comparable studies (e.g. Hunkeler et al., 1999; Schäfer et al., 2001; Mayer et 

al., 2001; Brun and Engesgaard, 2002; Prommer et al., 2003). As discussed in Section 5.3, 

dissolved iron and nitrate were not included as they are not significant contributors to the 

aquifer attenuation capacity.   

 

The initial pe value was automatically computed by PHREEQC from the initial 

distribution of redox-sensitive species.  

 

Reaction Rate Exp ession r

 

Reaction rate expressions were defined for all reactions that were assumed to be 

kinetically controlled (i.e., non-equilibrium reactions). Formulating a reaction rate 
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expression that can approximate biodegradation can be undertaken in a range of ways and 

at different levels of complexity.  

 

Bekins et al. (1998) and Barry et al. (2002) discuss the use of alternative rate expressions 

for simulating degradation of petroleum contaminants. The simplest and most convenient 

models are based on the zero- or first-order rate expressions, which represent the limiting 

cases of the classic Monod kinetic expression (Monod, 1949). However these expressions 

may not always be good approximations and can lead to significant errors in prediction. 

Depending on the substrate concentration relative to the applicable Monod half-

saturation constants, the zero- or first-order approximations may be outside of the range 

for which they are valid (Bekins et al., 1998). In addition, these rate expression 

approximations do not account for the concentration or presence of alternative electron-

acceptors, or the concentration of the substrate (zero-order), which can generate 

unrealistic substrate concentrations (Hunter et al., 1998). Selection of an adequate 

reaction term is influenced by considerations such as the characteristics of the 

contaminant plume, reaction pathways and whether or not geochemical parameters are 

coupled with changes in contaminant migration and degradation.  

 

A first-order reaction rate can be described by either of the following equivalent 

expressions: 

kCt
C =∂
∂     (7.1)  

Where: C = contaminant concentration  
 t = time 
 k = reaction rate parameter 

 

First-order biodegradation rates are often employed in contaminant degradation studies, 

and are commonly expressed in regulatory guidance documents (e.g. ASTM, 1998; 

USEPA, 1999). A first-order rate expression is often justified because rates are 

conveniently taken from laboratory scale experiments (Schirmer et al., 2000), or the 

approximation appears to describe the observed transformation rate in field-scale data; the 

natural logarithm of the contaminant concentration changes linearly with space 

(Wiedemeier et al., 1995; 1999). Errors in applying this approximation are often not 

apparent due to the scaling effect of semi-log plots. Even when observed to not comply, 
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authors often apply the approximations for the majority of plume conditions (Bekins et al., 

1998), which leads to over-predictions of biodegradation mass removal (Schirmer et al., 

2000). Analytical data presented in Section 5 indicates that within the model domain, a 

log-linear relationship of contaminant concentration with distance does not apply along 

the transect. Following an assumed flowpath, Table 7.2 illustrates the absence of a clear 

relationship for benzene along Transect 1 in the 2003 data set. 

 

 
Depth  MP23 MP24 MP26 MP25 MP15 MP13 MP08 
26 m 13797 17441  4 14021 28 25 
24 m 18752 19495 24005 8946 17487 7 28 
22 m 20174 21543 29257 6957 19550 7211 34 
20 m 17376 23495 33963 18135 21853 7184 140 
18 m 17855 22668 34941 36304 17361 12968 3726 
        
Peak 20174 23495 34941 36304 21853 12968 3726 
Average 17591 20928 30541 14069 18054 5480 791 
        
Ln(Peak) 9.9 10.1 10.5 10.5 10.0 9.5 8.2 
Ln(Average) 9.8 9.9 10.3 9.6 9.8 8.6 6.7 
Table 7-2:  2003 Transect 1 Benzene Data (µg/L) 
 
 

Following the paradigm “from simple to complex” and given the predominance of first-

order terms in the literature, the initial model simulations for this study were performed 

using first-order rate expressions. An example of how a first-order reaction rate expression 

is incorporated into the PHREEQC/PHT3D framework is provided in Appendix C. Not 

unexpectedly, the first-order model results proved unsatisfactory, both in terms of 

replicating the presumably slowly degrading benzene and ethylbenzene plumes, as well as 

the concentration changes of the geochemical indicator species. The observed data 

provided in Table 7.2 could not be replicated as the data does not follow a log-linear 

relationship with distance, but rather, the concentrations remain relatively consistent 

until there is a very sharp concentration gradient at the plume fringe. As only one 

parameter can be adjusted for each contaminant in a first-order rate, this form of reaction 

expression is very constrained.  
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Section 5.3 discussed that the two dominant biodegradation processes acting on the plume 

appear to be sulphate reduction and methanogenesis. These are distinct biodegradation 

processes, where one occurs in the “reduced” plume core (methanogenesis), while the 

other occurs at the fringe of the contaminant plume. Transverse hydrodynamic dispersion 

acts as transport mechanism to deliver electron acceptors (e.g. sulphate) towards the 

reducing environment in this fringe zone. These microbial processes involve 

differentiated energy production rates. In the case of this study, it appears that first-order 

degradation rates are inadequate for describing the contrasting rates of transformation 

through the plume core and fringe, for slowly degrading species like benzene and 

ethylbenzene.   

 

Therefore a reaction rate expression was required that would replicate the limited 

degradation rate in the plume core, but allow rapid degradation on the plume fringe 

where the plume mixes and migrates. Such reaction rate expressions, based on Monod 

kinetic expressions, have been employed in similar studies (Lu et al., 1999; Schirmer et al., 

2000; Mayer et al., 2001; Schäfer, 2001; Brun and Engesgaard, 2002; Essaid et al., 2003; 

Colombani et al., in press). Following these studies, a rate expression based on a variant of 

the classical Monod term was tested: 
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Where: CHC = dissolved concentration of the hydrocarbon species 
  CEA = dissolved concentration of the electron-acceptor species 
  kEA = reaction rate parameter for each electron acceptor species 
  KHC, KEA = half-saturation constant for hydrocarbon and electron-acceptor species 
 
 

However, initial simulations demonstrated that this Monod expression also appeared 

inadequate to describe the biodegradation processes acting on the contaminant plumes at 

the study site. The main reason is that while Equation 7.2 differentiates between the 

biodegradation processes by using different rate parameters for different processes, it does 

not account for more specific conditions under which a reaction pathway may occur or be 
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inhibited. As methanogenesis is a lower metabolic energy processes, methanogens are 

typically only active once the higher-energy electron-acceptors have been exhausted. The 

literature provides many field observations where dissolved methane is measured while 

higher energy electron-acceptors (e.g. sulphate) are still present. However this generally 

indicates niches exist within the plume, which contain petroleum contaminants in the 

absence of the other electron acceptors, and that the scale of the sampling devices is too 

coarse to identify the niche conditions (Vroblesky and Chapelle, 1994).  

 

Therefore it is appropriate to include into Equation 7.2 an “inhibition” term that only 

allows the methanogenic expression to be active once the model cell sulphate 

concentration is sufficiently low. Inhibition terms are commonly included in reaction rate 

expressions in other studies (e.g. Brauner and Widdowson, 2001; Mayer et al., 2001; 

Prommer et al., 2003b; Miles et al., 2008). Equation 7.3 provides the reaction expression 

developed for this study: 
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Where: CHC = dissolved concentration of the hydrocarbon species 
  CSO4, CCH4 = dissolved concentration of sulphate and methane 
  KHC, KSO4 = half-saturation constant for hydrocarbon species and sulphate  
   Cinh_SO4 = inhibiting sulphate concentration (Cinh_SO4 << initial CSO4) 
  Cinh_CH4 = inhibiting methane concentration (Cinh_CH4 >> initial CCH4) 
 
 

Equation 7.3 has two inhibition terms, with the rationale:  

• Limit methane production while sulphate is present: while sulphate concentration 

remains high, rate 2 is suppressed by the sulphate inhibition expression. Once the 

sulphate begins to be consumed, the sulphate inhibition expression increases to 

approach a value of 1. 
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• Place a maximum limit on methane p oduction: while methane concentration is 

low, the methane inhibition expression is close to 1. As the concentration of 

methane increases, the value of rate 2 becomes increasingly suppressed.  

r

 

As the conceptual and numerical model development progressed, the methane production 

inhibition terms were removed as it became apparent the function was not required (i.e. 

model simulations were not sensitive with respect to those terms). 

