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The applications of calcium-isotope measurements in marine carbonates are explored

in several different contexts within this thesis. As a record of global ion fluxes, seawater

calcium-isotope ratios can be used as tracers for large weathering imbalances, which de-

velop as a feedback system in response to intervals of climate change. This approach pro-

vides valuable constraints on the complex climatic and oceanographic phenomena known

as the Oceanic Anoxic Events. Over much longer timescales, the calcium-isotope ratio

of seawater is influenced by steady-state processes that reflect the evolution of seawa-

ter chemistry. To understand these influences, the modern calcium-isotope budget is as-

sessed quantitatively using a compilation of marine carbonate samples, revealing several

distinctive components of the carbonate burial sink that can affect the steady-state bal-

ance of the calcium cycle. Changes in the major ion composition of seawater and in the

organisms that contribute to sedimentary carbonate burial are shown to contribute signif-

icantly to the geological record of seawater calcium-isotope ratios. The importance of

skeletal carbonate in the calcium cycle leads to another application of calcium isotopes

towards understanding biomineralization. This large and complex topic is approached

with calcium-isotope data from two unique growth experiments that constrain some of

the mechanisms by which biogenic aragonite acquires its geochemical signatures. This

range of topics presents a diverse, but by no means exclusive, sample of the topics that

are accessible for investigation through calcium-isotope analysis. The potential of this

isotopic tool is demonstrated by the breadth of environments and timescales represented

in this work.





Long Abstract

As an abundant element with crucial roles in sedimentary cycling, seawater chem-

istry, and carbonate skeletons, calcium contributes to many fundamental Earth system

processes. In marine carbonates, calcium represents an important part of the sedimentary

record of ancient environmental conditions. The stable isotopes of calcium provide a valu-

able tool for studying its geochemical cycle over both modern and geological timescales,

but they have only proven their usefulness relatively recently due to technological ad-

vances in mass spectrometry. Natural calcium-isotope variation remains relatively small,

but where resolvable, its application contributes new dimensions to many long-standing

questions. A firm understanding of the calcium cycle and the nature of the archival phase

is necessary for interpreting calcium-isotope data, and the content of this thesis works

towards that goal.

Chapter 2 describes the methods that were developed and utilized throughout the

calcium-isotope studies presented here. Sample preparation procedures are customized

for the use of multi-collector inductively coupled plasma mass spectrometry, which an-

alyzes samples as purified solutions of calcium and allows replicate measurements to

be performed with little additional effort. Using the full potential of multiple replicate

analyses, statistical precision for sample measurements are achieved that are sufficient to

resolve calcium-isotope variation for the following applications.

Chapter 3 applies knowledge of the calcium cycle to investigate periods of abrupt

climate change in the Mesozoic. Calcium-isotope ratios (δ44/42Ca) were measured in

carbonate-rich sedimentary sections deposited during Oceanic Anoxic Events 1a (Early

Aptian) and 2 (Cenomanian–Turonian). In sections from Resolution Guyot, Mid-Pacific

Mountains; Coppitella, Italy; and the English Chalk at Eastbourne and South Ferriby,

UK, a negative excursion in δ44/42Ca of ∼0.20‰ and ∼0.10‰ is observed for the two

events. These δ44/42Ca excursions occur at the same stratigraphic level as the carbon-

isotope excursions that define the events, but do not correlate with evidence for carbonate

dissolution or lithological changes. Diagenetic and temperature effects on the calcium-

isotope ratios can be discounted, leaving changes in global seawater composition as the
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most probable explanation for δ44/42Ca changes in four different carbonate sections. An

oceanic box model with coupled strontium- and calcium-isotope systems indicates that a

global weathering increase is likely to be the dominant driver of transient excursions in

calcium-isotope ratios. The model suggests that contributions from hydrothermal activ-

ity and carbonate dissolution are too small and short-lived to affect the oceanic calcium

reservoir measurably. A modelled increase in weathering flux, on the order of three times

the modern flux, combined with increased hydrothermal activity due to formation of the

Ontong-Java Plateau (OAE1a) and Caribbean Plateau (OAE2), can produce trends in both

calcium and strontium isotopes that match the signals recorded in the carbonate sections.

This study presents the first major-element record of a weathering response to Oceanic

Anoxic Events.

Chapter 4 considers the long-term, steady-state behaviour of the calcium cycle over

the Phanerozoic. A new geochemical budget for the modern marine carbonate sink helps

to explain the major features of the Phanerozoic calcium-isotope record. A large compi-

lation of calcium-isotope ratios for modern carbonates, incorporating more than 50 new

measurements, represents the quantitatively important components of the system. With

this dataset, distinct calcium-isotope ratios are identified for different types of marine

carbonate, the balance of which has changed over time with shifts between calcite and

aragonite seas and with the development of pelagic calcification during the Mesozoic. It

is suggested that large-scale changes in the calcium-isotope ratio of seawater, as exem-

plified by that in the Carboniferous, were no longer possible post-Jurassic because of the

generation of a deep-sea calcite sink expressed by deposition of foraminiferal–coccolith

ooze across the world ocean. This work demonstrates the close connection between iso-

topic cycling, carbonate sedimentation, seawater chemistry, and evolutionary trends.

Chapter 5 focuses on an application of calcium isotopes over a much smaller spatial

and temporal scale. The process of biocalcification not only has a strong influence on the

long-term calcium cycle, but also produces a record of skeletal carbonate which poten-

tially contains valuable information about past marine conditions. Lacking direct mea-

surements of ancient environments, interpretations of geochemical proxy records mea-
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sured in skeletal archives are important for testing current understanding of the climate

system. Two case studies are presented that provide specific constraints on the sources

of calcium-isotope fractionation in marine aragonite. Halimeda algae and Porites corals

represent two contrasting modes of aragonite precipitation, which can be compared with

inorganic carbonate precipitation experiments to isolate particular biological influences on

skeletal composition. The results from these example organisms support a new model for

coral aragonite geochemistry, which incorporates multiple sources of cations and mecha-

nisms for isotopic fractionation in order to explain the behaviour of proxy records.

These studies reflect only a small subset of the possible applications for calcium iso-

topes. As a major element in the Earth’s crust, calcium is involved in many processes over

the broadest range of environments and timescales. Not all of these are resolvable with

calcium-isotope analysis, but the range of questions that can be resolved using measure-

ments of marine carbonates alone show the great potential of this tool. Further extensions

of these studies are proposed that will expand and refine the conclusions derived from this

work, and will continue to explore the valuable applications of calcium isotopes.

v





Contents

1 Introduction 1

1.1 Background and history of calcium-isotope analysis . . . . . . . . . . . . 2

1.2 Introduction to Oceanic Anoxic Events . . . . . . . . . . . . . . . . . . . 7

1.3 Introduction to major cation seawater chemistry . . . . . . . . . . . . . . 10

1.4 Introduction to calcium isotopes in biomineralization . . . . . . . . . . . 14

2 Methods 19

2.1 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.2 Ion-exchange chromatography . . . . . . . . . . . . . . . . . . . . . . . 21

2.3 Mass spectrometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.4 External and stratigraphic reproducibility . . . . . . . . . . . . . . . . . 27

3 Ca isotopes during OAE1a and OAE2 29

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.3 Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.3.1 Oceanic Anoxic Event 1a: ODP Leg 143, Site 866, Resolution

Guyot, Mid-Pacific Mountains . . . . . . . . . . . . . . . . . . . 33

3.3.2 Oceanic Anoxic Event 1a: Coppitella, Gargano, Italy . . . . . . . 34

3.3.3 Oceanic Anoxic Event 2: Eastbourne, UK . . . . . . . . . . . . . 37

3.3.4 Oceanic Anoxic Event 2: South Ferriby, UK . . . . . . . . . . . 39

3.3.5 Comments on the studied sections . . . . . . . . . . . . . . . . . 40

3.4 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

vii



3.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.6.1 Observed Ca-isotope variation attributed to changing seawater

composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.6.2 Modelling seawater calcium-isotope excursions . . . . . . . . . . 47

3.6.3 Quantitatively exploring the weathering response to OAEs . . . . 54

3.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.A Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4 Ca isotopes of Phanerozoic seawater 75

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.2 Samples and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.4.1 Patterns of biocalcification . . . . . . . . . . . . . . . . . . . . . 79

4.4.2 The modern Ca-isotope budget . . . . . . . . . . . . . . . . . . . 82

4.4.3 The evolution of marine carbonate and Ca-isotope ratios . . . . . 83

4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.A Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5 Ca isotopes in biomineralization 127

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.2 Background to Ca-isotope fractionation . . . . . . . . . . . . . . . . . . 129

5.2.1 Inorganic Ca-isotope fractionation . . . . . . . . . . . . . . . . . 129

5.2.2 Organic Ca-isotope fractionation . . . . . . . . . . . . . . . . . . 130

5.3 Samples and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

5.3.1 Halimeda experiment . . . . . . . . . . . . . . . . . . . . . . . . 132

5.3.2 Coral FOCE experiment . . . . . . . . . . . . . . . . . . . . . . 133

5.3.3 Ca-isotope analysis . . . . . . . . . . . . . . . . . . . . . . . . . 135

5.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

viii



5.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

5.5.1 Ca isotopes in Halimeda . . . . . . . . . . . . . . . . . . . . . . 142

5.5.2 Ca isotopes in corals . . . . . . . . . . . . . . . . . . . . . . . . 144

5.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

6 Conclusions 151

ix



List of Figures

1.1 Phanerozoic seawater Ca-isotope ratios . . . . . . . . . . . . . . . . . . 6

1.2 OAE2 black shales . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.3 Phanerozoic Mg/Ca ratios of seawater . . . . . . . . . . . . . . . . . . . 12

1.4 Pelagic vs cratonic carbonate accumulation . . . . . . . . . . . . . . . . 13

1.5 Sample Halimeda specimen . . . . . . . . . . . . . . . . . . . . . . . . 15

1.6 Sample Porites specimen . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.1 Belemnite sample preparation . . . . . . . . . . . . . . . . . . . . . . . 20

2.2 Elution curves for column chromatography . . . . . . . . . . . . . . . . 22

2.3 Sr doping experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.4 Ca triple-isotope plot . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.5 Ca-isotope reproducibility tests . . . . . . . . . . . . . . . . . . . . . . . 27

3.1 Paleogeographic reconstructions . . . . . . . . . . . . . . . . . . . . . . 32

3.2 Resolution Guyot data . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.3 Coppitella data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.4 Eastbourne data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.5 South Ferriby data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.6 Box model parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.7 Model simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.8 Resolution Guyot sample photographs . . . . . . . . . . . . . . . . . . . 58

3.9 Eastbourne section photographs . . . . . . . . . . . . . . . . . . . . . . 61

3.10 South Ferriby section photographs . . . . . . . . . . . . . . . . . . . . . 63

3.11 Raia del Pedale data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

x



3.12 Yorkshire data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.13 Junction Bed data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.14 Forada data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.1 Phanerozoic seawater Ca-isotope ratios . . . . . . . . . . . . . . . . . . 76

4.2 Ca-isotope ratios of modern carbonates . . . . . . . . . . . . . . . . . . 80

4.3 Modelling seawater Ca-isotope ratios in aragonite and calcite seas . . . . 85

4.4 Seawater Ca-isotope ratios, 0–40Ma . . . . . . . . . . . . . . . . . . . . 88

4.5 Raw Phanerozoic Ca-isotope data . . . . . . . . . . . . . . . . . . . . . 89

4.6 Modern carbonate samples . . . . . . . . . . . . . . . . . . . . . . . . . 125

5.1 XRD calibration curve . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

5.2 Halimeda sample photographs . . . . . . . . . . . . . . . . . . . . . . . 137

5.3 Halimeda Ca-isotope data vs mineralogy . . . . . . . . . . . . . . . . . . 139

5.4 FOCE experiment data . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

5.5 Schematic of coral physiology . . . . . . . . . . . . . . . . . . . . . . . 145

xi



List of Tables

1.1 Elemental abundances . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Isotopes of calcium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Mesozoic OAEs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.1 Ion-exchange column chemistry . . . . . . . . . . . . . . . . . . . . . . 22

2.2 Ca-isotope standard values . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.1 Resolution Guyot Ca-isotope data . . . . . . . . . . . . . . . . . . . . . 59

3.2 Coppitella Ca-isotope data . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.3 Eastbourne Ca-isotope data . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.4 South Ferriby Ca-isotope and C-isotope data . . . . . . . . . . . . . . . . 62

3.5 Raia del Pedale Ca-isotope data . . . . . . . . . . . . . . . . . . . . . . 65

3.6 Yorkshire Ca-isotope data . . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.7 Junction Bed Ca-isotope and C-isotope data . . . . . . . . . . . . . . . . 70

3.8 Forada Ca-isotope data . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.1 Model for carbonate budget . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.2 Reconstructed seawater Ca-isotope data . . . . . . . . . . . . . . . . . . 91

4.3 Original Ca-isotope data for modern marine carbonates . . . . . . . . . . 110

4.4 Ca-isotope compilation of modern marine carbonates . . . . . . . . . . . 113

5.1 Halimeda XRD and Ca-isotope data . . . . . . . . . . . . . . . . . . . . 138

5.2 FOCE Ca-isotope data . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

xii



Acknowledgements

Gideon M. Henderson and Hugh C. Jenkyns supervised this work and contributed great

improvements to every part of it. Their critical input and positive encouragement through-

out my time at Oxford is very much appreciated. Guidance and training from Linda M.

Reynard was invaluable for performing the calcium-isotope analyses in this project, and

I thank her for the patience and generosity she showed me. The various members of the

Climotope research group at Oxford have supported this work through helpful discus-

sions, technical assistance, and friendly interactions. Departmental staff provided techni-

cal and institutional support, without which the work presented here would not have been

possible. Finally, a large number of friends, family, and teachers have left their mark on

this project and its author, and they also deserve much thanks.

I am very grateful for the funding of my studentship by the Rhodes Trust (Registered

Charity No. 232492), as well as additional financial support from the Burdett-Coutts Fund

of the Department of Earth Sciences, University of Oxford. This thesis was examined by

Rosalind E. M. Rickaby and Anton Eisenhauer, and I thank them for their attention and

suggestions for this work.

xiii





Chapter 1

Introduction

Calcium is a major element in the Earth’s crust and a component of many globally im-

portant reactions and processes. It is the fifth most abundant element in the Earth’s crust,

in seawater solution, and in the human body (see Table 1.1), where it plays a central role

in many geological, marine, and biological systems. The geochemical behaviour of cal-

cium allows the study of major processes over a range of spatial and temporal scales that

may otherwise be difficult to observe or constrain. The work presented here ranges from

the global scale of the world ocean to the microscopic scale of mineral growth, and from

multi-million year evolutionary trends, to abrupt historical climate change, to individual

algal lifespans, with the purpose of exploring the calcium-isotope system and the insight

it provides into geological questions.

As increased sensitivity and stability of mass spectrometers have allowed more pre-

cise and widespread measurement of isotope ratios, geochemists have been able to reach

across the periodic table to investigate many isotopic systems beyond the traditional light

Table 1.1: The natural abundances of elements (Haynes, 2011).

Earth’s crust Seawater Human body
(mass %) (dissolved mg/L) (mass %)

O 46.1 Cl 19400 O 61.0
Si 28.2 Na 10800 C 23.0
Al 8.23 Mg 1290 H 10.0
Fe 5.63 S 905 N 2.6
Ca 4.15 Ca 412 Ca 1.4
Na 2.36 K 399 P 1.1
Mg 2.33 Br 67 S 0.20
K 2.09 C 28 K 0.20

1



2 CHAPTER 1. INTRODUCTION

elements such as carbon and oxygen. The first natural variation in calcium-isotope ratios

was identified by Russell et al. (1978), which has been followed by a greater range of stud-

ies within the last 15 years. The geological importance and abundance of calcium have

led to applications as diverse as paleothermometry (e.g. Nägler et al., 2000) and nutrient

cycling (e.g. Farkaš et al., 2011). An increased interest in climate processes also moti-

vates understanding the calcium cycle, which is intimately linked to that of carbon on both

short and long timescales through oceanic carbonate compensation and rock weathering

reactions, in quantitative terms (Skulan et al., 1997; Zhu and Macdougall, 1998; Schmitt

et al., 2003a; Caro et al., 2010; Tipper et al., 2010). This thesis presents several different

applications of isotopic analysis of calcium in marine carbonate minerals. The follow-

ing introductory chapter presents a summary of the systematics of calcium stable-isotope

analysis as well as a broader overview of the various topics discussed in later chapters.

1.1 Background and history of calcium-isotope analysis

Calcium (Ca) has six naturally occurring stable, or extremely long-lived, isotopes (see Ta-

ble 1.2). The radioactive (beta) decay of 40K also produces a small radiogenic contribution

to 40Ca, the most abundant of the calcium isotopes. Depending on the analytical method

and research goals, a variety of conventions have been used for reporting stable-isotope

ratios of Ca. In some cases, interest in the abundance of radiogenic 40Ca has justified nor-

malization by the second most abundant isotope, 44Ca, whereas studies concerned with

stable-isotope fractionation use the inverse ratio, normalizing by 40Ca. The technical ap-

proach for measuring stable-isotope fractionation also affects the convention for reporting

isotope ratios. Analysis by TIMS (thermal ionization mass spectrometry) and a double-

spiking technique, usually with the addition of 43Ca–48Ca (e.g. Heuser et al., 2005) or

42Ca–48Ca (e.g. De La Rocha and DePaolo, 2000) spikes, usually leads to reporting the

ratio of the two most abundant isotopes, following the definition of Eisenhauer et al.

(2004), as

δ
44/40Ca =


(

44Ca/40Ca
)

sample(44Ca/40Ca
)

standard
− 1

 · 1000.
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Table 1.2: The natural abundances of the stable isotopes of Ca (de Laeter et al., 2003).

Mass number Atomic mass Abundance
(A) (u) (mol %)
40 39.9625912 96.941
42 41.9586183 0.647
43 42.9587668 0.135
44 43.9554811 2.086
46 45.9536927 0.004
48 47.952533 0.187

An alternative analytical method uses MC-ICP-MS (multi-collector inductively cou-

pled plasma mass spectrometry). The use of argon gas in the plasma introduces a large

interference on 40Ca (because 40Ar = 99.6% of total Ar), so MC-ICP-MS measurements

generally report ratios, as defined by Eisenhauer et al. (2004), as

δ
44/42Ca =


(

44Ca/42Ca
)

sample(44Ca/42Ca
)

standard
− 1

 · 1000.

This reporting convention avoids the potential inconsistency from radiogenic 40Ca on the

stable-isotope fractionation. The two different notations, δ44/42Ca and δ44/40Ca, can be

converted to one another roughly by multiplying by two, or by applying a more precise

formula based on the expected process generating isotopic fractionation, such as a linear

fractionation law:

δ
44/42Ca = δ44/40Ca ·

m42 − m44

m40 − m44

= δ44/40Ca · 0.500105

or an equilibrium fractionation law:

δ
44/42Ca = δ44/40Ca ·

1/m42 − 1/m44

1/m40 − 1/m44

= δ44/40Ca · 0.476314

where mx are precise atomic masses (Young et al., 2002; Hippler et al., 2003). Although

it is possible to double-spike samples for analysis by MC-ICP-MS (e.g. Farkaš et al.,
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2007b), straightforward sample–standard–sample bracketing can also be used to correct

for instrumental mass bias, due to sample introduction as a pure Ca solution. The details

of this method, as performed at Oxford, are described further in Chapter 2.

Other methods for analyzing Ca-isotope ratios include a ‘cool-plasma’ technique,

which allows measurement of 40Ca by MC-ICP-MS using a plasma with greatly reduced

radio-frequency power and subsequently reduced argon ionization (Fietzke et al., 2004).

Ion-microprobe analysis with SIMS (secondary ion mass spectrometry) has also been

used to measure natural Ca-isotope fractionation (e.g. Rollion-Bard et al., 2007; Kase-

mann et al., 2008). Reviews of analytical procedures for Ca-isotope measurements can be

found in DePaolo (2004) and Boulyga (2010).

The first measurements of natural variation in stable Ca-isotope ratios by Russell et al.

