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ABSTRACT 

Determination of water masses and circulation in the eastern Great Australian 

Bight, in conjunction with analysis of δ18O values and trace element concentrations in the 

articulated brachiopod Anakinetica cumingi, indicate that brachiopods faithfully record 

ambient temperatures and oceanographic conditions. Five water masses are identified on 

the shelf during March 1998, on the basis of temperature, salinity, δ2H and δ18O values. 

The warm, high salinity Great Australian Bight Plume occurs in the western part of the 

study area both at the surface and at depth, and the cool, low salinity Flinders Current 

flows west along the continental slope. The Flinders Current provides upwelling water 

along the Eyre Peninsula and in the central Great Australian Bight, and mixing of this 

water with Great Australian Bight Plume and shelf waters forms the combined water 

masses Flinders Current + Great Australian Bight outflow, Modified Flinders Current and 

Mixed waters. The Great Australian Bight Plume and Flinders Current are isotopically 

distinct, with Great Australian Bight Plume waters having lower δ18O values and higher 

δ2H values than Flinders Current waters. 

Using mean annual temperatures and δ18O values of seawater, brachiopod 

temperatures calculated from their δ18O values are within 1°C of measured temperatures. 

δ18O values in the brachiopods, in conjunction with seasonally variable temperatures and 

δ18O values of seawater, provide evidence for brachiopod major growth periods. 

Calculated brachiopod temperatures are most accurate assuming 70% of brachiopod 

growth occurs during summer when upwelling is occurring and 30% of growth occurs 

during the rest of the year. Brachiopods may be growing more during upwelling periods 

in response to increased food supply.  

Ba, Ni and V concentrations in the brachiopod shells show spatial variation that 

matches with water mass distribution on the shelf. Ba positively correlates with nitrate 

contents in the water and is enriched in brachiopods growing in upwelling areas. Ni and V 
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positively correlate with seawater temperatures, suggesting that incorporation of these 

two elements into brachiopod calcite is temperature dependant. All three elements reflect 

the anticlockwise circulation pattern present in the eastern Great Australian Bight during 

the summer major growth period.  



 iv 

STATEMENT OF CO-AUTHORSHIP 

This thesis is my own work. It would not have been possible without the intellectual 

and scientific guidance of Noel P. James and T. Kurt Kyser, who supervised the research 

and are co-authors on the manuscripts (chapters 2 and 3). 



 v 

ACKNOWLEDGEMENTS 

I am eternally grateful to my supervisors, Dr. Noel James and Dr. Kurt Kyser, who 

gave me this wonderful opportunity to travel and study overseas, yet still research a topic 

and region I am passionate about. The knowledge base and teachings I have been exposed 

to under their tutelage have been invaluable, and I am thankful for Dr. James exposing me 

so enthusiastically to carbonate sedimentology, and for Dr. Kyser’s extensive knowledge 

of geochemistry and how water masses, circulation and stable isotopes in seawater all fit 

together. Dr. Kyser’s direct and insightful comments upon review of my papers have 

taught me how to communicate my research as clearly as possible. The continual 

guidance, support and patience from Dr. James is greatly appreciated, especially during 

times when I felt so far from home and did not know in which direction to take my 

research. Also many thanks to Dr. Yvonne Bone, who began this process by organizing 

the research cruise, and who picked the brachiopods from sediment samples.  

I thank the staff of the Queen’s Facility for Isotope Research, in particular Kerry 

Klassen, Bill MacFarlane and Don Chipley, for their invaluable help, patience and 

problem solving with my analyses, especially when things were not looking so positive. 

Also their insight and guidance when interpreting my results is greatly appreciated. 

Thanks to Agatha Dobosz for analysing stable isotopes in the Leeuwin Current waters, 

and for helping me use the HDevice. I would like to thank fellow graduate students John 

Rivers and Rebecca Zentmeyer; John for his guidance and useful discussions on 

carbonate geochemistry, and help with brachiopod isotope analyses, and Rebecca for her 

help reviewing my thesis. 

Thanks to Edward Butler, Terry Byrne and the staff at CSIRO Marine and 

Atmospheric Research in Hobart, Tasmania, for navigating me around the CSIRO Data 

Trawler database, providing insight on southern Australian oceanography, and making me 

feel so welcome and my visit so enjoyable. The CSIRO is thanked for providing data 

from research cruises through the Data Trawler database, which is an invaluable resource 

for oceanographic research. 



 vi 

Lastly I would like to thank my family and friends for their continual support and 

guidance; for listening to me formulate ideas, problem solve and share my enthusiasm for 

the project, for being there when I needed support, and understanding my need to travel 

and experience things on my own. I am eternally grateful to the openness and social 

nature of my fellow graduate students, especially when I first arrived, and to all who 

became close to me while I was here. You helped make Kingston home. 



 vii 

TABLE OF CONTENTS 

ABSTRACT .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . II  

STATEMENT OF CO-AUTHORSHIP .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IV 

ACKNOWLEDGEMENTS .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . V 

LIST OF FIGURES.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IX 

LIST OF TABLES .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .XI 

CHAPTER 1: GENERAL INTRODUCTION... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 

THE GREAT AUSTRALIAN BIGHT......................................................................... 3 
REFERENCES............................................................................................................ 8 

CHAPTER 2: ANALYSIS OF HYDROGRAPHIC AND STABLE ISOTOPE 

DATA TO DETERMINE WATER MASSES, CIRCULATION AND 

MIXING IN THE EASTERN GREAT AUSTRALIAN BIGHT .. . . . . . . . . . . . . . . 12 

ABSTRACT.............................................................................................................. 12 
INTRODUCTION..................................................................................................... 14 

Setting .............................................................................................................................15 
Oceanography.................................................................................................................15 
Stable Isotopes................................................................................................................23 

ANALYTICAL TECHNIQUES ................................................................................ 25 
RESULTS ................................................................................................................. 27 

Hydrographic data..........................................................................................................27 
Stable Isotope data .........................................................................................................34 

DISCUSSION ........................................................................................................... 42 
Shelf circulation .............................................................................................................42 

The Flinders Current ......................................................................................................46 
Eyre Peninsula upwelling ..............................................................................................49 
Central GAB upwelling .................................................................................................52 

CONCLUSIONS ....................................................................................................... 53 
REFERENCES.......................................................................................................... 55 

CHAPTER 3: STABLE ISOTOPE AND TRACE ELEMENT 

CONCENTRATIONS IN MODERN BRACHIOPODS FROM THE 

EASTERN GREAT AUSTRALIAN BIGHT: RECORDING AMBIENT 

OCEANOGRAPHIC CONDITIONS .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 

ABSTRACT.............................................................................................................. 64 



 viii 

INTRODUCTION..................................................................................................... 66 
Setting .............................................................................................................................70 
Oceanography.................................................................................................................71 

PROCEDURES......................................................................................................... 76 

RESULTS ................................................................................................................. 78 
Seawater conditions .......................................................................................................78 
Stable isotopes in brachiopods ......................................................................................81 
Trace elements in brachiopods ......................................................................................90 

DISCUSSION ........................................................................................................... 96 
Using brachiopods to record ambient conditions.........................................................96 
Determining growth periods of brachiopods................................................................98 

Incorporation of trace elements into brachiopod calcite............................................100 
CONCLUSIONS ..................................................................................................... 104 
REFERENCES........................................................................................................ 105 

CHAPTER 4: DISCUSSION AND CONCLUSIONS .. . . . . . . . . . . . . . . . . . . . . . . . . . . 113 

REFERENCES........................................................................................................ 117 

APPENDIX A: EASTERN GAB SEAWATER DATA ... . . . . . . . . . . . . . . . . . . . . . . . 119 

APPENDIX B: WESTERN GAB SEAWATER DATA... . . . . . . . . . . . . . . . . . . . . . . . 122 

APPENDIX C: BRACHIOPOD GEOCHEMICAL DATA... . . . . . . . . . . . . . . . . . . . 123 

 



 ix 

LIST OF FIGURES 

Chapter 1 

Figure 1.1.  Map of the Great Australian Bight (GAB) study area ................................. 4 

Figure 1.2.  Oceanography of the southern Australian region ........................................ 5 

Chapter 2 

Figure 2.1.  Map of the GAB study area...................................................................... 16 

Figure 2.2.  Oceanography of the southern Australian region ...................................... 17 

Figure 2.3.  Location map with sampling stations and transect lines ............................ 26 

Figure 2.4.  Temperature-salinity plot for all samples divided into three water masses on 
the basis of temperature and salinity....................................................................... 29 

Figure 2.5.  Temperature, salinity, nitrate and dissolved oxygen depth profiles of the 
three water masses ................................................................................................. 30 

Figure 2.6.  CTD profiles of stations from the eastern, central and western parts of the 
study area .............................................................................................................. 32 

Figure 2.7.  Temperature and salinity profiles of off-shelf stations .............................. 33 

Figure 2.8.  δ2H versus δ18O values of the three water masses...................................... 35 

Figure 2.9.  Properties of all samples divided into five water masses on the basis of 
temperature, salinity, nitrate, δ2H and δ18O values.................................................. 38 

Figure 2.10. δ2H versus δ18O values of the five water masses ..................................... 39 

Figure 2.11. Spatial distribution of the five water masses in the eastern GAB ............ 40 

Figure 2.12. Depth transects of water mass distribution for eastern, central and western 
parts of the study area ............................................................................................ 41 

Figure 2.13. Schematic diagram of water masses and anticyclonic circulation in the 
eastern GAB .......................................................................................................... 43 

Chapter 3 

Figure 3.1.  Map of the GAB study area...................................................................... 69 

Figure 3.2.  Oceanography of the southern Australian region ...................................... 72 

Figure 3.3.  Schematic diagram of bottom water masses on the eastern GAB shelf...... 73 

Figure 3.4.  CTD temperature profiles for March, July and December......................... 79 



 x 

Figure 3.5.  Spatial map of δ18O values in bottom seawater ......................................... 80 

Figure 3.6.  δ13C versus δ18O values in brachiopods..................................................... 82 

Figure 3.7.  Spatial map of δ18O values in brachiopods................................................ 83 

Figure 3.8.  δ18O values in brachiopods plotted against depth...................................... 84 

Figure 3.9.  δ18O values in seawater for three growth models plotted against δ18O values 
in brachiopods ....................................................................................................... 88 

Figure 3.10. δ18O values in seawater and temperature for three growth models plotted 
against δ18O values in brachiopods......................................................................... 89 

Figure 3.11. Sr, Na and Mg contents in brachiopods plotted against each other and 
against temperatures of growth model 3 ................................................................. 93 

Figure 3.12. Spatial distribution of Ba, V and Ni contents in brachiopods .................. 94 

Figure 3.13. Nitrate contents of seawater and temperatures of model 3 plotted against 
Ba, V and Ni in brachiopods .................................................................................. 95 

 

 



 xi 

LIST OF TABLES 

Chapter 2 

Table 2.1.  Properties of three water masses defined on the basis of temperature, salinity 
and nitrate contents ................................................................................................ 28 

Table 2.2.  Properties of five water masses defined on the basis of temperature, salinity, 
nitrate,  δ2H and δ18O values .................................................................................. 37 

Chapter 3 

Table 3.1.  Characteristics of water masses present on the bottom during March ......... 74 

Table 3.2.  Calculated temperatures from δ18O values in brachiopods for three growth 
models ................................................................................................................... 86 

Table 3.3.  Minor and trace element concentrations for brachiopod calcite .................. 91 

Table 3.4.  Spearman rank correlation between elements in brachiopod calcite............ 92 

 



 1 

CHAPTER 1 

GENERAL INTRODUCTION 

Brachiopod geochemistry has been used as a proxy for temperatures and secular 

isotopic variations of ancient seawater since Lowenstam (1961) concluded that modern 

brachiopods incorporate oxygen isotopes in equilibrium with surrounding seawater. 

Recently, this theory has been more thoroughly tested, to determine if modern 

brachiopods faithfully record equilibrium values between species, individuals and 

different parts of the brachiopod shell (Carpenter and Lohmann, 1995; Curry and Fallick, 

2002; Auclair et al., 2003; Brand et al., 2003; Parkinson et al., 2005). These studies have 

provided mixed results; brachiopods record equilibrium values for some locations and 

certain species (Buening and Spero, 1996; James et al., 1997), yet different δ18O values 

have been recorded for different species and individuals growing under the same or 

similar conditions (Carpenter and Lohmann, 1995; James et al., 1997). Variable δ18O 

values are also observed within the brachiopod shell, with the outer primary layer and 

specialized portions of the shell recording depleted δ18O and δ13C values (Carpenter and 

Lohmann, 1995; Curry and Fallick, 2002). In addition, the assessment of whether modern 

brachiopods record equilibrium values is generally based on estimated δ18O values of 

seawater, as measured data is limited. Studies generally use salinity as a proxy for δ18O 

values of seawater (eg. Carpenter and Lohmann, 1995; Beuning and Spero, 1996; Brand 

et al., 2003), or rarely δ18O values are assumed for the study region based on only a few 

measured values (eg. Rahimpour-Bonab et al., 1997). This can lead to errors in the 

assessment of whether brachiopods record equilibrium values, and in the interpretation of 

brachiopods as proxies for ambient conditions.  

The diversity of modern brachiopods, with a range of ecologies, environments and 

biomineralisation regimes, may account for the discrepancies in published data. 

Brachiopods living in extreme environments may be poor recorders of ambient 
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conditions, as the organism can exert a vital effect on growth and shell mineralization 

(Parkinson et al., 2005). Brachiopods from latitudes higher than 40° also record more 

variable δ18O values than brachiopods from lower latitudes (Carpenter and Lohmann, 

1995). Therefore, it appears that the relationship between modern brachiopod 

geochemistry and ambient seawater conditions is variable due to the variety of species, 

environments and geographical regions studied. To determine the use of brachiopods as 

proxies for ancient seawater conditions, as much information as possible is needed on the 

incorporation of oxygen isotopes into a range of modern brachiopod species living in 

different environments. Without such a database for modern brachiopods, similar data 

from fossil brachiopods cannot be accurately interpreted. 

The use of trace elements in brachiopods as proxies for circulation patterns and 

chemical variations in seawater has not been significantly explored. Trace elements are 

generally measured to test for diagenetic alteration rather than as environmental proxies 

(Brand et al., 2003). Several studies have measured conservative-type elements such as 

Sr, Na and Mg in brachiopod shell transects, which may be used as proxies for 

temperature and growth rate through the organism’s life (Buening and Carlson, 1992; 

Grossman et al., 1996). Nutrient-type elements such as Ba, Fe, Cu, Zn, Ni, V, Pb in 

brachiopod shells may be important proxies for trace element concentrations in seawater, 

which can provide information on regional oceanographic conditions and upwelling. 

Except for one study, which measured Fe/Mn ratios in brachiopod shells as a proxy for 

primary productivity and upwelling (Brand et al., 2007), data for these elements in 

relation to oceanographic conditions have not been published.  

The main purpose of this study is to determine the relationship between whole-shell 

brachiopod geochemistry and oceanographic conditions, and to assess the use of 

brachiopods as environmental recorders. To do this, a detailed knowledge of the 

brachiopod’s environment is needed to correlate brachiopod shell geochemistry with 

ambient conditions, and therefore this study is done in two parts: 1) determination of the 

oceanography of the eastern Great Australian Bight, using hydrographic and stable 
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isotope data of seawater collected during March 1998, and 2) analysis of stable isotopes 

and trace elements in brachiopod shells, and whether trends in the brachiopod shell 

correlate with identified conditions and water masses present at the time of sample 

collection. In addition, available temperatures and δ18O values of seawater for July and 

December are also used to determine mean annual conditions of the brachiopods, which 

are assumed to grow throughout the year (Curry and Fallick, 2002). 

Identification of water masses and understanding of the circulation present during 

March, as well as δ18O values of seawater for each brachiopod site, allows for a more 

precise determination of whether brachiopods record δ18O values in equilibrium with 

ambient seawater. In addition, using δ18O values in brachiopods in conjunction with 

seasonally variable temperatures and δ18O values in seawater provides evidence for when 

and under what conditions brachiopods grow. Analysis of trace elements in the 

brachiopod shells provides insight into the incorporation of trace elements into 

brachiopod calcite, and whether trends in the shell chemistry reflect the distribution of 

water masses present at the time of sample collection. 

This thesis is in manuscript form, with chapters 2 and 3 being submitted separately 

for publication. Chapter 2 will be submitted to the Journal of Geophysical Research and 

Chapter 3 will be submitted to the Journal of Sedimentary Research. 

The Great Australian Bight 

The Great Australian Bight (GAB) is part of a latitude-parallel shelf along 

Australia’s southern margin. The broad GAB shelf is the most extensive geomorphic 

feature in the region, covering 35% of the southern shelf area. It extends from Cape 

Pasley in the west to the southern tip of the Eyre Peninsula in the east (Fig. 1.1). Water 

depths on the shelf generally range from 40-100 m, with the shelf edge at 200 m. The 

shelf is open to the southern ocean and experiences high-energy southwesterly swell and 

storm waves that move sediments down to 120 m (James et al., 1994). There are no 
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Figure 1.1.  Map showing the Great Australian Bight (GAB) study area. Dashed blue 
lines represent bathymetric features of the shelf edge and Roe Terrace. Grey box 
represents the eastern GAB study area. 
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Figure 1.2.  Oceanography of the southern Australian region, showing the major 
currents present in the study area. GABP is Great Australian Bight Plume; dashed blue 
line is shelf edge; warm currents are in red and cold currents are in blue. 
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significant rivers in the area and therefore there is limited input of surface fresh water, 

terrestrial nutrients or siliciclastic sediments.  

The GAB shelf hosts one of the world’s largest cool-water carbonate provinces, 

with warm temperate conditions inboard and cool temperate conditions outboard (James 

et al., 1994). Cool-water carbonate deposition in the GAB has been active since the 

Middle Eocene, resulting in a prograding carbonate ramp succession almost 1 km thick 

(Feary et al., 2004). Modern sediments form a thin veneer over the Cenozoic bedrock due 

to restricted sediment accumulation from the high-energy southwesterly swell and storm 

waves, which limit deposition and move sediments offshore, resulting in a shaved shelf 

(James et al., 1994). Carbonate production varies across the shelf, reflecting both the 

spatial and seasonal variations in local oceanography. Production is enhanced on the outer 

shelf where off-shelf water can intrude onto the shelf, and is locally hindered by 

downwelling of warm, saline, nutrient-depleted waters (James et al., 2001). Sediments are 

a typical heterozoan assemblage, dominated by skeletons of molluscs, bryozoans, 

foraminifers and coralline algae. Brachiopods, although rare, are widespread and locally 

abundant (James et al., 2001).  

The study area covers the eastern GAB (Fig. 1.1) which experiences seasonally 

variable oceanographic conditions, with a well-mixed and isothermal water mass present 

during austral winter and spring, and upwelling and stratified waters present during 

summer and autumn. The Leeuwin Current flows along the continental shelf during 

austral winter, and forms a well-mixed water mass on the shelf from May to November. 

The Leeuwin Current (LC) is a poleward eastern boundary current that flows south along 

Western Australia and then east along the southern continental shelf (Fig. 1.2). It is a 

strong, narrow, oligotrophic surface current that is sourced from the Indonesian 

throughflow, with additions of subtropical water along the Western Australian coast 

(Godfrey and Ridgway, 1985; Batteen et al., 2007; Domingues et al., 2007). Temperature 

and salinity of the LC is 17-19°C and ~35.6, respectively (Rochford, 1986). The warm, 

saline LC water occupies the western and central areas of the GAB shelf during most of 
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the year (Longhurst, 1998) and is modified by surface heating and evaporation during 

summer.  

During austral summer, waters on the eastern GAB shelf are stratified from surface 

heating. In addition, an east to west temperature gradient forms due to localised upwelling 

of cool, low salinity water along the Eyre Peninsula and intense surface heating around 

the Head of the Bight. Modeling by Herzfeld and Tomczak (1999) identified an 

anticyclonic gyre in the eastern GAB during summer, formed from wind-driven 

northwesterly coastal currents and southward topographic Sverdrup transport. Surface 

heating and evaporation of Leeuwin Current waters over the shallow Roe Terrace in the 

northwest GAB during summer forms the high temperature, high salinity Great Australian 

Bight Plume (GABP) (Fig. 1.2). This water mass is characterised by salinities generally 

exceeding 36.0 (Herzfeld, 1997) and sea surface temperatures up to 23°C (James et al., 

2001). During late summer and early autumn the GABP moves in a southeasterly 

direction into the central and eastern GAB. It cools and sinks and eventually downwells 

as a saline plume off the shelf south of the Eyre Peninsula (Herzfeld, 1997). 

The Flinders Current (FC) flows west along the continental slope of southern 

Australia (Bye, 1972), and sources deep upwelling along the Bonney Coast and Kangaroo 

Island east of the GAB (Lewis, 1981) (Fig. 1.2). It is a northern boundary current defined 

by westerly flow, and can extend from the surface to at least 1000 m depending on the 

season (Hufford et al., 1997; Middleton and Cirano, 2002). The FC is formed from 

Subantarctic Mode Water and Antarctic Intermediate Water flowing north across the 

subtropical front and then west along the Australian continental slope (McCartney and 

Donohue, 2007). The FC is also fed by the Tasman Outflow, which is a remnant of the 

East Australian Current that sinks and flows westward around the southern tip of 

Tasmania (Rintoul and Sokolov, 2001). 