 

Figure 7.3 provides an example of a Monod and First-Order rate expression in the 

PHREEQC-2 model: 

 

 
Figure 7-3: Example of First-Order and Monod Reaction Rate Expressions 
 
 

The PHREEQC-2 model shown in Figure 7.3 includes benzene as a hydrocarbon substrate 

and the same groundwater composition as that used for the reactive transport model 

(Table 7.1). The batch model is then run over a 1000 day simulation, using either of the 

two kinetic expressions. The pink line represents the change in the concentration of 

benzene. In both models, as the sulphate (grey line with dots) is consumed, 

methanogenesis commences. However in the Monod rate expression, having two 

components to the rate expression, the change in benzene degradation between the 

sulphate reduction and methane production phases is readily apparent. This effect was not 

possible using a simple first-order expression. The selected rate expression reflects the 

conceptual model closely and was expected to be capable of replicating the observed 

hydrochemical data at the site.  The user-defined reaction rate expression is detailed in 

Appendix C. 
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Carbon Dioxide Degassing 

 

Biodegradation of petroleum contaminants generates an increase in alkalinity through the 

production of carbon dioxide. The resultant change in alkalinity is a function of the 

particular microbial redox reaction (Equation 3.1 – 3.8). Section 3 summarised a review of 

previous studies that have examined biodegradation in “open” and “closed” carbonate 

aquifer systems. A “closed” system is one in which changes in carbon dioxide, and the 

subsequent equilibrium effects on the carbonate hydrochemistry, remain within the 

system. In a “closed” system, produced carbon dioxide leads to significant increases in 

bicarbonate and reduced pH (aqueous carbon dioxide is carbonic acid; a weak acid). This 

differs from an “open” system where biogenic carbon dioxide is removed from the aquifer 

if the dissolved carbon dioxide gas reaches a saturation limit; bicarbonate can still 

increase, however not as significantly. Given that less carbon dioxide gas is retained in the 

system and pH changes are less significant, precipitation/dissolution and other 

geochemical processes are more complex in an “open system”, and are sensitive to the 

presence of other aqueous species.  

 

There are a limited number of examples where the effect of carbon dioxide gas production 

was specifically considered as part of a “closed” or “open” carbonate system. Schäfer and 

Therrien (1995), Kelly et al. (1997), Thornton et al. (2001a) and Brun and Engesgaard 

(2002) all modelled “closed system” approaches, and reported a significant decrease in pH 

associated with large increases in bicarbonate and calcium, and calcite dissolution. In 

comparison, Bennett et al. (1993), Hunkeler et al. (1999), Mayer et al. (2001) and 

Vencelides et al. (2007) included carbon dioxide degassing in their model approaches in 

order to account for an “open system”. As described in Section 3, the geochemical 

response to biodegradation when degassing can occur is pH dependent and reported as 

complex and varied (Freeze and Cherry, 1979).  

 

( ) )( 3
22

333222 CaCOCaCOHCOCOHOHgCO pHpH ⎯→⎯+⎯⎯→←⎯⎯→←⎯→⎯+ +−−      (7.4) 

 

Carbonate hydrochemistry of the Safety Bay Sands and Tamala Limestone buffers changes 

in alkalinity and the effect of carbon dioxide production should ideally be included. In 
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addition, the effect of degassing at the site was readily observed during groundwater 

sampling. At the study site, groundwater samples from locations heavily impacted by 

dissolved petroleum contaminants will bubble and emit gases (hydrogen sulphide being 

the most noticeable). As long as carbon dioxide (and other gases) is able to degas under 

equilibrium conditions, the aquifer should be treated as an “open” system. This does not 

appear to be a consideration that has been extensively treated in previous natural 

attenuation studies. However with the user-defined PHT3D reaction module, the effect of 

an “open” carbonate system could easily be incorporated. Carbonate buffering will still 

occur, however inclusion of an “open” system in the reaction module should improve the 

replication of site processes. 

 

Figure 7.4 provides a summary of the effect on the alkalinity indicators (pH, bicarbonate, 

calcite, calcium) of: 

 

i. “Closed” system - No degassing allowed  

ii. “Open” system - Degassing at high CO2(g) saturation 

iii. “Open” system - Degassing at medium CO2(g) saturation 

iv. “Open” system - Degassing at low CO2(g) saturation 

 

In developing the user-defined reaction module in PHT3D, the “open system” was tested 

for varying critical CO2(g) partial pressures, with a view to accurately replicating the 

observed changes in pH, bicarbonate and calcium concentrations. The user-defined 

reaction rate expression is detailed in Appendix C. The CO2(g) saturation constant selected 

for the calibrated simulations was 0.063 moles/litre, which is a value between the cases 

displayed in 7.4(ii) and 7.4(iii). 
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      (iii) Degassing CO2 (g) at 0.05 moles/litre             (iv) Degassing CO2 (g) at 0.01 moles/litre 

                  (i) No Degassing                (ii) Degassing CO2 (g) at 0.1 moles/litre 

                    Figure 7-4: "Closed" and "Open" Carbonate Systems - Monod Reaction Expression   



7.3 Simulation Results, Sensitivity Analysis and Discussion 
 
The conceptual model described in Sections 7.1 – 7.2 was assessed through calibration 

with the observed transect data provided in Section 5. Boundary conditions (Figure 7.1), 

location of the sources (Figure 7.2) geochemical initial conditions (Table 7.1) and the 

reaction expression (Equation 7.3) were refined in order to find an acceptable replication 

of the observed conditions. The calibration of reaction rate parameters was undertaken 

using a trial-and-error method. For the reaction expression described in Equation 7.3, 

Table 7.3 provides the rate constants developed through calibration; 

 
 k1 k2

Benzene 1 x 10-13 1 x 10-10

Toluene 8 x 10-11 5 x 10-8

Ethylbenzene 1 x 10-14 1 x 10-11

O-Xylene 3 x 10-13 3 x 10-7

M,P-Xylene 7 x 10-13 3 x 10-7

Naphthalene 1 x 10-12 1 x 10-10

1,2,3-TMB 1 x 10-12 1 x 10-10

1,3,5-TMB 1 x 10-12 1 x 10-10

 Table 7-3:  Calibrated Hydrocarbon Reaction Rate Parameters 
 
 

For each hydrocarbon species, the half-saturation constants were fixed; KSO4, KHC = 10-5, 

and Cinh_CH4 = 10-4. Early in the calibration processes, the values of the Monod half-

saturation parameters were varied. However it was found that the results were not highly 

sensitive, which is a result reported in comparable studies (Greskowiak et al., 2005, 

Prommer et al., 2006). Therefore, these parameter values were fixed for the remainder of 

the calibration and the optimisation simulations focused on the sensitive parameters.  