(1978) introduced some of the possible applications and limits of this tool. Although

modern instruments can reliably obtain 10-fold higher precision, these original analyses

were able to demonstrate the mass-dependent behaviour of Ca and resolve the range of

natural fractionation, as well as indicate possible mechanisms for Ca-isotope fractiona-

tion. Investigation of Ca-isotope variation has continued in wide-ranging samples and

applications. In biologically oriented studies, Ca isotopes have been used to track trophic

levels in food chains, variations in diet and bone mineralization, and the production or

consumption of dairy (Skulan et al., 1997; Skulan and DePaolo, 1999; Chu et al., 2006;

Hirata et al., 2008; Reynard et al., 2010). Weathering processes in different environments

and on different substrates can be investigated through studies of rocks, soils, and river

waters (Schmitt et al., 2003a; Tipper et al., 2006; Ewing et al., 2008; Cenki-Tok et al.,

2009; Hindshaw et al., 2011). On an ecosystem scale, measurements of natural materials

can elucidate elemental cycling and nutrient balances (Wiegand et al., 2005; Perakis et al.,

2006; Page et al., 2008; Holmden and Bélanger, 2010; Cobert et al., 2011; Farkaš et al.,

2011). Recent studies of bone mineral balance in humans using Ca-isotope analysis of

urine (Skulan et al., 2007; Heuser and Eisenhauer, 2010) demonstrate the beginning of

Ca-isotope applications in the biomedical sciences as well.

Ca-isotope analyses of marine carbonates have generated several additional applica-
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tions in paleoclimate and paleoceanography. Initial interest in Ca-isotopes as a paleotem-

perature proxy led to intensive research on planktic foraminifera (Nägler et al., 2000;

Gussone et al., 2003; Sime et al., 2005; Hippler et al., 2006; Sime et al., 2007; Griffith

et al., 2008b; Gussone et al., 2009; Hippler et al., 2009; Kısakürek et al., 2011), which

has since expanded to many other forms of biogenic calcite and aragonite (Gussone et al.,

2005; Immenhauser et al., 2005; Böhm et al., 2006; Gussone et al., 2006; Steuber and

Buhl, 2006; Gussone et al., 2007; Langer et al., 2007; Heinemann et al., 2008; von All-

men et al., 2010; Gussone et al., 2010; Gussone and Filipsson, 2010) as well as other

mineral forms of carbonate (Gussone et al., 2005; Holmden, 2009; Böhm et al., 2011;

Gussone et al., 2011). A cohesive explanation of how Ca isotopes are fractionated in dif-

ferent inorganic and biogenic systems remains to be described (see Chapter 5 for further

discussion). Assuming that certain relationships between seawater and marine carbonate

are constant through time, reconstructions of past seawater Ca-isotope values from fos-

sil carbonate archives have been produced (De La Rocha and DePaolo, 2000; Fantle and

DePaolo, 2005; Heuser et al., 2005; Fantle and DePaolo, 2007; Farkaš et al., 2007b,a;

Sime et al., 2007; Griffith et al., 2008b), including abrupt events in geological history

(Kasemann et al., 2005; Payne et al., 2010). Non-carbonate archives such as phosphate

(Schmitt et al., 2003b; Soudry et al., 2006) and barite (Griffith et al., 2008a, 2011) have

also been used for reconstructing the ancient Ca cycle. Understanding and interpreting

these records has motivated further study of the present-day Ca-isotope system, with nu-

merous studies trying to establish constraints on the important reservoirs and fluxes of Ca

(Zhu and Macdougall, 1998; Chang et al., 2004; Tipper et al., 2006; Amini et al., 2008;

Tipper et al., 2008, 2010; Caro et al., 2010). These contributions have allowed all the

major oceanic inputs and outputs to be characterized to a reasonable degree.

Observations in both natural and laboratory environments as well as theoretical con-

siderations have contributed progress towards explaining the source of Ca-isotope frac-

tionation in certain carbonates. Significant uncertainty surrounds the theoretical, ab initio

calculations for equilibrium Ca-isotope fractionation by Rustad et al. (2010), which sug-

gest enrichment of the heavier Ca isotopes in the solid mineral phase, such as have never
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been measured. The ionic nature of Ca2+ as bound in carbonates suggests that kinetic

isotope fractionation, which would favor the lighter Ca isotopes in mineral precipitates,

is more appropriate than models of equilibrium isotope fractionation based on covalent

bonding (Gussone et al., 2003, 2005). Observations from beaker experiments (Gussone

et al., 2003; Lemarchand et al., 2004; Marriott et al., 2004; Tang et al., 2008), drip exper-

iments (Reynard et al., 2011), and natural systems (Fantle and DePaolo, 2007; Jacobson

and Holmden, 2008) can be reconciled by a crystal surface growth model described by

DePaolo (2011). This model, which extends beyond the limiting case of hydrated Ca2+-

ion dynamics suggested by Gussone et al. (2003), uses the relative balance of growth rate

with diffusion into a surface boundary layer and the backwards dissolution reaction to

explain a range of Ca-isotope fractionation observed in carbonates, from zero to approxi-

mately −2‰.
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Figure 1.1: Reconstructed seawater Ca-isotope ratios, relative to modern seawater, using
data from fossil belemnites and brachiopods (Farkaš et al., 2007a,b). For further discussion
on this and other seawater δ44/40Ca datasets, see Chapter 4.

Ca-isotope measurements of carbonate minerals are applied to several different geo-

chemical problems in the following chapters. A brief introduction to each of the disparate

topics is presented in the following sections. Section 1.2 introduces some of the research

concerning the Oceanic Anoxic Events (OAEs) of the Mesozoic, which are some of the

most dramatic and well-studied climate perturbations of the Phanerozoic. Section 1.3
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presents the investigation of changing seawater chemistry over the Phanerozoic, and the

effect this may have had on the composition of the carbonate sink. Finally, Section 1.4

introduces the broad field of biomineralization studies, and how certain geochemical

tests may increase the understanding of environmental proxies preserved in geological

archives.

1.2 Introduction to Oceanic Anoxic Events

In Chapter 3, the Ca-isotope records of OAEs 1a and 2 are constructed from carbonate

sediments in multiple stratigraphic sections, and a simple model evaluates the different

possibilities for generating Ca-isotope variation in the context of OAEs. Many global

processes were disrupted by these events, and changes in carbonate dissolution, weath-

ering reactions, and hydrothermal activity are all expected to have had an effect on the

marine Ca cycle. Tracing the effects on Ca in the geological record is one of the most

direct ways to observe perturbations in these major processes. The behaviour of the Ca-

isotope cycle complements information from several other geochemical proxies as well

as other analytical approaches to studying the OAEs. An overview of the different types

of questions and research surrounding the OAEs is presented below.

The OAEs were initially identified by the globally widespread, synchronous deposi-

tion of organic-rich black shales in sedimentary sections (Schlanger and Jenkyns, 1976),

although they have come to be recognized and characterized by other geochemical sig-

nals as well. Several comprehensive reviews of the OAEs cover their effects on the carbon

cycle (Jenkyns, 2003), their effect on oceanic oxygenation (Arthur and Sageman, 1994;

Meyer and Kump, 2008), the biotic response (Erba, 2004), and wider geochemical impli-

cations (Jenkyns, 2010). The three major OAEs of the Mesozoic are the Toarcian OAE

(∼183 Ma), The Early Aptian OAE1a (∼120 Ma), and the Cenomanian–Turonian OAE2

(∼93.6 Ma), although several other shorter and possibly regional events have also been

identified (see Table 1.3). Characteristic carbon-isotope profiles of the major events have

been recognized in widespread and diverse settings, confirming their global extent. Strati-

graphic studies continue to recognize OAE1a worldwide in the Tethys (Menegatti et al.,
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Table 1.3: Names and ages of major (widespread across global ocean basins) and minor
(extent of anoxia regionally limited) oceanic anoxic events (Jenkyns, 2010). Ages based on
timescale of Ogg et al. (2008).

Major OAEs
OAE2 Bonarelli Event 93.5 Ma Cenomanian–Turonian
OAE1a Selli Event 120 Ma Early Aptian
T-OAE Posidonienschiefer Event 183 Ma Early Toarcian

Minor (regional) OAEs
OAE3 86 Ma Coniacian–Santonian
OAE1d Breistoffer Event 100 Ma Late Albian
OAE1b Paquier Event 112 Ma Early Albian
Faraoni Event 131 Ma Latest Hauterivian
Weissert Event 135 Ma Late Valanginian

1998; Weissert et al., 1998; Herrle et al., 2004; Vahrenkamp, 2010), Atlantic (Millán et al.,

2009; Najarro et al., 2011), Pacific (Sliter, 1989; Jenkyns, 1995; Ando et al., 2008; Robin-

son et al., 2008), and terrestrial environments (Gröcke et al., 1999). OAE2 has likewise

been described in the Tethys (Gale et al., 1993; Paul et al., 1999; Tsikos et al., 2004; Par-

ente et al., 2008), Atlantic (Tsikos et al., 2004), Pacific (Schlanger et al., 1987), and North

American Western Interior Seaway (Kennedy et al., 2005). The biological effects of the

OAEs have also been well studied, with patterns of extinction and radiation identified in

many plankton assemblages during these events (e.g. Premoli Silva et al., 1999; Leckie

et al., 2002; Erba, 2004).

Figure 1.2: Sedimentological expressions of OAE2 (Cenomanian–Turonian). The Bonarelli
Level of the Italian Apennines is exposed at Furlo Gorge (left) as an organic-rich black shale
∼1.5 m thick. The Black Band represents the same stratigraphic level within the English
Chalk, shown in the condensed stratigraphic section at South Ferriby (right). Photos by H.C.
Jenkyns.

The causes of the OAEs are an actively debated topic, with an original focus on ex-
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plaining the abundance of organic matter through increased productivity or preservation

(Arthur and Sageman, 1994). Both factors likely contributed to the abundance of black

shales during these events, although oceanographic models suggest that an active over-

turning circulation is required for generating widespread anoxia and therefore an increase

only in preservation due to a stagnant ocean is not a realistic possibility (Sarmiento et al.,

1988). Biogeochemical feedbacks also make the distinction between productivity and

preservation less meaningful, since, for example, anoxic conditions increase organic mat-

ter preservation but selectively regenerate phosphorus, which can support further surface

productivity (Mort et al., 2007; Tsandev and Slomp, 2009). Volcanic activity at large ig-

neous provinces (LIPs) could be the external cause for initiating anoxia and organic matter

burial, an idea that is supported by a variety of geochemical and geochronological data

connecting the Ontong-Java Plateau and OAE1a, and the Caribbean-Colombian Plateau

and OAE2 (Kerr, 1998; Larson and Erba, 1999; Snow et al., 2005; Kuroda et al., 2007;

Turgeon and Creaser, 2008). LIP volcanism would have generated a greenhouse climate

with high atmospheric carbon dioxide and possibly high methane (Jahren et al., 2001;

Beerling et al., 2002; Misumi et al., 2009), which may have been the necessary trigger for

increased weathering, nutrient availability, and primary productivity.

A variety of other geochemical data has contributed to understanding different as-

pects of these dramatic global events. Characterization of organic matter by Rock-Eval

pyrolysis or biomarker analysis, for example, provides some indication about its source

and the oceanographic conditions required for its preservation (e.g. Erbacher et al., 1996;

Dumitrescu and Brassell, 2005; Méhay et al., 2009), and the identification of particular

biomarkers derived from anaerobic photoautotrophs constrains the extent of anoxia to

within the photic zone (Kuypers et al., 2002). Estimates of high sea-surface temperatures

(SSTs) have been generated for OAE1a (Dumitrescu et al., 2006) and OAE2 (Forster

et al., 2007; Sinninghe Damsté et al., 2010) from organic geochemical proxies, which

are consistent with hypotheses about the influence of LIP volcanism on global climate.

Volcanic influences have also been suggested by trace element analysis (e.g. Turgeon and

Brumsack, 2006; Pearce et al., 2009; Hetzel et al., 2009) and radiogenic isotope systems
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(e.g. Frijia and Parente, 2008; Tejada et al., 2009), providing multiple lines of evidence

in both local and global oceanographic signals. Mo and U isotopes have been used in

a different manner, to quantify global ocean anoxia during OAEs (Pearce et al., 2008;

Montoya-Pino et al., 2010), although significant uncertainty surrounds these quantitative

estimates.

The OAEs, as currently recognized and named, are all confined to the Mesozoic, al-

though other events throughout the Phanerozoic show evidence of similar characteristics

and might also be considered ‘OAEs’. Many localities experienced anoxic conditions and

carbonate crises at the Permo–Triassic boundary, in addition to the devastating mass ex-

tinction for which the interval is best known (Wignall and Hallam, 1992; Isozaki, 1997),

and a Ca-isotope study of the interval reveals geochemical evidence of ocean acidification

and accelerated weathering (Payne et al., 2010). The Paleocene–Eocene Thermal Maxi-

mum (PETM) has been represented as the closest analogue for modern rates of climate

change and also shows characteristics of a proto-OAE (Cohen et al., 2007). Although

anoxia was not as widespread during the PETM as during the true Mesozoic OAEs, the

carbon cycle appears to have been perturbed in similar ways, with evidence for the occur-

rence of ocean acidification and methane hydrate release (Dickens et al., 1997; Ravizza

et al., 2001; Zachos et al., 2005; Panchuk et al., 2008). These and other events during

Earth history could be used as natural extensions of the work presented in Chapter 3, to

confirm the response of the Ca cycle to other climate perturbations throughout geological

time.

1.3 Introduction to major cation seawater chemistry

Chapter 4 investigates the Phanerozoic history of Ca-isotope ratios in seawater, using in-

sights from a modern Ca-isotope budget. In particular, the suggestion that oceanic Ca

isotopes may be linked to long-term trends in seawater chemistry and carbonate sedi-

mentation generates testable hypotheses, given sufficient constraints on the Ca cycle and

marine Ca-isotope fractionation, that are compared to arrive at an explanation for the

published record of seawater Ca-isotope composition. Support for changes in the major
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ion chemistry of seawater, especially the Mg/Ca ratio, comes from several different lines

of evidence. To provide context for the history of Ca isotopes in seawater, the evidence

for this and other long-term trends in Phanerozoic seawater and carbonate composition is

discussed below.

The chemical composition of ancient oceans, and its geological controls, is a long-

standing question in geochemistry. Several different approaches have been used to con-

strain the ionic balance of seawater, starting with simple mass balance considerations

and progressing to thermodynamic equilibria, chemical kinetics, and evaporite chemistry

(e.g. Mackenzie and Garrels, 1966; Broecker, 1971; Holland, 1972; Maynard, 1976).

In addition to justifying the relative constancy of seawater composition (e.g. why the

oceans are not infinitely salty, or completely depleted in certain ions), explanations were

also required for observations of changing conditions through time. The mineralogy of

nonskeletal carbonates and the composition of evaporites appear to have varied cyclically

over the Phanerozoic, leading to the concept of ‘aragonite seas’ and ‘calcite seas’ (Sand-

berg, 1983; Hardie, 1996). According to this model, the Mg/Ca ratio of seawater and

concentration of SO4
2− control the preferred carbonate mineralogy of ooids, as well as

the presence of KCl or MgSO4 in evaporite sequences. The alternation between different

seawater states is supported by other datasets (see Figure 1.3), such as the composition of

fluid inclusions in evaporitic halite (Horita et al., 1996; Kovalevich et al., 1998; Lowen-

stein et al., 2001; Brennan and Lowenstein, 2002; Horita et al., 2002; Lowenstein et al.,

2003), the mineralogy of major reef builders and sediment producers (Stanley and Hardie,

1998), and the Mg/Ca ratio of echinoderm skeletons (Dickson, 2002, 2004).

While the definitive cause of these cyclic trends remains unknown, models point to

several processes that might exert control over oceanic Mg/Ca. Rough temporal correla-

tion between changing sea level, icehouse/greenhouse intervals, and atmospheric carbon

dioxide suggests a tectonic control (Sandberg, 1983). Coupled changes in Mg2+, Ca2+,

and SO4
2− could be produced by changes in the relative importance of hydrothermal ex-

change reactions, and a variable rate of dolomitization could also affect the Mg/Ca ratio of

seawater (Wilkinson and Algeo, 1989; Holland et al., 1996; Horita et al., 2002; Holland,
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Figure 1.3: Seawater molar Mg/Ca ratio reconstructed from halite fluid inclusions (Lowen-
stein et al., 2001; Brennan and Lowenstein, 2002; Horita et al., 2002) and fossil echinoderm
ossicles (Dickson, 2002, 2004), with aragonite and calcite sea intervals as defined by Sand-
berg (1983).

2005). Modifying the magnitude of these fluxes through time can result in Mg/Ca changes

over the Phanerozoic from values as low as 1.0 to the modern high of 5.2. This variation is

likely to have affected skeletal mineralogy and Mg content for a range of biomineralizers,

potentially providing evolutionary pressure for certain calcifying taxa (Stanley, 2006) and

possibly influencing the first advent of biocalcification (Brennan et al., 2004).

Patterns of carbonate sedimentation have also changed over the Phanerozoic, as evolu-

tionary processes have modified both the organisms and the environments in which biocal-

cification occurs. In the modern oceans, carbonate burial is split approximately evenly be-

tween shallow-water and deep-water environments (Milliman, 1993; Milliman and Drox-

ler, 1996), but this proportion has not always been constant. Over glacial/interglacial

timescales, for example, the ratio of shelf to deep-sea carbonate may have changed with

sea level, which the ‘coral reef hypothesis’ suggests may have been partially responsi-

ble for Pleistocene atmospheric carbon dioxide variations (Opdyke and Walker, 1992).

A general shift from cratonic to pelagic carbonate deposition (see Figure 1.4) appears to

have taken place throughout the Phanerozoic (Opdyke and Wilkinson, 1988; Wilkinson

and Algeo, 1989; Wilkinson and Walker, 1989), especially as the planktic foraminifera

and coccolithophores that dominate modern pelagic calcification diversified in the Meso-
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zoic. The composition of carbonate reefs and sediment producers has also varied over

time, according to the fossil record (Wood, 1995; Kiessling et al., 2003). These changes

in the composition of the carbonate sink are important factors in the history of the Ca

cycle and its isotopic evolution.
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Figure 1.4: Estimates of global carbonate accumulation in pelagic and cratonic environ-
ments, converted to apparent rate of extant (remaining) mass of Ca (assuming 100% CaCO3)
per million years. Data and exponential decay lines are derived from Wilkinson and Walker
(1989) and include processing and conversions of the original data (Ronov, 1982; Davies and
Worsley, 1981; Hay, 1985).

The long history of marine carbonate sedimentation has been affected by many vari-

ables, both external forcings and internal evolution, and as the only major sink of oceanic

Ca, the composition of this sink can have major consequences for the Ca cycle. Chap-

ter 4 proposes an interpretation for the connection between the carbonate burial sink, the

chemical composition of seawater, and the oceanic Ca-isotope ratio. This analysis ex-

plores the limits of the Ca-isotope system at steady state, in contrast to the non-steady

state behaviour expected over the ∼1 My timescales of the OAEs.
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1.4 Introduction to calcium isotopes in biomineralization

Chapter 5 presents two unusual growth experiments using corals and green algae that

provide insight into the mechanisms of Ca-isotope fractionation during biocalcification.

Biomineralization is a complex and poorly understood subject, because although general

strategies can be recognized that apply to many species, a hugh diversity of minerals,

functions, and mechanisms are utilized by different organisms (Lowenstam and Weiner,

1989). Biominerals can be found across the entire tree of life and in many different forms,

but some of the most important ones on a global scale are the calcium carbonate miner-

als. Calcium carbonate is a central part of the sedimentary rock cycle, and all the work

presented in this thesis revolves around measurements in these minerals. As an abundant

component of the geological record, carbonate holds the potential to archive past environ-

mental conditions over a range of timescales. Environmental variables that are essential to

understanding ancient climates, but impossible to measure directly in the past, can often

be estimated using proxies, or measurable attributes that can be related to the desirable

variable. Measuring proxies in biominerals often exposes ‘vital effects’, or deviations

from the expected inorganic relationship. A mechanistic understanding of biomineraliza-

tion processes could resolve some of these vital effects and make proxy measurements in

skeletal archives much more useful for interpreting environmental conditions.