The eastern Great Australian Bight is ideal for studying the relationship between 

oceanography and brachiopod geochemistry, as brachiopods, although rare, are 

widespread and locally abundant across the major cool-water carbonate province. The 
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oceanography varies seasonally, and during summer spatial gradients of temperature and 

salinity form due to upwelling along the Eyre Peninsula. Ideally, brachiopod shell calcite 

would record this temperature gradient, as well as higher concentrations of nutrient-type 

elements that have been sourced from upwelling. As brachiopods are influenced by 

seasonally variable currents in the eastern GAB, it may be possible to determine whether 

brachiopods record mean annual conditions or if they reflect a specific oceanographic 

period, due to variable growth throughout the year. 
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CHAPTER 2 

ANALYSIS OF HYDROGRAPHIC AND STABLE ISOTOPE 

DATA TO DETERMINE WATER MASSES, CIRCULATION 

AND MIXING IN THE EASTERN GREAT AUSTRALIAN 

BIGHT 

 

Laura E. Richardson, T. Kurt Kyser and Noel P. James 

 

Abstract 

Hydrographic and stable isotope data from waters in the eastern Great Australian 

Bight sampled during March-April 1998 indicate that both mixing and evaporative 

processes are important on the shelf. Five water masses are defined on the basis of their 

temperature, salinity, δ2H and δ18O values. Two of these are end members, the Flinders 

Current and the Great Australian Bight Plume, whereas the other three are a result of 

modification and mixing between these two end members. Water mass distribution 

reflects an anticyclonic gyre in the eastern Great Australian Bight. Cool and fresh water 

present at depth along the Eyre Peninsula is sourced from upwelling of Flinders Current 

water directly from the shelf break. This water is progressively heated, evaporated and 

mixed with warmer and more saline shelf waters as it flows around the gyre. High 

temperatures, salinities and δ2H values in surface waters in the central bight suggest that 

the Great Australian Bight Plume has a greater spatial extent than previously recorded, 

occurring along the shelf edge between 130°E and 133°E. A high temperature, high 

salinity, low δ2H value water mass that is isotopically similar to the Flinders Current 

occurs in the west of the study area, indicating intrusion of Flinders Current water into the 

central Great Australian Bight. Differences in isotopic composition of off-shelf water 
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suggests that the Great Australian Bight Plume is flowing off the shelf and mixing with 

Flinders Current water at ~132°E, however this outflow does not form an eastward 

flowing current during the period when samples were collected.  
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Introduction 

The eastern Great Australian Bight (GAB) is part of an extensive zonal, mid-

latitude shelf which hosts one of the world’s largest cool-water carbonate provinces. It is 

also an area of seasonal upwelling of the world’s only northern boundary current, the 

Flinders Current, which supplies nutrients to a generally oligotrophic shelf. The highest 

levels of primary and secondary productivity in Australian waters have been recorded in 

the eastern GAB during periods of upwelling, and the area supports several major 

commercial fisheries (Ward et al., 2006). Biological production has been linked to 

oceanography in the GAB (James et al., 2001); therefore an understanding of regional 

oceanographic processes is important for both cool-water carbonate sedimentation and the 

pelagic shelf ecosystem in an important fisheries area (Kämpf et al., 2004; Ward et al., 

2006). 

Despite its importance, the eastern GAB has not been studied extensively. Most 

research has focused on sea surface temperature satellite imagery (Griffin et al., 1997; 

Herzfeld, 1997; Herzfeld and Tomczak, 1999) and modeling of the physical 

oceanography (Middleton and Platov, 2003; Cirano and Middleton, 2004; McClatchie et 

al., 2006). The minimal hydrographic data published has focused on upwelling events and 

not general shelf circulation (Kämpf et al., 2004; Ward et al., 2006). In addition, no 

previous work has been published on stable isotopes of the waters in the GAB. Oxygen 

and hydrogen isotopes are useful proxies for understanding mixing and evaporation 

processes as well as determining water mass sources, and can be used with hydrographic 

proxies to give a more robust understanding of the regional oceanography. 

The purpose of this research is to determine water mass characteristics and 

circulation on the eastern GAB shelf and give insight into the interaction between on-

shelf and off-shelf waters in a regional context. Hydrographic data from CTD profiles are 

used in conjunction with hydrogen and oxygen isotopes to understand circulation, mixing 

and evaporation processes occurring on the shelf. 
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Setting 

Southern Australia is a divergent, passive continental margin that formed from the 

separation of Australia and Antarctica during the Cretaceous (Veevers et al., 1991). The 

Great Australian Bight (GAB) is the most extensive geomorphic feature in the region, 

covering 35% of the southern shelf with an area of 177,130 km2 (James and von der 

Borch, 1991). It extends from Cape Pasley in the west to the southern tip of the Eyre 

Peninsula in the east (Fig. 2.1). Most of the shelf has depths between 50 and 120 m with 

the shelf break at approximately 200 m water depth.  

The GAB has a Mediterranean-like climate with hot dry summers and cool wet 

winters (Longhurst, 1998). Mean annual rainfall and evaporation for Streaky Bay is 375 

mm and 2100 mm, respectively (Government of SA, 2007), with mean monthly 

maximum temperatures ranging from 29°C in January to 16.5°C in July (Bureau of 

Meteorology, 2008). From November to March, southern Australia experiences a 

succession of slow-moving high pressure systems that move east across the GAB. These 

weather systems create southeasterly winds in the eastern GAB that are conducive to 

upwelling. During the austral winter, a belt of high pressure over the Australian continent 

results in predominantly westerly winds (Schahinger, 1987). Every few summers, intense 

cyclonic depressions originating in northern Australia can bring heavy rainfall to the area 

(Edyvane, 1998; James et al., 2001). There are no significant rivers in the GAB and 

therefore no input of surface fresh water, terrestrial nutrients or siliciclastic sediments. 

The only notable river in the region is the Murray River east of the study area. It has an 

average annual discharge of 0.89 m3/s (Longhurst, 1998), which can be considered 

negligible. 

Oceanography 

The major currents influencing the GAB shelf and slope include the Leeuwin 

Current flowing east and the Flinders Current flowing west, as well as the Great 

Australian Bight Plume (GABP) and South Australian Current (SAC) which form locally 
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Figure 2.1.  Map showing the Great Australian Bight (GAB) study area. Dashed blue 
lines represent bathymetric features of the shelf edge and Roe Terrace. Locations and 
features mentioned in the text are marked.  
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Figure 2.2.  Oceanography of the southern Australian region, showing the major 
currents present in the study area. GABP is Great Australian Bight Plume; SAC is South 
Australian Current; dashed blue line is shelf edge; warm currents are in red and cold 
currents are in blue. 
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on the shelf (Fig. 2.2). Shelf circulation patterns in the eastern GAB vary throughout the 

year as a result of seasonally variable winds and currents. 

Leeuwin Current 

The Leeuwin Current (LC; Cresswell and Golding, 1980) is an anomalous poleward 

eastern boundary current that flows south along the Western Australian coast and east 

into the GAB (Fig. 2.2). It forms a strong (>150 cm/s at times), narrow (<100 km wide), 

oligotrophic surface current (<250 m) that flows along the shelf break against the 

prevailing winds (Batteen et al., 2007). It is driven by an alongshore steric height gradient 

caused by a build up of tropical Pacific water from the Indonesian throughflow (Godfrey 

and Ridgway, 1985) and is augmented by geostrophic flow from the west of Australia 

(Batteen and Rutherford, 1990; Domingues et al., 2007). As a result, the LC has two 

sources: a fresh (~35.6), warm (~17-19°C) tropical source that flows from April to 

August, and a more saline (>35.7) subtropical source that feeds the current in summer. 

This subtropical source includes a branch of the Eastern Gyral Current that reaches the 

Western Australian coast and flows south near North West Cape (Wijffels et al., 1996) 

and a summer branch of the West Australian Current that flows east between 29°S and 

32°S (Andrews, 1977; Domingues et al., 2007). The LC becomes saltier, cooler and 

denser as it flows south and east due to these subtropical additions, air-sea interactions 

and eddy mixing with Indian Ocean and Southern Ocean water (Cresswell and Griffin, 

2004; Domingues et al., 2007).  

The LC is strongest from May to October when it is sourced from the Indonesian 

throughflow and is more tropical in character. It weakens and begins to reflect its 

subtropical source during September to December, and reaches a minimum in January 

(Rochford, 1986). Its influence in the GAB is predominantly in winter, where it flows 

along the shelf edge as far as 135°E (Ridgway and Condie, 2004; Cirano and Middleton, 

2004). It floods onto the GAB shelf, forming a well-mixed water column. The shelf edge 

flow appears to inhibit the intrusion of Southern Ocean water onto the shelf, as it does off 

Western Australia (Longhurst, 1998; Gersbach et al., 1999). The warm, saline LC water 
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occupies the western and central areas of the GAB shelf during most of the year 

(Longhurst, 1998) and is modified by surface heating and evaporation during summer. 

During summer, the shelf-break LC is not observed as far east as the GAB. During 

February to April, Cresswell and Peterson (1993) found subtropical LC waters of 20°C 

and 35.9 flowing along the shelf edge only as far east as Esperance (121°E). 

Flinders Current 

The Flinders Current (FC) is a westward flowing northern boundary current (Fig. 

2.2) that flows along the continental slope of southern Australia (Bye, 1972; Middleton 

and Cirano, 2002). Much like the world’s major western boundary currents, it arises from 

a positive wind stress curl and an equatorward Sverdrup transport, and exhibits upwelling 

of the deep permanent thermocline (Middleton and Platov, 2003). The FC has been 

described using current meter data and modeling studies and appears to be defined by 

westward flow regardless of hydrographic properties. Middleton and Cirano (2002), as 

part of the Ocean Circulation and Climate Advanced Modeling Project, found that the FC 

is present during both summer and winter, can extend from the surface to 800 m with 

peak flow near the 600 m isobath, and increases in intensity as it flows from east to west. 

Hydrographic and velocity measurements along 115°E south of Australia presented by 

Hufford et al. (1997) show the FC within 200-300 km of the continental shelf, extending 

through the thermocline and including Subantarctic Mode Water and Antarctic 

Intermediate Water to depths of approximately 1000 m. The core of the FC appears to be 

weaker and shallower in summer, with maximum speeds of 5-10 cm/s at around 300-400 

m depth. During winter, maximum speeds reach 10-15 cm/s at around 600 m depth 

(Middleton and Bye, 2007).  

The FC is found from Tasmania to Cape Leeuwin. The equatorward Sverdrup 

transport results in an anticyclonic gyre within the South Australian Basin, where 

Subantarctic Mode Water and Antarctic Intermediate Water flow north across the 

subtropical front and then west along the Australian continental slope, forming the FC 

(McCartney and Donohue, 2007). The FC is also fed by the Tasman Outflow which is a 
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remnant of the East Australian Current that sinks and flows westward around the southern 

tip of Tasmania (Rintoul and Sokolov, 2001; Speich et al., 2002; Cirano and Middleton, 

2004). A westward flowing FC with mean speeds of 4 cm/s is observed off the western 

Tasmanian shelf at depths around 995 m (Middleton and Bye, 2007). 

Using hydrographic data, Schodlok et al. (1997) observed upwelling of the deep 

thermocline (500-1000 m) towards the coast, which is a feature of the northern boundary 

current. This deep upwelling may be very important for supplying nutrient-rich water 

onto the shelf. The many narrow canyons in the region can become conduits for this 

thermocline water, which can then be drawn onto the shelf by wind-forced upwelling 

during summer (Middleton and Bye, 2007). High levels of productivity in the eastern 

GAB are attributed to upwelling of the FC by upwelling-favourable winds (Ward et al., 

2006). Skordaki (2001) attributed increased nutrient concentrations below 200 m depth 

off the eastern GAB shelf to the presence of the FC. Ward et al. (2006) observed low 

productivity in the eastern GAB during winter but localized increases in surface 

chlorophyll-a concentrations and zooplankton biomass during summer-autumn, matching 

coastal upwelling events at several locations. To the east of the GAB, along the Bonney 

Coast near Robe (140°E), Lewis (1981) found that upwelling of cold FC water resulted in 

nitrate concentrations at least 70 times greater than background levels. 

Great Australian Bight Plume and South Australian Current 

The Great Australian Bight Plume (GABP) is a locally formed shelf water mass that 

results from intense surface heating and evaporation over the shallow Roe Terrace in 

summer (Fig. 2.2). It is characterised by salinities generally exceeding 36.0 (Herzfeld, 

1997) and sea surface temperatures up to 23°C (James et al., 2001). Well-mixed shelf 

water begins to heat at the beginning of summer in the shallow waters of the Roe Terrace 

in the northwestern GAB (Fig. 2.1). As summer progresses, hot air masses with 

temperatures exceeding 40°C from off the Australian continent augment heating and 

result in high levels of evaporation (Godfrey et al., 1986), forming a warm, saline, 

nutrient-depleted water mass. During late summer and early autumn the GABP begins to 
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move in a southeasterly direction into the central and eastern GAB, where it resides from 

March to June. It cools, sinks and eventually downwells as a saline plume off the shelf 

south of the Eyre Peninsula (Herzfeld, 1997). 

The South Australian Current (SAC) is defined as an eastward shelf break current 

that flows from the eastern edge of the GAB to the western edge of Bass Straight (Fig. 

2.2; Ridgway and Condie, 2004). It appears topographically in the eastern GAB as the 

GABP, and this warm, saline water mass outflows from the eastern GAB in late autumn-

early winter and mixes with the shelf-edge LC to form the SAC (Skordaki, 2001; James et 

al., 2001; Ridgway and Condie, 2004). 

Eastern GAB Shelf Circulation 

The circulation in the eastern GAB is seasonal, with a well-mixed water mass in 

winter and stratification and spatial temperature and salinity variation in summer. 

Understanding of the shelf circulation has come predominantly from modeling studies 

(Herzfeld, 1997; Herzfeld and Tomczak, 1999; Middleton and Platov, 2003; Cirano and 

Middleton, 2004). Herzfeld (1997) modeled general shelf circulation in the eastern GAB 

throughout the year. During September-early October, GAB waters are well mixed and 

have a constant temperature throughout. During summer a spatial gradient develops 

across the shelf, with intense surface heating and evaporation in the northwest and 

localised upwelling of cool water in the east. During late January-February, the warmest 

waters in the GAB (~23°C) were found in the northwest and the coldest waters (~16°C) 

were found in the east. Waters also become stratified from surface heating with a seasonal 

thermocline observed between 50-70 m. The thermocline water is upwelled towards the 

coast and downwelled above the shelf break (Middleton and Platov, 2003).  

Upwelling of cool, nutrient-rich water along the coast of the southern Eyre 

Peninsula during late summer-early autumn leads to enhanced levels of primary 

productivity and increases in zooplankton biomass (Ward et al., 2006). McClatchie et al. 

(2006) identify this upwelling water as cool (<17°C), fresh (<35.6) and dense (>26 

kg/m3). This nutrient-rich water is thought to upwell off Kangaroo Island rather than from 
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the shelf break in the eastern GAB. Kämpf et al. (2004) observed simultaneous upwelling 

events along the Bonney Coast, Kangaroo Island and the southern Eyre Peninsula. The 

upwelled water has a much further distance to travel along the shelf in the eastern GAB, 

compared to the narrow shelves of Kangaroo Island and the Bonney Coast. Kämpf et al. 

(2004) suggested that the GAB water was sourced from a pool of previously upwelled 

water that could then upwell simultaneously with the Kangaroo Island and Bonney Coast 

upwelling events. CTD profiles and modeling by McClatchie et al. (2006) support this 

theory, and they suggest that the nutrient-rich water observed off the southern Eyre 

Peninsula originates from upwelling off Kangaroo Island, where it is then advected 

towards the eastern GAB by northwesterly coastal currents. Wind-driven upwelling 

eventually brings this water to the surface and allows for simultaneous upwelling of 

different waters in all three locations. Upwelling events along the Eyre Peninsula occur 

on average two to three times during the austral summer (Kämpf et al., 2004). 

Modeling by Herzfeld and Tomczak (1999) identified an anticyclonic gyre on the 

GAB shelf during summer, formed from wind-driven northwesterly coastal currents and a 

southward topographic Sverdrup transport. This anticlockwise circulation drives the 

southeasterly flow of the GABP towards the shelf break and along the shelf edge. 

Modeling by Middleton and Platov (2003) indicates that downwelling should occur along 

the shelf break in the central GAB, resulting from the convergence of shelf slope and 

deep ocean Sverdrup transports. The mechanism for these transports is the generally 

positive wind stress curl within the GAB. During late summer and autumn, the GABP 

moves southeastward until it reaches the shelf edge in late May. It downwells off the shelf 

and interacts with the LC flowing along the shelf edge at this time. The combination of 

these two water masses forms the SAC which flows east towards Tasmania (Herzfeld, 

1997; Ridgway and Condie, 2004).  

The LC is strongest during winter. It flows along the shelf break and floods across 

the shelf. In addition, winter swell and storm waves from the south east form a well-

mixed water column down to 120 m. Waters are around 17°C throughout (James et al., 

2001). Downwelling is prominent in winter, as saline shelf waters formed over summer 
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cool and flow off the shelf, and the shelf-edge LC acts as a barrier to Southern Ocean 

water intruding onto the shelf (Longhurst, 1998; James et al., 2001). At the end of 

September the LC has weakened and no longer flows into the GAB. Shelf waters again 

retain a consistent temperature throughout, before summer heating begins again in 

December (Herzfeld, 1997; James et al., 2001). 

Stable Isotopes 

Hydrogen and oxygen isotopes in seawater can provide important information as to 

the origins, mixing patterns and levels of air-sea interaction of different water masses 

(Lloyd, 1966; Gat et al., 1996; Frew et al., 2000). The oxygen and hydrogen isotopic 

compositions of seawater (δ18O and δ2H) are affected by a combination of evaporation, 

precipitation and physical mixing between water masses (Epstein and Mayeda, 1953; 

Craig and Gordon, 1965, cited from Horita et al., 2008; Corlis et al., 2003). Study of 

stable isotopes in seawater was introduced by Epstein and Mayeda (1953) and Friedman 

(1953). Epstein and Mayeda (1953) found that there was a relationship between salinity 

and δ18O in the open ocean but that this relationship changed in areas of considerable ice 

meltwater influx. Variations in δ18O were large enough to suggest that oxygen isotopes 

could be used as an important tracer for water masses. Friedman (1953) measured 

hydrogen isotopes in seawater and found that surface waters show a large variation in 

δ2H, with heavy values in equatorial regions due to preferential loss of 1H during 

evaporation. 

δ18O is the 18O to 16O ratio relative to Vienna Standard Mean Ocean Water 

(VSMOW), and δ2H is the 2H to 1H ratio relative to this standard. The heavy isotopes of 

oxygen and hydrogen can be enriched relative to VSMOW by fractionation and loss of 

the light isotope during evaporation, and diluted by addition of fresh water from 

precipitation, sea-ice melt and continental runoff (Epstein and Mayeda, 1953; Gat et al., 

1996; Horita et al., 2008; Meredith et al., 2008). Once a water mass is isolated from the 
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surface ocean it is no longer affected by these processes and its isotopic composition can 

be used as a tracer for conservative mixing (Frew et al., 2000). 

The subtropics are regions where evaporation exceeds precipitation. Waters that 

have been isotopically enriched by evaporation have generally received less attention than 

areas of freshwater influx and conservative mixing. Evaporation is a kinetic fractionation 

process that preferentially removes the lighter isotope in the vapour phase and enriches 

the heavy isotope in seawater (Craig et al., 1963). Lloyd (1966) conducted experiments of 

seawater evaporation and found that isotopic enrichment of seawater by evaporation is a 

non-equilibrium process, influenced by salinity of the water, atmospheric humidity and 

the difference in isotopic composition between the seawater and atmospheric vapour. 

Craig (1966) established clear positive relationships between salinity, oxygen and 

hydrogen isotopes using seawater samples from the Red Sea. The Red Sea is an 

evaporative marine basin with no riverine input and very low precipitation, where 

evaporation is the only process changing isotopic compositions. Gat et al. (1996) studied 

oxygen and hydrogen isotopes in the Mediterranean Sea and found high values of δ18O up 

to +2.2 per mil result from relatively dry and isotopically depleted continental air masses 

that led to high levels of evaporation and isotopic fractionation. However, increases in 

δ18O were not matched with increases in δ2H, due to the seasonal influx of δ2H-depleted 

meteoric waters. Corlis et al. (2003) found non-linear relationships between salinity, δ18O 

and δ2H in Spencer Gulf, Australia. They attributed these relationships to a combination 

of evaporation, internal mixing and ocean exchange. Isotope–salinity relationships were 

governed by evaporation at the head of the gulf and by mixing processes between 

inflowing shelf water and outflowing high salinity water at the mouth of the gulf. These 

studies highlight the complex relationships governing seawater isotopes in evaporative 

regions. 

No results on stable isotopes of seawater have been reported for the GAB, which is 

a mid-latitude, evaporative region with limited freshwater input. Evaporative conditions 

should be similar to those in Spencer Gulf, a restricted marine basin that is adjacent to the 
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GAB (Corlis et al., 2003). The GAB is, however, not restricted and has much more 

interaction with open ocean waters and external currents than Spencer Gulf. Stable 

isotopes in seawater of the GAB are likely to reflect both mixing and evaporative 

processes. 

Analytical Techniques 

Water samples were collected from 57 stations on a research cruise from Robe 

(~140°E) to the central GAB (~131°E) on the RV Franklin from 19 March to 7 April 

1998 (Fig. 2.3). This sampling period is during late austral summer-early autumn. 

Stations 17-52 in the eastern GAB are the focus of this study. Stations 7-16 from around 

Kangaroo Island and the Bonney Coast are also used herein to compare water mass 

characteristics of this region with eastern GAB samples. Temperature, salinity and 

dissolved oxygen data were collected using a Neil Brown Instrument Systems MkIII B 

Conductivity Temperature Depth (CTD) profiler on the Franklin. Nitrate and phosphate 

contents were measured on the ship from water samples collected in Niskin bottles at 

various depths during CTD casts. These water samples were then refrigerated until 

analysed for stable isotopes. Hydrographic data are available from the Australian 

Commonwealth Scientific and Research Organisation (CSIRO) Data Trawler database 

(CSIRO, 2001).  