 

Over 100 calibration trials were undertaken through the trail-and-error process. For 

conciseness, the extended series of calibration trial results are not presented here. Figures 

7.5 – 7.20 provide the “final timestep” (10 000 days) results of the scenario assessment: 

 

• Figure 7.5: Final calibration results for the five main hydrocarbon species (Safety 

Bay Sands) 
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• Figure 7.6 – 7.11: Final calibration data for MP23, MP24. MP26, MP25, MP15 

and MP13 (Safety Bay Sands) 

• Figure 7.12 – 7.13: Final calibration data for the biogeochemical indicators and 

alkalinity species (Safety Bay Sands) 

• Figure 7.14 – 7.15: Final calibration results for the hydrocarbon species and 

biogeochemical indicators (Safety Bay Sands and Tamala Limestone) 

• Figure 7.16 – 7.17: Equivalent calibration parameters (non-reactive case) 

• Figure 7.18 – 7.19: Equivalent calibration parameters (no CO2 degassing case) 

• Figure 7.20: Effect of alternative PHT3D advective solutions  

 

In each figure, the solid line represents the PHT3D model output, while the individual 

symbols represent measured data values: circles (ο) representing 2003, crosses (x) 

representing 2004 and (◊) representing 2005. Figures 7.16 – 7.19 are included to illustrate 

the effect of two key elements of the conceptual model described in Section 7.2. 



 

 
Figure 7-5:  Domain Sub-Plots - Benzene, Toluene, Ethylbenzne and Xylene isomers (Safety Bay Sands Aquifer) 
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Figure 7-6:  Hydrocarbon and Geochemical Species MP23 Sub-Plot  
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Figure 7-7: Hydrocarbon and Geochemical Species MP24 
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Figure 7-8: Hydrocarbon and Geochemical Species MP26 
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Figure 7-9:  Hydrocarbon and Geochemical Species MP25 
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Figure 7-10:  Hydrocarbon and Geochemical Species MP15 
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Figure 7-11: Hydrocarbon and Geochemical Species MP13 
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Figure 7-12: Domain Sub-Plots - Bicarbonate, Methane, Calcite, Sulphate and pH (Safety Bat Sands Aquifer) 
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Figure 7-13:  Domain Sub-Plots - Alkalinity Species 
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Figure 7-14: Domain Sub-Plots - Benzene, Toluene, Ethylbenzne and Xylene isomers (Safety Bay Sands and Tamala Limestone Aquifer) 
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Figure 7-15:  Domain Sub-Plots - Bicarbonate, Methane, Calcite, Sulphate and pH (Safety Bat Sands and Tamala Limestone Aquifer) 
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Figure 7-16:  Domain Sub-Plots Hydrocarbon Species - Non-Reactive Case 
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Figure 7-17:  Domain Sub-Plots Geochemical Species - Non-Reactive Case 
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Figure 7-18:  Domain Sub-Plots Hydrocarbon Species - No-Degassing Case 
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Figure 7-19:  Domain Sub-Plots Geochemical Species - No-Degassing Case 
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TVD Scheme: 

 
Method of Characteristics Scheme: 

 
TVD Scheme: 

 
Method of Characteristics Scheme: 

 
Figure 7-20: Effect of PHT3D advection scheme on benzene and bicarbonate predicted plume 



Discussion of Results 

 

Despite uncertainty in the parameter estimates and the development of the 

hydrogeological and hydrochemical conceptual models, the reactive transport simulations 

were able to reproduce the general features of the observed MLS data presented in Section 

5. Based on the position of the LNAPL sources, the numerical model was able to 

adequately replicate the observed distribution of the hydrocarbon and biogeochemical 

indicator species as well as their concentrations.  

 

The calibrated simulation indicates the contaminant plume from the LNAPL source under 

the Refinery’s process areas and tankfarm is unlikely to be transported significant 

distances through the Safety Bay Sands, due to a combination of biodegradation and the 

vertical migration of contaminants into the lower limestone aquifer unit. Toluene and the 

xylene isomers are virtually degraded within the LNAPL source area. The lower reaction 

rates found for benzene and ethylbenzene allow these species to persist, such that they are 

transported to the base of the Safety Bay Sands aquifer (due to vertical hydraulic gradients 

created by limited zones of increased conductivity within the clay aquitard). For the MLS 

closest to the source LNAPL, the simulated concentration is not as uniform as that 

witnessed in the observed data. However within a small distance (e.g. 80 m) the simulated 

concentrations are uniform to the base of the aquifer. This result indicates that while 

there is uncertainty in the relative lateral orientation of the “holes in the clay” to the 

LNAPL source (both are uncertain to some extent), the hypothesis presented in Section 6 

remains plausible.  

 

In the 2003 sampling event there were high concentrations of toluene and xylene isomers 

reported in the base of MP24 and MP26 (Figures 5.11, 7.7 and 7.8), while the presence of 

the species in the middle section of the aquifer was not detected. This result was not 

consistently observed in the 2004 and 2005 sampling events. As the conceptual model that 

formed the basis of the numerical model simulations was unable to distribute high 

concentrations at depth without creating a uniform profile throughout the aquifer (not 

seen in Figure 5.11), this aspect of the 2003 data was not replicated. Given the rapid 
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biodegradation of toluene and the xylene isomers under other circumstances, it remained 

unclear why in 2003 such high concentrations were recorded for these species. 

 

The effect of vertical hydraulic gradients and re-supply of electron acceptors by recharge 

is evident in Figure 7.12. Table 5.3 provides observed data for the four MLS located on the 

coastal side of the refinery. An interesting feature of the data was the similarity between 

the hydrochemistry both upgradient and downgradient of the large LNAPL source zone. 

Until the conceptual site model employed in this study was conceived, it was difficult to 

understand how groundwater downgradient of the site’s significant hydrocarbon plume 

could not be depleted of electron acceptor species such as sulphate. Figure 7.12 provides 

further evidence that a conceptual model that includes “holes in the clay” is compelling. 

 

Consistent with the observed data presented in Section 5, the simulations produced results 

where sulphate is consumed at the plume fringe, and bicarbonate and methane are 

produced within the core of the plume. Steep gradients in Figure 7.12 illustrate the effect 

of low dispersion coefficients. The pH reduces slightly (0.2 units), however as expected 

under an “open” carbonate system in which CO2 is allowed to degas, the change is not 

significant. The pH direction changes in the observed data were inconsistent and with few 

exceptions, within a range of ±0.2 units. Given the uncertainties associated with field 

monitoring water quality data, attempting to match changes in pH exactly (i.e., <0.2 units 

difference) is challenging. The reactive transport simulations show that calcium is 

consumed and calcite is precipitated under methanogenic conditions. While this result is 

not consistent with many references described in Section 3, calcite precipitation under 

methanogenesis has been previously reported. Further discussion of possible reasons for 

this result is provided later. 

 

The modelled concentrations for methane and calcium match the observed concentrations 

reasonably well, while simulated bicarbonate concentrations are significantly lower than 

the observed concentrations. Adjusting the degassing threshold in the reaction rate 

expression to increase the amount of bicarbonate in solution had little effect on the 

hydrocarbon plume (Figure 7.18), but resulted in (i) a larger pH decrease, (ii) lower 

concentration of methane and (iii) secondary effects on the concentration of the other 
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aqueous species (Figure 7.19). To adequately replicate the MLS measured data for the 

other species, the degassing threshold was set at 10-1.2 moles/litre, resulting in lower 

predicted bicarbonate concentrations. A discussion of possible reasons for the error in the 

bicarbonate result is provided in Section 7.4.  

