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Abstract 

Levels of atmospheric oxygen (02 ) hav(' increaseo from <2o/r:. of the present atlno

spheric level (PAL) to values similar to the PAL during the N('oproterozoic. This 

is likely to have resulteo in significant changes in redox conditions in thp ocpans. 

The aim of this stud.v is to provide new constraints on redox conditions in shallow 

seawater during the Neoproterozoic by analysis of the rare earth element (REE) 

concentration and chromium (Cr) isotopic composition of marine carbonatps. To 

this end, a new method for J 53Cr analysis in low concentration samples has been 

developed. In addition, the Cr isotopic composition of modern and Phanerozoic 

carbonates, and seawater, have been determined to provide new constraints of the 

environmental behaviour of Cr isotopes. 

Modern seawater is characterised by heavy J53Cr values (+0.55-1.55%0) relative to 

the continental crust (-0.12%0), which indicates that Cr isotopes are fractionated 

during oxidative weathering. Importantly, the Cr isotopic composition of modern 

carbonates, precipitated in shallow water, is within the range of seawater. This sug

gests that fractionation of Cr isotopes during carbonate precipitation is minimal, 

and carbonates should provide a record of seawater J53Cr. Carbonate samples of 

Phanerozoic age also have high J53Cr values (0.737-1.994%0), consistent with oxida

tive weathering on the continents at this time. 

Most of the Neoproterozoic carbonates have significantly lower J53Cr values than 

the modern and Phanerozoic carbonates. However, oolitic limestones deposited just 

prior to the first Cryogenian glaciations, have higher J53Cr (+0.571-1.004%0). To

gether, the J 53Cr and REE data suggest that the operation of the Cr cycle was 

significantly different in the Neoproterozoic. Changes in J53Cr reflect eitlwr a shift 

in the relative importance of riverine and h~'drothermal sources, and/or changes 

in levels of atmospheric O2 . Modelling indicates that shallow waters were either 

dysoxic or suboxic during the Cryogenian, ano levels of atmospheric O2 must have 

been less than 30-40% PAL. 



Acknowledgements 

Firstly, I would like to thank my supervisors: Ian Parkinson, Rachael James, Ian 

Fairchild and Nick Rogers. The work presented in this study would not have been 

possible without their help and their guidance. Thanks must go to Bruce Schaefer 

for his help during the fieldtrip in Australia. Thanks also go to Mark Rehkamper 

and Anthony Cohen for their constructive criticism. 

Thank you to Sam Hammond for running the labs so efficiently and for her help 

with the ICP-MS measurements, to Manuela Fehr for her help with the Neptune 

and for sharing the lab with me and to Anne-Mari for her help with the Cr chemistry. 

A large number of people need to be thanked for making my time in l'vIilton Keynes 

such a great experience. First of all, Alison and Ian for sharing an office with me; 

it was a pleasure to go to work over the last three years and it is partly because I 

had a good time in the office with you two. More generally, I would like to thank 

the other PhD students and staff members at the OU for sharing numerous coffee 

breaks and "Friday Beers" (and Wednesday pub as well). I would also like to thank 

my housemates: Joe, Josh, Gaz and Lottie. I hope that living with a Frenchman 

was not too difficult. I really enjoyed the barbecues that we have done during the 

"long" and "hot' English summers. 

I would like to express my gratitude to Emilie's friends and colleagues in Graz 

that made my stays in Austria such great and fantastic time. Thanks must go to 

Kurt Stuewe and the University of Graz for letting me write most of my the8is in 

Graz. 

iii 



Thank must go to our friends that came on the other side of the English Chan

nel to visit us: Damien, Sandrine and Tibo, to Matt and Aline for sharing the great 

experience of Alaska wilderness and to Tibo for inviting us to the Reunion Island. 

I would like to thank my family for always being there for me and supporting 

me. Special thanks go to Maman, Papa, Clement, Isaline and Aloys and Jean

Baptiste. Thanks must go to Emilie's family (Jean, Pascale, Arnaud and Carline 

and Matthieu) for their support over the last three years. 

Finally, I couldn't have done this without the love and support of Emilie. Thank 

you for your help, your affection and for everything that we have done together. I 

promise, I will not work on weekends now that my thesis is finished. 

Pierre 

IV 



Remerciements 

Je voudrais tout d'abord remercier mes directeurs de these: Ian Parkinson, Rachael 

James, Ian Fairchild et Nick Rogers. Le travail presente dans c€'tte thesE' 11 grand€'

ment beneficie de votre aide et de nos discussions. Je voudrais aussi remercier Bruce 

Schaefer pour son aide sur Ie terrain en Australi€' ainsi que r..Iark Rehkamper et An

thony Cohen pour leur remarques constructives durant ma soutenance de These. 

Merci it Sam Hammond pour s'etre occupee des laboratoires de maniere si efficace 

et pour son aide durant Ies analyses ICP-MS ; it Manuela Fehr pour son aide avec 

Ie Neptune et pour avoir partage Ie lab avec moi ; enfin, merci it Anne-l\Iari pour 

son aide avec 1a chimie Cr. 

Je voudrais profiter de ces quelques lignes pour remercier grandement les personnes 

qui ont fait de mon sejour it Milton Keynes une tn's belle experience. Tout d' abord, 

je remercie Alison et Ian d'avoir part age Ie bureau avec moi. C'etait un plaisir d 'aller 

au travail pendant ces trois dernieres annees et ce1a est en partie grace it VOllS! Plus 

gimeraIement, j'aimerais remercier les autres thesards et les mernbres du staff de 

Open pour avoir part age avec moi de nombreuses paus('s cafe et ' Fridays beers' (et 

o Wednesday pub 0 aussi). J'aimerais remercier mes colocataires : Joe, Josh, Gaz et 

Lottie. J'espere que vivre avec un franc;ais n'etait pas trop difficile. J'ai vraiment 

apprecie les nombreux barbecues que nous avons fait pendant les 0 long' et. • chaud 

o ete anglais. 

J'aimerais aussi remercier les collegues et aIllis d'Emilie a Graz qui ont fait de mes 

sejours en Autriche de fantastiques moments. l\Ierci a Kurt Stuewe et l'Universite 

v 



de Graz pour m'avoir laisse ecrire la plus grande partie de ma these a Graz. 

Un grand merci aussi a nos am is qui sont venus de l'autre cote de la manche pour 

nous rendre visite: Damien et Sandrine ainsi que Tibo. Merci a Matt et Aline pour 

avoir partage notre experience en Alaska et a Tibo pour nous avoir accueillit a la 

Reunion. 

J'aimerais remercier ma famille pour avoir ete continuellement la pour moi et pour 

m'avoir toujours encourage a suivre ma voie. Un grand merci a maman, papa, 

Clement, Isaline, Aloys et Jean-Baptiste. Merci aussi a la famille d'Emilie (Jean, 

Pascale, Arnaud, Carline et Matthieu) pour leur soutien pendant les trois dernieres 

annees. 

Finalement, Je n'aurais pas pu faire ce travail sans l'amour et l'aide d'Emilie. Merci 

beaucoup pour ton aide, ton affection et pour tout ce que nous avons fait tous les 

deux. Je te promets que je ne travaillerai plus Ie weekend maintenant que ma these 

est finie. 

Pierre 

vi 



Contents 

List of Figures 

List of Tables 

1 Introduction 

1.1 Rationale ....... . . . . . . . . 

1.2 The oxygenation history of the Earth 

1.3 The Neoproterozoic Era ..... 

1.4 Neoproterozoic chemostratigraphy 

1.4.1 Carbon isotopes. 

1.4.2 Oxygen isotopes. 

1.4.3 Sulphur isotopes 

1.4.4 Radiogenic isotopes . 

1.4.5 Elemental concentrations and ratios. 

1.4.6 Non-traditional stable isotopes .... 

1.4.7 Climate and Redox Models for the Neoproterozoic. 

1.5 Chromium Chemistry ............. . 

1.5.1 Cr concentration of terrestrial material 

1.5.2 Occurrence of Cr in aqueous systems 

1.6 Stable Cr isotopes .............. . 

1.6.1 Variations in the isotopic composition of Cr 

1.6.2 ChromiuIIl isotopic fractionation processes 

1.7 Thesis Aims . . . 

1.8 Thesis structure . 

vii 

xiii 

xvii 

1 

1 

2 

5 

7 

8 

10 

10 

11 

13 

14 

14 

16 

17 

17 

20 

20 

21 

24 

25 



2 Accurate and precise stable Cr isotopes 

2.1 Introduction...... 

2.2 Analytical procedures. 

2.2.1 

2.2.2 

2.2.3 

2.2.4 

Sample preparation 

Separation of Cr from the sample matrix 

Analysis of Cr isotopes 

Data processing 

2.3 Results and discussion 

2.3.1 Separation of Cr from the sample matrix 

27 

27 

29 

29 

30 

31 

36 

37 

37 

2.3.2 Reproducibility and accuracy of Cr isotopic measurements 37 

2.3.3 Effects of isobaric interferences ............. 40 

2.3.4 Applicability of the exponential mass fractionation law 42 

2.3.5 853Cr of carbonate standards 45 

2.4 Conclusions ............. . 

3 Cr concentration and Cr isotopic composition of seawater 

3.1 Introduction. 

3.2 Sample location 

3.2.1 Argentine Basin . 

3.2.2 Southampton Water 

3.3 Methodologies........ 

3.3.1 Sample collection and pre-concentration techniques 

3.3.2 Separation of Cr from the Fe-matrix 

3.3.3 Mass spectrometry . . . . . . . . . . 

3.3.4 Cr isotope notation and data processing 

3.3.5 Speciation of Cr in natural waters . 

3.4 Results.................... 

45 

47 

47 

50 

50 

52 

54 

54 

56 

57 

58 

59 

60 

3.4.1 Evaluation of the co-precipitation and chemical purification 

proced ures . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 60 

3.4.2 Cr concentration and Cr isotope composition of the ammo-

nium Fe(II) sulphate hexahydrate solution . . . . . . . . . .. 60 

viii 



4 

3.4.3 Cr concentration and Cr isotope composition of samples from 

Southampton Water .... . . . . . . . . . . . . . . . . . . . 61 

3.4.4 Cr concentration and Cr isotope composition of samples from 

the Argentine Basin 

3.4.5 Speciation of Cr in natural waters. 

3.5 Discussion ................. . 

3.6 

3.5.1 Concentrations of Cr(Ill) and total Cr 

3.5.2 Veracity of Cr isotope measurements 

3.5.3 Cr isotopic composition of seawater 

Conclusions . . . . . . . . . . 

Geological and regional setting 

4.1 

4.2 

4.3 

4.4 

Introduction . 

The Adelaide rift complex (South Australia) 

4.2.1 Existing age constraints 

4.2.2 Geochemical data . 

4.2.3 Sample Locations . 

The Dalradian supergroup 

4.3.1 Existing age constraints 

4.3.2 Geochemical data . 

4.3.3 Sampling strategy. 

The Anti-Atlas Margin, Morocco 

4.4.1 Taroudant group 

4.4.2 Tata Group . . . 

4.4.3 Geochemical data. 

4.4.4 Sampling strategy. 

4.5 The Eleonore Bay Supergroup: Central East Greenland 

4.5.1 Age constraints . . 

4.5.2 Geochemical data . 

4.5.3 Sampling strategy. 

4.6 Modern and Phanerozoic carbonates 

ix 

62 

64 

66 

66 

69 

71 

77 

79 

79 

80 

80 

84 

86 

86 

88 

89 

92 

94 

94 

95 

96 

96 

97 

98 

98 

99 

99 



5 Chemical composition of carbonate samples 

5.1 Introduction............... 

5.1.1 Chemical behaviour of the REEs 

5.1.2 Sources of REEs in the ocean . . 

5.1.3 Behaviour of the REEs in oxic seawater. 

5.1.4 Behaviour of the REEs in anoxic seawater 

5.1.5 REEs in the carbonate record 

5.2 Methods 

5.3 Results. 

5.4 

5.3.1 Adelaide Rift Complex 

5.3.2 Dalradian Supergroup 

5.3.3 

5.3.4 

5.3.5 

5.3.6 

5.3.7 

5.3.8 

Eleonore Bay Supergroup 

Morocco ......... . 

Modern and Phanerozoic samples 

Cr concentrations 

C and 0 isotopes 

Mn/Sr and Sr isotopes 

Discussion . . . . . . . . . . 

5.4.1 Contamination and post depositional alteration 

5.4.2 Environmental setting ..... 

5.4.3 Implications for redox conditions 

5.4.4 Cr concentration of carbonates 

5.5 Conclusions ............. . 

6 Cr isotopic composition of marine carbonates 

6.1 Introduction . . . . . . . . . . . . . . . . . . . 

6.1.1 Evolution of seawater oxygenation in the Neoproterozoic 

6.1.2 

6.1.3 

Cr isotopes as recorders of past ocean oxygenation? 

Cr isotopic composition of carbonates. 

6.1.4 Aims. 

6.2 Results .... 

x 

101 

· 101 

· 101 

· 103 

104 

107 

· 108 

· 109 

· 111 

· 112 

· 112 

· 114 

· 115 

· 116 

116 

117 

118 

· 118 

· 119 

· 123 

· 129 

· 131 

· 132 

135 

135 

136 

137 

138 

139 

139 



6.2.1 Modern and Phanerozoic carbonates ... . . . 139 

6.2.2 Neoproterozoic carbonates from South Australia 141 

6.2.3 Neoproterozoic carbonates from the Dalradian succession 142 

6.2.4 Carbonates from the Eleonore Bay Supergroup and the 1\10-

rocco succession . 

6.3 Discussion........ 

143 

145 

145 

149 

151 

163 

6.3.1 Do the carbonates record seawater b53Cr? 

6.3.2 Sources of contamination ......... . 

6.3.3 Relationship between b53Cr and redox conditions 

6.4 Concl usions . . . . . . . . . . . . . . . . 

7 Summary and Conclusions 165 

7.1 Cr isotopic measurement of low concentration natural samples 166 

7.2 Cr isotopic composition of seawater . . 166 

7.3 Cr isotopic composition of carbonates. 167 

7.4 Implications for the Cr cycle 169 

7.5 Future work . . . . . . . . . 170 

Appendices 

A Field localities 

B Analytical methods 

B.1 Sample preparation 

170 

171 

173 

173 

B.2 Laboratory reagents and cleaning procedure 173 

B.3 Major and trace elements analysis. 174 

B.3.1 Rock dissolution procedure. 174 

8.3.2 Inductively coupled plasma mass spectrometry (ICP MS) 175 

8.4 Carbon and oxygen isotopes analysis 176 

B.5 Sr isotopes analysis . . . . . . . . . . 177 

B.S.l Sample preparation and chemical procedure 177 

B.S.2 Thermal ionization mass spectrometry (TIMS) . 178 

xi 



C Data tables 

D PHREECQ calculation parameters 

Bibliography 

xii 

181 

193 

195 



List of Figures 

Chapter 1: Introduction 1 

1.1 Variation of the atmospheric oxygen concentration through time 3 

1.2 Atmspheric versus dissolved O2 concentrations 5 

1. 3 Geological time scale . . . . . . . . . . . . . . 6 

1.4 Carbon isotope curve for Neoproterozoic seawater 9 

1.5 Composite Sr isotope curve for Neoproterozoic seawater. 12 

1.6 Schematic redox model of the Ediacaran Ocean . . . . . 16 

1. 7 Eh-pH diagram for aqueous inorganic chromium species. 19 

1.8 Chromium isotope composition of natural samples. 21 

1.9 Cr isotopes fractionation during reduction processes 22 

1.10 Seawater Cr budget . . . . . . . . . . . . . . . . . 25 

Chapter 2: Accurate and precise stable Cr isotopes 27 

2.1 

2.2 

2.3 

2.4 

2.5 

Elution curves from the cation exchange resin . . . . . . . . . . . . . 31 

Error magnification term versus 50Cr / 52 Cr in the spike/sample mixture 34 

Long-term reproducibility of t553 Cr for the NBS 979 Cr standard 39 

Cr isotopic composition of carbonates . . 

Effects of isobaric interferences on b53Cr 

41 

43 

Chapter 3: Cr concentration and Cr isotopic composition of seawater 47 

3.1 Vertical profile of total Cr in the North Atlantic Ocean 

3.2 Map showing sampling location in the Argentine Basin. 

3.3 Map showing sampling location in Southampton Water. . 

xiii 

48 

51 

52 



3.4 Physical parameters and nutrient concentration in the Argentine Basin 53 

3.5 Procedure for pre-concentration of Cr from seawater .... 

3.6 Elution curve for Cr and Fe from the anion exchange resin 

55 

57 

3.7 Cr isotopic composition of standards and seawater samples 62 

3.8 Cr and 853Cr profiles in the Argentine basin . . . . . . . . 64 

3.9 Eh-pH diagrams for aqueous inorganic chromium hydrolysis species 65 

3.10 Species distribution for Cr(III) and Cr(VI) in seawater 67 

3.11 Modelling of the variation in 853 Cr in seawater . 73 

Chapter 4: Geological background 79 

4.1 Map showing the Adelaide rift complex 81 

4.2 Schematic log of the sedimentation in the Adelaide Rift Complex 82 

4.3 Carbon isotopic curve for the Umberatana Group 85 

4.4 Field photos in the Adelaide rift complex . . . . . 87 

4.5 Carbon isotopic curve of the Dalradian Supergroup 89 

4.6 87Sr / 86Sr ratio from the Dalradian Supergroup . . . 91 

4.7 Simplified Geological map of Islay and the Tayvallich peninsula 92 

4.8 Field photos in the Dalradian Supergroup ... 93 

4.9 Carbon isotopic curve for the Morocco sequence 95 

4.10 Simplified lithostratigraphy of the Eleonore Bay Supergroup 97 

Chapter 5: Chemical composition of carbonate samples 101 

5.1 Typical REE patterns for natural waters . . . . . . . . 104 

5.2 Depth profiles of Ce anomaly and Y /Ho in modern ocean. 105 

5.3 Y /Ho ratio of seawater versus salinity. . . . . . . 106 

5.4 Depth profile of (Er /Yb )SN in the modern ocean. 107 

5.5 Depth profiles in the Cariaco Basin . 108 

5.6 REEs in Holocene reefal microbialites . 110 

5.7 REEs in Devonian reefal carbonates. . 111 

5.8 REE-Y patterns for Adelaide rift complex and Dalradian Samples 113 

5.9 REE-Y patterns in carbonates samples .............. 115 

XIV 



5.10 C versus 0 isotopic composition of the carbonate samples. 

5.11 Total REE concentration versus Zr and Th . . . . . . . . . 

117 

120 

5.12 Modelled effects of contamination on shale-normalised REE patterns. 121 

5.13 Sr isotopic composition versus mass l\In/Sr ratio. 

5.14 (Y/Ho)* versus (Er/Yb)sN . .......... . 

5.15 Sr isotope curVE' for the Neoproterozoic seawater 

5.16 REE patterns oolitic limestones .. 

5.17 REEs in Neoproterozoic carbonates 

5.18 Ce/Ce* versus Fe concentration 

5.19 Cr versus Zr concent.ration ... 

Chapter 6: Cr isotopic composition of marine carbonates 

6.1 Cr isotopic composition of Neoprot.erozoic BIFs .. 

6.2 653Cr for Phanerozoic carbonates and modern ooids 

6.3 653Cr for South Australian carbonates 

123 

124 

126 

127 

128 

130 

132 

135 

137 

140 

142 

6.4 653Cr for Neoproterozoic carbonates. . 144 

6.5 653Cr versus 0 and C isotopes for all of the carbonates samples 146 

6.6 653Cr versus Mn/Sr for all carbonates samples . . . . 147 

6.7 b'53Cr versus Ca/Mg ratio for all carbonates samples. 148 

6.8 653Cr versus Cr and Th concentration. . . . . . . . . 

6.9 653Cr versus Eu/Eu* for all of the carbonates samples 

150 

151 

6.10 653Cr versus Eu/Eu* for Precambrian BIFs . 152 

6.11 Carbonate 653Cr versus seawater 653Cr . . 153 

6.12 Models of the evolution of seawater 653Cr . 154 

6.13 Variat.ion of the 653Cr and the Ce/Ce* through the Neoproterozoic. 157 

6.14 Standard electrode potentials for selected elements. . . . . . . . ., 159 

6.15 Variation in concentrations of 0 and dissolved Fe with depth in the 

oceans ................................ . 

6.16 Evolution of concentration-depth profiles of 0 and Fe in seawater 

6.17 Profiles of seawater oxygenation . . . . . . . . . . . . . . . . . . . 

xv 

161 

162 

163 



Chapter 7: Summary and Conclusions 165 

7.1 Cr concentration and Cr isotopic composition of inputs to the modern 

oceans ................................... 169 

xvi 



List of Tables 

Chapter 1: Introduction 

1.1 Terminology for the different oxygen regimes 

Chapter 2: Accurate and precise stable Cr isotopes 

2.1 Isotopic composition of the ,50Cr_,S4Cr double-spike . 

2.2 Instrumental operating parameters ........ . 

2.3 Cr isotopic composition and Cr concentration of standards 

1 

4 

27 

35 

36 

40 

Chapter 3: Cr concentration and Cr isotopic composition of seawater 47 

3.1 Chromium concentrations in oceanic waters .. . . . . 49 

3.2 Cr isotopic composition of the standard-spike solution. 61 

3.3 Cr concentration and Cr isotopic composition of seawater samples 63 

Chapter 6: Cr isotopic composition of marine carbonates 

6.1 Data table for modern and Phanerozoic carbonates 

6.2 Data table for the Adelaide rift complex carbonates 

6.3 Data table for Neoproterozoic and Cambrian carbonates 

6.4 Cr fluxes to modern seawater ..... . 

6.5 Cr fluxes to the Neoproterozoic seawater 

Appendices 

A.l Field localities for the Adelaide rift complex 

xvii 

135 

141 

143 

145 

155 

158 

170 

. 172 



A.2 Field localities for the Dalradian Supergroup . . . . . . . . . . . . . . 172 

B.1 Major and trace elements concentration for JDo-l dolomite standard 179 

C.1 Data table for the Adelaide rift complex samples. . . . . . . 182 

C.2 Data table for the Adelaide rift complex samples (continued) 183 

C.3 Data table for the Adelaide rift complex samples (continued) 184 

C.4 Data table for the Dalradian Supergroup samples . . . . . . 185 

C.S Data table for the Dalradian Supergroup samples (continued) 186 

C.6 Data table for the Moroccan samples . . . . . . . . . 187 

C.7 Data table for the Eleonore Bay Supergroup samples 188 

C.8 Data table for the Californian and Indian samples . . 189 

C.9 Data table for the modern and Phanerozoic samples. 190 

C.lO Data table for the carbonate standards 191 

C.lI Sr isotopes data table. . . . . . . . . . 192 

D.1 Major cations and anions concentrations in seawater. 193 

xviii 



Chapter 1 

Introduction 

1.1 Rationale 

The variation in the level of oxygenation in the past oceans and atmosphere has 

been widely studied over the last 30 years (e.g. Rouxel et al., 2005; Holland, 2006). 

These studies have revealed that the Earth system is characterised by large varia

tions in the level of oxygenation, and these changes are associated with dramatic 

extinctions on the Earth's surface. The study of the chemical composition of marine 

sediments, such as carbonates, provides crucial information about how the chem

istry of the oceans responds to changes in the Earth's environmental conditions. For 

example, analysis of traditional stable isotope systems, such as oxygen and carbon, 

in marine carbonates have been used to assess changes in ocean temperature, ice 

volume, productivity and ventilation. Information on levels of seawater oxygena

tion, on the other hand, tends to come from the analysis of non-traditional stable 

isotopes, such as molybdenum (Mo) and iron (Fe) (e.g. Siebert et al., 2003; Rouxel 

et al., 2005). However, the behaviour of Mo and Fe in seawater is strongly regulated 

by the presence of free hydrogen sulphide (H2S), so these two isotope systems are 

most sensitive to euxinic conditions. As euxinic conditions are rare in shallow wa

ters (which are in contact with the atmosphere), Mo and Fe isotopes rarely provide 

information about levels of oxygenation in shallow water environments. In contrast 

to Mo and Fe, chromium (Cr) is not regulated by H2S; Cr speciation only responds 

to changes in levels of seawater oxygenation. Moreover, Cr has a simple solution 

1 



1. Introduction 

chemistry relative to Mo and Fe. For these reasons, chromium stable isotopes have 

the potential to record past changes in ocean redox conditions. In addition, the 

study of Cr isotopes in shallow water carbonates should help to constrain redox 

conditions in shallow waters that, crucially, will be in equilibrium with the level of 

O2 in the atmosphere. 

Although using isotopic systems as a proxy for past redox condition is a growing 

research field, their ability to produce quantitative information about di solved oxy

gen concentrations in the shallow oceans and, by inference, oxygen concentration 

in the atmosphere, is not yet fully developed. This thesis aims to redres thi, by 

analysis of Cr isotopes in marine carbonates from the eoproterozoic. a time for 

which there is strong evidence for increases in atmospheric oxygen and the oxygen 

content of the shallow oceans. The data are interpreted in the context of Cr i otope 

data obtained from modern marine carbonates and, for the first time, eawater. In 

this way, the aim of this thesis is to test the applicability of Cr isotope a a redox 

proxy. 

1.2 The oxygenation history of the Earth 

The oxygenation history of the atmosphere and oceans has attracted signifi ant 

interest over the last 30 years (e.g. Holland, 2006). On the basis of geochemical 

studies, the evolution of atmospheric oxygen is divided into five stages (Holland, 

2006; Fig. 1.1). 

Stage 1, the Archaean (prior to 2.4 Ga), is characterised by exceptionally low at

mospheric O2 concentrations «2 ppm), coupled with anoxic conditions in both th 

shallow and deep ocean. 

Stage 2 is characterised by a marked increase in atmospheric O2 , reaching rv 10% 

present atmospheric level (PAL). This is the so-called 'Great Oxidation Event' 

(GOE), which occurred between 2.4 and 2.0 Ga. During the GOE, the oxygen 

concentration of the surface waters is thought to be in equilibrium with the atmo

sphere (Holland, 2006), whereas the deep ocean remained anoxi . 

Stage 3, between 1.85 and 0.85 Ga, is characterised by relatively constant 1 vels of 
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1.2 The oxygenation history of the Earth 

atmo pheric O2 (Holland, 2006), and the ocean are thought to be strongly stratified 

(Planav ky et al., 2010). 

Stage 4 is the eoproterozoic Era (0. 5 to 0.54 Ga) during which there appears to 

be a large incr ase in atmospheric O2 , with concentration increa ing from about 

5-10% PAL to cIo e to PAL (90% PAL) (Fig. 1.1, Holland, 2006) . The eopro

terozoic is characterised by a series of major climate perturbation (Fairchild and 

Kennedy, 2007), so it seems unlikely that the O2 concentration increa ed gradually 

during this period. Rather, the eoproterozoic is likely to be characteri ed by large 
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Figure 1.1: Variation of the oxygen concentration in the atmosphere from the Archaean to the 

present with emphasis on the eoproterozoic Era. Modified after Holland (2006). The three 

eoproterozoic glaciations are labelled C1 (fir t Cryogen ian glaciation), C2 ( econd Cryogen ian 

glaciation) and G (the Gaskier glaciation). umber represent the different tage in the evolution 

of atmospheric O2 ( ee text for details). Each curve presents a model for the oxygenation of the 

atmo phere. 
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variations in atmospheric O2 . These large variations in atmospheric O2 are likely to 

be accompanied by major changes in the redox condition of the ocean. Importantly, 

the Neoproterozoic is a key period in the evolution of the atmospheric O2 because, 

at this time, the high level of O2 became stabilised and probably enhanced the de

velopment of life on Earth (Knoll, 2003). 

Stage 5 (0.54 Ga to present) is characterised by relatively high O2 concentration in 

the atmosphere, although there is strong evidence that there have been large varia

tions in the atmospheric O2 concentration during the Phanerozoic (Holland, 2006). 

There is no consensus on the definition of the terminology used in studies of 

seawater anoxia. In this study, the terminology of Tyson and Pearson (1991) is 

adopted (Table 1.1), based on the concentration of O2 and H2S. Well oxygenated 

environments are "oxic n and are characterised by O2 concentrations of higher than 

90 /lmoll- 1 while environments with less O2 vary from dysoxic (9 < O2 < 90 /lmol 

1-1 ), to suboxic (02 < 9 /lmol 1-1
) to anoxic (0 2 = 0 and no free H2S). Euxinic 

environments are characterised by the absence of O2 and the presence of free H2S. 

The concentration of O2 in modern seawater is variable depending on location 

(equatorial or high latitude), depth, temperature and salinity. Shallow seawater is 

thought to be in equilibrium with the atmosphere so that the O2 concentration in 

surface seawater depends on the atmospheric concentration and surface temperature 

and salinity. Figure 1.2 shows the concentration of dissolved O2 in surface seawater 

relative to the amount of oxygen in the atmosphere (expressed as % present atmo

spheric level (PAL)), for a salinity of 35%0. At the present day (Le. for atmospheric 

O2 equal to 100% PAL), the oxygen concentration of surface seawater varies be-

Table 1.1: Terminology used in this study for the different oxygen regimes. Adapted from Tyson 

and Pearson (1991). 

02 (Jjffioll - 1 ) free H2S 

Oxic > 90 no 

Dysoxic 90-9 no 

Suboxic <9 no 

Anoxic 0 no 

Euxinic 0 yes 
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Figure 1.2: Concentration of dissolved O2 in surface seawater as a function of the concentration of 

atmospheric O2 . The concentration of atmospheric O2 is expressed in terms of the percentage of 

the Present Atmospheric Level (PAL). The oxic-dysoxic and dysoxic-su boxic boundaries are from 

Tyson and Pearson (1991). The coloured lines represent different seawater temperatures, and are 

calculated for a salinity of 350/00 using the equation reported by Benson and Krause (1984). 

tween 200 and 350 ,umoll- 1 and surface seawater is always oxic (Fig. 1.2). If levels 

of atmospheric oxygen fall below 25 % PAL, then surface waters become dysoxic 

while at atmospheric O2 below 10% PAL, then surface waters become suboxic. The 

O2 concentration of the surface ocean is strongly linked to the presence of life on 

Earth, thus a better understanding of the redox condition of shallow waters during 

the Neoproterozoic is critical for our understanding of the evolution of the Earth 

system. 

1.3 The Neoproterozoic Era 

The Neoproterozoic Era began 1000 Ma (Fig. 1.3) and ended at the Proterozoic

Phanerozoic transition, some 542 Ma (Amthor et al., 2003). The eoproterozoic 

Era is sub-divided into the Tonian (1000 - 7 Ma), the Cryogenian (7 - 635Ma) and 

the Ediacaran (635-542 Ma) (Fig. 1.3). The age constraints on the Neoproterozoic 
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Figure 1.3: The geological time scale with emphasis on the :'\eoproterozoic Era. 
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Era are relatively poor and a general consensus on thf> age of each period ha~ lIot 

yet been reached (Shields et al. pers. comm.). The N{'oprot{'rozok ~ll(TP~~iOIl~ arf' 

characterised by the presence of large widespread gladal d{'posits. SOIJlf' of whi('h 

have been interpreted to be of global extent (Knoll, 2000; Fairchild and KpIIIlPd~·. 

2007). There are no glacial deposits described before 750 ~Ia: all gladat jOlls arp 

confined to the Cryogenian and Ediacaran periods (Fig. l.:3). Thrf'f' lJIain glacial 

periods have been described. The oldest has been dated at about 716 \Ia (\Ianlon

aId et al., 2010) and is called the first Cryogenian glaciat ion ((' 1. St 11ft ian). TlH' 

second major glacial event is the end-Cryogenian glaciation (C2. \Iarinoflll). alld 

the end of t.his glaciation has been dated at about 635 ~Ia (Condon t>t al.. 200:); 

Hoffmann et al., 2004; Kendall et al., 2006). The last major glaciation ('pisodp is 

called the Gaskiers (G) glaciation (Fig. 1.3). This occurred at abollt 580 \Ia. ill t hf' 

Ediacaran period, and has been described in Newfoundland (Halv('[soll et a1.. 20(7). 

However, the chronology of the first Cryogenian glaciat ion is st ill st r{)tlgl~' df'bat f'd 

because of potential overlapping ages between glacial events (Condon ('t a!.. 20()5. 

Rooney et al., 2011). These uncertainties mean that the terrllill()l()~~' H!-'ed abo\'(' 

is likely to change in the future. The glacial units are often overlain b~' ('ap ('ar

bonates (Fairchild and Kennedy, 2007). These cap carbonates, which are lluiqllP to 

the Neoproterozoic Era. are usually thin, but laterally extensive dolomi\(' horizons 

which make a sharp contact with the overlying glacial deposits. Altholl~h t I!pst, ('ap 

carbonates have been widely studied, their origin and the lIlechanisms responsiblf' 

for their chemical characteristics (such as large negat ive carhon isotopes ('xcllfsioIlS) 

art' still under debate (Fairchild and Kennedy, 2007). 
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1.4 Neoproterozoic chemostratigraphy 

Neoproterozoic sedimentary successions are often composed of mixed carhonate 

and siliciclastic rocks, occasionally accompanied b~' Banded Iron Formations (BIFs) 

(Frei et al.. 2009). OveralL sediments from the Neoproterozoic haw bet'll dcscrilwo 

as Fe-rich, and are therefore indicatiw of reducing conditions (Kirschvink. 1992; 

Hoffman et a1.. 1998). Carbonate rocks record key geochemical and climate infor

mation that can be used to reconstruct the conditions at tIl{' time of deposition. 

Due to the absence of pelagic calcifiers amI t he lack of preservation of deep-marine 

deposits, the carbonate record of the Neoproterozoic is biased towards shallow-water 

environments compareo with the Phanerozoic carbonate record. Durillg the 01eo

proterozoic, carbonate successions that contain oolitic limestones are interpreted to 

have been deposited in shallow water ellvironments ouring warlll intervals (Fairchilo. 

1993). 

In order to understano the climate and chemical evolution of the 01eoproterozoic 

the sedimentary record has been widely studieo (Halverson et al.. 2010). Several 

geochemical tools have been elllplo~'ed to stud~' the Neoproterozoic successioIls, in

cluding C and Sr isotopes. A brief description of these geochemical tools is giwn in 

the following paragraphs. 

1.4 Neoproterozoic chemostratigraphy 

The chemical composition of sedimentary successiolls. or 'chemostratigraphy' can be 

used to derive (i) the seawater composition at the time of depositioll. (ii) the prove

nance of water masses, and (iii) changes in environnwntal variables that control the 

chemical signal studied. The lack of good biostratigraphical and/or radiochronolog

ical constraints for the Neoproterozoic inhibits correlation of the different succes

sions worldwide, and in order to make such correlations chemostratigraph.v has heen 

widel.v used. However, the chemical variables must be sensitive to variations in sea

water chemistry, and must not be affected (to an.'" significant extent) b~' secondary 

processes that degrade the primary chemical signal. The chemical variations can 

also be interpreted in terms of fnvironIIlental and tectonic changes. However. in rf-
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1. Introduction 

cent years these interpretations have been strongly debated (Knauth and Kenned~·. 

2009). During the Neoproterozoic time period, chemostratigraphy has only been 

applied using specific tools, of which C isotopes have been most widely discussed. 

1.4.1 Carbon isotopes 

The carbon isotope composition of carbonate minerals (613Ccarb) is widely used for 

chemostratigraphy during the Neoproterozoic (Kaufman et al., 1997; Kennedy et al.. 

2001; Schrag et al., 2002; Higgins and Schrag, 2003; Halverson et al.. 2005: Jiang 

et al., 2007). The carbon isotopic compositions of unaltered carbonates can be used 

to reconstruct the carbon isotope composition of dissolved inorganic carbon (Ole) 

of seawater in equilibrium with the carbonates. The C isotope composition is re

ported relative to 'Vienna Pee Dee Belemnite' using the standard notation 813c. 
The Neoproterozoic Era is characterised by high 613Ccarb relative to modern da.\' 

seawater, and also by large negative excursions (Fig. 1.4, Halverson et al., 2010). 

These two features are characteristic of the Neoproterozoic and are interpreted to 

reflect the true behaviour of carbon isotopes in Neoproterozoic seawater. The large 

813Ccarb suggest that the carbon cycle could not have been at steady state for all 

of the Neoproterozoic. The large variations in the C isotopic composition of sea

water have been used to model climate changes that occurred during this period 

(Kaufman et al., 1997; Halverson et al., 2002; Schrag et al., 2002; Halverson et al.. 

2010). Several hypotheses have been proposed to explain the significant periods of 

high 813Ccarb such as a strongly stratified ocean, a high evaporation rate, or high 

fractional burial of organic carbon (Hayes et al., 1999). These overall high 813Ccarb 

values are interrupted by large negative carbon isotopes excursions, which remain 

poorly understood. 

In recent years the use of C isotopes for chemostratigraphic purposes has been 

strongly debated. Indeed, several studies have interpreted the variation in C iso

topes recorded as not reflecting the seawater signal (e.g. Knauth and Kennedy, 

2009). Rather, it has been proposed that some of the C isotope excursions could be 

explained by marine, meteoric or burial diagenesis (Fairchild and Kennedy, 2007; 
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Figure 1.4: Carbon isotope curve for Neoproterozoic seawater. The shaded areas represent glacial 

events. Modified after Halverson et al. (2010). 

Knauth and Kennedy, 2009). The use of C isotopes for chemostratigraphy has also 

been discussed by Frimmel (2009) who suggested that the low residence time of C 

relative to the seawater mixing time implies that C isotopes could record a local 

signal rather than a global signal. Frimmel (2009) demonstrated that proximal and 

distal carbonates from the same time period do not record the same C isotope data 

and therefore suggested that the use of C isotopes for chemostratigraphy should be 

only applied to distal sections. It is also important to test if the signal recorded by 

the carbonate samples is primary or if it was affected by post-depositional processes. 

In order to determine the least affected samples, empirical screening criteria have 

been used and 813Ccarb isotope data is interpreted to be reflecting a primary signal 

if, for example, Mn/Sr < 0.2, 8180 > -10%0 and Fe/ivln < 0.5 (e.g. Derry et al.. 

1992). 
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1. Introduction 

1.4.2 Oxygen isotopes 

The utility of oxygen isotopes for chemostratigraphy in the Proterozoic is highly 

debated (Jaffres et al., 2007). Overall, the 8180 value of Neoproterozoic rocks is 

lower than it is in Cenozoic carbonates (Veizer et al., 1999). However, the inter

prrtation of this general observation has not yet reached a consensus. A number 

of studies have suggested that the 0 isotopic composition in seawater has remained 

constant through Earth's history (e.g. Muehlenbachs, 1998), whilst others suggest 

that seawater 818 0 has varied (Shields et al., 2003). This subject is still strongly 

debated and, in this study, the 8180 value of Neoproterozoic carbonates is used as an 

indicator of diagenetic effects: 0 isotopes are strongly affected by diagenetic fluids 

and increased post-depositional temperatures (Jacobsen and Kaufman, 1999). 

Mass-independent oxygen isotope fractionation in sulphate have also been applied 

to Neoproterozoic sediments (Bao et al., 2008, Bao et al., 2009) and the variations 

observed have been interpreted in terms of high atmospheric pC02 and low O2 

prod uction (Bao et al., 2008). 

1.4.3 Sulphur isotopes 

Sulphur isotopes (8348) can be measured from minerals containing either sulphates 

or sulphides. In the Neoproterozoic successions, 834S has been measured in evap

orites, barite and carbonates (e.g. Halverson et al., 2010). In the latter, 8348 is 

measured in carbonate-associated sulphate-bearing minerals and can be interpreted 

as reflecting the seawater sulphate composition. The 8348 measured in sulphide

bearing minerals such as pyrite records the net fractionation effects during bacterial 

sulphate reduction and by oxidative recycling of sulphide (Canfield and Teske, 1996; 

Detmers et al., 2001; H urtgen et al., 2005). The Neoproterozoic is characterised 

by a sharp increase in 834S after the end-Cryogenian glaciations (Halverson et al., 

2010). The sulphur isotope record for the early Neoproterozoic is not yet resolved. 

However, Johnston et al. (2010) used 8348 in the Chuar Group to demonstrate that 

shallow seawater was ferruginous during the Tonian period. 
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1.4 Neoproterozoic chemostratigraphy 

1.4.4 Radiogenic isotopes 

Radiogenic isotopes can be used for two purposes in the Neoproterozoic successions. 

The first is radiometric dating. For example. Rb-Sr and Re-Os have been used to 

date different Neoproterozoic formations and help to correlate the different glaciation 

events (e.g. Kendall et al., 2006). Secondly, radiogenic isotopes can be used as a 

source tracer. The two main radiogenic isotope proxies used for Neoproterozoic 

successions are Sr and Nd isotopes. 

1.4.4.1 Sr isotopes 

Sr isotopes are used in chemostratigraphy to characterise the source of Sr in seawa

ter. The seawater Sr budget is determined by (i) the riverine input (characterised 

today by radiogenic 87Sr /86Sr of ",0.712) and (ii) the hydrothermal flux (charac

terised by unradiogenic 87Sr / 86Sr of ",0.703). Although strongly dependent on the 

hydrothermal flux, the Sr residence time in modern day oceans ranges from 2.5 to 

3.2 Ma (Palmer and Edmond, 1992; Jones and Jenkyns. 2001; Vance et al., 2009) 

and therefore only global changes will be recorded by the Sr isotopes in carbonates. 

Thus, 87Sr / 86Sr is a useful monitor of global changes in tectonic and climate regimes 

over long periods of time (> ",1 Ma). The Sr isotopic composition of past seawater 

can be reconstructed from analysis of pristine calcite, barite and other Sr-bearing 

chemical precipitates. For the Neoproterozoic, calcite is the main material used to 

reconstruct the Sr isotope composition of seawater (Fig. 1.5). Nevertheless, it has 

been shown that the Sr concentration and Sr isotopic composition of carbonates can 

be affected by diagenesis (Azmy et al., 1999; Halverson et al., 2007). This alteration 

results in a decrease in Sr concentration and in an increase of the 87Sr /86Sr isotope 

ratio (Jacobsen and Kaufman, 1999). In order to be interpreted as reflecting a pri

mary signal, carbonates used for chemostratigraphy must be characterised by a high 

Sr concentration (> 1000 ppm), and low Mn/Sr «0.2) and Rb/Sr «0.001) ratios 

(Jacobsen and Kaufman, 1999). 

The Neoproterozoic seawater Sr curve has been presented in numerous publications 

(e.g. Thomas et al., 2004; Halverson et al., 2010). Overall, the Sr isotopic composi-
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Figure 1.5: Composite plot of high quality Sr isotope data for Neoproterozoic seawater. The shaded 

areas represent glacial events. Modified after Halverson et al. (2010). 

tion (87Sr /86Sr ratio) of seawater is thought to increase from 0.7055 to 0.7085 during 

the Neoproterozoic. However, this general trend seems to be also strongly affected 

by the major glaciations occurring during this period and especially before the first 

and after the second glaciations. The Sr isotopic composition of seawater decreases 

from 0.7070 to 0.7063 before the first Cryogenian glaciation (Fairchild et al., 2000; 

Halverson et al., 2010; Shields et al. pers. comm.). This decrease has been in

terpreted to reflect weathering of a large volume of flood basalts (Halverson et al., 

2007), although it could also be explained by a decrease in the riverine input and/or 

a relative increase in the hydrothermal input to seawater. The second shift in Sr 

isotopes is located after the second Cryogenian glaciation and has been interpreted 

in terms of an increase in weathering rate after the glaciations (Higgins and Schrag, 

2003). The Sr isotopic composition of carbonates during the Neoproterozoic is also 

used to correlate successions worldwide (e.g. Halverson et al., 2010). 

12 



1.4 Neoproterozoic chemostratigraphy 

1.4.4.2 Nd isotopes 

Nd isotopes in pristine carbonates can give reliable chemostratigraphic information. 