One hundred samples from stations 17-52 were analysed for oxygen and hydrogen 

isotope ratios at the Queen’s Facility for Isotope Research. Oxygen isotopes were 

measured in December 1998 using the standard CO2-H2O isotope equilibration method by 

Epstein and Mayeda (1953). The method was slightly modified by using ethanol dry ice 

to freeze the water and equilibrating samples in a shaking water bath overnight at 25°C. 

Hydrogen isotopes were measured in April 2008 on a Finnigan MAT 252 mass 

spectrometer connected to an automated Finnigan HDevice. Water samples were sent 

through a heated glass column with chrome metal to remove the oxygen and allow the H2 

gas to enter the mass spectrometer. Measurements of the 2H/1H and 18O/16O ratios are 
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Figure 2.3.  Map of the eastern GAB showing locations of the sampling stations used in 
this study. Also shown are the locations of transect lines presented in Fig. 2.6 and Fig. 
2.12. 
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presented in standard “δ” notation with respect to Vienna Standard Mean Ocean Water 

(VSMOW). The δ value is defined as: 

δ (per mil) = (R/RVSMOW - 1) x 103 

where R is the isotope ratio 2H/1H or 18O/16O. Reproducibilities of the δ2H and δ18O 

measurements are ±1.0 per mil and ±0.3 per mil, respectively. 

Results 

Hydrographic data 

Three major water masses were identified in the study region on the basis of their 

temperatures and salinities (Table 2.1). The Flinders Current (FC) has temperatures and 

salinities of <15°C and <35.5 (Fig. 2.4), and is present in off-shelf stations below the 

seasonal thermocline as well as on the shelf at depth along the Eyre Peninsula between 

Coffin Bay and Streaky Bay (Fig. 2.1). A mixed water mass with intermediate 

temperatures and salinities is present at the surface along the coast and at depth in the 

central part of the study area. This mixed water mass increases in temperature and salinity 

from east to west and can be divided into two water masses, mixed (a) and mixed (b), on 

the basis of temperature, salinity and spatial distribution (Fig. 2.4). The Great Australian 

Bight Plume (GABP) has temperatures and salinities as high as 21°C and 36.2, 

respectively, and is present on the mid shelf and along the shelf edge in the western and 

central parts of the study area.  

Temperatures and salinities of FC water remain relatively constant within the top 

200 m, indicating upwelling from this depth onto the shelf (Fig. 2.5a, b). Depth appears to 

influence nitrate contents of waters, however, with the majority of nitrate values ~2 

µmol/L within the top 120 m (Fig. 2.5c). Several samples of FC waters on the shelf show 

nitrate enrichment, which match nitrate values present off the shelf at ~200 m depth. 

Water from a shelf station adjacent to Kangaroo Island east of the GAB (KI Station 16) 
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Table 2.1.  Properties of water masses defined on the basis of temperature, salinity and 
nitrate content measured in March 1998. 

Water Mass Temperature Salinity Density Oxygen Nitrate Phosphate 
  (°C)   (kg/m3) (µmol/L) (µmol/L) (µmol/L) 

Flinders Current <15.2 <35.5 26.0-26.5 206-317 1.3-19.1 0.3-1.3 
Mixed water 15.4-20.0 35.5-35.9 25.5-26.0 172-288 0-3.2 0-0.5 
GAB Plume 17.4-21.0 35.9-36.2 25.0-25.5 150-240 0-2.5 0-0.7 
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Figure 2.4.  Temperature-Salinity plot of samples divided into three distinct water 
masses on the basis of temperature and salinity: Flinders Current (FC), Mixed waters and 
Great Australian Bight Plume (GABP). Mixed waters are divided into mixed (a) and 
mixed (b).  
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Figure 2.5.  Properties of each water mass defined on the basis of temperature and 
salinity, showing depth profiles of (a) temperature, (b) salinity, (c) nitrate and (d) 
dissolved oxygen from stations shown in Fig. 2.3. ‘KI station 16’ is a station on the shelf 
close to Kangaroo Island (Fig. 2.1). 
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has a higher nitrate content than any GAB shelf waters. Dissolved oxygen contents vary 

widely on the shelf, with highest values found in FC waters and lowest values found 

predominantly in GABP waters (Fig. 2.5d). Dissolved oxygen is relatively constant below 

250 m depth. The high dissolved oxygen content of ~250 µmol/L matches with reported 

values of Subantarctic Mode Water (McCartney, 1977). 

There is an east to west variation in hydrographic properties of shelf waters. CTD 

profiles of representative stations from eastern, central and western transects (Fig. 2.3) 

show that eastern waters have lower temperatures and salinities and higher dissolved 

oxygen contents than waters in the central and western parts of the study area (Fig. 2.6). 

Stations 21, 22, 23 and 24 are upwelling areas along the Eyre Peninsula, with FC water 

below the seasonal thermocline and Mixed water above. Temperatures and salinities of 

bottom waters at stations 21 and 22 are the lowest of all shelf stations, and stations 23 and 

24 have the shallowest seasonal thermocline (<20 m). Stations from the central (stations 

35 and 36) and western (stations 48 and 49) parts of the study area show a well-mixed 

layer of GABP water down to ~60 m, with much higher temperatures and salinities than 

stations 21 and 22. Stations 35 and 36 have lower temperatures and salinities than stations 

48 and 49, however properties of all four stations converge at depth. There is a substantial 

dissolved oxygen maximum for waters at 40-50 m depth in stations 21 and 22 (Fig. 2.6c) 

and a less pronounced maximum in stations 35, 36, 48 and 49 at greater depths. The 

dissolved oxygen maximum correlates with the bottom of the seasonal thermocline at 

each station. These temperature, salinity and dissolved oxygen profiles highlight how 

distinctly different the eastern stations are from the central and western stations. 

Temperature and salinity profiles of off-shelf stations show a surface mixed layer 

down to ~70 m and a gradual decrease in temperature and salinity with depth below the 

seasonal thermocline (Fig. 2.7). In comparison, data from Kangaroo Island and the 

Bonney Coast (KI - BC), an area east of the GAB (137-140°E), show upwelling from 

~250 m. Water characteristics of this area are distinctly different from waters in the 

eastern GAB. Upwelled waters at depth along the western Eyre Peninsula have a similar 
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Figure 2.6.  CTD profiles of (a) temperature, (b) salinity and (c) dissolved oxygen of 
stations from the eastern region (21-24), central region (35-36) and western region (48-
49) of the study area (Fig. 2.3). Eastern stations have much lower temperatures and 
salinities and higher dissolved oxygen contents than central and western stations. 
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Figure 2.7.  Off-shelf stations from Kangaroo Island and the Bonney Coast (KI-BC) and the eastern GAB (Fig. 2.1), showing depth 
profiles of (a) temperature, (b) salinity and (c) temperature versus salinity for each region, with upwelled waters along the Eyre 
Peninsula (EP upwelling) included to show their association with the eastern GAB data. 
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temperature-salinity relationship to waters from off-shelf stations in the eastern GAB 

(Fig. 2.7c) and are not associated with upwelling data from Kangaroo Island and the 

Bonney Coast. 

Stable Isotope data 

δ18O and δ2H relationships in waters of the eastern GAB are variable and indicate 

mixing of waters with different isotopic compositions (Fig. 2.8). The δ18O values of 

waters range from +0.4 to +2.1 per mil and δ2H values range from -3.5 to 7.0 per mil. 

δ18O and δ2H values of waters vary widely across the shelf, with differences between 

adjacent sites of up to 0.9 per mil and 5.5 per mil for δ18O and δ2H, respectively, 

reflecting a poorly-mixed system. The three major water masses defined on the basis of 

temperatures and salinities are not isotopically distinct (Fig. 2.8), but the water masses 

can be refined on the basis of their δ2H and δ18O values. There is an increase in δ2H 

values between FC and Mixed waters, however δ2H values of GABP waters vary widely, 

from -2.5 to +7 per mil. The GABP waters with δ2H values <3 per mil were defined as a 

separate water mass, which has a similar isotopic composition to off-shelf FC waters but 

has much higher temperatures and salinities. This water is modified FC water [FC(a)] and 

is present on the shelf in the west of the study area. In addition, several samples of Mixed 

water have high salinities (>35.7) and high δ2H values (>3 per mil), but relatively low 

temperatures between 16°C and 17°C. These waters are identified as cooled GABP 

waters and are therefore included in the GABP water mass. GABP water is hence 

redefined to have mid to high salinities and temperatures, and high δ2H values.  

FC waters also show a range in isotopic compositions, and there appears to be two 

end members: mid δ18O-low δ2H waters and low δ18O-mid δ2H waters (Fig. 2.8). These 

end members are also spatially distinct off the shelf below the seasonal thermocline (~70 

m). The mid δ18O-low δ2H waters occur west of 132.5°E and are identified as the FC. 
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Figure 2.8.  δ2H versus δ18O values of eastern GAB waters, divided into distinct water 
masses on the basis of their temperatures and salinities. 
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These off-shelf waters are adjacent to modified FC(a) shelf waters that have a similar 

isotopic composition. The low δ18O-mid δ2H waters are present east of 132.5°E and are 

identified as a mixing of GABP shelf waters with off-shelf FC waters. This mixed water 

mass is labeled as FC+Outflow. Both FC and FC+Outflow waters are present in 

upwelling areas along the Eyre Peninsula. Therefore five water masses are identified in 

the eastern GAB based on their temperatures, salinities, nitrate contents and δ2H and δ18O 

values (Table 2.2; Fig. 2.9). δ18O and δ2H relationships on the shelf are predominantly 

defined by mixing of FC and FC(a) waters with GABP waters (Fig. 2.10). Mixed waters 

on the shelf represent mixing of these end members. In addition, increasing temperatures 

and salinities of the Mixed waters from east to west indicate progressive heating and 

evaporation of these waters on the shelf. 

Spatial distribution of the water masses indicates an increasing temperature and 

salinity gradient from east to west (Fig. 2.11). Mixed waters are divided into water 

masses mixed (a) and mixed (b) to show increasing temperatures and salinities within the 

one water mass. At depth (Fig. 2.11a), FC+Outflow waters are present at depth along the 

Eyre Peninsula. Mixed waters increase in temperature and salinity in a northwest 

direction along the coast. The GABP is present at the Head of the Bight and along the 

shelf edge to ~132-133°E, with pockets of modified FC water present in the west of the 

study area. At the surface (Fig. 2.11b), Mixed waters are present over most of the shelf, 

with GABP waters on the mid shelf and shelf edge between 130-133°E. Modified FC 

water is also present at the surface in the west of the study area. From east to west, 

transects show differences in the distribution of water masses with depth (Fig. 2.3, 2.12).  
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Table 2.2.  Properties of water masses defined on the basis of temperature, salinity, 
nitrate, δ2H and δ18O values. Flinders Current (FC), Flinders Current + Outflow 
(FC+Outflow), Mixed waters, Modified Flinders Current (FC(a)) and Great Australian 
Bight Plume (GABP). 

Water Mass Temperature Salinity δ18O δ2H Nitrate 

  (°C)   (per mil) (per mil) (µmol/L) 
FC <15.0 <35.5 1.0-1.8 -3.5-2.5 1.5-19.1 

FC+Outflow <15.2 <35.5 0.8-1.3 0.5-3.0 1.3-12.1 

Mixed 15.4-20.0 35.5-35.9 0.4-2.1 0.5-4.0 0-3.2 

FC(a) 16.5-21.0 35.7-36.2 1.0-2.0 -2.5-3.0 0-2.2 

GABP 16.3-21.0 35.7-36.2 0.8-1.7 3.0-7.0 0-2.5 
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Figure 2.9.  Properties of water masses in the eastern GAB, defined on the basis of their temperatures, salinities, δ2H and δ18O values. 
The five water masses: Flinders Current (FC), Flinders Current mixed with GAB outflow (FC+Outflow), Mixed waters, Great 
Australian Bight Plume (GABP) and modified Flinders Current are defined by relationships among (a) temperature versus salinity, (b) 
temperature versus δ2H and (c) temperature versus nitrate contents. 
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Figure 2.10. δ2H versus δ18O values of eastern GAB waters, divided into distinct water 
masses on the basis of their temperatures, salinities, nitrate contents and δ2H and δ18O 
values. 
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Figure 2.11. Maps showing the spatial distribution of water masses defined on the basis of their temperatures, salinities, nitrate 
contents and δ2H and δ18O values, showing distribution at bottom depths (a) and at the surface (b). The dashed line represents the 
estimated extent of FC+Outflow waters. 
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Figure 2.12. Transects of the eastern (a), central (b) and western (c) parts of the study 
area (Fig. 2.3), showing water masses defined on the basis of their temperatures, 
salinities, nitrate contents and δ2H and δ18O values. δ2H values are also shown for each 
station.  
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Discussion 

Shelf circulation  

Hydrographic and stable isotope data outlined here support previous modeling 

results (Herzfeld and Tomczak, 1999; Middleton and Platov, 2003) of counterclockwise 

circulation within the GAB (Fig. 2.13). There is a distinct temperature and salinity 

gradient from east to west across the eastern GAB, which is visible in spatial maps of the 

water mass distribution (Fig. 2.11) and CTD profiles and depth transects comparing 

eastern, central and western areas (Fig. 2.6, 2.12). Northwesterly flowing coastal currents 

form one arm of the anticyclonic gyre (Fig. 2.13). These currents are driven by westerly 

winds and surface Ekman transport in summer (Middleton and Cirano, 2002). The 

distribution of upwelled FC+Outflow and Mixed waters reflects this northwesterly flow 

of water (Fig. 2.6). FC+Outflow water present at depth along the Eyre Peninsula is mixed 

with warmer and more saline shelf waters as it flows along the coast. It becomes mixed 

water (a) then mixed water (b) as it flows towards the Head of the Bight. This pattern is 

also observed at the surface; mixed water (a) flows along the coast and becomes mixed 

water (b) from mixing, heating and evaporation around the Head of the Bight  

The returning arm of the gyre is formed from southeasterly flow of GABP water 

from the Head of the Bight to the shelf edge and east along the shelf break (Fig. 2.13). 

This southeasterly flow has been identified from modeling and sea surface temperature 

satellite imagery (Herzfeld, 1997; Herzfeld and Tomczak, 1999; Middleton and Platov, 

2003). Herzfeld (1997) used sea surface temperature satellite imagery to map the 

progression of the GABP in a southeasterly direction from the Roe Terrace to south of the 

Eyre Peninsula over summer-autumn. Satellite imagery shows the GABP around the 

Head of the Bight area at 130-131°E during late January, moving to the central eastern 

GAB at 134°E during March-April, and finally downwelling off the shelf south of the 

Eyre Peninsula at 136°E in May. Based on modeling results, Herzfeld and Tomczak 

(1999) attribute this southeasterly flow to southward topographic Sverdrup transport 
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Figure 2.13. Schematic diagram of currents in the eastern GAB shelf. The five water 
masses, Flinders Current, modified Flinders Current (FC(a)), Flinders Current mixed with 
GAB Outflow (FC+Outflow), Mixed waters, and Great Australian Bight Plume (GABP), 
display anticyclonic circulation on the shelf. Dashed lines of Flinders Current and 
Outflow represent the estimated mixing of these two currents to form the FC+Outflow 
water mass. See text for discussion. 
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within the wide sloping shelf of the GAB. Hydrographic data herein support this 

southeasterly flow. At depth, there is a northwest-southeast band of GABP water from the 

Head of the Bight to the shelf edge at ~133°E. At the surface, Mixed water is present 

around the Head of the Bight, while the GABP has flowed southeastward and occupies 

the mid shelf and shelf edge (Fig. 2.11). 

GABP water is present at the surface on the mid shelf and along the shelf edge 

between 130°E and 133°E. This water mass is characterised by surface temperatures 

above 20.0°C and surface salinities between 35.9 and 36.2, with all but one surface 

sample having salinities ≥36.0. The high temperatures and salinities suggest heating and 

evaporation of surface waters on the shelf. The GABP is seen in satellite imagery at 

134°E during March-April (Herzfeld, 1997). The results from this study show that GABP 

water is more widely spread than just a distinct plume at 134°E. The highest values of 

δ2H (>4 per mil) occur at the surface at stations 32, 33, 35 and 36 (~132.5°E), and at 50 m 

depth at station 44 (130.5°E) (Fig. 2.12). No δ2H data is available for the surface at 

station 44 but the CTD profile shows a well-mixed water column down to 70 m, 

suggesting that a similar high δ2H value would also be present at the surface. If movement 

of the GABP is both southeastwards and southwards from the Head of the Bight to the 

shelf edge, these stations would record the greatest effect from evaporation. This 

increases the spatial extent of the previously defined GABP to include surface areas along 

the shelf edge between 130°E and 132.5°E and also suggests that there is flow southward 

from the Head of the Bight to the shelf edge. However, not all surface samples along this 

southward path are GABP water; this water is mixing with modified FC water sourced 

from off the shelf, that has similar high temperatures and salinities but low δ2H values. 

At depth, GABP water is present at the shelf edge as far east as ~133°E, which 

correlates with the distinction between FC and FC+Outflow waters off the shelf. While 

the temperatures and salinities of these off-shelf waters are very similar (Fig. 2.9a), they 

are isotopically distinct, with FC waters having lower δ2H and higher δ18O values than the 



 45 

mixed FC+Outflow waters (Fig. 2.10). The spatial boundary between the two off-shelf 

waters is between stations 32 and 33 at ~132.5°E, suggesting that GABP water is flowing 

off the shelf in this area. The stations are very close to each other, but station 33 is closer 

to the shelf edge than station 32. The salinity and temperature profiles of station 33 show 

a higher salinity mixed layer of 14.5°C and 35.5 between 120 and ~210 m (Fig. 2.7), 

suggesting GABP water is flowing off the shelf and mixing with FC water. To the east of 

station 33 this mixed layer is no longer present, likely due to mixing and equilibration of 

temperature and salinity. A higher salinity layer is also observed in stations 17, 18 and 25. 

The salinity peak is at 110, 100 and 130 m, respectively. Station 18 is slightly to the east 

of station 17, so this salinity layer decreases depth towards the west, possibly suggesting 

westward flow as the water cools and sinks. Therefore, there appears to be outflow from 

the GAB shelf occurring in two areas, one around station 33 and one around station 18. 

Without isotopic data to the east of the GAB and without current meter data, it is unclear 

which way the outflow is moving, however it influences isotopic values of waters down 

to 440 m. This depth is greater than expected considering that temperature and salinity 

appear to equilibrate quickly and therefore this water would not be overly dense, and also 

that warm and highly saline outflow from Spencer Gulf reaches its density level at ~250 

m (Lennon et al., 1987). However, modeling results show mesoscale eddies within the FC 

along southern Australia (Arthur, 2006), which may allow for vertical mixing. The 

presence of these eddies may explain the influence of this outflow being observed at 440 

m. 

The isotopic compositions of waters at stations 17, 18 and 25 plot between GABP 

shelf samples and FC off-shelf samples, supporting mixing of the two sources off the 

shelf (Fig. 2.10). However, isotopic compositions of waters from station 33 show low 

δ18O values between 0.6 and 0.8 per mil, which are lower than δ18O values present in FC 

or GABP waters. Also one sample at 190 m depth at station 46 shows similar 

temperature, salinity and a similar isotopic signature to the mixed layer at 33. Both of 

these stations are closer to the shelf than stations 44, 45 and 32, which are all FC waters. 

Their similarity can be explained by the mixing of GABP and FC waters, however it does 
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not explain the low δ18O values. During January to April, the Leeuwin Current (LC) is 

found only as far as 121°E (Cresswell and Peterson, 1993). Also the mixed layer at 

station 33 has much lower temperature and salinity than the LC. Except for the one 

sample at station 46, off-shelf waters in the central GAB show an FC signature, as do 

several shelf samples proximal to this shelf edge region. Therefore, there does not appear 

to be an eastward current interfering with the intrusion of FC water onto the shelf in this 

area. Additions of water with low δ18O values from tropical storms may provide the low 

end member values observed in station 33 samples. Tropical storms can travel down the 

west coast of Australia and move into the GAB, and the tropical source of the rainfall 

would add water with low δ18O values to the GAB shelf. As the shelf is poorly-mixed, 

δ18O values as low as 0.4 per mil are present on the shelf, and GABP waters adjacent to 

the shelf edge (surface waters at stations 33, 36 and 44), have δ18O values of 0.8-0.9 per 

mil; therefore it is possible that the low δ18O values for station 33 and 46 are sourced from 

the shelf.  

The Flinders Current 

Off the shelf, waters with low δ2H and mid δ18O values represent the Flinders 

Current (FC). δ2H values as low as -3.5 per mil in FC waters reflect the influence of its 

subantarctic or Antarctic source. The FC is sourced from Subantarctic Mode Water 

formed within the Subantarctic Zone, with additions from the Tasman Outflow, a remnant 

of the East Australian Current that sinks and flows west around Tasmania. The FC also 

includes Antarctic Intermediate Water which flows west below the Subantarctic Mode 

Water at ~ 1000 m depth (Hufford et al., 1997). Subantarctic Mode Water forms in 

various regions within the Subantarctic Zone, the largest source region being in the 

southeast Indian Ocean (Sallée et al., 2006), and flows east as part of the Antarctic 

Circumpolar Current. The FC flows from the Subantarctic Zone north and then west 

along the Australian continental slope as part of a major anticyclonic gyre within the 
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South Australian Basin. There is limited isotopic data currently available to help 

distinguish water masses and source regions of the FC, although Meredith et al. (1999) 

measured δ18O values of water masses within the South Atlantic. The δ18O value of North 

Atlantic Deep Water is ~0.15 per mil; Subantarctic Surface Water ranges from 0 to 0.25 

per mil; South Atlantic Central Water is ~0.3 per mil; and Subtropical Surface Water is as 

high as 0.65 per mil. There is no δ2H data for these major water masses.  