 

Figures 7.14 and 7.15 illustrate that model simulations predict benzene and ethylbenzene 

are transported to the lower limestone unit through zones of higher conductivity in the 

clay aquitard. Although no MLS were installed into the Tamala Limestone during this 

study, site monitoring has consistently demonstrated the presence of these species in the 

lower aquifer unit (BP 2002). Biodegradation of benzene and ethylbenzene in the Tamala 

Limestone has not been quantified in this study. The characterisation of the natural 

attenuation processes in this study focused on the Safety Bay Sands, and for convenience, 

many of the non-transport parameter values were transferred to the Basal Clay and 

Tamala Limestone. If detailed assessment of these two aquifer units had been included in 

this study, additional characterisation would have been required. For example, retardation 

of hydrocarbon compounds was not included in the PHT3D simulations because the 

organic content (ƒoc) of the sands is so low. Had the Basal Clay been accurately 

characterised, retardation would likely have been included for that 1 m unit of clay 

aquitard. The dispersion coefficient applied for the Safety Bay Sands was 1 mm. Had 

natural attenuation of the hydrocarbon plumes in the Tamala Limestone been more 

thoroughly considered, increased dispersion values may have been included in the 

simulations. Similarly the reaction rate form and parameters that applied for the Safety 

Bay Sands were transferred to the other aquifer units; this would need thorough 

consideration if the complete aquifer structure had been included in the reaction 

network. However the monitoring and modelling requirements of characterisation and 

quantification of the natural attenuation processes in the karst Tamala Limestone are 

beyond the scope of this study. 

 

Although Figures 7.14 and 7.15 indicate benzene and ethylbenzene persist throughout the 

model domain, this simulation result is presented for completeness only, and is not 

intended to represent the likely situation in the Tamala Limestone with any confidence. 

While the relatively low hydrocarbon concentrations recorded in the Safety Bay Sands at 

 148



the site’s marine boundary do not appear to be emanating from the LNAPL source area 

under the main part of the site, it is currently unknown to what extent the dissolved 

hydrocarbon from the main LNAPL plume is discharging across the site’s marine 

boundary in the Tamala Limestone.  

 

“Steady State” PHT3D Simulation  
 
 
Figures 7.5 – 7.19 only provide the “final Timestep” (10 000 days) results. However during 

the calibration process, the evolution of the simulated plume was critically reviewed to 

ensure the system reached steady state. Rather than providing concentration profiles for 

15 different simulation times to reflect the evolution of the simulated plume, which 

would be cumbersome to present, breakthrough curves can be used to verify a system has 

reached equilibrium. Figures 7.21 and 7.22 provide an example of breakthrough curves for 

benzene, for both a column (120) and a specific cell (column 120, layer 22). Similar curves 

could have been chosen throughout the model domain, however these locations 

adequately display the required behaviour. 
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Figure 7-21: Column 120 PHT3D Plume Evolution (Benzene moles/litre) 
 
 

In Figure 7.21 the x-axis represents the benzene concentration, while the y-axis indicates 

the 30 layers (0.5 m thick) in the Safety Bay Sands. Timestep 15 is equivalent to 10 000 

days. The timestep difference between the “Time n” provided in the Legend is 750 days, 
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except for the difference between Timestep 14 and Timestep 15 which is 250 days. Figure 

7.22 presents equivalent information for one cell, however in this figure the x-axis 

represents time (in days) while y-axis represents benzene concentration. 
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Figure 7-22:  Column 120, Layer 22 PHT3D Plume Evolution (Benzene moles/litre) 
 
 

Figures 7.21 and 7.22 clearly demonstrate that for Column 120, the benzene plume has 

reached equilibrium by Timestep 9, which is equivalent to 6000 days of plume evolution. 

After Timestep 9, the PHT3D results can be considered to represent “steady state”. 

Comparing Figure 7.5 to Figure 7.16 illustrates the difference between the reac ive and 

non-reactive case. Similar breakthrough curves were generated for the non-reactive case 

to show the system also reaches steady-state within the modelled period, however the 

concentration of the hydrocarbon species (e.g. benzene) will equilibrate at a higher value. 

t

t

 

Biodegrada ion Rates 

 

The two biodegradation processes included in the reaction rate expression are sulphate 

reduction and methanogenesis. Quantifying the individual contribution from these two 

processes is an important consideration in understanding plume dynamics, and 

determining whether the natural attenuation processes acting at the site are sustainable. 

As the reactive transport model PHT3D does not provide effective reaction rates as a 
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direct model output, alternative algorithms were developed here to estimate the relative 

contribution of the two biodegradation processes: 

 

Sulphate Reduction: 
 
 

10 m 

0.5m 

 
• Each boundary cell has a groundwater flux of 9 x 10-3 m3/day 
• Sulphate influent concentration is 4.358 x 10-3 moles/litre 
• Sulphate flux is 3.922 x 10-1 moles(SO4) / day . msource 
• 3.75 moles SO4 ≡ 1 mole HC (e.g. benzene) 
• Assuming instantaneous degradation of benzene by sulphate 

(consistent with scale of site), 0.105 moles (HCdegraded) / day . msource 
• Approximate “flux face” of source = 500 m (assuming minimal side 

mixing of sulphate with dissolved hydrocarbon plume, which is 
acceptable while transverse dispersion coefficients are 1 x 10-4 m) 

• Influent-flux as HC-equivalent is 52 moles/day 
• Contribution of recharge (6 x 10-4 m3/ m2.day), 4.358 x 10-3 M. 

Assume plume plan area of 9 x 104 m2   
• Recharge-flux as HC-equivalent is 36 moles/day 

 
Therefore the hydrocarbon degradation rate due to sulphate is 88 moles/day, which is 

equivalent to 6.87 kg/day (assuming hydrocarbon molecular weight of 78 g/mole). 

 

Methanogenesis: 

 

Estimating the production of methanogenesis is not as trivial, because within the model 

domain, methane is not only produced within model cells but is also transported across 

cell boundaries. Chapelle (1993, 2001) discusses the difficulty of quantifying methane 

production and transport rates. Under circumstances where dissolved methane mixes with 

oxygenated water, the methane can be re-oxidised to CO2 which in a carbonate aquifer 

further complicates rate estimation (Amos et al., 2005). In this study, it is assumed that 

methane migrates conservatively, as the aquifer is too reduced and dispersion coefficients 

too low to permit oxidation of any produced methane.  

 

To estimate the methanogenic production rate, cumulative methane moles across the 

Safety Bay Sands aquifer needed to be integrated for each time step. MATLAB code was 

written to integrate the methane plume through the simulation, and the results are 

displayed in Figure 7.23. 
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Figure 7-23: Integrated moles of methane across model domain 
 
 

The rate of methane generation is initially low as sulphate reduction is the dominant 

mechanism; however as benzene and ethylbenzene migrate as a plume, the rate of 

methanogenesis increases. This follows a similar kinetic pattern to that described in 

Bekins et al. (2005). As displayed in Figures 7.21 and 7.22, after approximately 6000 days, 

the system reaches steady state and then the methanogenic rate slows and becomes 

relatively constant. Once the simulation had reached steady state, over a 750 day period 

the model indicated 193 moles of methane were produced across the model domain (400 

m source area).  

 
• Methanogenesis occurs in source area and in 

dissolved phase plume, and any produced methane is 
assumed to not oxidise  

• Once the simulation had reached steady state, the net 
production across the domain was 193 moles (CH4) 

• Best method to normalize CH4 is to look at per unit 
area (or /10 m3) 

• Methane production equivalent to 4.28 x 10-4 moles 
(CH4) / 10 m3.day 

• 1 mole CH4 ≡ 0.77 moles HC (e.g. benzene) 
• Hydrocarbon degraded 5.2 x 10-4 moles  / 10 m3.day 

 
 

Source 

Dissolved Plume 

4000 m 
10 m 

Assuming a LNAPL source area of 90 000 m2 (BP, 2005) across the site and similar 

methane production rates, the hydrocarbon degradation rate due to methanogenesis is 468 

moles/day, which is equivalent to 36.5 kg/day. It is uncertain whether other areas of the 

 152



site with different LNAPL compositions will have the same degradation rates. However in 

the absence of a wider monitoring network, the assumption is applied. Further sources of 

uncertainty in relation to plume-scale assessments of natural attenuation are discussed 

further in Section 7.4. 