Indeed, carbonate samples record the initial 143Nd/144 Nd ratio of seawater. The 

isotopic residence time of N d in the seawater/rock interface is only a few hundred 

years (Tachikawa et a1., 1999), and so is much shorter than the mixing time of 

the oceans. N d isotopes can potentially be used to trace the source and flow of 

dissolved REEs in the Neoproterozoic oceans (Elderfield, 1988; Keto and Jacobsf'n, 

1988). This tool has not been yet widely applied to Neoproterozoic carbonates and 

therefore a general trend cannot be discussed. 

1.4.5 Elemental concentrations and ratios 

In the chemostratigraphy literature and more generally, elemental concentrations 

and elemental ratios have been widely applied to characterise marine sedimentary 

environments and to assess the redox conditions at the time of deposition (Tri

bovillard et al., 2006; Algeo and Lyons, 2006; Lyons and Severmann, 2006; Scott 

et al., 2008). The concentration of redox-reactive elements (such as ~vIo) has been 

measured widely in shales (Schroder and Grotzinger, 2007; Scott et al., 2008) but 

cannot be easily applied to the carbonate record because of low concentrations of 

Mo and U in carbonates. Redox conditions in the water column strongly influence 

the redox state of Fe and it has been postulated that the ratio of highly reactive Fe 

(carbonate-associated Fe, Fe oxides and oxyhydroxides, and Fe sulphides) to total 

Fe in sediments reflects the paleo-redox condition (Canfield et al., 2007; Canfield 

et al., 2008). This proxy has been mainly applied to middle shelf sediments (Can

field et al., 2008; Nagy et al., 2009). 

However the main proxy used for the carbonate record is REE concentration. The 

REEs are not significantly fractionated during precipitation and sedimentation (McLen

nan, 1989). Due to their short residence time in the ocean, REE concentration in 

carbonates can be used to determine their source and trace water mixing in seawa

ter (Nothdurft et al., 2004; Frimmel, 2009). Furthermore, two of the REE elements 

can be used for direct information on seawater chemistry. Eu is often used to trace 
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hydrothermal input in the seawater (Derry and Jacobsen, 1990; Danielson et al., 

1992). Moreover, Ce can be used to determine the redox condition of the ambient 

seawater (Wright et al., 1987) because differences in the behaviour of Ce(III) and 

Ce(IV) in natural waters results in a negative Ce anomaly in carbonates in oxic 

conditions (Wright et al., 1987). 

The Y /Ho ratio of modern carbonates can be used to distinguish between marine 

carbonate and non-marine carbonate. This is because the Y /Ro concentration ratio 

of seawater, although variable, ranges from 35 to 60 (Nozaki et al., 1997; Lawrence 

et al., 2006) whereas the continental crust is characterised by a Y /Ho ratio of 26.2 

(Kamber et al., 2005). This proxy has been used to distinguish between distal and 

proximal settings in Neoproterozoic carbonates from Namibia (Frimmel, 2009) and 

to reconstruct the degree of oxygenation of seawater in Late Ediacaran-Cambrian 

platform carbonates (e.g. Schroder and Grotzinger, 2007). 

1.4.6 Non-traditional stable isotopes 

Associated with these widely developed and applied proxies, a number of new sys

tems are being applied to study chemical precipitation. These new proxies are 

mainly based on stable isotope systems such as Ca, B or Fe. Boron and Ca isotopes 

have been applied to Neoproterozoic sediments and have been interpreted to relate 

to variations in pC02 and weathering rates, respectively (Kasemann et al., 2005; 

Kasemann et al., 2010). Mg isotopes could also be used to determine the variation 

in the weathering fluxes during glacial periods. And finally, other non-traditional 

stable isotopes, not previously applied to Neoproterozoic successions, could be used 

such as Mo, Fe and Cr to determine redox conditions and Zn and Cu as proxies for 

biological activity (e.g. Pichat et al., 2003). 

1.4.7 Climate and Redox Models for the Neoproterozoic 

Several models have been proposed to explain the chemical variations recorded 

in the sedimentary record as well as the characteristics of Neoproterozoic sedi-
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ments, notably low-latitude glacial deposits and the rapid change from glacial COll

ditions to a warm environment. These models are: the Snowball Earth mooel 

(Kirschvink, 1992), the Slushball model (Schrag and Hoffman, 2001), the HOLIST 

model (Williams, 2000; Williams, 2008) and finally the zipper rift Earth model 

(Eyles and Januszczak, 2004). These models, described and discussed in Fairchilo 

and Kennedy (2007), have been proposed to understand climate evolution during the 

Neoproterozoic and especially during the glaciations. However. none ofthese mooels 

emphasizes the redox condition in the ocean before. riuring or after the glacial peri

ods except for the Snowball model where the occasional presence of BIFs has been 

used as evidence for an oxygen-oepleted ice-covered ocean (Hoffman et a1., 1998). 

As described above, the Neoproterozoic seems to be the perioo in the Earth's his

tory where the O2 concentration in the atmosphere increased the most from about 

10% to almost 80% PAL (Hollano, 2006). This increase is probably linkeo with 

a strong change in redox conditions in the oceans. In Holland's model, the O2 

concentration in the atmosphere and in the ocean increased gradually during the 

Neoproterozoic (Holland, 2006). It has been argued that during the Neoproterozoic, 

the deep water changed from anoxic (maybe ferruginous) to oxic conditions (Can

field et al., 2008). 

Several models have been proposed to explain the characteristics of the water col

umn during this period (Canfield et al., 2008; Johnston et al., 2010; Li et a1., 2010). 

Overall, they describe highly reduced redox conditions in the water column (anoxic, 

euxinic and ferruginous). Li et a1. (2010) describe the water column in terms of four 

distinctive layers: (i) oxygenated shallow water, (ii) a ferruginous layer, (iii) a sul

phidic layer and finally a second ferruginous layer (Fig. 1.6). Although this model is 

aimed at understanding the redox conditions in the deeper part of the water column, 

the shallow water is assumed to be oxygenated, although little is known on the level 

of oxygenation of the shallow water ouring the Neoproterozoic. Furthermore, it has 

been argued that at the beginning of the Tonian period, the shallow seawater was 

ferruginous (Johnston et al., 2010). 

The model proposed by Li et al. (2010) is mainly based on the study of deep-sea 
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Figure 1.6: Schematic redox model of the Ediacaran Ocean. Modified from Li et al. (2010) 

sediments and the redox of the shallow water and therefore the variation in atmo

spheric O2 concentration has not been studied in any detail for the Neoproterozoic, 

especially during and after the glacial events. 

1.5 Chromium Chemistry 

Chromium is a transition metal occurring in group 6B of the periodic table. The 

ionic radius of Cr varies from 0.04 nm for Cr(VI) to 0.094 nm for Cr(III), and strongly 

depends on coordination type, chemical form and spin (Winter, 2001). Cr is also 

characterised by a wide range of oxidation states from 0 to +6. Only three of these 

oxidation states are found in nature: Cr(O), Cr(III) and Cr(VI). In some minerals 

(such as spinel) Cr can also be present as Cr(II), but this is a minor species. Cr 

has four stable isotopes, 50Cr, 52Cr, 53Cr and 54Cr and their natural abundances are 

4.345%,83.789%, 9.509% and 2.465% respectively (Winter, 2001). 53Cr is produced 

by the radioactive decay of 53Mn which has a short half-life (3.6 Ma) and is therefore 

considered to be extinct in the Earth (Birck and Allegre, 1985). However, this system 

has been applied widely to meteoritic material to constrain the timescale of the Solar 
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System formation (Birck and Allegre, 1985). 54Cr has also been studied because it is 

a neutron-rich isotope that is enriched during nucleosynthetic processes (Trillquier 

et al., 2008b). 

1.5.1 Cr concentration of terrestrial material 

The Cr concentration in terrestrial materials is highly variable. In the Earth's man

tle, Cr occurs almost exclusive as Cr(Ill) and Cr203 concentrations range from 0.41 % 

to 0.55% (Henderson, 1982; l'vIcDonough and SUll, 1995), while in the continental 

crust, Cr concentrations range from 20 ppm in felsic igneous rocks (such as granites) 

to more than 2000 ppm in ultramafic igneous rocks but with an awrage around 100 

ppm. The low abondance f Cr in the continetal crust relative to the mantle caIl 

be explained by the compatible behavior of Cr during partial melting. Black shales 

are enriched in transition metals (including Cr), with Cr concentrations ranging 

from 20 to 3000 ppm (average 100 ppm; Quinby-Hunt et al., 1997). The average 

Cr concentration in the continental crust is around 100 ppm (!\IcLennan. 2001). In 

carbonates, the Cr concentration, although it has not been studied extensively, is 

thought to be about 10 ppm or less. The Cr concentration in other hydrogenous 

materials is relatively low and for example the Cr concentration ranges from 9 to 34 

ppm in Fe-Mn crusts and ",26 ppm in Fe-Mn nodules (Hein et al., 1997). Moreover, 

Cr(Ill) is kinetically inert to reaction with sulphide and is not incorporated into 

pyrite (Morse and Luther, 1999). 

1.5.2 Occurrence of Cr in aqueous systems 

The Cr content of natural waters is highly variable from 2 n!\I to more than 100 nM 

(Ball and Izbicki, 2004), but for most natural waters it is below 40 nM and occurs 

in both the trivalent and hexavalent forms (Connelly et al., 2006). In seawater, the 

Cr concentration has been reported to be between 2 and 10 nM. Although thermo

dynamically, Cr(VI) should be the only Cr species present in seawater, a number of 

studies have reported the presence of non-negligible amounts of Cr(Ill) (e.g. Sander 

et al., 2003). The relative proportion of these species is strongly' linked with the 
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Eh-pH conditions, as shown in the Eh-pH diagram for Cr in Figure 1.7 (Ball and 

Nordstrom, 1998). The Cr(VI) concentration in seawater has been determined to 

be between 2 and 4 nM (e.g. Jeandel and Minster, 1987). 

Cr(VI) and Cr(III) behave differently in the natural environment (Pettine 2000). 

Cr(VI) is thought to form stable oxy-anions and is therefore highly soluble in seawa

ter. Cr(III) however, is believed to readily form hydroxide complexes and is removed 

from the system relatively quickly. It has been postulated in numerous publications 

that Cr(III) is insoluble under modern day seawater Eh-pH conditions ( .g. Elder

field, 1970; Murray et al., 1983). 

At seawater Eh-pH conditions, the main Cr species should be Cr(VI) as either Cr ~

and HCrOi species (Elderfield, 1970) . In low Eh environments, the main Cr sp ie 

is Cr(III), although the form of the Cr(III) varies as a function of pH (Fig. 1. 7). At 

low pH, Cr3+ is the dominant species and as the pH increase Cr(OH)2-r, r(OH)t, 

Cr(OHh and Cr(OH),4 become stable (Zink et al., 2010). Thivalent Cr is b Ii ved 

to form complexes with a variety of ligands: hydroxyl, sulphate, fluoride, chlorid 

and organic ligands (Rai et al., 1987). Under oxidising conditions (high Eh), di -

solved Cr is thought to be present as Cr(VI), either in the form of HCrOi or Cr ~-, 

depending on pH (Fig. 1.7). However, Accornero et al. (2010) proposed that th 

main form of Cr in seawater is NaCrOi. It is however important to note that little 

is known on the behavior of Cr with organics ligands. 

A number of studies have determined the Cr concentration and Cr speciation in river 

waters (e.g. Pettine et al., 1997; Li and Xue, 2001). Relatively low concentrations 

have been reported in river water, typically rv10 nM and the main species is Cr(VI) 

(e.g. Li and Xue, 2001). A number of studies have also reported dominant Cr(III) 

in river waters (Pankow et al., 1977, Shuman and Dempsey, 1977). 

Chromium is delivered to the oceans mainly by the riverine input with minor 

inputs from atmospheric and hydrothermal sources (Jeandel and Minster, 19 4). 

There are no measurements of Cr in high temperature hydrothermal fluids, but low 

temp rature fluids from the North Fiji Basin are reported to have dissolv d Cr con

centrations of up to 48 nM (Sander and Kos hinsky, 2000) which extrapolat s to an 
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Figure 1.7: Eh-pH diagram for aqueous inorganic chromium hydrolysis species in groundwater at 

25°C. The grey area indicates the stability zone of Cr(OH)J(s) for a total Cr concentration of 5 

j.LM. Modified from Ball and Nordstrom (1998). 

endmember value of ",1200 nM. The hydrothermal flux represents a small sour e of 

Cr «10% of the riverine flux) but, because of scavenging of Cr by Fe-Mn oxides in 

the hydrothermal plume, hydrothermal activity most likely results in an overall loss 

of Cr from seawater (German et al., 1991b). 

In summary, the Cr concentration of terrestrial materials is very variable. Cr is 

enriched in the mantle and the continental crust and is found in relatively low con

centrations in secondary phases such as carbonates. Due to the large difference 

in concentration between the continental crust and hydrogenous precipitates, the 

detrital contribution must be carefully assessed for Cr isotopic studies in such pre-

cipitates. 
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1.6 Stable Cr isotopes 

1.6.1 Variations in the isotopic composition of Cr 

Variations in the composition of stable Cr isotopes are reported as the per mil (0/00) 

deviation of the 53Cr j52Cr ratio from the BS979 Cr isotopic standard: 

553 Cr = (RsamPle _ 1) x 1000 
Rstandard 

(1.1 ) 

where Rsample and Rstandard are respectively the 53Cr /52Cr ratios of the sample and 

the NBS979 standard. There is a growing interest in stable Cr isotopes, and a 

recent study made the first attempts to apply the system to trace the incr ase of 

O2 in the atmosphere (Frei et al., 2009). The Cr isotope inventory of terr trial 

silicates has been presented by Schoenberg et al. (200 ). The 553Cr valu of th 

mantle and the continental crust is -0.15 ± 0.11%0 (Fig. 1.; choenberg t al., 

2008). Sediments from the Arabian Sea have been analysed and ar characterised 

by slightly higher 853Cr values of around -0.0320/00 (Schoenberg et al., 200 ). Frei 

et al. (2009) have published Cr isotopic compositions of Proterozoi BIFs and the 

553 Cr value is between -0.2 and 4.9%0. This variation is attributed to Cr isotope 

fractionation during oxidative weathering. 

Groundwater Cr isotopic compositions have been measured and range from 0.3 to 

5.9%0 (Ellis et al., 2004; Izbicki et al., 2008). These Cr isotopic compositions ar 

the heaviest measured to date in natural samples and are thought to refl ct redox 

reactions occurring in the Cr cycle. It has been postulated that modern day seawater 

has a 853 Cr > 00/00 which reflects oxidising conditions (Izbicki et al., 200 ; Frei et al., 

2009). However, the Cr isotopic compositions of river waters and hydroth rmal fluid 

have not yet been measured; this study presents the first data for seawater. 
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Figure 1. : Chromium isotope composition of natural samples. Data are from Ellis et al. (2004), 

Schoenberg et al. (2008), Izbicki et al. (2008) and Frei et al. (2009) 

1.6.2 Chromium isotopic fractionation processes 

Isotopes of metal redox-sensitive elements have been used as palaeo-redox proxies. 

The two most widely used are Fe (e.g. Rouxel et al., 2005) and Mo (Siebert et al. , 

2003; Duan et al., 2010; Voegelin et al., 2010). However, others redox-s nsitive ele

ments such as Cr have the potential to provide constraints on the redox condition 

of seawater because Cr isotopes are fractionated during redox reactions. Cr isotopes 

have been used to assess the increase in atmospheric O2 concentration in the at

mosphere during the Proterozoic (Frei et al., 2009). However, several processes can 

fractionate Cr isotopes and in order to interpret Cr isotopes data it is important 

to understand which reactions are likely to fractionate the isotopes. Several redox 

reactions have been investigated. 

1.6.2.1 Abiotic reduction 

In the natural environment, abiotic reduction of Cr(VI) to Cr(III) occurs in the 

presence of electron donors such as Fe(II) and reduced sulphur (PuIs et al., 1999). 

Ellis et al. (2002) demonstrated that Cr isotopes are fractionated during abiotic re

duction. In th ir experiments, the lighter isotopes are preferentially reduced relative 

21 



1. Introduction 

to heavier isotopes. Hence, as the Cr(III) is removed from solution, the Cr(VI) that 

remains in solution becomes isotopically heavier (Fig. 1.9). The fractionation factor 

(C\') calculated for these experiments is 0.9965, assuming a Rayleigh fractionation 

mechanism. The Cr isotopic composition of the Cr(VI) that remains in solution 

can be as high as 7.6%0, which is much heavier than the 653Cr value of the starting 

solution (+0.4%0) and heavier than any yet measured in natural samples Fig. 1.9. 

Abiotic reduction is therefore one of the potential process that can fractionate Cr 

isotopes in natural environments. However, these experiments have been done using 

high Cr concentrations, so the fractionation factor calculated needs to be applied 

with care to the natural environment. 

1.6.2.2 Microbial reduction of Cr(VI) 

It has been proposed that biological activity is primarily responsible for the re

duction of Cr(VI) under both anaerobic and oxic conditions (Lovley, 1993). The 

impact of such reactions has been studied by Sikora et al. (2008), who found that 

the microbially mediated reduction of Cr(VI) fractionates the Cr isotopic composi

tion, the residual Cr(VI) becoming heavier during the reduction process (Fig. 1.9). 
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Figure 1.9: Cr isotopic composition of Cr(VI) in solution during reduction by (a) abiotic reduction 

reaction (modified from Ellis et al. (2002)) and (b) microbially mediated reduction (modified 

from Sikora et al. (2008)). f is the fraction of Cr(VI) that remains in solution following partial 

reduction to Cr(III). The solid lines correspond to a Rayleigh fractionation equation, where 0 is 

the fractionation factor. Red squares show experiment were done with':::; 100 J.lM electron donor 

and green circles experiments were done with a 10 nM electron donor (Sikora et aI., 2008). 
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1.6 Stable Cr isotopes 

The fractionation factor (a) determined during the experinlf'nts is 0.9965-0.9975 

and is slightly higher than the abiotic fractionation factor determined by Ellis et al. 

(2002). Microbial activity is ubiquitous in natural environments and therefore such 

reactions can be responsible for the fractionation of Cr isotopes in natural environ

ments. Microbial reduction of Cr in soils, for example could fractionate Cr isotope 

ratios relative to values in the source rock (Bartlett and James. 1979). l\licrobial 

reduction of Cr(VI) is also a potential process in the modern oceans and the study 

of Cr isotopes in seawater could give us valuable information on marine microbial 

processes. 

1.6.2.3 Oxidation 

Cr isotopes could also be fractionated during oxidation reactions. Zink et al. (20lO) 

investigated the Cr isotopic fractionation during oxidation of Cr(IlI) to Cr(VI). In 

their experiments, the fractionation factor obtained is lower compare to the reduc

tion fractionation factor (0: = 1. 00006). Their experiments were carried out in closed 

systems and minimal isotope fractionation was observed during oxidation of Cr(IIl). 

However, it is important to note that oxidation during weathering is likely to oc

cur in an open system. Further investigations are required to determine if Cr(IlI) 

oxidation during weathering could potentially fractionate Cr isotopes. 

1.6.2.4 Sorption 

Sorption effects have been described as a potential process for Cr isotope fractiona

tion. Both Cr(VI) and Cr(IlI) are likely to absorb onto particles although Ellis et al. 

(2004) demonstrated that Cr(VI) absorption onto goethite was negligible at equilih

rium under natural pH conditions. However they also demonstrated that sorption 

under non-equilibrium (i.e. kinetically-driven) conditions can lead to fractionation 

of Cr isotopes by up to 1%0. Therefore, adsorption could fractionate Cr isot.opes in 

river systems. 
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1.6.2.5 Interaction between Cr(VI) specie 

Ellis et al. (2004) studied Cr isotope fractionation betw en HCrO 

equilibrium conditions and concluded that there was no fractionation b 

species. For this reason, all of the variation that they m a ur d in 'r i wa 

attributed to reduction reaction . 

1.6.2.6 Interaction between Cr(III) and r( I ) 

lore recently, the equilibrium proce betw n 'r(III) awl r(\ I) in 0111 i 11 h 

been investigated by Zink et al. (2010). \vho demon trat cl that aft r w (>k ~ I lui

librium between Cr(III) and Cr(YI) in olution wa not obtained. Thi r ul I d ( 

the conclusion that Cr(III) and Cr(YI) in natural water will not fP ('h I quilibri 1111 

and therefore Cr isotopes tudies of Cr(III) and r(VI i. o opic compo i ir 11 ull 

give valuable information on the natural Cr .vcl 

In summary Cr isotopes can be fractionated by 

vironment. The spar e data on Cr i otop and th dift r at proe 

affect the Cr isotope have been ummarized in Figur 1.10. I 

the Cr cycle is not well understood in th natural y tem, but hi 

some way to providing answer to the 'e gap in our knowJ dg . 

1.7 Thesis Aims 

As described above, the Cr i otopic compo 'ition of marin 

the potential to record past redox condition in tll€' 0<' an . 

isotopes are fractionated during redox r action ' and t h r('for 

C01lld 

11 t 

\ ill 

h 

r 

reduction can be made. The main aim of this tudy i to im' . igat III 11 I (f 

Cr isotope analyses of carbonate rock to d t rmine t h r do,' nJllcli iOIl nd h 

O2 atmospheric concentration during the .' oprot rowie' . Th pre: j 11 

the oxygenation of shallow water during th T opro rozoir. from b 

glaciations to the Proterozoic-Phanerozoi tranit ion. lLil\g 

cal indicator of eawater chemi try. In ord round rand 

the eoproterozoic rocks that we hav ollpcted and th w pr frol1l \ hidl h \' 
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river water: 2-SnM 
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Figure 1.10: Chromium concentration and chromium isotopic composition input in to the modern 

oceans iUu trating the compo ition of various input to the y tem. CC is the continental crust, 1 

is the mantle. Data are from ranston and Murray (197), ander and Ko chin ky (2000), ander 

et al. (2003), Elli t al. (2004), choenberg et al. (200 ) and Izbicki et al. (200 ) 

formed, I have al 0 analysed modern and Phanerozoic carbonate ! and focu ed on 

inorganic carbonates uch a ooid or oolitic lime tone. 

It is also clearly important to better under tand the behaviour of Cr in the mod rn 

o ean and in Lhe modern environment (Fig. l.10). In order to do thi ) I have anal

y ed a suite of eawater ample from the Argentine Ba in and from Southampton 

Water. In order to mea ure Cr i otope in carbonate, which typically have Ie 

than 10 ppm Cr, and seawat r with even lower Cr concentration ) I have develop d 

a new analytical method both in term of a low blank Cr eparation technique and 

high-pre i ion mea urement of i otop ratios by multicollector inductively coupled 

plasma rna pectrometry (MC-ICP-M ). 

1.8 Th sis structure 

Chapt r 2 outline th methodology develop d and u ed in this tud.v to mea ure 

Cr isotop in low concentration ample. Thi chapter has been publi h d in the 

Journal of Analytical tomic p ctrometry (Bonnand et al. 2011). 

Chapt r 3 pre ent the Cr i otopic compo ition of eawater ample. In thi chapter 
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two seawater regimes have been studied: open ocean seawater (Argentine Basin) and 

coastal seawater (Southampton Water). In this chapter. the Cr isotopic composition 

is discussed in term of redox reactions and anthropogenic input. A simplified mod('l 

of Cr behaviour in the Argentine Basin profile is also presented. 

Chapter 4 is a short description of the carbonate sampl('s analysed III this st ud~·. 

This chapter presents the general context of each succession including geodlemical 

and radiometric age constrains. 

r..lajor element, trace element, radiogenic Sr isotopes and stable C and 0 isotope 

data are presented in Chapter 5. These results are discussed in tf>rrns of potf>nt iul 

contamination that could affect the primary signal of th(' samples. Thp ,lIlaln;ed 

samples are then discussed in terms of interpret ing the eomposit ion of t Iw wat pr 

from which the carbonates were deposited. 

Chapter 6 presents the Cr isotopic composition of all carbonatf's anal~'s(>d 11\ this 

study. This chapter also presents a mod('l of the rf>dox condit ions ill t IIf' O('PHII 

during the Neoproterozoic. 

Chapter 7 presents the conclusions of the thesis. 
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Chapter 2 

Accurate and precise stable Cr 

isotopes 

2.1 Introduction 

Chromium has four stable isotopes, 50Cr, 52Cr, 53Cr and 54Cr. with abundances of 

4.31 %, 83.789%, 9.501% and 2.365%, respectively (De Laeter et al.. 2003). t\Iost 

Cr isotope studies of natural samples have focused on the investigation of 53Cr en

richments in meteoritic materials due to the decay of the now extinct short-lived 

radionuclide 53rvln, which can be used to provide a chronology for the earliest his

tory of the solar system (Birck and Allegre, 1984; Birck and Allegre, 1988; Gotz 

and Heumann, 1988; Lugmair and Shukolyukov, 1998; Birck, 2004). Additionally, 

it has been determined that some meteorites have nucleosynthetic 54Cr anomalies 

(Birck and Allegre, 1988; Gotz and Heumann, 1988; Lugmair and Shukol.vukov, 

1998; Birck, 2004; Trinquier et a1.. 2007). 

Studies performed more recently have reported that small natural variations in the 

stable Cr isotope ratios can occur in terrestrial samples as a result of mass depen

dent fractionation processes (Schoenberg et al.. 2008; Frei et a1., 2009). In addition, 

it has been demonstrated that the ratio of 53Cr to 52Cr can be used to identify Cr 

from anthropogenic sources, and/or to identifv chemical reactions involving Cr (El

lis et a1., 2002; Johnson and Bullen, 2004; Izbicki et a1.. 2008). For example. it has 

been shown that Cr isotopes fractionate during the reduction of Cr(VI) to Cr(III): 
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the lighter isotopes are preferentially reduced, enriching the remaining Cr(VI) in 

the heavier isotopes by up to 7.6%0 on the 53Cr/52Cr ratio (Ellis et aL, 2002). Cr 

isotopic fractionation may also occur during the oxidation of Cr(Ill) to Cr(VI) (Zink 

et al., 2010). Critically, the behaviour of Cr(VI) and Cr(IlI) is different in aquatic 

systems, where Cr(VI) is soluble and Cr(IlI) is highly particle reactive and insoluble 

(Cranston and Murray, 1978). Thus, Cr isotopes may be used to track the reduction 

of Cr(VI) and contaminant remediation (Johnson and Bullen, 2004; Izbicki et al., 

2008), which is important because Cr(VI) is a carcinogen, whereas Cr(III) is much 

less toxic (Kimbrough et aL, 1999). Furthermore, Cr isotopes can potentially be 

utilised to reconstruct past redox conditions in the ocean (Frei et aL, 2009; Bon

nand et al., 2009). 

Consequently, there is a growing interest in the measurement of Cr isotopic varia

tions in low temperature terrestrial materials. However, although Cr is relatively 

abundant in the solid Earth with concentrations of 2630 J-lg g-l in the mantle (Mc

Donough and Sun, 1995) and 56-185 J-lg g-l in the continental crust (Taylor and 

McLennan, 1995; Rudnick et aL, 2003; Kemp et al., 2003; Palme et al., 2007), the 

Cr concentration in natural waters (groundwaters, rivers and seawater) and their 

chemical precipitates is considerably lower (",2 /1g g-l in carbonates)(Jeandel and 

Minster, 1987; Connelly et al., 2006; Bonnand et aL, 2009). To study such systems 

requires improvements in our ability to measure Cr isotopes in low-level samples. 

The first measurements of stable Cr isotope ratios were made by thermal ionisation 

mass spectrometry (TIMS) using a double spike technique (Ellis et aL, 2002; John

son and Bullen, 2004; Ball and Bassett, 2000). These measurements required 0.5-1 

/1g of Cr and the external precision on the 53Cr/52Cr ratio was ±0.2%0. However, 

the advent of high-resolution Multiple Collector Inductively Coupled Plasma Mass 

Spectrometry (MC-ICP-MS) instrumentation has led to a significant improvement 

in the precision of stable Cr isotope measurements. Recent studies report an exter

nal precision for the 53Cr / 52Cr ratio of ±0.024o/oo using double spike (Schoenberg 

et aL, 2008) and ±0.06%0 using standard-sample bracketing (Halicz et al., 2008) 

methods, respectively. Nevertheless, all high-precision Cr isotope studies published 

to date require samples that contain at least l/1g of Cr. 
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2.2 Analytical procedures 

This study reports new methods for the chemical purification and high-precision 

analysis of stable Cr isotopes in carbonates with low levels of Cr, by ~IC-ICP-~IS. 

2.2 Analytical procedures 

2.2.1 Sample preparation 

Samples were prepared in a metal free clean room in Class 100 laminar flow hoods at 

the Open University. All mineral acids were quartz distilled and then sub-boiled in 

a perfluoroalkoxy (PFA) still. PFA Centrifuge tubes were cleaned with 10% HN03 

and then rinsed with 18.2 MO grade H20 from a Millipore system (~IQ H2 0). PFA 

Savillex® beakers were cleaned with concentrated HN03 for 48h on a hotplate at 

130 ac, followed by cleaning with concentrated HCI and were finally rinsed with ~IQ 

H20. 

Carbonate samples were milled to a fine powder using either an agate bowl Tema® or 

a ceramic mortar. Special care was taken to avoid any metal contamination during 

the crushing procedure. In order to optimise the double spike procedure (Section 

2.2.3), the Cr concentration of each sample was first determined by ICP-MS (Agilent 

7500) at the Open University. The requisite amount of spike was then added to the 

sample powders (70-150 mg) in a centrifuge tube. The samples were leached in 6 ml 

of 0.5 M HCl. The acid strength was kept as low as possible in order to avoid the 

dissolution of any detrital components. The leaching procedure takes about 24 h 

at room temperature. During this period, the samples were agitated at least twice 

by placing them in an ultrasonic bath for 20 min. After leaching, the samples were 

centrifuged for 20 min at 4000 rpm and the supernatant was transferred to a cleaned 

PFA Savillex® beaker. The residue was rinsed with 4 ml of MQ H20, centrifuged 

and the supernatant H20 was added to the acid. The samples were dried down 

slowly at 110 ac on a hotplate. In order to reduce all Cr species to Cr(IlI) and to 

equilibrate the spike Cr and sample Cr, the residue was then re-dissolved ill 6 ~I 

HCI and left on the hotplate overnight (Trinquier et al., 2008a). After dry-down, the 

samples were re-dissolved once more in 0.5 ml of 6 M HCl. This solution was heated 
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overnight in a closed vial. Prior «1 h) to starting the Cr separation procedure, the 

samples were diluted with MQ H20 to give a 0.5 M HCI solution. 

2.2.2 Separation of Cr from the sample matrix 

High precision measurements of Cr isotope ratios by rvlC-ICP-MS require separa

tion of Cr from the sample matrix in order to avoid potential matrix effects and to 

minimize isobaric interferences. Two different methods for the separation of Cr have 

been reported. The first method utilises a cation exchange resin, which allows iso

lation of Cr(III) from the matrix (Birck and Allegre, 1984; Trinquier et al., 2008a). 

The second technique uses an anion exchange resin to separate Cr(VI) (which forms 

an oxy-anion) from the matrix (Ball and Bassett, 2000). Although both methods 

allow effective separation of Cr, they can not be easily applied to the study of low 

concentration samples because the blank contribution from the separation procedure 

is too high (2-20 ng). 

For this reason, we have established a new method for the separation of Cr. This 

is based on a technique used at the Institut de Physique du Globe de Paris (IPGP) 

(Birck and Allegre, 1984; Trinquier et al., 2008a), but the Cr is eluted from the 

column using 0.5 M HCI rather than 1 M HCI, as this allows better separation of 

Cr from the sample matrix. Briefly, 2.9 ml of BioRad AG 50W-X8 (200-400 mesh) 

cation exchange resin is loaded in a 30 ml PFA Savillex column (that has an internal 

diameter of 6.4 mm). The resin is cleaned with 10 ml of 8 M HN03 , 40 ml of 6 

M HCI, and 40 ml of MQ water. The column is then pre-conditioned with 12 ml 

of 0.5 M HCl. The sample is loaded onto the column in 6 ml of 0.5 M HCl and 

a further 1-4 ml of 0.5 M HCI is then added to the column, depending on the Fe 

content of the sample. The purified Cr is collected in these 7-10 ml of 0.5 M HCI. 

The remaining cations are then eluted with 10 ml of 6 M HCI in order to clean the 

resin, which can be reused for multiple separations. The Cr fraction is evaporated 

to dryness and re-dissolved in 0.6 M HN03 for MC-ICP-MS analysis. 

It is important to note that the Cr elution curve presented in Figure 2.1 is char

acterised by the presence of two peaks for Cr. Indeed, a feature of the column 

chemistry is that a second (smaller) Cr elution peak occurs after ",20 ml of 0.5 M 
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Figure 2.1: Elution curves for key elements from the cation exchange resin (see text for details). 

HCI (Fig. 2.1); this feature was also observed by Trinquier et al. (2008a). As other 

elements, in addition to Cr, are eluted in the second peak, only the first Cr peak is 

collected. Importantly, Trinqllier et al. (2008a) noted that the isotopic composition 

of the Cr eluted in the first peak was heavier than that of the Cr eluted in the second 

peak (Trinquier et al., 2008a). Given that 70-80% of the total Cr is eluted in the 

first peak (Fig. 2.1), this could result in 1-2%0 fractionation in the 53Cr /52Cr ratio 

(Schoenberg et al., 2008). In order to counteract this effect, we therefore add the 

isotope spike to the sample before the column chemistry. 

2.2.3 Analysis of Cr isotopes 

2.2.3.1 Double spike technique 

The use of an isotopically enriched double-spike to correct for fractionation of sta

ble isotopes during sample processing and for instrumental mass bias effects was 

first proposed by Dodson (1963) and has been applied to numerous isotope systems, 

which have 2:4 isotopes. This technique is ideal for analysis of Cr isotopes in ter

restrial samples, which are only affected by mass dependent fractionation, as only a 

spiked sample needs to be analysed once the composition of the reference standard 
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(i.e. NBS 979) has been determined (Albarede and Beard, 2004). Moreover, this 

technique enables precise determination of the Cr concentration in the sample via 

the isotope dilution equation. The 53Cr / 52 Cr isotope ratios are reported as the per 

mil variation from the Cr isotope reference material NBS 979: 

(2.1 ) 

In this study we purposefully chose a 50Cr_54Cr spike for two practical reasons. 

50Cr and 54Cr are the two least abundant Cr isotopes, but are sensitive to isobaric 

interferences from Ti, V and Fe. Therefore measuring a spiked solution containing 

50Cr and 54Cr reduces the uncertainties on the measured 50Cr /52Cr and 54Cr /52Cr 

ratios required for the double-spike calculation, and reduces the influence of anv 

isobaric interferences. However, in order to produce accurate and precise data, the 

double-spike technique must be carefully optimised (Galer, 1999). This requires: 

1) establishing the most appropriate spike composition; 2) solving the double-spike 

equations in the correct isotopic space (i.e., the denominator isotope for each of the 

isotope ratios); and 3) adding an appropriate amount of spike. Optimisation is best 

described by the error magnification term, where: 

(2.2) 

ads is the uncertainty for a given ratio derived from the double-spike measurements, 

and anal is the uncertainty of the natural un-spiked run. Our calculations are similar 

to those described in Galer (1999), except we solve for the exponential mass frac

tionation law. Rudge et al. (2009) suggest that other Cr double-spike combinations 

provide slightly better error magnification behaviour than the 50Cr_54Cr combina

tion, but our calculations indicate that a 50Cr_54Cr double-spike produces low '"Y 

values for all three Cr isotope ratios. In addition, the double-spike equation that 

we use in this study (see next section, Eq. 2.3) is best solved in 52Cr isotope space. 

Other approaches can be used for calculating spike optimisation, such as those de

scribed in Rudge et al. (2009), but the absolute error magnification values depend 

32 



2.2 Analytical procedures 

specifically on how the double-spike equations are solved (Galer, 1999), which ex

plains why our 50Cr_54Cr double-spike is different in composition from that of Rudge 

et al. (2009). In order to calculate the optimal spike/sample ratio, Equation 2.:3 is 

solved using different proportions of spike and sample. We use an ion model based 

on the one described by Ludwig (1986) to calculate the uncertainty on signal inten

sity of each isotope which is then propagated to calculate the ullcertainty on each of 

the isotope ratios; note that this model assumes that both the spiked and unspiked 

samples contain the same quantity of Cr. The error magnificatioll is calculated 

using a I\Ionte Carlo simulation in which the uncertainties of the three Cr isot.ope 

ratios for each spike/sample mixture are used to generate 500 data points for each 

analysis. These data points have a Gaussian distribution around the Illeall value. 

Each of the 500 data points is then run through the deconvolution program and the 

mean uncertainty of the deconvolved data is calculated. Results of these calculations 

are presented in Figure 2.2. The error magnification terms (I) for the deconvolved 

53Cr / 52Cr and 54Cr j52Cr ratios are less than 2, and the error magnification for the 

deconvolved 50Cr / 52Cr ratio is less than 3, for a wide range of spike/sample mix

tures. A spike/sample mixture that generates a 50Cr/52Cr ratio of 0.386 provides 

the smallest error. Routinely, our spike/sample mixtures have 50Cr/52 Cr ratios of 

0.3-0.5, although the error magnification term for J53Cr is less than 2 for 50Cr /52Cr 

ratios of between 0.14 and l.26, making optimal spiking straightforward. 

An in-house 50Cr_54Cr double-spike was prepared from 50Cr (96.1% pure) and 

54Cr (96.8% pure) chromium metal spikes purchased from Oak Ridge National Lab

oratory. Two single spikes were made by dissolving the Cr-metal in 6 M HCl. The 

Cr concentration in the single spike solutions was determined by isotope dilution 

versus a gravimetric standard, and the double-spike was then prepared by mixing 

the single spikes in the appropriate proportions. The double-spike was calibrated by 

TIMS (ThermoFisher Scientific Triton) at The Open University using standard fila

ment loading techniques (Ellis et al., 2002), because the total mass fractionation on 

the TIMS is small and adheres closely to exponential mass fractionation behaviour. 

Pure NBS 979, the pure 50Cr_54Cr double-spike and spike/standard mixtures were 

analysed. The isotopic composition of the double-spike is then calculated using 
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Figure 2.2: Error magnification term h) for the deconvolved 50Cr/52Cr, 53Cr/52 Cr and 54Cr/52Cr 

as a function of the 50Cr/52Cr in the spike/sample mixture (see text for details). 

Equation 2.3, by treating the pure double-spike as an unknown. The isotopic com

position of the double-spike was derived from twenty separate analyses of standards, 

spikes and spike/standard mixture and it is reported in Table 2.1. 

2.2.3.2 MC-ICP-MS procedure 

Cr isotope ratios were determined bv MC-ICP-MS (ThermoFisher Scientific Nep

tune) at the Open University. This instrument is equipped with 9 faraday cups that 

allow the simultaneous collection of all four Cr isotopes (50Cr, 52Cr, 53Cr, and 54Cr), 

as well as 56Fe, 49Ti and 51 V. In this study each of the cups was connected to a 1011 

n resistor. Measurements of 56Fe, 49Ti and 51 V allow us to correct for the isobaric 

interferences from 54Fe on 54Cr, and 50V and 50Ti on 50Cr. Cr isotope measurements 

are also sensitive to interferences from polyatomic species such as 40 Ar13N, 40 Ar14N 

and 40 Ar160 on 53Cr, 54Cr and 56Fe, respectively. However, we are able to fully 

resolve these interferences from the Cr and Fe isotope masses by operating the MC

ICP-MS at increased mass resolution ("medium" or "high" mass resolution) (Weyer 

and Schwieters, 2003). 

Over the course of this study, different measurement protocols were tested. Ini-
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2.2 Analytical procedures 

Table 2.1: Isotopic composition of the Open University 50Cr_54 Cr double-spike. 

50Cr/52 Cr 53Crj52cr 54Cr/52Cr 

Average ratio (n=20) 19.74494 0.1442076 9.882788 

2 s.d. 0.00203 0.0000123 0.000939 

2 s.d. (%0) 0.103 0.0851 0.095 

tially, the samples were nebulized by a Teflon micro-nebulizer in free aspiration 

mode with an uptake rate of 50 pI min- 1 and the aerosol was sprayed into the 

plasma via the ThermoFisher stable introduction system (SIS) that consists of a dual 

cyclonic/double pass spraychamber. The l\IC-ICP-l'vIS was equipped with Ther

moFisher X-cones, and operated in high-resolution (8000<~l'vI/l\I<10000) mode. 

Under these conditions, a 200 ng ml- 1 Cr solution yielded an ion beam intensity of 

2 V for 52Cr. In an effort to reduce the concentration of Cr in the solution (and hence 

the sample size), samples were introduced with an Aridus 2 desolvating sample intro

duction system with the MC-ICP-MS in medium resolution (5000<~M/M<6500) 

mode. In order to minimize the interference of ArN on Cr, the Aridus was carefully 

tuned to produce a stable signal, with good mass resolution, without the addition 

of N2. This analytical set-up (Table 2.2) allows measurement of a 50 ng ml-
1 

Cr 

solution and gives an ion beam intensit,v of 9-12 V for 5
2Cr. The higher ion-beams 

compared to the SIS are necessary since the background is larger with the Aridus 

2 (",10-15 mV for 52Cr) compared to the SIS (",0.5 mV for 52Cr). Nevertheless, 

each Cr isotope analysis requires only 100 ng of Cr - an improvement on existing 

techniques by a factor of 4. 

The following measurement protocol is utilized. The amplifier gain of each faraday 

cup is measured daily. Each isotopic analysis of a sample and or standard consists 

of measurement of 100 ratios (8.4 s integrations) in blocks of 10, which takes ",20 

min. A baseline of 30 s is measured every 2 blocks of data acquisition, On-peak 

backgrounds (50 ratios of 8.4 s integrations) are measured before every sample and 

standard analysis. The system is washed with 0.9 M HN03 for 5-10 min before every 

background measurement until the background drops to '" 10-15 mV of 52 Cr. Each 

analytical session starts with two or three analyses of a spiked NBS 979 solution, 
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2. Accurate and precise stable Cr isotopes 

Table 2.2: Instrumental operating parameters. 

Cup configuration 49Ti (L3), 50Cr (L2), 5lV (Ll), 

52Cr (C), 53Cr (HI), 54Cr (H2), 56Fe (H3) 

Scan type Static mode 

Mass resolution ~ 6500 
Aridus uptake rate 50 J.ll.min- l 

Sensitivity ~ 180 V.ppm- l 

Integration time 8.389 s 

Number of blocks 10 

Number of cycles (per block) 10 

Note that the Aridus 2 is operated without N2 gas to minimise interferences from ArN+ 

and this solution is analysed every two samples in order to monitor the drift of the 

machine. 

2.2.4 Data processing 

The Cr isotopic composition of the samples and standards was determined offiine, 

although baseline and gain corrections are made on-line using the ThermoFisher 

software. The on-mass background is subtracted from the raw intensity for all Cr 

isotope masses, and 50Crj52Cr, 53Crj52Cr, and 54Cr/52Cr ratios are calculated for 

each of the 100 cycles. The double-spike calculations assume an exponential mass 

fractionation law (Albarede and Beard, 2004) and the isotopic composition of the 

sample is solved using Equation 2.3: 

(2.3) 

where R!p , is the isotope ratio of i in the spike, r~at and r!nix are the measured 

isotope ratios of i in the sample and mixture, and Mi and Mref are the true masses 

of the isotope i and the reference isotope. Fi is a closure function for the spike

sample mixture, which must be equal to zero. The equation is solved using an 

iterative Newton-Raphson procedure (Albarede and Beard, 2004) that recovers the 

proportion of spike in the mixture (X;;f), the fractionation factor for the spiked 
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2.3 Results and discussion 

sample (fmix) and the fractionation factor for the sample (fnat) , which allows us 

to calculate the isotopic composition of the original sample. The isotope ratios for 

NBS979 used for referencing our isotope data (e.g. to calculate b.53Cr) in this study, 

were obtained by TIMS and MC-ICP-MS by internal normalisation to a .'soCr /.52Cr 

ratio of 0.051859 (Birck and Allegre, 1984). This yielded .53Crj.52Cr = 0.1134561 

and .54Cr / 52Cr = 0.0282112 and these values are all within the uncertainty of those 

reported in previous studies (Birck and Allegre, 1984; Trinquier et al., 2008a). 