Subantarctic Surface Water in the South Atlantic would be most similar to the 

southeast Indian Ocean formation region of Subantarctic Mode Water, which is likely the 

dominant source of the FC. South Atlantic Central Water and North Atlantic Deep Water 

may also provide sources for the FC if these water masses are incorporated into the 

Antarctic Circumpolar Current. δ18O values of ~1 to 1.2 per mil for the FC within the 

GAB region are somewhat higher than these sources, but additions from the East 

Australian Current would provide higher δ18O values. There is no isotopic data for the 

East Australian Current, although the values may be similar to those of the Leeuwin 

Current (LC), as they have similar source regions around northeastern Australia. 

Therefore estimated values of ~0.8 per mil from the Tasman outflow may help explain 

high values of the FC south of Australia. It is not understood why the FC has a high δ18O 

but low δ2H value. If there is major sea ice formation within one of the FC’s source 

regions, it is possible to increase the δ18O value at a greater rate than the δ2H value, 

especially if the sea ice is transported elsewhere before melting. Fractionation factors 

between ice and water are almost an order of magnitude higher for hydrogen isotopes 

(O’Neil, 1968; Lehmann and Siegenthaler, 1991), therefore resulting in a higher δ18O/δ2H 

ratio. It is possible that some of the FC is sourced from around Antarctica, where there is 

major sea ice formation. Horibe and Kobayak (1960) measured δ2H in several Antarctic 

surface samples ~65°S and found a range of -0.7 to -1.4 per mil. Values measured in the 

Atlantic Ocean at 60°S by Redfield and Friedman (1965; cited in Horibe and Ogura, 

1968) are approximately -2 to -3 per mil within the top 1000 m. Most δ2H values for the 
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FC are between -1 and +1 per mil, so it is plausible that the mix of sources from around 

Antarctica, the Subantarctic Zone and from the tropics could result in the values observed 

in FC water off the shelf of the eastern GAB. 

The FC has not been defined hydrographically; instead it is classed as westward 

flow along the continental slope (Middleton and Cirano, 2002; Middleton and Platov, 

2003). The core of westward flow and hence the FC is within the permanent thermocline 

(Middleton and Platov, 2003), which was between ~270 and 400 m during March 1998 

(Fig. 2.7). However, most current meter and modeling studies of the FC focus on 

intermediate depths and very little is known about the presence of the FC within the top 

300 m. It is well known that during winter, a strong eastward flowing LC is present 

within the top 250 m along the GAB shelf break, so that the FC would be present below 

this depth. However during summer when the LC is absent, it is unclear what surface 

currents are present and in what direction they are flowing. The only research that has 

addressed shelf break currents during summer is a modeling study by Middleton and 

Platov (2003), which indicates the presence of an eastward flowing current along the shelf 

break down to ~250 m. This current flows from near Esperance to Robe, arising from a 

sea level high in the western GAB caused by the convergence of offshore topographic 

Sverdrup transport and onshore flow of the FC. In the eastern GAB this eastward flow is 

driven by the anticyclonic gyre and southeastward movement of water towards the shelf 

edge, which then continues east along the shelf break. The presence of relatively dense 

upwelled water around Robe results in a trough in sea level that helps to drive this 

eastward flow (Middleton and Platov, 2003; Middleton and Bye, 2007). 

While there is no current meter data for March 1998, salinity and temperature 

profiles do not suggest changing flow direction between the seasonal thermocline (~70 m) 

and the permanent thermocline (~270 m) in the eastern GAB (Fig. 2.7). Salinity and 

temperature values appear to decrease gradually and there are no well-defined or spatially 

consistent mixed layers present. This suggests that flow below the seasonal thermocline is 

to the west and therefore the FC is present at ~70 m. Higher-salinity outflow from the 

eastern GAB is seen in some off-shelf stations, but does not appear to be well defined or 
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consistent enough across the shelf break to be classed as an eastward flowing current. 

While isotopic compositions of the off-shelf waters east of 132.5° indicate outflow from 

the GAB shelf, during late March 1998 the amount of outflow was not enough to form a 

discernable eastward flowing current.  

Eyre Peninsula upwelling 

Bottom waters along the Eyre Peninsula match FC+Outflow waters present off the 

shelf, with temperatures and salinities of <15.2°C and <35.5 (Fig. 2.9a). Temperature and 

salinity properties match FC+Outflow waters and do not match upwelled water from 

Kangaroo Island and the Bonney Coast (KI-BC; Fig. 2.7c). Bottom waters from stations 

21 and 22, which have the lowest temperatures and salinities of all shelf stations, match 

water properties present at ~150 m in stations 17 and 18, suggesting that this upwelled 

water is being sourced directly from the shelf break around stations 17 and 18 (134.5°E). 

There is an increase in salinity observed in stations 17 and 18 between 70 m and 130 m 

resulting from outflow from the GAB shelf, but as the shelf break is ~200 m, it is feasible 

that off-shelf water from 150 m could flood along the shelf bottom and reside at depth 

along the Eyre Peninsula, without interacting with the higher salinity layer above.  

Temperature and salinity depth profiles of FC water (Fig. 2.5a, b) also support 

upwelling from ~150 m, as temperatures and salinities of samples show little variation 

between this depth and the surface. Nutrient contents of bottom waters at stations 21 and 

22 on the shelf, however, match nitrate values observed in waters around 250 m off the 

shelf (Fig. 2.5c). Waters from 200 m at station 17 off the shelf have lower nitrate values 

than bottom waters from stations 21 and 22, suggesting that off-shelf water at 150 m may 

not be the only source of upwelled water on the shelf, as nutrient contents are too low.  

Previous research on upwelling events in the eastern GAB suggest that water is 

sourced from shelf-break upwelling off Kangaroo Island (KI), where it is then advected 

towards the western Eyre Peninsula by the westerly coastal currents (Kämpf et al., 2004; 

McClatchie et al., 2006; Middleton and Bye, 2007). This ‘pool’ of upwelled water resides 
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in the eastern GAB until upwelling-favourable winds bring it to the surface along the 

Eyre Peninsula. McClatchie et al. (2006) presented temperature data to show the KI 

‘pool’ with water <14°C, being advected along the coast towards the eastern GAB 

between the 100 and 200 m isobaths. The ~14°C water would match the temperatures 

observed in bottom waters at stations 21 and 22, which are 13.8°C and 13.9°C, 

respectively. Only one station around KI was sampled during the March 1998 cruise; 

station 16 is on the shelf with a maximum depth of 95 m. Salinity and temperature of 

bottom waters at this station match with salinities of upwelled water from KI and the 

Bonney Coast. Nitrate levels are 6.9 µmol/L, higher than levels observed in waters from 

the eastern GAB (Fig. 2.5c).  

While nitrate contents of bottom waters at stations 21 and 22 are higher than those 

at ~150 m at the shelf break in the eastern GAB, the remaining upwelled waters have low 

nitrate contents. The temperature, salinity and nutrient characteristics of the remaining 

upwelled waters are consistent with this water being sourced directly from the shelf 

break, likely flowing along the shelf bottom between 150 and 200 m and below the higher 

salinity layer seen in stations 17 and 18. As coastal currents flow west between KI and the 

GAB, it is conceivable that some upwelled water from KI flows along the shelf and into 

the eastern GAB. Therefore the pool of cool, fresh water residing at depth along the Eyre 

Peninsula may be a combination of off-shelf water and upwelled water from off KI, and 

this KI upwelling signature is displayed most prominently in nitrate contents of waters 

from stations 21 and 22, the closest eastern GAB shelf stations to KI. Stable isotope 

contents of upwelled waters show a mix of both FC and FC+Outflow signatures. As the 

cool, fresh upwelling water along KI and the Bonney Coast is the FC (Lewis, 1981; 

McLeay et al., 2003; Ward et al., 2006; Middleton and Bye, 2007), δ2H and δ18O values 

of Eyre Peninsula upwelled waters suggest a combination of eastern GAB shelf-break and 

KI sources. Therefore, hydrographic data in conjunction with stable isotope data support 

the theory that Eyre Peninsula upwelled waters are predominantly sourced from off-shelf 

water around stations 17 and 18, with addition of water from upwelling around KI. As 

off-shelf water around stations 17 and 18 is mixed FC+Outflow waters, it appears that 
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GABP waters flow off the shelf, mix with FC waters and are upwelled back onto the shelf 

along the Eyre Peninsula. 

Nutrient levels of upwelled waters are not remarkably high. Stations 21 and 22 

display nitrate contents close to 5 µmol/L, but the remaining samples are between 1.3 and 

3.9 µmol/L, which match with nutrient levels above 200 m in stations 17 and 18 (Fig. 

2.5c). Modeling by Baird (2003, cited from McClatchie et al., 2006) predicted that on the 

broad, shallow shelf of the eastern GAB, upwelling would occur at the shelf break rather 

than inshore, and nutrients would be quickly utilized by phytoplankton before reaching 

the surface. This could explain values as low as 1.3 µmol/L in waters sourced from ~150 

m depth. Dissolved oxygen values in waters from both eastern (Fig. 2.5d) and off-shelf 

stations show a distinct oxygen peak at the bottom of the seasonal thermocline. These 

values reach ~290 µmol/L at 100 m off the shelf and ~315 µmol/L at 40 m on the shelf. 

Both above and below these depths dissolved oxygen contents are lower. Dissolved 

oxygen contents of waters are ~240-250 µmol/L at ~150 m off the shelf, and these values 

remain constant down to the deepest sample at 540 m depth. Therefore upwelling of 

water from ~150 m cannot explain such high oxygen values of ~315 µmol/L at 40 m on 

the shelf, so that oxygen must be sourced by another mechanism. 

Riser and Johnson (2008) used direct measurements and modeling to study net 

dissolved oxygen consumption in the oligotrophic Pacific subtropical gyres. They found 

that dissolved oxygen concentrations in the mixed layer were low, but below this layer 

dissolved oxygen increased at a nearly constant rate. This increase in dissolved oxygen 

matched with independent measurements of net community production, suggesting that 

the ecosystem was a net producer of dissolved oxygen in this oligotrophic region. 

Maximum net community production was found at the bottom of the pycnocline, 

correlating with observations of a dissolved oxygen peak at the bottom of the seasonal 

thermocline and pycnocline in the eastern GAB. Dissolved oxygen contents of waters 

measured by Riser and Johnson (2008) were much lower than those seen in the eastern 
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GAB (<220 µmol/L), but if upwelled waters on the eastern GAB shelf are originally 

sourced from a high dissolved oxygen water mass with values ~250 µmol/L, it is feasible 

that primary productivity could increase values to ~300 µmol/L on the shelf. Therefore, 

the dissolved oxygen peak in the eastern GAB may be a result of primary productivity 

and net community production. Increases in primary productivity have been observed in 

the eastern GAB during upwelling periods. Ward et al. (2006) found that localized 

increases in surface chlorophyll-a concentrations and downstream increases in 

zooplankton biomass occurred during upwelling periods in the eastern GAB. Analysis of 

a major upwelling event from 3-10 March 1998 in the eastern GAB by Kämpf et al. 

(2004) showed that a week after the upwelling event, a distinct sub-surface chlorophyll-a 

maximum with values 10x that of the ambient water developed at a depth of 50 m. This 

depth matches the bottom of the seasonal thermocline and the dissolved oxygen peak seen 

in station 21 (Fig. 2.6c), though it is deeper than other upwelling stations along the coast 

(22, 23 and 24), which have oxygen peaks between 20 and 40 m. Kämpf et al. (2004), 

however, only published chlorophyll-a results from the surface and from 50 m depth; 

therefore the depth of the chlorophyll-a maximum may vary across the upwelling stations 

and match the depth of the seasonal thermocline. 

Central GAB upwelling 

Modified FC water [FC(a)] is present in the western part of the study area along the 

north-south sampling transect at 130.5°E (Fig. 2.11, 2.12). This water has similar δ2H and 

δ18O values as off-shelf FC water but has similar temperatures and salinities as GABP 

waters. Its spatial occurrence on the shelf matches the occurrence of FC water off the 

shelf, suggesting there is intrusion of FC water onto the shelf in this area, which is then 

modified by mixing with GABP water. Some mechanism is needed to bring this water 

onto the shelf. There is no mention of such a mechanism in the literature; rather the area 

has been defined as a region of downwelling (James et al., 2001; Middleton and Bye, 

2007). Most modeling studies, however, focus on the southeasterly movement and 
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downwelling of the GABP off the shelf ~135°E and very little is known about 

downwelling ~130°E. No downwelling is observed in this area in March 1998, where FC 

water is adjacent to modified FC(a) water (Fig. 2.12c). Middleton and Platov (2003) 

mention an onshore component of the FC while modeling summer circulation in the GAB 

region. In the western half of the bight, a ridging in sea level is formed from the 

convergence of the onshore FC with offshore topographic Sverdrup transport. This 

onshore component of the FC may be what is observed in the central bight during March-

April 1998.  

There is no enrichment of nutrients in this region of upwelling (Fig. 2.9c). Nutrients 

are depth dependent in off-shelf stations, and no distinction is made between FC and 

FC+Outflow waters. Below 200 m, nitrate is >3 µmol/L; between 120 and 140 m, nitrate 

is between 1 and 2 µmol/L, and above this nitrate is zero, suggesting that any available 

nutrients are being used up quickly within the photic zone. Nitrate contents of modified 

FC(a) waters show a range of 0 to 2.1 µmol/L, similar to values in Mixed and GABP 

waters. This suggests that FC waters may be flooding onto the shelf from depths less than 

140 m rather than from depths where higher nutrient contents prevail. Dissolved oxygen 

is generally low; while there is some increase in oxygen below the seasonal thermocline, 

it is not very significant, especially compared to the increase observed in eastern stations 

(Fig. 2.6c). This suggests that there is no significant primary productivity adding 

dissolved oxygen to the water, or that secondary producers are quickly using up any 

dissolved oxygen created. Also, mixing with nutrient-depleted GABP waters would result 

in low nutrient contents of waters in this area.  

Conclusions 

Five water masses are identified on the eastern Great Australian Bight (GAB) shelf 

using hydrographic and stable isotope data on waters sampled during March-April 1998. 

Two of these are end member water masses, the Flinders Current (FC) and the Great 

Australian Bight Plume (GABP), and the remaining three result from mixing, heating and 
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evaporation of these two end members on the shelf. δ2H and δ18O values of FC waters are 

generally -1.0 to +1.0 per mil and +1.0 to +1.2 per mil, respectively, whereas δ2H and 

δ18O values of GABP waters range from +3.0 to +7.0 per mil and 0.8 to 1.7 per mil, 

respectively. δ2H and δ18O values of waters discriminate mixed water masses that are 

indistinct from the FC and GABP on the basis of their temperatures and salinities: 1) a 

high temperature and salinity, low δ2H water mass that occurs spatially with and has 

similar temperatures and salinities as the GABP, but has a similar isotopic signature to the 

FC, and 2) isotopically distinct off-shelf waters east of ~132°E that suggest GABP waters 

are flowing off the shelf and mixing with FC waters in this area. These water masses are 

identified as modified FC and FC mixed with outflow waters, respectively. The final 

water mass occurs across the shelf and is a mixture of these four water masses. 

The distribution of these water masses reflects an anticyclonic gyre within the 

eastern GAB, showing progressive mixing, heating and evaporation as water flows in a 

northwesterly direction along the coast to the Head of the Bight and then in a 

southeasterly direction towards the shelf edge (Fig. 2.13). Cool and fresh upwelled FC 

waters present along the Eyre Peninsula mix with shelf waters and are heated and 

evaporated as they flow around the gyre. These waters mix with GABP waters around the 

Head of the Bight, which then flow southeastwards to the shelf edge. The occurrence of 

GABP waters along the shelf edge between 130° and 133°E suggests that flow of water is 

also southwards from the Head of the Bight to the shelf edge. 

Temperature and salinity properties of cool and fresh water present at depth along 

the Eyre Peninsula in the east of the study area match properties from stations at the shelf 

break, suggesting that water is flooding onto the shelf directly from the eastern GAB 

rather than being advected from Kangaroo Island east of the study area. This upwelled 

water is a combination of FC and GAB outflow water, therefore GABP water flows off 

the shelf, mixes with the FC and is incorporated into upwelling along the Eyre Peninsula. 

This upwelled water matches temperatures and salinities occurring at ~150 m at the shelf 

break, implying upwelling from this depth. Nitrate contents in some upwelled waters are 
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higher than those at the shelf break at ~150 m depth, suggesting some addition of 

nutrient-rich, deep upwelled water from Kangaroo Island, which is advected along the 

shelf and into the eastern GAB. The presence of modified FC water in the west of the 

study area indicates upwelling of FC water onto the shelf around 130°E, however this 

water does not appear to supply nutrients onto the shelf.  

The complex relationships observed among isotopic compositions, salinity and 

temperature in the eastern GAB are attributed to a combination of mixing and evaporative 

processes occurring on the shelf. Waters from two isotopically and hydrographically 

distinctly water masses mix both on and off the shelf, and GAB outflow waters that have 

mixed with the FC are incorporated into upwelling along the Eyre Peninsula to recirculate 

around the gyre. Further hydrographic and isotopic information of the regional FC and the 

Leeuwin Current, which is dominant on the shelf in winter and would likely be the source 

of remnant shelf waters during summer, would allow for greater understanding of mixing 

processes occurring on the shelf. Isotopic information of off-shelf water to the east of the 

GAB would help clarify the role of deep upwelling off Kangaroo Island along the Eyre 

Peninsula, and the interactions between and eastward extent of the FC and GAB outflow 

waters. 

References 

Andrews, J. C. (1977), Eddy structure and the West Australian Current, Deep-Sea 

Research, 24(12), 1133-1148. 

Arthur, W.C. (2006), The Flinders Current and Upwelling in Submarine Canyons, M. Sc. 

thesis, 129 pp., The University of New South Wales, Australia.  

Batteen, M. L., R. A. Kennedy and H. A. Miller (2007), A process-oriented numerical 

study of currents, eddies and meanders in the Leeuwin Current System, Deep-Sea 

Research Part II-Topical Studies in Oceanography, 54(8-10), 859-883. 

Batteen, M. L. and M. J. Rutherford (1990), Modeling studies of eddies in the Leeuwin 



 56 

Current – the role of thermal forcing, Journal of Physical Oceanography, 20(9), 

1484-1520. 

Bureau of Meteorology (2008) Bureau of Meteorology, Australian Government website: 

http://www.bom.gov.au/, accessed 7 October 2008. Page last updated September, 

2008.  

Bye, J. A. T. (1972), Oceanic circulation South of Australia, in Antarctic Oceanology II: 

The Australian-New Zealand Sector, Antarctic Research Series, vol. 19, edited by 

D. E. Hayes, pp. 95-100, AGU, Washington D. C. 

Cirano, M. and J. F. Middleton (2004), Aspects of the mean wintertime circulation along 

Australia’s southern shelves: Numerical studies, Journal of Physical Oceanography, 

34(3), 668-684. 

Corlis, N. J., H. H. Veeh, J. C. Dighton and A. L. Herczeg (2003), Mixing and 

evaporation processes in an inverse estuary inferred from delta H-2 and delta O-18, 

Continental Shelf Research, 23(8), 835-846. 

Craig, H. (1966), Isotopic composition and origin of Red Sea and Salton Sea geothermal 

brines, Science, 154(3756), 1544. 

Craig, H., L. I. Gordon and Y. Horibe (1963), Isotopic exchange effects in evaporation of 

water. 1. Low-temperature experimental results, Journal of Geophysical Research, 

68(17), 5079-5087. 

Cresswell, G. R. and T. J. Golding (1980), Observations of a south-flowing current 

system in the southeastern Indian-Ocean, Deep-Sea Research Part I-Oceanographic 

Research Papers, 27(6), 449-466. 

Cresswell, G. R. and D. A. Griffin (2004), The Leeuwin Current, eddies and sub-

Antarctic waters off south-western Australia, Marine and Freshwater Research, 



 57 

55(3), 267-276. 

Cresswell, G. R. and J. L. Peterson (1993), The Leeuwin Current South of Western-

Australia, Australian Journal of Marine and Freshwater Research, 44(5), 779-783. 

CSIRO (2001) Data Trawler, CSIRO Marine and Atmospheric Research (CMAR) Data 

Center. Commonwealth Scientific and Industrial Research Organisation, Australia; 

data provided by CSIRO and reproduced with the permission of CSIRO. 

Donner, B. and G. Wefer (1994), Flux and stable-isotope composition of 

Neogloboquadrina-pachyderma and other planktic foraminifers in the Southern-

Ocean (Atlantic Sector), Deep-Sea Research Part I-Oceanographic Research Papers, 

41(11-12), 1733-1743. 

Domingues, C. M., M. E. Maltrud, S. E. Wijffels, J. A. Church and M. Tomczak (2007), 

Simulated Lagrangian pathways between the Leeuwin Current Systsm and the 

upper-ocean circulation of the southeast Indian Ocean, Deep-Sea Research Part II-

Topical Studies in Oceanography, 54(8-10), 797-817. 

Edyvane, K. S. (1998), Great Australian Bight Marine Park Management Plan, Part B, 

Resource Information, 70 pp., Department of Environment, Heritage and Aboriginal 

Affairs, South Australia. 

Epstein, S. and T. Mayeda (1953), Variation of O-18 content of waters from natural 

sources, Geochimica et Cosmochimica Acta, 4(5), 213-224. 

Frew, R. D., P. F. Dennis, K. J. Heywood, M. P. Meredith and S. M. Boswell (2000), The 

oxygen isotope composition of water masses in the northern North Atlantic, Deep-

Sea Research Part 1-Oceanographic Research Papers, 47(12), 2265-2286. 

Friedman, I. (1953), Deuterium content of natural waters and other substances, 

Geochimica et Cosmochimica Acta, 4(1-2), 89-103. 



 58 

Gat, J. R., A. Shemesh, E. Tziperman, A. Hecht, D. Georgopoulos and O. Basturk (1996), 

The stable isotope composition of waters of the eastern Mediterranean Sea, Journal 

of Geophysical Research-Oceans, 101(C3), 6441-6451. 