 

From the above plume-scale analysis, the rate of hydrocarbon degradation can be 

compared to similar studies that have examined plume-scale biodegradation rates 

(moles/litre.s) for mixed BTEX plumes. Table 7.4 provides a summary of the sulphate 

reduction and methanogenesis rates expressed above, converted to a BTEX-biodegradation 

rate, in comparison to rates described in the literature: 

 

 BTEX Biodegradation under 

Sulphate Reducing Conditions 

BTEX Biodegradation under 

Methanogenesis 

King (2008) 1.34 x 10-9 6.01 x 10-13

Roychoudhury et al. (1998) 2.9 x 10-9  

Ludvigsen et al.(1998)  1.7 x 10-13

Mayer et al. (2001) 4.03 x 10-12 5.48 x 10-13

Salminen et al. (2006) 4.54 x 10-10 5.78 x 10-12

  Table 7-4: Comparison of plume-scale BTEX-biodegradation rates (moles/litre.s) 
 

 

Table 7.4 indicates that the BTEX-biodegradation rates calculated in this study are of the 

same order as that described in similar studies. 

 

Biodegrada ion Rates – Sensi ivity Analysis t t

 

Methanogenesis appears to be the dominant biodegradation mechanism acting at the site, 

accounting for 84.2% of the hydrocarbon degraded. In the section of the plume closest to 

the LNAPL source, the relative contribution of sulphate reduction is greater. However if 

the assumption that degradation rates are consistent across the site is broadly correct, then 

it is the large source area at the study site that accounts for the dominant role played by 

methanogenesis in controlling hydrocarbon plume migration.  
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To (i) assess the sensitivity of the hydrocarbon plume to changing geochemical conditions 

and (ii) understand the implications of a change in conditions on the site’s management 

strategy, the calibrated model was re-run with a 50% reduction in either the sulphate or 

bicarbonate, or 25% reduction in calcium. Table 7.5 provides a summary of the change in 

the initial geochemical conditions for the scenarios. 

 
Species Calibration 

Case 
 (moles/L) 

50%  
Sulphate 

 (moles/L) 

50% 
Bicarbonate 

(moles/L) 

75%  
Calcium 
(moles/L) 

Oxygen 0 0 0 0 
Bicarbonate 5.402 x 10-3 5.402 x 10-3 2.701 x 10-3 2.701 x 10-3

Sulphate 4.358 x 10-3 2.176 x 10-3 4.358 x 10-3 4.358 x 10-3

Calcium 4.850 x 10-3 4.850 x 10-3 4.850 x 10-3 4.0 x 10-3

Chloride 2.679 x 10-3 6.784 x 10-3 4.767 x 10-3 7.318 x 10-4

Potassium 2.590 x 10-4 2.590 x 10-4 2.590 x 10-4 2.590 x 10-4

Magnesium 2.062 x 10-3 2.062 x 10-3 2.062 x 10-3 2.062 x 10-3

Sodium 1.745 x 10-3 1.745 x 10-3 1.745 x 10-3 1.745 x 10-3

Sulphide 0 0 0 0 
pH 7.1 7.1 7.1 7.1 
pe -0.051 -0.051 -0.051 -0.051 

Table 7-5: Initial Geochemical Conditions (Sensitivity Analysis) 
 
 

In developing the geochemical conditions, PHREEQC was used to charge balance the 

initial conditions once the target species (sulphate, bicarbonate or calcium) concentration 

had changed. The data in Table 7.5 reveals the initial concentration of chloride increased 

with the modification to the sulphate and bicarbonate concentrations. 

 

Figure 7.24 demonstrates the robustness of the biogeochemical response of the aquifer to 

changes in the initial conditions of the key species; the simulated plume achieves steady 

state in the same timeframe as the calibrated case presented in Figure 7.5. In Figure 7.24 

the x-axis represents time (in days) while y-axis represents benzene concentration. This 

result implies that even with a change in initial conditions by a significant margin, the 

biodegradation processes acting on the plume are sustainable. As the site’s current 

management strategy for dissolved phase hydrocarbon depends heavily on natural 

attenuation, robust hydrocarbon degradation rates irrespective of large changes in 

geochemical conditions provides assurance that the current strategy is sustainable. 
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Figure 7-24:  Column 120, layer 22 - Cell Breakthrough Curve (Benzene) - Sensitivity Analysis 
 
 

Figure 7.25 illustrates the effect on methane production of a 50% change in sulphate or 

bicarbonate, and 25% change in calcium.     

 

 
Figure 7-25:  Integrated Moles of Methane - Sensitivity Analysis 
 
 

Figure 7.25 implies that when sulphate is reduced by 50%, methanogenesis becomes a 

more important process and approximately 93% of hydrocarbon degradation is due to 

methanogenesis. However when the initial bicarbonate concentrations are reduced by 

50%, there is only a marginal effect on methanogenesis (reduction to 83.6% of 

hydrocarbon degradation). The reason for the difference in effect is likely due to the role 

of the calcium carbonate aquifer matrix. When bicarbonate is initially removed from the 
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system, the bicarbonate re-equilibrates with calcite and methanogenesis continues to 

dominate, as was observed in the calibration case. The effect of a change in calcium is 

similar in magnitude to the effect for bicarbonate, and is likely also related to the role of 

calcite. 

 
On this basis, it appears that while the LNAPL source at the site is large and relatively 

close to the coast, the role of the calcium carbonate aquifer is significant in contributing to 

the biodegradation processes acting on the resultant dissolved hydrocarbon plume, and 

most likely, is sustainable.     

 

Carbonate aquifer hydrochemistry – calcite response to biodegrada ion t

 

Section 3 described that references typically indicate that biogenic production of CO2 will 

generate carbonic acid, and if present as a mineral species, calcite will dissolve (Kelly et 

al., 1997; Wiedemeier, 1999; Schäfer, 2001). A common indicator of calcite dissolution is 

the production of calcium in the core of the plume. When simulated as a “closed system” 

in a “batch” model (e.g. PHREEQC), the concentration of calcium will increase as 

hydrocarbon biodegrades; however when an “open system” is modelled, increased calcium 

production is suppressed once the carbon dioxide degassing threshold is reached. Calcite 

dissolution is not considered a limiting condition in geochemical modelling, as sufficient 

moles of calcite are included in each cell, in effect to assume an infinite reservoir exists 

(Schäfer and Therrien, 1995).   

 

While calcite dissolution is typical, Section 3 provided previous examples where authors 

report that calcite does not always dissolve during biodegradation. The geochemical basis 

is generally not explained, although Hunkeler et al. (1999) suggested that methanogenesis 

has virtually no effect on alkalinity or pH and therefore calcite could be considered stable. 

Section 5 presented that the MLS calcium concentrations within the plume core are lower 

than the MLS upgradient of the LNAPL source (Figures 5.11 – 5.13), which is indicative of 

calcite precipitation. However it is interesting to note that there is no trend in the MLS 

calcium data within the plume core. This suggests behaviour similar to that reported by 

Hunkeler et al. (1999).   
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In seeking an explanation for why calcite precipitation could be occurring, sensitivity-

testing of the site conditions was undertaken with PHREEQC. The batch model included 

an “open CO2 system” and started with the same conditions used in the calibrated PHT3D 

reactive transport model as described earlier. Alternative reaction rate expressions were 

trialled, but these were unable to significantly affect the aquifer geochemical response. 

However the high background concentration of sulphate, bicarbonate and calcium in the 

initial conditions are uncommon, and were thought to be a potential sensitive parameter. 