2.3 Results and discussion 

2.3.1 Separation of Cr from the sample matrix 

The efficacy of our Cr separation technique was tested using both a multi-elemental 

solution and a certified dolomite reference material (JDo-l). Figure 2.1 shows that 

this technique effectively separates Cr from the carbonate matrix, even though 

Ca/Cr and Mg/Cr ratios are > 10000 in the original solution. Moreover, inter

fering elements such as Ti, V and Fe are primarily eluted only when 6 M HCI is 

added to the column, although a small proportion ('"'-'0.0008%) of the Fe is eluted 

with 0.5 M HCI. For this reason, the quantity of 0.5 M HCI added to the column 

after the sample is loaded in 6ml is reduced (from 4 ml to 1 ml) for samples that 

contain high Fe. This reduces the Cr yield slightly (by <5%), but the key effect of 

this strategy is that .56Fe/54 Cr is always <0.3 (and usually <0.05), even for high-Fe 

samples. 

The total blank of our Cr separation procedure is between 0.12 and 0.20 ng, which 

is negligible «0.1 %) compared to the amount of Cr processed through the columns 

(",250 ng). 

2.3.2 Reproducibility and accuracy of Cr isotopic measure

ments 

The long-term instrumental reproducibility was determined by measuring a spiked 

NBS 979 Cr standard (Fig. 2.3, Table 2.3). The b.53Cr values recovered by the 
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2. Accurate and precise stable Cr isotopes 

double-spike technique are within error of 0%0, as expected, but the overall average 

value is slightly positive, with <553 Cr = 0.035 ± 0.056%0 (2s.d., n = 147). Another 

MC-ICP-MS study reports average b"53 Cr values that are slightly negative (Schoen

berg et al., 2008), although these authors point out that by internally normalizing 

the daily average of the 853Cr value of the standard to the nominal value of zero, the 

long-term instrumental reproducibility is improved. Applying this technique to our 

data produces average b"53Cr values of 0.000 ± 0.031%0 (2s.d.) for all 147 standard 

measurements. The internal error (2s.e.) of measurements of b"53Cr in both natural 

samples and standard-spike mixtures is usually rvO.Ol0%0. 

The external reproducibility of the entire technique (sample leaching, column 

chemistry and isotope analysis) is estimated by multiple analysis of the JDo-l 

dolomite reference material. This standard was leached ten times over the course 

of this study, and each leachate was then processed through the column chemistry 

and analysed. JDo-l is appreciably isotopically heavier than NBS 979 with 853Cr 

= +1.719 ± 0.057%0 (2s.d., n = 10; Fig. 2.4; Table 2.3) . The reproducibility of 

the b"53Cr values for this sample is worse than the external reproducibility of the 

synthetic NBS 979 solution; this might be caused by small amounts of matrix in the 

Cr fraction, or the heterogeneity of JDo-l. Nevertheless, the value of 0.0570/00 that 

we obtain for the precision of b"53CrJDo_l is an indication of external precision of a 

sample analysis. However, Schoenberg et al. (2008) note that there is an additional 

source of inaccuracy inherent in the double-spike measurements. We do not know 

whether natural samples are fractionated by kinetic or equilibrium fractionation, but 

we assume in Equation 2.3 that the natural fractionation is kinetic . The difference 

between the laws produces an inaccuracy of -0.009%0 per 1%0 difference in the true 

b"53 Cr value, using the double-spike technique. Therefore this uncertainty needs to 

be propagated into the external reproducibility as follows: 

(2.4) 

In the case of JDo-1, this increases the uncertainty from 0.057%0 to 0.0590/00, 

which is negligible. However, for samples that have extreme b"53Cr values (+7%0), 
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2.3 Results and discussion 

the overall uncertainty would increase to rvO.080o/oo. 

In order to test the effect of the chemical purification technique on the accuracy of 

our isotope measurements, a synthetic carbonate sample was analys d. This sample 

consi ts of the BS 979 standard doped with a carbonate matrix (Ca, Mg, a, 

Fe, Ti and V) in the sam proportions as found in natural carbonate samples. This 

solution was then spiked and treated as a sample. The Cr isotopic composition of this 
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Figure 2.3: Long-term reproducibility of <553Cr for the BS 979 Cr standard. Each data point 

represents analysis of a spiked BS 979 sample deconvolved using our double-spike program. 

Error bars depict 2 standard errors of an individual analysis, which consists of measurement of 

100 isotope ratios. ( a) Uncorrected data, and (b) data normalised to the daily average <5
53Cr value 

of the standard, which is assumed to be zero. The grey area represents the 2 standard deviation 

envelope for the average <553Cr values for BS 979. HR = high resolution mode; MR = medium 

resolution mode. 
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2. Accurate and precise stable Cr isotopes 

Table 2.3: Cr isotopic composition and Cr concentration of standards measured by double-spike 

MC-ICP-MS 

b53Cr (0/00) 20- (0/00) Cr (ppm) 20- (ppm) 

NBS979 (n = 147)a (uncorrected) 0.035 0.056 

NBS979 (n = 147)a (daynormaJised) 0.000 0.031 

NBS979 (n = 4)a (Ca-doped + cation column) 0.011 O.OOB 

JDo-1 (n = 10)a 1.719 0.059 7.26 0.34 

JLs-1 b 1.994 0.020 1.05 am 
BCS-CRM 512 b 0.737 0.009 0.B2 0.03 

BCS-CRM 513 b 1.329 O.QlB 3.97 0.06 

Cal-Sb 1.B19 0.020 2.51 0.01 

0. q is the standa.rd devia.tion from the mea.n of n analyses (includes error propaga.tion from equatjon 2.4) 

b CT is the sta.nda.rd error of a single ana.lysis (includes error propagation from equa.tion 2.4) 

synthetic carbonate sample is indistinguishable from that of the NBS 979 standard 

(Fig. 2.4) with 853Cr = 0.011 ± 0.008%0 (2 s.d., n=4), given that the external 

reproducibility of standards and samples is 0.0350/00 and 0.0570/00, respectively. 

2.3.3 Effects of isobaric interferences 

In natural carbonate materials, Fe is present as a minor component (Fe/Cr up to 

rv2000) and Ti and V are present in trace quantities (Ti/Cr ~ 6, V / r ~ 2). Even 

though our Cr separation method provides a good separation of Cr from the car

bonate matrix, it is important to carefully consider the potential effects of isobaric 

interferences from Fe on 54Cr, Ti on 50Cr and V on 50Cr, because double-spike mea

surements require all four Cr isotopes to be determined. 

Although our double-spike calculation corrects for isobaric interferences, it make 

two key assumptions. Firstly, it is assumed that the instrumental mass bias for 

Ti, V, and Fe is the same as it is for Cr. Other studies have indicated that this is 

unlikely to be true, as the mass bias can vary by as much as 400 ppm amu-1 on 

some MC-ICP-MS instruments (Thirlwall, 2002; Albarede et aL, 2004). However, 

work done on our MC-ICP-MS (Parkinson et al., unpublished data) suggests that 

the variation in mass bias is <100 ppm amu-1
. Secondly, it is assumed that the 

interfering elements have natural isotopic compositions, mainly because it is difficult 

or, in the case of V, impossible, to determine their isotope compositions at the same 
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Figure 2.4: Cr isotopic composition of carbonates that have been processed through the ion ex

change procedures. The NBS 979 doped with a carbonate matrix (see text for details) is compared 

to the long-term reproducibility of the NBS 979 standard (grey shaded area). Also plotted is the 

reproducibility of the dolomite standard JDo-l and Cr isotopic compositions for four additional 

carbonate rock standards. In all cases error bars are smaller than the size of the symbol. 

time as Cr. It is well documented that cation exchange chromatography can lead to 

fractionation of transition metal isotopes in the order of several 0/00 (Anbar et al., 

2000; Schoenberg et al., 2008). Since we aim to reduce the quantity of interfering 

elements, any T i, V or Fe that is eluted along with the Cr is almost certainly iso

topically fract ionated_ 

In order to test the sensitivity of our double-spike method to variable amounts 

of non-natural Ti, V and Fe in our Cr analyses, we have performed some simple 

numerical calculations_ A spiked BS 979 solution is "contaminated" with variable 

amounts of Ti, V and Fe, that have 5l V/SOV, 49Ti/50Ti and 56Fej54Fe ratios that 

differ from the 'natural" composition by -3%0 to +3%0. These mixtures are then 

fractionated (using the exponential mass fractionation law) by the amount usually 

produced by our MC-ICP-MS- The resulting composition is then put through our 

doubl -spike deconvolution program, which calculates the isotope composition of 

NBS 979. The results of our calculations (Fig. 2_5) show that the deconvolution 
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program recovers a 853 Cr of 0 when a natural isotopic compo ition i as umed for 

Ti, V and Fe, as would be expected. However, if the i otopic compo ition varie 

from the natural value, and/or as the size of the interference incre ,th r overed 

853Cr value deviates from zero. The size of the deviation incr as in th ord r \ < 

Fe < Ti. By way of example, if the contaminant Fe ha an i otopi comp 'ition that 

is fractionated from the natural value by 30/00, and the 56Fe/54Cr = 1.7. th 11 th 

recovered 853Cr value is -0.1%0, rather than zero (Fig. 2.5a). How v r, th carbonat 

samples analysed in this study typically have 56 Fe/54Cr, 51 /50 rand 19Tij50 r 

ratios ofless than 0.05, 0.0008 and 0.001, respectively after column ch mi try. Th 

the error induced by the interference correction i negligibl « O.Olo/t). v n if th 

'contaminant" has a non-natural isotopic composition. 

2.3.4 Applicability of the exponential mass fractiona i n law 

As discussed in Section 2.3.2, analyses of spiked BS 979 olution yi Id ligh 1)' p -

itive 853 Cr and additionally systematic positive and negativ d viation of 54 r/52 r 

and 50Cr/52Cr respectively from the NBS 979 valu ,irresp ctive of wh th r th 0-

lution has been run through the column chemistry or not. Although th off t in 

53Cr is small and within the analytical uncertainties iden ical to z ro it i 11 ful 

to explore their potential causes. The deviations in 54 r /52 rand 50 r /52 r from 

NBS 979 are double the value of 853Cr, which suggests that th light off, in h 

Cr isotope compositions from the nominal value of zero are mas d p nd nt and 

related to the correction for instrumental mass fractionation. imilar ffe t hav 

been noted for Nd and Hf isotopes (Nowell et al., 2003; Thirlwall and An zki wi z 

2004) indicating that instrumental mass fractionation does not alway p rf tlyobey 

the exponential law (Nowell et al., 2003; Thirlwall and Anczki wi z 2004' B rmin 

et al., 2006) and a generalized power law is sometimes mor appropriat (Thirlwall 

and Anczkiewicz, 2004). 

Traditionally, the fractionation law can be derived from the lope of the natural 

logarithms of the measured isotope ratios (i.e. 53Cr j52Cr vs 54 r j52 r) (B rmin 

et al., 2006). However, the instrumental mass fractionation on our I -I P- IS i 

very stable from day to day, so the spread in the i otop ratio f th B 
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F igure 2.5: Effects of ' non-natural' (fractionated) isobaric interferences from (a) iron, (b) vana

dium, and (c) t itanium on 853Cr, as a function of the elementjCr ratio. The 'true' 853Cr value 

of the BS 979 reference material is o. The effects of varying the isotopic composition of the 

interfering element are shown by the different symbols (see text for details). Grey shaded areas 

show the range of elementjCr ratios for carbonate materials determined in this study. 
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standard is not very large, making it difficult to derive any statisticalI.\· valid infor

mation on the value of the slope. Instead. we adopt a numerkal technique. taking 

the isotopic composition of the spiked NBS 979 solution and fractionating it lIsmg 

the generalized power law equation (Wombacher and Rehkamper. 20():J): 

(2.5 ) 

where RA is the true isotope ratio (RA = N2/N 1. where :"J 1 is the abllndaIlcP of isotope 

i in the sample), rA is the measured isotope ratio, fePL is tlw fractionation factor for 

the generalised power law, m2 and ml are the true masses of ~2 and ~ 1 aIld II is an 

exponent term. The value ofthe fractionation factor is equivalent to t hp OIlP that wp 

observe in our daily measurements of the spiked standard. so the only parameter we 

vary is the value of n. The resulting 'fractionated' composition is then oP('oll\'olw'd 

through our double-spike program. Any deviations from the exponentialla\\' producp 

offsets in the deconvolved Cr isotope data. In this way. we find that the total range 

of measured 653Cr values (0.012 - 0.0260/00) can be reproduced b.\' varying n between 

0.058 and 0.090. This also recovers the observed offsets in 50Cr /52(,r and .,,)4Cr /,>2Cr. 

Thus, our calculations demonstrate that small daily offsets in t llf' recovered (p:JCr 

value from the nominal value of 00/00 are the result of subtle deviations from the 

exponential law that vary from day-to-day. Similar sized offsets (n = -0.04 ± 0.02) 

can be calculated from another Cr-isotope study (Schoenberg et a!.. 2008). alt hough 

some studies report much large variations for other isotope systems on diffprent 

instruments, with n values of -0.23 ± 0.0441 (Wombacher and Rehkarnper. 2003). 

-0.1937 (Anbar et al., 2000) and 0.5-1.039 (Thirlwall and Anczkiewiez. 20(4). If sllch 

large deviations from the exponential law occur routinely. t hen a gf'neralised power 

law equation may be required to solve the double spike equat iOIlS. However. in this 

study, the deviation from the exponential law produces uncertainties similar to those 

produced by the counting statistics and it is not a major source of uncertaint.\' in 

our measurements. 
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2.3.5 J53Cr of carbonate standards 

The analytical developments presented in this st.udy are aimed at measuring samples 

that contain small amounts of Cr, such as carbonates. By way of demonstration, 

the Cr isotopic compositions of 5 international carbonate reference materials have 

been determined (Table 2.3 and Fig. 2.4). These reference materials are natural 

carbonates and they have b53 Cr values that range from +0.737 to +1.994%0, which 

is significantly heavier than estimates for the mantle (-0.104 ± 0.11 0%0; Schoenberg 

et al., 2008)) or the limited number of oxic and sub-oxic marine sediments previ

ously analysed (-0.032 ± 0.091%0; Schoenberg et al., 2008). Only Cr(VI)-bearillg 

hydrothermal crocoites (PbCr04) (+0.640 to + 1.037%0) (Schoenberg et al., 2008) 

and Neoproterozoic BIFs (up to rv4.9%0) (Frei et al., 2009) yield heavy b53Cr values 

that are comparable to the values of the carbonates presented here. The heavy Cr 

isotopic composition of marine carbonates implies fractionation involving Cr(III) 

and Cr(IV) (Ellis et al., 2002), possibly during: (a) weathering of the continental 

crust. b) redox reactions occurring in the ocean. c) incorporation of Cr into the 

carbonate lattice. 

Future investigations of the Cr isotope signatures of seawater, river waters and ex

perimentally precipitated carbonates are required to understand which (if any) of 

these processes generates carbonates with heavy b53Cr. In turn, this will help to 

validate the potential of carbonates as a tracer of redox reactions in the natural 

environment. 

2.4 Conclusions 

A low blank (0.12-0.20 ng) method has been developed that allows effective sepa

ration of small quantities of Cr (~250 ng) from carbonate samples using a simple, 

one-step column chemistry procedure. We have been able to precisely measure the 

Cr isotopic composition of these samples, by careful optimisation of a desolvating 

sample introduction system (Aridus 2) coupled to a Neptune MC-ICP-r..lS (oper

ated with X-cones in medium resolution mode), which produces a sensitivity of 
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'"" 180 V ppm-I. The addition of a 50Cr_54Cr double spike allows the determination 

of mass-dependent variations in 653Cr and correction of mass fractionation ouring 

Cr separation on the ion exchange column and during the mass spectrometer mea

surement. The long-term reproducibility of 653Cr for a spiked l'BS 979 reference 

material is 0.031%0 (2s.d., n = 147), which is comparable to that report eo in other 

studies that utilise significantly larger sample sizes. Numerical simulations inoicate 

that small deviations in the 653 Cr for the NBS 979 standard between analytical 

sessions are due to small variations in the mass fractionation behaviour of t}w ~IC

rCP-MS. Modelling the effects of potential isobaric interferences inoicat{'s t hat for 

carbonate samples, interferences from Ti, V and Fe are negligible. 

The developed techniques have been applied to the measurement of Cr isotopes 

in low-level carbonate materials, for the first time. Our data indicate that car

bonates have distinctly heavy 653Cr values compared to the continental crust ana 

mantle. Although the origin of these heavy 653Cr values is not yet fully under

stood, natural carbonates have the potential to record redox reactions in mooern 

and palaeo-oceans. 
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Chapter 3 

Cr concentration and Cr isotopic 

composition of seawater 

3.1 Introduction 

Chromium is a trace element in seawater, present in concentrations of only a few 

nanomoles per litre (Table 3.1; Jeandel and Minster, 1987). Early work suggested 

that concentrations of chromium were depleted in surface seawater, and assigned 

chromium to the "recycled" group of elements whose distribution in the oceans is 

similar to that of the nutrient elements nitrate, phosphate and silicate (Whitfield 

and Turner, 1987). However, more recent work indicates that the surface depletion 

is modest, and there is no substantial difference between Atlantic and Pacific deep 

water concentrations (e.g. Sirinawin et al., 2000). Moreover, there is no correlation 

between Cr and the nutrient elements at the global scale (Sirinawin et al., 2000). For 

this reason, Cr is probably best described as intermediate between a 'conservative' 

and "recycled" element. The residence time of Cr in the ocean is believed to be 

betweeb 10,000 and 40,000 years (Campbell and Yeats, 1981; Whitfield and Turner, 

1987). The typical Cr concentration water depth profile is presneted in Figure 3.l. 

In oxic seawater, the dominant chromium oxidation state is usually Cr(VI), which 

is consistent with thermodynamic calculations (Elderfield, 1970). However, signifi

cant amounts of Cr(III) have also been measured; the percentage of Cr(IlI) is usually 

::;5% (e.g. Mugo and Orians, 1993), although some authors have found much higher 
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Figure 3.1: Vertical profile of total Cr in the orth Atlantic Ocean for three tation. r..Iodified 

after Jeandel and Minster (1987). The Three stations are TGP 26, TGP 45 and TGP 9 (Jeandel 

and Minster, 1987) 

quantities, sometimes accounting for over 90% of the total di olved Cr ( ander 

et al., 2003; Connelly et al., 2006). 

Several mechanisms have been put forward to explain the unexp cted pr ne 

of Cr(llI). Cr(llI) can be produced by reduction of Cr(VI) by photochemically pro

duced Fe(ll) (Gaberell et al., 2003), and by the reduction of Cr(VI) by organic 

matter (Kaczynski and Kieber, 1994). Moreover, it has recently be n hown that 

marine phytoplankton (diatoms, red and green algae) directly catalyse th photor

duct ion of Cr(VI) to Cr(llI), even without the presence of iron (Li et al., 2009). Thi 

is consistent with field observations that levels of Cr(Ill) are highe t during period 

of high biological activity (Connelly et al., 2006). Relea e of Cr(Ill) from decom

posing sinking particulate matter has also been suggested as a m chani m for the 

production of this oxidation state in deeper water (Achterberg and Van Den Berg, 

1997). 

It is also important to note that the oxidation of Cr(III) to Cr(VI) i slow relative 
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Table 3.1: Chromium concentrations in oceanic waters 

Ocean area Authors Cr(VI) CrTOT 

nl\[ nM 

E Pacific Ocean Cranston and Murray (197 ) 1.6-3.5 

NW Atlantic Ocean Campbell and Yeats (19 1) 3.2-5.2 

Japan sea and Pacific Ocean Nakayama et al. (1981) 1.7-4.5 7.1-11.7 

NE Pacific Ocean Cranston (19 3) 1. 7-4.0 

East Pacific Ocean Murray et al. (19 3) 1.1-6.0 

East Pacific Rise Jeandel and Minster (1984) 1.9-15. 

South Pacific Ocean Golimow ki et al. (1985) 2.4 

South and orth Pacific Ocean Jeandel and Minster (19 7) 2.3-6.5 

North Atlantic Ocean Jeandel and Minster (19 7) 2.0-4.6 

Mediterranean Jeandel and Minster (19 7) 2. -3.7 

Mediterranean and Alboran Sea Sherrell and Boyle (198 ) 2.5-5.9 

Atlantic Ocean near Gibraltar herrell and Boyle (19 8) 2.9-3.5 

Pacific Ocean Isshiki et al. (1989) 2.1-4.2 2.9-4.6 

Indian Ocean Ghaddaf (1990) 0.3-2.4 0.9-2. 

W ~lediterranean Boussemart et al. (1992) 4.5-5. 

orth Pacific Ocean Mugo and Orians (1993) 2.3-4.3 2.3-4.3 

orth Atlantic Ocean Mugo and Orians (1993) 2.5-4.5 

Mediterranean and Gibraltar Achterberg and Van Den Berg (1997) 1.7-3.5 1. 7-4. 7 

outh and orth Atlantic Ocean irinawin et al. (2000) 3.1-7.3 

Arctic Ocean Sirinawin et al. (2000) 3.0-6.1 

Caribbean ea ander et al. (2003) 1.5-2.5 

Pacific Ocean ander et al. (2003) 0.7-6. 6.3-19.4 

Sargasso Sea Connelly et al. (2006) 2.5-6.5 

to the kinetic of the Cr reduction mechanisms discussed above. In this connection, 

Cutter (1992) uggests that the presence of Cr(III) may reflect the build-up of this 

oxidation state caused by difference between reduction and oxidation rates. 

Analy i of the Cr isotopic compo ition of eawater ha the potential to provide 

new in ight a to the mechanisms that regulate the behaviour of Cr in seawater. In 

particular, Cr i otope mea urements could help to constrain the ources of Cr to the 

ocean, provide mechani tic explanations for the distribution of Cr(VI) and Cr(III), 

and a e s the control on the availability of toxic Cr(VI). This i because Cr isotopes 

are fractionated during both oxidation and reduction reaction (Ellis et a1., 2002; 

Zink et a1., 2010) and by biotic reduction (Sikora et aI., 200 ). Moreover, different 

r re rVOlr have different Cr isotope signaL ures (Iz bicki et a1., 200; choenberg 

et a1. 200 ). 
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3. Cr concentration and Cr isotopic composition of seawater 

To date, however, there are no reports of the Cr isotope compo ition of eawater. 

Izbicki et al. (2008) speculate that the Cr isotopic composition of eawater i h avy 

relative to the continental crust and mantle, and mea urement of th 853Cr com

position of seawater precipitates (marine carbonates and Proterozoic banded iron 

formations; respectively, Bonnand et al., 2011 and Frei et aL 2009) up port thi 

idea. In order to measure the Cr isotope composition of eawater directly, a number 

of challenges need to be overcome. First, the low concentration of Cr in eawat r 

(2-10 nM) requires a large sample volume. Moreover, the likely pre n e of ignifi

cant Cr(llI) means that the isotopic composition of both Cr(VI) and Cr(Ill) mu t 

be determined. Finally, low-blank methodologies for the separation of Cr from h 

sample matrix, and analysis of Cr isotopes with high accuracy and preci ion mu t 

be developed. 

Here, I present the first ever measurements of Cr isotope in (i) open oc an and 

(ii) coastal seawater samples. First, Cr(Ill) and total Cr (Cr(VI) + Cr(Ill)) ar pre

concentrated using a Fe co-precipitation technique. Then, in order to aid paration 

of Cr from Fe, the sample is first processed through an anion exchang r in, b for 

processing through the cation exchange resin as described in Chapter 2. Chromium 

isotopes are measured by MC-ICP-MS using a double spike technique, a d cribed 

in Bonnand et al. (2011) and Chapter 2. The data reveal that ther is ignifi ant 

variation in the Cr isotope composition of seawater (853 Cr = -0.116 to +l.74 0/00). I 

then go on to provide a preliminary interpretation of these isotope data. 

3.2 Sample location 

Seawater samples were collected from the Argentine Basin in the outh Atlanti 

(Fig. 3.2), and from Southampton Water in the UK (Fig. 3.3). 

3.2.1 Argentine Basin 

The sampling site in the Argentine Basin i located within the ubtropical gyr at a 

depth of 5349 m. Samples were collected in February 2010 from RRV Jame ook 

(cruise J C42) from five sampling depths in the uppermost (low nutri nt) part of 
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Figure 3.2: Map showing sampling location in the Argentine Basin. 

the water column (30, 150, 700, 1500 and 2289 m water depth). Measurements of 

conductivity, temperature, depth, and dissolved oxygen were made at the time of 

water sampling; the data are shown in Figure 3.4. Water samples were collected 

using acid-clean 10-L Go-Flo bottles mounted on a CTD frame deployed from a 

Kevlar wire. In addition to Cr and Cr isotopes, the water samples were also analysed 

for their nutrient (nitrate, silicate and phosphate) content (Fig. 3.4) . No nitrite was 

detectable in any of the water samples. 

The hydrographic data presented in Figure 3.4 can be described in terms of four 

different water masses. The uppermost part of the water column (0 to ",300 m) 

is relatively warm and saline, with intermediate levels of dissolved oxygen. This 

is not a true water mass, and is commonly known as "surface water" (Heywood 

and King, 2002). This water is underlain by fresher, highly oxygenated Antarctic 

Intermediate Water (AAIW) , which reaches to depths of ",1000 m. Beneath the 

AAIW, which has recently descended from the surface, lies the low oxygen signature 

of pper Circumpolar Deep Water (UCDW), which is also clearly identified by its 

high phosphate signature (Fig. 3.4; Heywood and King, 2002). UCDW extends to 
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3. Cr concentration and Cr isotopic composition of eawater 

a depth of ",2200 m, and is underlain by colder, more saline :\forth tlantic Deep 

Water (N ADW). 

3.2.2 Southampton Water 

Southampton Water is a shallow, linear body of water, approximat ly 10 km long 

and 2 km wide, forming a north-westerly extension of the entral 01 nt (Fig 3.3). 

The estuary receives discharges of domestic ewage, industrial wa te and 0 ling 

water. Industrial discharges from the we tern shore include effluent from the large t 

oil refinery in the United Kingdom, together with a ociated p tro h mical indu. 

tries located in the mid-reaches. Towards the mouth of th e tuary i th oil-fir d 

Fawley power station. evertheless Raymont (1972) concluded that outhamptoll 

Water was not "dangerously polluted". 

The water samples collected in this study were from Southampton wat r at 

Stanmore Point , at a water depth of 11 m in the outermost part of th e tuary. 

Samples were collected from RV Callista in July 2010, using 5-L a id- I an d i kin 
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Figure 3.4: Vertical distribution of (a) salinity, (b) temperature, (c) dis olved oxygen, (d) nitrate, 

(e) phosphate and (f) silicate in the Argentine Basin. The dashed horizontal lines show the depths 

from which the sample were collected. The solid horizontal lines show the position of the different 

water masse: W = surface water, AAIW = Antarctic Intermediate Water; UCDW = Upper 

Circumpolar Deep Water; ADW - orth Atlantic Deep Water. 

bottles mounted on a mini-CTD frame that wa deployed on a Kevlar wire from the 

rear deck of the boat. In addition to Cr and Cr isotopes, the water amples were 

al 0 analy d for their nutrient (nitrate, ilicate and phosphate) content. 

At th time of ampling, the water column was well-mixed and es entially marine 

in character. ither temperature nor salinity show any variation with depth; the 

t mperatur of the eawater was 19° and the salinity was 34 per mil. Nutri nt 
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3. Cr concentration and Cr isotopic composition of eawater 

concentrations were also invariant with depth; 1 r03 = 1.5 j.lmol 1-1 . 2" = 0.21 

Mmoll-I, silicate = 3.59 j.tmoll-1 , PO~- = 0.16 j.lmoll-1. 

3.3 Methodologies 

3.3.1 Sample collection and pre-concentra ion 

Samples for Cr isotope analysis were decanted traight from th 

bottles into acid-cleaned HDPE bottles. A total of 1 of aw 

analysis of Cr(III), and 5 1 of seawater was coIl ted for anal"'i 

hni u 

samples were then taken into the laboratory, either on bard th hip ( rg ntill 

Basin) or back onshore (Southampton Water). Sub equ n rea m n of h ampl 

is described below, and illustrated in Figure 3.5. 

Samples from Southampton Water w re filt red within h ur of 011 

through a Sartobran in-line membrane filter, with por iz 0.2 pm. f 

biological activity, and hence particle concentration, in th ubtropi' 1 gyr f th 

Argentine Basin are extremely low, samples from th Arg nine Bin, r n t 

filtered. The seawater samples were then spiked with an appropridt qu n i v (u u

ally 100 j.tl of 580 ppb Cr solution per litr of -ampl) f th 50 r-~ r doubi 

spike. The samples were left to equilibrate for at least an hour. b t r ar ing th 

co-precipitation procedure. 

The Cr in the seawater samples was pr -coneen rat d u ing an F o-pr ipi i 11 

technique (Fig. 3.5) described in Connelly et a1. (200 ) and modjfi d fr m ran 11 

and Murray (1978). Briefly, Cr(III) is seaveng d from eawat r b~' dding a . Iu i n 

of Fe(III) hydroxide at pH 8 - .5 and shaking. Total r ( r(III) + r(\ I)) i 

precipitated by Fe(II) hydroxide. During shaking, th (II) hydr xid i oxi Ii - d 

and the Cr(VI) is reduced to Cr{III). The F (III) hydroxid th n av ng 

Cr(III), resulting in quantitative removal of all di olv d r. 

To this end, a suspension of Fe (III) hydroxide was produ d by adding uffi i nt 

ammonium hydroxide to a 2 mM solution of ammonium F (II) ulph h ,'~ hv rat 

(Aldrich) to give a pH of between and .5. Thi 'oIu ion w h kPIl, nel I ft f I 
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Figure 3.5: Procedure for pre-concentration of Cr from seawater. DS = double spike. (see text for 

details). 

"-'24 hours to ensure complete oxidation of Fe(II) to Fe(III). 10 mL of this solution 

was then added to each lL bottle of spiked seawater and shaken, for determination 

of Cr(III). 

For determination of total Cr, a suspension of Fe(II) hydroxide was produced 

by adding sufficient ammonium hydroxide to a 2 mM solution of ammonium Fe(II) 

sulphate hexahydrate (Aldrich) to give a pH of between 8 and 8.5 , and immediately 

adding 10 mL of this solution to each 11 of spiked seawater. Crucially, the Fe(II) 

hydroxide solution must be added to the seawater sample within 10 minutes, or the 

Fe(II) will start to oxidise. Th samples were then shaken and left to equilibrat . 

Within "-'24 hours, the Fe (and Cr) precipitates out of solution and falls to the 

bottom of the bottles. In order to collect the precipitate, the supernatant water was 

carefully siphon d out of the bottle, until "-10.5 L remained. The precipitate and 

the remaind r of the water were then decant d into clean 50 mL centrifuge tubes, 

and centrifuged at 4000 rpm for 15 minutes. After removing the supernatant fluid , 

the pre ipitates were then re-combined and dri d down on a hotplate to remove any 

remaining fluid. The Fe residue was then re-dissolved in 4 ml of 7M HCI, and left 

overnight on a hotplate. The sample was then dried down and re-dissolved in 4 ml 

of 7M H 1; prior to loading onto th anion exchange resin (se Section 2.3.2) , an 

additional 2 mL of 7M HCl was added to the sample, giving a total volume of 6 mL. 
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Critically, although ammonium Fe(I1) sulphate hexah.\'drate is tlIP pure;.;t Fe(II) 

salt commercially available, it is almost certain to contain Cr. For t his rea~OII. the 

concentration of Cr in the ammonium Fe(I1) sulphate hexah~'dratf' solution. and the 

Cr isotopic composition of this solution, was determined precisel.\' by \IC-ICP-\IS. 

In order to do this) an appropriate quantity of the'>°Cr-OHCr dOllblf-' spikf-' was added 

to a large volume (20-30 mL) of the 2 ml\1 ammoniuIIl Fe(II) sulphate hexah~'drate 

solution, and this mixed solution was then processed through t h(, column sf-parat ion 

procedure (both anion and cation columns. see Section 2.~J.2). Having relllo\'('d til(' 

Fe from the solution, the Cr fraction was dried down ready for ~IC-ICP-~IS anal~·sis. 

3.3.2 Separation of Cr from the Fe-matrix 

The technique used to separate Cr from the sampl£' matrix is giwll ill Chaptf'r 2 

and Bonnand et al. (2011), However. because the pre-conc'entrat£,c! se(lwatf'r salllplf's 

contain significant Fe (up to 9 mg), an additional separation stpp was dp\·('lopf'd. 

modified from that reported by Grimaud and l\lirhard (197·t). in order to PIlSurP 

that this Fe is completely separated from the Cr. 

To this end, a cleaned Bio Rad Poly-Prep column is loaned with 2mL of Rio Had 

AG 1-X8 anion exchange resin, 200-400 mesh in Cl- form. The rf'sin is c1f'HIlf'd first 

with 10 mL of 151\1 HN03 , then with MQ water. followed b.\' 10 mL of O.5~1 HCI. 

more MQ water, 10 mL of 12M Hel, MQ water. and finall~' with tOmL of 7~1 HCI. 

Although this cleaning step is long, it ensures that the blank contribution fWIIl tilt' 

columns is very low. The sample (in 6 mL of n.l HCl) is loaded on to the r('sin. As 

Cr(III) is not retained by the anion exchange resin. it passes straight through the 

column, whereas Fe(III) is strongly absorbed. A further 4 rnL of 7~1 HCl is add('d 

to the column, and the Fe(III) is eluted in ",4 mL of 0.51\1 HC!. The f'llltion curw 

for this procedure is shown in Figure 3.6. The Cr yield from t his column procpdure 

is "'95%. 

The Cr fraction is evaporated to dr,vness. and re-dissolwd in 0.5 IIlL of 6~1 Hel 

before being processed through the second stage of the column chemistr.\' procedure. 

Briefly, (for full details see Bonnand et aI., 2011 and Chapter 2). Cr is separatf'c\ 

on a cation exchange resin (Bio Rad AG50 X8. 200-400 mesh). TIlf' Cr fractiol\ is 
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Figure 3.6: Elution curve for Cr and Fe from the anion exchange resin (see text for details). 

eluted in 10 mL of 0.51\1 HCI, and is completely separated from cations that could 

potentially interfere with Cr during the mass spectrometr~' measurements (Ca, N a, 

K, Ti, V and Fe). 

After this second stage, the Cr fraction is dried down and ready for l\lC-ICP-1\IS 

analysis. The total blank of the chemistry procedure (both stages) is c-v0.5 ng, which 

is negligible compared to the amount of Cr processed through the column (c-v 500 

ng). 

3.3.3 Mass spectrometry 

All isotopic measurements were carried out with a ThermoFisher Scientific Neptune 

at the Open University. A full description of the measurement method is provided 

in Bonnand et al. (2011) and Chapter 2 and onl~' a brief description is given here. 

The ThermoFisher Scientific Neptune was equipped with a CETAC Aridus II des

olvating sample introduction system which was fitted with a 50 p,L min- 1 nebuliser. 

The mass spectrometer is equipped with 9 Faraday cups (each associated with an 

amplifier of 10110), which allows the four Cr isotopes (50Cr, 52Cr, 5:3Cr and 54Cr) 

and three potential interfering elements (49Ti, 51 V and 56Fe) to be measured simulta-
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neously. The ion beams of 49Ti, 51 V and 56 Fe were monitored to correct for isobaric 

interferences from 50Ti, 50V and 54Fe respectively. Each isotopic anab'sis consisteri 

of 50 measurements of the on-peak background followed b~' 100 measurE:'llH'nts of 

thE:' sample. 

The Cr separated from the seawater samples was rE:'-dissolvE:'d in 31)( H:\O:J to 

give a Cr concentration in solution of 50 ppb for mass spectroII1etr~· .. 50 ppb of Cr 

typically gives an ion beam of 10-12 V of 52Cr, and", 70 ng of Cr was required to 

make a Cr isotope measurement. After each analysis. thE:' Aridus was washeri with 

0.9 M HN03 solution for at least 10 minutes. in orrier to reduce tIl(> background on 

52Cr to less than 10 mY. The 6·53Cr value of each sample was obtainE:'d h.v llormalising 

to mean value of measurements of the standard NBS 979 solution OIl that day. In 

this way, the E:'ffects of small differences in the mass fractionation of thf' ~IC-ICP-~IS 

over long time periods are minimised (e.g. Schoenberg et al.. 2008: Bonnand f't a1.. 

2011). 

The long term reproducibility of the isotope ratio measurf'mE:'nts was assessed by 

multiple measurements of a spiked NBS 979 standard solution containing 50 ppb of 

Cr; for 653Cr, the external precision is ± 0.0310/u; (n = 147: Table :3.2 and BOlluand 

et al., 2011). However, the external reproducibility of a sample (thE:' carbonate stan

dard reference material JDo-l) that has been processed through coluIllIl dlf'lIlistr~' 

is slightly worse (± 0.059%0; n = 10). 

3.3.4 Cr isotope notation and data processing 

The Cr isotope data are reported relative to the NBS979 standard Cr isotope rf'ff'r

ence material, as follows: 

653 Cr = (RsamPle _ 1) x 1000 
Rstandard 

(:3.1) 

where Rsample and Rstandard are respectively the 53Crj52Cr ratios of the sample and 

the NBS979 standard. The deconvolution procedure for the .5
0 Cr_ MCr double spike 

is described in Bonnand et al. (2011) and Chapter 2. The Cr concentration in the 
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seawater samples was determined by isotopic dilution, as follows: 

C ~I ( m'SPike) ( Cspike ) 
sample = lV Natural X X AI. X 

msample spIke 

(3.2) 

where Csample and Cspike are respectively the Cr concentration in the sample and the 

spike, l'vINatural and l\lspike are the atomic Illass of Cr in the sample and in the spike, 

msampie and mspike are the masses of sample powder and spike, and PXCrspike and 

PXCr Natural are the proportion of t:i4Cr or 52Cr , respectively, in the spike or the nat

ural composition. The error on this isotope dilution (ID) calculation is determined 

from the standard deviation (20') of the isotope ratio measurement. This error is 

small (",0.1 %) and negligible relative to other sources of uncertainty. These include 

the weighing errors on both the spike and the sample, and the blank correction. The 

total uncertainty on the Cr concentration in the seawater samples is ",3%. 

3.3.5 Speciation of Cr in natural waters 

The speciation of Cr in natural waters and the behaviour of Cr(VI) and Cr(Ill) 

in solution have been widely studied in the past (e.g. Ball and Nordstrom, 1998). 

However, these calculations were made at concentration much higher than in natural 

waters and modelling at appropriate concentrations for seawater were required. The 

first modelling done in this study was an Eh-pH diagram for Cr concentration close 

to the seawater concentration of ",5 nM. This modelling was done with Geochemist's 

Workbench® software. The Cr concentration was fixed at 5 nl\! and the modelling 

was done for a temperature of 25°C. The main Cr species described in the literature 

were used in the calculation (HCrO,i, CrO~-, Cr207, Cr3+, Cr(OH)2+, Cr(OH)t, 

Cr(OH)~ and Cr(OH),i). The second critical information required to understand 

and interpret Cr isotopes data in seawater is the variation of the Cr fraction with 

Eh. It has been postulated that Cr in oxic seawater is mainly Cr(VI) either as 

CrO~- or HCrO,i species (Elderfield, 1970) and for a standard seawater pH the 
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3. Cr concentration and Cr isotopic composition of seawater 

Cr(Ill) compounds should be Cr(OH)t and Cr(OH)g (Zink et al.. 2010). The aim 

of this modelling is to determine the dominant Cr compounds under different redox 

conditions (from reduced to oxic). For this modelling, the pH was fixed at 8.2 and 

the Cr concentration was set to 5 nl\I. This modelling W8..'5 done using an average 

seawater composition in term of major and minor cations anci anions (Appendix D). 

The calculation were accomplished using PHREECQ software and the equilibrium 

constants used were from Rai et al. (1987). 

3.4 Results 

3.4.1 Evaluation of the co-precipitation and chemical purifi

cation procedures 

In order to evaluate the veracity of the column separation procedures for Cr isotope 

ratios, a mixed solution of the .50Cr_54Cr double spike and the 1"8S979 Cr isotope 

reference material was processed through both anion and cation column chemistry 

procedures. The Cr isotopic composition measured for this solution is 653Cr = -0.056 

± 0.012%0 (Table 3.2 and Fig. 3.7). 

To test for any potential effects of the Fe co-precipitation procedure. four aliquots 

of the same mixed standard-spike solut.ion were co-precipitated with Fe(III) h.vdrox

ide, and then passed through both steps of the chemical purifi('ation procE'ciurE'. TtlE' 

Cr isotopic composition of the standard is -0.042 ± 0.029o/c(' (2SD. n = 4) (Table 

3.2), which is close to that of the mixed st.andard-spike solution that had only passed 

through column chemistry. 

3.4.2 Cr concentration and Cr isotope composition of the 

ammonium Fe(II) sulphate hexahydrate solution 

The concentration of Cr in the 2 mM ammonium Fe(I1) sulphate hexah~'drate so

lution is 0.97 ± 0.03 ng ml- 1 (2a, where a is thf' standard deviation. 11 = :3). The 

average 653Cr value of this Cr is -0.34 ± 0.11 o/clG (2a, where a is the standard devia

tion, n = 3). Given that up to 80 ml of this solut.ion were arlded to each sample. t lw 
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3.4 Results 

Table 3.2: Cr isotopic composition of the standard-spike solution, with and without chemical 

purification and co-precipitation. Ch. = chemical purification (2 steps), cop. + Ch. = co

precipitation and chemical purification (2 steps). NBS979 and .JDO-l data are fron BOlllland et al. 

(2011) 

chemical treatment b5:lCr'ToT (%0) 20 n 

NBS979 None 0.000 0.031 t 147 

JDo-1 Ch. 1.719 O.05!Jt 10 

NBS979 eh. -0.056 0.012* 

NBS979 cop. + eh. -0.049 0.010* 

NBS979 cop. + Ch. -0.047 0.010* 

NBS979 cop. + Ch. -0.052 0.011 * 

NBS979 cop. + eh. -0.021 0.013* 

average(NBS979) cop. t- Ch. -0.042 O.029t 4 

t a is the standard deviation from the mean of n analyses. 

* 0 is the standard error of one analysis. 

contribution of Cr from the Fe solution is non-negligible, consisting of up to '" 10 % 

of the total Cr. For this reason, the Cr concentration and Cr isotopic composition 

of the samples reported in Table 3.3 are corrected for this blank contribution. 

3.4.3 Cr concentration and Cr isotope composition of sam

ples from Southampton Water 

The Cr concentration and Cr isotopic composition of the seawater samples from 

Southampton Water are presented in Table 3.3 and Figure 3.7. As the water column 

was well mixed at the time of sampling, unsurprisingly the Cr concentration and 

Cr isotope composition of each of the samples are within error of each other at 

the level of the external precision; the average concentration of Cr(IlI) is 1.68 nl\l, 

and the average !553Cr value of the Cr(IlI) is +1.722 ± 0.036%0 (20", where 0" is 

the standard deviation). The average concentration of total Cr (Cr(III) + Cr(VI)) 

is l.82 nM, with a !553Cr value of + 1.549 ± 0.014%0 (20", where a is the standard 

deviation). Thus, Cr(III) seems to be the dominant form of Cr in Southampton 

Water, consisting of about 90% of the total Cr. l\loreover, the 853Cr value of the 

Cr(III) is higher than the 853 Cr value of the total Cr in all samples. 
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Figure 3.7: Or isotopic composition of the chromium isotope tandard r ~ r nee mat rial [\8 

979, that has passed through both stages of the column chemis ry (r d quare). or h b 11 0-

precipitated with Fe and then passed through column chemi ry (gr en cirel ). 'hown tog titPf 

with the Or isotopic composition of the seawater sample from out hampton \\"at r ( W). 

3.4.4 Cr concentration and Cr isotope compo iti n of am

pIes from the Argentine Basin 

The Cr concentration and the Cr isotopic composition of awater 011 ct cl from 

different depths in the Argentine Basin are pre ented in Tabl 3.3 and Figur 3 . . 