Gersbach, G. H., C. B. Pattiaratchi, G. N. Ivey and G. R. Cresswell (1999), Upwelling on 

the south-west coast of Australia – source of the Capes Current? Continental Shelf 

Research, 19(3), 363-400. 

Godfrey, J. S. and K. R. Ridgway (1985), The large-scale environment of the poleward-

flowing Leeuwin Current, Western-Australia – Longshore steric height gradients, 

wind stresses and geostrophic flow, Journal of Physical Oceanography, 15(5), 481-

495. 

Godfrey, J. S., D. J. Vaudrey and S. D. Hahn (1986), Observations of the shelf-edge 

current south of Australia, Journal of Physical Oceanography, 16(4), 668-679. 

Government of SA (2007) Atlas of South Australia website: http://www.atlas.sa.gov.au/ 

Government of South Australia, accessed 8 Sept, 2008. Page last updated June, 

2007. 

Griffin, D. A., P. A. Thompson, N. J. Bax, R. W. Bradford and G. M. Hallegraeff (1997), 

The 1995 mass mortality of pilchard: No role found for physical or biological 

oceanographic factors in Australia, Marine and Freshwater Research, 48(1), 27-42. 

Herzfeld, M. (1997), The annual cycle of sea surface temperature in the Great Australian 

Bight, Progress in Oceanography, 39(1), 1-27. 

Herzfeld, M. and M. Tomczak (1999), Bottom-driven upwelling generated by eastern 

intensification in closed and semi-closed basins with a sloping bottom, Marine and 

Freshwater Research, 50(7), 613-628. 

Horibe, Y. and M. Kobayak (1960), Deuterium abundance of natural waters, Geochimica 



 59 

et Cosmochimica Acta, 20, 273-283. 

Horita, J., K. Roanski and S. Cohen (2008), Isotope effects in the evaporation of water: a 

status report of the Craig-Gordon model, Isotopes in Environmental and Health 

Studies, 44(1), 23-49. 

Hufford, G. E., M. S. McCartney and K. A. Donohue (1997), Northern boundary currents 

and adjacent recirculations off southwestern Australia, Geophysical Research 

Letters, 24(22), 2797-2800. 

James, N. P., Y. Bone, L. B. Collins and T. K. Kyser (2001), Surficial sediments of the 

Great Australian Bight: Facies dynamics and oceanography on a vast cool-water 

carbonate shelf, Journal of Sedimentary Research, 71(4), 549-567. 

James, N. P. and C. C. von der Borch (1991), Carbonate shelf edge off southern 

Australia: A prograding open-platform margin, Geology, 19, 1005-1008. 

Kämpf, J., M. Doubell, D. Griffin, R. L. Matthews and T. M. Ward (2004), Evidence of a 

large seasonal coastal upwelling system along the southern shelf of Australia, 

Geophysical Research Letters, 31(9), article L09310. 

Kennett, J. P. (1966), Foraminiferal evidence of a shallow calcium carbonate solution 

boundary, Ross Sea, Antarctic, Science, 153, 191-193. 

Lehmann, M. and U. Siegenthaler (1991), Equilibrium oxygen- and hydrogen-isotope 

fractionation between ice and water, Journal of Glaciology, 37(125), 23-26. 

Lennon, G. W., D. G. Bowers, R. A. Nunes, B. D. Scott, M. Ali, J. Boyle, W. J. Cai, M. 

Herzfeld, G. Johansson, S. Nield, P. Petrusevics, P. Stephenson, A. A. Suskin and 

S. E. A. Wijffels (1987), Gravity currents and the release of salt from an inverse 

estuary, Nature, 327(6124), 695-697. 



 60 

Lewis, R. K. (1981), Seasonal upwelling along the southeastern coastline of South-

Australia, Australian Journal of Marine and Freshwater Research, 32(6), 843-854. 

Lloyd, R. M. (1966), Oxygen isotope enrichment of sea water by evaporation, 

Geochimica et Cosmochimica Acta, 30(8), 801-814. 

Longhurst, A. (1998), Ecological Geography of the Sea, 398 pp., Academic Press, San 

Diego. 

McCartney, M. (1977), Subantarctic Mode Water, in A Voyage of Discovery: George 

Deacon 70th Anniversary Volume, Deep-Sea Research, vol. 24 (Suppl.), edited by 

M. V. Angel, pp. 103-119, Pergamon Press, Oxford. 

McCartney, M. S. and K. A. Donohue (2007), A deep cyclonic gyre in the Australian-

Antarctic Basin, Progress in Oceanography, 75(4), 675-750. 

McClatchie, S., J. F. Middleton and T. M. Ward (2006), Water mass analysis and 

alongshore variation in upwelling intensity in the eastern Great Australian Bight, 

Journal of Geophysical Research-Oceans, 111(C8), article C08007. 

McLeay, L. J., S. J. Sorokin, P. J. Rogers and T. M. Ward (2003), Benthic Protection 

Zone of the Great Australian Bight Marine Park: 1. Literature Review, 70 pp., 

South Australian Research and Development Institute (Aquatic Sciences), West 

Beach, South Australia. 

Meredith, M. P., K. E. Grose, E. L. McDonagh and K. J. Heywood (1999), Distribution of 

oxygen isotopes in the water masses of Drake Passage and the South Atlantic, 

Journal of Geophysical Research, 104(C9), 20,949-20,962. 

Meredith, M. P., M. A. Brandon, M. I. Wallace, A. Clarke, M. J. Leng, I. A. Renfrew, N. 

P. M. van Lipzig and J. C. King (2008), Variability in the freshwater balance of 

northern Marguerite Bay, Antarctic Peninsula: Results from δ18O, Deep-Sea 



 61 

Research Part II, 55, 309-322. 

Middleton, J. F. and G. Platov (2003), The mean summertime circulation along 

Australia’s southern shelves: A numerical study, Journal of Physical Oceanography, 

33(11), 2270-2287. 

Middleton, J. F. and M. Cirano (2002), A northern boundary current along Australia’s 

southern shelves: The Flinders Current, Journal of Geophysical Research-Oceans, 

107(C9), article 3129. 

Middleton, J. F. and J. A. T. Bye (2007), A review of the shelf-slope circulation along 

Australia’s southern shelves: Cape Leeuwin to Portland, Progress in Oceanography, 

75(1), 1-41. 

Price, M. R., K. J. Heywood and K. W. Nicholls (2008), Ice-shelf – ocean interactions at 

Fimbul Ice Shelf, Antarctica from oxygen isotope ratio measurements, Ocean 

Science, 4, 89-98. 

Ridgway, K. R., J. R. Dunn and J. L. Wilkin (2002), Ocean interpolation by four-

dimensional least squares: Application to the waters around Australia, Journal of 

Atmospheric Oceanic Technology, 19(9), 1357-1375. 

Ridgway, K. R. and S. A. Condie (2004), The 5500-km-long boundary flow off western 

and southern Australia, Journal of Geophysical Research-Oceans, 109(C4), article 

C04017. 

Rintoul, S. R. and S. Sokolov (2001), Baroclinic transport variability of the Antarctic 

Circumpolar Current south of Australia (WOCE repeat section SR3), Journal of 

Geophysical Research-Oceans, 106(C2), 2815-2832. 

Riser, S. C. and K. S. Johnson (2008), Net production of oxygen in the subtropical ocean, 

Nature, 451(7176), 323-326. 



 62 

Rochford, D. J. (1986), Seasonal-changes in the distribution of Leeuwin Current water off 

southern Australia, Australian Journal of Marine and Freshwater Research, 37(1), 1-

10. 

Schahinger, R. B. (1987), Structure of coastal upwelling events observed off the southeast 

coast of South-Australia during February 1983-April 1984, Australian Journal of 

Marine and Freshwater Research, 38(4), 439-459. 

Schodlok, M. P., M. Tomczak and N. White (1997), Deep sections through the South 

Australian Basin and across the Australian-Antarctic Discordance, Geophysical 

Research Letters, 24(22) 2785-2788. 

Skordaki, E-M. (2001), Determination of major and trace elements in eastern great 

Australian Bight Seawater by double-focusing inductively coupled plasma mass 

spectrometry, M. Sc. thesis, 192 pp., Queen’s University, Kingston, Ont. 

Speich, S., B. Blanke, P. de Vries, S. Drijfhout, K. Döös, A. Ganachaud and R. Marsh 

(2002), Tasman leakage: A new route in the global ocean conveyor belt, 

Geophysical Research Letters, 29(10), 1416, doi: 10.1029/2001GL014586. 

Tada, Y., H. Wada and H. Miura (2006), Seasonal stable oxygen isotope cycles in an 

Antarctic bivalve shell (Laternula elliptica): a quantitative archive of ice-melt 

runoff, Antarctic Science, 18(1), 111-115. 

Veevers, J. J., C. M. Powell and S. R. Roots (1991), Review of sea-floor spreading 

around Australia. 1. Synthesis of the patterns of spreading, Australian Journal of 

Earth Sciences, 38(4), 373-389. 

Ward, T. M., L. J. McLeay, W. F. Dimmlich, P. J. Rogers, S. A. M. McClatchie, R. 

Matthews, J. Kämpf and P. D. van Ruth (2006), Pelagic ecology of a northern 

boundary current system: effects of upwelling on the production and distribution of 

sardine (Sardinops sagax), anchovy (Engraulis australis) and southern bluefin tuna 



 63 

(Thunnus maccoyii) in the Great Australian Bight, Fisheries Oceanography, 15(3), 

191-207. 

Wijffels, S., N. Bray, S. Hautala, G. Meyers and W. M. L. Moriwitz (1996), The WOCE 

Indonesian throughflow repeat hydrography sections: I10 and IR6, WOCE 

International Newsletter, 24, 25-28. 



 64 

CHAPTER 3 
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CONCENTRATIONS IN MODERN BRACHIOPODS FROM 

THE EASTERN GREAT AUSTRALIAN BIGHT: RECORDING 

AMBIENT OCEANOGRAPHIC CONDITIONS 
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Abstract 

Analysis of δ18O values and trace element concentrations in the articulated 

brachiopod Anakinetica cumingi from the eastern Great Australian Bight indicate that 

brachiopods faithfully record ambient temperatures and oceanographic conditions. δ18O 

values in the brachiopods in conjunction with variable temperatures and δ18O values in 

seawater throughout the year provide evidence for brachiopod major growth periods. δ18O 

values in seawater are distinctly different during summer in response to localised 

upwelling compared to the rest of the year when the oligotrophic Leeuwin Current 

influences waters on the shelf. Calculated brachiopod temperatures from their δ18O values 

are most accurate assuming 70% of brachiopod growth occurs during summer and 30% of 

growth occurs during the rest of the year. It is postulated that brachiopods are growing 

more during upwelling periods in response to an increase in food supply. 

Ba, Ni and V concentrations in the brachiopod shells show spatial variation that 

matches with water mass distribution on the shelf. Ba positively correlates with nutrients 

in the water and is enriched in brachiopods growing in upwelling areas. Ni and V 

positively correlate with seawater temperatures, suggesting that incorporation of these 
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two elements into brachiopod calcite is temperature dependant. All three elements reflect 

the anticlockwise circulation pattern present in the eastern Great Australian Bight during 

summer. Mg concentrations show little variation across the shelf, and show little 

correlation with temperature. If brachiopods are growing predominantly during cool 

upwelling periods, it is possible that the combination of high growth rate with low 

seawater temperatures is negating any Mg-temperature trends. 
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Introduction 

δ18O values of fossil brachiopod shells are commonly used as proxies for 

temperatures and secular variations in the δ18O value of ancient seawater (Lowenstam, 

1961; Veizer et al., 1986; Popp et al., 1986; Brand, 1989a,b; Grossman et al., 1991; 

Wenzel and Joachimski, 1996). Brachiopods have been chosen as proxies because of their 

abundance and diversity throughout the rock record and the low-magnesium calcite 

(LMC) composition of their shells (Lowenstam, 1961; Popp et al., 1986). Most 

brachiopod species are composed of LMC, with MgCO3 concentrations lower than 7.0 

mol% (Brand, 1989a). This is the most stable form of skeletal carbonate and is considered 

to be the most resistant to diagenetic alteration (Al-Assam and Veizer, 1982; Lowenstam, 

1961), making brachiopods ideal candidates as paleoceanographic proxies. 

The use of brachiopods as proxies is underpinned by the assumption that they 

incorporate oxygen isotopes in equilibrium with surrounding seawater (Lowenstam, 

1961). Recently, several studies have measured δ18O in modern brachiopod shells to test 

whether δ18O values and calculated temperatures are indicative of ambient conditions 

(Carpenter and Lohmann, 1995; Buening and Spero, 1996; James et al., 1997; Curry and 

Fallick, 2002; Brand et al., 2003; Parkinson et al., 2005). Carpenter and Lohmann (1995) 

initially addressed the question of disequilibrium and vital effects during isotope 

incorporation. They measured δ18O and δ13C of modern brachiopod shells from a variety 

of environments, and examined differences within and between individuals and species. 

They found that the thin primary layer and specialized areas of the secondary layer were 

depleted in 18O and 13C, indicating that these areas were influenced by vital effects. Curry 

and Fallick (2002) found differences in δ18O values between the brachial and pedicle 

valves of Calloria inconspicua from the Otago Shelf in New Zealand, and determined that 

the smaller brachial valve showed equilibrium values, likely due to the smaller weight 

percent of primary layer calcite within this valve. Parkinson et al. (2005) determined that 
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the secondary and tertiary layers of modern articulated Terebratulida and Rhynchonellida 

species were in oxygen isotopic equilibrium with surrounding seawater. Apparent 

equilibration temperatures calculated from δ18O values were close to measured mean 

annual seawater temperatures. 

When calculating isotopic temperatures using brachiopod δ18O values, the δ18O 

value of seawater is generally assumed to relate to salinity variation or secular changes in 

global seawater δ18O values (e.g. Carpenter and Lohmann, 1995; Auclair et al., 2003; 

Brand et al., 2003). However, in addition to the freshwater-evaporation balance, regional 

and local δ18O values in seawater are related to the mixing and addition of water masses 

from different source regions (Frew et al., 2000; Chapter 2). δ18O values in seawater are 

just as important as temperature for brachiopod δ18O values, therefore assuming a 

constant δ18O value of seawater can lead to errors in the relationship between temperature 

and brachiopod δ18O. Few studies have used direct δ18O measurements of seawater when 

using brachiopods as proxies for ambient conditions, exceptions being Rahimpour-Bonab 

et al. (1997) and Rodland et al. (2003). 

The δ18O values of seawater from the Great Australian Bight (GAB) shows that 

seawater values can be highly variable both spatially and seasonally in a shallow shelf 

setting (Chapter 2). Seawater shows variations of 1.6 per mil in δ18O values throughout 

the year in the eastern GAB, which would correspond to a calculated temperature change 

of about 5°C using brachiopod δ18O values. This appears to be the result of two dominant 

currents from different source regions influencing the shelf at different times of the year 

(Chapter 2). While it is not always feasible to measure both seawater and brachiopod δ18O 

values, the combination of both provides greater accuracy and insight into incorporation 

of isotopes into the brachiopod shell, what the brachiopods are actually recording, and 

their application to paleoceanographic studies.  

The viability of using trace elements as oceanographic proxies in brachiopods has 
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not been significantly explored. Few studies have measured trace elements in brachiopods 

to determine oceanographic conditions, with most studies using trace element contents to 

test for diagenesis, as diagenetic fluids are rich in Mn and Fe and low in Sr and Mg 

(Brand and Veizer, 1980; Buening et al., 1998; Brand et al., 2003). Buening and Carlson 

(1992) measured Mg contents in transects across brachiopod shell and found Mg 

incorporation to be related to temperature and growth rate. Buening (1998) found higher 

levels of Cu, Zn, Mn and Fe in the outer portion of the brachiopod shell, possibly relating 

to the presence of the primary layer. Grossman et al. (1996) found cycles in Na, Mg and S 

from fossil brachiopods and attributed them to seasonal fluctuations in temperature and 

growth rate. Recently, Brand et al. (2007) measured Fe/Mn ratios in modern and fossil 

brachiopods, and determined that Fe concentrations could be used as proxies for 

upwelling and ocean productivity. Apart from this study, there are no results on the 

incorporation of other divalent cations such as Ni, V, Cr, Co, Ba and Pb, which can 

substitute for Ca in the low-Mg calcite lattice. These elements have distinct distributions 

in seawater, and their variations can be linked to biological activity, terrestrial and 

sediment sources, or conservative mixing. If brachiopods incorporate these elements into 

the calcite lattice in relation to variations in seawater concentrations, they may provide 

valuable proxies for element cycles through time. 

The purpose of this study is to assess the use of brachiopods from cool-water 

oceans as recorders of local oceanographic conditions, and to determine what the 

geochemistry of brachiopod shells actually record. Stable isotopic compositions and trace 

element contents were measured in modern brachiopods from a shallow region along the 

southern shelf of South Australia (Fig. 3.1), where the oceanography is complex but 

understood, and where δ18O values in seawater, temperature and salinity measurements 

are available throughout the year. Evaluation of isotopic equilibrium, when brachiopods 

grow, how they incorporate trace elements into their shell and whether they record 

average or temporally variable oceanographic conditions is assessed using live or recently 

dead brachiopods in conjunction with direct measurements of their ambient growing 

conditions. 
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Figure 3.1.  Map showing the Great Australian Bight (GAB) study area. Locations and 
features mentioned in the text are marked. Dashed blue lines represent bathymetric 
features: the shelf edge and Roe Terrace. 
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Setting 

The Great Australian Bight (GAB) is part of the Southern Australian passive 

continental margin, which formed during the separation of Australia and Antarctica 

during the Cretaceous (Veevers et al., 1991). The wide GAB shelf is the most extensive 

geomorphic feature in the region, covering 35% of the southern shelf with an area of 

177,130 km2 (James and von der Borch, 1991). It extends from Cape Pasley in the west to 

the southern tip of Eyre Peninsula in the east (Fig. 3.1). The GAB is a latitude-parallel 

shelf that can be divided into an inner shelf (0-50 m), a middle shelf (50-120 m) and an 

outer shelf (125-170 m) based on bathymetry, with the shelf-break at approximately 200 

m water depth. The middle shelf covers the greatest area, and most of the shelf is within 

40-100 m water depth. With the exception of shallow bays, water depths reach >50 m 

within a few km of the coast in the eastern GAB (James et al., 2001). The shelf is open to 

the southern ocean and experiences high-energy southwesterly swell and storm waves 

that move sediments down to 120 m (James et al., 1994). There are no significant rivers 

in the area and therefore no input of surface fresh water, terrestrial nutrients or 

siliciclastic sediments. The only notable river in the region is the Murray River east of the 

study area. It has an average annual discharge of 0.89 m3/s (Longhurst, 1998), which can 

be considered negligible.  

With limited or negligible terrigenous input, the area flourishes as an extensive 

cool-water carbonate province with warm temperate conditions inboard and cool 

temperate conditions outboard (James et al., 1994). Cool-water carbonate deposition has 

been active since the Middle Eocene, resulting in a prograding carbonate ramp succession 

almost 1 km thick (Feary et al., 2004). Modern sediments form only a thin veneer over 

the Cenozoic bedrock. This is due to restricted sediment accumulation from the high-

energy southwesterly swell and storm waves, which limit deposition and move sediments 

offshore, resulting in a shaved shelf (James et al., 1994). Carbonate production varies 

across the shelf, reflecting both the spatial and seasonal variations in local oceanography. 

Production is enhanced on the outer shelf where off-shelf water can intrude onto the shelf, 
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whereas production is hindered by downwelling of warm, saline, nutrient-depleted waters 

(James et al., 2001). Sediments are a typical heterozoan assemblage, dominated by 

skeletons of molluscs, bryozoans, foraminifers and coralline algae. Brachiopods, although 

rare, are widespread and locally abundant (James et al., 2001). 

Oceanography 

The oceanography of the eastern GAB is seasonally variable, with a well-mixed and 

isothermal water mass during austral winter and spring, and stratified and spatially 

variable water masses during summer and autumn. From May to November, temperature 

and salinity on the shelf is generally well mixed. During this time, the Leeuwin Current 

(LC) is at its strongest, flowing south along Western Australia and then east along the 

southern continental shelf (Fig. 3.2). It is a poleward eastern boundary current that forms 

a strong (>150 cm/s at times), narrow (<100 km wide), oligotrophic surface current (<250 

m) that flows along the shelf break (Cresswell and Golding, 1980; Batteen et al., 2007). It 

is sourced from the Indonesian throughflow with additions of subtropical water along the 

western Australian coast (Godfrey and Ridgway, 1985; Domingues et al., 2007). 

Temperature and salinity of the LC is 17-19°C and ~35.6, respectively (Rochford, 1986). 

The current is strongest in austral winter and flows along the GAB shelf edge from May 

to October. During this time, it floods onto the shelf and forms a well-mixed water 

column. The warm, saline LC water occupies the western and central areas of the GAB 

shelf during most of the year (Longhurst, 1998) and is modified by surface heating and 

evaporation during summer. 

The oceanography of the eastern GAB shelf is more complex during summer. 

Analysis of hydrographic and stable isotope data collected during March 1998 (see 

Chapter 2) provides the following information about oceanography and water mass 

distribution during late austral summer-early autumn. A seasonal thermocline develops 

from intense surface heating and influx of cool off-shelf water onto the eastern GAB 

shelf. There is also temperature and salinity variation from east to west, as cool off-shelf 

water from the Flinders Current upwells in the east and flows around the eastern GAB in  
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Figure 3.2.  Oceanography of the southern Australian region, showing the major 
currents present in the study area. GABP is Great Australian Bight Plume; dashed blue 
line is shelf edge; warm currents are in red and cold currents are in blue. 
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Figure 3.3.  Schematic diagram of bottom water masses on the eastern GAB shelf, with 
the Flinders Current shown off the shelf. The Flinders Current mixed with GAB Outflow 
(FC+Outflow), Mixed waters (Mixed) and the Great Australian Bight Plume (GABP) 
display anticyclonic circulation on the shelf. Modified Flinders Current (FC(a)) flows 
north from the shelf edge in the west of the study area. Dashed lines of the Flinders 
Current and GAB Outflow represent the estimated mixing of these two currents to form 
the FC+Outflow water mass. See Chapter 2 for discussion. 