Ca isotopes offer particular promise for investigating mechanisms of biomineraliza-

tion, due to the role of Ca as the major cation in carbonate. Whereas some familiar proxy

measurements, such as δ13C and δ18O, are hosted within the carbonate ion, metal cations

are often incorporated in trace amounts relative to Ca and hold much potential as proxies

if cation incorporation can be understood. Mg/Ca and Sr/Ca have been widely studied and

used as recorders of paleotemperature (e.g. Elderfield and Ganssen, 2000; Cohen et al.,

2001), although other ratios such as Ba/Ca, Cd/Ca, U/Ca, and Zn/Ca have also attracted

attention (e.g. Boyle, 1981; Lea, 1993; Lynch-Stieglitz et al., 1996; Marchitto et al., 2000;

Cardinal et al., 2001). The mechanisms by which these metals are transported to the cal-

cifying regions and affected by skeletal growth kinetics are likely related to those for

Ca. Some work has attempted to model Ca-isotope fractionation during biocalcification
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(Böhm et al., 2006; Griffith et al., 2008b; Gussone et al., 2009; Kısakürek et al., 2011),

but much more remains to be done in this field towards the goal of understanding vital

effects.

Figure 1.5: A sample specimen of the calcareous green algae Halimeda tuna collected from
Big Point, the Bahamas.

The experiments presented in Chapter 5 are concerned with biogenic aragonite in

Halimeda algae and in scleractinian corals. Halimeda is a genus of calcifying green al-

gae (see Figure 1.5) that can form large bioherm structures and may be a major sediment

producer in tropical shelf regions (Wefer, 1980; Milliman, 1993). The algae’s aragonitic

skeleton disaggregates after death and contributes to lime mud accumulation, but as its

components cannot be uniquely identified or separated, it does not provide a very useful

geological archive. Nevertheless, Halimeda does present a useful system for studying

biomineralization and some of the fundamental isotopic effects that occur in biogenic

systems, due to the simplicity of its calcification mechanism. Imaging studies and mi-

crosensor analysis reveal minimal biological control over ion transport and aragonite pre-

cipitation, with seawater diffusing into an intercellular space and photosynthesis-induced

pH changes causing growth of unoriented aragonite needles (Macintyre and Reid, 1995;

de Beer and Larkum, 2001). This simple system bridges the gap between inorganic

growth experiments controlled by physical chemistry and kinetics and a more complex

system of biocalcification involving cellular transport, internal reservoirs, and organic
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matrices.

Figure 1.6: A sample specimen of the scleractinian coral Porites porites collected from
Castle Harbour Reef, Bermuda.

In contrast to the disaggregated components of Halimeda algae, understanding the

biocalcification of scleractinian corals such as Porites has more useful geological ap-

plications. The composition of fossil aragonite skeletons is susceptible to modification

from recrystallization, but samples recovered from the more recent past can provide high-

resolution (annual and sub-annual) records of the marine environment. In addition, the

incorporation of uranium from seawater allows coral samples to be dated radiometrically

in absolute terms, providing good constraints on the timing of proxy records recovered

from the skeleton. Hermatypic corals from reef environments (see Figure 1.6), which

usually grow in a symbiotic relationship with photosynthetic zooxanthellae, can record

conditions in the surface ocean; deep-sea corals, which are asymbiotic and ahermatypic,

can provide valuable records from the deep ocean. Many different laboratory techniques

have been applied to study coral physiology and biomineralization, including microscale

imaging, radioactive tracers, fluorescent dyes, inhibiting drugs, and microsensor probes,

under both natural and experimental conditions (Bénazet-Tambutté et al., 1996; Tambutté

et al., 1996; de Beer et al., 2000; Clode and Marshall, 2002; Al-Horani et al., 2003a,b;

Tambutté et al., 2012). These investigations provide a physiological basis for investigating

geochemical signals in coral aragonite, which can in turn provide quantitative constraints

on cellular processes, as well as recording information about environmental conditions

(e.g. Cohen and McConnaughey, 2003; Allison et al., 2011). By comparing the response
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of aragonite Ca-isotope ratios to experimental conditions in both Halimeda algae and

Porites corals, a better understanding of Ca-isotope fractionation and other metal cation

proxies can be established and used to interpret records of the marine environment.





Chapter 2

Methods

The majority of original data presented in this thesis are stable-isotope measurements

of calcium. The range of different approaches for producing such measurements are

described in Chapter 1, and this chapter contains the detailed methods for measuring

δ44/42Ca by MC-ICP-MS, as performed at the University of Oxford, including verifica-

tions and tests of the analytical procedures. Previous Ca-isotope work at Oxford (e.g.

Halicz et al., 1999; Chang et al., 2004; Marriott et al., 2004; Chu et al., 2006; Reynard

et al., 2010) contributed to the development of the methods described below.

2.1 Sample preparation

Carbonate specimens, which constitute most δ44/42Ca measurements produced for this

thesis, are sampled with a low-speed, handheld drill or powdered with a mortar and pes-

tle. Samples with significant amounts of organic matter (especially Halimeda algae, see

Chapter 5) are first bleached with 15% NaOCl for ∼2 hours or until white. Fossil belem-

nite tests are cleaned thoroughly following the procedures in Jones et al. (1994), which

include physically scraping or drilling to remove detrital matrix, sonicating in deionized

water, etching in weak acid, and crushing and partially dissolving skeletal fragments to

remove crack-filling secondary calcite (see Figure 2.1). Samples can then be visually

inspected and drilled at clean, fresh surfaces. The chemical procedures described below

have been calibrated for 0.5–3.0 mg (usually ∼1 mg) of carbonate, corresponding to 0.2–

19
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1.2 mg Ca. Measurements of pure Ca standard solutions, seawater, and seawater-like

solutions are made using as little as 0.05 mg Ca (equivalent to ∼0.12 mL of seawater at

412 ppm Ca). These solutions are evaporated to dryness and then treated in an identical

manner to the carbonate samples.

Figure 2.1: Representative samples of Jurassic belemnite tests before (left) and after (right)
the preparation procedure involving cleaning, etching, crushing, and partially dissolving the
fossil calcite.

Samples are dissolved in 2N HCl in preparation for ion-exchange chromatography

and, if necessary, centrifuged to separate any insoluble residue (clays or organic ma-

terial). To minimize contamination, quartz-distilled acids and purified 18 MΩ water

(MQ) are used at all times, and acid-cleaned Teflon beakers are used to collect and

evaporate samples during chemical procedures. Once dissolved, samples are treated in a

positive-pressure class-1000 clean laboratory environment and exposed only in laminar-

flow hoods.

In fossil samples where diagenesis needs to be assessed, trace-metal analysis is use-

ful for identifying possible alteration. For belemnite tests and other fossils of primary

calcite, concentrations of >150 ppm Fe and >50 ppm Mn have been shown to be often,

if not necessarily or exclusively, indicative of significant alteration (Jones et al., 1994).

Such elevated levels of Fe or Mn signal possible calcite recrystallization or failure of the

above methods to remove secondary calcite, and suggest that Ca-isotope ratios from those

samples be interpreted cautiously, if not discarded entirely. In the case of bulk carbonate

samples, trace-metal analysis is less useful due to the variable composition of carbonate

micrite, although high levels of Mg can signal dolomitization, with an effect on Ca-isotope

ratios of unknown but likely significant magnitude (Böhm et al., 2011). Theory, based on

analysis of a representative carbonate-rich oceanic core, suggests that the relative rates of
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carbonate sedimentation and recrystallization in deep-sea sediments could lead to posi-

tive δ44/40Ca offsets of <0.15‰ due to the high Ca-isotope ratio of seawater (Fantle and

DePaolo, 2007). In general, diagenesis is expected to have only a small effect on Ca-

isotope ratios due to the high concentration of Ca in carbonate fossils or sediment relative

to meteoric fluids, and the similar isotopic composition of many natural Ca reservoirs.

2.2 Ion-exchange chromatography

To purify Ca from the rest of the sample matrix, ion-exchange chromatography is per-

formed using a two-step column chemistry procedure described in Table 2.1. This pu-

rification is essential for reliable mass spectrometry, removing other cations that could

alter plasma conditions, affect Ca ionization, or generate isobaric interferences. Partic-

ular attention must be given to remove Sr, whose double-charged 84Sr, 86Sr, and 88Sr

isotopes contribute direct interferences on the single-charged 42Ca, 43Ca, and 44Ca ion

beams. Methods for the analysis of bone, dairy, and vegetation described in Chu et al.

(2006) with modification in Reynard et al. (2010) were adapted for geological samples

for this work with slight adjustments. As a first step, Bio-Rad AG50W-X12 resin (200–

400 µm particle size) is used to separate Ca2+ and Sr2+ from Na+, K+, Mg2+, and other

cations (see Figure 2.2). Following that process, Ca2+ is separated from Sr2+ with a sec-

ond column of Triskem (Eichrom) Sr-specific resin (50–100 µm particle size). After each

elution, samples are evaporated to dryness and treated with concentrated HNO3 to oxidize

organic molecules derived from the resins. The resulting purified Ca solutions are then

redissolved in 2% HNO3 to a concentration of 10 ppm Ca for mass spectrometry.

The effectiveness of the column elution for a typical carbonate sample was tested with

a fossil belemnite, generating a calibration for separation of Ca and Sr from the calcite

matrix (see Figure 2.2). Mg and Na are removed entirely within the first 10 mL of 2N HCl

to pass through the columns, and Sr and Ca overlap in the 12–24 mL fraction. Complete

collection of sample Ca must take place at this stage to ensure that no chemical fractiona-

tion is introduced during sample processing, since isotopic analysis of the fractions which

yielded Ca show that the heavier isotopes are eluted first. Assuming 100% CaCO3 in the
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Table 2.1: Recipe for the isolation of Ca2+ from other cations through a two-step ion-
chromatographic column separation.

Separation of Ca and Sr from other cations
Load resin (to reuse) 1.6 mL AG50W-X12
Prepare/clean resin 6.0 mL 6N HCl

6.0 mL 2N HCl
Load sample 0.5 mL 2N HCl
Elute sample 0.5 mL 2N HCl

10.0 mL 2N HCl
Collect Ca and Sr 2.0 mL 6N HCl

10.0 mL 6N HCl
Clean resin 5.0 mL 6N HCl

10.0 mL MQ H2O

Separation of Ca from Sr
Load resin (to discard) 250 µL Sr-specific resin
Prepare/clean resin 1000 µL 6N HCl

1000 µL MQ H2O
2000 µL 0.01N HNO3
1500 µL 3N HNO3

900 µL 3N HNO3
Load sample/collect Ca 300 µL 3N HNO3
Collect Ca 300 µL 3N HNO3

1500 µL 3N HNO3
Elute Sr (optional) 200 µL 0.01N HNO3

800 µL 0.01N HNO3
800 µL 0.01N HNO3
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Figure 2.2: Elution curves for the first step of ion-exchange column chromatography for a
matrix of fossil belemnite calcite. Note the clear separation of Mg and Na, but overlapping
Sr and Ca, which necessitates a second column separation.
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initial sample, concentration measurements of the eluted sample show complete collec-

tion of sample Ca, within the measurement accuracy of 1%. The Sr-specific resin used

in the second columns has a very high affinity for Sr, which remains bound in the resin

and is discarded after the sample Ca is eluted. After this step, Sr concentrations are below

detection limit, and again, 100% collection of Ca takes place. Two standards of known

isotopic composition are processed in parallel with every batch of samples to check for

any systematic fractionation due to the ion chromatographic separations. The level of

procedural blanks is ∼5 ng Ca, which is negligible relative to sample sizes that are several

orders of magnitude larger.

2.3 Mass spectrometry

Ca-isotope ratios are measured using a Nu Instruments multi-collector ICP-MS, whose

original technical development and performance is described in Belshaw et al. (1998).

This method of mass spectrometry offers the possibility of efficient sample preparation

and high sample throughput, and therefore permits multiple replicates with little effort,

yielding standard errors with comparable precision to TIMS measurements. Samples and

standards are introduced through a Teflon sipper into the mass spectrometer as solutions

of 10 ppm Ca in 2% HNO3, with an uptake rate of 75 µL/min. The solution proceeds

into a DSN-100 desolvator, which converts the sample into a dried aerosol to minimize

molecular interferences from the fluid. The aerosol is carried into the plasma with a sam-

ple gas flow of ∼3 L/min. The plasma is maintained with forward RF power at 1300 W.

After being ionized in the plasma, the sample passes through nickel sampler and skim-

mer cones into the flight tube, where the ion beam is doubly focused by an electro-static

analyzer and a magnetic sector. Ion optics are adjusted daily to maximize signal intensity

and optimize peak alignment.

The voltage intensities of ion beams at mass 42, 43, and 44 are monitored simulta-

neously in Faraday collectors. A sample is measured for 120 one-second integrations,

with automatic rejection of data whose internal standard deviations lie significantly out-

side the mean. Voltage spikes can sometimes occur due to discharge between the plasma
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and sampler cone, but these are easily recognized and do not affect the integrated mean

of the beam. A single measurement sequence lasts approximately 9 minutes, including

multiple washes, a background/memory measurement (clean 2% HNO3), and a sample

uptake time of ∼65 seconds. Beams at mass 41.5 through 45.5 are also measured, with

the intensity of the mass 43.5 beam from double-charged 87Sr (= 7.0% of total Sr), used

to correct for direct interferences of double-charged 88Sr (= 82.58%), 86Sr (= 9.86%), and

84Sr (= 0.56%) on the 44Ca, 43Ca, and 42Ca beams, respectively. Before correction, Sr

interferences tend to elevate δ44/42Ca (as well as decrease δ44/43Ca and increase δ43/42Ca)

and can therefore be identified on a triple-isotope plot comparing two Ca-isotope ratios

(see Figure 2.4). Doping experiments reveal that the correction using 87Sr is sufficient for

at least Sr/Ca ≤ 0.002 (see Figure 2.3, data from L.M. Reynard), which is easily achieved

with ion chromatography. Background corrections due to the scatter of the large 40Ca and

40Ar beams were found to have negligible effect and were not applied. Intensity on the

44Ca beam is 3–5 V, on average, giving a sensitivity of approximately 20 V/ppm 44Ca.
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Figure 2.3: Doping 10 ppm Ca standard solutions with varying amounts of Sr shows the
effect of the calculated Sr-interference correction using the mass 43.5 beam. The correction
is effective for the entire range of Sr/Ca measured here. Data were collected by L.M. Reynard.

To correct for instrumental mass fractionation and calculate δ44/42Ca (see formula in

Section 1.1), samples are run in alternation with two standards, a reference and an inter-

nal standard. This sample–standard bracketing assumes an approximately linear fraction-

ation over the small range between the reference standard and the sample. The ratio of
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the reference standard is also used as a measure of stability, to monitor drift in machine

mass bias. Using corrected intensities, values of δ44/42Ca are calculated for the samples

and internal standard lying between subsequent measurements of the reference standard.

Based on the standard deviation of the internal standard (usually ∼50 analyses during a

24-hour run) and multiple (3–6) analyses of each sample, the average 2σ error on a sam-

ple δ44/42Ca value is 0.06‰. A triple-isotope plot of δ44/43Ca against δ44/42Ca verifies

the mass-dependence of all the observed fractionation, with data falling around a line of

slope 0.4875 as expected (see Figure 2.4). Sample data are discarded if deviations from

mass-dependent fractionation (>2 standard deviations) are detected for either the sample

δ44/42Ca or the paired internal standard measurement.
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Figure 2.4: Triple-isotope plot showing mass-dependent fractionation (relative to an internal
standard) over nearly the entire range of natural Ca-isotope variation. Red circles represent
a variety of samples; blue circles are measurements of a second internal standard. All these
data were collected on a single day (24/10/2010).

Values of δ44/42Ca are reported relative to the carbonate standard NIST SRM915a, al-

though conversion to other reporting conventions is possible. A wide variety of standards

have been used to report Ca-isotope ratios in the literature, including NIST SRM915a

(currently used to depletion), NIST SRM915b, seawater, an internal fluorite standard

(CaF2), and a ‘bulk earth’ Ca-isotope value. Published values for these standards are

shown in Table 2.2. The accuracy of measurements conducted at Oxford are confirmed by

use of the reference standard SRM915a. The internal standard used at Oxford, ‘HPS Ca’,

has a well established δ44/42Ca of +0.34‰ relative to SRM915a (δ44/40Ca = 0.71‰).
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Table 2.2: A comparison of various calcium-isotope standards relative to the carbonate stan-
dard SRM915a, with original published and accepted values (converted from δ44/42Ca, where
applicable). Accuracy in Ca-isotope analysis of samples for this thesis is confirmed by mea-
surement of comparable values for seawater, SRM915b, and HPS Ca (see section 2.3).

Standard (phase) δ44/40Ca Published source
Seawater (solution) 1.88‰ Hippler et al. (2003)
laboratory CaF2 (fluorite) 1.44‰ Hippler et al. (2003)
bulk silicate Earth (fluorite) 1.20‰ Fantle and DePaolo (2007)
Alfa Ca (solution) 0.84‰ Chu et al. (2006)
SRM915b (carbonate)* 0.72‰ Heuser and Eisenhauer (2008)
HPS Ca (solution) 0.65‰ Chu et al. (2006)
SRM1486 (phosphate) −1.01‰ Heuser and Eisenhauer (2008)

*possible interferences from Sr

Measurements of seawater, having undergone ion-exchange chemical preparation identi-

cal to the treatment for carbonate samples, yield δ44/42Ca = +0.93‰ (n = 24, standard

deviation = 0.07‰), agreeing well with the published value of δ44/40Ca = +1.88‰, or

δ44/40Ca = +0.90‰ (Hippler et al., 2003), and confirming accuracy of the measurement

methods described here. The reference standard SRM915b is measured to be +0.42‰

(n = 111, standard deviation = 0.06‰), slightly heavier than the published value of

δ44/40Ca = +0.72‰, or δ44/42Ca = +0.34‰ (Heuser and Eisenhauer, 2008; Wombacher

et al., 2009). However, the values measured at Oxford may be affected by significant

interferences from Sr in this material, which can be identified by high intensities at mass

43.5 (87Sr) and systematic deviation from mass-dependent fractionation. Analyses sug-

gest that SRM915b carbonate contains 100 times as much Sr as samples treated with

ion-exchange chromatography and 5–10 times as much as other Ca standards, and that

the Sr-interference correction based on mass 43.5 is not effective at these concentrations

(equivalent to ∼100 ppb Sr per 10 ppm Ca). The work of Heuser and Eisenhauer (2008)

with the published reference value of δ44/40Ca = +0.72‰ is not susceptible to these in-

terferences due to lack of Sr ionization during TIMS analysis, but the results of measure-

ments presented here suggest that SRM915b should not be used as a reference material

for analysis of Ca-isotope ratios by MC-ICP-MS without prior chemical purification.
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2.4 External and stratigraphic reproducibility

Several tests were carried out to confirm the reproducibility of δ44/42Ca measurements

during chemical preparation and analysis, and at a single point in time in the geologi-

cal record. The statistics of repeat measurements of internal standards demonstrates the

long-term precision of the mass spectrometer, with a standard deviation of 0.04‰ over 40

analytical sessions for ‘HPS Ca’ (δ44/42Ca = +0.34‰, n = 1744 total analyses) and a stan-

dard deviation of 0.02‰ over 16 analytical sessions for ‘Fisher Ca’ (δ44/42Ca = +0.56‰,

n = 905 total analyses). The external precision of sample measurements is demonstrated

by repeat analysis of a representative carbonate sample, which matches the average sam-

ple matrix and is treated with the complete chemical and analytical procedures. Analysis

of a single Jurassic belemnite (δ44/42Ca = −0.04‰) confirms the reproducibility of sample

treatment procedures with n = 19 separate treatments and a standard deviation of 0.04‰.
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Figure 2.5: Multiple sample treatments of belemnites from a single bedding plane (n = 9)
and from fragments of a single belemnite (n = 7), showing values within error of each other
and confirming the usefulness of δ44/42Ca measurements on geological samples.