The concentration of Cr(llI) varie from 3.92 n 1 in the ampl r cov r d from 

closest to the sea surface (30 m water depth), to 5.72 n 1 in h ampl r 

from 1500m water depth. The concentration of total Cr how 1 variation. ranging 

from 5. 0 to 6.50 nM. As for Southampton Water, th clominant 

Argentine Basin also appears to be Cr(Ill); Cr(III) ompn' betwe n 62 and 9:Yc 

of the total Cr. 
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Table 3.3: Cr concentration and Cr isotopic composition of seawater samples from the Argentine Basin and Southampton Water. 

Uncorrected data Blank corrected data 

Sampling site depth CrTOT Cr(lII) 853 Cr(I II) 2s.e. 853 CrTOT 2s.e. CrTOT Cr(IlI) 853 Cr(I II) 2s.e. 853 CrToT 2s.e. 

(m) (nM) (nM) (0/00) (0/00) (0/00 ) (0/00 ) (nM) (nM) (0/00) (0/00 ) (0/00 ) (0/00) 

Argentine 30 6.55 4.11 -0.127 0.009 0.431 0.008 6.36 3.92 -0.116 0023 0.454 0.022 

Basin 150 6.43 5.40 0.154 0.015 0.675 0.011 6.24 5.21 0.173 0022 0.706 0.022 

700 6.69 4.99 0.448 0.015 0.571 0.011 6.50 4.80 0.480 0.024 0.598 0.021 

1500 5.99 5.91 0.755 0.013 0.531 0.009 5.80 5.72 0.793 0023 0.560 0.021 

2289 6.27 5.39 0.158 0.009 0.507 O.OlD 6.08 5.19 0.177 0.026 0.534 0.021 

Southampton surf. 2.05 1.89 1.534 0.010 1.374 0.008 1.86 1.70 1.748 0.036 1.554 0.035 

Water 2 2.04 1.90 1.500 0.014 1.363 0.009 1.85 1.71 1.709 0.036 1.543 0.035 

5 2.02 1.87 1.511 0.010 1.373 0.008 1.83 1.67 1.722 0036 1.557 0.035 

11.5 2.04 1.93 1.499 0.010 1.363 0.008 1.85 1.74 1.709 0.036 1.543 0.035 

Average 2.04 1.90 1.511 0.032* 1.368 0.012* 1.85 1.68 1.722 0.036* 1.549 0.014* 

* In this case, s .e. is the standard deviation from the mean of 4 analyses 
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3. Cr concentration and Cr isotopic composition of eawater 
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Figure 3.8: Profiles of (a) Cr concentration and (b) Cr isotopic compo 'ition ill . eawatpr ampl 

from the Argentine basin. The Cr(VI) isotopic compo ition i in~ rred by m~ Inllancp. The 

Cr(VI) isotopic composition for the sample at 1500 m is not hown becall (' of larg une: 'rt inlie 

in the concentration measurements. 

The Cr isotopic composition (o53 Cr) ofthe Cr(III) vari from -0.116 to 0.7 :39'<: . 

The lowest o53Cr value is in the sample collected from do e t to t h . a 'urfac (30 

m water depth). The Cr isotopic compo ition of th total variation. 

with b53Cr values ranging from +0.454 to +0.706%. gain. h ampi '011 t d 

from closest to the sea surface has the lowe t o53 Cr value. ample from th middl 

part of the profile (700 and 1500 m water depth) have imilar 553 'r values for r( Ill) 

and total Cr; for all other samples, the Cr i otopic ompo itioll of r(III) i. ligh r 

compared to the Cr isotopic compo ition of total Cr. 

3.4.5 Speciation of Cr in natural wat r 

The speciation of Cr in natural wat r ha be n ~ tudj d and r(\ I) and r(II I) ar 

believed to behave differently (Pettine, 2000). r(VI) i oluble where 'r(III) i 

considered to be strongly insolubl (Rai tal., 19 7). Howe ... r. Eh-pH diagram 
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3.4 Results 

used to make such interpretations are for relatively high Cr concentrations (5 11M) 

(Ball and Nordstrom, 1998; Fig. 3.9). Indeed, the Cr concentration of modern day 

seawater is much lower, in the order of a few nM (e.g. Jeandel and Minster, 1987; see 

Table 3.1). Therefore, the Eh-pH diagrams presented in Figure 3.9 are calculated 

for different Cr concentrations. Figure 3.9a assumes a total Cr concentration of 5 

I1rvl. At this concentration and between a pH of 5.5 and 12.3 Cr(III) is insoluble 

and precipitates in the form Cr(OHh(s). Figure 3.9b, however, was calculated with 

a total Cr concentration of 5 nM which is typical of modern seawater. In this case 

the Cr concentration is below the saturation limit of Cr(OHh and therefore Cr(III) 

can be present in its dissolved form. 

In oxic seawater, the main Cr species should be Cr(VI) in the form CrO~- or 

HCrOi (Elderfield, 1970). However, new modelling, conducted as part of this thesis 

work u ing PHREECQ software, indicates that in seawater, the main Cr(VI) species 

is aCrOi (Fig. 3.10). This finding can be explained by the relatively high con

centration of Na in seawater; previous studies have only calculated Cr species for 

ground waters or pure water (Ball and Nordstrom, 1998; Zink et al., 2010). These 
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Figure 3.9: Eh-pH diagrams for aqueous inorganic chromium hydrolysis species in groundwater 

at 25°C. (a) The grey area indicates the stability zone of Cr(OHh(s) for a total Cr concentration 

of 5 11M. Modified from Ball and Nordstrom (1998)_ (b) Eh-pH calculated with Geochemistry 

Workbench® software for a total Cr concentration of 5 nM. 
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results are in agreement with another study on Cr peciation in : awa f ( 

et a1., 2010). It is however important to note that our calculation did II 

MgCrO~ and CaCrO~ and these two compound may al 0 play an imp r ant f 1 

on the Cr(VI) behavior in seawater, but more probably in high 0.lg COIl ntra iOIl 

waters (Accornero et a1., 2010). 

3.5 Discussion 

As this study reports for the first time the Cr i otopic compo:,i iOB of mod rn . (;1-

water, this section firstly presents a careful, critical evaluation of th data and th n 

goes on to provide a preliminary interpretation of the data. in t rIll of hpir p t 11-

tial implications for the effects of biogeochemical and redox pro on t h 'r and 

Cr isotopic composition of seawater. 

3.5.1 Concentrations of Cr(III) and total r 

The concentration of total Cr in the outhampton V\:a r ampl (1. 2 n I) i ' 

within the range reported for other sample collected from th 01 nt (:3.:3 ± 2. :2 

nM; Auger et al., 1999) and from Southampton \Vater (Dolamor -Frank. 1 ). 

Similarly, the concentration of total Cr in the rgen in Ba in am pI i wi t hi 11 

the range reported for other samples of open oc an awater (s Tabl 3.1). Th 

concentration-depth profile of total Cr in the Argentine Bain (Fig. 3. ) how' no 

evidence for depletion of Cr in surfa e waters and ugg t that. at hi 10 'alion. 

Cr is behaving as a conservative element. Intere tingly, how v r. th 

of Cr(Ill) is slightly lower in the sample colle ted from 10 

this may indicate that Cr(llI) is consumed by biologi al a tivit~·. \\'h r a 

Cr(VI) is not. 

Curiously, the proportion of Cr present a Cr(Ill) at both ite ' i ' fE'1ativ ly high; 

~62%. This contrasts with mo t other pr viou tudi', which typi ally r port 

that Cr(VI) is the dominant oxidation tat in 0 anic wat r (e.g. i\Iugo and fl

ans, 1993; Achterberg and Van Den Berg, 1997; onnellv a1.. 2 ). '1 h r) arp 

several potential explanations for this finding. Fir ' tly, h mod lling dOll wi h ; 
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Figure 3.10: pedes distribution for Cr(III) and Cr(VI) in seawater for a temperature of 25°C 

and a total r concentration of 5 nM. (a) Predominant Cr species at different Eh values for pH 

_ .2. (b) Predominant Cr(III) and Cr(VI) complexes at different Eh values for pH = .2 . These 

species fractions have been calculated using PHREEQC software; the compo ition of the seawater 

is report d in Appendix D. The grey area reports the Eh value for modern oxic eawater. 

cherni t ' Workb nch® and pre ented in Figure 3.9 demonstrates that the pre ence 

of di olved Cr(III) in seawater is pos ible. The high concentration of Cr(III) in the 

rg ntine Ba in could be explained by the difference in kinetics of oxidation and 

r d1.1ction ration . 

econdly, there i th possibility that some of the Fe in the Fe(III) hydroxid 

olution 1.1 d to pre-con entrate th Cr was actually in the form of Fe (II) , cau -
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3. Cr concentration and Cr isotopic composition of seawater 

ing partial reduction of the Cr(VI). Unfortunately, the speciation method was not 

validated by analysis of Cr(III) and Cr(VI) solutions of known concentration. so 

a proper evaluation of this is not possible. However, the good reproducibility of 

the Cr(Ill) concentrations of the four separate samples of well-mixed seawater from 

Southampton Water, suggest (albeit indirectly) that partial reduction of Cr(VI) is 

unlikely. 

Thirdly, in the case of the Argentine Basin, the seawater samples were not fil

tered. This means that the pre-concentration method will measure dissolved plus 

particulate Cr (most of which will be in the form of Cr(IIl); e.g. Cranston and Mur

ray, 1980), which is trapped in the iron precipitate and potentially released upon 

re-dissolution in 7M HCl. Although concentrations of total suspended particulate 

matter were not measured directly, measurements of light scattering from a sensor 

mounted on the CTD frame indicate that concentrations are very low ('" 10 Itg/L, 

as expected for an oligotrophic subtropical gyre; (e.g. Connelly et al., 2006). which 

would make an insignificant contribution to the total Cr in the water sample (:S 

2%). 

Fourthly, there is the possibility that the Cr(Ill) is being produced by reduc

tion of Cr(VI) in surface seawater. Samples from both sites were collected in 

the northern (Southampton Water) and southern (Argentine Basin) summers, so 

photochemically-induced reduction of Cr(VI), in the presence of either Fe(ll) (Richard 

and Bourg, 1991), organic matter (Kleber and Helz, 1992) or marine phytoplankton 

(Li et al., 2009), is possible. This could explain high concentrations of Cr(Ill) in the 

well-mixed surface layer (all samples from Southampton Water, and the uppermost 

samples collected from the Argentine Basin), as well as in water masses that have 

recently been at the surface (i.e. AAIW, which was sampled at 700 m water depth 

in the Argentine Basin). 

High levels of Cr(IIl) in deeper waters could be explained by release of Cr(IlI) 

from decomposing sinking particulate matter in deeper waters (Achterberg and Van 

Den Berg, 1997). However, as discussed above, levels of particulate material are low 

in the Argentine Basin, and are unlikely to contribute significant Cr to the dissolved 

Cr pool. 
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3.5 Discussion 

The Cr species in river water is still highly debated as both dominant Cr(VI) and 

Cr(lIl) have been reported (e.g. Cranston and Murray, 1980, Pankow et al., 1977). 

The high level of Cr(IlI) in Southampton water could be explained by input from 

rivers. Finally, there is the possibility that Southampton Water receives anthro

pogenic inputs of Cr. It has been argued that effluent from the Fawley refinery is 

responsible for high levels of hydrocarbons (e.g. Dicks and Levell, 1989), copper and 

possibly lead (Croudace and Cundy, 1995), in Southampton Water. In recent years 

however, improvements in the effluent quality have led to a mark reduction in the 

level of contaminants (Cundy et a1., 2003). Cr is used in several other industries, in

cluding metallurgy and chemical manufacturing, as well as in numerous commercial 

processes such as electroplating, leather tanning and mining. Chromium from an

thropogenic sources can be released into soil, natural waters and the atmosphere and 

waste effluents can contain any combination of Cr(IlI) and Cr(VI) (Stanin, 2005). 

In Southampton Water, any anthropogenic input of Cr is likely to be associated 

with effluents from the Fawley oil refinery. It has been shown that Cr is one of the 

most abundant "heavy" metals in oil waste (Adesodun and i\lbagwu, 2008). The 

low concentration of Cr in the Southampton \Vater is inconsistent with a high level 

of contamination, but the relatively large proportion of Cr(III) could potentially be 

explained by release of Cr(IlI) from oil waste. 

3.5.2 Veracity of Cr isotope measurements 

Critically, the double-spike method used to make the Cr isotope measurements relies 

on equilibrium being achieved between the Cr in the spike and the Cr in the sample. 

For this to occur, the speciation of the Cr in the spike should be the sallle as 

the speciation of the Cr in the sample. The spike used in this study is a Cr(IlI) 

spike; this means that the spike will equilibrate instantenously with the Cr(IlI) in 

the seawater. If Cr isotopes are fractionated during the co-precipitation procedure, 

then the double spike will properly correct for that fractionation. However, the same 

Cr(Ill) spike was also used for analyses of Cr isotopes in the total Cr (Cr(IlI) + 

Cr(VI)) fraction. Importantly, in this case the co-precipitation technique is based on 

the reduction of the Cr(VI) in the sample to Cr(III). Grimaud and Michard (1974) 
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3. Cr concentration and Cr isotopic composition of seawater 

have shown that the total reduction of Cr(VI) to Cr(IlI) is achieved immediately 

after the addition of Fe(II) to the solution. This means that the Cr(IlI) in the spike 

should instantaneously equilibrate with the Cr(III) derived from the reduction of 

Cr(VI), prior to the precipitation of the Fe(lI) hydroxide. Thus, if the Cr isotopes 

are fractionated during the precipitation the double spike will properly correct for 

that fractionation. If the reduction of Cr(VI) with Fe(II) is not complete, then the 

Cr isotope composition of the total Cr will be incorrect. Although this has not been 

tested directly, the fact that b'53 Cr value of total Cr in the four replicate samples 

from Southampton Water is reproducible (well within the external precision of the 

isotope measurements), strongly suggests that all of the Cr(VI) is reduced to Cr(III). 

and equilibrium with the Cr(IlI) spike is achieved. 

The double spike technique also needs to accurately correct for any isotope frac

tionation during the two-step chemical separation procedure. Although the Cr iso

topic compositions obtained for the standard-spike mixture that has been through 

chemistry are comparable to the expected value (b'53Cr = 0%0), they are very slightly 

lighter (-0.056%0; Table 3.2). One possibility is that this is because the Cr forms 

a complex with the 7M HCI before it is passed through the anion exchange col

umn, but the double spike calculation assumes that mass fractionation is due to the 

fractionation of metallic Cr metal, not Cr complexes (see Chapter 2). However, as 

discussed in Chapter 2 and Bonnand et al. (2011), the difference in the Cr isotopic 

composition of NBS979 that has, and has not, been through the columns is small, 

and within the external precision of the isotope measurements (±0.059o/oo, Bonnand 

et al., 2011). 

For all of these reasons, the pre-concentration procedure, the chemical separation 

technique, and the mass spectrometry procedures adopted for this study, give reliable 

data for the Cr concentration and Cr isotopic composition of seawater. Crucially, 

the reproducibility of replicate analysis of the samples from Southampton Water, 

for both Cr concentrations and Cr isotopes, for both Cr species, is excellent (Table 

3.3). 
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3.5.3 Cr isotopic composition of seawater 

With the exception of one sample (from 30 m water depth, in the Argentine Basin), 

the 553Cr value of Cr(III) and total Cr is higher than the average o53Cr value of 

silicate rocks from the Earth's crust and mantle (-0.124 ± 0.101%0; Schoenberg 

et aL 2008). ~Ioreover, the o53Cr values of seawater samples from Southampton 

Water are significantly higher (by around 1%0) than the 553Cr values of seawater 

samples from the Argentine Basin. To date, there are no measurements of the Cr 

isotope composition of river waters, which are the most important source of Cr to the 

ocean (;:::90%, or 3.7 x 1010 g Cr yr- 1
; Chester and Murphy, 1988). If rivers are the 

most significant. source of Cr in Southampton Water (i.e. anthropogenic sources are 

small), then the data from Southampton Water strongly suggest that the Cr isotopic 

composition of the continental flux is significantly higher than that of the crust itself, 

indicating that Cr isotopes are fractionated during the weathering process and/or 

during the riverine cycle. In this connection, Izbicki et al. (2008) report positive 

J53Cr values of + 1.2 and +2.3%0 in groundwater recharge areas having low Cr 

concentrations. Furthermore, our own Cr isotope analyses of carbonate minerals 

that have precipitated from seawater (see Chapter 5) reveal positive Cr isotope 

values (0.65 - 0.76%0). As oxidation of Cr(III) (the dominant Cr species in silicate 

rocks; Rai et al., 1989) does not appear to result in significant isotope fractionation 

(Zink et al., 2010), it seems likely that Cr(VI) is fractionated on mineral surfaces, 

prior to entering solution (Izbicki et al., 2008). 

Samples from the Argentine Basin are more likely to be influenced by atmo

spheric sources; however, on a global scale, the atmospheric flux of Cr is :::;10% of 

the fluvial flux (Chester and Murphy, 1988). The lower 553 Cr values of total Cr 

in seawater samples from the Argentine Basin may indicate that addition of Cr 

from the dissolution of atmospheric dust is accompanied by significantly less isotope 

fractionation than terrestrial weathering processes. Interestingly, the 5,53Cr value of 

Cr(IlI) in the sample recovered from closest to the sea surface (from 30 m water 

depth), is indistinguishable from the average value for the crust (-0.116%0, compared 

to the average crustal value of -0.124%0; Schoenberg et al., 2008). However, it is im-
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3. Cr concentration and Cr isotopic composition of seawater 

portant to note that levels of Cr in surface seawater at this site are not significantly 

enriched. 

The Cr isotopic composition of Cr(IlI) versus total Cr may reveal important 

information about the processes that regulate the speciation of Cr in seawater. In 

the Argentine Basin, the two samples closest to the surface have significantly lower 

853 Cr values for Cr(IlI) than for CrTOT (by 0.53 - 0.57%0). As discussed above, 

the 853Cr value of Cr(III) in the sample from 30 m water depth is the same as 

the average value for silicate rocks but, because Cr isotopes are fractionated by the 

reduction of Cr(VI), with the light isotopes enriched in the reduced Cr(IlI) species. 

there is also the possibility that the lighter Cr(III) 853 Cr values are the result of 

reduction of Cr(VI) to Cr(III) in surface waters. 

As discussed in Section 3.1, reduction of Cr(VI) can occur in the presence of pho

tochemically produced Fe(II) (Gaberell et al., 2003) or organic matter (Kaczynski 

and Kieber, 1994), and can occur directly in the presence of marine phytoplankton 

(Li et al., 2009). Assuming that Cr is not lost (or added) to seawater during the 

reduction process, then it is possible to estimate the 853Cr value of both the Cr(IlI) 

and Cr(VI) by means of the Rayleigh distillation equation: 

(3.3) 

where f is the proportion of Cr(VI), Q is the isotope fractionation factor (0.9965; 

Ellis et al., 2002), 853
Cr(V I) is the Cr isotopic composition of the Cr(VI) remaining 

in solution and 853Crini the Cr isotopic composition of the initial Cr(VI) (i.e. before 

reduction). According to mass balance: 

(3.4) 

where 853 CrTOT is the Cr isotopic composition of total Cr, 8·53Cr(Vl) and 853
Cr(I1I) 

are the Cr isotopic compositions of, respectively, Cr(VI) and Cr(IIl), and x is the 

fraction of Cr(VI) in the system. 
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3.5 Discussion 

The results of this modelling are shown in Figure 3.11. The first model (Fig. 

3.lla), assumes that all of the Cr is initially present as Cr(VI), and the initial 

553 Cr value is assumed to be +0.454%0, i.e. the 853CrTOT value of seawater in 

the uppermost sample from the Argentine Basin. As the Cr(VI) is reduced to 

Cr(III), the Cr(VI) that remains becomes isotopically heavier as the light isotopes 

are preferentially reduced. The 553Cr value of the Cr(Ill) that is produced also 

becomes isotopically heavier, although the difference in isotopic composition between 

the Cr(VI) and Cr(III) is less if the system is fully open (i.e. the Cr(III) produced is 

removed from solution as it is produced; blue line). Figure 3.lla demonstrates that 

neither the 553Cr value of the Cr(III) nor the b53Cr value of the Cr(VI) in the sample 

recovered from 30 m water depth in the Argentine Basin can be accounted for using 

either the Rayleigh model or the fully-open model; the isotope fractionation between 

the two species is much smaller than either of the models predict. 

However, the results of these models are strongly dependent on the starting 

conditions. For example, Kieber et al. (2002) report that the speciation of Cr in 

rainwater is highly variable, with Cr(III)/CrTOT ranging from 0.25 to 0.75. The 

Figure 3.11 (facing page): Modelling of the variation in b53Cr due to reduction of Cr(YI) to Cr(III). 

f is the fraction of the initial Cr(YI) that remains in solution. (a) Initial solution containing only 

Cr(YI); variation in J53Cr(II 1) is shown for an open system, where the Cr(IlI) is not removed 

from the system (blue line) and when Cr(Ill) is removed from the system (red line). The dashed 

and dotted lines correspond to an equilibrium isotope fractionation with a constant difference of 

tl.53 / 52 Cr(Cr(lJI)_Cr(VI)) of -1.50/00. Black square shows the measured J53Cr value for Cr(Ill) in 

seawater from the Argentine Basin at 30 m depth; black circle shows the calculated b53Cr value for 

Cr(YI). Both black square and black circle are located at a f value of 0.38 that has been measured 

for the 30 m sample. (b) Initial solution contains variable proportion of Cr(IlI) to total Cr (see 

key). Solid red and blue lines assume that all Cr is initially present as Cr(YI) (as for (a)). The 

black square and circle show the Cr isotopic composition of Cr(III) and Cr(YI) in the 30 m sample 

(Table 3.3). (c) Initial solution contains variable proportion of Cr(Ill) to total Cr (see key), as 

the Cr(Ill) forms it is removed from the system. Black diamond shows the measured b53Cr value 

for Cr(Ill) in seawater from the Argentine Basin at 30 m depth; black circle shows the calculated 

b53Cr value for Cr(YI). Open diamond and open circle show the J53Cr value for Cr(lII) and Cr(YI) 

respectively from the Argentine Basin at 150 m depth. 
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3.5 Discussion 

effect of varying the proportion of Cr(VI) to Cr(Ill) in the initial solution is described 

by Equation 3.5 and is shown in Figure 3.11b. 

5
53

Cr(III)reduction x PCr(III)reduction 

(3.5) 

In Equation 3.5, 5 53 Cr(III) is the Cr isotopic composition of the Cr(llI) pool, 

5
53

Cr(III)initial is the Cr isotopic composition of rainwater, which is assumed to 

be equal to the continental crust value (-0.124 ± 0.101 %0), 553Cr(III)reduction is the 

Cr isotopic composition of the Cr(llI) produced by reduction of the Cr(VI) pool, 

and PCr(III)dust and PCr(III )reduction are the proportions of Cr(llI) from the dust 

and from the reduction of Cr(VI), respectively. 

Figure 3.11 b demonstrates that it may just about be possible to model the mea

sured values of 5 53Cr(III) and 5 53Cr(VI) in the sample from 30 m water depth if the 

proportion of Cr(Ill) is high (1"V90%). evertheless, this model cannot explain the 

relatively high 5 53Cr(III) value of the sample from 150 m water depth (+0.173%0, Ta

ble 3.3), nor can it explain the relatively high proportion of Cr(III) that is measured 

in all samples from the Argentine Basin (2:60%). Finally, Figure 3.11c considers the 

effects of variable initial Cr(III) / CrTOT, together with the loss of Cr(Ill) from the 

sy tern. In this case: 

where 5 53CrToT is the Cr isotopic composition of the total Cr, 553Crinitial is the 

initial Cr isotopic composition of the solution, which is assumed to be equal to the 

continental crust value (-0.124 ± O.lDl %0, Schoenberg et al., 2008), 5 53Cr(VI) is the 

Cr isotopic composition of the Cr(VI) remaining into solution, and PCr(Ill) is the 

proportion of Cr(Ill) in the system, which is given by: 

PC 
1 - PCr(VI)initial 

r(III) = 
1 - PCr(V I)initial X (1 - f) 

(3.7) 
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3. Cr concentration and Cr isotopic composition of seawater 

where PCr(vI)initial is the proportion of Cr(VI) in the initial solution and f is the 

fraction of Cr(VI) remaining in solution. 

In this scenario, the 853 Cr value of total Cr becomes heavif'r as rf'dllction pro

ceeds. The values of 553
CrTOT and 853

Cr(lII) measured in samples recovered from 

30 m and 150 m water depth in the Argentine Basin can be prf'dictf'd h~' this lIlodf'1. 

Thus, although more data are required, it seems likely that the Cr isoto!>p signCltllff' 

of surface waters from the Argentine Basin are best explained in tf'rIllS of input from 

atmospheric sources, combined with partial reduction of Cr(VI) to Cr(III). 

In contrast to the seawater samples from the Argent ine Basin. thE' Sf'rtwat I'f sam

ples from Southampton Water have higher b53Cr val Uf'S for Cr(l II) t hall for tot al 

Cr (by 0.173%0). In this case, the Cr(III) could not havf' hef'1l producpd b~' tlw 

reduction of Cr(VI), as the 553Cr(III) should be lighter than ,s53CrnJT (Ellis f't a!.. 

2002). This raises the possibility that the continental flux of Cr to s('awatpr is dom

inated by Cr(III), which has high 653Cr and is fractionatpd from its ('fIIstal sOlln·p. 

Studies of groundwaters do indicate that oxic groundwatf'rs haw high 6,)3('r (Izhicki 

et al., 2008); however, the dominant Cr oxidation state appears to be ('r(VI). rather 

than Cr(III) (e.g. Ellis et aI., 2002; Izbicki et al.. 2008). Thf' preSf'ncf' of Cr(lII) ill 

the Southampton water samples could also be explained b.v the reduction of ('r(VI) 

to Cr(III) in the estuarine environment, or adsorption of Cr onto particles IIlldf'r 

non-equilibrium conditions (Pettine et al., 1997). Pettine et al. (1~)97) han' dplI1oll

strated that Cr(III) can be absorbed onto particles iII thf' estuarillf' eIlvironlIlf'llt: 

however, this would remove Cr(III) from the system. which is lIot what is ohsf'fwd 

in this study. 

This raises the possibility that the source of Cr(III) ill Southampton Watpr is 

anthropogenic. As discussed in Section 3.5.1. Cr from ant hropogpnic sOlln·.>s could 

be in the form of both Cr(III) and Cr(VI); morf'over, the Cr is likf'l~' to haW' twcn 

exposed to differing redox conditions. Thus. t hf' relat ivply high 85
:
I Cr valllPs IIH'a

snred in the Southampton seawater samples could potentially be f'xplainf'd b.\· input 

of anthropogenic Cr. However. this is ('ntirply spp('ulat ivp becallse. at this poillt 

in time. specific details 011 the chemical compositioll of wastf' effluf'nt di~('hargf'd 
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3.6 Conclusions 

into Southampton Water are not known, and the Cr isotope compositions of the 

potential anthropogenic sources are unknown. 

3.6 Conclusions 

The chromium concentration and Cr isotopic composition of seawater has been 

determined for samples collected from (i) the Argentine Basin, and (ii) Southampton 

\Vater. Concentrations of total Cr are higher in the open ocean samples (Argentine 

Basin; 5.80 - 6.50 nM) than they are in coastal seawater (Southampton Water; 1.82 

nI\I). Concentrations of Cr show little variation with depth at either site. However, 

concentrations of Cr(IlI) are slightly reduced in surface waters from the Argentine 

Basin. suggesting that Cr(Ill) may be consumed by biological activity. Surprisingly. 

the dominant oxidation state of Cr at both sites is Cr(IlI). which comprises 60 - 90 % 

of the total chromium, higher than has been typicall.v reported in other studies. The 

reason for the high proportion of Cr(Ill) is not clear; there is a chance that it is an 

artefact of the Cr pre-concentration technique, although this is unlikely, but it may 

also be due to reduction of Cr(VI) by either photochemical or biochemical processes, 

release of Cr(III) from sinking particulate material or, in the case of Southampton 

Water, inputs of river water and/or anthropogenic Cr. 

In the Argentine Basin. J53Cr values are between -0.116 and 0.793%0. wlwreas 

samples from Southampton Water have 653Cr values that range from 1.543 to 

1.748%0. Thus, with the exception of one sample (that has 653Cr = -0.116%0), the 

Cr isotopic composition of seawater is heavier than the Cr isotopic composition of 

the continental crust value (-0.124%0). This indicates that Cr isotopes are fraction

ated during the weathering process and/or in the riverine system. In the Argentine 

Basin, the Cr isotopic composition of total Cr tends to be higher than the Cr iso

topic composition of Cr(IlI), by up to 0.57%0. Two different processes can influence 

the Cr isotopic composition in seawater: (i) the source of Cr into the ocean and (ii) 

the redox reactions occurring in the water column. The Cr isotopic composition of 

Cr(III) in the shallow water indicates that in the Argentine Basin the main source 

of Cr in the ocean is probably dust input with 653Cr(I II) close to the continental 
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3. Cr concentration and Cr isotopic composition of seawater 

crust value. By contrast, the Cr isotopic composition of total Cr is lower than the 

Cr isotopic composition of Cr(Ill) in Southampton Water, by ",0.17%0. This is in

consistent with Cr(Ill) production by reduction of Cr(VI). We suggest that input of 

Cr(III) in the Southampton Water is from river water and/or anthropogenic sources. 

These preliminary data suggest that Cr isotopes have the potential to reveal 

unique information about the sources of Cr to seawater, as well as biogeochemical 

and redox processes. However, they also reveal that the Cr isotopic composition 

of seawater may be highly variable, and additional data from a variety of different 

oceanic regimes are required in order to verify our results. Moreover, it is important 

to note that our interpretation of these seawater data at the present time is highly 

speculative in the absence of Cr isotope data for rivers, atmospheric particles and 

anthropogenic sources. 
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Chapter 4 

Geological and regional setting 

4.1 Introduction 

The aim of this study is to assess redox conditions in the Neoproterozoic ocean uti

lizing rare earth element (REE) concentration data and Cr isotopes in carbonates. 

As previously discussed in Chapter 1, the Neoproterozoic Era is characterized by 

major episodes of glaciations that led to the deposition of glacial deposits globally, 

often with a characteristic cap carbonate (Fairchild and Kennedy, 2007). Carbon

ate rocks are present in many Neoproterozoic sequences, usually forming in shallow 

water environments, as pelagic calcifying organisms had not yet evolved. In order to 

assess the Cr isotopic composition of seawater on a global scale, several Neoprotero

zoic sequences have been selected for analysis. These are from South Australia (the 

Adelaide Geosyncline), Scotland (the Dalradian Supergroup), Central East Green

land, and Morocco. In this chapter, the geological background of these four locations 

is described and existing geochemical data (mainly C and Sr isotopes) are summa

rized. Geochronology and general correlations between these sequences and others 

from different parts of the world will also be discussed. Finally, this section in

cludes a short description and discussion of the Phanerozoic and modern carbonates 

analysed during the course of this study. 
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4. Geological and regional setting 

4.2 The Adelaide rift complex (South Australia) 

The Ad laide rift complex is a Neoproterozoic to middle Cambrian basin located in 

South Australia (Fig 4.1) and its formation is related to the breakup of the Rodinia 

supercontinent. The present distribution of rock units in the Adelaide geosynclines 

(Fig. 4.1) is controlled by the Delamerian Orogen ("-'500 Ma; Preiss, 2000). It has 

been shown that the Adelaid rift complex has experienced low grade metamor

phism in the greenschist facies (Preiss, 2000). The Adelaide rift complex ('Ade

laide Geosyncline') contains a thick, variably deformed Neoproterozoic succession 

of sediments (Preiss, 1987) that developed through several successive episodes of 

eoproterozoic rifting. The basin consists of more than 15 km of sediments that 

formed during at least five rift cycles (Preiss, 2000; Walter et al., 2000). The strata 

are divided into three so-called 'Supergroups', the Warrina, the Heysen and the 

Moralana (Fig. 4.2; Preiss, 1982). The Warrina Supergroup represents the early 

rift sequences, the Heysen Supergroup encompasses all the glacial, interglacial and 

post-glacial sediments, and the Moralana Supergroup consists entirely of Cambrian 

sediments (PreiSS, 2000). The Supergroups have been subdivided into sub-groups 

and formations, as shown in Figure 4.2. The succession has been divided into 12 

informal units (sequence sets) (Preiss et al., 1993). These units do not always cor

respond to the existing lithostratigraphic subdivisions. 

4.2.1 Existing age constraints 

In order to make comparisons with other Neoproterozoic sequences worldwide, a 

good understanding of the geochronology of the sedimentation in th basin is im

portant. The geochronological control on sedimentation in the Adelaide rift compl x 

is still a matter of debate. Historically, different techniques have been u ed to con

strain the geochronology of the sedimentation: U-Pb on volcanic bodies (Wingat 

et al., 1998), whole rock Rb-Sr (Compston et al., 1966), and U-Pb on zircons (e.g. 

Calver et al., 2004). In this section, the more re ent and most accurat chronological 

constraints are emphasized. 
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Figure 4.1: Simplified map showing the distribution of Neoproterozoic rocks in the Adelaiden 

Geosyncline (South Australia). The grey area represents the sediments of the three Supergroups; 

purple circles show sampling localities. The inset shows Neoproterozoic basins in Australia. 

Adapted from Williams (200 ). 
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4. Geological and regional setting 

4.2.1.1 The Warrina Supergroup 

The most obvious target for dating of the Warrina Supergroup is the Wooltana 

Volcanic Formation. This igneous body is located in the Mount Painter Inlier and 

is part of the CaHana Group (Fig. 4.2). Compston et al. (1966) produced a poorly 

constrained Rb-Sr isochron (recalculated as 830 Ma by Preiss, 2000). This date has 

been supported by a more recent age obtained with U-Pb SHRIMP measurements of 

the Gairdner Dyke swarm (827 ± 6 Ma (20"); Wingate et al., 1998). This age can be 

interpreted as a maximum age for the succession as a whole. The geochronology of 

the Warrina Supergroup is also constrained by two other ages on volcanic formations: 

(i) the Rook Tuff which is part of the Curdimurka Subgroup and has been dated at 

802 ± 10 Ma (Fanning et al., 1986) and (ii) the Boucat Volcanics which are located 

at the base of the Mundalio Subgroup and have been dated at about 777 ± 7 Ma 

(unpublished U-Pb SHRIMP zircon date cited by Preiss (2000)). 

Subgroup Formation 

/ 
Moodlatana Formation 

a. Lake Frome Billey Creek Formation 
u ctI:l Group ·0 u co Wirrapowie Limestone 
N ·0 ctI'" 

V 
- 0) Unnamed Rawnsley Quartzite 0 N ctI ... ... 0 Cambrian ... Q) Group Q) 

~ 00. Pound Bonney Sandstone c: 
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Figure 4.2: Schematic log of the sedimentation in the Adelaide Rift Complex. Modified from Preiss 

(2000). The formations sampled in this study are shown in grey. 
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4.2 The Adelaide rift complex (South Australia) 

4.2.1.2 The Heysen Supergroup 

Several attempts to constrain the chronology of the sedimentation during the depo

sition of the Heysen Supergroup are summarized by l\Iahan et al. (2010). Despite 

the large number of ages available for the sequence, the geochronological constraints 

on the Heysen Supergroup remain poor. l\Iany of the ages reported overlap, and 

only a few of them can be used to give a better constraint on the time of sedimen

tation. For example, Calver et al. (2004) gave an age of 582 ± 4 !VIa using U-Ph 

SHRIMP data on a rhyodacite at the base of the Elatina formation. This age can 

be interpreted as a maximum age for the second Cryogenian glaciation. Another 

dating constraint on the sedimentation (about 643 ± 2.4 ~Ia) is reported by Kendall 

et al. (2006) using Re-Os for the base of the Tapley Hill Formation (Fig. 4.2). This 

age is particularly critical as it has been interpreted as a minimum age for the first 

Cryogenian glaciation. It also provides constraints on the duration of the interglacial 

period. The Nuccaleena formation, which consists of cap carbonate fwm the second 

Cryogenian glaciation, is dated at 635 Ma (Knoll, 2000) based on a correlation with 

sections from China and Namibia (e .g. Condon et al., 2005). This age is used to 

constrain the start of the Ediacaran period. 

4.2.1.3 The Moralana Supergroup 

The Moralana Supergroup encompasses sediments from the Cambrian. In addition 

to biostratigraphic information, there is one oate (522 ± 2 Ma) ,obtained by U -Pb 

SHRIMP data on zircons from the Sellicks Hill tuff, that constrains the age of sedi

mentation (Cooper et al., 1992; Jenkins et al., 2002). 

In summary, the Warrina Supergroup consists of the Callanna and the Burra groups 

(Fig. 4.2) and is believed to have been deposited between the end of the Tonian 

and the Cryogenian, from 850 to 735 Ma. The Heysen Supergroup consists of the 

Umberatana and the Wilpena Groups, and is believed to have been deposited be

tween the end of the Neoproterzoic (the middle of the Cryogenian, 735 Ma) and the 

end of the Ediacaran (545 Ma). The .rvloralana Supergroup comprises the Hawker 
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and Lake Frome groups (Normanville and Kanmantoo groups in the Mount Lofty 

Ranges) and was deposited at the beginning of the Cambrian, between about 545 

tv'la and 505 Ma. Given the loose radiometric constraints, in order to compare the 

Adelaide Geosyncline to the rest of the Neoproterozoic sequences worldwide, better 

age constraints on the sequence are required. 

4.2.2 Geochemical data 

A number of geochemical studies have been conducted on the Adelaide Geosyncline 

(e.g. Kennedy, 1996, Hoffman and Schrag, 2002). These have focused on different 

parts of the succession and use a number of geochemical techniques (C, 0, Sand Sr 

isotopes) to assess and to understand the sedimentation processes and the geological 

setting (Calver and Walter, 2000; McKirdy et al., 2001). In this section, a brief 

summary of the data available and general trends will be described and discussed. 

Most of the data available for this sequence are based on the Heysen Supergroup. 

McKirdy et al. (2001) focused their study on the Umberatana group, which is the 

lower part of the Heysen Supergroup (Figs. 4.2 and 4.3), and represents a close 

to complete record of the interglacial period. The carbon isotopic record of this 

period has been described by McKirdy et al. (2001). The post-glacial carbonates 

have £5 13 C values of around -5%0. The £513C values then increase to about +80/00 to 

+ 10%0 through the Wonoka Formation (Fig. 4.3). Close to the top of the Wonoka 

Formation, the carbonate £513C values plunge to -9%0, before increasing again to 

-3%0 just before the next glaciation. The Nuccaleena formation, which is the cap 

carbonate that marks the end of the second Cryogenian glaciation, is characterised 

by a decrease in £513C from -1%0 at the base to -3%0 at the top (McKirdy et al., 

2001). Calver and Walter (2000) focused their study on organic carbon in the 

Wilpena Group (which is found in the upper part of the Heysen Supergroup, Fig. 

4.2) and demonstrated that the C-isotopic composition of organic carbon after the 

second Cryogenian glaciation varied through time. These variations are interpreted 

to be related to the stratification of the oceans after the glaciation. Sr isotopes 

data obtained for some of their samples yield 87 Sr j86Sr ratios of 0.70825 that are 

consistent with the seawater curve for the time period (Calver and Walter, 2000; 
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Figure 4.3: Carbon isotopic curve for the Umberatana Group. Modified after McKirdy et al. (2001). 

Abbreviations: WF, Wonoka Formation; THF, Tapley Hill Formation; S, Sutherland Formation; 

Et, Etina Formation; En, Enorama Formation; Tr, Trezona Formation. The grey area highlights 

the Trezona negative carbon isotopes excursion. 

Halverson et aI., 2007). 

In summary, the geochemical studies on the Adelaide Rift Complex reveal that 

the record of carbonate b' 13C is characterised by several large excursions, one of which 

(the Trezona anomaly) is located just before the second Cryogenian glaciation (Fig. 

4.3). Another important excursion is located in the Wonoka formation. These two 

excursions may have been caused by changes in the carbon cycle, and/or by changes 

in environmental conditions (Calver and Walter, 2000; McKirdy et al., 200l). The 

record of carbonate b'13C has also been used to correlate the Australian sequence 

with other Neoproterozoic sequences worldwide. The Wonoka excursion has been 
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correlated to the Shuram excursion in China; however, it i not clear wheth r thi 

excursion represents a primary signal, or i cau ed by diagene i (e.g. Derry. 2010: 

Halverson et al., 2010). 

4.2.3 Sample Locations 

Samples spanning the entire succession in the Adelaide rift complex (Fig. 4.1 ) w r 

collected during a fieldwork campaign in 2009. As this tudy focll on analy ' 

of Cr isotopes in carbonates, sampling was restricted to unit where arbona \\" 

present, but this covers all three Supergroups (Fig. 4.2). Th ampl location 

are shown on Figure 4.l. The Burra group, which corre pond' to the . p.dim I1-

tation before the first glaciation, was sampled in four different forma ion ( 'kill 

galee Dolomite, Auburn Dolomite, Castambul Formation and t\Iont Cut D 1 mit ). 

The Umberatana Group, which encompasses the glacial trata. w ampl d in four 

formations (Warcowie Dolomite, Brighton Lime tone, Balcanoona Formation (Fig. 

4.4e) , and Etina Formation). The Wilpena Group, which i nd-. Teoproterozoic. 

was sampled in two formations ( uccaleena Formation (Fig. 4.4a-b) and \\" n ka 

Formation (Fig. 4.4f)). Samples of the Wirrapowie Lime ton w r coll ct d 0 r p

resent at the Marinna Supergroup of Cambrian age. ampl from he ~uccal na 

formation were collected on several occa ions, in order to as e th variation of r 

isotopes in the basin and to use this formation as a te t for diagen ti 

Cr isotopes. 

4.3 The Dalradian supergroup 

The Dalradian Supergroup of Scotland and Ireland was OIl of the fir 1 aliti . 

where glacigenic deposits were related to the eoproterozoic (Thorn on, 1 71 ). Th 

Dalradian crops out along a linear belt from Shetland, through mainland ot land, 

to northwest Ireland. It consists of siliciclastic and carbonate rock d po it d from 

the eoproterozoic to the middle Cambrian (Anderton. 19 5; Harri t al.. 19 4). 

Although palaeolatitudinal reconstructions are uncertain, Dalradian dim 11 a ion 

is believed to have taken place on the ea tern margin of Lauren ia ( :awood tal., 
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4.3 The Dalradian supergroup 

Figure 4.4: Fi ld photos in the Adelaide rift compl x. (a) photo howing the uccaJeena Formation 

near Adelaide. (b) Outcrop of the uccaleena formation (sample A6). (c) View of the eopro

terozoic succession in the Brachina Gorge. (d) View of the Flinders ranges from Parachilna. (e) 

Outcrop photo of Lhe Balcaloona Dolomite formation ( ample A14) and (f) Outcrop photo of the 

Wonoka formation (sample A19). 
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2003). The Dalradian Supergroup is divided into four main groups that are, from 

the oldest to the youngest, Grampian, Appin, Argyll and Southern Highland. Each 

of these groups is divided into subgroups and numerous formation (Fig 4.5). For 

many years, only one glacial deposit was described in the literature: the Port kaig 

formation, which is laterally very extensive (Spencer, 1971; Eyle and Eyle , 19 3: 

Arnaud and Eyles, 2006) . However, McCay et al. (2006) have more recently de

scribed three glacial deposits; these are illustrated in Figure 4.5 . Th deposit ar 

termed the Port Askaig formation, the Stralinchy diamictite (which i only found in 

Ireland) and the Loch na Cille beds (Condon and Prave 2000). 