To quantify the sensitivity to the initial hydrochemistry, the concentration of each of 

these species was modified from that used in the PHT3D vertical section model, and the 

geochemical response measured. Figure 7.26 illustrates the effect of reducing the initial 

concentration of sulphate, bicarbonate and calcium from the initial conditions specified in 

Table 7.1, and then charge balancing the hydrochemistry with chloride ions: 

 

• Bicarbonate: 5.402 x 10-3 moles/litre → 2.2 x 10-3 moles/litre 

• Sulphate: 4.358 x 10-3 moles/litre → 2.5 x 10-3 moles/litre 

• Calcium: 4.85 x 10-3 moles/litre → 1.9 x 10-3 moles/litre 

 

  
Figure 7-26: Aquifer biogeochemical response: PHT3D initial and modified conditions 
 

By reducing the concentration of each of these species, a number of interesting effects are 

revealed. Firstly, the pH observed during the MLS sampling can not be charge balanced 

when the concentration of bicarbonate is so significantly reduced. In the sub-figure on 

the right, the starting pH can be seen to be charge balanced at >7.5, an alkalinity state 

where carbonate concentrations exceed bicarbonate and a higher pH than that typically 

observed in the field data. Secondly the change in initial conditions has only a marginal 
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effect on the concentrations of benzene, bicarbonate and methane. The most important 

biodegradation indicators are largely unaffected by the significant change in the initial 

concentrations. Finally, the sub-figure on the right indicates that calcite dissolves under 

sulphate reducing conditions, but is virtually stable under methanogenesis. Calcite is 

dissolving; however the reduction in the moles of the mineral is barely quantifiable 

relative to the other active processes.  

 

Comparing the two modelled scenarios provides a possible hypothesis for why calcite is 

thought to precipitate under the currently-existing site conditions. Calcite precipitation or 

dissolution is dependent on whether the background hydrochemistry is saturated (or 

over-saturated) with respect to calcium and bicarbonate ions. The calcite solubility 

constant determines the amount of calcium and bicarbonate ions that can dissolve in 

water at a given temperature. If one of these species increases as a result of 

biodegradation, the system will respond by precipitating calcite to maintain the solubility 

equilibria. The effect of the high initial sulphate, calcium and bicarbonate concentrations 

on solubility equilibria provides a possible reason for why calcium ions are removed when 

biodegradation occurs in the LNAPL source zone.  Without the high concentrations 

observed in the groundwater flux on the site’s upgradient boundary, the geochemical 

processes involving calcite may have been quite different. While the results of this 

analysis are not intended as an exhaustive treatment of carbonate geochemistry, it does 

illustrate the sensitivity of the modelled scenario to the initial conditions.    

 

To conclude the section on sensitivity testing, it is interesting to note that the 

geochemical modelling suggests whether or not the high initial concentrations are 

maintained in the upgradient flux, and whether or not calcite precipitates or marginally 

dissolves, the calcite aquifer matrix appears stable and methanogenesis continues to be the 

dominant mechanism. This is an important outcome for the long-term management 

strategy for the dissolved hydrocarbon plume. 
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7.4 Uncertainties with Reactive Transport Modelling 

     

Figures 7.5 – 7.15 indicate the simulations do not consistently replicate the observed data 

presented in Section 5. Reactive transport modelling is challenging as it integrates the 

complete hydrogeological and hydrochemical conceptual model into one internally-

consistent framework. If elements of the conceptual model do not adequately describe site 

conditions, it is clearly illustrated when the modelled results are compared to the 

observed data. Replicating observed data through simulated conditions is the calibration 

objective of reactive transport modelling, however inconsistent errors do occur. 

Understanding causes of uncertainty and their influence on our ability to use the findings 

of the model is a critical aspect of quantifying natural attenuation processes. This section 

discusses two areas of uncertainty identified in this study. 

 

Ion balancing the groundwater composition      

 

Throughout the calibration phase of the reactive transport model, a consistent error was 

identified when attempting to replicate the bicarbonate, methane and pH results. 

Whenever the reaction expression was modified to increase the amount of bicarbonate in 

solution, the methane concentration and pH reduced markedly. Achieving an increase in 

predicted bicarbonate concentrations without creating acidic conditions proved difficult 

during the initial stages of model calibration, until carbon dioxide degassing was 

introduced into the PHT3D reaction module. However degassing alone was not sufficient 

to replicate the site conditions, and Figures 7.12 and 7.13 illustrate the modelled 

concentrations are consistently less than the observed MLS data. 

 

Querying the observed and predicted alkalinity results (pers comm., Dr Trevor Bastow, 

CSIRO) revealed a possible source of error. The analytical results for the geochemical 

indicator species reported in this study were provided by a commercial laboratory.  It was 

suggested that if the commercial laboratory reported unfiltered results, rather than 

filtered, then that would have a significant effect on the measured alkalinity species. The 

source of the error is if fine carbonate aquifer materials are inadvertently collected in a 

groundwater sample, and that sample is allowed to stand for some time before analysis, 
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the geochemistry of the sample could change significantly. On raising this issue with the 

contracted laboratory, it was verified the alkalinity species were analysed on unfiltered 

samples. To test this possible source of error, in 2008 some of the MLS were re-sampled 

for the geochemical indicator species.  Appendix A provides the results from the 2008 

sample events, and Figures 7.27 – 7.29 present the key findings for bicarbonate and 

calcium, and the ion balance on the analysed results. 
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Figure 7-27: Unfiltered vs Filtered Bicarbonate     Figure7-28: Unfiltered vs Filtered Calcium  
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Figure 7-29:  Ion Balance for 2008 Resample Results 
 
 

The 2008 analysis illustrated three key findings. Firstly, when analysing alkalinity species 

in a carbonate aquifer, it is likely there will be a significant difference in results between 

unfiltered and filtered samples. The practice of filtering samples as soon as possible after 

collection is recommended. Secondly, the length of the period that groundwater samples 

wait in sample preparation prior to analysis affects how well the reported geochemical 

data represents actual groundwater conditions. Figure 7.29 clearly demonstrates that the 

longer the samples waited prior to analysis, the ion balance became progressively further 
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from unity and the reported analytical results became less representative. Finally, the 

2008 results highlight the importance of ion balancing groundwater samples when 

performing geochemical analysis. 

 

In reviewing the analytical results from 2003 – 2005, there is not a lot of information on 

the ion balances. However it is likely the performance of the commercial laboratory in 

2003 – 2005 would have been lower than in 2008, because the laboratory had been made 

aware of the purpose of the 2008 re-sampling and analysis. Therefore it does appear that 

analytical error associated with sample preparation is one of the reasons that the model-

predicted geochemical conditions were unable to replicate the observed conditions. 

 

Sca e of input parameters l

 

A number of references examine sources of uncertainty in natural attenuation assessment 

(e.g. McNab and Dooher, 1998; Abbaspour et al., 1998). Skubal et al. (2001) discusses 

quantification errors for mass balancing contaminants and products at field sites where 

abiotic processes, as well as biological degradation, contribute to plume attenuation. 

Dynamic spatial and temporal variability of physical, chemical and biological processes 

often mean the underlying governing processes are poorly understood (Lee et al., 2001; 

Essaid et al., 2003). Baedecker et al. (1993) suggested that contaminant geochemical 

modelling is more complex than standard geochemical analysis, because reactions occur 

on a small spatial scale compared to the plume and aquifer system. Heidrich et al. (2004) 

emphasises that geochemical modelling is further complicated by complex source zones 

with overlapping plumes.  