 74 

Table 3.1.  Characteristics of water masses present on the bottom during March 1998: 
Flinders Current + GAB outflow (FC+Outflow); Mixed; Modified Flinders Current 
(Modified FC); and the Great Australian Bight Plume (GABP). For further analysis and 
discussion of these water masses see Chapter 2. 

Water Mass Temperature Salinity δ18O δ2H Nitrate 

  (°C)   (per mil) (per mil) (µmol/L) 

FC+Outflow 13.9-15.2 35.4-35.5 0.8-1.8 0-3.0 2.4-5.0 

Mixed 15.4-16.4 35.5-35.8 1.0-1.4 0.5-3.0 1.5-3.2 

Modified FC 16.9-17.4 35.8-36.0 1.7-1.9 -2.5-1.5 0-2.1 

GABP 16.3-18.1 35.7-36.0 0.8-1.3 3.0-4.5 1.3-2.5 
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an anticlockwise direction, increasing in temperature and salinity as it does so. Coolest 

water is found along the Eyre Peninsula and warmest water is found around the Head of 

the Bight. Four water masses are identified on the shelf bottom during this time period, on 

the basis of their temperatures, salinities, δ18O and δ2H values (Fig. 3.3; Table 3.1).  

Flinders Current + GAB outflow 

The Flinders Current + GAB outflow (FC+Outflow) water mass is present at depth 

along the Eyre Peninsula as far north as Streaky Bay. This water mass is formed off the 

shelf when outflow from the GAB shelf mixes with the westerly flowing Flinders 

Current. This water mass is then upwelled onto the shelf. At depth, these upwelled waters 

have low temperatures and salinities, low to high δ18O and mid δ2H values. FC+Outflow 

waters along the shelf bottom have δ18O values between 0.8 and 1.6 per mil and high 

nitrate values between 2.4 and 5.0 µmol/L.  

Great Australian Bight Plume  

The Great Australian Bight Plume (GABP) is a warm and saline water mass that 

occurs at depth in the western part of the study area and on the mid shelf in the central 

part of the study area (Fig. 3.3). GABP waters along the shelf bottom are characterised by 

temperatures between 16.3 and 18.1°C, salinities >35.7 and δ2H values >3 per mil. δ18O 

values vary from 0.8 to 1.3 per mil (Table 3.1). This water mass develops over the 

shallow Roe Terrace during summer (Fig. 3.1), where surface waters are heated and 

evaporated. In late summer, these waters flow in a southeasterly direction across the 

eastern GAB, cool and sink, and flow along the shelf bottom. These waters flow off the 

shelf at ~132°E, and mix with the Flinders Current to form the FC+Outflow water mass. 

Nitrate values of GABP bottom waters are low, between 1.3 and 2.5 µmol/L. 

Modified FC waters 

Modified Flinders Current waters have a similar isotopic composition to the off-

shelf Flinders Current (FC), but have high temperatures and salinities and occur spatially 
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with GABP waters on the shelf. Modified FC waters are present on the bottom at ~130°E 

on the shelf edge and around the Head of the Bight, and indicate intrusion of the FC into 

the central GAB (Fig. 3.3). Bottom waters are characterised by temperatures between 

16.9 and 17.4°C, salinities >35.8, low δ2H values between -2.5 and +1.5 per mil and high 

δ18O values between 1.7 and 1.9 per mil (Table 3.1). There is no nitrate enrichment in 

modified FC waters as intrusion of water onto the shelf is sourced from depths less than 

150 m and nutrients have been utilized by primary productivity. Nitrate values are 

between 0 and 2.1 µmol/L, similar to nitrate values in GABP waters and in FC waters 

shallower than 150 m. 

Mixed waters 

Mixed waters are a result of mixing between the other water masses on the eastern 

GAB shelf. This water mass occurs at depth in the central part of the study area between 

FC+Outflow and GABP waters (Fig. 3.3). Mixing of upwelled FC+Outflow waters with 

remnant shelf waters and GABP waters at depth results in a water mass of intermediate 

properties. Bottom waters are characterised by temperatures between 15.4 and 16.4°C, 

salinities between 35.5 and 35.8, δ2H values between 0.5 and 3.0 per mil, and δ18O values 

between 1.0 and 1.4 per mil (Table 3.1). Nitrate values in Mixed waters are generally ~2 

µmol/L.  

Procedures 

Terebratulid brachiopods were picked from sediment grab samples collected during 

cruise FR9803 in late March-early April 1998. Brachiopods analysed are all Anakinetica 

(Magadina) cumingi, of the suborder Terebratellidae. This is a free-living form, found 

within sandy substrates (Richardson, 1981). Only brachial valves from pristine or living 

specimens were chosen. Brachial values were analysed as they are the smaller of the two 

valves and contain less primary layer by volume (Curry and Fallick, 2002), as primary 

layer calcite shows isotopic disequilibrium (Carpenter and Lohmann, 1995). Primary 
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layer calcite is only 4% by volume in A. cumingi (James et al., 1997); thus whole brachial 

valves were analysed. All valves were of similar size, with the long-axis between 8 to 10 

mm.  

Valves were cleaned for organic matter using 0.1N NaOH with a few drops of 

H2O2. Samples with this solution were placed on a hotplate at 80-90°C and left to sit for 

20 minutes, and shaken once by hand after 10 minutes. Samples were then rinsed in 

deionized water and left to dry overnight. Valves were then cleaned using the reductive 

cleaning method used by Boyle (1981) to remove any Mn overgrowths present. A 

solution of hydroxylamine hydrochloride, citric acid, concentrated NH3, deionized water 

and sodium dithionite was used to remove any overgrowths. This solution was added to 

each valve and samples were placed in a hot (~70-80°C) ultrasonic bath and sonicated 30 

seconds every 2 minutes for half an hour. Samples were then rinsed and sonicated twice 

with deionized water, and then rinsed twice more with samples placed on an ~80°C 

hotplate for 5 minutes. Samples were rinsed a final time in cold deionized water and left 

to dry overnight. 

Valves were ground into powder using a mortar and pestle, rinsed with milli-Q 

water and left to dry on a hotplate. Powder for carbon and oxygen isotope analysis was 

dissolved in H3PO4 and the CO2 released was analyzed using a Thermo Finnigan Gas 

Bench II connected to a Thermo Finnigan Delta+ XP mass spectrometer at the Queen’s 

Facility for Isotope Research (QFIR). Isotope ratios are reported using the standard delta 

(δ) notation in per mil relative to Vienna Pee Dee Belemnite international standard. 

Reproducibilities are within 0.2 per mil for both δ13C and δ18O. Powder for trace element 

analysis was centrifuged and rinsed with milli-Q water, dissolved using 30% HCl, and 

left to dry down on a 60-70°C hotplate. Samples were then diluted for analysis using 2% 

HNO3 and measured on a Thermo Scientific XSeries 2 Quadropole ICP-MS fitted with a 

collision cell. A reagent gas mix of 93% H2 and 7% He was used in the collision cell to 

remove matrix interferences. External drift correction was calculated from replicate 

calibration standards every five samples, using the instrument software PlasmaLab. 
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Conductivity Temperature Depth (CTD) profiles used to determine mean annual 

temperatures for the brachiopods were provided by the Australian Commonwealth 

Scientific and Research Organisation (CSIRO) Data Trawler database (CSIRO, 2001). 

Data from cruises FR9406, FR9407, FR9411 and FR9803 are used with permission by 

CSIRO. July bottom temperatures were taken from CTD profiles collected on cruises 

FR9406 and FR9407 and December bottom temperatures were taken from CTD profiles 

collected on cruise FR9411. March bottom temperatures were from CTD profiles taken 

during the March 1998 cruise, FR9803. Data are available from the Data Trawler website: 

http://www.cmar.csiro.au/warehouse/jsp/loginpage.jsp  

Results 

Seawater conditions 

To determine seawater conditions for the brachiopods throughout the year, CTD 

profiles were analysed from cruises carried out during March, July and December in the 

GAB, and δ18O values in seawater from the eastern GAB were available for March 1998 

(Chapter 2) and from the western GAB for July 1995 (see Appendix B). Two different 

periods with distinct bottom water conditions are evident: 1) well-mixed Leeuwin Current 

waters are assumed to occur on the shelf from May to November, and 2) summer 

upwelling waters are assumed to occur on the shelf from December to April. July 

temperatures from cruises FR9406 and FR9407 were taken to reflect the well-mixed 

Leeuwin Current waters wherein July bottom temperatures were ~17.5°C in the east and 

~16.5°C in the west of the study area (Fig. 3.4). March temperatures from the FR9803 

cruise, which reflect summer upwelling conditions, were ~14°C in the east and ~18°C in 

the west of the study area (Fig. 3.4). Therefore throughout the year, bottom temperatures 

are up to 3.5°C different along the Eyre Peninsula and 2°C different in the west of the 

study area, with the coolest bottom temperatures occurring in summer along the Eyre 

Peninsula and in winter in the west of the study area. 
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Figure 3.4.  CTD profiles from cruises FR9407, FR9411 and FR9803 for (a) stations 
along the Eyre Peninsula and (b) stations around the Head of the Bight. December 
stations are from FR9411, July stations are from FR9407 and March stations are from 
FR9803. Bottom temperatures along the Eyre Peninsula are coolest during March, and are 
coolest during July for the Head of the Bight. 
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Figure 3.5.  Spatial map of δ18O values in bottom seawater, measured during March 
1998 along with sample site numbers. Values are in per mil notation relative to VSMOW. 
Green values are low, blue values are intermediate and red values are high. Values are 
highly variable across the shelf. 
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δ18O values in seawater for the Leeuwin Current waters prior to mixing have an 

average value of 0.4 per mil, based on analyses of seawater collected from the far western 

GAB during July 1995 (Appendix B). These δ18O values are assumed to affect the bottom 

waters from May to November. δ18O values for the end member summer upwelling 

waters average 1.2 per mil as measured during March 1998 (Chapter 2). δ18O values in 

seawater for brachiopod sites during March range from 0.8 to 1.9 per mil, and these 

values are assumed to occur from December to April. Four water masses occur on the 

bottom of the shelf during March. These water masses are not clearly distinguished by 

their δ18O values, as each has a range of values (Table 3.1). FC+Outflow and Modified 

FC waters, however, which are both sourced from the Flinders Current, have high δ18O 

values. As a result, the δ18O values of waters on the shelf do show a spatial trend (Fig. 

3.5), with waters along the Eyre Peninsula and in the most western part of the study area 

having the highest δ18O values, generally greater than 1.3 per mil. During March, waters 

on the shelf are poorly mixed, with differences in δ18O values between adjacent stations 

as high as 0.9 per mil. 

Stable isotopes in brachiopods 

Although both the δ13C and δ18O values of brachiopods show a similar range, they 

do not covary together (Fig. 3.6). The δ13C values are between 2.1 and 2.6 per mil, except 

for two samples that are much lower, 1.3 and 1.7 per mil, respectively. δ18O values range 

from 0.6 to 1.2 per mil, with most, except three lower values in the western part of the 

study area and one higher value in the east, between 0.8 and 1.1 per mil (Fig. 3.7). δ18O 

values in brachiopods do not correlate with depth, and do not vary with the water masses 

present in summer (Fig. 3.8), as brachiopods from all four shelf water masses cover the 

range of 0.8-1.1 per mil. 
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Figure 3.6.  δ13C versus δ18O values of brachiopods. δ13C and δ18O values do not covary 
with each other. 
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Figure 3.7.  Spatial map of δ18O values in brachiopods, in per mil relative to Vienna Pee 
Dee Belemnite. Red values are low, green values are intermediate and blue values are 
high. Most values are between 0.8 and 1.1 per mil across the shelf, except for three lower 
values in the western part of the study area. 
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Figure 3.8.  δ18O values of brachiopods plotted against depth. Different symbols relate 
to the water masses present on the bottom of the shelf during summer (Table 3.1).  
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The equation used to calculate temperatures from the δ18O values of the 

brachiopods and various δ18O values assumed for the seawater in this study is the one 

proposed by Epstein et al. (1953) and reformulated by Anderson and Arthur (1983): 

T (°C) = 16.0 – 4.14(δ18Oc - δ
18Osw) + 0.13(δ18Oc - δ

18Osw)2 

Temperatures calculated from δ18O values in brachiopods depend on which δ18O value of 

seawater is assumed, and we have used the following combination of months to model 

their δ18O values (Table 3.2; Fig. 3.9): (1) brachiopod growth occurs throughout the year 

(5 months of the δ18O values of seawater in March and 7 months of the LC δ18O values), 

(2) growth occurs only in summer (March δ18O values only) and (3) 70% growth occurs 

in summer and 30% growth occurs over the rest of year (5 months of the March δ18O 

values and 2 months of the LC δ18O values). Reproducibilities of ±0.2 per mil for the δ18O 

values of brachiopods and ±0.3 per mil for the δ18O values of seawater (Chapter 2) result 

in a propagated temperature error of ±2°C. Calculated temperatures using average δ18O 

values of seawater (model 1) show the greatest difference, with 10 out of 27 samples 

showing temperatures lower than assumed using measured seasonal variations (Table 3.2; 

Fig. 3.10). Calculated temperatures for this model are within 1°C of average measured 

temperatures. Calculated temperatures using only March δ18O values of seawater (model 

2) show temperatures higher than measured during March (Table 3.2; Fig. 3.10). 

Calculated temperatures using both winter and summer δ18O values of seawater (model 3) 

show only two out of 27 samples lower than the measured temperature, and one sample 

that is higher, and are closest to measured temperatures (Table 3.2; Fig. 3.10). Assuming 

this growth period, all samples except one plot within the measured temperatures of shelf 

waters (Fig. 3.10). This sample has high calculated temperatures for each growth model, 

which are attributed to the high δ18O value in seawater of 1.9 per mil, measured during 

March 1998, not likely representative of the whole summer. 
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Table 3.2.  Sample sites, depths at the bottom, δ18O values of brachiopods and three growth models, using different combinations of 
March and Leeuwin Current (LC) temperatures and δ18O values of seawater. Calculated temperatures in white represent samples that 
have calculated temperatures the same as measured temperatures (within ±2°C); calculated temperatures in grey represent samples that 
have calculated temperatures that don’t match measured temperatures. ‘Station - sample’ refers to the closest seawater station and the 
brachiopod sample.  

Growth model 1 (5 months March values 
+ 7 months LC values) Growth model 2 (March values only) Growth model 3 (5 months March values 

+ 2 months LC values) Water 
mass 

Station - 
sample 

Depth 
  (m) 

δ18O value 
of 

brachiopod δ18O value of 
seawater 

Averaged 
measured 

T (°C) 

Calculated 
T (°C)  

δ18O value 
of seawater 

Measured 
T (°C) 

Calculated 
T (°C)  

δ18O value 
of seawater 

Averaged 
measured 

T (°C) 

Calculated 
T (°C) 

22 - 41A-1 70.3 1.2 0.8 16.0 14.4 1.4 13.9 16.8 1.1 15.1 15.6 
22 - 41A-2 70.3 1.1 0.8 16.0 14.6 1.4 13.9 17.0 1.1 15.1 15.9 

24 - 43 41.1 0.8 0.7 15.7 15.7 1.2 14.5 17.6 1.0 15.2 16.7 
27 - 49 81 0.8 0.8 16.3 16.2 1.5 15.0 18.9 1.2 15.7 17.6 FC

+O
ut

flo
w

 

30 - 52 60.7 1.1 0.7 16.1 14.1 1.0 14.8 15.6 0.8 15.5 14.9 
                   

26 - 48 90.6 0.9 0.8 16.6 15.6 1.4 15.7 18.1 1.1 16.2 16.9 
38 - 69 50.1 0.9 0.8 16.6 15.6 1.3 16.4 17.8 1.0 16.6 16.7 
41 - 72 45.4 1.1 0.7 16.7 14.4 1.2 16.2 16.3 1.0 16.4 15.4 
37 - 57 75.8 1.0 0.8 16.7 15.4 1.4 16.1 17.8 1.1 16.4 16.6 

37 - 58-1 75.8 1.1 0.8 16.7 14.7 1.4 16.1 17.1 1.1 16.4 15.9 
37 - 58-2 75.8 1.0 0.8 16.7 15.3 1.4 16.1 17.7 1.1 16.4 16.5 
38 - 77-1 65.4 1.1 0.8 16.8 14.6 1.3 16.4 16.7 1.0 16.6 15.7 
38 - 77-2 65.4 0.8 0.8 16.8 15.9 1.3 16.4 18.1 1.0 16.6 17.0 
41 – 78-1 54.8 0.8 0.7 16.7 15.7 1.2 16.2 17.7 1.0 16.4 16.7 
41 – 78-2 54.8 0.8 0.7 16.7 15.6 1.2 16.2 17.6 1.0 16.4 16.6 

42 - 80 54.8 0.8 0.7 18.0 15.4 1.0 19.3 17.1 0.9 18.5 16.2 
43 - 81-1 65.4 0.9 0.7 17.1 15.2 1.1 17.3 16.9 0.9 17.2 16.0 

M
ix

ed
 

43 - 81-2 65.4 1.1 0.7 17.1 14.5 1.1 17.3 16.2 0.9 17.2 15.3 
(continued on next page) 
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Table 3.2.  (continued) 
Growth model 1 (5 months March values 

+ 7 months LC values) Growth model 2 (March values only) Growth model 3 (5 months March values 
+ 2 months LC values) 

Water 
mass 

Station - 
sample 

Depth 
  (m) 

δ18O value 
of 

brachiopod δ18O value of 
seawater 

Averaged 
measured 

T (°C) 

Calculated 
T (°C)  

δ18O value 
of seawater 

Measured 
T (°C) 

Calculated 
T (°C)  

δ18O value 
of seawater 

Averaged 
measured 

T (°C) 

Calculated 
T (°C) 

36 - 67 90.1 1.0 0.6 16.8 14.2 0.8 16.3 15.1 0.7 16.5 14.7 
47 - 86 120.2 0.8 0.7 16.7 15.4 1.0 16.3 16.9 0.8 16.5 16.2 
49 - 82 82.1 0.8 0.7 17.1 15.6 1.1 17.9 17.3 0.9 17.5 16.5 

49 - 88-1 82.1 0.9 0.7 17.2 15.2 1.1 17.9 16.9 0.9 17.5 16.0 
49 - 88-2 82.1 1.1 0.7 17.1 14.5 1.1 17.9 16.2 0.9 17.5 15.3 
50 - 94 63.9 0.7 0.8 17.2 16.3 1.3 18.1 18.6 1.0 17.6 17.5 

G
A

B
P 

49 - 95 82.1 0.7 0.7 17.1 15.8 1.1 17.9 17.5 0.9 17.5 16.7 
             

48 - 87 99.4 0.6 1.0 16.9 17.7 1.9 16.9 21.5 1.4 16.9 19.7 

FC
(a

) 

51 - 93 44.6 1.0 0.9 16.9 15.8 1.7 17.4 19.0 1.3 17.1 17.4 
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Figure 3.9.  δ18O values in seawater for three growth models plotted against δ18O values 
in brachiopods. Model 1 assumes brachiopods grow during 5 months of March δ18O 
values and 7 months of Leeuwin Current δ18O values in seawater; Model 2 assumes 
brachiopods grow only during March δ18O values; and Model 3 assumes brachiopods 
grow during 5 months of March values and 2 months of Leeuwin Current values (Table 
3.2).  
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Figure 3.10. δ18O values in seawater for Model 1 (a), Model 2 (b) and Model 3 (c) 
potted against δ18O values in brachiopods. Temperature values are calculated 
temperatures using the δ18O value of seawater and δ18O value of the brachiopod for each 
growth model. Shading represents the measured range in ambient temperatures for the 
brachiopods for each growth model. The measured average temperatures for Models 1, 2 
and 3 are 16.7°C, 16.5°C and 16.6°C, respectively. For Model 1, most values are lower 
than the average; for Model 2, most values are higher than the average; for Model 3, 
values are around the average. 
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Trace elements in brachiopods 

The elements Na, Sr, Mg, Fe, Mn, Al, Cu, Zn, Ni, Co, Cr, Ba, V and Pb were 

analysed from whole-shell brachiopod samples (Table 3.3). Na, Sr, Mg, B, Co and Cu 

contents in brachiopod calcite vary little between brachiopods growing in each of the 

summer water masses, when 70% of brachiopod growth occurs, whereas Ba, V, Pb, Zn, 

Ni and Cr values show variability as high as 65%, and Mn, Fe and Al contents were 

below detection limits of 22, 38 and 50 ppm, respectively. Na, Sr and Mg values correlate 

well with each other, but not with measured average temperatures and salinities of model 

3 (Table 3.4; Fig. 3.11). Ba has a good positive correlation with nitrate, and a weak 

positive correlation with Cr, Cu and Zn. Ba also negatively correlates with temperatures 

and salinities of model 3. Cr, Zn and Cu also show weak positive correlations with each 

other, and Cu and Zn negative correlation with temperature (Table 3.4). Ni, V and Co 

correlate well with each other, and Ni and V have a good positive correlation with 

temperatures and salinities of model 3 (Table 3.4). Co does not have a good correlation 

with temperature and salinity, however, and shows little variation between water masses 

(Table 3.3; Table 3.4). V and Ni also negatively correlate with Ba and nitrate (Table 3.4).  

Barium, V and Ni contents in the brachiopods vary with the summer water masses, 

due to their good correlation with nitrate contents, temperatures and salinities of model 3 

and their spatial variation across the shelf. Ba contents in brachiopod calcite are inversely 

correlated with temperatures and salinities of model 3, with enrichment in brachiopods 

growing in FC+Outflow waters along the Eyre Peninsula and depletion in brachiopods 

growing in the central and western parts of the study area (Fig. 3.12). Ba shows a positive 

correlation with nitrate (Fig. 3.13); brachiopods growing in FC+Outflow waters have high 

Ba and nitrate contents, however brachiopods growing in Mixed and GABP waters have 

similar nitrate contents with a range in Ba. V and Ni contents in brachiopod calcite show 

a positive correlation with temperatures and salinities of model 3, with lowest values 

along the Eyre Peninsula and highest values in the western part of the study area (Fig. 