For practical application of Ca-isotope measurements to geological materials, the con-

sistency of Ca-isotope ratios within an organism or fossil and across a single stratigraphic

layer must also be tested. For the first case, samples across multiple fragments of a sin-

gle belemnite confirmed that the entire fossil recorded identical Ca-isotope ratios, within

error, ensuring that fragments of fossils can be used and that a typical ∼1 mg sample



28 CHAPTER 2. METHODS

sufficiently homogenizes any internal variability (see Figure 2.5). For the second case,

several belemnites were sampled from a single bedding plane, the fossiliferous Belemnite

Bed, exposed at Seatown, Dorset, UK. Assuming the length of time represented by this

bed is much less than the residence time of Ca in the oceans (0.5–1.0 My), the Ca-isotope

ratio of seawater should be uniform during that interval and individual fossils that express

the same fractionation factor should all record the same value. The results of this test

confirm that the natural variability in fossil carbonate over a bedding plane is within an-

alytical precision, and that these methods can be used to reconstruct temporal changes in

seawater Ca-isotope ratios.



Chapter 3

Significant increases in global

weathering during Oceanic Anoxic

Events 1a and 2 indicated by calcium

isotopes

This chapter was published in very similar form in the journal Earth and Planetary Sci-

ence Letters (Blättler et al., 2011). Supplementary information accompanying the pub-

lished version is provided below as an appendix, along with some additional datasets and

discussion.

3.1 Introduction

Oceanic Anoxic Events (OAEs) are among the largest climate perturbations of the Phan-

erozoic and offer an opportunity to observe the response of the Earth system to large and

abrupt changes in the carbon cycle. Stratigraphy, sedimentology, macro- and micropale-

ontology, and organic- and inorganic geochemistry have all been used to study the inter-

connected processes involved during these periods of major environmental change. OAEs

were initially recognized in the geological record by the widespread, synchronous depo-

sition of marine black shales, interpreted as signals of global ocean anoxia (Schlanger

29
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and Jenkyns, 1976). The events can also be recognized in diverse sedimentary sections

(that may or may not have experienced local anoxia) using carbon-isotope stratigraphy,

with a characteristic carbon-isotope curve associated with each event (Scholle and Arthur,

1980).

Many other processes are linked to the major changes in carbon cycling that oc-

cur during OAEs. There is evidence for volcanic activity at large igneous provinces

(LIPs), high levels of greenhouse gases, increased temperature, bursts of primary pro-

ductivity, widespread global ocean anoxia/euxinia, taxon-specific extinctions and radia-

tions, seafloor carbonate dissolution, ocean acidification, and general ecosystem disrup-

tion (Erba, 2004; Jenkyns, 2010). A range of isotope proxies (e.g. Sr, Os, Mo, and U) has

been measured across OAEs to assess aspects of these processes (e.g. Jones and Jenkyns,

2001; Cohen et al., 2004; Pearce et al., 2008; Montoya-Pino et al., 2010), and pulses of

terrestrial weathering have been inferred from strontium- and osmium-isotope data (Frijia

and Parente, 2008; Tejada et al., 2009). Calcium isotopes may also be useful in identi-

fying and quantifying changes in geochemical cycles during OAEs, because the calcium-

isotope ratio of seawater changes in response to large flux imbalances. Calcium is a key

component in chemical weathering reactions, where its transfer from silicate to carbonate

form actively draws down atmospheric CO2 and stabilizes climate on long timescales (e.g.

Walker et al., 1981). In this study, calcium-isotope ratios are reported from four sections

spanning OAE1a (Early Aptian, ∼123 Ma) and OAE2 (Cenomanian–Turonian, ∼93.6

Ma). Two of these measured sections provide nearly pure carbonate records throughout

these events. These sections do not strongly express conditions of organic carbon burial

and local marine anoxia, which would lead to large changes in local sediment chemistry,

but still clearly express the global changes in the carbon cycle in their carbon-isotope ra-

tios, and are hence well suited to investigating the response of the calcium cycle to large

climatic events.

Calcium is broadly conservative in seawater and its isotopic composition is uniform

in the modern and presumably past oceans, due to its long residence time of ∼0.5–1.0 My.

Marine calcium-isotope histories have been reconstructed on geological timescales in a
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variety of substrates (carbonate, apatite, and barite) and results are most often reported as

δ
44/40Ca =


(

44Ca/40Ca
)

sample(44Ca/40Ca
)

standard
− 1

 · 1000

with maximum measured temporal δ44/40Ca variation of ∼1‰, for a given substrate, over

the Phanerozoic (Schmitt et al., 2003b; Fantle and DePaolo, 2005; Heuser et al., 2005;

Farkaš et al., 2007a; Sime et al., 2007; Griffith et al., 2008a). The marine calcium cycle

is relatively simple with input from hydrothermal fluids at mid-ocean ridge systems and

from dissolved riverine calcium produced by continental weathering (and small contribu-

tions from sediment diagenesis and groundwater fluxes), and output by seafloor calcium-

carbonate deposition (DePaolo, 2004). Isotopic fractionation occurs during the removal

of calcium from seawater, with the precipitation of isotopically light calcium carbon-

ate maintaining relatively high seawater calcium-isotope ratios. This seawater ratio is

expected to change due to variations in the fractionation factor (e.g. from changes in the

dominant CaCO3 mineralogy through time) or due to imbalances in the size or isotopic ra-

tios of the input/output fluxes (Fantle, 2010). Despite its long oceanic residence time, the

calcium-isotope composition of seawater may still respond to geologically short events

if the forcing is large enough. A short calcium-isotope response has been reported in a

Permo–Triassic boundary section from China, where δ44/40Ca variation of 0.2–0.3‰ was

interpreted as a CO2-acidification response (Payne et al., 2010). Four new high-resolution

records of calcium isotopes during OAEs are presented in this study. These records show

changes in the calcium cycle due to climatic perturbations, apparently due to changes in

global weathering.

3.2 Background

Changes in global carbon-isotope ratios and paleotemperature proxies are well docu-

mented for OAE1a and OAE2 (Jenkyns, 2003). The Early Aptian (∼123 Ma) OAE1a

is classically known from its reference section in Italy, the Cismon Apticore, where a 5 m
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thick black shale known as the Selli Level appears between pelagic carbonates and marls,

a stark lithologic representation of the anoxic event (Erba et al., 1999). The defining

carbon-isotope curve (see Figure 3.2, for example) has a sharp ∼3‰ negative carbon-

isotope excursion followed by a positive excursion and plateau (Menegatti et al., 1998;

Weissert et al., 1998; Li et al., 2008). Negative excursions, common to many OAEs,

may arise from sudden releases of 13C-depleted carbon, either as a cause or effect (and

amplifier) of environmental change. During OAE1a, the negative carbon-isotope excur-

sion has been interpreted as the result of a release of methane hydrate, which could have

induced global warming of 2.5–3.0 °C before subsequent CO2 drawdown from organic-

carbon burial (Jahren et al., 2001; Beerling et al., 2002; Dumitrescu et al., 2006). Positive

carbon-isotope excursions often closely follow the negative excursions, and are generally

interpreted as the result of increased global burial of organic, 13C-depleted carbon (Scholle

and Arthur, 1980). Orbital tuning of the Cismon core has produced estimates for the du-

ration of the negative and subsequent positive carbon-isotope excursions of 1.0–1.3 My

(Bralower et al., 1994; Li et al., 2008) and 1.1 My (Malinverno et al., 2010).

a)

b)

Figure 3.1: Paleogeographic reconstructions adapted from Blakey (2010) of: a) 120 Ma
(Aptian), and b) 90 Ma (Turonian). Black squares show sample localities for this study.
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OAE2 occurred at the Cenomanian–Turonian (C/T) boundary at ∼93.6 Ma (Ogg et al.,

2008). The global reference locality in Pueblo, CO, USA has produced a characteristic

carbon-isotope curve that has been reproduced worldwide, with a broad ∼2.5‰ posi-

tive excursion in carbonate carbon isotopes (Sageman et al., 2006). Orbitally derived

estimates of the duration of the excursion range from 563–601 ky from analysis in the

Western Interior Seaway (Sageman et al., 2006) to a shorter estimate of 430–445 ky from

a locality in Northern Germany (Gale et al., 2005; Voigt et al., 2008). TEX86 and δ18O

paleotemperature data suggest that global sea-surface temperatures were high (> 33 °C)

before a mid-event cooling of ∼4 °C or 5–11 °C, depending on the locality, which again

is attributed to CO2 drawdown through organic-carbon burial (Forster et al., 2007; Sin-

ninghe Damsté et al., 2010).

3.3 Samples

3.3.1 Oceanic Anoxic Event 1a: ODP Leg 143, Site 866, Resolution

Guyot, Mid-Pacific Mountains

A carbonate record of OAE1a was sampled at Resolution Guyot (21°N, 174°E), drilled

during Leg 143 of the Ocean Drilling Program. Hole 866A yielded a ∼1620 m shallow-

water carbonate record from the Hauterivian through the Albian (Jenkyns, 1995). Plat-

form carbonate accumulation continued atop the extinct volcanic seamount from ∼128 Ma

until its drowning at ∼99 Ma, during which time the guyot was located in the southern

tropical Pacific (Wilson et al., 1998; Jenkyns and Wilson, 1999). Figure 3.1a shows the

approximate paleogeographic location of Resolution Guyot during the Aptian (Blakey,

2010). Despite poor recovery (1.4% for the upper 300 m, 28–32% for deeper intervals,

average of 15.4%), this core is remarkable in recording such a long-lived marine car-

bonate sequence from this time period, with sedimentation continuing through OAE1a.

The carbonate in recovered core sections reflects shallow-water platform and lagoonal

facies, dominated by oolitic/oncoidal/peloidal grainstone, cyanobacterial laminite, and

mudstone-wackestone (Jenkyns and Strasser, 1995; Strasser et al., 1995). Skeletal frag-
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ments of rudists, gastropods, and corals were also recovered throughout the core. The

lower part of the core has undergone some dolomitization (1–5%, up to 35% MgCO3

in a few samples), which may have occurred as recently as the Paleogene (Flood and

Chivas, 1995); otherwise the core is nearly 100% calcite, interrupted only by an imma-

ture, ∼10 cm thick, laminated ‘black shale’ corresponding to OAE1a (Arnaud et al., 1995;

Jenkyns, 1995). This unit and a few accompanying organic carbon-rich clay layers char-

acterize the onset of the event.

The initial stratigraphic correlation of Site 866 is based on benthic foraminiferal bio-

stratigraphy (Arnaud-Vanneau and Sliter, 1995) as well as strontium- and carbon-isotope

stratigraphies (Jenkyns, 1995; Jenkyns et al., 1995; Jenkyns and Wilson, 1999). Later

comparison of the strontium-isotope curve to other records suggests that platform growth

may have decreased in the upper core (Jenkyns and Wilson, 1999). The characteristic

carbon-isotope curve of OAE1a from other worldwide sections, with a sharp negative ex-

cursion followed by a longer positive one, is robustly reproduced in the core samples (see

Figure 3.2). Despite previous interpretations of subaerial exposure and karstification, oth-

ers have argued that no evidence exists for meteoric-water diagenesis (Wilson et al., 1998;

Jenkyns and Wilson, 1999). Such alteration, if it did occur, would likely have a minimal

effect on carbon and calcium isotopes of calcite due to low concentrations of these ele-

ments in meteoric water. The excellent correlation of the OAE1a carbon-isotope curve

with other global sections also suggests minimal diagenesis of this record. Dolomitized

intervals, with a clear history of cation exchange, may contain altered calcium-isotope ra-

tios, but these samples are easily identifiable by trace-element analysis and given separate

consideration.

3.3.2 Oceanic Anoxic Event 1a: Coppitella, Gargano, Italy

Another carbonate-rich section spanning OAE1a was sampled from Coppitella, on the

Gargano Peninsula in Italy (41.9°N, 16.2°E, see Figure 3.1a for paleogeography). The

stratigraphy at Coppitella is described in Cobianchi et al. (1999) and Luciani et al. (2001).

The marl–limestone couplets of the Marne a Fucoidi formation represent pelagic deposi-
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Figure 3.2: Calcium-, carbon-, and strontium-isotope ratios covering the OAE1a inter-
val from ODP Site 866A, Resolution Guyot, Mid-Pacific Mountains. Carbon isotopes are
from Jenkyns (1995). Strontium isotopes are from Jenkyns et al. (1995) and normalized to
SRM987 87Sr/86Sr = 0.710260. The symbolic stratigraphic log is modified from Strasser
et al. (1995), where full descriptions of the units, sequences, and carbonate sedimentology
can also be found.
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Figure 3.3: Calcium- and carbon-isotope ratios covering the OAE1a interval from Coppitella,
near Vieste, Gargano, Italy. A subset of the carbon-isotope values shown are published in
Luciani et al. (2001). Additional values as well as the stratigraphic log are from Luciani,
Cobianchi, and Jenkyns (unpublished).
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tion in the Ionian Basin. The samples are carbonate-rich, but with a significant percentage

of clays in the marl intervals, and with a pair of thin black shale levels 5–10 cm thick.

Correlation with OAE1a is based on calcareous nannofossil and planktonic foraminiferal

biostratigraphy (Cobianchi et al., 1999; Luciani et al., 2001) as well as a high-resolution

carbon-isotope curve (see Figure 3.3). The different depositional environment and distant

location of this section compared to Resolution Guyot provide an opportunity to test for

global calcium-isotope effects during OAE1a, as opposed to local effects influenced by

the nature of the sediment at a single site.

3.3.3 Oceanic Anoxic Event 2: Eastbourne, UK

OAE2 is expressed in the Plenus Marls and lower White Chalk cropping out at East-

bourne, UK (50.7°N, 0.3°E), which has been proposed as a reference locality for the

Cenomanian–Turonian boundary interval (Paul et al., 1999). This locality offers the thick-

est section of that interval in the Anglo–Paris basin (Gale et al., 1993; Jarvis et al., 2006).

The marly (10–20% clay) carbonates of the Plenus Marls are overlain by the coccolith-

and calcisphere-dominated nodular limestones of the Chalk (Paul et al., 1999; Gale et al.,

2005). These units were deposited in the shallow epicontinental seas that covered north-

western Europe during the Cretaceous and can be considered as pelagic shelf-sea de-

posits (Figure 3.1b). The Eastbourne section (see Figure 3.4) is very well correlated with

other global sections that cover OAE2 through extensive micro- and macro-fossil bio-

stratigraphy (Gale et al., 1993; Paul et al., 1999; Tsikos et al., 2004; Gale et al., 2005) and

high-resolution carbon-isotope profiles (Tsikos et al., 2004; Gale et al., 2005; Jarvis et al.,

2006). The proposal to use the Eastbourne section as a European reference curve for the

Cenomanian–Turonian boundary event is based on assumed stratigraphic completeness

and an assessment of minimal diagenesis. Minor modification of oxygen-isotope ratios

may have occurred, as well as slight smoothing of the carbon-isotope record from carbon-

ate cementation, but carbon isotopes and other geochemical data remain robust (Jenkyns

et al., 1994; Paul et al., 1999).
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Figure 3.4: Calcium- and carbon-isotope ratios covering the OAE2 interval from Eastbourne,
Sussex, England with strontium isotopes from the same time interval. Carbon isotopes are
from Tsikos et al. (2004). The stratigraphic log, along with further biostratigraphic informa-
tion, can be found in Erba (2004), Tsikos et al. (2004), and references therein. Strontium
isotopes (normalized to SRM987 87Sr/86Sr = 0.710260) are from McArthur et al. (1993)
from the Trunch Borehole, Norfolk, England covering the same interval in the same facies,
using carbon-isotope stratigraphy to correlate with Eastbourne.
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3.3.4 Oceanic Anoxic Event 2: South Ferriby, UK

The South Ferriby quarry pit in Lincolnshire, UK (53.7°N, 0.5°W), yields a section of

pelagic chalk interrupted by a ‘Black Band’ of organic-rich, laminated marls that is the

lithological expression of OAE2 (Schlanger et al., 1987; Jenkyns et al., 2007). The sec-

tion reflects the same chalk facies as at Eastbourne and has experienced a similar dia-

genetic history with good preservation of carbonate, although the South Ferriby section

is condensed by a factor of about 20 relative to Eastbourne (Gale et al., 1993). A phos-

phatized chalk-pebble conglomerate below the Black Band and an abrupt shift in the

carbon-isotope ratios of over 1‰ (see Figure 3.5) signal a long depositional hiatus (Hart

et al., 1991). Despite this stratigraphic gap in the record, and the absence of a continuous

chalk record, the partial overlap of this section with that from Eastbourne provides a good

opportunity to reproduce globally significant signals at a second locality.
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Figure 3.5: Calcium- and carbon-isotope ratios covering the OAE2 interval from South Fer-
riby, Lincolnshire, England. The stratigraphic log is modified from Gale et al. (1993) and
Hart et al. (1991). Both δ44/42Ca and δ13C values are new geochemical datasets, although the
δ13C record matches closely those in Hart et al. (1991) and Schlanger et al. (1987).
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3.3.5 Comments on the studied sections

The dramatic changes in local redox conditions and lithology that occur in most sedi-

mentary sequences during an OAE complicate geochemical analyses seeking to discern

global conditions. The sample sections from Resolution Guyot and Eastbourne are un-

usual because of the uniformity and purity of the carbonate record throughout OAE1a

and OAE2, respectively. The facies of those sections are little affected by the environ-

mental changes that took place in the water column, so they provide excellent records for

carbonate-based analyses of OAEs. Carbon-rich sequences, on the other hand, are typi-

cally low in carbonate and have a heavy diagenetic overprint, with secondary carbonate

forming from oxidation of organic carbon. Calcium isotopes in carbonate are generally

resistant to diagenesis, even during minor recrystallization, because of the strong buffer-

ing effect of calcium in the carbonate when exposed to fluids with low concentrations of

this element. That duplicate sections are measured for each event also provides a test of

signal reproducibility independent of any local diagenetic effects. Together, the four lo-

calities measured in this study provide important high-resolution and continuous records

of the two major Cretaceous OAEs.

3.4 Methods

Samples were either powdered as a bulk hand sample, or drilled from the carbonate rock

with a low-speed, hand-held drill, selecting the micritic portion of the carbonate and

avoiding bioclasts and cements where visible. A total of 100 powders (∼1–3 mg) from the

various sites were dissolved directly in quartz-distilled acids, centrifuged to remove any

insoluble clay content, and analyzed at Oxford. Elemental concentrations (for assessment

of diagenesis) were measured on a Thermo Finnigan Element 2 ICP-MS (inductively cou-

pled plasma mass spectrometer). For calcium-isotope analysis, samples were chemically

processed using modifications of the method of Chu et al. (2006), as described in Reynard

et al. (2010). Briefly, a two-step ion-exchange chromatographic separation is performed in

a clean laboratory setting to isolate Ca2+. Sample solutions are prepared at 10 ppm Ca and
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42Ca, 43Ca, and 44Ca beam intensities are measured on a Nu Instruments multi-collector

ICP-MS, deriving

δ
44/42Ca =


(

44Ca/42Ca
)

sample(44Ca/42Ca
)

standard
− 1

 · 1000

using sample–standard bracketing with a reference material (NIST SRM915a). Every

sample solution is measured multiple times. Data quality is assessed by checking for

agreement with expected fractionation on a triple-isotope δ44/43Ca vs δ44/42Ca plot (fol-

lowing Reynard et al., 2010). An in-house standard solution (‘HPSCa’, δ44/42Ca = 0.34‰

relative to SRM915a) is analyzed between each sample bracket, and two aliquots of this

pure calcium standard are also taken through the complete chemical procedure with every

batch of samples to assess any isotopic fractionation introduced by the chemical and an-

alytical procedures. Measurement uncertainty for δ44/42Ca is ±0.06‰ (2 SE), reflecting

the external reproducibility of multiple measurements of the same solution. Five repli-

cate treatments of a sample from Resolution Guyot confirm that this is an appropriate

level of reproducibility for the entire analytical procedure. The use of ICP-MS does not

allow analysis of 40Ca, so measured calcium-isotope ratios in this study are reported as

δ44/42Ca values relative to the reference solution SRM915a, instead of the alternative unit

of δ44/40Ca. Values of δ44/42Ca can be approximately converted (within analytical error)

to δ44/40Ca by simply multiplying by two.