 

Abbaspour et al. (1998) discuss the temporal and spatial variability of hydrogeological and 

hydrochemical conditions, and the uncertainty associated with data sets that are generally 

very small relative to the complexity of the processes being studied. The distribution of 

TEAPs in contaminated aquifers can vary over small spatial and temporal scales 

(Cozzarelli et al., 2000). Addressing this source of uncertainty, both in terms of density of 

monitoring installations (laterally and vertically) and frequency of sample collection is a 

significant undertaking.  Smith et al. (1991) advocated the requirement for closely-spaced 
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vertical sampling systems where vertical gradients significantly affect the distribution of 

contaminants and biogeochemical indicators. While long-screened monitoring wells 

continue to be used, most authors have increased the vertical resolution of sampling 

devices. Many studies sample at vertical scales less than one metre (e.g. Davis et al., 1999; 

Brauner and Widdowson, 2001; Miles et al., 2008). Cozzarelli et al. (1999; 2001) and 

Anneser et al. (2008) employed vertical sampling at the cm-scale. Increasing the 

resolution of sampling undoubtedly provides improved understanding, although it comes 

at considerable cost. The use of isotopes or dissolved gases can also be employed to 

improve characterisation when scale issues are a potential source of error (Cozzarelli et al., 

2000). Amos et al. (2005) recommends the use of dissolved hydrogen to define TEAPs as a 

more reliable indicator than typical biogeochemical indicator species. However as is the 

case with improved sample resolution, these approaches involve additional project cost.  

 

At the commencement of this study, it was originally considered that the study-domain 

would be an equivalent scale to the refinery plume. Between 2002 and 2003 the domain of 

the investigation was truncated to the eastern section of the refinery tankfarm. Even 

within the confined area of concern, the lateral separation of the 35 MLS is ~80 m, with a 

vertical separation between the sampling ports of 2 m. As described in Section 5, 

interpreting MLS data at this scale proved challenging. The broader trends and 

behaviours, such as the consumption of sulphate and generation of high levels of methane 

where LNAPL exist can be adequately observed. The existing monitoring network was 

also sensitive enough to observe the re-supply of sulphate into the upper saturated zones 

where LNAPL is absent. However the differences between the simulated results and 

observed data in Figures 7.6 – 7.11 highlights that the hydrogeological and hydrochemical 

conceptual understanding incorporated into the PHT3D reactive transport model is not 

complete. There are processes occurring at a scale not interpretable from the resolution 

offered by the existing monitoring installations. As an example, Section 5.2 highlighted 

the variability in mole fraction of the hydrocarbon components in the source LNAPL. 

Cell-scale modifications were not made to the LNAPL source term in PHT3D, and this 

would partially account for the simulation errors.      
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The monitoring network employed in this study to interpret the natural attenuation 

processes compares favourably with those developed for interpreting plume dynamics of 

similar large industrial sites (e.g. Schafer, 2001; Schirmer et al., 2006; Gödeke et al., 2006; 

Miles et al., 2008; Prommer et al., 2008). Kao and Prosser (2001) evaluated a plume using 

sample devices on a 15 m scale. However this study examined an isolated fuel source with 

a restricted plume geometry, which meant only a small number of sample devices were 

required. Other studies have employed dense monitoring networks, but as described by 

Wiedemeier et al. (1999) and illustrated in Section 3, these studies have invariably 

addressed single, isolated and limited plumes.  

 

McNab and Dooher (1998) stated that extensive data sets are required to reduce parameter 

uncertainty.  Because models are calibrated to existing concentration data, uncertainty in 

system parameters results in non-unique predictions of contaminant fate and distribution 

(Thornton et al., 2001a). Quantifying natural attenuation processes at the scale of 

industrial sites remains a challenging undertaking, not least because the density of 

sampling devices and monitoring frequency is very expensive. Even outside the research 

sector, implementing a monitoring network of sufficient resolution to (i) characterise the 

contribution of complex and multiple source zones, (ii) identify a plausible 

hydrogeological and hydrochemical conceptual model, and (iii) quantify abiotic and 

biological processes, is beyond most commercial project budgets.           
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8 Conclusions 
 
 
The sequence of hydrocarbon compound biodegradation at Kwinana is consistent with 

behaviour observed in comparable studies of anaerobic redox conditions. Toluene and 

xylene isomers are rapidly degraded, and generally do not migrate beyond the immediate 

area of the LNAPL source. Benzene, ethylbenzene, naphthalene and tri-methylbenzene 

isomers degrade at a slower rate, with ethylbenzene being the most persistent of the 

species. This finding is consistent with earlier reported studies by Suarez and Rifai (1999), 

Cozzarelli et al. (2001) and Bekins et al. (2005). For the persistent species, steep 

concentration gradients were observed at the plume fringe, indicating little mixing is 

occurring between the plume and the surrounding aquifer. Similar results were reported 

by Curtis (2003) while examining biodegradation of benzene and ethylbenzene via 

methanogenesis.  

 

The aquifer hydrochemistry is anaerobic, although nitrate, manganese and ferrous iron 

are not significant electron acceptors. Hydrocarbon biodegradation principally occurs as a 

combination of sulphate reduction on the plume fringe, and methanogenesis in the plume 

core. Interestingly, the contribution of sulphate and methanogenesis alternates depending 

on the extent of the LNAPL source. In zones where the LNAPL is absent, sulphate is 

observed to be re-supplied to the aquifer through recharge. Where the LNAPL is present, 

the recharge-supplied sulphate is consumed through biodegradation in the immediate 

source area. A similar alternation of sulphate reduction and methanogenic redox processes 

based on recharge is described by Chapelle (2001), Scholl et al. (2006) and Miles et al. 

(2008). Quantification of the natural attenuation processes was complicated by the effect 

of biodegradation on the calcium carbonate aquifer matrix. Few studies have attempted to 

quantify methanogenesis in a carbonate aquifer setting, and evaluation of the attenuation 

capacity of an aquifer system is compounded by the water-rock geochemical interaction.   

 

There is an implicit relationship between site hydrogeology and distribution of a 

contaminant plume. Characterisation of the natural attenuation processes at Kwinana is 

challenging because of the complicated hydraulic setting and the spatial-compositional 
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inconsistency of the LNAPL source. This Thesis is one of only a few studies that have 

attempted to quantify natural attenuation processes under such complex site conditions. 

Development of a calibrated site-scale three-dimensional groundwater model, based on 

transient water levels in the Safety Bay Sands and Tamala Limestone, was not sufficient to 

adequately complete the hydrogeological conceptual model. Field observations 

undertaken in this study verified historical data that recorded uniform concentration 

distributions with depth of some hydrocarbon species in the sand aquifer. The sand and 

limestone aquifer at the site are generally separated by a clay aquitard, and a vertical 

(downward) pressure difference exists between the two units. Identifying a conceptual 

model that could adequately explain the chemical and hydraulic observations was a 

critical aspect of the research. A systematic assessment of possible mechanisms that could 

cause vertical plume migration (API, 2006) was undertaken, and a hypothesis proposed for 

aquifer communication through discontinuities in the clay aquitard. The clay has 

previously been considered continuous across the site; however drilling logs report the 

clay absent in some locations. It was initially considered that zones of enhanced vertical 

migration in the sand aquifer would express as local minima in the watertable. However 

as part of this Thesis, a sensitivity assessment was performed which demonstrated that 

sufficient vertical gradients could be generated to drive a plume to the base of the aquifer, 

without causing noticeable perturbations in watertable contour maps. Field observations 

were compared to the modelled scenario to illustrate that significant vertical migration of 

dissolved plumes can be generated with relatively minor changes in potentiometric 

pressure within the sand aquifer. Calibration of the site three-dimensional groundwater 

model, coupled with the incorporation of discontinuities in the clay, completed the 

hydrogeological conceptual model.    