3.12). Both elements also show depletion in samples from the 131°E transect, which
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Table 3.3.  Minor and trace element concentrations for brachiopod calcite, for brachiopods growing in each summer water mass. All 
values for minor elements are in ppm and all values for trace elements are in ppb. 

Summer water mass 
FC+Outflow Mixed GABP Modified FC Element 

Mean 
RSD 
(%) mean range mean range mean range mean range 

Minors (ppm)                 

Variation between 
mean values of 
each water mass 

(%) 

Sr 0.7 143210 134050-154630 133670 128240-154120 130590 123370-134720 131390 
130050-
132740 3 

Na 0.6 1460 1400-1560 1460 1130-1540 1520 1430-1580 1490 1470-1510 6 
Mg 0.9 1250 1040-1580 1240 1040-1500 1320 940-1620 1290 1270-1310 7 

Traces (ppb)                   
Ba 1.0 2130 1490-3200 1750 1230-2390 1420 1180-1720 1200 1020-1390 34 
Pb 1.3 151 41-496 86 45-208 56 36-90 52 46-58 66 
V 5.5 2010 1700-2260 2400 2090-2760 2400 2160-2700 2540 2430-2660 26 
Ni 1.3 2580 2540-2610 2690 2590-2750 2670 2530-2840 2820 2690-2940 12 
Cu 1.7 840 760-1010 840 770-930 780 710-860 790 750-820 9 
Zn 1.3 1530 960-1790 1650 820-3540 1240 590-2850 940 880-990 34 
Co 1.1 720 710-740 740 730-750 730 710-740 740 - 1 
Cr 3.7 430 300-540 510 250-1010 420 280-760 420 360-490 7 
B 2.2 16210 14260-19060 17150 13380-20360 16640 12740-18290 17390 16260-18520 4 
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Table 3.4.  Spearman rank correlation between elements in brachiopod calcite and between temperatures, salinities and nitrate 
contents of model 3. Good positive correlation, at the 90% confidence level, for n=27 is 0.48 or greater, and good negative correlation 
is -0.48 or greater. These values are in bold. 

  B V Cr Co Ni Cu Zn Ba Pb Na Mg Sr Ca Temp. Sal. Nitrate 
B 1                
V 0.24 1               
Cr -0.33 0.22 1              
Co 0.03 0.49 0.40 1             
Ni -0.08 0.52 0.17 0.55 1            
Cu 0.14 0.19 0.47 0.33 -0.05 1           
Zn 0.01 0.10 0.41 0.42 0.14 0.44 1          
Ba -0.17 -0.36 0.48 0.16 -0.36 0.41 0.52 1         
Pb -0.11 -0.31 -0.12 -0.39 -0.22 -0.09 -0.12 0.07 1        
Na 0.25 -0.08 -0.13 -0.03 0.13 -0.20 -0.29 -0.24 -0.14 1       
Mg -0.06 0.02 0.07 0.20 0.12 0.06 -0.36 -0.02 -0.26 0.65 1      
Sr 0.53 -0.03 -0.33 -0.03 0.06 -0.17 -0.33 -0.34 -0.16 0.82 0.54 1     
Ca 0.10 -0.40 -0.03 -0.09 -0.44 0.40 0.29 0.44 0.01 -0.20 -0.13 -0.08 1    

Temp. 0.14 0.61 -0.23 0.15 0.50 -0.38 -0.32 -0.54 -0.31 0.26 0.20 0.24 -0.46 1   
Sal. 0.07 0.73 0.10 0.22 0.58 -0.11 -0.13 -0.37 -0.18 0.10 0.14 0.01 -0.63 0.75 1  

Nitrate -0.19 -0.58 0.13 -0.34 -0.46 -0.24 -0.04 0.35 0.04 -0.11 -0.14 -0.04 0.33 -0.39 -0.51 1 
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Figure 3.11. Plots of the minor elements Sr, Na and Mg against each other and against 
temperatures for model 3. Samples plotted as a function of water masses present during 
the summer major growth period. Elements correlate with each other but do not trend 
with temperature. Salinity shows a very similar relationship as temperature to Sr, Na and 
Mg. 
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Figure 3.12. Spatial distribution of (a) Ba, (b) V and (c) Ni contents in the brachiopod shells for collection sites. Values are 
presented as variation from the mean, in ppb, with positive green values enriched relative to the mean and negative red values depleted 
relative to the mean. 
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Figure 3.13. Nitrate contents of seawater and temperatures of model 3 plotted against 
Ba, V and Ni. Ba is positively correlated with nitrate and V and Ni are negatively 
correlated. Ba is negatively correlated with temperature and V and Ni are positively 
correlated. Samples are divided into the water masses present during the summer major 
growth period. 



 96 

matches with the occurrence of Modified FC waters in summer. Both show a negative 

correlation with nitrate, and show good correlation with each other (Fig. 3.13). 

Discussion 

Using brachiopods to record ambient conditions  

δ18O values of whole brachial valves of A. cumingi show good correlation with 

ambient conditions in the eastern GAB. These brachiopods incorporate 18O in equilibrium 

with surrounding seawater. Measuring whole brachial valves without removing the 

primary layer does not seem to be an issue with this species. Temperatures calculated 

from δ18O values in the brachiopods are in good agreement with temperatures measured 

in the eastern GAB during different times of the year. Based on the model wherein the 

brachiopods secrete 70% of their shell during summer and 30% during winter, 

temperatures calculated are within 0.3°C of measured temperatures, except for one 

sample that has an aberrantly high δ18O value of seawater during March that is unlikely to 

reflect the whole summer. Using average δ18O values in seawater, temperatures calculated 

are within 1°C of measured temperatures. Evidence for when the brachiopods grow 

results in more precise calculated temperatures, however calculated temperatures for 

mean annual conditions of the brachiopods still reflect general conditions. 

δ13C values do not correlate with δ18O values in the brachiopods. δ13C values are in 

good agreement with other published data for secondary layer calcite and are much higher 

than values measured in primary layer calcite (Carpenter and Lohmann, 1995; Curry and 

Fallick, 2002; Parkinson et al., 2005), suggesting that these δ13C values are not depleted 

relative to seawater values. Parkinson et al. (2005) also found no correlation between δ18O 

and δ13C values in secondary layer calcite. δ13C values do not match with the water 

masses present during summer and vary little across the shelf, and do not reflect 
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environmental conditions of the brachiopods. The two lower δ13C values are from 

different areas on the shelf, and are not from upwelling areas. It is possible that δ13C 

values are controlled by vital effects for this species. 

δ18O values in the brachiopods range between 0.8 and 1.1 per mil across the shelf, 

with three lower values of 0.6-0.7 per mil recorded in the western part of the study area, 

and one value of 1.2 per mil recorded in the eastern part of the study area (Fig. 3.7). 

These values are similar to values recorded in brachiopods growing on the Lacepede 

Shelf measured by James et al. (1997). The high value of 1.2 per mil corresponds to the 

coolest bottom temperatures present during the summer major growth period, and the low 

values match warm bottom temperatures for this time. Similar warm bottom temperatures 

from other stations, however, show values as high as 1.1 per mil, therefore δ18O values in 

the brachiopods are not only a function of temperature. The low δ18O values in the 

brachiopods may also reflect the lower δ18O values of seawater for the Leeuwin Current, 

which may influence brachiopods growing in the western part of the study area for a 

greater amount of time than brachiopods growing in the east. In addition, variation in 

δ18O values between brachiopods collected from the same site are as high as 0.3 per mil. 

As δ18O values in seawater vary as much as 0.9 per mil between adjacent sites during 

March, differences in δ18O values between brachiopods from the same site are recording 

locally variable δ18O values in seawater. The poorly-mixed nature of shelf waters during 

summer suggests that temporally δ18O values in seawater are highly variable for the 

brachiopods during the summer months when upwelling and major growth is occurring.  

δ18O values in brachiopods do not correlate well with water masses present during 

summer (Fig. 3.8). Brachiopods growing in cool FC+Outflow waters do show higher 

values, and brachiopods growing in warm GABP waters do show lower values, but for 

each water mass brachiopods record the 0.8 to 1.1 per mil range in δ18O values. As δ18O 

values in seawater do not correlate well with the water masses during summer, it is 
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thought that variable δ18O values in seawater are complicating any simple relationship 

between temperature and δ18O values in the brachiopods. Also, if brachiopods grow 

during the rest of the year, the summer water masses will not fully reflect the average 

brachiopod δ18O values. Along the Eyre Peninsula, cool summer temperatures are offset 

by warmer temperatures during winter-spring, and in the central and western parts of the 

study area, warmer temperatures are offset by cooler temperatures from the LC. Hence, 

temperatures are spatially variable during summer but are not as spatially variable 

throughout the year. Therefore δ18O values in whole-shell brachiopods from the eastern 

GAB shelf do record average ambient seawater temperatures and δ18O values when 

assuming 70% of growth occurs during summer and 30% during the rest of the year, 

however water mass distribution during the major growth period cannot be clearly 

identified using δ18O values in the brachiopods. 

Determining growth periods of brachiopods 

Many studies assessing the viability of brachiopods to record ambient temperatures 

estimate δ18O values in seawater from salinity (Carpenter and Lohmann, 1995; Brand et 

al., 2003; Parkinson et al., 2005). This can, however, lead to incorrect estimates of δ18O 

values because δ18O is not only a function of salinity. As well as evaporation and 

precipitation, the source region of a water mass greatly influences its δ18O value, as does 

mixing with other water masses (Frew et al., 2000). In the eastern GAB, measured δ18O 

values in seawater are higher and much more variable than what would be estimated 

using solely salinity (Chapter 2). In this study, measured δ18O values in seawater modeled 

for two periods throughout the year allow for more precise brachiopod temperature 

calculations and less error, and provide evidence for during what times of the year and 

under what conditions brachiopods grow. The eastern GAB region experiences seasonal 

oceanography, with two distinct periods with different temperatures and δ18O values of 
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seawater: 1) a LC dominant period from May to November and 2) an upwelling/FC 

dominant period from December to April. 

Assuming the brachiopods grow all year round, δ18O values in seawater were 

estimated as seven months of LC values and five months of March values (model 1; 

Table 3.2). Calculated temperatures were up to 1°C lower than measured temperatures for 

all samples. Assuming the brachiopods grow only in summer, when nutrients are slightly 

higher and bottom temperatures are cooler, temperatures were calculated using only the 

March δ18O values of seawater (model 2; Table 3.2). These calculated temperatures 

generally show better agreement with measured temperatures than model 1, however 

brachiopods growing along the Eyre Peninsula in FC+Outflow waters have calculated 

temperatures as high as 4°C above measured temperatures. The high δ18O values of 

seawater for FC+Outflow waters result in higher calculated temperatures for brachiopods 

growing in the cool, upwelling waters. 

Based on these models, it is clear that the brachiopods are not growing evenly 

throughout the year, nor are they growing only in summer. Assuming the brachiopods are 

growing predominantly in summer, but also growing for some of the rest of the year, 

temperatures were calculated using the five months of March δ18O values of seawater and 

only 2 months of LC δ18O values of seawater (model 3; Table 3.2). This assumes that 

70% of the brachiopod growth occurs during austral summer and 30% during winter-

spring. Calculated temperatures match measured temperatures in all but three samples, 

with the best correlations present in brachiopods growing in FC+Outflow and Mixed 

waters along the Eyre Peninsula, which are modified water masses of the FC that upwells 

onto the shelf. Calculated temperatures for brachiopods growing in GABP waters are 

slightly lower than values measured at any time of the year, but match well with 

measured temperatures along the Eyre Peninsula. Due to the circulation of FC+Outflow 

and Mixed waters in a northwest direction along the coast, it is possible that brachiopods 

from the GABP waters in March are influenced by the FC+Outflow and Mixed waters at 

a later time. Measured temperatures used in this study are from March and July, therefore 
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seawater temperatures for these brachiopods may be cooler between April and June, when 

Mixed waters have flowed further west and the LC may not yet have fully influenced the 

shelf. This suggests that while most brachiopods on the shelf precipitate 70% of their 

shells during summer based on calculated temperatures from model 3, brachiopods in the 

western part of the study area may precipitate a significant amount of the shells during 

austral autumn. 

Brachiopods growing in the eastern GAB prefer conditions present during summer 

months. This could be a factor of food supply, as the FC supplies nutrients to the 

oligotrophic shelf and phytoplankton blooms are known to occur during upwelling events 

(Kämpf et al., 2004; Ward et al., 2006). Spatial variation in nutrients is not very 

significant during March, with most nitrate contents ~2 µmol/L (Chapter 2). Values are 

up to 2.5 µmol/L higher along the Eyre Peninsula, however, sourcing nutrients for the 

phytoplankton blooms which lead to increases in zooplankton biomass (Kämpf et al., 

2004). Brachiopods depend on phytoplankton for their food supply, both as a direct food 

source or from the production of dissolved organic matter (McCammon, 1969; Fürsich 

and Hurst, 1974). Buening and Carlson (1982) found a positive relationship between 

growth rate and food supply in brachiopods growing off the coast of the Pacific 

Northwest, therefore brachiopods in the eastern GAB may be growing in response to 

available food supply. This is not reflected in δ13C values, however. James et al. (1997) 

suggested that brachiopods grow best during periods of upwelling on the Lacepede Shelf, 

but also found no relationship between upwelling and δ13C values in the brachiopods.  

Incorporation of trace elements into brachiopod calcite 

Several trace elements measured in whole-shell A. cumingi show trends that can be 

attributed to oceanographic conditions in the eastern GAB. While some studies have 

shown correlations between temperature and growth rate for Mg, S, Sr and Na in 

brachiopods (Lowenstam, 1961; Grossman et al, 1996; Rao, 1996; Brand et al., 2007; 

Cusack et al., 2008), virtually nothing is known about the incorporation of trace elements 
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such as Ba, Pb, V, Ni, Cu, Zn, Mn, Fe, Al, Co or Cr into brachiopod calcite. Therefore 

this study attempts to attribute trace element contents present in the brachiopods to 

seawater composition, temperature or salinity in which the brachiopods were growing, or 

to possible variation in growth rates. Ba, V and Ni are elements that show the best 

correlation with water masses present during summer, which represents the brachiopod 

major growth period. This suggests that these elements are incorporated into the 

brachiopod calcite based on seawater composition or temperature, and record ambient 

conditions. Other elements measured in the brachiopod calcite show little variation across 

the shelf or between water masses, and do not match oceanographic conditions. Based on 

what is known about the regional oceanography throughout the year, variability across the 

shelf is thought to be a result of water masses present during summer, as a well-mixed 

water mass sourced by the LC is present on the shelf during austral winter-spring. During 

summer, upwelling of the FC along the Eyre Peninsula and in the central GAB is 

predicted to provide different trace elements to the shelf, and trace element trends may 

reflect upwelled water (FC sourced) and the progressive evaporation and nutrient-

depletion as FC+Outflow waters are circulated with Mixed and GABP waters (Fig. 3.3). 

Ba contents in brachiopod calcite are highest in brachiopods growing in 

FC+Outflow waters along the Eyre Peninsula (Fig. 3.12), and are generally lowest in 

brachiopods grown in GABP waters (Fig. 3.13). This matches with the presence of 

upwelled FC during summer, and the anticlockwise flow of this water around the eastern 

GAB. Ba is a nutrient-type element, and is therefore depleted in surface waters and 

enriched at depth (Broeker and Peng, 1982). The presence of upwelling of FC water 

around Kangaroo Island from ~250 m depth during March 1998 (Chapter 2) may supply 

Ba to the eastern GAB. Ba in seawater could also come from Spencer Gulf, as Skordaki 

(2001) measured high concentrations of Ba in Spencer Gulf outflow waters around 

Kangaroo Island, which were significantly higher than Ba contents measured in off-shelf 

waters. High Ba contents in seawater were also measured along the southern Eyre 

Peninsula (Skordaki, 2001). Outflow from Spencer Gulf can be advected into the eastern 

GAB by westerly flowing coastal currents (Chapter 2). The high Ba contents in 
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brachiopods growing along the Eyre Peninsula suggests that the brachiopods are 

incorporating high amounts of Ba in response to high Ba in the seawater. As a nutrient-

type element, Ba acts in a similar way to nitrate. Ba contents in the brachiopods positively 

correlate with nitrate in the waters (Table 3.4; Fig. 3.13). Ba is less depleted in surface 

waters than nutrients (Lea and Boyle, 1991), suggesting that nutrients are used up much 

more quickly than Ba in surface waters. If brachiopods are recording Ba concentrations in 

the seawater, this may account for the differences between Ba contents in the brachiopod 

shells and nitrate contents in the waters; nitrate is used up very quickly on the shelf, while 

Ba has a longer residence time and decreasing values can be recorded for each water mass 

as waters flow away from the Eyre Peninsula. No Ba enrichment in brachiopods is 

observed in the west of the study area, despite the presence of off-shelf Flinders Current 

water flooding onto the shelf. This water may not come from deep enough depths to 

provide high Ba values, as there is also no nitrate enrichment in waters from this part of 

the study area. Conversely, if Ba in the seawater is sourced from Spencer Gulf, 

enrichment would only be seen along the Eyre Peninsula. Ba contents in the brachiopods 

reflect the anticlockwise circulation and water mass distribution in the eastern GAB. 

V and Ni values in brachiopod calcite correlate with the water masses present 

during the summer major growth period (Fig. 3.12 and Fig. 3.13). Contents in the 

brachiopods are lowest from FC+Ouflow waters and increase for Mixed and GABP 

waters. Very little is known about V and Ni incorporation into calcite, however this 

distribution suggests that temperature may influence uptake of V and Ni into brachiopod 

calcite. Lowenstam (1961) found that increasing temperatures resulted in increased Mg in 

brachiopod shells. Grossman et al. (1996) also found that temperature influenced Mg, Fe 

and Mn uptake into the brachiopod shells. Both V and Ni are involved in biological 

systems, and can be nutrient-type elements. V also shows a conservative profile in the 

open ocean (Hastings et al., 1996), but because of its trace amount in seawater, variations 

measured in biological calcite are likely due to physical and biological controls on 

calcification (Sen Gupta, 1999). Therefore, it is unlikely that the increase in V and Ni 

values in the brachiopods are from increasing concentrations of these elements in 
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seawater. V and Ni occur in too low concentration and have too short residence times in 

seawater to behave in a conservative way and follow salinity, therefore it is likely that 

temperature is the influencing factor. This suggests that V and Ni concentrations in 

whole-shell brachiopods record temperatures in which the brachiopods were growing.  

Correlation between Sr and Na contents in brachiopod calcite is thought to reflect 

the well-mixed nature of seawater (Fig. 3.11). Sr, Na and Mg are all conservative 

elements in seawater, and do not vary significantly in the ocean (Broeker and Peng, 

1982). These elements show no correlation with the summer water masses. Sr has been 

found to relate to temperature and growth rate in brachiopods, with increased Sr 

incorporation for both increasing temperature and growth rate (Lowenstam, 1961; 

Carpenter and Lohmann, 1995). Brand et al. (2003), however, assessed that Sr does not 

vary as a function of temperature, salinity or water depth in brachiopods. Sr contents in 

the brachiopods do not follow temperature in the eastern GAB, and changes in growth 

rate are not possible to determine due to lack of any trends in brachiopod Sr concentration 

across the shelf. Mg does not match as well with Sr and Na, possibly reflecting the more 

complex incorporation of Mg into calcite (Lowenstam, 1961). Although Mg has been 

shown to vary with temperature, growth rate and seawater composition in brachiopods 

and bivalves (Lowenstam, 1961; Moberly, 1968), Mg does not follow temperature trends 

on the eastern GAB shelf. It is possible that brachiopods grow faster during the upwelling 

period and would therefore incorporate Mg at lower temperatures. Increasing growth rate 

would increase Mg incorporation, whereas lower temperatures would decrease Mg 

incorporation. This may explain the lack of an Mg-temperature trend. For these 

brachiopods, Mg cannot be used to determine seawater temperatures.  
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Conclusions 

Terebratulid brachiopods growing in the eastern GAB incorporate oxygen isotopes 

in isotopic equilibrium with surrounding seawater, but exert a vital effect on the 

incorporation of δ13C. Temperatures calculated from δ18O values in the brachiopods 

reflect measured seawater temperatures assuming 70% of growth occurs during summer 

and 30% occurs during the rest of the year, indicating that these brachiopods are 

recording ambient conditions. δ18O values in the brachiopods do not, however, show a 

clear spatial trend with the water masses present during summer, with values between 0.8 

and 1.1 per mil recorded across the shelf. This relates to the highly variable and spatially 

inconsistent δ18O values in seawater during this time. Nevertheless, lowest values of 0.6-

0.7 per mil occur only in the western part of the study area, a region with year-round 

warm seawater temperatures. 