3.5 Results

Calcium-isotope (δ44/42Ca) values from Resolution Guyot range from maxima of ∼0.40‰

in the mid-Barremian and Albian, to a minimum of 0.15–0.20‰, with the lowest values

all occurring in the Aptian (Figure 3.2). Variation within the Barremian and the Albian

is on a similar scale to the analytical reproducibility (2σ = 0.04–0.08‰), while the dif-

ference of ∼0.20‰ between these stages and the Aptian is greater than can be explained

by analytical variability. The record of calcium isotopes within the Aptian stage is not

smooth, but ranges from 0.15 to 0.35‰. It is noticeable that the excursion in calcium

isotopes reaches its lowest values (800–650 mbsf) coincident with the negative carbon-
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isotope excursion, and returns to higher values (400 mbsf) only as the carbon isotopes

recover fully from their positive plateau. An analysis of variance shows that differences

in calcium-isotope ratios between the three groups, (1) 1500–800 mbsf, (2) 800–450 mbsf,

and (3) 450–0 mbsf, are statistically significant (ANOVA, p = 1.1 × 10−5; Tukey HSD,

p < 0.001 between groups 1–3 and 2–3, p = 0.07 between groups 1–2). One sample

from a dolomitized interval (1387 mbsf, within the Barremian) records a much heavier

calcium-isotope ratio and stands out as an outlier at 0.53‰. The late-stage dolomitization

in this sample (see Section 3.3.1) suggests that this outlier has no relation to the original

calcium-isotope ratio at the time of deposition, and the high value from this sample is

consistent with the predicted direction of fractionation for this process (Fantle and De-

Paolo, 2007). The samples measured here are the same as for the previously published

carbon- and strontium-isotope curves, which are also shown in Figure 3.2 (Jenkyns, 1995;

Jenkyns et al., 1995).

The calcium-isotope record from Coppitella shows a negative excursion of a similar

magnitude to that from Resolution Guyot, despite the fact that the two records are from

very different locations and settings. The absolute values are lower, ranging from −0.17 to

−0.52‰, with a negative calcium-isotope excursion of ∼0.2‰ occurring during the pos-

itive carbon-isotope excursion (see Figure 3.3). The more negative values in the middle

of the section differ significantly from the background value (ANOVA, p = 0.04; Tukey

HSD, p = 0.05 between groups of data before and during excursion).

Calcium-isotope values from Eastbourne show slightly less variation, with values

ranging from 0.08 to 0.25‰ (Figure 3.4). The five-point mean of the data varies from

0.17‰ at the bottom of the section to a minimum of 0.10‰, and then rises to 0.24‰ at

the top of the section. Again, this variation is greater than that during any one interval and

must be explained by changes in the record, not by analytical uncertainty. The group of

five measurements with the lowest δ44/42Ca values (mean = 0.10‰) clusters right at the

apex of the positive carbon-isotope excursion. These five points are significantly differ-

ent from the data above and below (ANOVA, p = 4 × 10−7; Tukey HSD, p < 0.005 for

all pair-wise comparisons between groups). The carbon-isotope ratios were measured in
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the same samples (Tsikos et al., 2004), but the strontium-isotope ratios at the bottom of

Figure 3.4 are a representative curve of the event taken from a correlative section of the

Chalk from Trunch, Norfolk, England (McArthur et al., 1993).

The calcium-isotope values at South Ferriby are slightly lower than those at East-

bourne, but show a similar trend when correlated by the carbon-isotope curve (Figure 3.5).

At the bottom of the section, δ44/42Ca values average 0.13‰, with a drop to −0.02‰ (five-

point mean) following the stratigraphic gap, simultaneous with the highest δ13C values.

At the top of the section, values recover to ∼0.15‰ as the carbon-isotope ratios also re-

turn to pre-excursion levels. The data grouped into three sections (5 points pre-Black

Band, 6 points in and after the Black Band, and 4 points towards the top of the section)

are significantly different from each other (ANOVA, p = 0.001; Tukey HSD, p < 0.004

between the middle group of points and the other groups). Despite the condensed nature

of the sequence and the existence of the laminated Black Band, the carbonate record of

δ44/42Ca in this section reproduces the shape of the trend from the Eastbourne section over

the same time interval.

Minor- and trace-element concentrations were also measured for all samples from

Resolution Guyot and Eastbourne to check for samples/intervals that may have expe-

rienced more significant alteration and might generate artefacts in the calcium-isotope

records. Iron and manganese concentrations are relatively uniform throughout the sec-

tions: Resolution Guyot samples have below 100 ppm Fe and below 50 ppm Mn, and

Eastbourne samples contain higher values of 500–2000 ppm Fe and 200–500 ppm Mn.

Strontium concentrations are approximately 150 ppm for Resolution Guyot samples and

300–600 ppm for Eastbourne samples. Magnesium concentrations are also quite uniform,

around 0.1–0.5 wt.% in both sections, except for a few samples from Resolution Guyot

with up to 8 wt.% Mg, a clear sign of dolomitization.

The magnitude of calcium-isotope variation in any single one of these sections is close

to the limit of measurement precision, although replication of the observed trends in mul-

tiple stratigraphic sections leads to increased confidence in the existence of a shared signal

recorded during these time periods. Statistical tests (ANOVA, Tukey HSD, performed us-
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ing software by R Development Core Team, 2009) confirm the significance of variation

among the groupings described above (pre-excursion, excursion, and post-excursion) in

all of the measured sections. Variation over the entire stratigraphic section is in every

case at least twice that of any such grouping of the data or the uncertainty on an indi-

vidual measurement. These measures lead to the interpretation of the calcium-isotope

records as displaying small but significant negative excursions during OAE1a and OAE2.

3.6 Discussion

3.6.1 Observed Ca-isotope variation attributed to changing seawater

composition

The negative δ44/42Ca excursions of 0.1–0.2‰ measured in more than one section for both

studied OAEs suggest a common process. Generally, changes in calcium-isotope ratios

of marine precipitates originate from: a) changes in the fractionation factor between sea-

water and sample, such as from compositional (e.g. aragonite vs. calcite) or temperature

effects; b) post-depositional alteration; or c) changes in the calcium-isotope composition

of seawater from which the material precipitated. In the case of the samples measured

here, changes in carbonate composition, precipitation temperature, and post-depositional

diagenesis are all unlikely explanations for the data, so the sections are interpreted as

recording real variation in seawater composition.

The continuity and homogeneity of the carbonate sediments from Resolution Guyot

and Eastbourne suggest that a change in fractionation factor between seawater and sub-

strate is not the major cause of δ44/42Ca variation at these locations. Although changes in

fractionation factor due to local effects are difficult to rule out entirely in natural sequences

where sediment varies over space and time, especially in a record spanning an OAE with

changing environmental conditions, the duplication of the signals in additional sections

suggests that the negative excursions are global phenomena. At Resolution Guyot, the

texture of the bulk carbonate varies from radially structured calcitic ooids to peloids to

cyanobacterial laminite, but these changes are not accompanied by any mineralogical



3.6. DISCUSSION 45

changes. Changes in calcium-isotope values also do not correlate with any particular

carbonate lithology (e.g. oolite and microbial laminite). The section was sampled for

non-skeletal phases, which allow limited opportunity for strong biological control over

the fractionation factor. Unintentional sampling of a skeletal fragment rather than the

surrounding limestone may lead to scattered δ44/42Ca values, but this does not explain

entire intervals with average values that vary by up to 0.20‰. The Coppitella section has

generally high nannofossil abundance and diversity, suggesting good preservation of the

carbonate fraction (Luciani et al., 2001), and although carbonate percentage in the sam-

ples shows a bimodal distribution due to variation in clay content in the marl–limestone

couplets, carbonate percentage is not well correlated with calcium isotopes (R2 = 0.12).

The carbonate of the Eastbourne Chalk is a very homogeneous, coccolith-rich facies.

Samples have high carbonate content throughout (most samples > 90%), and carbonate

percentage is again not well correlated with calcium isotopes (R2 = 0.44). Changes in

nannofloral assemblages take place throughout the section, with the largest change being

the decline of Biscutum spp. that constitutes ∼30% of the coccolith abundance, but many

species that contribute a significant percentage to the total nannofossils do not vary in

abundance during OAE2 (Linnert et al., 2011). If Biscutum were at one extreme of the

range of fractionation factors measured in individual coccolith species by Gussone et al.

(2007), and the remaining nannofossils lay at the other extreme, the 30% change in assem-

blage composition would still not account for the entire excursion. The similar excursion

in the chalk of South Ferriby, which has different absolute δ44/42Ca values and likely a

different nannofossil assemblage, as well as a lithological change at the Black Band, also

suggests that assemblage changes are not responsible for the negative excursions.

Temperature effects on the fractionation factor are another possible source of global

variation in calcium-isotope ratios, depending on the source of the carbonate, but the

variation expected from such an effect is inconsistent with paleotemperature records from

these OAEs. Although the planktonic foraminifera Globigerinoides sacculifer has been

shown to exhibit a δ44/40Ca temperature dependence of +0.24‰ per °C (Nägler et al.,

2000), a much weaker temperature dependence of < 0.02‰ per °C is found in other
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carbonates, such as the foraminifera Orbulina universa and inorganic precipitates (Gus-

sone et al., 2003; Marriott et al., 2004). No temperature relationship has been calibrated

for lagoonal/shallow-water carbonates, such as those from Resolution Guyot, but if, as

expected, these non-skeletal carbonates follow the inorganic calcite trend (δ44/40Ca vary-

ing by ∼0.02‰ per °C), then the δ44/40Ca variation of −0.4‰ (converted from δ44/42Ca)

in the measured section would require a > 20 °C drop in temperatures of the tropical

Pacific surface oceans. A similar interpretation can be made for the nannofossil-rich Cop-

pitella section, using the temperature calibrations for coccolithophores of ∼0.02‰ per °C

(Gussone et al., 2006, 2007; Langer et al., 2007). Not only would such conditions be

climatically implausible, but it is unlikely that carbonate production would have contin-

ued at such temperatures. In fact, suggested temperature changes during OAE1a are to-

wards warmer conditions and are therefore in the wrong direction to explain the observed

calcium-isotope excursions.

Using the ∼0.02‰ per °C relationship for the coccolith-dominated chalk records of

OAE2, the δ44/40Ca shifts of −0.2 to −0.3‰ (converted) in the Eastbourne and South Fer-

riby sections could be explained by a drop in temperatures of 10–15 °C during the OAE.

Some component of these records may therefore be explained by a temperature effect,

since a cooling episode during the middle of OAE2 has been inferred from paleotemper-

ature proxies in various locations, with a magnitude of 4 °C in the equatorial Atlantic

(Forster et al., 2007) and 5–11 °C in the proto-North Atlantic (Sinninghe Damsté et al.,

2010). It seems reasonable to attribute some of the calcium-isotope variation in the chalk

records of OAE2 to temperature changes, but this is unlikely to explain more than half the

observed variation in calcium isotopes.

Selection of carbonate-dominated sequences with minimal change in sediment type

means that the samples will have been subjected to minimal diagenetic alteration, partic-

ularly of the type that could significantly alter their calcium-isotope composition. Early

diagenesis through reaction with pore waters may increase δ44/40Ca values slightly, on the

order of ∼0.15‰ depending on sedimentation and recrystallization rates (Fantle and De-

Paolo, 2007), but this should affect each site relatively uniformly and would not generate
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differential zones within a continuously deposited section. There is no evidence for par-

tial dissolution at the sections studied, which may selectively dissolve components of the

carbonate and affect the isotopic ratios in the remaining material. No value of minor- and

trace-element concentrations (iron, manganese, strontium, and magnesium) suggests that

any sample has been significantly altered, apart from a few easily identifiable dolomitized

samples, which can be discarded (see Section 3.5).

Neither systematic changes in fractionation nor diagenetic alteration seems to be a

viable explanation for the similar calcium-isotope signals measured in four different sec-

tions. To explain the consistency and reproducibility of these signals, changes in the

calcium-isotope composition of seawater are proposed as the origin of the negative excur-

sions during OAEs.

3.6.2 Modelling seawater calcium-isotope excursions

A simple one-box model of the oceanic calcium and strontium cycles was used to explore

the possible variation in seawater calcium isotopes, assuming that a common process

is driving the similar calcium-isotope responses to both OAEs. The model specifically

tests the effects of submarine LIP eruption, ocean acidification, and increased continental

weathering, three processes that have been shown to occur during these OAEs (see Section

3.1). To evaluate the extent of these processes, model results are compared with two

targets defined by the general form of the data: a negative δ44/42Ca excursion of 0.1–0.2‰

(i.e. a δ44/40Ca excursion of 0.2–0.4‰) lasting ∼1 My (see horizontal bars in Figure 3.7),

and a decrease in 87Sr/86Sr of 0.0002–0.0003 toward non-radiogenic values over 3–5 My

following both OAEs (data in Figures 3.2 and 3.4).

The calcium cycle is modelled with the mass-balance equation:

d
dt

(
NCa

)
= Fhyd + Friv − Fcarb

where NCa is the oceanic calcium reservoir and Fx is a flux of calcium to/from x. Fhyd

and Friv are hydrothermal and riverine sources, respectively, and Fcarb is the net carbonate
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burial sink (equal to total marine carbonate precipitation minus carbonate dissolution).

The isotope-balance equation:

NCa ·
d
dt

(
δ

44/40CaSW
)

=
(
δ

44/40Cahyd − δ
44/40CaSW

)
· Fhyd

+
(
δ

44/40Cariv − δ
44/40CaSW

)
· Friv

−
(
δ

44/40Cacarb − δ
44/40CaSW

)
· Fcarb

with

δ
44/40Cacarb = δ44/40CaSW + ∆carb

describes the evolution of the seawater isotope ratio (δ44/40CaSW), where ∆carb is the differ-

ence, due to fractionation, between seawater and average bulk carbonate. All model iso-

tope ratios are reported as δ44/40Ca relative to SRM915a. NCa is 2.5 times higher than the

modern oceanic reservoir of calcium, to approach the modelled Cretaceous value (Stan-

ley and Hardie, 1998; Lowenstein et al., 2003). Magnitudes and isotope ratios of calcium

fluxes (see Figure 3.6) are taken from literature estimates of the modern calcium cycle

(De La Rocha and DePaolo, 2000; Schmitt et al., 2003a; Heuser et al., 2005; Farkaš et al.,

2007b). Fcarb is treated as a first-order sink relative to NCa, and due to the increased

size of the oceanic reservoir, the modelled residence time of calcium is 2.5 times that

of the modern calcium cycle. The treatment of Fcarb describes the long-timescale rela-

tionship between alkalinity and silicate weathering, where atmospheric carbon dioxide,

rather than biocarbonate derived from weathering of limestones and dolomites, is neces-

sarily involved in the removal of excess Ca2+ as marine carbonate precipitates. Limestone

weathering and carbonate chemistry influence oceanic calcium, bicarbonate, and carbon-

ate ion concentrations on the order of 104 years, and while marine carbonate compensation

will prevent large changes in the size of the oceanic calcium reservoir, silicate weather-

ing products must ultimately be removed by increased net carbonate deposition over long

timescales (Archer et al., 1997; Gaillardet et al., 1999). Additional calcium that is mixed

into the marine reservoir will have an isotopic effect similar to that derived from this sim-

plified modelling strategy representing carbonate removal as a first-order sink for calcium,
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making this approach an effective tool for investigating calcium-isotope variation.
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Figure 3.6: Schematic of the oceanic box model used in this study, including initial values for
reservoir sizes, flux magnitudes, and isotope ratios. The calcium cycle is in red, with δ44/40Ca
values relative to SRM915a; the strontium cycle is in blue, with isotope ratios normalized to
SRM987 87Sr/86Sr = 0.710260. Model parameters are derived from Palmer and Edmond
(1989), De La Rocha and DePaolo (2000), Schmitt et al. (2003a), Heuser et al. (2005), and
Farkaš et al. (2007b). The molar amounts and isotope ratios of seawater are initial steady-
state values, derived using other model parameters to balance the calcium and strontium
cycles. The relative proportions of riverine vs hydrothermal strontium are also derived from
calculations to achieve an initial steady-state given seawater 87Sr/86Sr data. Seawater and
output flux (Fcarb) values respond to model forcing effects and change over time.

The model strontium cycle is linked to the calcium cycle through the common sources

of both elements, riverine and hydrothermal fluxes. The mass balance equation for stron-

tium is identical in form to that for calcium, except for the additional input term of a

diagenetic (benthic carbonate recrystallization) flux. Strontium removal, by incorpora-

tion into carbonate, is proportional to the first-order calcium sink, Fcarb, and does not

affect strontium-isotope ratios. Isotope ratios (87Sr/86Sr) of input fluxes are taken from

published values (Palmer and Edmond, 1989) and determine the initial steady-state bal-

ance prior to the OAE excursion (see Figure 3.6). The oceanic strontium-isotope ratio

then evolves as the balance of the input fluxes changes through the model run.
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The steady-state balance of the system is perturbed by changing source and sink fluxes

linked to the relevant processes (i.e. LIP emplacement), or by changing their isotopic ra-

tios, or by changing ∆carb (reflecting a change in the dominant species or mineralogy of

carbonate output) or Fcarb (reflecting a change in the precipitation/dissolution balance of

seafloor carbonate, such as from ocean acidification). The equations are solved numeri-

cally to calculate the time-dependent ocean calcium- and strontium-isotope compositions.

The magnitudes of the modelled excursions are sensitive to the residence times of calcium,

which is increased relative to the modern, and strontium, and therefore suggests the pos-

sibility of greater calcium-isotope excursions or less extreme required forcing effects (ei-

ther less intense or of a shorter duration) than those indicated by model results. Limiting

changes in the size of the oceanic calcium reservoir, rather than permitting variation due

to the treatment of carbonate precipitation as a first-order sink, increases the magnitude

of modelled calcium-isotope excursions by approximately 30%. Due to the large oceanic

calcium reservoir and the similar isotopic composition of the two input fluxes, only large

changes to the magnitude of the input fluxes displace the model seawater calcium-isotope

ratio. Such a large change will cause an initial isotope excursion, but if the perturbation is

maintained for much longer than the residence time of calcium in the oceans, the ratio will

return to its initial value (see Figure 3.7a). This behaviour arises because the precipitation

of calcium carbonate is the only source of significant fractionation in the system, leaving

seawater isotopically heavy; because carbonate burial is the only major calcium sink, the

calcium-isotope ratio of seawater and the carbonate sink adjust in parallel (separated by

∆carb) until establishment of a new steady-state where the isotope ratios of the output and

input are equal. In this model configuration, which is likely to capture the major fea-

tures of the oceanic calcium-isotope cycle, isotope excursions and concentration changes

are therefore only recorded as transient phenomena until the seawater concentration and

output flux adjust to a new steady-state. Persistent shifts to the seawater calcium-isotope

ratio are generated only by changes to ∆carb or to the isotope ratios of source fluxes (see

Figure 3.7b).