 

The reactive transport model PHT3D was employed to simulate a vertical cross-section 

which followed a flowpath determined by the calibrated three-dimensional groundwater 

model. The adopted approach was computationally efficient, appropriate for the LNAPL 

source, and suitable for refining/calibrating the hydrochemical and hydrogeological 

conceptual models against a vertically-discrete transect of observed hydrocarbon and 

biogeochemical indicator data.  A variant on the classic Monod reaction rate expression 

was developed as part of this study. Comparable studies have modelled aquifers as either 
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“open” or “closed” with respect to carbonate hydrochemistry. An “open” carbonate system 

was simulated in this Thesis to account for carbon dioxide degassing, and as a suitable 

approach for modelling the effect of biodegradation and calcite buffering on aquifer 

geochemistry. Despite the uncertainty in parameter estimates, the numerical reactive 

transport simulations were able to reproduce the general features of the observed data. 

Rapid biodegradation of toluene and xylene isomers was replicated in the LNAPL source 

zones, while the simulations reproduced the migration of benzene, ethylbenzene and 

other persistent species to the base of the sand aquifer. Once the Third Order TVD 

Advection Solver was employed, PHT3D replicated the steep concentration gradients of 

the persistent hydrocarbon species. After approximately 6000 simulation days (~16 years), 

the hydrocarbon plume reached steady state. Characterising hydrocarbon plume stability 

was one of the primary motivations for this Thesis.  

 

The calibrated simulations indicated that approximately 84% of the hydrocarbon was 

biodegraded through methanogenesis, with the remainder consumed via sulphate 

reduction. A sensitivity analysis of the relative contribution of methanogenesis and 

sulphate reduction was undertaken by modifying the initial concentration of bicarbonate, 

sulphate and calcium ions in the background hydrochemistry. A change in ion 

concentration of 50% had a maximum perturbation of 9% of the calibrated case, 

indicating the biodegradation mechanisms are relatively insensitive to significant changes 

in aquifer hydrochemistry. The time required for the plume to reach steady state was not 

significantly affected by the changes in hydrochemistry. The role of the calcium 

carbonate aquifer matrix is likely to be responsible for this finding. Many references 

indicate biodegradation lowers the pH of groundwater through the production of carbon 

dioxide, and if present, will dissolve the mineral calcite. In this study, the concentration of 

calcium in the plume was observed to be lower than the background hydrochemistry, and 

PHT3D similarly simulated the precipitation of calcite. Previous studies have observed 

calcite precipitation, although the geochemical processes are rarely described. Sensitivity 

testing of the conceptual model was performed to identify possible reasons for calcite 

precipitation. The high concentration of bicarbonate, sulphate and calcium ions in the 

background hydrochemistry appears to be a possible reason for this geochemical response 

to hydrocarbon biodegradation at the Kwinana site.  
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Natural attenuation numerical models include both transport and reaction parameters. 

Parameter values are inherently uncertain due to measurement error and the 

spatial/temporal variability of properties in the subsurface environment (Tebes-Stevens et 

al., 2001). Schirmer et al. (2000) describe how transport and reaction processes occur at 

different scales, and depending on parameter sensitivity, errors occur when sampling 

regimes on a common scale are employed to define conceptual models. Integrating the 

quantified hydrogeological and hydrochemical conceptual models into a reactive transport 

model for a complex site setting is challenging. In this study, uncertainties associated with 

measurement error, translation of parameter estimates across the site and aquifer units, 

source variability and spatial sampling scales resulted in the calibrated simulations unable 

to completely replicate the observed data. There remain opportunities to further refine 

the conceptual model. However while uncertainties with quantification of some natural 

attenuation processes do persist, monitoring downgradient of the site’s main LNAPL 

source does appear to validate the hypotheses proposed in this Thesis.  

 

Over the 30 year period of the reactive transport model simulations, migration of the 

hydrocarbon plume reached steady state conditions within a limited lateral distance of the 

LNAPL source. Despite the extent of the LNAPL source at Kwinana, natural attenuation 

processes appear to be preventing the dissolved hydrocarbon plume from expanding 

towards the coastal boundary in the sand aquifer. Depending on hydraulic gradients, the 

dissolved hydrocarbon plumes will migrate laterally towards the site’s marine boundary. 

However unless the LNAPL source is close (~150 m) to the coastal boundary, hydrocarbon 

compounds would not be expected to be observed in high concentrations in the Safety 

Bay Sands monitoring wells. Based on the assumptions in the model simulations, the 

geographical extent of the dissolved hydrocarbon plume has reached steady state, and this 

is supported by historical field observations. Importantly, it also appears that plume 

stability is insensitive to relatively large changes in aquifer hydrochemistry. In terms of 

the original motivation, this outcome addresses the primary motivation for this Thesis. 

The value of this finding can not be understated. BP’s current natural attenuation 

management strategy appears suited to the existing site conditions and significant cost 

 167



may not be required to undertake engineered remediation to prevent an expanding 

hydrocarbon plume from migrating across the refinery’s coastal boundary. 
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Appendix A – Analytical Results 
 
See attached CD. 
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Appendix B - Hydraulic Model Calibration and Validation Results 
 
Safety Bay Sands Aquifer Observation Well Position 
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Tamala Limestone Aquifer Observation Well Position 

 

24 

23 
22 

21 

20

19

14

15
16 

17 
18

13 

 

 180



 
Safety Bay Sands 
 
                            Calibration                                                         Validation 

 

 

 

 

 

 181



 

 
 
Tamala Limestone 
 
                            Calibration                                                         Validation 

 

 

 

 182



 

 
 
 
 

 183



Appendix C – PHT3D Site Specific Reaction Codes 
 
LNAPL  (example Benzene LNAPL) 
 
Benznapl 

  -start 
   10  mBenznapl = tot("Benznapl")    
   15  if (mBenznapl <= 1e-10) then goto 200 
   20  solub_Benz = 0.022820 
   25  mBenz = tot("Benzene") 
   50  msolub_Benz = parm(3) * solub_Benz 
   60  rate = parm(2) * (msolub_Benz - mBenz)               
   70  moles = rate * time 
   80  if (moles > m) then moles = m 
   90  if (moles < 0) then moles = 0 
   200 save moles 

  -end 
 
First Order Degradation Rate (example Benzene) 
 
Benzene 
    -start 
      10  if (m <= 1e-10)     then goto 200  
     30  mBenz = tot("Benzene") 
     50  rate = parm(1)* mBenz  
     70  moles = rate * time 
     90 if (moles > m) then moles = m 
     200 save moles 
   -end 
 
Monod Degradation Rate (example Benzene) 
 
Benzene 
   -start 
      1  if (m <= 1e-10)     then goto 200 
      5  m_Benz = tot("Benzene") 
      6  m_Sulf = tot("S(6)") 
     11  m_Meth = tot("C(-4)") 
     12  k_half_sat_sulf = parm(2) 
     13  k_half_sat_Benz = parm(3) 
     14  c_inh_meth      = parm(4) 
     15  mon_Sulf   =  m_Sulf / (k_half_sat_sulf + m_Sulf) 
     16  if (m_Sulf < 1e-05) then mon_Sulf = 0 
     17  mon_Benz   =  m_Benz / (k_half_sat_Benz + m_Benz) 
     19  inhib_Meth = 1 
     50  rate1 = parm(1) * mon_Sulf * mon_Benz 
     52  inhib_Sulf = 1e-04 / ( m_Sulf + 1e-04) 
     55  rate2 = parm(5)* m_Benz * inhib_Meth * inhib_Sulf 
        70  moles = (rate1 + rate2) * time 
     80  if (moles > m) then moles = m 
     200 save moles 
   -end 
 

Carbon Dioxide Degassing (included in pht3d_ph.dat) 
 
CO2(g)    -1.3 degas 
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