4.3.1 Existing age constraints 

The age constraints on the Dalradian sequence are relatively poor. The edimen

tation is only constrained by geochronological dating of two formations, one at the 

base of the sedimentation and one at the top. The first age was obtain d from U-Pb 

isotope analyses of primary monazite in pegmatites ( oble et al., 1996). Thi ag 

of 806 ± 4 Ma comes from the Grampian Shear Zone located at the ba of the Dal

radian Supergroup (Fig. 4.5). The second age comes from the Tayvallich volvanic 

rocks, which are located at the base of the Southern highland group. 207Pb_206Pb 

isotopic analyses of zircons from a keratophyre sampled on the Tayvallich penin ula 

give an age of 595 ± 4 Ma (Halliday et al. , 1989). However. a more recent tudyon 

zircons from a felsic tuff collected at Port a' Bhuailteir on the Tayvallich penin ula 

give a 206 Pb/238 U age of 601.4 ± 3.7 Ma (Dempster et al., 2002). In ummary, th 

sedimentation of the Dalradian sequence occurred from about 00 Ma to about 500 

Ma (Fig. 4.5). 

The main focus of this study is the Appin and Argyll groups. The Appin Group 

consists of a succession of siliciclastic rocks, quartzite and carbonate depo it d in 

shallow to deep marine environments. The Group is divided into three ubgroup, 

the Lochaber Subgroup, the Ballachullish Subgroup and the Blair tholl ubgroup. 

The 806 Ma age from the Grampian group (Noble et al., 1996) can be interpreted 

as a maximum age for the Appin Group. The Argyll group encompa e two glacial 

deposits (the Port Askaig Formation and the Stralinchy Daimictite) and i divided 
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Figure 4.5: Carbon i otopic curve of the Dalradian Supergroup. Figure modified after Prave et al. 

(2009). Abbreviations: Gr, Grampian Group; th I-Iland, South Highlands Group; L, Lochaber 

ubgroup; C, Crinan ubgroup and Ta, Tayvallich ubgroup. The grey curve i the 513C of 

eawater. 

into four ubgroup; the Islay ubgroup (oldest), the Easdale Subgroup, the Crinan 

ubgroup and the Tayvallich ubgroup (younge t). 

4.3.2 Geochemical data 

Th ch mo tratigraphy of the Dalradian supergroup has b en inve tigated in s veral 

tudie (Brasier and Shield, 2000; Thomas et al., 2004; McCay tal., 2006; Prave 

et al., 2009, awaki tal., 2010). The main focus of the e studi s wa to provide age 
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constraints on the different glacial deposits, and to try to correlate them with other 

eoproterozoic sequences around the world, by analysis of Ol3C and Sr isotopes. 

4.3.2.1 R ecords of 013C for the Dalradian 

Figure 4.5 presents carbon isotope data for the Dalradian sequence. The Dalradian 

Supergroup is characterised by several large negative o13Ccarb excursions (Fig. 4.5; 

Prave et al., 2009). The 013C data for the Dalradian are similar to the record of 

seawater 013C (Prave et al., 2009) and the four negative 013C excursions hown in 

Figure 4.5 have been correlated with other eoproterozoic ection from around 

the world (Prave et al., 2009). By doing so, the three glacial deposits (i.e. the 

Port Askaig formation, the Stralinchy diamictite and the Loch na Cille bed) hay 

been related to other Neoproterozoic deposits. The Port Askaig Formation ha 

been related to the first Cryogenian glaciation (Sturtian) (although the Bonahaven 

formation is not interpreted as a standard cap carbonate because of its complexity). 

The Stralinchy Diamictite (or conglomerate) is thought to be related to the cond 

Cryogenian glaciation (Marinoan) and the Cranford Limestone (which ov rlies th 

Stralinchy Diamictite) has been related to the Marinoan cap carbonate which ha 

an age of 635 Ma (Prave et al., 2009). The C isotope curve i also characteri ed by 

two negative excursions underlying and overlying the glacial deposit of the cond 

Cryogenian glaciation (Fig. 4.4; Prave et al., 2009). Finally, the Lo h na Cill 

beds have been related to the Gaskiers glaciation, with the C isotope excur ion 

occurring after the Gaskiers glaciation correlated to the Wonoka-Shuram anomaly 

(Prave et al., 2009). 

4.3.2.2 R ecords of 87Sr /86Sr for the Dalradia n 

The Sr isotope chemostratigraphy in the Dalradian has been studi d in diff rent 

publications (e.g. Brasier and Shields, 2000; Thomas et al. 2004; awaki t al., 

2010). In Figure 4.6, the Seawater Sr isotopic composition variation during the 

eoproterozoic is presented (Halverson et al., 2010) as ociated with a compilation 

of Sr i otopic composition measurements for the Dalradian equ ne . In gen ral, 

the Sr isotope signature of the Dalradian carbonate cIo ely match th awat r 
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r i otope compo ition. However, it i important to note that this argument can 

be circular as r rich carbonate around the world have been u ed to determine 

the compo ite r i otopes curve pre ented in Figur 4.6. Appin Group ediments 

have 7 rl 6 r ratio of 0.7064-0.7065 (Thoma et al., 2004), although the ediment 

depo ited clo e to the top of the Group have lightly higher 87 rl 6Sr , up to 0.707. 

Ju t before the fir t Cryogenian glaciation, the 7 rl 6Sr value of the Appin group 

ediment d crea e to 0.7063. Thi feature ha been described in other uccessions 

in Greenland and 'vV Canada (Halver on et al. 2010; hields per. Comm.). The 

r isotopic composition of eawater during the time of deposition of the Argyll Group 

is still unclear, becau e the lack of Sr-rich limestones makes it difficult to detect the 

primary ignal. However, at the end of the Argyll group, the eawater Sr isotopic 

compo ition ha been d termined to be 0.70 (Thoma et al., 2004). The Sr isotopic 

compo ition of the Southern Highland Group are more radiogenic in com pari on 

with the lower group (0.712). The e value are higher than the 87Srl 6 r values 

accepted for Cambrian eawater, and they are interpreted to have been ov rprinted 
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Figure 4.6: 7 r/ 6 r ratio from the Dalradian upergroup placed on the composite eawater r 

isotopic curve for the Neoproterozoic modified from Halverson et al. (2010). The black and white 

point ar data from the Dalradian ( awaki tal., 2010, Thomas et al., 2004). The vertical grey 

areas are the glacial events. 
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by Sr derived from diagenetic fluids. 

4.3.3 Sa.lllpling stra.tegy 

The focus of this study is the analysis of carbonates which, it i hoped. r pr nt 

a primary seawater signal. In order to test this, three different Dalradian forma

tions were sampled. These are located on the island of Islay and on th Tayvallich 

peninsula (Fig. 4.7). Firstly, the Lossit Limestone (or Islay lime tone) forma ion 

was sampled on Islay. This formation underlies the Port A kaig Formation, and 

it is divided into two members: the Persabus member at the top of th formation 

and the Kiells limestone member at its base (Arnaud and Fair hild, 2011). Th 

Persabus member consists of interbedded dolostones, quartz it , lat ,and mixed 

litholigies, whereas the Kiells Limestone member consists of 70 m of pur 

56'00' 

6'30' 6'10' 6'00' 5'50' 

Figure 4.7: Simplified Geological map ofIslay and the Tayvalli h penin ula. lodifi d aftp.l' Tann r 

(1998). The red stars are the sampling localities. 
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4 .3 The Dalradian upergroup 

locally oolitic (Fig. 4. ). S condly, the Bonahaven Formation was al 0 sampled 

on I lay. This formation underlies the Jura Quartzite Formation and consist of 

mixed dolomitic- ilicicla tic lithologies, which are divided into four m mber (1 to 

4; Spencer and pencer, 1972; Fairchild, 19 5; Hambr y et al. , 1991). The ample 

analy ed in thi study come from the top of member 1 (Fairchild, 1977; Fairchild 

19 0). Finally, amples of the Tayvallich Lime tone were collected from the Tay

vallich Penin ula. The Tayvallich Limestone is part of the Argyll group and the 

Tayvallich ubgroup (Prave et al., 2009). Thi formation underlies the Tayvallich 

volcanic rocks that are dated at 601 Ma; this age can be interpreted as millimum 

age for the Tayvallich lime ton . 

In th literature, the e thr e formations have been studied in term of their car

bon and Sr i otopic composition. The Los it carbonate are characteri d by a b13C 

n gative xcur ion with 013C = -60/00 and 87Sr/ 6Sr in the range 0.7067-0.7072 (Fig. 

Figure 4. : Field photos in the Dalradian upergroup. (a) Outcrop photo of sample II on Islay, 

(b) Outcrop photo of the disrupted beds (sample 124 and 124R), (c) Outcrop photos of the oolitic 

limestone 127 in the 1 lay Formation and (d) Outcrop photos of the oolitic limestone 12 in the 

Islay Formation. 
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4.6). These limestones are thought to record the primary eawater ignaL b cau 

they have low Mn/Sr ratios and high Sr concentration . The cherno tratigraphv of 

the Bonahaven Formation includes a negative C i otope excur ion (613 = - c,f ). 

which has been interpreted as a cap carbonate feature (Bra ier and hield. 2 ). 

However, this excursion could also be explained by early diagen i thi anornal~' 

relates to the pyritic and ferroan dolomite lithologie of memb r 3 (Fairchild and 

Kennedy 2007). The Tayvallich formation i characteri ed by a wid rang 

values, from -2%0 to +80/00. The 7Sr /86 r of the Tayvallich Lim on lie' 

0.7082 and 0.7089, which is slightly high compared with th r awat r 'Ur\" f r 

the later part of the Ediacaran (Fig. 4.6). 

4.4 The Anti-Atlas Margin, Morocco 

The Precambrian to Early Cambrian section of Morocco con i t of a n arl~' 3 km 

thick succession of platform carbonates and silicicla ti edimentar~' rock on Pan

African age basement. The Morocco sequence i divided into two Group (th old r 

Taroudant and the younger Tata Groups) that encompa Teoprot rozoi and ad\" 

Cambrian sediments (Fig. 4.9). 

4.4.1 Taroudant group 

This Group is divided into two formations: the Adoudounian Formation at tIl ba 

and the Lie de Yin at the top (Fig 4.9). The Adoudounian forma ion i Furth r 

divided into two members called Serie de Ba e (or Tabnia member) and al 'air . 

Inferieurs (or Tifnout member). The erie de Ba e memb r mad up of p ritidal 

carbonates, evaporites, mudcracked ilt tones and fluvial and ton . (~laloof tal., 

2005). The upper part of the Serie de Base member i characteri d by th pr 

of di coid structures that re emble taxa of the Ediacaran fauna (Houza\", 197 ). Th 

Calcaire Inferieur member reflects the beginning of the th rmal ub id n regim 

and consists of peritidal dolostones (Maloof et ai. 2005). Th Li d in Formation 

is characterised by cyclic alternation of burgundy-colour d argillit and bioh rmal 

carbonates (Monninger, 1979; Latham and Riding, 1990; G yer and Landing, 1 5). 
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Figure 4.9: Carbon isotopic curve for the Morocco sequence. Modified after Maloof et al. (2005). 

Abbreviations: Ig Fm, Igoudine Formation; Am Fm, Amouslek Formation. 

In the Tiout section, the Lie de Vin formation records deeper water conditions 

(Maloof et al., 2005). 

4.4.2 Tata Group 

The second group of Moroccan sedimentation is named the Tata Group and is di

vided into three Formations, the Ingoudine Formation, the Amouslek Formation 

and the Issafene Formation (Geyer and Landing, 1995). The Tata group reflects 

a transition to more energetic shallow marine conditions compared with the Lie 

de Vin formation (Destombes et al., 1985). The Ingoudine Formation contains the 

oldest known skeletal fossils from Morocco (Choubert and Hupe, 1953; Choubert 

et al., 1975; Boudda et al., 1979) , which clearly indicate an early Cambrian age 
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for the Tata group. The sequence has long been recogni ed to traddle the Pre

cambrian/Cambrian boundary (Tucker, 1986). However. the exact location of the 

boundary in the sequence is still debated. The 1inount rhyodacite. which i located 

ju t below the Serie de Base member, has been dated at 562. 9 ± 0.49 i\Ia (~Ialoof 

et al., 2005). As the contact between the rhyodacite and the erie de Ba member 

is discordant, this age represents the maximum age for the whole succe' ion. Iean

while, ash from the upper Adoudounian Formation, which i located at th top of 

the Calcaire Inferieur Formation, has been dated at 525.3 ± 0.46 i\Ia (~Ialo f et al.. 

2005). 

4.4.3 Geochemical data 

The chemostratigraphy of the Moroccan sequences have been tudi d by a numb r 

of authors (Tucker, 1986; Latham and Riding, 1990; ~Iargaritz et al., 1991' ~Ialoof 

et al., 2005). Figure 4.9 shows carbon isotope data for these equ nc '. Th record 

of 813C is characterised by several excursions that have been u ed to orr lat thi 

sequence to others worldwide (Latham and Riding, 1990' ~laloof tal., 2005). Th 

813C excursions occur on different timescales. The general pattern of the 813 urv 

is punctuated by a series of relatively short excursions (Fig. 4.9), that may r fie t th 

release of carbon from isotopically depleted reservoirs (such as m than hydrat or 

organic carbon) and associated nutrient recycling and organic carbon burial ( Ialoof 

et al., 2005). The carbon isotope variations have also be n used in aU mpt to 

locate the Precambrian/Cambrian boundary (Tucker, 19 6; Latham and Riding, 

1990). This is still under debate, but the late t radiometric ages indicate that 

the Precambrian/Cambrian boundary is located at the ba e of Cal air Inferi ur 

Formation (Maloof et al., 2005). 

4.4.4 Sampling strategy 

The aim of studying the Morocco section was to determine the awater rio

topic composition at the beginning of the Cambrian. amples from thr e diff rent 

Formations have been analysed: th Taroudant Group, which lie in th alcaire 
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Inferieur formation, and the Lie de Vin Formation and the Tata group, which lie in 

the Ingoudine Formation (calcaires su perieures). According to Maloof et al. (2005), 

these samples all reflect shallow water environments and are all from the Cambrian. 

4.5 The Eleonore Bay Supergroup: Central East 

Greenland 

The Eleonore Bay Supergroup (EBS) is a Neoproterzoic sedimentary sequence lo

cated in Central East Greenland. The EBS is more than 14 km thick and is divided 

into four Groups, the Nathorst Land Group, the Lyell Land Group, the Ymer 0 

Group and the the Andree Land Group (Fig. 4.10). The Eleonore Bay Supergroup 

underlies the Tillite group. 

The lower part of the EBS is made up of shallow marine siliciclastic sediments 

( athorst Land and Lyell Land groups) whereas the upper part is composed of 
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Figure 4.10: Simplified chronostratigraphy and lithostratigraphy of the Eleonore Bay Supergroup. 

Modified after S0nderholm et al. (2008). 
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carbonate platform deposits (Ymer 0 and Andree Land group; onder holm and 

Tirsgaard, 1993). The Tillite group, which is overlying the Andree Land group, 

is divided into five formations and underlies the Cambrian-Ordovi ian Kong 0 car 

Fjord Group. The sedimentation of the Eleonore Bay Supergroup and the Tillit 

Group is divided into 4 sequences: (1) rapidly subsiding ilicicla tic h If. (2) tabl 

siliciclastic shelf, (3) carbonate platform and (4) glacigenic d po it ( onclerholm 

et al., 2008). The interval studied here is located at the top of the arbonat 

platform, below the lower of the two glacial formations. Th East Greenland tiOIl 

is closely correlated with the sedimentary basin of E valbard (Knoll t al.. 1 

Fairchild and Hambrey, 1995). 

4.5.1 Age constraints 

The age of the Eleonore Bay Supergroup and the glacigenic depo it of th Tillit 

group has been widely debated. Detrital zircons from th Kathor t Lanci roup 

suggest a maximum age for the EBS of 9 7 ± 1 r-.Ia (Dhuime et aL 20 7). Thi 

age has been interpreted as a maximum age for the whole equenc . Th r ar no 

radiometric age constraints on the lower part of the EB . A minimum ag of 575 \Ja 

for the Tillite group has been proposed by Halverson et al. (2004), ba don th nOIl

appearance of the Ediacaran Fauna. A summary of sedimentological interpretation 

is given in Herrington and Fairchild (19 9). 

4.5.2 Geochemical data 

The Central East Greenland sequence is characteri ed by large variation' in 813 

values (Knoll et al., 19 6). The Andree Land group ediment hav averag 813 

values of +50/00, although there are two negative excur ion in the low r part of th 

section. The c5 13C curve is also characterized by a large negativ i otope anomal.\' 

just prior to deposition of the Ulves0 formation (Tillite Group) (Knoll t al.. 19 6: 

Fairchild et al., 2000). The C isotope curve for Central East Gr nland i al' 

characterised by very positive c5 13C values, of up to +100/00. Thes xtr m l~' high 

values are typical of the eoproterozoic period and 'ev ral m chani m , 'uch' a 
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strongl~r tratified ocean, have been proposed to explain their origin. The Sr isotopic 

compo ition of the Andree Land Group is characterised by relatively unradiogenic 

7 rl 6 r ratios of around 0.7063 (Fairchild et al. , 2000). Thi is con istent with the 

eawater r i otope curve for the eoproterozoic (Halver on et al., 2010). The most 

unradiogenic values are found just below the glacial deposit , and are interpreted to 

reflect the seawater 7Srl 6 r ratio for the eoproterozoic (Halver on et al. , 2010; 

hield , p r comm.) . The chemostratigraphy of the Eleonore Bay basin and the 

a ociated valbard deposits has led to a debate on the age of the Ive 0 glacial 

depo it. Fairchild et al. (2000) sugge t that the Ulve 0 Formation is related to the 

Port kaig Formation and to the fir t Cryogenian glaciation. However, Halver on 

et al. (2004) interpreted the 813C curve in the quivalent valbard section in terms 

of a • Iarinoan' ignal (Halverson et al., 2004). fore recently (e.g. Halverson 

et al. , 2007) , the Ulves0 glacial depo it has been correlated to the first Cryogenian 

glaciation, on the ba is of Sr i otope chemostratigraphy. This observation is assumed 

to be the case in thi tudy. The Storeelv Formation i therefore likely to be related 

to the econd Cryogenian glaciation, and the cap carbonate as ociated with thi 

formation therefore have an age of 635 l'vIa (Knoll, 2000). 

4 .5.3 Sampling strategy 

The ample studied all come from the Andree Land Group at the top of the Eleonore 

Bay Supergroup (Fig. 4.10) and are located below the first glacial deposit. The three 

ample studied (PG12 , PG 174 and PG 440) are located at the top of Andree Land 

Group (see Herrington and Fairchild, 19 9; S0nderholm et al., 200 ). This formation 

i characterized bv an overall tran gression and the edimentation etting is located 

on the inner to mid ramp nvironment in specific settings such as lagoon and pi oid 

shoal (Frederik en, 2000; S0nderholm et al. 200 ). 

4.6 Modern and Phanerozoic carbonates 

During the course of thi tudy, four modern carbonate ' have b en analy ed. These 

amples are all modern ooids and they are from the Bahama Bank (BO, PCOScim 
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and NPCOSunc) and Yucatan (C48). Five oolitic limestone from the Phanerozoic 

have also been studied in order to compare the chemical signal recorded in the Xeo

proterozoic carbonates. C17 is a middle Jurassic oolite from the Cot wold. Cl71 i 

a oolitic limestone from the Caswell Bay oolite. C443 i a Cretaceou oolitic lime

stone from Spain and, finally, C514 is an Ordovician oolitic lime tone. Theample 

were provided by Professor Ian Fairchild from the University of Birmingham. 
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Chapter 5 

Chemical composition of 

carbonate samples 

This chapter pres nt detailed geochemical information on the carbonate analysed 

in thi study, and aim to asse whether they retain a primary chemi try, and can 

therefore be used for Cr isotopic studie . Rare earth element (REE) , carbon and 

oxygen i otopes and strontium ( r) isotopes, are u ed to identify processe that may 

have alter d the primary signal, such as detrital and hydrothermal contamination. 

Those amples con idered to be free of secondary alteration will then be interpreted 

in term of their palaeo-depo itional environment, and the chemistry of the sea

wat r from which the carbonate precipitated. This chapter will also compare the 

data obtained in this study with other geochemical data published on the arne 

successions. 

5.1 Introduction 

5.1.1 Chemical behaviour of the REE 

The REE consi t of 15 elements from lanthanum (La) to lutetium (Lu). As the 

atomic number increases, an electron i added to the inner 4f electron shell. Efficient 

hielding of these electrons by outermo t orbital prevent the large change in chem

ical activity usually as ociat d with varying electron configuration, leading to imilar 
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chemical behaviour. Most of the REEs have one oxidation tate (3+) but Cerium 

(Ce) and Europium (Eu) can exist in 4+ and 2+ oxidation tate, re pectiv ly. Yt

trium is commonly associated with the REEs, becau e it in 3+ oxidation tate it 

has an ionic radius close to that of Dy and Ho. For this rea on Y usually b have in 

the same way as the REEs in the natural environment, and i plotted b twe n D~' 

and Ho in REE diagrams. Rare earth elements are usually normali ed to hondrite 

or shale concentrations, to produce a so-called 'REE pattern' which can b divided 

into three subgroups: the heavy rare earth elements (HREE ), from gadolinium to 

lutetium, the light rare earth elements (LREEs), from lanthanum to uropium, and 

the middle rare earth elements (MREEs). from samarium to holmium. Differ nc 

in the behaviour of neighbouring rare earth elements can be quantifi d a follow 

(e.g. Lawrence et al., 2006; \lVebb and Kamber , 2000): 

La 

La* 

La 

(Pr x (Pr x d)2 

Ce Ce 
Ce* (Pr x (Pr/Nd) 

Eu Eu 
Eu· (Sm2 x Tb)1/3 

Cd Cd 
Cd- (Tb2 x Sm )1/3 

C·I) 

(5.2) 

(~.3) 

(5.4) 

where La, Pr, d, Ce, Eu, 8m, Tb and Cd repre ent the mas concentration of 

the element normalised to hale concentration. The o-call d 'anomali • are (i) 

negative, where REE/ REE* is less than 1, (ii) positive if REE/ REE'" i gr ater han 

1 and (iii) non-existent anomaly if REE/ REE- is equal to 1. The e anomaly an 

be calculated in different ways (e.g. Lawrence et al., 200 ) bu in r,hi study' it i' 

calculated with respect to Pr and d rather than La b caus om ampl have 
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a positive La anomaly. The uncertainty on the Ce anomaly is about ± 0.05. In 

contrast to other elements, the Y anomaly is given by the mass ratio of Y (Cy ; 

where C is the mass concentration) and Ho (CHo ): 

(5.5) 

REE-Y data have been widely obtained for natural samples affected by both 

high and low temperature processes (e.g. McLennan, 1989; McDonough and Frey, 

1989). Over the past 25 years, the behaviour of the REEs in the ocean has been 

investigated (e.g. Dubinin, 2004), and it is now known that their distribution can be 

described in terms of their source, and their chemical behaviour (soluble, insoluble, 

oxidised, reduced, particle-reactive). 

5.1.2 Sources of REEs in the ocean 

River runoff is the dominant source of REEs to the ocean (Dubinin, 2004). The 

riverine input consists of both suspended and dissolved REEs. Secondary sources 

include aeolian dust and hydrothermal inputs from mid-ocean ridge systems. There 

is still a lot of debate about the source and residence time of the REE in the ocean 

and other sources such as aeolian dust has been proposed to resolve the variation 

in the oceanic residence time of Nd (Bertram and Elderfield, 1993). It is impor

tant to note that the sources of REE are likely to vary through time. During the 

Neoproterozoic the hydrothermal inputs from mid-ocean ridge was probably more 

important than in the modern system. The riverine input is characterised by highly 

variable REE patterns, which are strongly influenced by the lithological composi

tion in the drainage area (e.g. Dupre et al., 1996; Rachold et al., 1996). The REE 

pattern in river water is also strongly influenced by the chemical properties of the 

river water; for example river waters exhibit a negative Ce anomaly if pH is high 

(Elderfield et al., 1990; Goldstein and Jacobsen, 1988; Sholkovitz, 1993). Marine 

hydrothermal fluids are enriched in the MREEs relative to the LREEs and HREEs 

(Fig. 5.1). High-temperature (>350°C) hydrothermal fluids are strongly enriched 

in Eu relative to Sm or Tb, with Eu/Eu* = 8 to 62 (Fig. 5.1; Bau, 1991, Bau and 
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Figure 5.1: Typical REE patterns for modern shallow seawater (blue), high-temp rature hydroth r

mal fluids (red), river water (purple) and Fe-Mn oxides (green). REE concentration are r ported 

normalised to PAAS (see text for details). Data are from Zhang and ozaki (199 ). Jam et al. 

(1995), Gutjahr et al. (2007) and Dupre et al. (1996). The grey bars highlight any e, Eu and Y 

anomalies. 

Dulski, 1996; James et al., 1995) because at high temperatures and low pH, Eu i 

dominantly found in the soluble Eu(II) form. 

5.1.3 Behaviour of the REEs in oxic seawater 

As described in section 5.1.2, the REE budget of the ocean is strongly iniluenc d by 

the riverine input. Suspended particles settle out on the continental helve, 0 only 

the dissolved REEs are transferred to the open ocean (Bertram and Elderfield, 19 3; 

Sholkovitz, 1993). Concentrations of the REEs in oxic awat r vary from 2 to 50 

pM (Zhang and Nozaki, 1998). Concentrations generally increa e with d pth, bu 

in detail their distribution is strongly dependent on their ability to form compl xe 

and/ or to stay in solution. The REE pattern of modern eawater i chara t ri d 

by a strong negative Ce anomaly and a po itive Y anomaly (Fig. 5.1 and 5.2). 

The LREEs are generally depleted relative to the MREEs and HREEs. Th typical 
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Figure 5.2: D pth profile of (a) the Ce anomaly and (b) Y/Ho for open ocean seawater. Data are 

[rom Zhang and ozaki (1996) and Zhang and ozaki (199 ). The dashed vertical lines show the 

continental crust value. 

eawater pattern i also characterised by positive La and Cd anomalies (1.17 and 

1.14, re pectivel,v). 

The negative Ce anomaly i believed to develop both in surface seawater and in 

estuaries. In shallow water, under oxic conditions, Ce(III) is oxidised to Ce(IV), 

which is insoluble and is absorbed rapidly onto particles leaving the remaining water 

depleted in Ce relative to it neighbours (La, Pr and d). The particles therefore 

b com enriched in Ce and acquire a po itive Ce anomaly (CejCe* > 1.1) (De Baar 
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5. Chemical composition of carbonate samples 

et al., 1988). Some authors believe that the ~In oxide coating: on parti 1 - in 

surface waters scavenge the REEs, and oxidi e Ce(III) to CeO\} In d p wa r·. 

the REEs are released, but Ce(IV) remain in oluble and t nd ' to tay a 

the particles (De Baar et al., 19 ). In thi om uri h d 

in the REEs, except Ce, producing a negative Ce anomal.\". Th Y anomaly L 

believed to develop because of the different peciation b haviour of Y ud Ho ill 

the marine environment. Holmium and Y have imilar h mical prop r ie and ar 

generally not fractionated in terrestrial rocks; for example, th contin ntal rll·t ha 

a constant Y / Ho ratio of 26.2 (Kamber et aL 2005). In th marin f>l1VirollIll llt, 

Y / Ho ratios range between 60 and 90 (Bau et al.. 1997: Lawrence t a1.. 2 ). h 

increase in Y / Ho in seawater is the result of the preferential ab 'orption [ th R ' 

on to particulate material relative to Y (Bau et al.. 1997). Y Ho ratio ar) highh' 

variable in shallow waters but less variable in deep water' ( ig. 5.2). 1 h Ho 

ratio is also strongly dependent on salinitv, and if th alinit~· i < 30, Y Ho can b 

as low as 30 (Fig. 5.3). 

The other typical feature of the REE in eawat r I th variation of t h . 11al 1
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Figure 5.3: Y I Ro ratio of seawater versus salinity. Blue cirel are op n ocean SE'awa er (Zhang and 

ozaki, 1996; Zhang and Nozaki, 199 ). Red squares are from near shore environm nt· . 'ozaki 

and Zhang, 1995). 
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Figure 5.4: Depth profile of (Er /Yb)sN in the modern ocean. Dark blue circles are from Zhang and 

ozaki (1996) and Zhang and ozaki (199 ). Light blue circles are from German et al. (1991a). 

normalised Er/ Yb ratio ((Er /Yb)sN) with depth (Fig. 5.4). In shallow waters, 

(Er/Yb)sN is highly variable, ranging from 1.1 to 1.4, with the highest values in 

water < 50 m deep. By contrast, deep waters have (Er/Yb)sN < 1. In this way, 

the (Er /Yb)sN of carbonates can potentially be used to di tinguish between shallow 

and de p water carbonates. 

5.1.4 B ehaviour of the REEs in anoxic seawater 

orne parts of the ocean have restricted circulation and may have permanently anoxic 

intermediate and deep waters. This is the case in the Black Sea, the Cariaco Basin 

and the aanich Inlet, for example (De Baar et al. , 19 ; German et al. , 1991b; 

Bau et al. , 1997). eawater profile of the REE in the e regimes are very different 

compared to a fully oxic regime (Fig. 5.5). Shallow water are characterised by low 

C concentration and negative Ce anomalies, and particles are characterised by 

high Ce cone ntrations and po itive C anomalies. At the oxic/ anoxic (or euxinie) 

boundary, the di solved Ce concentration increases and the negative e anomaly 

di appear , leaving the eawater with a slight positive Ce anomaly (De Baar et al. , 
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Figure 5.5: Profiles of (a) dissolved O2 and H2S, (b) dissolved Ce and (c) the 

Cariaco Basin. Data from De Baar et at. (19 ). 

a noma l\". in h 

1988). These features are associated with l\In cycling (De Baar et al.. 19 ). 

5.1.5 REEs in the carbonate r ecord 

Carbonate rocks are believed to record the REE patt rn of the eawater from which 

they precipitated because the REEs are not significantly fra tionat d during pI' C1P

itation or diagenesis (e.g. Banner et al., 19 ). Thu ,th pr . ne or ab 11(' fa 

Ce anomaly in carbonates has been used to reconstruct r dox conditions in anci lit 

seawater (Webb and Kamber, 2000; Kamber and Webb, 2001), and th Y Ho ratio 

has been used to determine whether the carbonate wa d po ited in a dilal v r 'u . 

near-shore environment (e.g. Frimmel, 2009; Frimmel 2010). In hi ca ,it i im

portant to note that the partition coefficient (D y /D Ho) b tw n h Y / Ilo ratio of 

a solution and a carbonate is 0.6-0.77 (Qu et al. , 2009), i .. th Y / Ho ra io r corded 

in carbonates is fractionated relative to seawater. Th diff r nt b havior of Y and 

Ho can be explained by the difference in the complexing of Y b~' arbona . r lati\" 

to the REEs (Liu and Byrne, 199 ). The REE pattern of carbonat i ' though 

to be largely controlled by the source of the REE ( .g. FrimmeL 200 ). F [ ex

ample, carbonates collected from close to Hawaii have an unu \lal b 11- h p d R I 

pattern that is close to the REE pattern of the [0 k locat d in th draiIlag ar a 

(Strekopytov and Dubinin, 1996). Several tudi hav att rnpt d to u arboll-
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ate rock to reconstruct the chemical composition of ancient seawater (e.g. Webb 

and Kamber, 2000; Kamber and Webb, 2001; Mazumdar et al., 2003; othdurft 

tal., 2004; Kamber et al., 2005). Holocene reefal and microbial carbonates seem 

to record a eawater-like pattern (Webb and Kamber, 2000) (Fig. 5.6), having a 

negative Ce anomaly « o. ) and a superchondritic Y IRo ratio of '"'-'50. They have 

relatively high (Er IYb )SN ratio (> 1.1) which indicate that they precipitated in 

a hallow water environment, as expected (Fig. 5.6b). Devonian reefal carbonates 

also have seawater-like REE patterns, being depleted in the LREEs relative to the 

HREE ( othdurft et al., 2004; Fig. 5.7), in addition to a negative Ce anomaly and 

a positive Yanomaly, with (Er/Yb)sN = 1.1 (Fig. 5.7b) . 

5.2 Methods 

In this study the carbonates were analy ed for major and trace element concentra

tion and C and 0 i otopes. Selected samples were al 0 analysed for radiogenic Sr 

isotopic composition. The analytical methods are fully described in the Appendices, 

and only a brief description of the dissolution method is given here. Major and trace 

elements concentrations were determined on a weak acid (0.5M HCI) leach of the 

carbonate, to avoid the di solution of any contaminant detrital material. Measure

ment of trace element concentrations were made at the Open University by ICP-MS 

(Agilent 7500), u ing 6 synthetic standard solutions to produce a calibration line. 

C and 0 isotopes were determined u ing tandard techniques at the Open Uni

ver ity and the carbon and oxygen isotopic composition are reported relative to 

'Vienna Pee Dee Belemnite" (VPDB) using the standard notations of 013C and 01 O. 

r i otopes analyse were performed by TIMS (Thermo Fisher Scientific Triton) 

at the Open Univer ity. The hemical separation of Sr from the matrix was accom

plished using Sr spec resin (Deniel and Pin, 2001). 

The external reproducibility of the REE concentrations is '"'-'3 %, ba ed on repli

cate analysi of the dolomite tandard reference material JDo-1. After weak acid 

leaching of the carbonate samples, a small amount of re idue always remained, in

dicative of a mall detrital component. The residue wa weighed to calculate th 
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5. Chemical composition of carbonate samples 

total mass of material dissolved. As the amount of residue i mall, th weighting 

error is relatively large (rv5 %) and contributes to the uncertainty on the ab olute 

concentrations of the samples. Nevertheless, it doe not contribute any additional 

uncertainty to the REE patterns or element/element ratios. 

REE-Y concentrations are normalised to the Post Archaean u tralian hale 

(PAA8) values of Taylor and McLennan (19 5). The REE-Y pattern include all of 

the lanthanides from La to Lu, and Y is located between Dy and Ho. REE anomali 

are also normalised to shale (8 ), and have a precision of '"'-'5 %. Th relativ 
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Figure 5.6: (a) Shale normalised REE-Y patterns and (b) (ErjYb)SN ver ·w; j e* for lIolocen 

reefal microbialites. Data are from Webb and Kamber (2000). 
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D vonian reefal carbonat s. Data are from Nothdurft et al. (2004). 

enrichment or depletion of the MREEs to the HREEs is given by the (Tb/Yb)sN 

ratio. The (Pr/ m)sN ratio is u ed to compar the LREEs with the l'vlREEs and 

the (Pr/Yb)sN ratio i used to compare the LREEs with the HREEs. 

5.3 Results 

Trace element concentrations are reported in Appendix C. Overall, the REE con

centration of the carbonate vary by two order of magnitude. This is in line with 
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other studies of carbonates (e.g. Webb and Kamber , 2000. :\othdurft et a1.. 20 4. 

Frimmel, 2009), but it is important to asse whether any of th ~ample ha\' b n 

contaminated by detrital material. Elevated total REE cont nt could b th r 'ult 

of contamination with the terrestrial material ( hale). a w 11 as oxict ',phophat " 

silicates and sulphides. Fortunately, these different contaminant' have chara terL ti 

REE patterns, allowing them to be identified. 

5.3.1 Adelaide Rift Complex 

Shale-normalised REE patterns for the Ad laide Rift compl x ar pr ntf'd ill ig

ure 5.8a. On the basis of their major element concentration ,th carbon t an b 

divided into 2 groups: (i) dolostones and (ii) lim tone (f. 'hapt r 4). 0 lomiti 

samples are the dominant carbonate group; overall th ampl di pi y a l' rg 

variation in their Fe content (from 0.2 to 3 %), whi hindi a c· hat th y (r Jl t 

simply pure dolomite, 

In terms of their trace element concentration ,th dolo ton Land h limp t 11 C) 

have similar REE patterns (Fig. 5. ). The Australian ample ar in gflll ral ri h 

in the REEs with the exception of three sample ( 10 and A 13) which hIt\' 

REE-Y concentrations that are one order of magnitud low r han "(litH' " 

A few samples have a total REE concentration clo e to th P \'( lu (, ig. 

5.8a). However, the REE-Y distributions are di tin tly differ n fr III A,\, an I 

they are very variable. Overall, the Au tralian ampl . di play < III rk d ~II E ' 

enrichment ((Tb/Yb)sN = 1.2 to 2.6) associated with a trong cl pi ion ill th 

LREEs ((Pr/Sm)SN = 0.19 to O. 2). orne ampl have a po itivp. Ell all mal.\' 

(Eu/Eu* = 2.43) that is interpreted to b a primary ignal. ~loreov r, h Au:trnli 11 

samples have a small Y anomaly (Y / Ho = 23 to 29). 

5.3.2 Dalradian Supergroup 

The carbonate samples from Scotland are divided into thr group; (i) til(' I lay 

Formation, (ii) the Bonahaven Formation and (iii) th Tayvallich Lime n ( h p

ter 3). 
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Figure 5.: hale normalised REE-Y patterns of carbonates from (a) the Adelaide rift complex 

( outh Au tralia), (b) the Dalradian Supergroup (Bonahaven Formation , Islay Limestone and 

Tayvallich Limestone) . 

5.3.2.1 Islay limestone 

All of the I lay Limestone amples are limestone with CaC03 concentrations of 

between 9 and 100 %. Two of these samples are oolitic limestones (I27 and I2 ) 

and the third sample is an impure limestone (126) (Chapter 4). I27 and 12 have a 

relatively fiat REE-Y pattern, with a slight depletion in the LREEs ((Pr/ Sm)sN = 

O. ). They al 0 have a positive Gd anomaly (Gd/Gd* = 1.2). Their total REE-Y 

concentration i one order of magnitude lower than PAAS (Fig. 5. b). 126 has a 

lightly higher total REE-Y concentration, and a slight LREE depletion associated 

with a small MREE enrichm nt ((Pr/Sm)SN = 0.79 and (Tb/Yb)sN = 1.4 ). Th 
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5. Chemical composition of carbonate amples 

Islay limestone samples do not have a positive Y anomaly Y Ho = 23 to 2 . and 

a slightly negative or no Ce anomaly (Ce/ Ce* = 0.93 to 1.00) (Fi l1 . -. b). 

5.3.2.2 The Bonahaven Formation 

Samples from the Bonahaven formation are all dolomit wi h ~II1 ' 3 = '" :30-12 %. 

These samples have high REE-Y concentration, 10 \dlu (ER . = 

22 to 54 ppm). In contrast to the Islay ample. th .v ar '([ongly d pI t'd in (h 

LREEs ((Pr/Sm)SN = 0.3 to 0.5) . Thev hav lightly n gatiy Yanornnlir. (Y/ H 

= rv23) and, with the exception of one ample (Il). th .y hay 110' nom Iy. 

5.3.2.3 Tayvallich Limestone 

Sample T4 is slightly enriched in the l\IREE relativ to th LREE a nd HR 

((Tb/Yb)sN = 1.87; (P r/Sm)SN = 0.75), and ha a mall . anomaly ( . 'j " -

0.88) and a positive La anomaly (La/La- = 1.26). ampl .. T- and T7 hu\' high r 

REE concentrations, and very different REE pattern. Th \' an' .trough- nri 'h d 

in the MREEs, and they have positive Eu anomalie and n gativ 

5.8). 

5.3.3 Eleonore Bay Supergroup 

anom Ii ( ig. 

REE patterns for the three samples from Gre nland ar hown in ' igur .J . 11 

of these samples are limestones, and th y have r latiyel~' fiat REE patt rn with 

no Ce anomaly (CejCe* = rvl) , and only a mall Y (Y IRo = 27 to :33) nci d 

anomalies (Gd/Gd* = 1.1 to 1.2). Theyare lightly d pI t d in th 

to the MREEs and HREEs ((Pr/Sm)s = 0.6 to O. and (Pr/ Yb). 

r lat i \'(' 

1.0). 

T he total REE concentrations in the e amp I . ar on 0 two ord!'f f magui lid · 

lower than PAAS. Sample P G 12 ha th lowe tREE con Il f' UOH ( = 2.:3 

ppm) as well as a small po itiv Y anomaly' (Y / Ho = 3:3) and ' Ill' l1 po i i\" ' 

anomaly (Ce/Ce* = 1.0 ). 

114 



5.3 R e ults 

5.3.4 Morocco 

The REE patterns of the eight samples from Morocco are presented in Figure 5.9a. 

On the basi of their major element composition, the e sample can be divided into 

two group: dolo tone and limestones. However, there is no difference in the REE

Y patterns between these two group of samples. They are enriched in the LREE 

relative to the HREE ((Pr/Yb)sN = 1.3 to 3.2) associated with an enrichment of the 

lREE ((Tb/Yb)sN = 1 to 4). One ample ( ample 6.6) has a positiv Eu anomaly 

(Eu/Eu* = 1.71). The REE-Y concentrations of the sample are approximately 

on order of magnitude lower than PAAS (Fig. 5.9). 
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Figure 5.9: Shale normalised REB-Y patterns of carbonates from (a) Greenland (PG12 , PG174 
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5. Chemical composit ion of carbonate samples 

5.3.5 Modern and Phanerozoic sample 

The REE patterns of the eight samples from the Phanerozoic are hown in F igur 

5.9b. The samples consist of both dolostones (JDo-1 and B CR~I 312) and 

limestones (Cal-S, BCS CR I 513 C514, C443, CI7 and Cl7I). Th y hay a larg 

range in total REE concentrations, from two order of magnitud I . than P 

to concentrations close to PAAS. However. none of the ample' ha\'e P REE 

patterns. Rather , they tend to be depleted in the LREE rela iv to the r.IREE 

and HREEs ((Pr/ Sm)SN = 0.7 to 0.9. (Pr/Yb)s = 0.5 to 0.9). th y hav 

positive Y (Y / Ho = 32 to 60) and negative Ce anomali . = 0.2 t 0.7). and 

they have small positive La and Cd anomalie . The xc ption i 'ample 51, whi h 

has a strikingly different pattern, being trongly deplet d in h LREE. h ving no 

Y or Ce anomaly and a large po itive Eu anomaly. 

The four modern ooids (BO, PCO cim, PCO un and 4) hay total 

REE concentrations two order of magnitude lower than P A (2:R in th rang 

of 1 to 2.5 ppm). These samples are characteri ed by a light d pI tion in th LR.J.J · 

((Pr/Sm)SN = 0.6), positive Y anomalie (Y / Ho in th range 40 to 47) ani n gative 

Ce anomalies (Ce/Ce* = 0.5 to 0.7). 

5.3.6 Cr concentrations 

The external reproducibility of Cr concentration mea urem nt i '" o/c (2 r. .d.). 

This is slightly poorer than it is for the REE , larg ly b au e 

wash out of the ICP-MS. The Cr concentration of th carbonat . i v ry variabl 

relative to the precision of the measurements, ranging from about 0.:-- ppm to 20 

ppm (Appendix C). These concentration are in th arne rang a ho r port d in 

other studies (e.g. Aizawa, 200 ). The Cr cone ntration of th carbona te - i . do ly 

correlated with Th (R2 = O. 1). However, ther i no correIa ion b WE" Il 'r and 

and 0 isotopes. 
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5.3 R e ults 

5.3.7 C and 0 i otopes 

Th carbonate have very variable b13C and b1 0 , a hown in Figur 5.10. Dolomitic 

ample from Australia have b13C value that range from -10%0 to +9%0, and b180 

value that range from -12 to -2%0 (Fig. 5.10). The calcite sample from Au tralia 

have b13C value that range from -40/00 to +6%0 and b18 0 values that range from 

-15%0 to -40/00. There i no correlation between c5 13C and b1 0 in the e samples (Fig. 

5.10). 

The oolitic lime tone from the Eleonor Bay Sup rgroup have c513 C value that 

range from +7.9 to + .30/00, and b1 0 values that range from -6.9 to -5.7%0 (Fig. 