Model results from perturbing the system by an increase in hydrothermal activity
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Figure 3.7: Model results for six particular forcing arrangements, showing strontium-isotope
ratios (plots c–f only, upper plots), calcium-isotope ratios (red lines, lower plots), and the
molar calcium reservoir of the oceans (grey lines, lower plots). Vertical dotted lines show
the onset of forced perturbations; short, horizontal dashed bars show the target calcium-
isotope response. The time axis marks millions of years from the onset of the perturbation.
a) Hypothetical forcing arrangement to show the behaviour of calcium isotopes to flux imbal-
ances. The weathering input flux is doubled at time t = 0 and remains elevated. Note that the
calcium-isotope ratio exhibits a negative excursion, then returns to a new steady-state value
even while the input flux remains high. b) Hypothetical forcing arrangement to show the shift
of calcium isotopes due to changes in the fractionation factor. The fractionation factor be-
tween seawater and average bulk carbonate changes at time t = 0 from –1.3‰ to –1.5‰ (e.g.
from precipitating a larger proportion of aragonite, which is isotopically lighter than calcite).
Note that the calcium-isotope ratios remain permanently displaced from initial values. c) The
effect of increasing hydrothermal input of calcium and strontium, such as from the emplace-
ment of the Ontong-Java or Caribbean Plateau. d) The effect of increasing weathering inputs
of calcium and strontium, such as from a period of global warming, then allowing them to
decay back to initial values. e) The effect of ocean acidification, modelled as a decrease of
the net carbonate burial sink. f) Best-fit model results for the data describing OAEs 1a and
2, resulting in a negative calcium-isotope excursion and a short-lived radiogenic (positive)
strontium-isotope excursion followed by a larger nonradiogenic (negative) strontium-isotope
excursion. This result is effectively a combination of c and d. See text for further details.
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(Fhyd) are presented in Figure 3.7c. OAEs 1a and 2 were synchronous, within dating

errors, with the formation of the Ontong–Java and the Caribbean Plateaus, respectively,

and the volcanic plateaus likely had significant, if not causal, effects on the environmental

response (e.g. Kerr, 1998; Larson and Erba, 1999; Jones and Jenkyns, 2001; Snow et al.,

2005; Turgeon and Creaser, 2008; Tejada et al., 2009). The effect of emplacing these LIPs

was modelled by increasing hydrothermal fluxes of both strontium and calcium ions by

20% for 3–5 My. This duration reflects the hypothetical timescale of increased delivery

of ions from fresh underwater basalt, which may be longer than the duration of actual

volcanic activity (Tarduno et al., 1991). With a 3 My hydrothermal forcing, strontium-

isotope ratios match the target response, falling by 0.00023, but calcium-isotope ratios

only fall by an immeasurable 0.007‰. For hydrothermal activity to produce a calcium-

isotope signal that matches the data, the flux would have to increase by an implausible

500%, which would drive model strontium-isotope ratios down by 0.00250. Such a large

strontium-isotope response is not a feature of OAEs 1 or 2, nor anywhere else in the

Phanerozoic (McArthur et al., 2001). These results suggest that hydrothermal activity

does not drive oceanic calcium-isotope ratios.

The model results from increasing the riverine input flux (Friv) while keeping its iso-

tope ratio constant are shown in Figure 3.7d. Global warming associated with both OAEs

(see Section 3.2) would have resulted in an intensified continental weathering regime (see

Section 3.6.3 for further discussion). Forcing a threefold increase in the model riverine

flux, which then exponentially decays back to its initial value with an e-folding time of

250 ky, generates both a negative calcium-isotope excursion with a maximum δ44/40Ca

amplitude of 0.28‰, and a positive (radiogenic) excursion in 87Sr/86Sr of 0.00027. These

results indicate that weathering flux changes can drive oceanic calcium isotopes. The

model target of producing a longer lasting, non-radiogenic strontium-isotope excursion is

not met in this instance, so another factor must be involved during OAEs besides weath-

ering alone. Section 3.6.3 discusses the evidence that short-lived excursions in strontium

isotopes to radiogenic values are indeed a feature of the strontium-isotope records of these

OAEs.
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Ocean acidification will affect the oceanic calcium-isotope budget through seafloor

carbonate dissolution and temporary shutdown of the carbonate sink, but model results

imply that this is not capable of producing large (measurable) calcium-isotope variation.

The net effect of carbonate dissolution and reduced carbonate precipitation is modelled

as a 90% reduction in the carbonate sink flux (Fcarb) for 100 ky, which displaces oceanic

calcium-isotope ratios by only 0.08‰ (see Figure 3.7e). The sizable oceanic calcium

reservoir effectively damps the impact of even near-total disruption to the carbonate burial

system. Payne et al. (2010) invoke ocean acidification as a partial explanation for the

calcium-isotope perturbation at the Permo–Triassic boundary. The ‘acidification scenario’

described in that study includes, however, both a carbonate sink disruption and a weath-

ering flux increase, and it is the weathering flux increase that produces the majority of the

target calcium-isotope excursion. In isolation, a 17.7% perturbation to carbonate burial, as

assumed in the Payne et al. (2010) study, produces a negligible (0.02‰) calcium-isotope

excursion in the simple model configuration used in this study. A greater effect from a

longer or larger disruption to Fcarb is limited by the short recovery timescale (∼10 ky) of

the exogenic carbon cycle and by the finite amount of seafloor carbonate (1600 Gt C, or

130 × 109 mol Ca) that can be dissolved (Archer, 1996; Archer et al., 1997). The global

calcium reservoir is on the order of 1019 mol, so dissolution of seafloor carbonate from

ocean acidification, without the terrestrial weathering effects associated with increased

atmospheric carbon, does not affect oceanic calcium isotopes to a measurable degree.

The model result that best fits the observations for both calcium and strontium iso-

topes is a short-term weathering flux increase and a longer-term hydrothermal flux in-

crease (Figure 3.7f). This combination of forcing mechanisms fits with the geological

evidence for global warming and LIP emplacement during the two OAEs. Given that the

continental riverine input of calcium is ∼90% of the total input flux, changes to weath-

ering emerge as the primary driver for negative calcium-isotope excursions on the short

timescales of OAEs. Hydrothermal activity is implicated by the non-radiogenic trends

in strontium-isotope ratios. A tripling of weathering inputs (e.g. Figure 3.7d), combined

with increased hydrothermal activity equal to 20% of global mid-ocean ridge activity for
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5 My, produces model curves that closely fit the observations (see Figure 3.7f).

3.6.3 Quantitatively exploring the weathering response to OAEs

While model results show that variations in the magnitude of the weathering flux can af-

fect seawater calcium-isotope ratios, the results presented above (and in Figure 3.7) do not

explore the possible effects of changing isotope ratios of weathered material. The mea-

sured range in δ44/40Ca of dissolved river loads is as large as the total variation measured

in Phanerozoic marine carbonates, ∼1.0‰ (Zhu and Macdougall, 1998; Schmitt et al.,

2003a; Tipper et al., 2008). Integrated over a regional scale, however, rivers are more ho-

mogeneous, showing half as much variation, and more importantly, calcium-isotope vari-

ation is not correlated with lithology or climate of the watershed (Schmitt et al., 2003a;

Tipper et al., 2010). Schmitt et al. (2003a) conclude that the isotopic value of river calcium

input should be stable over time, and that variation in past oceanic calcium-isotope ratios

would be due to changes in flux magnitudes rather than changes in their isotope ratios.

Little to no fractionation has been measured for rock-weathering reactions, although soils,

groundwater, and small rivers have been shown to contain fractionated calcium isotopes

due to removal of light calcium by biological activity and by secondary calcite precipi-

tation (Schmitt et al., 2003a; Tipper et al., 2006, 2010). Measurement of an isotopically

heavy groundwater reservoir led to the suggestion that oceanic calcium isotopes could

be influenced by the variable storage time of calcium in such terrestrial reservoirs (Tipper

et al., 2006), but this effect is likely to be small. Although changing the isotope ratio of in-

put fluxes is one possible mechanism for modelling changes in seawater calcium-isotope

ratios, these published studies suggest that the isotopic ratio of weathering inputs to the

oceans does not change greatly with time, much less over the ∼1 My timescales of OAEs,

and support the interpretation that the measured OAE anomalies are due to a large flux

imbalance.

Evidence from radiogenic isotopes supports the model results invoking increased

weathering fluxes as the driver behind oceanic calcium-isotope variations during OAEs.

Strontium- and osmium-isotope ratios in the ocean effectively resolve a balance between
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a continental, radiogenic source (weathering input) and a mantle-derived, non-radiogenic

source (hydrothermal input). Osmium-isotope ratios through a section recording OAE1a

show two consecutive sharp decreases in 187Os/188Os during the OAE, which are inter-

preted as increases in mantle-derived osmium from the Ontong-Java Plateau (Tejada et

al., 2009). The authors explain the reversal in 187Os/188Os between these two pulses as a

transient weathering pulse due to higher global temperatures, an increased hydrological

cycle, and subsequently increased chemical weathering rates. An increase in 187Os/188Os

of this magnitude (0.3 to 0.7) suggests a large weathering increase, although the true con-

tribution of the continental end-member may be masked by the effect of the hydrothermal

end-member. For this reason, quantifying the magnitude of a weathering pulse from this

osmium-isotope record is not straightforward. During OAE2, records of osmium isotopes

from Demerara Rise in the Atlantic Ocean and Furlo, in the central Apennines, Italy,

do not show any positive radiogenic enrichment, although the signal may be overridden

by the strong, non-radiogenic influence of volcanic activity at the Caribbean–Colombian

plateau or lost in a depositional gap (Turgeon and Creaser, 2008; Jenkyns, 2010). There is,

however, evidence for a positive, radiogenic pulse in 87Sr/86Sr at the onset of OAE2, mea-

sured in foraminifera and rudist fossils, in the middle of a trend towards lower strontium-

isotope ratios (Bralower et al., 1997; Frijia and Parente, 2008). The size of the pulse

agrees with model results (e.g. Figure 3.7f) produced by forcing a short-lived threefold

increase in weathering. In this manner, a radiogenic spike in 87Sr/86Sr can be produced

without evoking a stratified ocean or a reduced residence time for strontium, as some pre-

vious studies, e.g. Frijia and Parente (2008), suggest. Oceanic strontium-isotope ratios

are also being pulled in two directions by different sources and, in this case, the negative

calcium-isotope excursion clarifies the balance of those two sources better than the stron-

tium record itself, because calcium isotopes are so much less influenced by hydrothermal

activity. Calcium is a major crustal ion and a key component in weathering reactions, and

this new evidence agrees with, and furthers, trace-element isotope records (e.g. osmium

and strontium) in describing an intense weathering response to OAEs.

The size and duration of the calcium-isotope excursions, if they are attributed solely
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to weathering flux changes, can constrain the magnitude of the weathering response and

its contribution to atmospheric CO2 drawdown. The riverine calcium load includes sili-

cate and carbonate weathering products, which are indistinguishable in their effects on the

global calcium budget when they reach the ocean. Only silicate weathering has a long-

term effect on the global carbon cycle, and as silicate weathering increases with temper-

ature, a negative feedback mechanism is thought to maintain the climate balance on long

timescales (Walker et al., 1981). Identifying a pulse of calcium delivery to the oceans is

one of the most direct measurements of this active feedback. Modern calcium discharge is

estimated to be one quarter derived from silicate weathering (Meybeck, 1987; Gaillardet

et al., 1999). If this fraction is maintained proportionally during a weathering pulse, a

tripling of delivered calcium to the oceans could increase the calcium flux from silicate

weathering from 0.6 × 1013 mol/year to 1.8 × 1013 mol/year, which could sequester ap-

proximately ∼0.2 Gt/year carbon during the most intense weathering periods. Over long

timescales, this is an effective sink for large mass releases of atmospheric carbon and

would have helped to stabilize climate after OAEs.

3.7 Conclusions

Four new high-resolution calcium-isotope records spanning OAE1a and OAE2 exhibit

decreases in δ44/42Ca of 0.1–0.2‰ lasting 0.5–1.0 My. These data indicate a change in

the ocean calcium-isotope composition, and a significant change to the global calcium

cycle. A simple box model of ocean strontium and calcium isotopes demonstrates that

the isotope history of these two OAEs is best explained by a threefold increase in con-

tinental weathering during the OAE, coupled to a longer-lived but less extreme change

in hydrothermal activity. These calcium-isotope data support indications from stron-

tium and osmium isotopes for a change in weathering during OAEs, but the fact that

calcium is particularly responsive to riverine inputs, and that it is a major crustal com-

ponent (unlike strontium and osmium) means that these calcium-isotope records provide

more confidence in weathering changes as well as an ability to quantify the weathering

flux increase during an OAE. Given that carbonate is a ubiquitous component of the sed-
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imentary record, it is expected that similar variation in calcium isotopes will be found in

carbonate records during other periods of major environmental change.
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Figure 3.8: Photos of samples from Resolution Guyot (ODP Site 866A). Lower right image
of ooids is approximately 1.5 mm across. Photos by H.C. Jenkyns.
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Table 3.1: Resolution Guyot calcium-isotope data. Values of δ44/42Ca are relative to the
carbonate standard NIST SRM915a.

Resolution Guyot, Mid-Pacific Mountains, ODP Leg 143, Hole 866A
Core section Interval Depth (mbsf) δ44/42Ca (‰) 2 SE

6R CC 9–10 38.49 0.37 0.10
10R CC 11–13 77.01 0.41 0.10
17R CC 2–3 144.42 0.48 0.06
23R CC 3–4 203.43 0.36 0.07
28R CC 9–11 251.69 0.40 0.10
33R CC 12–13 299.62 0.48 0.06
38R 01 53–54 343.23 0.40 0.07
43R CC 21–22 386.51 0.44 0.09
45R CC 38–40 405.98 0.44 0.10
48R 01 3–5 434.43 0.38 0.09
53R 01 1–5 482.71 0.24 0.10
55R CC 18–19 502.08 0.13 0.07
58R 01 12–13 531.12 0.23 0.08
61R 01 68–69 560.58 0.18 0.09
63R 02 113–115 581.93 0.40 0.09
65R 01 3–6 598.63 0.34 0.06
70R 01 78–80 647.68 0.16 0.08
73R 01 120–122 677.00 0.19 0.10
76R 01 114–118 705.84 0.17 0.10
79R 03 141–143 738.06 0.17 0.10
82R 03 19–20 765.87 0.36 0.06
85R 02 145–149 794.70 0.26 0.08
89R 01 43–44 831.03 0.15 0.10
90R CC 13–14 840.03 0.32 0.10
91R 01 65–66 850.15 0.32 0.10
91R 01 98–99 850.48 0.16 0.08
91R 02 26–27 851.02 0.26 0.10
93R 01 36–38 869.06 0.24 0.08
94R 01 57–60 878.97 0.31 0.06
98R 01 20–23 917.20 0.30 0.10

102R 01 97–98 953.67 0.21 0.09
109R 02 89–91 1021.93 0.29 0.06
112R 01 19–21 1049.09 0.41 0.06
118R 01 94–96 1107.74 0.46 0.09
121R 01 73–75 1136.43 0.42 0.06
126R 02 62–63 1185.91 0.38 0.10
130R 01 5–7 1222.65 0.32 0.06
138R 01 14–17 1299.64 0.29 0.06
143R 01 34–36 1348.24 0.32 0.08
147R 01 108–109 1387.18 0.53 0.10
153R 02 54–55 1446.06 0.31 0.06
155R 02 58–62 1465.49 0.25 0.09
157R 03 41–43 1486.17 0.26 0.08
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Table 3.2: Coppitella calcium-isotope data. Stratigraphic heights are relative to the base of
the section. Values of δ44/42Ca are relative to the carbonate standard NIST SRM915a.

Coppitella, Gargano, Italy
Height (m) δ44/42Ca (‰) 2 SE

27.15 −0.29 0.05
25.90 −0.28 0.05
24.75 −0.32 0.05
23.60 −0.31 0.05
17.00 −0.44 0.05
15.90 −0.17 0.05
14.80 −0.43 0.05
13.60 −0.35 0.05
12.38 −0.41 0.05
11.18 −0.38 0.05
9.98 −0.42 0.05
8.75 −0.39 0.05
7.65 −0.52 0.05
6.50 −0.41 0.05
5.65 −0.49 0.05
4.60 −0.21 0.05
2.60 −0.33 0.05
1.40 −0.25 0.05
0.75 −0.44 0.05
0.00 −0.17 0.04
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Table 3.3: Eastbourne calcium-isotope data. Stratigraphic heights are relative to the base of
the section. Values of δ44/42Ca are relative to the carbonate standard NIST SRM915a.

Eastbourne, Sussex, UK
Height (m) δ44/42Ca (‰) 2 SE

26.90 0.25 0.08
25.90 0.25 0.05
24.90 0.25 0.06
23.90 0.25 0.07
22.90 0.22 0.06
21.90 0.18 0.07
20.90 0.18 0.07
19.90 0.18 0.05
18.90 0.24 0.08
17.90 0.21 0.06
16.90 0.24 0.07
15.90 0.19 0.06
14.90 0.08 0.05
13.90 0.15 0.05
13.00 0.10 0.07
12.00 0.08 0.05
11.00 0.09 0.07
10.00 0.20 0.07

9.00 0.11 0.07
8.00 0.11 0.07
7.00 0.15 0.08
6.00 0.14 0.06
5.00 0.19 0.06
4.00 0.15 0.08
3.00 0.16 0.07
2.00 0.22 0.08
1.00 0.15 0.06
0.00 0.15 0.07

Figure 3.9: Photos of the Eastbourne chalk section covering the Cenomanian–Turonian
OAE2. Photos by H.C. Jenkyns.
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Table 3.4: South Ferriby calcium-isotope data. Stratigraphic heights are relative to the base
of the section, with the base of the Black Band at 1.00 m. Values of δ44/42Ca are relative to
the carbonate standard NIST SRM915a, and δ13C are relative to VPDB.

South Ferriby, Lincolnshire, UK
Height (m) δ44/42Ca (‰) 2 SE δ13C (‰)

3.00 0.18 0.04
2.50 0.15 0.04 3.36
2.00 3.33
1.95 3.28
1.90 0.06 0.05 3.18
1.85 3.20
1.80 3.23
1.75 3.19
1.70 0.24 0.09 3.26
1.65 3.16
1.60 3.23
1.55 3.16
1.50 −0.02 0.06 3.34
1.45 3.31
1.40 3.31
1.35 3.39
1.30 −0.04 0.06 3.34
1.25 3.48
1.20 3.61
1.15 −0.04 0.06 3.70
1.10 3.52
1.05 3.73
1.00 0.07 0.09 4.15
1.00* −0.07 0.06 4.15
0.95 4.39
0.90 0.01 0.06 4.50
0.85 0.15 0.06 3.34
0.80 3.28
0.75 3.39
0.70 3.25
0.65 0.07 0.06 3.31
0.60 3.23
0.55 3.21
0.50 3.24
0.45 0.13 0.06 3.25
0.40 3.25
0.35 3.08
0.30 3.16
0.25 0.23 0.09 3.19
0.20 3.08
0.15 3.07
0.10 3.09
0.05 0.09 0.06 3.08
0.00 3.16

*duplicate measurement
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Figure 3.10: Photos of South Ferriby quarry (left) and the Black Band (right) representing
the condensed Cenomanian–Turonian OAE2. Photos by H.C. Jenkyns.

Calcium-isotope records from additional sedimentary sections provide further infor-

mation about how sedimentary carbonate records marine calcium-isotope ratios during the

Cretaceous OAEs as well as other events. A shallow-water carbonate platform from Raia

del Pedale, Italy, that records the characteristic two-step positive carbon-isotope excur-

sion of OAE2 (Parente et al., 2008) has surprisingly invariant δ44/42Ca values throughout

the OAE (Figure 3.11). The section consists of marly limestone with an ∼8 m interval

of yellow laminated shale at the Cenomanian–Turonian Boundary and thin dark lami-

nated shale intervals interspersed at irregular intervals higher in the section. The lower

part of the section is dolomitized, with dolomite rhombs present throughout the lime-

stone, indicating that chemical alteration and recrystallization have significantly affected

the section. The English Chalk, by contrast, sampled at Eastbourne and South Ferriby,

has never been involved in an orogenic event and remains largely unlithified. The lack

of a negative δ44/42Ca excursion at Raia del Pedale suggests that chemical alteration dur-

ing the formation of the Southern Apennines has damped the small signal recorded from

changing seawater calcium-isotope ratios. This result suggests that calcium-isotope ratios

are best preserved in diagenetically immature sections, such as marine sediment cores and

unlithified carbonate sediment.

In addition to OAE1a and OAE2, other abrupt climate perturbations in the geological

record are expected to generate perturbations in the calcium cycle. Two of the largest such

events in the Phanerozoic are the Toarcian OAE and the Paleocene–Eocene Thermal Max-

imum (PETM), from which preliminary calcium-isotope records have been measured.
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Figure 3.11: Calcium- and carbon-isotope ratios covering the OAE2 interval from Raia del
Pedale, Italy. The stratigraphic log is adapted from H.C. Jenkyns. Values for δ13C are from
Parente et al. (2008) and unpublished data.
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Table 3.5: Raia del Pedale calcium-isotope data. Stratigraphic heights are relative to the base
of the section. Values of δ44/42Ca are relative to the carbonate standard NIST SRM915a.