Measurements of δ18O values in seawater for the two different oceanographic 

conditions that occur in the eastern GAB throughout the year provide evidence for 

brachiopod major growth periods. δ18O values in seawater of the Leeuwin Current are 

assumed to reflect isotopic conditions from May to November (austral winter-spring), 

while δ18O values in seawater measured during March are assumed to reflect isotopic 

compositions for the upwelling period that occurs from December to April (austral 

summer-early autumn). Calculated temperatures using these δ18O values in seawater 

match best with measured temperatures when 70% of brachiopod growth occurs during 

summer and 30% occurs during the rest of the year. Calculated temperatures using 

average δ18O values of seawater fall within the low to mid range of annual temperatures, 

which match with cool bottom temperatures present during summer. This growth 

distribution may reflect the brachiopod’s available food supply, in response to higher 

nutrients and the presence of phytoplankton blooms that occur during the summer 

upwelling period, although this is not recorded in δ13C values. 
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Several trace elements measured in the brachiopod calcite appear to reflect local 

conditions. Ba contents in brachiopod calcite show a spatial trend that matches water 

mass distribution during austral summer, with enrichment in brachiopods growing along 

the Eyre Peninsula proximal to Spencer Gulf, and gradual depletion as waters circulate 

around the eastern GAB. This suggests that brachiopods incorporate Ba into their shells in 

relation to concentrations of these elements in seawater. V and Ni also match water 

masses, with increasing values in the brachiopods correlating with increasing 

temperatures. This suggests that V and Ni uptake into the brachiopod shell may be a 

function of temperature. Good correlations between Sr, Na and Mg in the brachiopod 

shells reflect the well-mixed nature of ocean waters. These elements do not appear to be 

incorporated as a function of temperature, however variations in growth rates may 

complicate their incorporation into the brachiopod shell. 
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CHAPTER 4 

DISCUSSION AND CONCLUSIONS 

During March, five water masses are present in the eastern Great Australian Bight 

(GAB). These water masses include two end members: a high temperature, high salinity 

Great Australian Bight Plume and a low temperature, low salinity Flinders Current; and 

three water masses that result from interaction and modification of these end members: 1) 

Flinders Current + Outflow, which forms off the shelf when outflow of water from the 

shelf mixes with the Flinders Current; 2) Modified Flinders Current, which forms on the 

shelf in the central GAB when Flinders Current floods onto the shelf and mixes with the 

Great Australian Bight Plume; and 3) Mixed waters of intermediate properties, which 

occurs on the shelf. The Great Australian Bight Plume and Flinders Current are also 

isotopically distinct, with Great Australian Bight waters having lower δ18O and higher 

δ2H values than Flinders Current waters. δ18O values of seawater on the shelf are highest 

in upwelling regions along the Eyre Peninsula and in the central GAB, where high δ18O 

waters sourced from the Flinders Current occur on the shelf.  

The distribution of water masses indicates anticyclonic circulation on the shelf, with 

northwesterly flow of water along the coast and southeasterly flow of water from the 

Head of the Bight to the shelf edge at ~133°E. This supports modeling results of 

anticyclonic circulation (Herzfeld and Tomczak, 1999). Upwelling of cool, low salinity 

FC+Outflow waters occurs in the east along the Eyre Peninsula, and this water becomes 

progressively warmer and more saline as it flows along the coast and mixes with remnant 

shelf waters. Waters continue to increase in temperature, salinity and δ2H values in a 

southeasterly direction from the Head of the Bight to the shelf edge, reflecting 

progressive heating and evaporation of waters. 

Temperatures and δ18O values of seawater influencing the brachiopods vary 

seasonally throughout the year, with two distinct periods. These two periods are 
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determined by two different currents, the Leeuwin Current and the Flinders Current, 

which influence the shelf during different times of the year. The Leeuwin Current is 

sourced from the tropics, and forms a well-mixed water mass on the shelf from May to 

November. Temperatures are generally 17°C and δ18O values are low, between 0.3-0.5 

per mil. The Flinders Current is mainly sourced from the subantarctic region south of 

Australia, and upwells onto the shelf from December to April. The upwelling forms a 

temperature gradient from east to west, with temperatures of ~14°C and ~18°C between 

the eastern and western parts of the study area. Waters on the shelf are poorly mixed 

during this time and δ18O values show a large range. Bottom waters influencing the 

brachiopods have δ18O values between 0.8 and 1.9 per mil, which are significantly higher 

than Leeuwin Current values. 

Using mean annual temperatures and δ18O values of seawater, this species of 

brachiopod, A. cumingi, does record δ18O values in equilibrium with ambient seawater. 

Calculated temperatures measured from δ18O values in A. cumingi are within 1°C of 

mean annual measured values. While measurements of δ18O values in seawater for two 

different times of the year is more than what is usually available, assuming the temporal 

extent of each δ18O value may explain some of the difference between measured and 

calculated temperatures, especially when there is such a high range in δ18O values of 

seawater throughout the year. This study suggests, however, that brachiopods have 

potential as proxies for mean seawater conditions through the rock record. 

Greater precision between calculated and measured temperatures can also be 

achieved when assuming brachiopod growth does not occur evenly throughout the year. 

As the δ18O values of seawater are so different between the two distinct oceanographic 

periods, assuming growth throughout the year will result in calculated temperature errors 

if brachiopods are growing more during one of the periods. The question of when 

brachiopods grow can therefore be addressed using the temperatures and δ18O values of 
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seawater measured throughout the year. Using different amounts of time for each 

oceanographic period, calculated temperatures and δ18O values in brachiopods are most 

similar to measured values when 70% of brachiopod growth is assumed to occur during 

the five month summer upwelling period when the Flinders Current influences the shelf, 

and 30% during the remainder of the year. For this growth model, calculated temperatures 

are within 0.3°C of measured temperatures. As nutrients are supplied to the shelf during 

upwelling events, brachiopods may be growing in response to available food supply. 

Buening and Carlson (1982) also suggested that brachiopods grow in response to 

available food supply, finding positive correlations between growth rate and food supply 

in brachiopods growing off the west coast of North America. This link between growth 

and food supply has implications for understanding when and under what conditions 

brachiopods prefer to grow. In the eastern GAB, brachiopods appear to prefer the cool, 

more nutrient-rich waters of the Flinders Current. Brachiopods are still growing when the 

warm, oligotrophic Leeuwin Current is present, however, as calculated temperatures are 

much higher than measured temperatures if brachiopods are assumed to grow only during 

the upwelling period. This suggests that brachiopods do grow intermittently year round, 

but can grow more during periods of increased food supply.  

Whole shell analyses using the brachial valve record δ18O values in equilibrium for 

this species, despite previous evidence of δ18O depletion in the primary layer and 

specialized shell portions (Carpenter and Lohmann, 1995). Whole shells were analysed 

because the primary layer calcite of this species is less than 4% of the total shell volume 

(James et al., 1997), and therefore it was assumed that this would not be significant 

enough to influence δ18O values. Brachial valves were chosen as they contain lower 

primary layer calcite by volume compared to pedicle valves, and record less depleted 

values (Curry and Fallick, 2002). Therefore, for certain species, it is possible to record 

equilibrium values when analysing whole brachial valves. 

Variation in δ18O values of brachiopods growing from the same location is as high 

as 0.3 per mil. The use of a single species removes the uncertainty of species-related vital 
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effects, therefore this variation reflects either different vital effects between individuals, 

or different ambient conditions. As the shelf waters are poorly-mixed during March, 

differences in the δ18O value of seawater are as high as 0.9 per mil between adjacent sites. 

Therefore it is plausible that brachiopods from the same site are influenced by different 

δ18O values of seawater and for different lengths of time. δ18O values of seawater 

measured during March 1998 suggest that variations in δ18O values may be greater than 

previously thought. The eastern GAB shelf is exposed to the open ocean and has normal 

to high marine salinities, yet δ18O values of seawater vary as much as 1.6 per mil, which, 

for temperature calculations using brachiopod calcite, would equate to 6.5°C. δ18O values 

of seawater will have an important influence on δ18O values of brachiopods if a region has 

stratified or poorly-mixed waters. This is especially true if the oceanography is seasonal 

and currents from different source regions influence the area, as δ18O values of seawater 

can be highly variable. Therefore some understanding of the regional oceanography is 

needed to more accurately interpret δ18O values of fossil brachiopods. 

The seasonal variation in δ18O values of seawater for the eastern GAB is much 

higher than what would be predicted using salinity as a proxy for δ18O values. The 

averaged δ18O value of seawater for the two distinct oceanographic periods, the Leeuwin 

Current period and the Flinders Current upwelling period, however, matches with δ18O 

values of seawater estimated using salinity. Estimating δ18O values of Leeuwin Current 

waters would result in δ18O values of seawater higher than measured, while estimating 

δ18O values of Flinders Current waters would result in values lower than measured. It may 

be coincidence that, in terms of δ18O values of seawater, these two currents cancel each 

other out. In the eastern GAB, brachiopods would appear to record equilibrium δ18O 

values without the use of direct δ18O values of seawater. 

Results of trace element concentrations in brachiopods suggest that Ba is 
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incorporated into brachiopod calcite on the basis of concentrations in seawater, and V and 

Ni are incorporated as a function of temperature. In this study, the water masses and 

circulation present in summer are assumed to reflect the spatial variability of brachiopod 

environments, as during the rest of the year one well-mixed water mass occurs across the 

shelf. The distribution of Ba, V and Ni reflect water mass distribution present during 

summer, with brachiopods growing along the Eyre Peninsula having high Ba 

concentrations and low V and Ni concentrations to reflect the cooler, higher-nutrient 

waters. Therefore, these trends suggest that brachiopods could be used as proxies for 

upwelling. Brand et al. (2007) came to similar conclusions using Fe/Mn ratios in modern 

brachiopods, suggesting that this ratio could be used as a proxy for productivity and the 

micronutrient iron. V and Ni may also be used as a temperature proxy, independent of the 

δ18O value of seawater.  

Other trace elements show low spatial distribution across the eastern GAB shelf and 

do not match water masses. Without information on trace element concentrations in the 

seawater for the eastern GAB region, knowledge of how brachiopods incorporate these 

elements into the shell cannot at this point be obtained. Future work correlating direct 

measurements of trace element concentrations in seawater with trace elements in modern 

brachiopods would be useful to fully assess the use of brachiopod geochemistry as a 

proxy for paleoceanographic conditions and secular trace element variations of ancient 

seawater through time. This research, however, does suggest that brachiopods can 

incorporate certain elements in relation to oceanographic conditions. 
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APPENDIX A: EASTERN GAB SEAWATER DATA 

Hydrographic and stable isotope data of eastern Great Australian Bight seawater from 
stations sampled during March, 1998 (Fig. 2.3). 

Location Station Depth Temperature Salinity δ18O δ2H 
    (m) (°C)   (per mil) (per mil)  

35°22S 17 101.3 14.7 35.5 1 3 
134°42'E 17 198.4 13.2 35.3 0.8 1 

 17 401.3 10.5 34.9 1.1 2 
35°21'S 18 3.6 20.0 35.8 1.8 2.5 

134°42'E 18 74.2 15.9 35.4 1.2 3 
 18 92.9 14.8 35.5 0.9 2.5 
 18 204.8 13.8 35.3 1.1 2.5 

35°09'S 19 3 20.0 35.8 1.2 2.5 
134°47'E 19 120.5 15.4 35.7 1.2 3 
34°49'S 20 4.5 19.8 35.7 1.6 3 

134°45'E 20 64.1 16.2 35.5 1.2 1.5 
34°40'S 21 3.1 19.4 35.7 1.3 2 

134°54'E 21 78.3 13.8 35.4 1.8 2 
34°12'S 22 3.3 18.5 35.7 1.1 2 

132°52'E 22 27.5 16.7 35.6 0.8 2.5 
 22 70.3 13.9 35.4  1.5 

33°47'S 23 3.4 17.5 35.6 1.2 1.5 
134°50'E 23 45.2 14.9 35.5 0.8 0.5 
33°40'S 24 3 16.4 35.6 1.8 1.5 

134°50'E 24 41.1 14.5 35.4 1.2 0.5 
35°01'S 25 3.7 20.3 35.9 1 0.5 

133°55'E 25 90.4 16.5 35.5 1.1 1.5 
 25 125.8 15.0 35.5 1.1 2.5 
 25 250.2 12.9 35.2 1.1 3.5 
 25 439.4 10.0 34.8 1.3 2.5 

34°26'S 26 2.8 20.0 35.8 1.3 3.5 
134°01'E 26 66.5 18.2 35.7 2.1 2.5 

 26 90.6 15.7 35.6 1.4 0.5 
34°05'S 27 3.5 19.4 35.7 1 3.5 

134°05'E 27 60.5 17.9 35.7 1.4 3.5 
 27 81 15.0 35.5 1.5 2.5 

33°28'S 28 2.8 18.1 35.6 1.5 2.5 
134°10'E 28 64.9 15.0 35.5 0.8 3 
33°20'S 29 2 18.2 35.6 1 1.5 

134°15'E 29 20.4 18.2 35.7 1 2 
 29 33.3 16.7 35.6 1.3 1 
 29 66.8 15.2 35.5 0.8 1 

33°13'S 30 2.9 18.2 35.6 0.4 4 
134°16'E 30 60.7 14.8 35.5 1 0 
34°04'S 32 4.3 20.9 36.2 1.6 5 

132°24'E 32 124.1 14.6 35.5 1 -0.5 
(continued on next page) 
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Appendix A (continued) 
Location Station Depth Temperature Salinity δ18O δ2H 

    (m) (°C)   (per mil) (per mil) 
34°04'S 32 247.9 12.9 35.3 1.2 1 

132°24'E 32 476.1 9.9 34.8 1.1 -1 
34°00'S 33 4.3 20.8 36.1 0.9 4 

132°26'E 33 147.8 14.5 35.5 0.8 2 
 33 261.8 12.6 35.2 0.6 2 

33°46'S 35 3.4 20.5 36.0 1.7 5 
132°36'E 35 77.7 18.8 35.9 1.7 4 

 35 112.7 16.4 35.8 1.2 3.5 
33°24'S 36 4.5 20.0 35.9 1.2 7 

132°52'E 36 69.4 17.4 35.8 1.7 3 
 36 90.1 16.3 35.8 0.8 4.5 

33°07'S 37 3.1 19.3 35.8 1.7 1.5 
133°06'E 37 63.4 16.1 35.7 0.8 3 

 37 75.8 16.1 35.7 1.4 2 
32°41'S 38 2.7 18.2 35.7 1.8 3.5 

133°25'E 38 50.1 16.4 35.6 1.3 1.5 
32°22'S 39 3.1 18.2 35.7 1.1 2.5 

132°39'E 39 10.4 17.4 35.7 1.6 3.5 
 39 24.9 15.8 35.5 1 2.5 

32°22'S 40 3.5 18.1 35.6 1 1.5 
133°38'E 40 12.3 17.4 35.6 1.8 1 

 40 25.8 15.8 35.5 1.2 3 
32°18'S 41 2.5 17.9 35.6 1.2 3.5 

133°07'E 41 15.8 17.6 35.6 0.9 2.5 
 41 45.4 16.2 35.6 1.2 2.5 

32°04'S 42 2.6 19.3 35.8 1 2.5 
131°43'E 42 44 17.6 35.8 0.9 3 

 42 54.8 17.2 35.8 1 2 
32°22'S 43 3.4 20.0 35.9 1.2 1.5 

131°32'E 43 60.8 17.8 35.8 1.4 3 
 43 65.4 17.3 35.8 1.1 1 

33°29'S 44 49.9 21.0 36.2 0.9 6 
130°52'E 44 120.1 14.5 35.4 1.1 0.5 

 44 199.8 13.4 35.3 1.6 -0.5 
 44 544.5 8.6 34.6 1.2 -3.5 

33°26'S 45 4.4 21.0 36.2 1.5 3 
130°52'E 45 159.7 14.2 35.4 1.1 0 

 45 366.4 11.1 35.0 1.4 1.5 
33°22'S 46 3.8 21.0 36.2 1.2 3 

130°52'E 46 91.8 16.5 35.7 1.3 -2 
 46 190.9 14.4 35.5 0.8 1.5 

33°15'S 47 3.5 21.0 36.2 1.6 2 
130°52'E 47 77.4 17.6 35.7 1.2 3.5 

  47 120.2 16.3 35.7 1 4 
(continued on next page) 
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Appendix A (continued) 
Location Station Depth Temperature Salinity δ18O δ2H 

    (m) (°C)   (per mil) (per mil) 
33°08'S 48 3.7 20.9 36.2 1.4 0.5 

130°53'E 48 69.8 19.0 36.0 1.5 1 
 48 99.4 16.9 35.8 1.9 1.5 

32°49'S 49 2.7 20.7 36.1 2 1.5 
130°52'E 49 72.2 18.0 36.0 1.4 1.5 

 49 82.1 17.9 36.0 1.1 3 
32°16'S 50 5 19.8 35.9 1 2.5 

130°52'E 50 49.2 19.4 35.9 1.3 4.5 
 50 63.9 18.1 36.0 1.3 3.5 

31°38'S 51 3.5 18.9 35.9 1.4 3 
130°52'E 51 30.4 17.6 36.0 1.5 4 

 51 44.6 17.4 36.0 1.7 -2.5 
31°31'S 52 3.7 18.8 35.9 1.4 3 

131°07'E 52 25.5 17.8 36.0 1.3 0.5 
  52 37.1 17.4 36.0 1 4 
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APPENDIX B: WESTERN GAB SEAWATER DATA 

Hydrographic and stable isotope data of western Great Australian Bight seawater from 
shelf stations sampled during July, 1995. 

Location Sample Depth Temperature Salinity δ18O 
    (m) (°C)    (per mil) 

33°8'S / 125°58'E GAB-41 56 16.5 35.9 0.7 
33°36'S / 135°11'E GAB-36 62 16.9 35.9 0.4 
34°59'S / 119°00'E GAB-99 80 18.2 35.8 0.4 
43°20'S / 121°32'E GAB-87 84 17.7 35.9 0.5 
34°31'S / 122°58'E GAB-74 84 17.7 35.8 0.3 
34°14'S / 124°23'E GAB-55 96 17.3 35.9 0.4 
34°29'S / 121°32'E GAB-88 100 17.3 35.8 0.4 
34°34'S / 122°25'E GAB-79 100 17.5 35.9 0.4 
34°36'S / 119°55'E GAB-94 106 18.0 35.8 0.5 
34°32'S / 121°32'E GAB-89 114 15.0 35.5 0.3 
34°21'S / 124°08'E GAB-64 150 16.3 35.7 0.3 
34°37'S / 123°25'E GAB-73 148 16.4 35.7 0.4 
33°53'S / 125°22'E GAB-35 150 17.0 35.9 0.4 
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APPENDIX C: BRACHIOPOD GEOCHEMICAL DATA 

Minor element geochemical data of the Terebratulid brachiopod Anakinetica cumingi 
from the eastern Great Australian Bight. Samples sites are shown in Fig. 3.7. 

Brachiopod 
sample 

Seawater 
station 

Na 
(ppm) 

Mg 
(ppm) 

Sr 
(ppm) 

Detection Limit 500 125 0.75 
41A-1 22 1409 1082 832 
41A-2 22 1420 1198 828 

43 24 1501 1575 848 
48 26 1516 1121 872 
49 27 1562 1353 878 
52 30 1400 1039 830 
57 (37) 1483 1105 818 

58-1 (37) 1509 1265 865 
58-2 (37) 1482 1115 875 
67 36 1489 1102 836 
69 38 1497 1339 863 
72 41 1127 1040 762 

77-1 (43) 1516 1497 846 
77-2 (43) 1465 1121 860 
78-1 (42) 1504 1486 852 
78-2 (42) 1543 1339 838 
80 42 1509 1203 885 

81-1 43 1392 1246 816 
81-2 43 1412 1316 826 
82 (49) 1490 1307 844 
86 47 1577 1594 896 
87 48 1507 1312 867 

88-1 49 1428 935 810 
88-2 49 1570 1482 892 
93 (51) 1465 1274 840 
94 (50) 1571 1202 890 
95 (49) 1519 1618 893 

Seawater stations in brackets are stations close but not identical to the brachiopod site.
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Appendix C (continued)  

Trace element geochemical data of Anakinetica cumingi from the eastern Great Australian Bight, from sample sites shown in Fig. 3.7. 
Brachiopod 

sample 
Seawater 

station 
B 

(ppb) 
V 

(ppb) 
Cr 

(ppb) 
Co 

(ppb) 
Ni 

(ppb) 
Cu 

(ppb) 
Zn 

(ppb) 
Ba 

(ppb) 
Pb 

(ppb) 
Detection Limit 5000 250 30 350 60 150 150 22 3 

41A-1 22 15436 1700 459 718 2536 835 1788 3199 72 
41A-2 22 14258 1937 426 725 2582 813 1646 1493 59 

43 24 16668 2146 537 736 2575 1014 1491 2405 87 
48 26 20259 2140 588 731 2578 811 1538 2389 80 
49 27 19064 2260 445 730 2610 798 1761 1883 41 
52 30 15626 2008 295 709 2579 760 956 1654 496 
57 (37) 15142 2240 674 725 2743  1980 1732 208 

58-1 (37) 19262 2303 416 725 2634 880 1251 1822 118 
58-2 (37) 20357 2376 275 725 2655 860 1431 1228 93 
67 36 18289 2459 335 735 2636 860 2845 1719 37 
69 38 17732 2085 252 738 2676 774 1010 1880 96 
72 41 13376 2429 1005 754 2728 857 1829 1918 45 

77-1 (43) 15368 2386 502 728 2669 826 1594 2018 65 
77-2 (43) 19758 2758 565 746 2735 866 3536 1643 63 
78-1 (42 16221 2590 608 734 2663 901 815 1486 71 
78-2 (42) 13711 2215 470 743 2745 801 1573 1486 56 
80 42 19474 2702 298 746 2732 782 1697 1295 57 

81-1 43 14914 2580 523 748 2700 850 1890 2015 90 
81-2 43 16801 2509 456 735 2704 925 1399 1773 77 
82 (49) 16580 2695 444 728 2702 789 1007 1263 42 
86 47 12743 2162 363 729 2674 786 880 1384 66 
87 48 18517 2431 356 735 2691 824 884 1016 58 

88-1 49 16407 2450 423 708 2525 707 867 1330 63 
88-2 49 17589 2540 759 741 2711 852 1614 1645 90 
93 (51) 16261 2655 489 741 2939 751 990 1392 46 
94 (50) 18069 2285 282 725 2823 766 899 1180 36 
95 (49) 16782 2194 335 710 2642 717 589 1392 57 

Seawater stations in brackets are stations close but not identical to the brachiopod site. 
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