5.10). The dolostones from the Bonahaven formation (Dalradian Supergroup) have 

C i otopic compo itions of between -4%0 and 0%0, while b180 varies from -12%0 

and - %0. The Tayvallich lim stones have b13C values of between 2.5%0 and 6%0, 

and b1 0 value of about -15.6%0. The 1slay lim stones have c513 C value of 3.6%0 

and 3.10/00 (samples 127 and 12 , respectively) and -0.5%0 (sample 126). Their b1 0 

value range from -7.60/00 to -11.60/00 (Fig. 5.10). 
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Figure 5.10: Carbon i otopic om position versus oxygen isotopic composition of the carbonate 

sample '. ARC: Adelaide Rift Complex, D : Dalradian upergroup, G: Greenland, P: Phanerozoic 

and 1: Modern. Error bars are smaller than the size of the data point. 
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5. Chemical composition of carbonate samples 

The two dolomitic samples from the Phanerozoic have t5 13C value!' of 1.75%: 

and 3.6%0, and 6180 values of -4.3%0 and -1.1 J({ respectiYf>I~' (Fig. 5.10J.TI1£' t Im't' 

calcite standards JLs-l, Cal-s and BCS-CR,\1 513. have 613C = 2.0. 2.9. -O.6(!;'( and 

6180 = -4.1, -4.1 and -7.6%0, respectively (Fig .. 5.10). Tlw Phanerozoic sample!'. 

C17, C17I, C443 and C5l4, have 613 C values of 1.8. 3.0. 2.0 and -7.67(/c( and (p~() 

values of -4.3, -3.3, -3.9 and -15.1 %0, respectively (Fig. 5.10). Finall.\·. t hI' lIlo<if'rIl 

ooids have 813C values close to + 4.50/vc and 6180 values of betwf'f'1l -0.1 alld O.:J(;{< 

(Fig. 5.10). 

5.3.8 Mn/Sr and Sr isotopes 

Sr isotope data and mass Mn/Sr ratios are presented in Appendix C. ()wrall. most 

of the carbonates have low Rb/Sr ratios (0.00004 to 0.006) and ~In/Sr rat ins are 

usually less than 1. 5 (although they can be as high as 54). 

The four samples from South Australia have relatiw{v high ~In/Sr (from 0.] to 

54), and relatively radiogenic 87Sr/86Sr ratios of between O.70B96 and O.71~ti~. Tht' 

four samples from the Dalradian Supergroup havf> a wide range in \In/Sr rat ios 

(from 0.006 to 6), and their 87Sr/86Sr ratio varies from 0.70677 to 0.721·t2. Scllllpips 

from Greenland have relatively unradiogenic 1'l7 Sr jM6Sr. of bet WPPII O.70fiQ:J7 alld 

0.7076941. The Moroccan samples and a Proterozoic sample from India haw \'ariable 

Mn/Sr (from 0.7 to 10), and 87Sr/86Sr values ranging from 0.707128 to O.71O{)·I:J. 

The two Phanerozoic samples (C17 and JOo-l) have ~7Srrf)Sr valllf's of O.707.~)88 

and 0,707521, respectively. Modern carbonate from the Bahamas (HOB) has a Sr 

concentration of 7600 ppm and is characterised by extremel.\' low ~III/Sr and Hb/Sr 

ratios (equal to 0.0005 and 0.00001, respectivel~·). The Sr isotopic composition of 

this sample is 0.709188. 

5.4 Discussion 

As described above, modern seawater REE patterns are ('hamet f'risf'd b~' d"l>let ion 

in the LREEs relative to the MREEs and HREEs and b~' the preSf'ncf' of llf'gat ivp 

Ce anomaly and a positive Y anomaly (Fig .. 5.1; P.g. Zhang aIld :'\ozaki. I!)~)H). TIl(' 
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5.4 Discussion 

carbonates analysed in this and other studies (e.g. FriIllmel, 2009) do not perfectly 

conform to the modern seawater pattern. This may be because carbonate REE pat

terns can be affected by contamination with detrital material and/or hydrothermal 

fluids. or b.v post-depositional processes, such as diagenesis, which overprint their 

original seawater signal (Frimmel, 2009). In order to interpret the REE patterns 

recorded in the Neoproterozoic samples, the potential influence of sHch processes 

needs to be critically assessed. 

5.4.1 Contamination and post depositional alteration 

5.4.1.1 Detrital contamination 

The total REE concentration of the carbonate samples ranges from 2 ppm to 150 

ppm. In order to assess whether the carbonates are affected by detrital contami

nants, concentrations of Zr, Th and Al were determined. These elements are strongly 

enriched in detrital phases such as those that compose PAAS (Taylor and McLen

nan, 1985). whereas their concentration in seawater is very low (e.g. l\'IcKelveyand 

Orians. 1998). A positive correlation between the REEs and Zr, Th and Al con

centrations can be expected if the carbonates are affected by detrital contamination 

(Frimmel. 2009). 

The samples with the highest REE concentrations clearly have elevated Zr and 

Th concentrations (Fig. 5.11). The likely effect of detrital contamination on REE 

pattern of the carbonates is shown in Figure 5.12a. If the carbonate comprises >2 

% PAAS (equivalent to > 4 ppm Zr), then elemental anomalies (such as Ce and Y) 

are lost. For this reason, all carbonates with> 4 ppm Zr were rejected for further 

analysis. 

5.4.1.2 Hydrothermal contamination 

The Neoproterozoic is thought to be a period with high levels of hydrothermal 

activity due to the breaking up of Rhodinia and the opening of ocean basins (Powell 

et al.. 1994). Positive Eu anomalies are usually interpreted to reflect contamination 

by hydrothermal fluids; the effect of contamination by hydrothermal fluids on the 
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Figure 5.11: Total REE concentration versus (a) Zr and (b) Th for all carbona . analv. d in hi 

study. Error bars are smaller than the size of the data point. Dotted lin indicate the cut-off 

between "contaminated' and 'uncontaminated" samples. 

REE pattern is shown in Figure 5.12b. In this case, th hydroth rrnal fluid i 

assumed to have a composition equivalent to th anomalou Phan rozoi . lim on 

sample C514. Figure 5.12b show that carbonate rapidly acquir a p u 

anomaly if it is affected by hydrothermal contamination. How v r. car 11 d t 

be taken because the Eu anomaly is strongly dep nd I1t on th r dox tat of Eu 

(Eu3+ or Eu2+), which is strongly depend nt on t mp ratur (Bau, 1991). Thi 

means that diffuse hydrothermal fluids with temp ratur of I han 1 00 ma~' 

not have a positive Eu anomaly (Bau, 1991). Ioreov r, it ha ' b n argu d that 
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Figure 5.12: Modelled effects on shale-normalised REE patterns of (a) contamination of sample 

BO by a shale (PAA ); (b) contamination of sample B08 by a hydrothermal fluid (sample C514). 

hydrothermal fluid are not a source of REE in the ocean but rather a sink and that 

a lack of Eu anomaly in seawater does not necessarily imply no contribution from 

hydrothermal fluids (Olivarez and Owen, 1991). However, six samples analysed in 

thi tudy have positive Eu anomalies, and there i no correlation betwe n the Eu 

anomaly and total REE or Zr concentration. These six samples were not ubject 

to further analy is. 

5.4.1.3 Po t-depositional alte ration: dolomitisation and diagenesis 

Diagene i and dolomitisation affect the chemical signature of carbonates in different 

way . In gen ral, REE concentrations and REE pattern are not strongly affected 

by diag ne i or dolomi ti ation (e.g. Banner et al., 19 ). In this connection, there 
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5. Chemical composition of carbonate sample 

is no obvious distinction between the dolo tone and lim ton 'ampl a IlaI~'~ ci in 

this study, suggesting dolomitisation doe not alter th REE pa rn . ThL i in 

agreement with Banner et a1. (19 ) and Frimmel (2009). 

On the other hand, the oxygen isotopic compo ition of carbonat _ r.an b trough' 

affected by diagenetic fluids. It ha been hown tha (P 0 ci cr - wh 11 h mpi 

are affected by meteoric and burial diagenesi (e.g. Jacob n and Kaufman. 1 ( ). 

Light 5180 «-10%0) in carbonates samples are therefor oft 

by such diagenesis. Carbon isotopes are not a mobil a!' OXyg 11 i orop . during 

diagenesis, and the C isotopic composition is gen rally onidered to b(' una l red if 

the mass Fe/Sr ratio is < 50, mass In/Sr ratio < 2 and 15 1 0 i. gr a r th ' 11 -lOo/c 

(J acobsen and Kaufman, 1999). Only four of the sampi . anal)"' d here do not Ill( 

these criteria; these are excluded from further di cus ·ion. 

Post-depositional processes may al 0 affect th i\ln/ r ratio f t he carbonat . 

In Phanerozoic carbonates, samples with In/ r < ",0.5 are gellf'l'ully ('011 iell r cl 

to preserve the primary seawater signal (Fig. 5.13: D rry t a1.. 1 (2). IIow 1 \ ' ( r. 

Neoproterozoic carbonates tend to con ist of In-rich lim ton . and dolomitp (H r

rington and Fairchild, 19 9), so a cut-off value of In/ r = 0.5 lIlay Hot ~ (' a ppropri

ate. The carbonates analysed in this study have highly variable '0.In/ r. which may 

indicate that they have been affected by diagene i and/ or dolomi i at iOIl pro . P". 

However, there is no obvious relationship between In/ r clnd i. otop s. 'ampl s 

from Greenland and Islay have highest r (2000 ppm) and low r.ln / r (0. () -0.0 ). 

and heavy b13C and 0180 values, and are therefore mo t likely 0 pI' £>rv(> a prima ry 

seawater signature for Sr isotopes. Similarly, the Phan rozoic nel IIloc!f'rn ~ mple 

have Mn/Sr <0.5, and can be considered to record primarY r i otoP) ign I . 

In summary, Australian carbonate have a large rangp 0 ~O ,-,altH' . ' nrl it t'm 

likely that a small number have be n strongly influenced by diag Ill' i nel / or 

dolomitisation. Samples from Greenland also have variabi 151 0, in lin wit h h'r 

data published for this succe sion (Prave et a1.. 2009) . How V(3f. mplf 127 nd 

128 have 0180 and 013C value that ar not con istent \\'ith altend iOIl by di g 1H' i ' 

fluids. These two samples also have low In/ r. inciicating that til! y houle! pI' >... 

serve a primary Sr isotope signature. Th Gr uland 'ampl' allL Iv d h VI 
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Figure 5.13: r isotopic composition versus mass Mn/Sr ratio for all carbonates with Mn/ Sr < 

3.5. Dashed line indicates the cut-off between samples affected by, and samples unaffected by, 

diagene is. 

= + 0/00, high 5180 and relatively low Mn/Sr, sugge ting that they are unaffected 

by diagenetic alteration. Phanerozoic samples are characterised by high 5180 value 

and relatively low In/Sr, which indicates that these samples have not been affected 

by diagenetic fluids. The modern sample have relatively high 513C (up to +40/00), 

and 51 0 values that accord with those of modern seawater (Kasting et al., 2006). 

In general, the ooid and oolitic limestones seem to be less affected by secondary 

alteration proce ses, and are likely to be the best samples to as ess the chemical 

evolution of shallow eawater. 

5.4 .2 Env ironmental setting 

Although orne of the carbonate samples are clearly affected by contamination or 

secondary alteration processes (and are ruled out of further discussion), mo t of the 

remaining ampl s nevertheless have REE patterns that differ from that of modern 

eawater. A di cu ed in Section 1.3, REE pattern in carbonates may also record 

information about the environmental setting of carbonate precipitation, in terms of 

proximity to fre hwater influences and redox conditions. For example, the Y / Ro 

ratio can be used to differentiate between marine and non-marine precipitates (Bau 
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and Dulski, 1996; Nothdurft et al., 2004). and the (Er/Yb) j\' ra io 'an p ntialh' 

help to distinguish between hallow and deep-wa r carbonat (Fig. - . ). 

5.4.2.1 Adelaide Rift Geosynclin and Dalradian up r tT r p 

Most ofthe Adelaide Rift Geo yncline and Dalraciian lip rgroup 

riched in the MREEs relative to the HREE and LREE (Fig. 5. ). 'IIi 

is not correlated with Zr and therefore cannot b explaiIH'd by II ri I 

ll-

tion. Additionally, there is no correlation betw n Zr and Y/ Ho. 1 (' (Y / Ho)" r i( 

(where (Y / Ho)* = (Y / Ho)/(Dy / DHo )) of awat r cal ula d fwm h Y / Ho r 

\' ltlf ( i , 

5.14). However, these values are till lower than r 

(60-90, Lawrence et al., 2006). The e low valu 

a near shore environment (i.e. with a alinity <:3). lor C)\ 'r. llf' 

(Er/Yb)SN > 1.1, which ugge t that they hay b Il dpp i fd in 

(Fig. 5.4) . 
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5.4 Discussion 

The REE pattern could also reflect difference between modern and Neopro

terozoic eawater chemistry, which was probably more iron-rich. In thi connection, 

Fe concentration in the Adelaide rift carbonates are higher than in Phanerozoic 

ample, 0 REE patterns could be strongly influenced by seawater Fe chemistry 

in the eoproterozoic. Interestingly, the cap carbonates all have very similar REE 

patterns, being strongly enriched in the MREEs. This pattern is difficult to ex

plain and could indicate that the carbonates precipitated in an environment that 

wa trongly influenced by fresh water input, either from rivers, or from melting ice. 

However, it has been recently argued that cap carbonates were deposited over a long 

period of time and general input from melting ice i rather unlikely (Kennedy and 

Chri tie-Blick, 2011). If thi is the case, then the REE patterns recorded in the cap 

carbonate genuinely reflects that of the ocean aL that time. This would mean that 

the our e of the REEs and/or REE cycling with Fe oxides were different from the 

modern ocean. 

The C and 0 isotopic composition of the Australian samples are comparable with 

previou ly published data (Calver, 2000; McKirdy et al., 2001). It has been argued 

that the 0 isotopic compo ition of carbonate rocks from the uccaleena formation 

are affected by diagene is (Calver, 2000), and indeed some of the samples analy ed 

in thi study have low (5180 values, and high Mn/Sr values, that support this idea. 

Overall, it is important to note that it is difficult to use the C chemostratigraphy in 

a global context, becau e the e samples may be near shore with a significant local 

influence from fre hwater, which may also perturb the C isotopic data. It makes 

it more complicated to interpret the REE pattern of the e samples with respect to 

redox condition in seawater during the time of deposition. 

5 .4.2.2 Moroccan amples 

Mo t of the amples from Morocco are strongly enriched in the MREEs relative to 

the HREE and they are al 0 slightly depleted in the LREE relative to the MREEs. 

Th (Y jHo)* ratio range from 40 to 50 which is slightly lower than the open ocean 

value (60-90), uggesting that the e samples have been deposited in shallow, n ar 

hore nvironm nt. Thi i in agreement with the (Er/Yb)sN ratio recorded in these 
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5. Chemical composition of carbonate samples 

samples ((Er/Yb)SN > 1.2). Similarly, the C isotopic compo ition ofth carboIlate~ 

is likely to be influenced by nearshore proce es, a well a op n awa r. Th 

7Sr/ 86Sr ratios are similar to the Sr i otopic compo ition of th aw t r cury at 

the beginning of the Cambrian (Fig. 5.15), a might be expe t d for a w ll-mi.' d 

element such as Sr. 

5.4.2.3 Oolitic limestones 

The oolitic limestones are divided into three group) on th b i of h ir afTp: III d

ern, Phanerozoic and Neoproterozoic sample. Th mod rn carbonat'. h v(> R · 

patterns similar to seawater pattern (Fig. 5.16), i.e. th:v ar charart ri d by a 

negative Ce anomaly and a positive Y anomal.v. Th mod rn 

recording the REE pattern of the ambient awat rand ar not on. mill. t d by 

detrital material or hydrothermal fluids. It i important to not tha / Ho l". tio of 

these modern samples (39-47) is lower than the op n ocean value b all Y Ho is 

fractionated during carbonate precipitation. Howev L h (Y / Ho)* yalu ) i 

consistent with a marine setting for the e ample. Th (Er Yb) N ratio [( cord 'ei 
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Figure 5.15 : Sr isotope curve for the eo proterozoic seawater, modifi dafter Hal"!'l II t al. 

(2010). Red squares indicate carbonate samples analys d in this study. Thf.' agf.' of tllf' anal' ed 

samples are described in Chapter 4. 
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eawater data from Zhang and ozaki (199 ). The green area represents the modern carbonates 

analy ed in thi study. 

in the modern ooids are between 1.36 and 1.43 and are consistent with a shallow wa-

ter environment. Therefor the ooids and oolitic limestones are suitable for assessing 

variation in the chemical composition of shallow eawater. 

The Phanerozoic oolitic limestones have variable REE patterns. C17 and C443 

are characteris d by weak Ce and Y anomalies and have (Y /Ho)* and (Er /Yb) SN 

ratio con i tent with depo ition in a shallow water environment. C171 is charac

terised by large Ce and Y anomalies and is interpreted to record an open marine 

setting. 

Oolitic lime tone from the Cryogenian period in the eoproterozoic have rela

tiv ly flat REE patterns. A lacu trine setting i very unlikely based on field obser

vations (Herrington and Fairchild, 19 9; Sawaki et al. , 2010) and Sr isotope data 

(Fairchild et al. 2000; Sawaki et al., 2010; this study). The pattern observed for 

the e amples i relatively similar to modern seawater, except for the Ce and Y 

anomalie . The REE pattern are however Ie s depleted in the LREEs relative to 

mod rn ooid. The (Y / Ho)* ratio of these samples is in the range 40 to 50, con

sistent with a shallow water environment (Fig. 5.3). (Er/Yb)sN ratios (> 1.2) are 

al 0 consi tent with a shallow water setting. Thus, these sample are interpreted to 

r cord th chemical compo ition of hallow Cryogenian seawater. 
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5. Chemical composition of carbonate samples 

There have been a number of other tudie on the chemi al comp itioll f 

eoproterozoic carbonates. The REE pattern of carbonate from. -amibia (Fig. 

5.17; Frimmel et al., 2006) are similar to tho e r cord d in ur 'ampi and h y 

also have no Ce or Y anomaly. The amibian ample al 0 hav r la i\"ely high 

(Er / Yb) SN, consistent with deposition in hallow wat r nvironm Ilt. Figur .- .17b 

shows (Er/Yb )sN and the Ce anomaly for eoprot rozoi arbonat ' and ill r 

ingly the Namibian samples and the Greenland/ I lay ampl pI 
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Figure 5.17: (a) Shale normalised REE-Y patterns and (b) (Er/Yb)s 

par 

terozoic carbonates (Frimmel, 2009). Brown squares ar eoproterozoic ooliti limp tom (nair d 

in th is study. 
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5.4 Discu sion 

of the graph. Thi ugge t that the chemical signal of the carbonate (i.e. the lack 

of a Ce anomaly) i a global feature of the eoproterozoic ocean. 

The oolitic lime tone have seawater-like REE pattern and Y / Ho and (Er / Yb )SN 

ratio characteri tic of shallow water environment. However, the eoproterozoic 

oolitic lime tone have no Ce anomaly, wherea modern and Phanerozoic samples 

have a negative Ce anomaly. A CeH is Ie s soluble and more readily absorbed 

onto particulate than Ce3+, the extent of the Ce anomaly reflects the oxygena

tion tate of the water. There is evidence that oxydation of Ce ha occurred ince 

the Pal oproterozoic (Kamber and Webb, 2001 ; Kamber et al., 2004; Bolhar and 

Van Kran ndonk, 2007). Cerium oxidation is however more sensitive to pH than it 

i to Eh, and i favoured in alkaline solutions (Elderfield and Sholkovitz, 1987). In 

general, Ce anomalie are absent in low pH solutions « 6.5) and/or hydrothermal 

pr cipitates. Overall , the oproterozoic carbonates lack a negative Ce anomaly. 

10reover, the Ce anomaly is not correlated with any tracers of detrital contamina

tion and i therefore con idered to be a primary signal. Frimmel (2009) propo ed 

that flat REE patterns in eoproterozoic carbonates were produced by contami

nation with colloids in a nearshore environment. Colloids have strong positive Ce 

anomalies and a negative Y anomaly. Mixing between colloid and seawater like 

pattern could therefore produce a flat REE pattern. As high levels of colloids are 

usually found in the pre ence of high level of Fe, some correlation between the 

REEs and Fe may be expected if colloids are affecting the REEs (Frimmel, 2009). 

There is no relation hip between Fe and the REEs in our samples (Fig. 5.1 ), so it 

seems unlikely that colloid contamination has affected their REE patterns. More

over, the am pIes from Gre nland and Scotland have Fe concentrations similar to 

that of mod rn ooid . Thus, samples from the Islay Formation and the Andree Land 

Group are interpreted to record hallow Cryogenian seawater. 

5.4.3 Implications for redox conditions 

Th general lack of a Ce anomaly in our eoproterozoic samples is in agreement 

with other pr viou ly publi hed data (e.g. Komiya et al., 200 ; Frimmel, 2009) . 

Thi i th refore considered to be a global feature of the eoproterozoic ocean . 
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zontal dashed line represents no Ce anomaly. 

08 

The lack of a Ce anomaly could indicat that (i) f'a\ 'a' 'f W 

6.5), or (ii) seawater was Ie oxygenated a that 

have been significantly more acidic in th . Oprotf rozoic h 

calcium carbonate only precipitate at a pH of gr atf'f hIlT. 2 

dissolved inorganic carbon (OIC) found in IIloci£>rIl Off' 11 (Krullll I in 

1952). By increasing the OIC, it i pO'. ibl 

ud·. h h f1-

(pH < 

nn 

a pH of 6.7 (WCaC03 > I), but thi requir . a -log P O2 of 0. vhie h i h 

for the eoproterozoic (Kasemann et al.. 2010). 

composition of eoproterozoic carbonat ugg tha pH w 

the modern day value (Kasemann t al.. 2010). 'fh(' I 1< \' limf 

Land samples have no Ce anomaly, and th ir REE pa t rn i 

precipitates from the Palaeo-Proterozoi, wh re wat r i 

(Webb and Kamber, 2000). Ther fore the ch rni n' of h 

indicate that the eoproterozoic hallo\'-.. 0 an wa Hot C)xidi (d 

modern seawater. egative Ce anomalie . can eitlwr b 

Iv in 

imil r ( 

111 \11 if 

e he rni 1 

of Ce(III) by O2 or by Fe- In oxid s. Th la k of 

interpreted to reflect low O2 condition .: I1ml r t h 10(1\ nd I ·(1/1) 
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5.4 Discu SlOn 

would al 0 be un table, preventing oxidation of Ce(III) by lvIn or Fe oxides. 

The REE pattern for the samples from Australia and Scotland (except th Islay 

limestone) eem to be trongly influenced by freshwater inputs and the carbonates 

therefore record information about the chemistry of near shore (proximal) seawater. 

Element uch a rand Cr, that have a longer residence time, will nevertheless 

be unaffected by local inputs. Therefore, those samples that are unaffected by 

contamination or econdary alteration should record the seawater composition at 

the time of deposition. 

5.4.4 Cr concentration of carbonates 

A river are the most important source of Cr to the oceans, it may be expected 

that the Cr oncentration of sediments is correlated wiLh tracers of detrital material, 

uch a Zr. A key finding of this study is the Cr concentration of carbonates that are 

unaffected by detrital input (i.e. carbonates with low Zr concentration), is not zero. 

Indeed, as shown in Figure 5.19, samples with Zr concentrations of close to zero 

have Cr concentrations of up to ppm. Moreover, 0 and C isotope data suggest 

that the e samples are unaffected by diagenesis. 

It ha been shown that the partition coefficient of Cr in carbonates (as chro

mate) is strongly dependent on the Cr concentration in the solution (Tang et al., 

2007). Assuming a concentration of 2 ppm in carbonates (section 3.6) and a sea

water concentration of 5 nM (e.g. Connelly et al., 2006), the partition coefficient of 

Cr in carbonates is about 000. This indicates that at low concentration carbon

ate precipitation could potentially be a ink of Cr in natural seawater. However, 

this partition coefficient can potentially vary with Cr concentration and redox con

dition. It is al 0 important to note that the change in ionic radius and in the 

aqueou behaviour between Cr(III) and Cr(VI) can influence the incorporation of 

Cr in the carbonate lattice (Garcja- anchez and Alvarez-Ayuso, 2002; Tang et al., 

2007). There ar a number of reasons why the concentration of Cr in carbonates is 

variable. Cr(VI) i believed to be incorporated into carbonates (Tang et al., 2007), 

but it i not clear if Cr(VI) i incorporated into the carbonate lattice in preference to 

Cr(III). 0, the low Cr concentration in some of our amples could reflect changes in 
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Figure 5.19: Cr versus Zr for all carbonate samples with < 4 ppm Zr. Th 'e ar in rpreted to b 

free of detrital contamination. 

the Cr(III)/Cr(VI) ratio in seawater. On the other hand. if Cr i r due d to r(III) 

and removed from solution and Cr(VI) is the dominant p i incorporat d into 

carbonate, then the Cr concentration of the carbonate will directl~' r fie t th r 

concentration of seawater. 

5.5 Conclusions 

The REE concentrations, C and 0 isotopes and r isotop have b n del rmin d 

for modern, Phanerozoic and eoproterozoic sample . Th data llgg t that f IN 

of our samples are affected by contamination and/or po t d p itional alt ration. 

However , using empirical values (Zr < 4 ppm, Mn/Sr < 0.5, 01 
.;> -10% and 

Eu/Eu* < 1.5) the samples have been screened for such ontamina ion and th IlOI1-

contaminated samples can therefore be u ed to asse th redox condition a h tim 

of deposition. Modern and Phanerozoic samples are characteri d by 

patterns and reflect oxidised conditions. Th majority of th eoproterozoi' 'ampl 

are characterised by bell shape patterns and are interpret d to b strongl.\' inflll n d 
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5.5 Conclusions 

by local input. Oolitic limestones from Islay and Greenland are characterised by 

REE patterns close to modern seawater) although they lack elemental anomalies 

which has been interpreted to reflect both a shallow water environment (consistent 

with high (Er/ Yb)sN ratios) and low O2 concentrations during the Cryogenian. 
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Chapter 6 

Cr isotopic composition of marine 

carbonates 

6.1 Introduction 

Dissolved Cr concentrations in modern seawater are relatively low and range from 

2 to 10 nl\I (Jeandel and Minster, 1987). In oxic seawater, chromium exists mainl.v 

as Cr(VI), which is consistent with thermorlynamic calculations (Elderfield, 1970). 

However, significant amounts of Cr(IlI) have also been found; the percentage of 

Cr(III) is usually <5% (e.g. Mugo and Orians, 1993), although some authors have 

found much higher quantities, sometimes accounting for over 90% of the total dis

solved Cr (Sander et al., 2003; Connelly et al., 2006). Cr in the continental crust 

occurs mainly as Cr(III) and is believed to be oxidised to Cr(VI) during oxidative 

weathering (Frei et al., 2009). Cr(VI) is much more soluble than Cr(III) (Pettine, 

2000). Chromium in river waters and ground waters is predominantly in the form 

Cr(VI) (",90%) (Cranston and Murray, 1978; Izbicki et al., 2008), although signifi

cant quantities of Cr(III) in river water have also been reported (e.g. Pankow et al., 

1977). Considered together, these data suggest that the proportion of Cr(III) to 

Cr(VI) varies as Cr cycles in the natural environment, depending on the environmen

tal conditions and redox conditions. As reduction reactions fractionate Cr isotopes 

(Ellis et al., 2002, Zink et al., 2010), Cr isotopes may be useful for understanding 

the reactions that occur in the Cr cycle, such as weathering and reduction/oxidation 
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6. Cr isotopic composition of m a rine carbona t es 

reactions in seawater. 

Although there are no reports on the Cr isotopic compo ition of river water , 

ground waters appear to have higher 853Cr values (853Cr up to +5.9% , Izbicki et aI., 

2008) than the continental crust (653 Cr = -0.12 ± 0.10%0; Schoenberg et al., 200 ). 

As weathering of Cr(III) from primary minerals, and oxidation of Cr(III) to Cr( I) 

do not seem to be accompanied by significant isotope fractionation (Elli et al., 

2004; Zink et al., 2010), it is thought that these high 653 Cr values are cau d by 

partial reduction of Cr(VI) on mineral surfaces, with retention of lighter i otope in 

Cr(III) in the solid phase (Izbicki et al., 2008). However, it is al 0 po ible that the 

reduction of Cr(VI) to Cr(III) occurs in the riverine system (Pettine, 2000) and thi 

reduction could also fractionate Cr isotopes. 

Until recently, the Cr isotope composition of modern-day, oxic eawat r wa 

unknown, but was considered likely to be enriched in 53Cr relative to th continental 

crust, similar to ground waters (Izbicki et al., 200 ; Frei et al., 2009). Data generated 

as part of this thesis (see Chapter 3) confirm that the 853 Cr value of eawater i 

greater than that of the continental crust; the 853Cr value of total di olv d Cr i 

between 0.45 and 1.55%0. 

6.1.1 Evolution of seawater oxygenation in the Neoprotero-

ZOIC 

The putative evolution of atmospheric oxygen in the eoproterozoic i hown in 

Figure 6.1 (Holland, 2006). The variations in atmospheric O2 are likely Lo be associ

ated with changes in the redox conditions of the oceans. Previous studies of the 10 

concentration of Neoproterozoic shales, Fe speciation and S isotopes, indicat that 

the Ediacaran ocean was stratified, with coeval oxic, euxinic, and ferruginou zones 

(Fike et al., 2006; Li et al., 2010). There is strong evidence that the deep water were 

reduced during the Ediacaran (Canfield et al., 2008), but they are thought to have 

become oxic by the end of the Neoproterozoic (Canfield et al., 2007). Although most 

models of the Neoproterozoic ocean assume that shallow waters were oxic (Canfi Id 

et al., 2008; Li et al., 2010), there is only slim evidenc for this based on carbon 
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6.1 I nt roduction 
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Figure 6.1: Cr isotopic composition of Neoproterozoic BIFs with Eu/ Eu· < 1.5. Data from Frei 

et al. (2009). The blue line shows the putative evolution of atmospheric O2 , after Holland (2006). 

The verticals bar represent the main eo proterozoic glaciations. 

i otope ludi (De Iarais et al., 1992) and, in general, very little is known about 

the lev 1 of oxygenation in shallow eawater in the Neoproterozoic (e.g. Li et al., 

2010). 

6.1.2 Cr isotopes as recorders of past oc an oxygenation? 

It has been ugg sted that Cr i otop s in Fe-rich chemical precipitates can provide 

important information for palaeo-redox tate of the eawater (Dossing et al., 2011) 

and, in thi connection, recent work on Precambrian banded iron formations (BIFs) 

ugge t that the Cr i otopic composition of seawater may have varied in the past, 

b cau e of change in atmo pheric oxygenation (Prei et al., 2009). BIFs with high 

b53 Cr are interpreted in terms of oxidative weathering, whereas low (continental 

cru t-like) b53Cr values are interpreted in term of low levels of atmospheric oxygen. 

TIm, high b53Cr in ,,-,2. to 2.6 Ga-old BIFs suggest that Cr(VI) accumulated in 

o an surface water before the Great Oxidation Event, and low b53 Cr values in 

"-' 1. Ga-old BIB ugge t that atmospheric oxygen level declined at that tim . 
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6. Cr isotopic composition of marine carbonates 

Samples from the Neoproterozoic (0.55, 0.57 and 0.74 Ga-old) haw 653Cr values in 

the range 0.27-5.00%0; these high values coincide with a putative rise in levels of 

atmospheric oxygen over this period (Fig. 6.1). 

Although this is an important study, the utility of BIFs as recorders of past sea

water 853Cr is questionable. Firstly, it is assumed that dissolved Cr in seawater is 

in its Cr(VI) form and, as discussed above and in Chapter 3, this is lIot alwa~'s the 

case (e.g. Connelly et al., 2006). Secondly, it assumes that the 853 Cr valuf's arf' Ull

affected by post-depositional alteration, yet all BIFs are metamorphosed. and e\"('n 

weakly metamorphosed BIF does not contain any primary minerals (Klein. 20(5). 

Studies of oxygen and iron isotopes in magnetite and Fe-silicate in t hf' Biwabik 

Iron Formation, northern Minnesota report re-equilibration during metamorphism 

(Hyslop et al., 2008), although this effect is reduced if metamorphism occurs in a 

closed system. The absence of any studies on the effects of metamorphism on Cr. 

and on Cr isotopes in particular, makes it difficult to assess whethf'r this assumpt ion 

is valid. Thirdly, it is assumed that all of the Cr in BIF is derived from seawater. 

However, most of the BIFs have high Eu anomalies (>1.5), indicative of h~'drothf'r

mal inputs, and would have been excluded from further discussion in this st udy (sef' 

Chapter 4). Fourthly, BIFs contain a variety of different Fe-rich minerals, Fe-oxide" 

carbonates and chert. According to Frei et al. (2009), onl,v Fe(III) bearillg pha,ses 

are able to record the former presence of Cr(VI), so the presence of Cr in ot her 

phases is problematic. Finally, seawater 8,,)3Cr is only recorded in Fe-rich sf'dililents 

if the overlying water column contains Fe2+, which acts as the reductant (Frf'i f't aI., 

2009), This means that seawater 853 Cr can only be reconstructed in this wa~' if the 

oceans are ferruginous, which has not been the case for large parts of thf' Earth's 

history (Canfield et al., 2008). 

6.1.3 Cr isotopic composition of carbonates 

The Cr in uncontaminated carbonates can be considered to be deriwd from seawatf'r 

(Chapter 4). Moreover, the carbonates are likely to havf' prf'cipitated in shallow 

marine waters (see Chapter 4), which should be in equilibrium with thf' atlllosphf'H'. 

Thus, analyses of the Cr isotopic composition of carbonatf's should providf' new 
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6.2 Results 

information on the oxygenation state of shallow seawater in ancient oceans. 

6.1.4 Aims 

This Chapter reports the results of analyses of the Cr isotopic composition of mod

ern and ancient marine carbonates. First, trace element and stable 0 and C isotope 

analyses are used to assess the likelihood for post-depositional alteration and/or 

contamination of the carbonates by non-seawater components. Then, the Cr iso

topic composition of modern shallow water carbonates (ooids) that were deposit.eel 

in an oxic environment is compared with the Cr isotopic composition of modern sea

water. Finally, results of analyses of the Cr isotopic composition of Neoproterozoic 

carbonates are used to constrain levels of seawater oxygenation at the time of their 

deposition. 

6.2 Results 

6.2.1 Modern and Phanerozoic carbonates 

The Cr isotopic composition of the modern and Phanerozoic carbonates are reported 

in Table 6.1, together with other relevant element and isotope data. The modern 

carbonates all have positive b53Cr values, and are therefore isotopically heavy com

pared to the continental crust and mantle (-0.12%0; Schoenberg et al., 2008). The 

three Bahamas ooids (B08, NPCOScim and NPCOSunc) have similar b53Cr values, 

0.65 ± 0.02%0. The sample from Yucatan (C48) has a slightly higher value (J53Cr 

= 0.765%0). The Cr isotopic composition of the modern ooids is not correlated with 

Cr concentration (Fig. 6.2a), Ce/Ce* (Fig 6.2b) or b18 0 (Fig. 6.2f). 

The Phanerozoic carbonates have J53 Cr values ranging from -0.22 to l.994%0. 

The four oolitic limestones (C17, C171, C443 and C514) have J53 Cr values that 

range from -0.22%0 to 1.939%0. The carbonate standards (the calcites Cal-s, JLs-

1 and BCS CRM 513, and the dolomites JOo-1 and BCS CRM 512) have J53Cr 

values that range from 0.737 to l.994%0. With the exception of sample C514, the 

Phanerozoic carbonates all have higher b53Cr than the continental crust and mantle 
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Figure 6.2: J53 Cr versus (a) Cr concentration, (b) Mnl r ratio, (c) e allomaly. (d) Ell anomaly. 

(e) J13Ccarb and (f) J 180, for Phanerozoic carbonate and modern ooid . The error. bar, art> only 

shown where larger than the size of the symbol. ample C514 ha exceptionally low 813 • and low 

81 0 and its position is indicated by the black arrow. 

values. Although 053 Cr does not correlat with h r con cnt ration. ~In r I at io, 

Eu anomaly, 013Ccarb and (51 0 in Phan rozoic arbonate' (Fig. .2). tll('f a 

trong negative correlation (r2 = O. ) betw n HIlomaly (Fig. 

6.2c). 
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6.2 Re ults 

Table 6.1: Cr concentration and Cr isotopic composition of oolitic lim stones and Phanerozoic 

carbonate , together with other key geochemical dat,a. Samples shown in bold are considered to 

have been affected either by post-depositional alteration or contamination (see text for detail ). 

ample Cr ,,53Cr Mn/ r Ce/Ce* Eu/Eu* ,,13Ccarb ,,180 

(ppm) (0/00) (0/00) (0/00) 

Modern ooid 

C4 2.6 0.765 0.00 0.65 1.24 4.4 -0.4 

PCOS cim 2.4 0.651 0.00 0.85 1.19 4.7 0.3 

NP 0 unc 2.3 0.663 0.00 0.72 L16 4.7 0.3 

BO 4.0 0.640 0.00 o. 2 1.24 4.7 0.1 

Phanerozoic oolitic 

lime tone 

C17 3.6 o. 48 027 1.07 1.15 1.8 -4.3 

C171 6.5 1.939 0.47 0.34 1.15 3.0 -3.3 

C443 4.4 0.931 1.5 0.93 1.25 2.0 -3.9 

C514 1.0 -0.224 15 .79 1.12 2.27 -7.7 -15.1 

Carbonate standard 

BCS-CR 1512 0.8 0.737 0.17 0.95 1.25 3.6 -1.1 

CaJ-S 2.5 1.819 0.06 0.41 1.20 2.9 -4.1 

JDo-1 7.2 1.719 0.51 0.24 1.11 4.8 -4.3 

BCS-CR 1513 4.0 1.329 0.59 0.69 1.35 -0.7 -85 

JLs-l 1.1 1.994 n.d. n.d. n.d. 1.8 -4.4 

6.2.2 eoproterozoic carbonates from South Australia 

The outh Au tralia carbonates have lower 553Cr than the modern and Phanerozoic 

carbonate, ranging from -0.529%0 to +0.107%0 (Table 6.2). The majority of th 

ampl have a 553Cr comparable to the continental cru t and mantle value, but four 

ampl ( 16, 1 19 and A21) have resolvably higher 553Cr, between 0.073%0 

and 0.1070/00. Two amples (A6 and A13) have relatively low 553Cr (-0.529%0 and 

-0.40 0/00 r p ctively). 

Th r concentration of the samples from South Au tralia varies widely, between 

0.9 and 22 ppm, but there i no correlation between the Cr concentration and 553Cr 

(Fig. 6.3a). Furth rmore, there is no correlation between 553Cr and the Ce anomaly, 

th u anomaly, In/ r ratio, 513Ccarb and 51 0 (Fig. 6.3). 
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Figure 6.3: 8530r versus (a) Or concentration, (b) Mnl r ratio, (c) Oe anomaly. (d) Eu anomaly. 

(e) 8130carb and (f) 8180, for carbonate samples from outh Australia. 

6.2.3 Neoproterozoic carbonates from th Dalradian 'u 

sion 

The Cr isotopic compo ition of carbonate from the Dalradian uce ion of cot

land and Ireland is reported in Table 6.3. The ample colI ct d on I lay ( hapt r 

3) are characterised by a large range of <553 Cr, from -0. 52% to +0. 59o/c . Fiv 

samples (Il 7, 120, 122, 124 and 125) hav 853 r values cIo -e to th contin Iltal ru t 

valu , whereas four sample (124R, I26, 127 and 12 ) have high r <553 r. ranging from 

+0.14 %0 to +0. 59%0. The <553Cr valu of on ampl (11) i ' low r than th ('onti-

142 



Table 6.2: Cr concentration and Cr isotopic composit ion of carbonates from South Australia , 

together with other key geochemical data. amples shown in bold are considered to have been 

affected either by po t-depo itional alteration or contamination ( ee text for details). 

ample Cr 853 Cr Mn/Sr Ce/Ce* Eu/Eu· 813Ccarb 8180 

(ppm) ('1"00) (0/00 ) (0/00) 

A2 3.1 -0.002 2.73 0.92 2 .95 5.8 -11.4 

3 1.7 -0.276 15.05 0.87 1.14 6.0 -5.7 

A4 16.1 -0.214 6.10 1.00 1. 75 -2.5 -3.6 

A5 2.0 -0.036 6.45 1.16 1.28 -3.8 -2.0 

A6 1.6 -0 .529 42.90 1.36 1.42 -2.5 -8.8 

A7 6.3 -0.078 10. 1 1.19 1.13 0.6 -10.5 

A 1.4 -0.14 0.36 0.91 1.49 2.4 -6.7 

A9 1.9 -0.018 7.07 1.00 1.75 -0.9 -11.9 

10 104 -0.201 31.45 1.15 1.79 -3.0 -7.5 

All 22.2 -0.109 O. 6 0.90 1.12 -1.6 -5.9 

A12 2.4 -0.113 21.35 1.20 1.23 -2.9 -6.2 

13 0.9 -0.40 0.01 O. 5 1.49 -3.9 -4.0 

14 2.6 -0.195 4.96 0.96 2043 704 -10.5 

A15 11.0 -0.127 2.43 1.07 1.11 -9.0 -13. 

16 1.5 0.073 3.68 0.95 1.10 -9.4 -15.2 

17 1.0 0.002 4 .86 1.25 1.16 2.6 -8.9 

1 1.5 0.073 2.06 0.99 1.53 9 .5 -11.1 

19 15.3 0.075 2.06 1.11 1.62 -7.5 -11.6 

20 6.6 -0.088 2.60 0.93 1046 -3.0 -10.8 

21 1. 0.107 5.51 1.0 1.5 -3.3 -10.0 

22 2.3 -0.003 54.63 1.22 1.65 -2.2 -704 

23 .3 -0.119 77.23 0.94 0.98 3.9 -5.5 

n ntal eru t value, at -0. 520/00. This i the lighte t isotopic composition measured 

in any ample analy d to date. The two amples from Tayvallich have 553 Cr similar 

to th ontinental eru t value. There is no evidence of correlat ion between 553 Cr 

and th C anomaly, the Eu anomaly, the Mn/Sr ratio, 513Ccarb and 51 0 (Fig. 6.4). 

6.2.4 Carbonat s from the Eleonore Bay Supergroup and 

th Morocco uccession 

arbonate from the Eleonore Bay Supergroup have relatively high 553 Cr, ranging 

from +0.7 10/00 to +1.004%0 (Table 6.3). The Cr isotopic compo ition of the Mo

ro an 'ampl i more variable, ranging from -0.236%0 to +0.110%0. Th carbonate 
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6. Cr isotopic composition of marine carbonates 

sample from India (T6) has a 553 Cr value clo e to that of the continental ru t. 

whereas the sample from California has high 853Cr (+0.9660/( ). do to th \'al

ues measured in modern ooids and some of the carbonate from th Dalradian and 

Eleonore Bay successions. 

1.5 1.5 

a) b) 1& Eleonore Bay Supergroup 

1.0 = I 1.0 I le Dalradian Supergroup 

0- ~ I I • High Atlas margin 

e ~ ! California 
0.5 0.5 

m 
Ul 

~ H ttl It \ z 
f 0 0.0 ! 0.0 

!/ &l ! I I I I I J ~ I 
00 ! 