Raia del Pedale, Italy
Height (m) δ44/42Ca (‰) 2 SE

195.00 0.76 0.03
183.00 0.68 0.04
171.00 0.83 0.02
159.00 0.66 0.03
147.00 0.80 0.04
135.00 0.77 0.02
125.00 0.75 0.03
117.00 0.79 0.04
109.00 0.80 0.02
101.00 0.77 0.03

95.00 0.77 0.04
90.00 0.78 0.02
85.00 0.79 0.03
80.00 0.74 0.04
75.00 0.74 0.03
70.00 0.77 0.03
65.00 0.80 0.04
60.00 0.80 0.02
55.00 0.71 0.03
50.00 0.81 0.04
45.00 0.80 0.02
40.00 0.77 0.03
35.00 0.86 0.04
30.00 0.79 0.02
25.00 0.82 0.03
20.00 0.75 0.04
15.00 0.57 0.03
10.00 0.79 0.03
5.00 0.78 0.04
0.00 0.87 0.02
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The Port Mulgrave and Hawkser Bottoms sections in Yorkshire, England record the Toar-

cian OAE interval in geochemically well studied organic-rich mudrock, with perturba-

tions observed in total organic carbon (TOC), organic matter δ13C, Mo-isotope ratios, and

Os-isotope ratios (Cohen et al., 2004; Kemp et al., 2005; Pearce et al., 2008). The record

of δ13C in organic carbon contains a negative excursion of −6.5‰, with astronomical

cyclicity revealed from high-resolution analyses (Kemp et al., 2005). Fossil belemnites

collected throughout the section were analyzed for calcium-isotope ratios (Figure 3.12),

but do not show a reliable trend. Multiple belemnites from the same stratigraphic level

record values over a range of ∼0.3‰, which would be inconsistent with globally uniform

δ44/42Ca values of seawater and a constant fractionation factor for belemnite fossils. The

stratigraphic test performed with fossils from the Belemnite Bed (see section 2.4) sug-

gests that belemnites are indeed a reliable archive for marine calcium-isotope ratios, so

the non-reproducibility of the Yorkshire belemnites may be due to the effects of regional

oceanography on local conditions or individual fossils. The organic-rich mudstones re-

flect deposition in a restricted anoxic basin, whose calcium-isotope composition may have

deviated from that of global ocean seawater. Sedimentary carbonate derived from an envi-

ronment that was clearly in communication with the world oceans would provide a more

reliable record of calcium-isotope changes during the Toarcian OAE.

Another test for recording calcium-isotope ratios during the Toarcian OAE was per-

formed with the lithologically unusual Junction Bed in Dorset, England. The sedimentol-

ogy of this unit and its lateral variability is thoroughly described in Jenkyns and Senior

(1991). The pinkish, fossiliferous limestone overlies a brown marlstone and represents

a highly condensed sequence with stromatolitic textures, dark brown iron-rich intervals,

and occasionally convoluted bedding. The bed is 40–70 cm thick at different localities

and records a large negative excursion in δ13C of −7‰, although this signal may be af-

fected by diagenesis (see Figure 3.13). A close correlation between δ18O and δ13C val-

ues (R2 = 0.72) could be due to kinetic isotope fractionation during chemical alteration,

although correlation of primary carbon- and oxygen-isotope ratios in response to envi-

ronmental conditions is also possible, and similar stable-isotope profiles have been mea-
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Figure 3.12: Calcium- and carbon-isotope ratios covering the Toarcian OAE interval from
Port Mulgrave and Hawkser Bottoms, Yorkshire, England. Carbon isotopes of organic matter
are from Cohen et al. (2004). The stratigraphic log is reproduced from that in Hesselbo and
Jenkyns (1995).
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Table 3.6: Yorkshire calcium-isotope data from Port Mulgrave and Hawkser Bottoms. Strati-
graphic heights are relative to the base of the Jet Rock. Values of δ44/42Ca are relative to the
carbonate standard NIST SRM915a.

Yorkshire, UK
Height (m) δ44/42Ca (‰) 2 SE

17.80 −0.08 0.06
17.80 −0.02 0.07
17.30 −0.27 0.05
17.30 −0.16 0.07
17.30 −0.10 0.06

8.93 0.01 0.06
6.86 −0.21 0.07
6.36 −0.05 0.05
4.86 −0.19 0.06
3.86 −0.15 0.06
3.57 −0.11 0.06
3.14 −0.28 0.06
1.70 −0.19 0.07
−2.50 −0.32 0.06
−3.86 −0.32 0.06
−3.86 −0.16 0.05

sured in the Junction Bed where sampled at other locations (Jenkyns and Clayton, 1997).

Calcium-isotope ratios from both bulk carbonate and belemnite fossils were measured,

including paired measurements of the two carbonate phases from the same stratigraphic

level, where possible. Bulk carbonate δ44/42Ca values are generally within error or slightly

higher than belemnite δ44/42Ca, suggesting that the fractionation factor between seawater

and belemnite calcite is slightly larger than that for bulk carbonate in this setting. Al-

though the Toarcian OAE was a more extreme and longer lasting event than OAE1a or

OAE2, no comparable calcium-isotope excursion is evident in the Junction Bed in either

carbonate phase. The condensed nature of the section and uncertainties in the interpreta-

tion of the carbon-isotope excursion and the stratigraphic location of the Toarcian OAE

do not rule out the presence of a calcium-isotope response to this event. A suitable archive

of sedimentary carbonate deposited during this interval, which is a challenging condition

to meet due to the age of the event (∼183 Ma) and the lack of undisturbed deep-ocean

sediments, remains to be analyzed.
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Figure 3.13: Calcium-, carbon-, and oxygen-isotope ratios covering the Toarcian OAE inter-
val from the Junction Bed, Dorset, England. Values of δ13C and δ18O, as well as δ44/42Ca
represented by open squares, are derived from powdered bulk carbonate samples, whereas
δ44/42Ca measurements represented by solid squares are from belemnite tests.
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Table 3.7: Junction Bed calcium-isotope data. Stratigraphic heights are relative to the base of
the limestone unit. Values of δ44/42Ca are relative to the carbonate standard NIST SRM915a,
and δ13C and δ18O are relative to VPDB.

Junction Bed, Dorset, UK
Height (cm) δ44/42Ca (‰) 2 SE δ44/42Ca (‰) 2 SE δ13C (‰) δ18O (‰)

belemnites bulk carbonate
67 −0.83 −3.28
66 0.30 0.08 0.43 −2.45
65 0.01 −2.58
64 0.84 −2.10
63 0.07 0.11 0.32 0.08 0.41 −2.22
62 −0.17 −2.47
61 0.92 −2.05
60 0.35 −1.95
59 0.01 −2.21
58 0.20 0.07 0.51 −2.04
57 0.91 −1.78
56 1.26 −1.51
55 0.76 −1.75
54 1.83 −1.51
53 0.28 0.09 0.30 0.10 1.63 −1.45
52 0.35 −1.78
51 0.82 −1.52
50 0.73 −1.64
49 0.21 −1.52
48 −1.01 −1.96
47 0.15 0.11 0.19 0.08 −1.08 −2.12
46 0.12 −1.83
45 −2.11 −2.85
44 0.16 0.09 0.21 0.07 −1.12 −2.46
43 0.18 0.09 0.06 0.08 1.18 −1.51
42 0.63 −1.69
41 0.38 −1.91
40 0.45 −1.77
39 −0.59 −2.21
38 0.16 0.09 0.21 0.07 −2.25 −2.40
37 −6.56 −3.65
36 −7.37 −3.92
35 −8.18 −4.09
34 0.01 0.08 −5.87 −3.60
33 1.22 −1.69
32 −0.06 −2.04
31 1.08 −2.05
30 0.13 0.08 0.09 −2.63
29 −2.92 −3.41
28 −1.01 −2.71
27 1.04 −2.21
26 0.16 0.08 1.19 −2.07
25 −2.72 −3.18
24 −0.04 −2.45
23 −6.91 −4.12
22 −7.15 −4.19
21 0.03 0.09 0.08 0.06 −0.35 −2.66
20 −1.52 −2.91
19 2.66 −2.03

Continued on next page
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Table 3.7: Continued

Height (cm) δ44/42Ca (‰) 2 SE δ44/42Ca (‰) 2SE δ13C (‰) δ18O (‰)
belemnites bulk carbonate

18 2.75 −1.43
17 0.28 0.08 2.79 −2.09
16 1.95 −2.23
15 −1.40 −3.01
14 0.70 −2.26
13 0.61 −2.54
12 0.07 0.09 0.37 0.06 −0.19 −2.50
11 0.10 0.09 0.18 0.10 −1.53 −2.61
10 0.11 −2.27
9 −1.22 −2.07
8 −1.78 −2.15
7 −2.66 −2.24
6 0.08 0.09 0.14 0.07 −3.45 −3.07
5 −1.78 −2.08
4 −1.01 −1.75
3 −1.46 −1.98
2 −0.73 −1.77
1 −1.11 −2.44
0 0.15 0.08

A geologically younger event with similar climatic implications to the Cretaceous

OAEs, the PETM, is another possible candidate for identifying weathering feedbacks

through measurement of calcium-isotope ratios. The Forada section of the Venetian

pre-Alps represents a hemipelagic, near-continental depositional setting during the Early

Cenozoic (Giusberti et al., 2007). The carbon-isotope excursion of the PETM begins

at the base of a clay marl unit, with a 2–3 mm-thick laminated black clay layer, and

the recovery continues into the limestone–marl couplets above (see Figure 3.14). Limited

samples were available for calcium-isotope analysis, and the few δ44/42Ca values obtained

do not definitively suggest any trend or lack thereof. The expected response for seawater

calcium-isotope ratios can be modelled using constraints from studies of the carbon cycle

during the PETM. Significant seafloor carbonate dissolution is evident from pelagic sedi-

ment cores (Zachos et al., 2005), although the model presented in section 3.6.2 above in-

dicates that this additional source of calcium would not be large enough to modify oceanic

δ44/42Ca significantly. Greenhouse warming during the PETM would be expected to pro-

duce a silicate weathering feedback and increased riverine calcium input, as during the

Cretaceous OAEs, but the timescale of the PETM, estimated at ∼10 ky for ocean acidi-
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fication to begin reversing, ∼50 ky for the main decrease in carbon-isotope values, and

120–220 ky for full recovery of the carbon cycle (Röhl et al., 2000; Farley and Eltgroth,

2003; Zachos et al., 2005), would be too short to influence seawater calcium-isotope ra-

tios to a measurable degree. A modelled shutdown of the carbonate sink and increase in

riverine calcium due to weathering over the timescale of the PETM generates a negative

shift in δ44/40Ca of only 0.07‰. Further investigation of the PETM in reliable carbonate

sections might confirm this behaviour and support the modelling of the calcium cycle as

described in this chapter.
on
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Figure 3.14: Calcium-, carbon-, and oxygen-isotope ratios covering the PETM interval from
Forada, Italy. Stratigraphic information and values of δ13C and δ18O are from Giusberti et al.
(2007).

The calcium-isotope data from these additional sedimentary sections do not change

the interpretations of the calcium cycle and the Cretaceous OAEs presented in the above

chapter. They signal the need for complete, diagenetically immature carbonate sections in
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Table 3.8: Forada calcium-isotope data. Stratigraphic heights are relative to the onset of the
PETM (at the Paleocene–Eocene boundary). Values of δ44/42Ca are relative to the carbonate
standard NIST SRM915a.

Forada, Italy
Height (m) δ44/42Ca (‰) 2 SE

6.93 0.05 0.06
4.64 −0.11 0.06
2.65 0.01 0.05
2.65* 0.03 0.06
2.65* −0.08 0.06
2.65* 0.06 0.06
2.65* −0.09 0.06
2.65* −0.01 0.06
2.08 −0.16 0.06
0.83 0.05 0.06
−0.52 0.04 0.06
−1.62 −0.05 0.05
−3.12 −0.05 0.05

*replicate measurement

order to record the small but significant variation in calcium-isotope ratios during extreme

climate perturbations. Concerns about the reliability of carbon-isotope stratigraphy reflect

similar reasoning, with the best preserved data originating from deep-ocean sediments

which have not been uplifted in orogenic events. The small magnitude of calcium-isotope

variation, relative to current measurement precision, makes δ44/42Ca excursions suscepti-

ble to significant damping, depending on the rates of deposition and recrystallization of

carbonate sediment. For this reason, the strategic investigation of geological events cor-

related across several localities is important, both to confirm stratigraphic reproducibility

of global ocean signals as well as to test the faithful preservation of isotopic signals in the

sedimentary material.





Chapter 4

Explaining the Phanerozoic Ca-isotope

history of seawater

This chapter will be published in very similar form in the journal Geology (Blättler et al.,

2012). Supplementary information accompanying that version is provided below as an

appendix.

4.1 Introduction

Measurements on fossil carbonates show that the Ca-isotope composition of seawater has

varied throughout Phanerozoic time (Farkaš et al., 2007a). The dominant feature of the

record is a shift toward higher Ca-isotope ratios in the Carboniferous, with a shift of

comparable magnitude observed in the Mesozoic or Cenozoic (Figure 4.1). The differing

ratio of aragonite to calcite precipitated during times of ‘aragonite seas’ and ‘calcite seas’

has been proposed as a mechanism for generating oscillations in seawater Ca-isotope ra-

tios (Farkaš et al., 2007a), but the isotope data do not show a strong oscillatory response

to intervals of changing seawater chemistry, particularly during the Cretaceous. To ex-

plain the single, large change in Ca-isotope composition observed in the Carboniferous,

together with the lack of comparable shifts during the rest of the Phanerozoic, requires

further consideration of the evolving carbonate sink over time to include various modes

of carbonate secretion, precipitation and burial. This study presents a Ca-isotope budget

75
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based on modern marine calcite and aragonite, which provides quantitative constraints

with which to test the Ca-isotope response of ancient seawater to changing components

of the carbonate sink.
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Figure 4.1: The Phanerozoic δ44/40Ca record of seawater from fossil carbonate and barite
(details in Appendix). Measured δ44/40Ca values are corrected for expected species-
dependent isotope fractionation from seawater in order to reconstruct the seawater value
in which they formed. No corrections are made for temperature-dependent fractionation in
this reconstruction. The majority of the data is reconstructed from diagenetically screened
primary calcite of fossil brachiopods (fractionated from seawater by −0.9‰) or belemnites
(fractionated by −1.4‰) published by Farkaš et al. (2007a), with additional contributions
from Farkaš et al. (2007b) and this study. Cenozoic data include measurements of planktic
foraminifera, deep-sea bulk carbonate, or marine barite, calibrated to modern samples (Fantle
and DePaolo, 2005; Heuser et al., 2005; Fantle and DePaolo, 2007; Sime et al., 2007; Grif-
fith et al., 2008a). Timescale for geological eras and periods from Ogg et al. (2008) and for
aragonite sea and calcite sea intervals from Sandberg (1983).

Marine carbonates are enriched in the light isotopes of Ca relative to seawater, giv-

ing them a lower δ44/40Ca (isotopic ratios are reported relative to seawater throughout

this study as δ44/40Ca = [(44Ca/40Ca)sample / (44Ca/40Ca)seawater − 1] · 1000). Present-day

seawater δ44/40Ca is uniform (Hippler et al., 2003), due to the large oceanic reservoir of
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Ca (1.3 × 1019 mol) and its long residence time (0.5–1.0 My). Carbonate burial is the

only major sink for oceanic Ca, so the isotopic fractionation between seawater and av-

erage marine carbonate determines how isotopically enriched is the world ocean relative

to its sources. Although some studies have used changes in the input isotope ratio to ex-

plain Cenozoic seawater δ44/40Ca trends (e.g. Griffith et al., 2008a), Ca from riverine and

groundwater discharge and from hydrothermal exchange reactions is expected to be iso-

topically stable through time (Schmitt et al., 2003a; Tipper et al., 2010) and is therefore

unlikely to be a major cause of variation.

Large changes in the size of input fluxes may produce short-term (∼1 My) excursions

in seawater δ44/40Ca during periods of extreme environmental change before the system

returns to steady state (Payne et al., 2010; Blättler et al., 2011), but long-term variation

must be caused by changing isotope ratios of the inputs or outputs. Due to the relative

homogeneity of the inputs, changes in fractionation of the carbonate sink are likely to

have been the cause of major seawater δ44/40Ca variations over geological time.

In this study, the modern carbonate sink is characterized using a compilation of pub-

lished δ44/40Ca data together with new measurements that extend the coverage of its quan-

titatively important components. Different types of carbonate show distinctive δ44/40Ca

based on mineralogy and the process of biocalcification. Mass-balance models of the car-

bonate sink can use these isotopic signatures to test possible explanations for the δ44/40Ca

record of Phanerozoic seawater.

4.2 Samples and methods

Ca-isotope ratios were measured in a range of modern carbonates, with a focus on taxa

and environments not already widely sampled. In addition, several belemnites of Jurassic

to Cretaceous age were analyzed. Over 50 measurements were made using MC-ICP-MS,

following methods described in the Appendix and in Blättler et al. (2011). Measured

values of δ44/42Ca relative to NIST SRM915a (with 2 SE analytical uncertainties of 0.06–

0.08‰) were converted to δ44/40Ca relative to seawater using the difference between sea-

water and SRM915a of +1.88‰ (Hippler et al., 2003). New measurements are presented
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along with literature values, which are also compiled and converted to δ44/40Ca relative to

seawater (full details in Appendix).

To enable direct comparison of carbonates formed in different environments, all mod-

ern δ44/40Ca data were normalized to a theoretical temperature of formation of 15 °C using

published data where provided or temperature estimates for the sample locality from the

World Ocean Atlas 2005 (Locarnini et al., 2006). A δ44/40Ca–temperature relationship

of 0.02‰ per °C was used, which is similar to that which has been established for many

different types of carbonate, including inorganic precipitates, scleractinian corals, coc-

coliths, and most foraminifera (Gussone et al., 2003, 2005; Böhm et al., 2006), with the

possible exception of certain foraminifera, e.g. G. sacculifer (Nägler et al., 2000; Hippler

et al., 2006). It is assumed that this weak temperature relationship, observed across such

a wide range of carbonates, holds for the entire marine carbonate sink, and extrapolations

are continued even beyond the temperatures at which certain marine calcifiers might live

in order to identify patterns across phylogenetic groups. An approximate mean oceanic

temperature was used, although the choice is arbitrary for determining mineralogical or

phylogenetic patterns, in order to minimize the magnitude of any single correction. The

temperature normalization of 0.02‰ per °C resulted in an average correction of ∼0.1‰

and a maximum correction of 0.3‰.

4.3 Results

Nine major calcifying phyla, as well as non-skeletal carbonate ooids, are represented in a

compilation of nearly 400 δ44/40Ca values (Figure 4.2). New data significantly expand the

dataset for aragonite-producers, particularly cnidarians (corals) and chlorophytes (green

algae). Three major groups can be identified within the dataset (Figure 4.2):

• Group 1: Aragonitic samples with δ44/40Ca ≈ −1.5‰. Within this group, chloro-

phytes, aragonitic poriferans (sponges), and ooids are more strongly fractionated

(−1.6‰). Reef-building cnidarians, both scleractinians and hydrozoans, have a

slightly higher average (−1.45‰), while their deep-sea relatives have significantly
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higher values (−1.1‰).

• Group 2: Calcitic samples with δ44/40Ca ≈ −0.9‰. This group consists of rhodo-

phytes (coralline red algae), calcitic poriferans, and brachiopods.

• Group 3: Calcitic samples with δ44/40Ca ≈ −1.3‰. This group includes measure-

ments of bulk deep-sea carbonate as well as individual measurements of foramin-

ifera, both planktonic and benthonic, haptophytes (coccolithophorids), and echino-

derms.

Molluscan skeletons, which can be aragonite, calcite, or both, cover the whole range

of values for marine carbonates and cannot be easily assigned to one of these groups.

The δ44/40Ca for inorganic aragonite (≈ −1.7‰) and calcite (≈ −0.8‰) precipitated

at 15 °C and average growth rates (Gussone et al., 2003; Marriott et al., 2004; Tang et al.,

2008) bracket the range determined for most marine carbonate (grey lines in Figure 4.2).

Groups 1 and 2 are close to the values for aragonite and calcite, respectively, while Group

3 occupies an intermediate position. No systematic difference is observed between sam-

ples of low-Mg and high-Mg calcite within these groups.