-0.5 -a.S 

! ~ 

·1.0 · 1.0 

0 4 8 a 2 4 6 8 10 12 
Cr (ppm) Mn/Sr (wt. ratio) 

1.5 1.5 

c) d) 
1.0 =I 1.0 I 

~ 
I ! I I ! I 

0.5 
I 0 .5 I 

m 

m 

l iI! 
ttl I ~ i I I .: 0.0 u 0.0 

f i I M I I ! 
"' I 00 

·0.5 -0.5 

! ! 
· 1.0 · 1.0 

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 0.6 0.8 1.0 1.2 14 16 18 

Ce/Ce" Eu/Eu' 
1.5 15 

e) f) 
1.0 I 1.0 I 

~ ! I! I I I '" ~ 
0.5 I 0.5 I 

Si 
Ul 

! I ! ttl ! .: 0.0 ,I 0 .0 ! () , ! I '" ! ! I H ! '" ! 00 

-a.S ·0.5 

! ! 
· 1.0 · 1.0 

·10 ·5 0 10 ·17 · 15 · 13 · 11 ·9 · 7 ·5 

/i13C carb {o/oo} /i18Oy.PDB (%0) 
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(e) 813Ccarb and (f) 8180, for carbonates from the Eleonore Bay Supergroup, Moro co and the 

Dalradian Supergroup of Scotland and Ireland. 
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6.3 D i cussion 

Table 6.3: Cr concentration and Cr isotopic composition of carbonates [rom the Dalrad ian u-

pergroup, the Eleonore Bay upergroup , Morocco, India and California, together with other key 

geochemical data. amples shown in bold are considered to have been affected either by post-

depo itional alteration or contamination (see text for details). n.d. = not determined. 

ample Cr 653 Cr Mn/ r Ce/Ce" Eu/Eu" 613Ccarb pBO 

(ppm) (0/00) (0/00) (0/00) 

Dalradian upergroup 

11 1.2 -0.852 6. 1 .65 1.31 -4.8 -12.9 

117 1.6 -0.126 3.85 1.20 1.34 -6 .4 -12.4 

120 2.1 -0.200 5.40 O. 6 1.24 -4.4 -9.4 

122 2. -0.26 3 .77 1.02 1.27 -1.0 -13.0 

124 3 -0.145 1.41 1.16 1.28 -0.1 -8.1 

124R 1.7 0.14 1.63 1.21 1.43 0.6 -7.2 

125 4.2 -0.009 3.34 1.23 1.29 0.1 -6.5 

126 0 .5 0 .151 1.11 0 .96 1.30 -0 .3 -11.6 

127 1.0 O. 59 O.lD 1.02 0.99 3.6 -8.2 

12 1.1 0.571 1.23 1.00 0.93 3.1 -7.6 

T4 0 .6 -0.203 0.67 0.96 1. 27 6 .0 -15 .6 

T5 3.0 -0.183 1.61 0 .97 1.67 4.6 -16.0 

T7 4.8 n.d. 19.92 0.93 1.43 2 .1 -15 .9 

Eleonore Bay upergroup 

PG12 2.7 O. 34 0.01 1.08 1.28 8.3 -6.7 

PG174 2.1 0.781 0.02 0.93 1.03 7.9 -5.7 

PG440 3.7 1.004 0.01 1.19 1.14 7.9 -6.9 

Morocco 

2 .16 1.9 0 .048 10.71 0.97 1.15 n .d . n .d. 

313 0.5 0.lD2 0.21 1.14 1.17 n.d. n.d. 

ll5 1.1 -0.236 0.77 0.97 1. 21 n.d. n.d. 

BBlD 0.7 0.110 0.17 1.20 1.23 n.d. n.d. 

DIS 2.7 -0.059 0.97 0.97 1.23 n.d . n.d. 

B 1 California) 3.3 0.966 2.85 1.1 1.39 n .d. n.d. 

T6 (India) 0.5 -0 .177 3.41 0 .72 1.54 n. d . n .d . 

6.3 Di ell ion 

6.3.1 Do th carbonate record seawater <5
53Cr? 

ct rib d in hapter 4, th trace element concentration and oxygen , carbon and 

trontiulIl topi compo it ion of a number of the carbonates indicates that they 

n affe ted by po t-deposit ional processes, or contamination by non-

awat r urc The lik ly effect of the e processes on the Cr isotopic composition 
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6. Cr isotopic composition of marine carbonates 

of the carbonates are discussed below. 

6.3.1.1 Diagenesis 

The oxygen isotopic composition of carbonates can be trongly affected by diagen

esis, with (p80 values decreasing as a result of exchange with diag netic fluid ( ee 

Chapter 4). The relationship between 553 Cr and 518 0 for all or the carbonate anal

ysed in this study is shown in Figure 6.5. Although the sample are from a wide 

range of settings, there is no obvious correlation between 553 Cr and 51 0 ( al 0 
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2008). 
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6.3 Di ell sion 

Figure 6.2e. 6.3e and 6.4e). However, all of the amples with 01 0 < -10%0, i.e. 

tho e that are mo t likely to have been affected by diagenesi , have 053 Cr close Lo 

the continental cru t value. For this reason, carbonates with 0180 valu s of < -10%0 

are not con idered to reliably record the 053Cr value of ancient seawater. Similarly, 

diagelle i re ult in a decrea e in 013C values (Jacobsen and Kaufman, 1999), and 

amp 1 with 01 0 value of < -3%0 have 053 Cr values that are close to Lhat of on

tinental cru t (Fig. 6.5b). The carbonate Mn/Sr ratio may also be used to asse s 

whether carbonate have been affected by diagene i , as carbonate Mn/ Sr increases 

during diagen i (e.g. Jacob en and Kaufman, 1999). Figure 6.6 indicates that 

ample with high In/ r have 053Cr values clo e to that of continental crust. For 

thi rea on. only carbonat with Mn/ r of less than 3 can be considered to preserve 

eawat r ignal 

Thu . the data indicate that diagenesis shifts carbonate 053Cr towards the 

contin ntal cru t value. evertheless, the majority of the carbonate appear to be 

minimally affected by diagene is, and are likely to record the Cr isotope signature 

of the eawat r from which they precipitated. 

• oolitic limestones 

• Morocco 
• Carbonate standards 
A Eleonore Bay Supergroup 

• South Australia 
• Dalradian Supergroup 

California 

! 

-1.0 +-----r-------r-----r----~---___j 

o 4 8 12 16 20 

Mn/Sr (wt. ratio) 

Figur 6.6: 053 r \' r'u r for all carbonates of the analysed in this study. The grey shaded 

ar a r pre nt the range in OS3er measured for the bulk silicate Earth (Schoenberg et al. , 200 ). 
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6. C r isotopic composition of marine carbonates 

6.3 .1.2 Dolomitisation 

A number of the Neoproterozoic carbonates analysed in thi tudy are dolomite, 0 

the impact of dolomitisation on the Cr isotopic composition ne d to bad. 

Figure 6.7 shows that there is no clear relationship between Caji\Ig and 853 CL and 

both dolomites and calcites can have 853 Cr values higher than continental cru t. 

Nevertheless, Figure 6.7 does suggest that dolomites are more likely to hav 853 r 

close to the continental crust, and are thus less likely to r cord primary awat r 

853 Cr. 

6.3.1.3 Subaerial weathering 

The majority of carbonates analysed in this study have been sampled in the fi ld and 

have been therefore subject to subaerial weathering. In order to a e th ff t 

of oxidative weathering on b"53Cr, drill-core samples (A22) recover d from th uc

caleena formation (South Australia) can be compared with outcrop ampl . Two of 

the outcrop samples (AIO and A12) appear to be relatively fre h in hand p elm n, 
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Figure 6.7: 853 Cr versus Ca/Mg ratio for all of the carbonates analysed in this tudy. Th grey 

shaded area represents the range in c553Cr measured for the bulk silicate Ear h ( cho nb rg aI., 

2008). 
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6.3 Di cussion 

wherea a third ample (A6) appears red in hand specimen, and is considered to b 

oxidi ed. The drill core ample ha slightly higher b53Cr (-0.003%0) compared to the 

two relatively fre h outcrop am pies (-0.201 to -0.113%0), but all samples are wiLhin 

the range determined for t,he Nuccaleena formation (-0.201 to -0.003%0). However, 

the obviou ly weathered sample has lower b53Cr, -0.529%0. Thi suggests that Cr 

i otope are fractionated during oxidative weathering, with pr f rential retention of 

the lighter i otopes in the weathered residue. This is consistent with high b53 Cr 

meaur d in ground waters (Izbicki et al., 2008) and seawater (this study). For this 

r a on, only ample that did not show any evidence for subaerial weathering in 

hand p cimen were analy ed in this study. 

6.3.2 Sources of contamination 

6.3 .2.1 D trital material 

om of the carbonate analy ed in this study show evidence for contamination with 

detrital material (Chapter 4). The effects of this on the Cr isotopic composition of 

the carbonate can be a se sed by comparing b53 Cr with Cr and Th concentration 

(Fig. 6. ). Figure 6. reveals that amples with high Th (and high Cr) have b53 Cr 

value similar to that of the continental crust value. This suggest that carbonates 

with high Th are unlikely to record the Cr isotopic composition of seawater. Samples 

with Th concentrations of> 1.5 ppm are con id red to b contaminated by detrital 

components. 

6.3.2.2 H y drothermal fluid 

One of the key que tions regarding the seawater r budget is the importance of 

hydrothermal fluid. The Cr concentration of hydrothermal fluids is thought to 

be higher than that of eawater (Sand rand Koschinsky, 2000) , 0 hydrothermal 

fluid may have a major role in the modern Cr cycle. In thi connection, inputs of 

hydrothermal fluid to eawater may have been higher in the past than they are today 

( .g. Canfield, 2004). The size of the Eu anomaly in carbonates makes it possible to 

the influenc of hydrothermal inputs. Some of the carbonates analysed in this 
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Figure 6.8: 853Cr versus (a) Cr and (b) Th concentration for all of the carbonates analy d in this 

study. The grey shaded area represents the range in 853Cr measured for the bulk silicate Earth 

(Schoenberg et al., 2008). 

study have a relatively large positive Eu anomaly (>1.5), and the e ar thought to 

have been contaminated by hydrothermal fluids. The effect of hydroth rmal input 

on o53Cr is assessed by comparing o53Cr with the Eu anomaly in Figure 6.9. ample 

with a Eu anomaly of > 1.5 all have the same o53 Cr value as bulk ilicat Earth. Thu , 

only samples with Eu/Eu* <1.5 are considered to record the Cr i otopi ompo iti n 

of seawater. It is however important to note that the lack f Eu anomaly do 11 t 

necessarily indicate the absence of any hydrothermal inputs, be aus diffu' {low 
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temp rature) hydrothermal fluid do not have a po itive Eu anomaly (Olivarez and 

Owen, 1991), yet they may contain ignificantly higher Cr than seawater (up to rv50 

nRI' ander and Koschinsky, 2000). 

Figure 6.9 imp lie that the 553Cr value of hydrothermal fluids is the same as 

the ru t/mantle value, meaning that Cr is not fractionated by high temperature 

e e occurring in hydrothermal system. BIB also seem to show the same 

relation hip between 553Cr and the Eu anomaly (Fig. 6.10). Thus, many of the 

BIF ample anal)' ed by Frei et al. (2009) are likely to contain a hydrothermal 

omponent. 

6.3.3 R lationship between <553Cr and redox conditions 

6.3.3.1 Cr i otopic composition of modern carbonates deposited under 

oxic condition 

The four mod rn carbonate ample all have po itive 553 Cr values (0.640 to 0.765%0). 

one of th e ample have exp rienced ignificant alteration, and their 553 Cr values 

ar within the rang of modern eawater (Chapter 3). One of the aims of this study 
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is to assess whether the Cr isotopic composition of modern eawater i r ord d 

by modern carbonates, because Cr isotopes could be fractionated from awat r 

values during carbonate precipitation. However, initial indication ar that thi 

fractionation is negligible. Crucially, analyses of the Cr i otopic compo ition of 

seawater (Chapter 3) indicate that J53Cr values of total Cr (J53 rToT) vary from 

+0.55 ± 0.75%0 in the open ocean, and are rv1.55%0 in eoa tal awat r. lthough 

no conjugate samples of seawater and marine carbonates wer collect d in hi tudy. 

the J53Cr values of the modern ooids (Table 6.1) are within the rang of mod rn 

seawater (Fig. 6.11). Thus, these initial data suggest that th carbonat re ord could 

be used to reconstruct the Cr isotopic compo ition of the pa t oc an. 

more work needs to be done to confirm this, including laboratory tudie of r 

isotope behaviour during the precipitation of carbonate. 

The Cr isotopic composition of modern seawater is d t rmin d by t h balan 

between riverine, hydrothermal, dust, groundwater and b nthi inpu £luxe (Tabl 

6.4): 
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Figure 6.11: Cr isotopic composition of four modern ooids from Yucatan (purple square) and 

the Bahamas Bank (green circles). The blue area shows the range of J53Cr values for total Cr 

(J53CrToT) measured in the Argentine Basin seawater samples. Seawater samples from Southamp

ton Water have J53CrToT = +1.550/00. The brown area show the continental crust value form 

choenberg et al. (200 ). 

6 53Cr = JR X 653Crrivers + JH X 653Crhydro + JD X J53Crdust + JE X J53Crbenthic 

JR + JH + JD + JE 
(6.1) 

wher fR, fH, fD and fE are the rivers , the hydrothemal, the dust and the b thic 

fluxe re pectively. The evolution of eawater 653Cr is shown in Figure 6.12a; this 

mod 1 a ume that the Cr concentration of seawater is 5 nM, and the 653Cr value 

of t.h output flux i the same as seawater (i.e. Cr isotopes are not fractionated as 

r i removed from eawater). Ov r time, the Cr isotopic composition of seawater 

evolve from 653Cr equal to the continental crust value, to a value that is close to 

that of th riverine input (Fig. 6.12a). According to this model, the residence time 

of Cr in eawater i 45,000 years, which is clos to that estimated by Broecker and 

P ng (19 2) and Whitfield and Turner (19 7) (10,000 - 40,000 yrs). 
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Figure 6.12: Models of the evolution of seawater 853 Cr in (a) the modern oc an, and (b) during a 

glacial period. See text for details . 

6.3.3.2 Cr isotopic composition of Phanerozoic carbonate 

The Phanerozoic carbonates have 853 Cr in the range 0.737 to 1.9949{ ; i .. mo t 

samples have higher 853 Cr than the modern ooids and the eawater ampl . anal~' d 

in this study (Chapter 3). The generally higher 853Cr value may indicat that th 

P hanerozoic carbonates were deposited in deeper waters; note that d p r wa r' 

tend to have higher 853 Cr (see Chapter 3). It is also po ibl 

in 853 Cr is due to a change in the operation of the eawater r ycle during th 

Phanerozoic, for example, a change in the balance betwe n the diff r nt inpu flux . 

Importantly, the level of oxygen in the atmosphere during the Phaneroz iC' i' b Ii ved 

to have been high (although highly variabl ; Holland, 2006), ooxiclativ w ath ring 

was always present. Interestingly, the Cr isotopi compo iti n of th Phan r z ie 

carbonates is negatively correlated with the Ce anomaly (Fig. 6.2). Th larg 
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Table 6.4: Cr flux and 853 Cr of major inputs of Cr to seawater. The riverine and hydrothermal 

fluxe are from Vance et al. (2009). The groundwater flux is assumed to be % of the riverine 

flux. The du t flux i from Boyle et al. (2005) and the benthic flux is derived from benthic Sr 

fluxe reported in Vance et al. (2009). ote that in a steady tate model the input flux equal the 

r output flux. 

Sources Flux (kg yr - 1) Cr cone. (nM) Cr flux (mol yr- 1 ) 853 Cr (0/00) 

I nputs 

RIver 2.40 x 1016 5 1.20 X lOB 0.95 

Hydrothermal fluid 3.00 x 1012 50 1.50 X 105 -0.15 

Groundwater 1.92 X 1015 5 9.59 X 106 1.91 

Du t 4.50 X lOll 1930 .65 x 105 -0.13 

Benthic 3.40 x 109 38.5 9.59 x 106 -0.13 

n gative anomaly recorded in orne of the carbonates is usually interpreted to reflect 

long-liv d oxic y terns, where cycling of Mn and Fe oxides drives oxidation of Ce(III) 

to Ce(IV), producing Ce depleted seawater over time. This suggests that high 853Cr 

value correspond to sustained oxic conditions in shallow seawater. 

6.3.3.3 Cr i otopic composition of Neoproterozoic carbonates 

The 853 r value of the eoproterozoic carbonates analysed in this study range 

from -0. to +0.9%0. However, some of these samples are clearly affected by post

depo itional alteration and/or contamination (Tables 6.2 and 6.3). Samples consid

ered to be 'pri tine' have 853Cr values from -0.2 to +1.0%0. Although the ooli tic 

lime tone from Eleonore Bay and Islay have high 853 Cr (+0.571 to 1.004%0), the 

majority of the eoproterozoic carbonates have 853Cr value close to the continental 

crust value. The carbonates deposited in a hallow marine environm nt (i.e. oolitic 

lim tone) have high 853Cr, imilar to modern ooids. This sugge t that oxidative 

weathering was upplying Cr(VI) to the oceans at this tim and the surface oceans 

were oxygenated. This i in agreement with data from BIFs in the eoproterozoic 

that recorded positive 853Cr values (Fig. 6.1; Frei et al., 2009) . Carbonates de

posited in d eper eawater (such as the uccaleena formation , Dyson, 1992) tend 

to have lower 853 Cr values , suggesting that the Neoproterozoic ocean was stratified 

in t rm of Cr isotopes. It has been po tulated that the deep eoproterozoic ocean 

was ferruginou (Li et al., 2010) and, in this connection, it should be not d that 
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6. Cr isotopic composition of marine carbonates 

the Fe concentration of the eoproterozoic carbonate i greater than it i in the 

modern carbonates (Appendix C). A Fe(II) rich ocean will have atrong influence 

on the Cr budget in the ocean. The Cr in hydrothermal fluid pre ipitat . almo t 

instantaneously with Fe oxides in the modern oxidised ocean (Jeandel and }'lill t r. 

1984). However, in a ferruginous ocean, the Cr is likely to remain in th cti . 01\' d 

phase, increasing the Cr concentration in deep water. A hydroth rmal fluid ar 

likely to be characterised bJ' mantle 853 Cr value, the 853Cr valu of f rrugin u 

seawater is likely to be lower than it is today. 

Secondly, the variation in the 053 Cr values of the N oproterozoic carbonat . could 

be due to changes in the level of seawater oxygenation at thi tim. Th volution 

of atmospheric oxygen, the Cr isotopic composition and C anomaly of arb nate" 

are shown in Figure 6.13. Most of the carbonates do not hav a trong Ilegativ 

Ce anomaly, suggesting that most of the carbonates were depo it d in nvironm nt. · 

with low oxygen. The 053 Cr values of the eoproterozoic are gen rally cl . 

continental crust value, but there is a notable shift to high 853Cr valu " at I a t in 

oolitic limestones, just prior to the first Cryogenian glaciation ( 1). 

isotopic compositions are similar to the 053 Cr value recorded in BlF for th am 

period (Fig. 6.13). This suggests that at the beginning of the rvogenian ther 

was enough oxygen in the atmosphere to produce Cr(VI) and allow r Lotop 

to be fractionated by oxidative weathering. However, throughout the r maind r 

of the Neoproterozoic, carbonates have 053 Cr values that are do to tho of th 

continental crust. This may suggest that oxygen concentrations d cr a eel aft r th 

first Cryogenian glaciation, although Frei et al. (2009) report high 053 r value ' for 

BIFs deposited after the Gaskiers glaciation. 

Shifts in the 053Cr value of the carbonates could also b due to a chang in th 

operation of the Cr cycle. During glacial periods, the riverin input to th ocean 

is likely to be strongly reduced. The effect of this on the Cr i otop ornpo ition of 

the oceans is explored in Fig. 6.12b. In this ca e, deep wat rs are on jd r d to b 

ferruginous and the input/output fluxes of Cr are given in Tabl 6.5. In thi gla ial 

ocean, the residence time of Cr (400,000 yrs) is approximately an ord r of magni

tude higher than it is today, because input fluxes of Cr to th oc an wer r du d. 
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Figure 6.13: ariation of (a) the Cr isotopic composition and (b) the Ce anomaly of carbonates 

through the eoproterozoic. The verticals bars repre ent the main eoproterozoic glaciations; the 

horizontal bar in (a) and (b) repre ent the Cr isotope compo ition of bulk silicate Earth and 

no Ce anomaly resp ctively. The green squares are the oolitic limestones form Greenland and 

I lay, the purpl squar are eoproterozoic carbonates analy ed in the study and red squares 

are Teoprot rozoic BIF with Eu/Eu· < 1.5 (Frei et al., 2009). The blue line shows the putative 

evolution of atmospheric 02 , after Holland (2006). 

The inc rea ed importanc of the hydrothermal flux, r lative to the riverine flux, 

hift th 
r i otope composition of awater towards th continental crust value 

(about -0.14% ). Thu , the light isotopic composition of most of th 
eoproterozoic 
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6. Cr isotopic composition of marine carbonates 

Table 6.5: Cr flux and Cr isotope composition of major inputs of Cr to a ferruginous ~roproterozoi(' 

ocean. The hydrothermal flux is from Vance et al. (2009). The dust flux is from Boyle et al. (2008) 

and the benthic flux is derived from benthic Sr fluxes reported in Vance et al. (2009). 

Sources Flux (kg yr- 1 ) Cr cone. (nM) Cr flux (mol yr- 1 ) ",3('r (%) 

Inputs 

Rivers 0 0 09.5 

Hydrothermal fluids 3.00 x 1012 2000 6.00 x 106 -0.15 

Groundwater 0 0 1.91 

Dust 4.50 x 1011 1930 8.65 x 105 -011 

Benthic 3.40 x 109 38.5 9 .. 59 x lOb -0.13 

carbonates could either be due to (i) low oxygen conditions. or (ii) an in<Tf'ase in 

the importance of hydrothermal vs riverine sources of Cr to the oceans. 

What is clear is that the operation of the Cr cycle during the :\'eoproterozoic was 

different than it is today. Just before the first Cryogenian glaciation. shallow-water 

carbonates have heavy b53Cr values that indicate that Cr is affected by redox reac

tions. However, deeper water carbonates have b53Cr values similar to the continental 

crust. This means that the oceans must have been strongly stratified. Samples with 

b53 Cr values of between 0 and 0.2%0 may reflect a mixing between shallow wa

ter (b53 Cr = +0.9%0) and deeper water (b53Cr = -0.11 %0). Interestingl.\'. all of the 

shallow-water Neoproterozoic carbonates lack a Ce anomaly. As described in Chap

ter 4, the Ce anomaly is due to the insolubility of the Ce(IV) in oxygenated spawatpr. 

The reduction potential of Ce(IV)jCe(III) is 1.44 V, whereas the reduction potential 

of Cr(VI)jCr(III) is 1.33 V (Fig. 6.14). This means that Cr is oxidised before Ceo 

Thus, during the Cryogenian, the redox conditions in the atmosphere-ocean s~'stem 

were high enough to produce Cr(VI), but not high enough to produce Cp(IV). 

6.3.3.4 Implications for the O 2 concentration of the atmosphere during 

the Neoproterozoic 

There is a general consensus that the deep ocean was anoxic and ferruginous unt il 

the end of the Neoproterozoic (Canfield et al., 2008). Some areas of the continent.al 

shelf might have been euxinic, although global euxinia is thought not to be a feature 

of the Neoproterozoic ocean (Li et al., 2010). On the other hand, studies of 1\10 
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Figure 6.14: Standard electrode potentials for selected elements. Data from Bard et al. (l9R5) and 

WebElements (and references therein). 

concentration in shale and sulphur isotopes have led to the conclusion that the 

surface ocean was oxygenated or even oxic during the Neoproterozoic (e.g. Scott 

et al., 2008, Li et al., 2010). However, all of the Neoproterozoic carbonates analysed 

in this study lack a Ce anomaly, which suggests that shallow waters must have 

been poorly oxygenated. Crucially, the Cr isotopic composition of the carbonates 

indicates that the level of oxygen in the atmosphere was high enough to produce 

Cr(VI), so the shallow waters could not have been anoxic. If speculation that shallow 

waters were ferruginous during the Tonian period is correct (Johnston et aI., 2010), 

this means that levels of atmospheric oxygen must have risen between the Tonian 

and the Cryogenian. This observation is in agreement with the Canfield model 

which suggests oxygentaed shallow waters during the Neoproterozoic (Canfield et aI., 

2008). Changes in the oxygenation of seawater during the Neoproterozoic can be 

modelled as follows. At the start of the Tonian period, both shallow and deep 
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6. C r isotopic composition of marine ca rbonates 

waters are assumed to be anoxic and ferruginous (John ton et al.. 2010). Th n, 

the oxygen concentration of the shallow oceans is a urn d to incr a a the O2 

concentration in the atmosphere increases through the eo prot rozoic (Fig. 6.13). 

The parameters that control the level of seawater oxygenation, ann th d pth of 

oxygen penetration from the atmosphere into seawater, can b expr. d in t rIll 

of an advection-difFusion-reaction model: 

(6.2) 

where C is oxygen concentration, z is depth (po itive upward). Kith verti al 

turbulent diffusivity, w is the vertical velocity (positive upward) and .J i th oxyg n 

production rate (negative for consumption). The vertical urbulent diffu ivity t rm 

K (m S-I) and the vertical velocity term w (m2 S-1) are a urn d to b 1.:3 x 10- 4 

and 2.3 x 10- 7 respectively (Craig, 1969). The equation 6.2 can b olv d u. ing an 

explicit finite difference method (see Fletcher, 1991). In thi model, 'urfac wat r 

are assumed to be in equilibrium with atmospheric 0 21 and de p wat r hav a 

constant dissolved Fe concentration. Oxygen is consumed as O2 i r du d and 

Fe2+ is oxidised; this reaction is assumed to be instantaneou and toichiom tric. 

Although the supply of Fe to deep waters has almost certainly vari d during th 

course of the Neoproterozoic, it is likely to have remained con tant in the earl~' 

stages of oxygenation. 

In the first case (Fig. 6.15a), deep waters (>100 m) are a urn d to have a 

constant Fe concentration of 150 {tmol 1-1, while he level of atmo ph ri O2 i in 

the range 10 - 250 {tmoll- 1 . At steady state, the model show that if atmo ph ric 

O2 is low (10 {tmoll- 1 ), only the uppermost 5 m of the water column i ' oxyg nat d; 

below this depth, the water column remains anoxic and ferruginou. How v r a 

atmospheric O2 increases, the depth of oxygen penetration increa e , r a hing 60 m 

for an O2 concentration of 250 {tmoll- 1 (i.e. 100% PAL). 

In the second case (Fig. 6.15b), the level of atmospheri O2 remain con tant {25 

{tmol 1-\ or 10% PAL), while the concentration of dissolved Fe in th de p wat r 

varies from 50 to 250 {tmol 1-1. The depth of the anoxic-oxic boundary hift 
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Figure 6.15: Variation in concentrations of oxygen and dissolved Fe with depth in the oceans (a) 

as a function of the level of atmospheric O2 and (b) as a function of the concentration of dis olved 

Fe in deep (>100 m) waters. ote that the models have been run to steady-state. 

a function of the dissolved Fe concentration of deep water: if the Fe concentration 

is 250 /lmol 1-1, then the boundary is at m water depth, whereas if the F con-

entration i 50 /lmol 1- 1, the boundary occurs at rv30 m water depth. Thus, the 

higher th cone ntration of di olved Fe in the deep water , the thinner the urface 

oxyg nated layer. The evolution of seawater oxygenation i considered in Figure 

6.16. In this ca e, the Fe concentration of deep water (>500 m) i 50 /lmol }- 1 

and the oxygen concentration of seawater in equilibrium with th atmo phere is 25 

/lmol I- I. In thi eenario, the model reaches steady state aft r about 20 days; note 

that thi time scale is a function of the ratio of diffusion to advection, rather than 

the kinetic of Fe oxidation. The model show that after 1 day, the top 40 m of the 

water column are oxygenated and, below this depth, the F concentration increa es 

161 



6. C r isotopic composition of marine carbonates 

Figure 6.16: Evolution of concentration-depth profiles of oxygen and dissolved Fe in awater. a 

= 1 day, b = 5 days , c = 10 days, d = 15 days and e = 20 days. After 20 days, the profiles reach a 

steady-state. In this run, the Fe concentration of deep water is 50 j.Lmoll- 1 , and the concentration 

of oxygen in surface seawater is 25 j..lmoll- 1 of dissolved oxygen in the surface water. 

rapidly. After 5 days, the top 80 m of the water column are oxygenated. fter 20 

days, steady state is attained: the upper 125 m of the water column are oxygenated 

and, below this depth, the Fe concentration increases slowly to the deep water value 

at 500 m. 

The models reveal that if the level of oxygen in the atmosphere is low, oxygen only 

penetrates a few metres into the surface of the oceans. Additionally, the presence 

of O2 in seawater does not necessarily indicate fully oxic conditions in the water 

column (Fig. 6.17). For example, if the deep ocean is ferruginous , with a dissolved 

Fe concentration of 100 J.Lmoll- 1 , and the atmospheric O2 concentration is 25 % PAL, 

then oxygen penetrates rv35 m into the water column. However, the concentration 

of oxygen in seawater is very low, between 1 and 65 J.Lmol 1- 1, which mean that 

the surface layer is suboxic to dysoxic (Chapter 1). If the atmospheric oxygen 

concentration is 40 % PAL, then only the uppermost 5 m of the water column is fully 

oxic. The oxic layer depth increases to rv30 m for atmospheric O2 concentrations of 

75% PAL. 

Thus, the model demonstrates that although surface waters can be weakly oxy

genated at low levels of atmospheric O2 , they can only be fully oxic if the level 
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Figure 6.17: Profile of eawater oxygenation in an ocean with ferruginous deep wat r as a function 

of the level of atmo pheric O2 . The present atmospheric level (PAL) of oxygen is equal to 250 

J.Lmol 1-1. Oxic waters have> 90 J.Lmoll - 1 dissolved O2 , dysoxic waters have between 9 and 90 

J.Lmol 1- 1 O2 , and uboxic waters have < 9 J.Lmoll - 1 O2 . 

of atmo pheric O2 i greater than 40% PAL. In this connection, the positive b53Cr 

value record d by orne of the oproterozoic carbonate analysed in this study 

indi ates that level of atmo pheric O2 were high enough for oxidative weathering 

on th ontinent, but the lack of a Ce anomaly indicates that surface seawater musL 

hav b en only weakly oxygenated, i.e dysoxic or suboxic. This new r sult suggests 

that hallow water were still not fully oxidised at the start of the Cryogenian, and 

that the oxygen concentration in the atmosphere was unlikely to have been higher 

than 30-40% of the PLat that time. 

6.4 Conclusions 

naly e of trac elem nt concentrations and the oxygen, carbon and Cr isotopic 

compo ition of modern Phanerozoic and Neoproterozoi carbonates suggests that 

orne hav b en a~ ted by po t-depo itional alteration or contamination, whereas 

other hav not and can be expected to r cord the b53 Cr composition of ancient 

awat r. ample that how vid nee for post-depositional alteration or contami-
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6. Cr isotopic composition of marine carbonates 

nation tend to have b53Cr values close to that of bulk silicate earth. 

Modern ooids have positive b53Cr values, similar to those of modern seawater. Car

bonates deposited in the Phanerozoic also have high 653Cr. consistent wit h oxic' 

conditions in seawater at this time. In contrast, the majorit~; of tlw :'\eoproterozoic 

carbonates have similar b53Cr to the bulk silicate Earth, although some samples. de

posited just prior to the first Cryogenian glaciation, have positive b53Cr. Low (p3Cr 

values are thought to indicate that oxidative weathering of Cr is absent. wlwreas 

high 653 Cr values suggest that oxidative weathering is occurring. However. the sam

ples with high 653Cr values do not have a Ce anomaly. This suggests that surface 

waters were not fully oxic at the time the carbonates were deposited; rather. the~' 

were suboxic or dysoxic. 
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Chapter 7 

Summary and Conclusions 

The oxygen concentration of the atmosphere is believed to have increased during the 

Neoproterozoic, and this is thought to have resulted in changes in redox conditions 

in the Neoproterozoic oceans. Models developed to explain the redox conditions in 

the ocean during this Era generally agree that deep waters were ferruginolls (Chap

ter 1). However, little is known about the redox conditions in shallow waters. The 

aim ofthis study is to better understand redox conditions in shallow seawater during 

the Neoproterozoic, by analysis of the REE concentration and Cr isotopic composi

tion of carbonates. Cr is a redox sensitive element and its isotopes are fractionated 

during redox reactions. For this reason, Cr isotopes should be an effective tracer of 

redox conditions in the both modern and ancient oceans. 

The concentration of Cr in carbonates is relatively low «3 ppm), so measurement of 

Cr isotopes in carbonates was not possible using pre-existing techniques. Therefore, 

a new methodology has been developed for Cr isotopic analysis in low concentration 

samples using double-spike MC-ICP-MS techniques. These techniques have been 

used to determine the Cr isotopic composition of modern, Phanerozoic and Neopro

terozoic carbonates, as well as the Cr isotopic composition of modern seawater, for 

the first time. 

This chapter summarizes the key results of this work, and discusses the wider im

plications for the potential of Cr isotopes as a tracer of past seawater oxygenation. 
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7. Summary and Conclusions 

7.1 Cr isotopic measurement of low concentration 

natural samples 

A new method has been developed that allows the separation of small quantities 

of Cr (>250 ng) from carbonate samples using a one step column procedure. This 

allows precise analysis of Cr isotope ratios by MC-ICP-l\IS (Thermo-Fisher !\iep

tune) using an Aridus 2 introduction system. The method uses a 50Cr_,54Cr double 

spike that allows correction of mass fractionation during Cr separation and mass 

spectrometric analysis. The long-term reproducibility of 653 Cr for a spiked NBS979 

reference material is ± 0.0310/00 (2 s.d., n = 147). The external reproducibilit.v of 

853 Cr has been determined by multiple measurements of the JDo-1 dolomite stan

dard reference material and is equal to ± 0.0590/00 (2 s.d., n = 10). This Hew 

technique has been applied to the measurement of Cr isotopes in low-level terres

trial carbonates. 

In order to measure the Cr isotopic composition of seawater samples. Cr is first pre

concentrated by co-precipitation with Fe hydroxide. In order to effectively separate 

the Cr fraction from the Fe, a column separation procedure using an anion exchange 

resin was developed. Replicate analysis of a seawater samples from Southampton 

Water indicate that the external reproducibility of this technique is ± 0.0360/00 (2 

s.d., n = 4) 

7.2 Cr isotopic composition of seawater 

The chromium concentration and Cr isotopic composition of seawater has been de

termined for samples collected from (i) the Argentine Basin, and (ii) Southampton 

Water. The Cr concentrations are found to be higher in the open ocean (5.8-6.5 

nM) than in coastal seawater (1.8 nM). In the Argentine Basin, the total Cr con

centrations show little variation with depth, whereas Cr(III) is slightly depleted in 

shallow water. This may indicate that Cr(III) is consumed by biological activity. 

Surprisingly, Cr(III) is found to be the dominant species in both the open ocean 

and coastal seawater. The reason for the presence of unexpected Cr(IlI) could be 
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7.3 Cr isotopic composition of carbonates 

an artefact from the Fe co-precipitation procedure, or differences in t.he kinetics of 

oxidation and reduction reactions in the water column. In t.he case of Sout.hamp

ton \Vater, the presence of high levels of Cr(Ill) concentration could hp dllP to t.he 

increased influence of riverine inputs and/or anthropogenic Cr. 

The Cr isotopic composit.ion of seawater from the Argentine Basin samples range 

from -0.116 to +0.793%0. Interestingly, the 653Cr value of t.ot.al Cr is higher t.han t.hat 

of the continent.al crust. (-0.12 ± 0.11 %0, Schoenberg et a1., 2008). As rivers are t.he 

most. import.ant. source of Cr t.o the oceans (Jeandel and Minst.er, 1987), t.his implies 

t.hat rivers have high 653 Cr. This is consistent with analyses of oxic groundwaters 

(Izbicki et. aI., 2008). The 653Cr value of Cr(Ill) in the sample collected from dosest 

to the sea surface in t.he Argentine Basin is -0.116%0, which is close to the continent.al 

crust value. This suggests that dust. is an import.ant source of Cr(IlI) in the surface 

ocean. 

The Cr isot.opic composition of the Southampton Water samples ranges from 

1.543 t.o 1.748%0. These 653Cr values are all heavier than the continental crust. 

value. In t.his case, differences in the 653Cr value of Cr(Ill) and total Cr cannot be 

explained by reduction of Cr(VI) t.o Cr(Ill), as the 653Cr value of Cr(III) is higher 

t.han t.he 653Cr value of total Cr. This may indicate that the Cr isotopic composit.ion 

of Southampton Water is influenced by input of Cr(Ill) from rivers, or from input 

of anthropogenic Cr. 

7.3 Cr isotopic composition of carbonates 

Modern ooids from the Bahamas Bank and from Yucatan have 6,,)3Cr values ranging 

from 0.55 to 0.73%0. These 653Cr values are within the range of seawater, as deter

mined for the first time as part of this study. Although analysis of paired seawater 

and carbonate samples was not possible, the similarity between t.he 653Cr values of 

the modern ooids and seawater implies that fractionation of Cr isot.opes between 

seawater and carbonates is minimal, and carbonates can be used to reconstruct. the 

Cr isotopic composition of ancient seawat.er. 

Samples of Phanerozoic marine carbonat.es have been screened for potential post-
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7. Summary and Conclusions 

depositional alteration and/or the presence of contaminant . and all of th pri tin 

samples are characterised have heavy 853 Cr values that range from 0.74-1.9 o/c . Thi 

is consistent with oxidative weathering on the continent at thL tim . 

Samples of eoproterozoic carbonates have been coll ct d fr m four cliff r nt 

locations. These have also been screened for po t-depo itional alt ration (i .. dia

genesis and dolomitisation) and for contamination (i.e. detrital and hvdroth rmal 

phases). Samples contaminated by detrital input (charact ri ed by high Th 11-

centrations) have 853 Cr values close to the continental cru t. wh r a ' ampl 

taminated by hydrothermal fluids (characteri ed by a strong po itiv Eu anomaly) 

have 853 Cr close to the mantle value (-0.15 ± 0.11%0). Th majori y of th Ull I r d 

and uncontaminated carbonates have 853 Cr value imilar 0 that f th comin n a1 

crust. However, shallow water oolitic limestone from I lay and Grp nland dE'po i d 

just before the first Cryogenian glaciation (rv730 ~Ia) ar chara t ri i b~' P ~ itiv 

553 Cr values (up to 1.0%0). These data suggest that the opro rozoic 

strongly stratified with respect to Cr isotopes, with a hallow urfac lay r \\'ith high 

553 Cr and a deeper layer with 853Cr cIo e to that of he contin ntal ('rut . 1 h 053 r 

value of the surface layer suggests that oxidative weathering on th on in n . wa 

occurring at this time. The low 853 Cr value of th d p r lay r indicat . input of 

hydrothermal Cr. 

Interestingly, the six oolitic limestone that have high 853 r cio Ilot haw a 

anomaly. This suggests that there was enough oxyg n in th atmo phe[ during 

the Cryogenian to produce Cr(VI), but not enough ox.vg Il in h wa r column 

to produce Ce(IV). To this end, a model for eawater oxyg nation ha ' b en d vel

oped. This indicates that shallow waters alway contain oxyg n V'I1 wh I1 I v I 

of atmospheric O2 are very low «20% PAL), but thi lay r i no fully oxic (i.e. 

concentrations of dissolved O2 are less than 90 /-lmol I- I) unlp at m 'ph ri 2 1 

greater than 40-50% PAL. Thus, considered together. the Cr i otop and RE data 

indicate that just prior to the first Cryog nian glaciation, ~urfa' wat r wer ith r 

dysoxic or suboxic, but not anoxic. 

168 



7.4 Implications for th Cr cycle 

7.4 Implications for the Cr cycle 

veral apt of the Cr cycle have been investigated during the cour e ofthi study, 

and dir ct or indirect e timates of the Cr i otopic composition of the different sources 

of Cr to th ocean have b en made. This information is ummarised in Figur 7.l. 

The r i otopic compo ition of the hydrothermal flux i likely to be clo e to th 

mantI value. The 553 Cr value of the dust input to the ocean is considered to be 

10 to th continental cru t value, on the basis of analysis of the 553 Cr value of 

r(III) in th urface ocean . Open ocean awater has 653Cr up to 0.706%0, but 

t.h 653Cr of coa tal eawater appear to be higher (up to l.549%0) . The seawater 

Cr i otopic ompo ition i characterised by positive 553 Cr values. Box modelling 

indicate that the Cr i otopic compo ition of the oceans is controlled by the 553Cr 

valu of the riverin input. 

river water: 2-5 nM 
o53Cr = > 0 <1100 

Atmospheric input: 100 nM 
o53Cr = - -0.12 %0 

Groundwaters: 2-1OnM seawater: 2-10nM 

sSJcr = 0.7 to 5.8 "" 

CC -100ppm 

ss:tcr = ..() 12 "" 

OS3er = +0.5 to +0.7 %0 

hydrothermal nuids: > 50nM 

o53Cr = - -0.10 %0 

')( 

Figur 7.1: hromium cone ntration and chromium isotopic composit ion of inputs to t he modern 

ocean. C i th contin ntal cru t, M is t he mantle. Data are from Cranston a nd Murray (1980), 

and rand Ko chin ky (2000), Elli et a l. (2004), choenberg et al. (2008) and Izbicki et a l. (200 ) 

and thi tudy. ot that only a fraction of the Cr in dust is likely to dissolve (e.g. Kieber et a l. , 

2002). 

169 



7. Summary and Conclusions 

7.5 Future work 

This study has provided new insights as to the behaviour of Cr isotopes ill til(' lIat ural 

environment, and the utility of Cr isotopes as tracers of past Sf'awatf'f ()X~'gf'lHlt ion. 

Aspects of this work nevertheless require additional stud~·. 

- Although this study suggests that there is limited fract ionat ion bf'twf'f'n Sf'awater 

and carbonates, it is important to properly test this b~' anab'sis of pain·d Hat ural 

seawater and carbonate samples, and experimental st udif's. 

- It has been postulated that the Cr budget in the ocean is strollgly inHllplH'pd b.\" 

the riverine input and therefore studies of Cr isotopic composit ion of riwr watprs 

is imperative to fully constrain the Cr cycle. i\lore work 011 tlw effp(,ts of ('helllical 

weathering on Cr isotopes is also required. 

- In order to provide additional constraints on redox conditions in thp :'\poprotefOzoic 

oceans, it would be helpful to study other redox sensit iV(' isot Opf' s~'st PillS. For 

example, c5238 U has been showed to correlate with dissolved OX~·.I?/·Il ('OIlC('llt rat ions 

in modern oceans (Andersen et aI., 2010). 

- Finally, it is clear that the c553Cr value of seawater is variable. For this rPilSOIl. 

analysis of additional samples, from a variety of environmental Sf'tt illgs. is rt'<jllirpd. 
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Appendix A 

Field localities 

This appendix presents field data including sample locations and the name of the 

formations samples in the Adelaide rift complex (Table A.I) and in the Dalradian 

Supergroup (Table A.2). 
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A. Field localities 

Table A.I: Sample localities and formation names for the Adelaide Geosyncline Complex samples 

(South Australia) 

Sample number Latitude Longitude Formation names 

Al 34° 51.332' S 1380 48.584' E Woolshed flat Formation 

A2 340 51.363' S 1380 44.158' E Dolomite MonteCute 

A3 340 51.561' S 1380 44.577' E Catambul Dolomite 

A4 340 57.649' S 1380 39.109' E Beaumont Dolomite 

A5 35° 01.502' S 1380 34.376' E Sturtian Cap Carbonate 

A6 n.d. n.d. Nuccaleena formation 

A7 350 04.328' S 1380 30.688' E Brighton Limestone 

A8 340 04.389' S 1380 41. 787' E Upper skilIogalIee Dolomite 

A9 34° 02.582' S 1380 42.223' E Auburn Dolomite 

AlO 320 25.053' S 1370 58.265' E Nuccalena Formation 

All 320 00.392' S 1380 20.774' E Mernmerna Formation 

A12 n.d. n.d. Nuccalena Formation 

A13 300 36.493' S 1380 23.700' E Skillogalee Limestone 

A14 300 31.181' S 1380 22.838' E Balcanoona Dolomite 

A15 300 31.917' S 1380 37.830' E Wonoka Formation 

A16 300 32.240' S 1380 37.420' E 

A17 31 0 05.297' S 1380 49.213' E Wirrapowie Limestone 

A18 31 0 28.894' S 1380 39.712' E Etina Formation 

A19 31 0 48.932' S 1380 22.319' E Wonoka Formation 

A20 320 10.352' S 1390 56.217' E Umberalana Formation 

A21 320 10.402' S 1390 56.329' E Pualco Cap carbonate 

A22 31 0 37.406' S 1370 33.307' E Nuccaleena formation 

A23 31 0 37.479' S 1370 34.033' E Brighton Formation (equivalent) 

Table A.2: Sample localities and formation names for the Dalradian Supergroup samples 

Sample number Latitude Longitude Formation names 

11 550 51.482' N 006° 06.486' W Unit 5. Member 1 

117 550 52.873' N 0060 07.141' W Member 3 

120 550 52.984' N 0060 07.244' W Member 4 

122 550 48.597' N 0060 07398' W Great Breaccia 

124 n.d. n.d. Disrupted beds 

124R n.d. n.d. Disrupted beds 

125 550 48.452' N 0060 07.771' W Disrupted beds 

126 55° 48.404' N 0060 07.674' W Islay Limestone 

127 550 48.321' N 0060 07.404' W Islay Limestone 

128 n.d. n.d. Islay Limestone 

T4 550 57.450' N 0050 42.247' W Tayvallich Limestone 

T5 550 57.455' N 0050 42.243' W Tayvallich Limestone 

T7 550 57.456' N 0050 42.286' W Tayvallich Limestone 

172 



Appendix B 

Analytical methods 

This appendix outlines the methods used in this study for sample preparation and 

the chemical preparation for major and trace element analysis, carbon and oxygen 

isotopes analysis and Sr isotopes measurements. Details of the samples and their 

localities can be found in Chapter 3 and Appendix A. 

B.l Sample preparation 

The whole rock samples were screened for post deposition alteration and weathered 

surfaces were removed with a diamond tipped saw. The samples were crushed by 

hand to avoid metal contamination from the jaw crusher and then grounded by hand 

in a ceramic pestle and mortar. Large samples were grounded in an agate bait mill. 

The ball mill was cleaned using quartz powder and a small amount of sample was 

used to pre-contaminate the ball mill prior to grinding. 

B.2 Laboratory reagents and cleaning procedure 

All of the acids used in this study were subject to a two steps purification proced life. 

Quartz distilled (QD) acid was produced by sub-boiling analytical grade acid in a 

quartz still. Teflon distilled (TD) acids were produced by a further thermal distilla

tion of the QD grade acid in a Teflon still. Hydrochloric acid was thermally distilled 

in a 'cupola' system. All the water utilised in this study was purified through a 
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B. Analytical methods 

Millipore filtration system (MQ) to a resistivity of > 18.2 MO. 

The dissolution procedure was accomplished in pre-cleaned PFA centrifuge tubes 

and these tubes were cleaned as follows: 

- Rinsed three times with MQ H20 

- 50% TD HN03 and heated on a hotplate at 110°C overnight. 

- Rinsed three times with MQ H20 

- 50% TD HN03 and heated on a hotplate at 110°C overnight. 

- Rinsed three times with MQ H20 

- Dried in clean hood. 

Teflon vessels were used for major and trace element analysis and Cr isotopes 

measurements and were cleaned as follows: 

- Any previous marker pen was removed with acetone and the beakers and lid were 

boiled in a large beaker of 33% QD HN03 for at least 24 hours. 

- Rinsed three times with MQ H20 

- Add 4 ml of QD HN03, seal and heated on a hotplate at 130°C overnight. 

- Discard the acid. Rinsed three times with MQ H20 

- Add 4 ml of TD HN03 , seal and heated on a hotplate at 130°C overnight. 

- Discard the acid. Rinsed three times with MQ H20 

- Left to dry in clean hood. 

Plastic bottles were cleaned with weak acid (10% TD HN03 ) and leached at 

room temperature for at least 48 hours. The bottles were then rinsed with MQ H20 

and left to dry in a clean hood. 

B.3 Major and trace elements analysis 

B.3.! Rock dissolution procedure 

Rock powders (rv30 mg) were leached in a PFA centrifuge tube using 8 ml of 0.5M 

HCI at room temperature. The leaching procedure lasted for about 24 hours. The 
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B.3 Major and trace elements analysis 

samples were centrifuged for 10 min at 4000 rpm. The supernatant was transferred 

to a cleaned PFA Savillex beaker. The residue was rinsed with 4 1111 of M(J H
2
0, 

centrifuged and the supernatant was added to the acid. The samples were dripd 

down slowly at. 1l0DC on a hotplate. The residue was tranl:iferred to a weighed PFA 

Savillex beaker and dried down. The beaker + sample was then weighed alld the 

mass of residue was determined. The samples were dissolved in 3% TO HNO:3 and 

diluted by "" 100 000 fold for major elements analysis and by ",2000 fold for trace 

element analysis. 

B.3.2 Inductively coupled plasma mass spectrometry (ICP 

MS) 

Major and trace element concentrations were determined by ICP-MS (Agilent 7500a) 

at the Open University. The instrument is fitted with a standard qnartz spray 

chamber and a Babington nebuliser for major element analysis and a PFA nehuliser 

for trace element analysis. Analyses were standardised against at least five synthetic 

solutions that were measured at the beginning of each analytical run. Synthetic 

solutions were made in the clean lab using ultra pure multi elemental standard 

solutions. For major analysis, six standards were analysed: 3% HNO:l (hlank), 1 

ppb, 50 ppb, 250 ppb, 1 ppm and 4 ppm. The solutions contained Na, Mg, AI, 

Ca, Si, Mn, Fe, Ti, K and Sr. The Sr concentration in the five standard solutions 

described above were 1 ppb, 2 ppb, 5 ppb, 10 ppb and 50 ppb respectively. For trace 

element analysis, standard solutions were made in order to match sample matrices. 

Two batches of standards were prepared; one for calcite samples (Ca marix) and Olle 

for dolomitic samples (Ca-Mg matrix). In each case, seven standards were prepared 

with concentration of 10 ppt, 50 ppt, 100 ppt, 200 ppt, 500 ppt, 1 ppb and 2 ppb. 

Additionally, an extra standard solution was prepared with only the elements of the 

matrix (Ca or Ca-Mg), to make sure that the concentrations of the trace elements 

was neglible in the Ca and Mg standard solutions. For the dolomitic matrix, the 

standards were prepared with 65 ppm Mg and 110 ppm Ca whereas for the calcit.e 

matrix, standards were prepared with 200 ppm Ca. One of the standard solutions 
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B. Analytical methods 

was analysed as an "unknown' sample every 7-8 samples together with another real 

sample in order to monitor instrumental drift during the run. 

Carbonate standards are not well characterised, particularly for tracf' f'\emf'nts. 

In this study, we decided to use JD0-1 to assess both the accuracy and the precision 

of the utilised method. Data for JD0-1 are presented in Table B.1 with the accepted 

values. Overall, there is a good agreement between the data obtained in this study 

and the published values. Detection limits are usually < 10 ppt in solution for heavy 

elements (atomic masses> 85) and are slightly higher for lighter elements ("-'50 ppt 

in solution). The total reproducibility was assessed by multiple measurements of 

JDo-1 standards, and the 2 rsd is equal or better than 3% for the REE. For ot her 

elements, the reproducibility is slightly worse and for example the reproducibility 

for the Cr concentration is about 5%. 

B.4 Carbon and oxygen isotopes analysis 

Carbon and oxygen isotopic composition were determined by Continuous flow iso

tope ratio mass spectrometer (CFIRMS) at the Open University. The mass spec

trometer was equipped with a robotic sampling arm as an introduction system (Ther

moquest Gas Bench II). 

The vessel used in this study was cleaned in an ultra sonic bath in t\lQ H20. 

The samples were initially dried in an oven overnight. About 400 I1g of each sample 

was introduce into a sample vessel and sealed. The GasBench II then automat

ically flushed the samples with helium using the flushing needle to inject helium 

and displace the air contained above the samples. Helium is the carrier gas for the 

CFIRMS; it is inert and reacts with neither the sample nor the mass spectrome

ter. After the flushing process was complete, acid (phosphoric acid) was added to 

the calcium carbonate. For calcite samples, the dissolution procedure was done at 

70°C whereas for dolomitic samples the temperature was fixed at 90°C. The sam

ples were then introduced in the mass spectrometer where both oxygen and carbon 

isotopic composition were measured. Every 6 samples an 'in house' standard was 

analysed associated with an international standard (NIST 19) in order to monitor 
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B.5 Sr isotopes analysis 

instrumental drift during the run. The carbon and oxygen isotopic composit,iolls arc 

reported relative to 'Vienna Pee Dee Belemnite' (VPDB) using the standard llota

tions of b13 C and b180. The external reproducibility for carbon ami oxygell isotopic 

composition (b13C and 6180) was determined by multiple measurement of NIST 19 

standard and is ± 0.15 %0. The data obtained in this study an:' reporUld ill Tables 

5-1, 5-2 and 5-3. 

B.5 Sr isotopes analysis 

B.5.! Sample preparation and chemical procedure 

20 samples were analysed for Sr isotopic composition. Between 40 and 60 mg of sam

ple powder was weighed. Samples were leached with 0.5 M Hel for about 24 hours 

at room temperature. Samples were then centrifuged and the acid was pipette out 

and placed in a clean Savillex beaker. The residue was rinsed with 4 IIlI of MQ H20 

and the supernatant was added to the acid. The samples were dried down slowly 

on the hotplate at 110°C. Sr was separated from the sample matrix using EichroIll 

Sr spec resin, following a modified method, based on Deniel and Pin (2001). Each 

batch of resin was pre-cleaned by repeating the following procedure described below 

5 times: 

- 250 ml 6 M HCL 

- 250 ml MQ H2 0 

- 250 ml 3M HN03 

- 250 ml MQ H20 

150 III of resin was loaded into a pre-cleaned and fritted 1ml pipette tip. The 

resin and columns were then cleaned with "-' 1.5 ml of 6 M HCI and 3 ml of MQ Hi). 

The resin was pre-conditioned with 1.5 ml of 2 M HNO:3• The samples were loaded 

in 1 ml of 2 M HN03 and washed with an additional 0.4 IIlI of the same acid. The 

column was washed with 1 ml of 7 M HN03 and 0.2 ml of 2M HNO:{. The Sr cut was 

then collected in 1 ml 0.05M HN03 . The collected fraction was dried down slowl.v 
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B. Analytical methods 

on the hotplate at 110DC. At this point the samples were ready to be loaded on the 

Re filament. Total procedure blank is negligible (",20 pg) relative to the amount of 

Sr processed through the column (",500 ng). The total yield was close to 90 %. 

B.5.2 Thermal ionization mass spectrometry (TIMS) 

Sr isotopes were analysed at the Open University using a ThermoFisher Triton 

TIMS. The samples were loaded onto a degassed Re filament following the procedure 

described by Charlier et al. (2006). The filaments were fixed on the source magazine 

and introduced into the machine. Sample filaments were heated to ",,1460DC and Sr 

beam was tuned to get a stable signal of ",8 V of 88Sr. Strontium isotopes were cor

rected for instrumental mass fractionation using the exponential mass fractionation 

law and an 86Sr /88Sr ratio of 0.1194. In this study, each measurement consists of col

lecting 240 ratios in 24 blocks of 10 ratios, with each ratio representing 8.384 seconds 

of beam integration. A baseline is collected and the amplifiers are rotated before 

each block. An internal precision of '" 10 ppm (2s.e.) was obtained and the external 

reproducibility of Sr measurement was assessed by multiple analysis of a standard 

(NIST 987) and is equal to ",15 ppm (2s.d., n = 5). The NIST 987 86Sr/88Sr ratio 

measured in this study is 0.710224 ± 0.000011. The Sr data is reported in Table 

C.11. 
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B.5 Sr isotopes analysis 

Table B.1: Major and trace elements concentration for .JDo-l oolomite :'It,andard analyspd ill this 

study together with literature values (in hOllse OU (Watson (XRF)) and AizHwa, 20()H) 

-~--~-"--. - ---" 

JDo-1 2 s,d. Watson (XRF) Aizawa (200~) 

% 

NaO 0.016 0,001 0.009 

MgO 18.9 0,6 18.4 

Al203 0.05 0.001 0,01:3 

Si02 0.02 0.001 0.2 

K20 0.05 0.001 0.002 

CaO 35.6 1.3 34.12 

Ti02 0 0.001 n.d. 

MnO 0.01 0.001 0.006 

Fe203 0.01 0,003 0.02 

Sr (ppm) 119 6 119 

ppb 

Li 444 21 400 n,el. 

Se 89 4.5 200 1 :lO 

Ti 1177 92 n,d. n.el. 

V 3336 48 n.d. n.d, 

Cr 7424 232 7000 7600 

Co 85 6.9 200 14000 

Ni 2028 146 2900 n.d. 

Cn 1663 139 1400 n.d. 

Zn 28188 698 34400 31000 

Rb 54 8.4 n.d. 90 

Y 9340 114 n.d. n.d. 

Zr III 23 n.d. n.d. 

Nb 4 0,9 n.d. n.d. 

Mo 80 34 n,d. n.d. 

Cs 6 1.1 n.d. n.d. 

Ba 4992 224 n.d. n.d. 

La 7359 101 7900 7000 

Ce 1946 37 3000 2300 

Pr 973 13 n.d. lI.d. 

Nd 3907 72 4800 n.d. 

Sm 675 18 790 730 

Eu 157 1.6 180 160 

Gd 854 13 n,d. n.d. 

Tb 118 3.4 130 130 

Dy 719 14 n.d. n.d. 

Ho 159 2.9 n,d. lI.d. 

Er 443 6 n.d. n.d, 

Tm 54 0,4 lI,d. n.d. 

Yb 289 8,9 310 :!20 

Lu 39 1.7 50 n.d. 

Hf 3 0.8 n.d. I:! 

Th 42 50 42 

U 769 35 880 900 179 
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Appendix C 

Data tables 

This appendix presents the data collected for the carbonate sample!'3, described ill 

Chapter 4 and 5 of this thesis. 

Table C.l, C.2 and C.3 presents major and trace element concentrations for the 

Adelaide rift complex samples (South Australia). Table CA and C.5 reports major 

and trace element concentrations for the Dalradian Supergroup samples. Tablp 

C.6 presents major and trace element concentrations for the Morrocan samples and 

Table C.7 reports concentrations for the Eleonore Bay Supergroup samples. Table 

C.8 reports the major and trace concentrtions for Indian and Californian samples. 

Table C.g reports major and trace element concentrations for the modern ooids alld 

Phanerozoic oolitic limestones analysed in this study. Finally, table C.lO reports the 

concentrations in the carbonate standards. The major element concentrations are 

presented as weight % oxides. The Sr concentration are reported in pplll and the 

trace element data are given in ppb. Major and trace element data were colletced by 

ICP-MS. The external reproducibility has been determined by multiple IlleaS1lf(,Illt'nt 

of the JDo-l carbonate standard and the data is reported in Appendix A. 

Table C.l1 reports the 87Sr j 86Sr for the selected samples analysed in this st udy 

and presented in Chapter 4. Sr isotopic data were analysed by TIMS at the Open 

University. 
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c. Data tables 

Table C.l: Major and trace elements concentration for the Adelaide rift complf'x samples 

182 

% A2 A3 

NaO 0.11 0.03 

MgO 19.19 20.91 

Ab03 2.81 0.12 

Si02 0.98 0.00 

K20 1.65 0.02 

CaO 27.07 31.34 

CaO 27.61 32.17 

Ti02 0.04 0.00 

MnO 0.12 0.11 

FeO 1.24 0.43 

ppm 

Sr 

ppb 

339 57 

A4 A5 A6 

0.12 0.09 0.10 

18.84 19.37 18.70 

4.93 0.44 0.52 

1.47 0.05 0.07 

0.67 0.19 0.25 

26.69 31.21 30.51 

27.61 31.97 31.34 

0.05 0.00 0.00 

0.38 0.28 0.70 

4.51 1.55 1.91 

481 334 126 

A7 A8 A9 

0.23 0.03 0.04 

2.74 22.08 18.75 

2.28 0.09 0.30 

0.44 0.00 0.08 

0.66 om 0.13 

46.87 3286 30.97 

4820 3377 31.75 

0.01 0.00 0.00 

0.58 00:3 0.48 

129 0.13 4.43 

418 648 .526 

AIO 

004 

20 01 

017 

0.04 

007 

:U.96 

32:>6 

000 

0.39 

O.fi9 

97 

All 

019 

1.~6 

fi:U 

191 

132 

47.34 

0.01 

020 

:3.50 

1841 

Se 1751 214 9697 2408 4059 8448 233 2147 1051 11943 

V 4070 1192 40417 5395 3366 7557 6.57.5 2829 214:3 :36192 

Cr 3138 1663 16144 1998 1593 6297 141.5 1891 13.",1 22287 

Co 713 680 6291 1387 12132 3344 0 841 2118 .')148 

Ni 174 0 8723 4913 7189 7223 0 948 527 24506 

Cu 1342 1703 7295 1781 1763 3118 971 471l 20408 ·19:317 

Zn 43324 12348 51387 18530 25095 12181 6511 12675 11293 57260 

Rb 29692 795 24697 2222 2597 6479 736 1538 :159 9418 

Y 6644 1159 14499 12661 8830 31335 1428 73.51l 3539 100429 

Zr 3530 269 5764 4772 1721 12949 295 1329 1189 8771 

Nb 197 9 11 22 28 49 3 II OJ :'1 

Cs 1508 24 1927 56 125 201 79 30 24 237 

Ba 61740 10897 177126 41008 25651 175922 19513 12938 12118705 266907 

La 4382 1418 8016 5267 2217 15227 1083 2213 1868 79361 

Ce 9562 3148 17851 11730 5909 41043 2709 4950 4326 18ti6T.! 

Pr 1343 391 2504 1830 923 5992 348 711 596 246~ 

Nd 5576 1481 10827 8985 4908 28790 1376 3104 2738 97956 

Sm 1530 301 2946 2937 3078 8322 317 1046 902 21fi78 

Eu 912 67 1128 756 877 1968 9.5 44.5 324 4986 

Gd 1500 293 3544 3161 3431 9564 320 1516 1023 23202 

Tb 238 41 577 445 465 1443 48 284 t:l7 3550 

Dy 1418 231 3269 2287 2215 7733 270 1680 692 20408 

Ho 287 44 609 412 359 1416 51 31.5 124 :1993 

Er 827 124 1578 1062 856 3661 141 858 1:26 10.585 

Tm 125 17 206 138 108 489 19 121 42 I:n:.! 

Yb 804 103 1227 803 651 3103 115 792 251 7602 

Lu 112 14 163 III 87 449 lfi 1I2 34 ')87 

Hf 115 8 172 69 50 519 10 45 :.!4 :J4.1 

Ta 

Ph 

Th 

U 

31 

85926 

1104 

301 

o 
1422 

400 

27 

15 

17713 

2688 

466 

o 
6832 

1183 

1412 

38Il 

960 

475 

26 

19249 

5837 

1419 

o 
1074 

169 

97 

3 

829 

2504 

:.!41 

o 
1048 

741 

270 

~n 

.')31 !O 

Ifi807 

32212 



Table C.2: l\Iajor and trace elements concentration for the Adelaide rift \olllph~x Halllph~s 

'7c A12 A13 A14 A15 A16 AI7 A18 A19 A20 1\21 
----------------------------------------------------~-

NaO 0.05 0.08 003 0.20 0.09 0.03 0.04 0.08 00:3 n.m 

1\!gO 18.72 1.96 11.33 1.64 0.62 3.83 1.76 1.41 2.:17 17. H 

AI20.} 0.51 1.07 0.14 3.69 0.54 0.08 0.37 2.44 2.tio 0.1:1 

Si02 0.05 0.22 0.04 0.47 0.14 0.01 0.11 

K2 0 0.17 0.05 0.07 0.46 0.17 0.05 0.1:3 

C'aO 

CaO 

TiCh 

1\!nO 

FeO 

ppm 

Sr 

ppb 

Sc 

Cr 

Co 

Ni 

eu 

Zn 

Rb 

y 

33.76 ,54.04 37.56 47.18 50.79 50.37 50.04 

33.97 53.66 37.70 47.41 50.16 49.81 50.59 

0.00 0.00 0.00 0.01 0.09 0.00 000 

0.23 0.00 0.50 0.41 0.36 0.18 0.10 

0.41 0.08 4.31 2.13 0.40 0.99 0.61 

83 

1727 

6294 

2432 

2911 

1682 

3048 

14409 

1182 

6045 

1470 

2087 783 1316 756 280 380 

1317 1475 5581 1827 306 696 

2066 5219 6877 1730 1173 841 

936 2597 10913 1478 1003 1509 

17 216 1976 463 14 221 

128 278 3521 118 0 67 

3723 1010 440 461 80 3474 

5144 19035 16494 3077 1879 4586 

227 629 3866 863 254 606 

1446 5871 27922 7534 10966 7797 

7319 912 2920 742 223 474 

8 4 23 5 7 

0.51 (J.55 om 

0.45 Ui4 (J08 

49.45 .'i0.25 :1O. 29 

49.15 50.19 :30.44 

0.01 0.10 0.00 

0.15 0.29 (UO 

1.49 :3.22 4.5:3 

570 874 424 

7:343 :H 7<) 211i 7 

7885 7811 1444 

15255 0591 1755 

4:376 2175 48<)1 

7784 2540 :3788 

38877 12:3:3 Hl9:1 

28131 18206 :32586 

4178 29169 442 

28273 27804 6820 

:397:3 2811 :W65 

28 104 Zr 

Nb 14 
Cs 22 19 31 142 35 21 24 161 2973 12 

Sa 122044 107128 9847 176046 25007 :3898 17163 8846533 61017 3488 

La 2460 869 5816 20668 6016 12189 5465 173:35 28289 2427 

C'e 6126 1663 12245 54093 13225 36204 10480 43268 58357 5664 

Pr 896 223 1508 6446 1683 3307 1356 5460 6973 802 

Nd 4320 866 5974 26491 6748 12868 5601 2:3564 26761 :lfi 19 

Sm 1442 195 1236 6187 1536 2714 1350 6757 5802 1124 

Eu 365 63 610 1442 358 650 441 2418 1810 400 

Gd 1561 231 1388 6897 1717 3031 1650 8737 6440 1420 

Tb 237 38 196 1084 272 451 249 1366 1071 242 

Dy 1265 252 1077 6291 1570 2527 1408 7368 6:3:32 1466 

Ho 226 59 205 1229 307 473 270 1341 1212 286 

Er 560 175 535 3344 835 1213 716 3622 :3:354 784 

TIll 69 26 69 457 114 150 9:3 511 480 J08 

Yb 399 160 411 2817 707 839 560 3516 3107 648 

Lu 54 23 56 381 96 10,5 74 551 4:3:3 87 

Hf 31 239 31 112 33 13 19 162 135 73 

Ta 0 9 0 27 2 4 0 21 104 (J 

Pb 1306 464 6698 5254 2623 4267 4430 25600 26959 57427 

Th 1009 1031 1142 7752 1284 2149 1554 9749 4797 12:.H 

u 503 4098 193 3211 297 780 530 1362 :334 :327 
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C. Data tables 

Table G3: Major and trace elements concentration for the Adelaide rift complex sam pit's 

% A22 A23 

NaO 0.05 0.17 

MgO 19.93 18.21 

Ab03 0.22 0.95 

Si02 0.03 0.35 

K2 0 0.10 0.27 

CaO 32.04 31.53 

CaO 32.35 31.77 

Ti02 0.00 0.00 

MnO 0.66 0.87 

FeO 1.34 3.60 

ppm 

Sr 94 88 

ppb 

Sc 1189 6352 

V 3654 19765 

Cr 2301 8321 

Co 2075 1659 

Ni 822 1264 

Cu 4862 4953 

Zn 20726 27147 

Rb 1086 2702 

Y 5283 14517 

Zr 1332 1978 

Nb 8 10 

Cs 59 78 

Ba 1506194 65925 

La 1654 15838 

Ce 4232 39128 

Pr 681 4889 

Nd 3478 19362 

Sm 1361 4334 

Eu 470 852 

Gd 1524 4548 

Tb 235 668 

Dy 1257 3520 

Ho 226 627 

Er 578 1556 

Tm 74 199 

Yb 433 1170 

Lu 58 155 

Hf 29 76 

Ta 0 11 

Pb 1509 22852 

Th 807 5355 

U 390 379 
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Table C.-1: l\Iajor and trace elements concentration for the Dalradian Supergroup samplps 

:'-laO 

I\lgO 

Al203 

Si02 

K2 0 

CaO 

CaO 

Ti02 

I\lnO 

FeO 

ppm 

Sr 

ppb 

Sc 

V 

Cr 

Co 

Ni 

Cu 

Zn 

Rb 

Y 

Zr 

Nb 

Cs 

Ba 

La 

Ce 

Pr 

Nd 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

TIll 

Yb 

Lu 

Hf 

Ta 

Pb 

Th 

U 

II 

0.04 

19.74 

0.33 

0.01 

0.09 

31.45 

31.79 

0.00 

0.19 

0.88 

220 

1325 

4013 

1174 

4220 

1167 

790 

137259 

409 

8281 

1334 

3 

6 

263211 

3517 

5391 

1100 

4631 

1284 

377 

1578 

274 

1618 

313 

863 

117 

753 

101 

36 

4 

23515 

434 

1535 

II7 120 

0.04 0.03 

15.65 20.30 

0.87 0.14 

0.24 0.11 

0.54 0.10 

33.07 32.23 

33.19 32.41 

0.01 0.00 

0.22 0.13 

364 l.39 

434 

1415 

3755 

1631 

1623 

2095 

1682 

19201 

2431 

20378 

2906 

34 

5 

34027 

6786 

18223 

2140 

9256 

2777 

864 

3591 

648 

4035 

833 

2384 

342 

2191 

304 

79 

9 

3470 

1490 

4130 

185 

1233 

3599 

2099 

388 

520 

3068 

24856 

465 

6028 

4515 

13 

8 

7493 

7974 

16635 

2040 

7642 

1502 

365 

1423 

215 

1205 

230 

628 

86 

523 

71 

123 

7 

2958 

1520 

1417 

122 

0.06 

16.07 

0.91 

0.20 

0.51 

30.20 

30.40 

0.02 

0.26 

8.89 

524 

4076 

3742 

2809 

5732 

7362 

5594 

30614 

4850 

20212 

4250 

16 

67 

27574 

8152 

19738 

2676 

11470 

3182 

928 

4202 

724 

4433 

862 

2345 

318 

1927 

251 

119 

12 

16886 

3006 

248 

124 

0.13 

13.05 

10.06 

3.10 

5.96 

26.11 

26.60 

0.09 

0.23 

9.50 

1255 

10813 

27713 

8319 

7045 

14507 

16299 

51768 

59171 

32490 

13086 

40 

3322 

1250662 

13569 

35929 

5194 

24495 

7460 

2136 

9627 

1568 

8636 

1513 

3705 

465 

2721 

356 

407 

43 

12806 

4560 

768 

124R 125 

0.05 0'()4 

17.53 13.89 

0.15 2.41 

0.05 0.27 

0.04 1.12 

31.24 29.56 

31.31 30.15 

0.00 0.01 

0.26 0.55 

6.95 11.06 

1248 

3963 

2660 

1747 

4344 

3586 

1088 

22592 

287 

13687 

1040 

10 

27 

10629 

23.'i8 

6522 

1007 

5019 

1812 

629 

2581 

494 

3090 

611 

1674 

234 

1481 

202 

28 

8 

7385 

325 

68 

1266 

5555 

6233 

4191 

4807 

6242 

10660 

22802 

5051 

28132 

4258 

34 

64057 

4905 

14539 

2438 

127S0 

5066 

1579 

7479 

1351 

7743 

1 :Jfi4 

3429 

449 

272.5 

358 

143 

18 

11878 

1613 

29S 
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C. Data tables 

Table C.5: Major and trace elements concentration for the Dalradian Supergroup samples 

186 

% 

NaO 

MgO 

Ab0 3 

Si02 

K 20 

CaO 

CaO 

Ti02 

MnO 

FeO 

ppm 

Sr 

ppb 

Sc 

V 

Cr 

Co 

Ni 

Cu 

Zn 

Rb 

y 

Zr 

Nb 

Cs 

Ba 

La 

Ce 

Pr 

Nd 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 

Hf 

Ta 

Pb 

Th 

U 

126 I27 

0.01 0.01 

1.01 1.28 

0.12 0.05 

0.05 0.03 

0.10 0.06 

55.42 57.08 

55.54 56.53 

0.00 0.00 

0.10 0.03 

0.93 0.22 

I28 

0.02 

3.32 

0.06 

0.05 

0.05 

53.54 

53.33 

0.00 

0.22 

1.07 

728 2089 1367 

1452 

438 

547 

35 

o 
1394 

11469 

339 

5667 

265 

2 

5 

4881 

7550 

17271 

2128 

8431 

1694 

428 

1663 

234 

1279 

240 

661 

92 

578 

80 

8 

o 
28049 

1173 

185 

158 

472 

972 

-2 

o 
233 

2171 

118 

1250 

126 

7 

2892 

1216 

3101 

344 

1332 

263 

53 

273 

42 

246 

49 

149 

21 

137 

19 

2 

o 
739 

271 

171 

180 

588 

1116 

443 

o 
218 

1710 

66 

1957 

373 

o 
4 

5960 

2352 

4752 

521 

1991 

385 

74 

438 

63 

365 

74 

219 

31 

200 

28 

7 

o 
572 

344 

121 

T4 

0.01 

0.24 

0.61 

0.11 

0.09 

59.23 

59.09 

0.00 

0.12 

0.78 

1438 

381 

1299 

645 

490 

o 
3767 

19868 

251 

7620 

372 

41 

15 

9642 

8382 

13231 

1788 

7409 

1504 

394 

1695 

247 

1407 

273 

702 

84 

482 

66 

16 

8 

6537 

266 

682 

T5 

0.07 

1.60 

6.40 

0.69 

0.78 

50.55 

50.69 

0.04 

0.27 

6.44 

1283 

3909 

9865 

3047 

4313 

2946 

5029 

56641 

3830 

21772 

2791 

115 

100 

95405 

50796 

109151 

13486 

53773 

10819 

3350 

10212 

1298 

6234 

1088 

2814 

368 

2428 

366 

105 

38 

2760 

4244 

354 

T7 

0.24 

9.95 

34.07 

4.75 

15.00 

8.99 

9.75 

0.90 

0.43 

27.3.') 

168 

8117 

36866 

4817 

19614 

8181 

35029 

364525 

105087 

49566 

10640 

1417 

976 

1699971 

114879 

247324 

33000 

134059 

25661 

6768 

23561 

3035 

14516 

2391 

5172 

527 

2701 

331 

294 

811 

5836 

10761 

540 



Table C.6: l\Iajor and trace elements concentration for the Moroccall samplps 

% 2.13 2.16 2.18 3.13 5,11 6,6 11,5 SSIO 015 
--~~~~~~~~~~~~------------~------~--

NaO 0.07 0.06 0.13 0.07 0.07 0.03 O.ll 0.04 O.Otl 

r-lgO 0.,59 22.39 20.86 0.43 0.51 0.45 1.36 0.89 19.23 

Al20 3 0.04 0.05 0.05 0.05 0.03 0.10 0.30 0.00 0.06 

Si02 0.14 0.04 0.04 0.04 0 0 0 0 0 

K 2 0 0.04 0.04 0.09 0.10 a 0 0 0 0 

CaO 58.53 32.32 33.42 59.55 50.94 46.68 44.98 48.90 26.61 

CaO 56.23 :3l.91 32.69 56.90 48.93 44.99 4309 46.57 25.86 

Ti02 0.00 000 0.00 0.00 0.01 0.00 002 0.00 0.01 

MnO 0.02 0.08 0.11 0.02 0.08 0.08 0.04 0.01 0.02 

FeO 0.20 0.46 0.63 0.25 0.24 0.30 0.24 0.17 0.18 

ppm 

Sr 

ppb 

Sc 

v 

Cr 

Co 

Ni 

Cu 

Zn 

Rb 

Y 

Zr 

Nb 

Cs 

Sa 

La 

Ce 

Pr 

Nd 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 

Hf 

Ta 

Pb 

Th 

U 

201 

208 

420 

454 

17 

-250 

1893 

505 

84 

871 

67 

4 

8 

4468 

2623 

4638 

544 

2059 

357 

75 

322 

37 

175 

29 

72 

9 

,55 

7 

5 

6 

2921 

64 

188 

60 

291 

1484 

1869 

1453 

1058 

1117 

6938 

110 

3776 

410 

3 

12 

8441 

9111 

16280 

1846 

7065 

1258 

264 

1272 

143 

670 

116 

282 

34 

197 

26 

6 

1071 

102 

167 

78 

356 

1589 

1791 

3646 

742 

46900 

6411 

83 

5895 

327 

3 

10 

5949 

9904 

19220 

1882 

7827 

1592 

438 

1916 

209 

948 

155 

339 

37 

197 

25 

11 

3 

1771 

108 

100 

628 

120 

385 

507 

74 

o 
533 

5030 

49 

1161 

62 

6 

3909 

1575 

3377 

353 

1401 

277 

62 

270 

37 

203 

37 

101 

14 

83 

11 

3 

-2 

2143 

102 

207 

455 

259 

575 

795 

56 

15 

730 

12950 

158 

2612 

95 

2 

230 

4371 

3296 

6850 

699 

2843 

559 

134 

598 

80 

430 

80 

208 

26 

150 

20 
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o 
10610 

170 

58 

508 

592 

551 

666 

102 

165 

406 

3552 

278 

5680 

48 

21 

6912 

7712 

18440 

2072 

8508 

1776 

581 

1811 

234 

1120 

184 

422 

51 

298 

38 

4 

o 
3414 

446 

144 

393 

855 

1754 

1098 

287 

154 

2206 

16700 

114 

2455 

223 

8 

9 

3415 

6366 

11950 

1297 

4847 

809 

178 

782 

91 

437 

78 

188 

23 

137 

19 

7 

4 

6936 

199 

239 

538 

III 

367 

676 

46 

o 
271 

3379 

45 

1171 

28 

6 

3210 

1658 

3629 

364 

1457 

277 

65 

282 

37 

204 

38 

103 

13 

82 

11 

o 
681 

124 

152 

145 

194 

2801 

2728 

314 

314 

1771 

8024 

87 

702 

102 

4 

4 

9009 

1466 

2511 

292 

1131 

208 

47 

191 

25 

129 

24 

62 

8 

50 

6 

4 

o 
1800 

87 

123 

187 



C. Data tables 

Table C.7: Major and trace elements concentration for the Eleonore Bay Supergroup samples 

% PG128 PG174 PG440 

NaO 0.02 0.01 0.02 

MgO 0.28 0.23 0.30 

AI203 0.04 0.06 0.02 

Si02 0.04 0.07 0.03 

K2 0 0.11 0.11 0.09 

CaO 58.52 58.07 58.49 

CaO 57.92 57.27 57.14 

Ti02 0.00 0.00 0.00 

MnO 0.00 0.01 0.00 

FeO 0.16 0.24 0.19 

ppm 

Sr 2932 1930 3494 

ppb 

Sc 86 472 191 

V 533 706 688 

Cr 2667 2129 3712 

Co 32 79 55 

Ni 344 720 566 

Cu 0 110 52 

Zn 128 1075 318 

Rb 43 157 75 

Y 745 2534 2195 

Zr 322 319 234 

Nb 2 1 0 

Cs 8 102 5 

Ba 14404 12963 21358 

La 439 2761 935 

Ce 884 6259 2602 

Pr 93 716 284 

Nd 363 2689 1177 

Sm 76 514 275 

Eu 21 105 68 

Gd 95 500 333 

Tb 14 76 52 

Dy 101 470 343 

Ho 23 93 72 

Er 73 269 202 

Tm 9 34 24 

Yb 61 209 141 

Lu 9 29 19 

Hf 6 7 5 

Ta 0 0 0 

Pb 0 684 188 

Th 46 274 152 

U 102 141 128 
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Table C.8: ~[ajor and trace elements concentration for the Californian and Indian samples 

7c BSI T5 India T61ndia 

NaO 0.06 0.03 0.05 

MgO 206.'; on 0.36 

AbO:! 000 0.06 0.10 

SiO; 0 0.01 0 

K20 () 0 0 

CaO :27.9'J -t1l-1 -10.89 

CaO 2711 39.25 38.94 

TiO; 0.00 0.00 0.01 

r-.lnO 0.02 0.07 0.08 

FeO fUJi 022 0.23 

ppm 

Sr -19 219 180 

ppb 

Sc 21 2015 2084 

V J:l42 315 326 

Cr 3295 420 473 

Co :2:29 245 239 

Ni 1910 840 588 

en 3445 407 434 

Zn 10650 11360 13930 

Rb :39 403 450 

Y 251 58l! 5889 

Zr 563 163 175 

Nb 20 2 4 

Cs 10 57 64 

Ba 4555 2119000 892100 

La 149 4243 4327 

Ce .301 6676 0619 

Pr 31 1179 1255 

Nd 12:3 4967 5348 

Sm 24 1097 1185 

En 7 -t-10 369 

Gd 27 121.'5 1307 

Tb 4 167 182 

Dy 24 895 990 

Ho 5 168 181 

Er 17 431 479 

Tm 2 56 63 

Yb 16 3.50 407 

Ln 3 48 58 

Hf 4 10 7 

Ta 0 3 3 

Pb 12.')1 1607 5788 

Th 8 no 835 

U 172 23 18 
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C. Data tables 

Table e.9: Major and trace elements concentration for modern ooids (808. NPCOScim. :'\PCOSunc 

and C48) and Phanerozoic oolitic limstones 

190 

-------------------------- _.-----.. -
% B08 NPCOScim NPCOSunc C48 C17 C171 c-t·n ('514 

NaO 0.57 0.92 0.73 0.36 0.06 0.03 0.04 001 

MgO 0.91 1.23 0.63 0.44 0.61 0.38 0.37 063 

AI203 0.04 0.02 0.09 0.05 0.10 0.07 0.01< 014 

Si02 0.00 0 0 0.03 0.04 0.02 0.05 0.04 

K20 0.06 0 0 0.09 0.04 0.04 0 n 009 

CaO 54.59 58.30 61.43 58.85 56.93 56.28 60.20 5665 

CaO 53.28 58.79 61.87 .')7.34 56.60 5.').6.') 59.99 559:3 

TI02 0.00 QOO 0.00 0.00 0.00 QOO 0.00 0.00 

MnO 0.00 0.00 0.00 0.00 0.02 001 0.04 1 15 

FeO 0.08 0.03 0.03 0.15 0.26 0.14 0.411 113 

ppm 

Sr 

ppmb 

Sc 

V 

Cr 

Co 

Ni 

Cu 

Zn 

Rb 

Y 

Zr 

Nb 

Cs 

Ba 

La 

Ce 

Pr 

Nd 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 

HE 

Ta 

Pb 

Th 

U 

7645 

41 

845 

3950 

o 
o 

80 

356 

91 

2124 

18 

4 

5 

8845 

514 

702 

128 

568 

133 

39 

195 

34 

228 

54 

164 

21 

116 

16 

o 
102 

41 

3885 

8141 

o 
556 

2390 

o 
o 

106 

1988 

78 

1082 

54 

o 
3 

5257 

202 

257 

48 

220 

54 

15 

82 

14 

97 

23 

72 

9 

52 

7 

24 

o 
o 

8 

2025 

9232 8.544 444 164 200 562 

o 33 242 26.') 1001 5514 

688 541 5172 2130 1a9113 1669 

2276 2629 a618 6536 4421< 979 

o 6 18.') 69 3648 2042 

o 301 540 387 2676 9119 

52 292 601 512 214 3058 

2358 161 1346 7038 2264 1680.5 

70 59 100 45 241 193 

854 1804 1538 10854 9690 ,35335 

50 27 95 47 219 596 

o 
3 

5 

6 

4577 8481 2146 

144 512 953 

187 444 1876 

36 117 233 

153 558 982 

39 132 212 

11 37 51 

60 180 220 

10 28 36 

73 189 218 

18 43 43 

54 133 130 

7 15 17 

40 92 120 

6 1.3 18 

22 

o 
o 

10 

3 

o 
8 

9 

2287 29.')9 

3 

4 

410 

163 

475 

2 

3 

2 

14 25 

1813 26204 23437 

4827 6497 11589 

2263 11296 26970 

907 1625 46111 

3868 6843 23337 

830 1611 6326 

212 409 3034 

1137 1747 7414 

170 256 1124 

1132 1517 6774 

244 298 1314 

706 843 3643 

90 lOll 464 

539 688 2835 

74 91 376 

2 

o 
6613 

70 

420 

7 19 

7 17 

3843 10193 

1390 2791 

.')62 65 



Tablp C.1O: \Iajor and trace elements concentration for carbonate standardt-! 

----~-----

o/c BC~-("R\!" J:? BCS-CR\! .513 Cal-s JDo-1 
-~----- ----

;\'aO IlI-\ 0.24 0.02 0.02 

MgO 2 In ... 0.22 0.37 18.90 

AI10 1 om 0.03 0.03 0.05 

Si0 2 om 0.11 0.02 0.02 

K 2 0 (lO:,! 0.16 0.05 0.05 

('aO :l:.! :.!'l 53.38 57.76 35.56 

CaO :12:n 54.25 57.69 36.05 

Ti0 2 ()()O 0.00 0.00 0.00 

MnO lJ()() 0.01 000 0.01 

F .. O o ()fi 0.09 0.09 0.06 

ppm 

Sr l'l.') 125 235 119 

ppo 

Sc 2.1) 0 23 89 

V 1295 862 1176 3336 

Cr 1:171 2046 2399 7424 

Co () 0 0 0 

Ni 0 0 0 941 

eu 36 170 104 1663 

Zn 27:11'1 4789 4719 27004 

Ro 67 46 49 54 

Y 120 1664 1308 9340 

Zr 91:) 53 14 111 

Nb :.! 0 6 4 

Cs ]7 10 4 6 

Ba 1696 44881 762 4992 

La 148 673 650 7359 

Ce 275 670 242 1946 

Pr 36 132 73 973 

Nd 144 565 298 3907 

Sill 27 107 51 675 

Eu 7 32 14 157 

Cd 21' 158 80 854 

Tb .5 22 12 118 

Dy 24 148 89 719 

Ho :) 33 24 159 

Er 14 101 74 443 

Till 2 14 10 54 

Yb 12 83 62 289 

Lu 2 12 10 39 

Hf :.! 20 0 3 

Ta 0 0 0 

Pb 1J)5 2152 64 0 

Th :.!I 2 19 42 

lJ 397 151 809 769 
---_._'--- -. ---~~. 
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c. Data tables 

Table C.11: Sr isotopic composition for the samples analysed in this stud~·. TIIP external {'rror is 

15 ppm and is presented in Appendix B. 

sample name 87Sr j86Sr 25.1'. 

A5 0.714730 0.000004 

A8 0.708973 0.000004 

AlO 0.714825 O. ()()()()()S 

A22 0.718691 0.000008 

I1 0.721433 0.000004 

127 0.707S27 0.000004 

128 0.706786 0.000004 

T4 0.708101 0.000004 

PG128 0.706949 0.000004 

PG440 0.7069S3 0.000004 

B08 0.709200 0.000004 

JDo-I 0.707533 0.000004 

Gl7 0.707600 0.000004 

2.16 0.708037 0.000004 

S.11 0.708763 0.000004 

U.5 0.708495 0.000004 

BSl 0.710655 0.000004 

015 0.708264 0.000004 

T6 India 0.707140 0.000006 
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Appendix D 

PHREECQ calculation parameters 

This appelldix reports t Ilf' parameters and major anions and cations concentrations 

US(ld ill the lllodellillg done with PHREECQ and presented in Chapter 3 of this 

thesis. 

Table D.I: ph.\·sical parameters and average concentrations (ppm) of major cations and anions in 

seawat!'r. Thl' !"Oncpnt rat ions art.' reported in ppm. 

temperature (oG) 25 

pH 8.22 

density (g cm- 3 ) 1.023 

C'a 412.3 

~[g 1291.8 

Na 10768 

K 399.1 

Fe 0.002 

~[n 0.0002 

Si 4.28 

CI 19353 

Alkalinity (as HC03) 141.682 
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D. PHREECQ calculation parameters 
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