4.4 Discussion

4.4.1 Patterns of biocalcification

The δ44/40Ca of biogenic calcite is close to that expected from inorganically precipitated

calcite for Group 2 taxa, in which the mechanism of biocalcification is relatively simple

(Stanley, 2006). Inorganic experiments show aragonite to be ∼0.9‰ lighter than calcite

(Gussone et al., 2003; Marriott et al., 2004; Tang et al., 2008), which is similar to the offset

between skeletons of biologically simple organisms, e.g. between aragonitic and calcitic

sponges or green/red algae. Although the theoretical mechanism governing this miner-

alogical offset is not established, the experimental growth-rate dependence of δ44/40Ca in

calcite shown by Tang et al. (2008) and the kinetic model for Ca-isotope fractionation

described by DePaolo (2011) suggest that it may be linked to the energetics and rates of
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Figure 4.2: Ca-isotope measurements of modern carbonates, organized by phylum/division
(details in Appendix). The vertical axis is presented in units of ‰ as the difference between
carbonate δ44/40Ca and seawater (or experimental fluid) δ44/40Ca, which is equal to ∆44/40Ca
or simply δ44/40Ca using seawater as the reference standard. All data are normalized to a
temperature of 15 °C. Grey circles show individual samples; black squares are median values.
Samples fall into three groups, identified by numbered boxes and discussed in the text.
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ion attachment onto crystal growth surfaces. The preference for certain carbonate poly-

morphs at particular temperatures, e.g. higher temperatures favouring aragonite, would be

consistent with inherent properties such as crystal structures and activation energies influ-

encing mineral growth and kinetic Ca-isotope fractionation, as proposed by Gussone et al.

(2005). The observation that simple biocalcifiers express to a large extent the inorganic

offset between aragonite and calcite shows that unmoderated mineral growth kinetics are

an essential component of these biogenic calcification mechanisms.

The δ44/40Ca of the more sophisticated biocalcifiers in Group 3 lies between those for

inorganic calcite and aragonite. The specific biocalcification processes used by these taxa

differ (Weiner and Dove, 2003), so the fact that their δ44/40Ca deviates similarly suggests

that biological complexity has a first-order control on Ca-isotope fractionation, possibly

due to active Ca2+-transport. While higher δ44/40Ca values are characteristic of the high-

Mg calcite produced by Group 1, the absence of any statistical difference between low-Mg

and high-Mg calcite samples within Group 3 indicates that more detailed groupings based

on mineralogy or biological control mechanisms would not have a discerning effect on

the Ca-isotope budget developed below. In general, stronger control over biocalcification

appears to produce skeletal δ44/40Ca intermediate between that of inorganic calcite and

aragonite.

Mollusks are a good example of biological overprinting of the inorganic Ca-isotope

signal. Heinemann et al. (2008) recorded an offset in δ44/40Ca of only ∼0.25‰ between

the aragonitic (nacreous) and calcitic (prismatic) portions of a blue mussel shell, not-

ing the tightly controlled composition of the fluid from which the skeleton precipitates.

Cnidarians also exhibit smaller fractionations than other types of biogenic aragonite, pos-

sibly due to controlled Ca2+-transport effects (Böhm et al., 2006). The much higher

δ44/40Ca of deep-sea corals may reflect a growth-rate effect, since they are known to grow

much more slowly than reef-building corals (Adkins et al., 2004).
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4.4.2 The modern Ca-isotope budget

A Ca-isotope budget for the modern ocean can be created using characteristic δ44/40Ca sig-

natures of components of the carbonate sink. The carbonate budget of Milliman (1993)

is taken as the basis for characterizing the Ca-isotope system. While significant uncer-

tainty surrounds elements of this budget, and more recent assessments (e.g. Milliman

and Droxler, 1996; Milliman et al., 1999; Berelson et al., 2007) are especially revisionary

concerning pelagic production and dissolution fluxes and the relation between surface and

deep-ocean carbon, the compartmentalization of the carbonate sink and environments of

accumulation by Milliman (1993) is most illustrative of the compositional changes affect-

ing the Ca-isotope budget. As a conservative estimate, deep-sea environments account

for 55% of carbonate accumulation and are predominantly low-Mg calcite from planktic

foraminifera and coccoliths (Milliman, 1993; Schiebel, 2002). These organisms have very

similar δ44/40Ca, so deep-sea δ44/40Ca is effectively represented by the value for Group 3,

with a fractionation from seawater of −1.3‰. Aragonite constitutes a small fraction of

deep-sea carbonate, despite the existence of relatively large deep-water reefs, due to the

very slow accumulation rate of asymbiotic corals (e.g. Fosså et al., 2002; Adkins et al.,

2004). Pteropods may contribute ∼10% of the pelagic carbonate flux (Berner and Honjo,

1981; Milliman, 1993), although the preferential dissolution of aragonite within sedi-

ments would cause it to have even less influence on deep-sea Ca-isotope ratios, since it

is ultimately the burial and preservation of carbonate which determines the long-term,

steady-state δ44/40Ca of seawater.

The remaining ∼45% of carbonate accumulation occurs in a variety of shallow-water

environments. These environments include significant contributions from the aragonitic

producers of Group 1, such as reef corals (Hubbard et al., 1990; Riding, 2002; Vecsei,

2004) and carbonate sediment from ooids and chlorophytes (Neumann and Land, 1975;

Wefer, 1980; Milliman et al., 1993). In particular, aragonitic Halimeda bioherms consti-

tute a significant and previously underestimated contribution to shallow-water sediment

(Rees et al., 2007). The shallow-water sink also includes smaller fractions of various

Group 2 and Group 3 components, such as rhodophytes, benthic foraminifera, and echin-
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oderms (Kiessling et al., 2003). Overall, Group 1 aragonite production is estimated to

account for ∼70% of the modern shallow-water sink, which translates to 30% of the total

Ca removal (see compartmentalized estimates in Table 4.1).

The actual δ44/40Ca of the carbonate output flux must consider the temperature of

precipitation of each type of carbonate, which can be approximated by the latitudinal dis-

tribution of relevant environments. For example, the tropical habitat of most corals means

that the real δ44/40Ca measured is smaller than the temperature-normalized values used

to compare different biocalcifiers. Accounting for this effect, the estimated average Ca-

isotope fractionation during carbonate removal from seawater is −1.2 to −1.3‰, slightly

lower than the value of −1.12‰ reported by Holmden et al. (2012), who utilized a smaller

dataset and a single, tropical locality for the estimation of the shallow-water sink. These

estimates agree with the analysis of Tipper et al. (2010), suggesting that the modern Ca

cycle is within 10–15% of steady state.

4.4.3 The evolution of marine carbonate and Ca-isotope ratios

The isotopic differences between various types of carbonate suggest that their relative

proportions are important for defining seawater δ44/40Ca. Intervals of calcite seas and

aragonite seas, corresponding to the dominant mineralogy of non-skeletal carbonate as

well as the composition of evaporites and fluid inclusions (Sandberg, 1983; Stanley and

Hardie, 1998; Lowenstein et al., 2003), were initially proposed as a first-order explanation

for variation in the Phanerozoic δ44/40Ca record of seawater (Farkaš et al., 2007a) without

the support of a comprehensive dataset for modern marine calcifiers. Using the three

groups of carbonate identified in this study, each with a characteristic δ44/40Ca, the effect

of compositional changes in the carbonate sink can be assessed quantitatively with simple

isotopic mass-balance models (see Figure 4.3).

In the modern aragonite sea, an estimated 70% of the shallow-water sink is aragonite,

but during the last calcite sea of the mid-Jurassic to Paleogene, much smaller contribu-

tions would have been expected from Group 1 aragonitic biocalcifiers and ooids. The

effect of this change on average global Ca-isotope fractionation would not have been
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very large, however, due to the dominance in Jurassic to Recent carbonate production of

deep-sea calcite with intermediate δ44/40Ca. The effect of changing from a Cretaceous

calcite sea to a modern aragonite sea would have increased seawater δ44/40Ca by only

0.10–0.15‰, depending on the size of the deep-sea sink. The magnitude of this change

would be smaller still if the modern fraction of carbonate production in the deep-sea is

underestimated relative to the Pleistocene average (see dashed vs dotted lines, Figure 4.3).

If lower sea level during glacial periods provided less area for shallow-water carbonate

production than during the Holocene and other interglacials (e.g. Opdyke and Walker,

1992; Ryan et al., 2001), deep-sea calcite would have represented a larger proportion of

the global sink and exerted more control on average Ca-isotope fractionation during the

Pleistocene. In summary, during the Cenozoic, switching the dominant mineralogy of

carbonate production in shallow seas is expected to have had little impact on the δ44/40Ca

of seawater, due to the buffering effect of deep-sea calcite.

Prior to the development of pelagic calcification in the Mesozoic, however, carbonate

removal operated very differently, with negligible deep-sea carbonate buried before the

diversification and radiation of planktic foraminifera and coccolithophores in the Jurassic

(Wilkinson and Algeo, 1989; Martin, 1995; Bown et al., 2004). Without the buffering

effect of deep-sea carbonate, the shifts between aragonite seas and calcite seas would have

had a much stronger effect on the global proportion of aragonite precipitated and thus on

seawater δ44/40Ca. For example, during the Carboniferous transition from a calcite sea to

an aragonite sea, if the aragonite portion of the carbonate sink grew from 10% to 80%,

the average fractionation of carbonate and the steady-state δ44/40Ca of seawater would

have increased by ∼0.5‰ (solid line, Figure 4.3). Indeed, the largest step-change in

Phanerozoic Ca-isotope history occurs during the Carboniferous and is consistent with

the nature of the dominant mineralogy of marine carbonate.

This model can explain the single largest shift in seawater δ44/40Ca during the Pale-

ozoic as due to a change from calcite to aragonite production, while also explaining the

absence of large effects on δ44/40Ca at subsequent switches from calcite to aragonite seas.

Observations about the composition of reefs and carbonate platforms over the Phanero-
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zoic are consistent with this basic model for controlling seawater δ44/40Ca, although the

proportion of aragonite or calcite in ancient sediment is impossible to quantify fully.

In the calcite sea of the mid-Paleozoic, seawater δ44/40Ca was ∼0.7‰ lower than to-

day, suggesting that the fractionation between seawater and carbonate was significantly

smaller. This hypothesis is supported by the dominant calcifiers of the fossil record,

predominantly organisms with inferred weak Ca-isotope fractionation due to their sim-

ple biocalcification processes and likely members of Group 2: reefs were constructed

by hypercalcifying bryozoans, perhaps with a similar δ44/40Ca to their lophophorate rel-

atives the brachiopods, calcitic tabulate and rugose corals, calcitic sponges, and stromo-

toporoids (Hubbard et al., 1990; Wood, 1995; Stanley, 2006). Non-reefal platform car-

bonates were rich in microbial and oolitic calcite (Kiessling et al., 2003), whose δ44/40Ca

would likely have resembled that of inorganic calcite. The transition to an aragonite

sea in the Carboniferous, coincident with the pronounced shift in seawater δ44/40Ca, was

also accompanied by a shift in the composition of reef and platform carbonates toward
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Group 1 and Group 3 taxa. Aragonitic skeletons of phylloid algae, dasycladacean algae,

chaetetid sponges, sphinctozoan and inozoan sponges, bivalve mollusks, and scleractinian

corals were all important sediment contributors during this aragonite sea interval (Wood,

1995; Stanley, 2006), as were the more strongly fractionated calcite skeletons of ben-

thic foraminifera (Kiessling et al., 2003). These observations suggest that an increased

Ca-isotope fractionation of carbonate caused higher seawater δ44/40Ca during this period.

The transition back to a calcite sea in the Early Jurassic was accompanied by a shift

toward calcitic taxa, with rudist bivalves, foraminifera, and coccolithophorids becoming

major calcifiers (Martin, 1995; Wood, 1995; Bown et al., 2004). In contrast to the Group

2 taxa prevalent in the Paleozoic calcite sea, these organisms were the more sophisticated

biomineralizers of Group 3 with lower δ44/40Ca that would not have produced as large a

decrease in seawater δ44/40Ca. Aragonitic scleractinian corals also persisted throughout

this calcite sea interval (Stanley, 2006) and may have contributed to maintaining higher

seawater δ44/40Ca. Most importantly, the development of pelagic calcification, resulting

in relatively decreased carbonate burial on shelves and continental margins and relatively

increased burial in the deep oceans (Wilkinson and Algeo, 1989; Wallmann, 2001), began

to buffer the effects of an isotopically variable shallow-water sink.

Besides the composition of the carbonate sink, global temperature and dolomitiza-

tion rate may contribute significantly to seawater δ44/40Ca variability. Periods of global

warmth would result in decreased average fractionation and lower seawater δ44/40Ca, al-

though global mean temperature anomalies of 10 °C would be expected to affect this ratio

by only ∼0.2‰. Lowered global temperature may have been the cause of high δ44/40Ca

in the Late Carboniferous ‘icehouse’ relative to the lower values of the Permo–Triassic

‘greenhouse’, there being no obvious change in proportions of aragonite to calcite sedi-

ment producers over this interval.

4.5 Conclusions

The carbonate system is a crucial component of both short-term and long-term climate

stability, and the history of carbonate precipitation can now be linked to the Phanerozoic
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Ca-isotope record of seawater. A modern Ca-isotope budget reveals that different groups

of taxa exhibit distinctive δ44/40Ca values that reflect a combination of biological con-

trol and mineralogical effects on Ca-isotope fractionation. The changing proportions of

these groups provide a mechanism for explaining the history of seawater δ44/40Ca values.

Shifts between aragonite seas and calcite seas, most notably in the Carboniferous Period,

significantly affected seawater δ44/40Ca before the mid-Mesozoic development of pelagic

calcification. After this development, changes in the composition of shallow-water car-

bonates were buffered by a deep-sea carbonate sink (primarily coccoliths and planktic

foraminifera), so that switches from calcite to aragonite seas had only minor impact on

seawater δ44/40Ca values.
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4.A Appendix

Supplementary Material for Blättler et al. (2012) provides additional information about

analytical methods and data processing. An expanded methods description details sample

preparation and mass spectrometry (not included here, see Chapter 2 for a more com-

plete description). To clarify the reconstructed Phanerozoic seawater data shown in Fig-

ure 4.1, two supplementary figures are provided. Figure 4.4 shows an expanded view

of the condensed upper Cenozoic data, where the different phase reconstructions can be

more clearly distinguished. Figure 4.5 identifies the different phases used with different

colours, showing the raw data where each phase is reported relative to the same standard,

and then the seawater reconstruction where each phase has been offset by the species-

specific fractionation factor. The datasets represented by the figures in this chapter are

presented with full details and citations in Table 4.1, Table 4.2, Table 4.3, and Table 4.4.
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In addition, photographs of several samples analyzed for this chapter are included here in

Figure 4.6.
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aš
et

al
.(

20
07

b)
R

us
si

a
15

8.
70

be
le

m
ni

te
0.

27
SR

M
91

5a
1.

67
−

0.
21

R
us

si
a

15
8.

40
be

le
m

ni
te

0.
31

SR
M

91
5a

1.
71

−
0.

17
R

us
si

a
15

7.
70

be
le

m
ni

te
0.

24
SR

M
91

5a
1.

64
−

0.
24

R
us

si
a

15
7.

40
be

le
m

ni
te

0.
24

SR
M

91
5a

1.
64

−
0.

24
R

us
si

a
15

7.
30

be
le

m
ni

te
0.

16
SR

M
91

5a
1.

56
−

0.
32

R
us

si
a

15
6.

70
be

le
m

ni
te

0.
11

SR
M

91
5a

1.
51

−
0.

37
R

us
si

a
15

5.
90

be
le

m
ni

te
0.

18
SR

M
91

5a
1.

58
−

0.
30

R
us

si
a

15
5.

70
be

le
m

ni
te

0.
17

SR
M

91
5a

1.
57

−
0.

31
N

ew
Z

ea
la

nd
15

3.
60

be
le

m
ni

te
0.

35
SR

M
91

5a
1.

75
−

0.
13

G
er

m
an

y
13

3.
10

be
le

m
ni

te
0.

44
SR

M
91

5a
1.

84
−

0.
04

G
re

at
B

ri
ta

in
13

0.
50

be
le

m
ni

te
0.

40
SR

M
91

5a
1.

80
−

0.
08

G
er

m
an

y
12

8.
30

be
le

m
ni

te
0.

45
SR

M
91

5a
1.

85
−

0.
03

G
re

at
B

ri
ta

in
12

8.
20

be
le

m
ni

te
0.

45
SR

M
91

5a
1.

85
−

0.
03

G
er

m
an

y
12

7.
80

be
le

m
ni

te
0.

29
SR

M
91

5a
1.

69
−

0.
19

G
re

at
B

ri
ta

in
12

7.
40

be
le

m
ni

te
0.

28
SR

M
91

5a
1.

68
−

0.
20

G
er

m
an

y
12

7.
10

be
le

m
ni

te
0.

33
SR

M
91

5a
1.

73
−

0.
15

G
er

m
an

y
12

6.
70

be
le

m
ni

te
0.

33
SR

M
91

5a
1.

73
−

0.
15

G
er

m
an

y
12

6.
60

be
le

m
ni

te
0.

39
SR

M
91

5a
1.

79
−

0.
09

Fa
rk

aš
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Coral fragment Diploria Millepora Homotrema (pink)
Scleractinia Scleractinia Hydrozoa Foraminiferida

arag arag arag high-Mg cc

Red algal nodule Millepora Porites Sea urchin
Rhodophyta Hydrozoa Scleractinia Echinodermata
high-Mg cc arag arag cc

Sea urchin Algal/carbonate sand Bivalve Gastropod
Echinodermata — Mollusca Mollusca

cc mixed mixed cc/arag mixed cc/arag

Penicillus Halimeda discoidea Halimeda tuna Thicket algae
Chlorophyta Chlorophyta Chlorophyta Rhodophyta

arag arag arag high-Mg cc

Figure 4.6: Photographs of a selection of modern carbonate samples which were analyzed
for Ca-isotope ratios to help constrain the modern Ca-isotope budget. Identifying names are
shown below along with phylum/division/subtaxon name and mineralogy (arag = aragonite,
cc = calcite).





Chapter 5

Calcium isotopes and biomineralization

processes in Halimeda algae and Porites

corals

This chapter includes analyses of samples from growth experiments conducted by David

I. Kline, Ove Hoegh-Guldberg, and Steven M. Stanley.

5.1 Introduction

The elemental and isotopic composition of mineral phases precipitated by biogenic sys-

tems deviate from those observed during inorganic mineral formation and expected from

thermodynamics. These differences, sometimes referred to as ‘vital effects’, complicate

the application of geochemical proxies to the geological past. Metal cation ratios in bio-

genic carbonate, such as Mg/Ca or Sr/Ca, can be empirically calibrated against environ-

mental parameters, but varied responses to experimental conditions suggest that multiple

factors may affect these ratios (e.g. Gagnon et al., 2007; Reynaud et al., 2007). Ca-isotope

ratios may provide a useful tool to help understand these varied environmental influences

and improve the use of trace-metal data in carbonates to assess past conditions. Ca is the

dominant cation in most biogenic carbonates and plays a central role in skeletal growth,

but its isotopic behaviour during biomineralization is still poorly understood. This work
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investigates the mechanism of Ca-isotope fractionation in two aragonite-producers with

contrasting styles of biomineralization, Halimeda algae and Porites corals. These sample

organisms isolate biological processes that may generate vital effects and therefore allow

models of biomineralization in geologically important aragonite systems to be tested.

Skeletal growth can be divided broadly into two categories, ‘biologically induced’ and

‘biologically controlled’, depending on the location of biomineralization and on the extent

of environmental influence on and transport mechanisms of chemical species (Weiner and

Dove, 2003). The green alga and major sediment producer, Halimeda spp., is recognized

as an example of a biologically induced system, based on the crystallography and organi-

zation of its aragonite needles (Borowitzka and Larkum, 1987) and confirmed by changes

in skeletal mineralogy observed under experimental conditions (Stanley et al., 2010). Its

simplicity provides an ideal starting point for addressing the multiple potential mecha-

nisms of cation fractionation during biogenic aragonite precipitation. In contrast, coral

polyps have a relatively simple structure, basically a ‘double-walled sack’, but their cal-

cification process appears to be tightly controlled, based on complex and species-specific

crystal morphology, geochemical vital effects, and high precipitation rates (Cohen and

McConnaughey, 2003). Coral aragonite undoubtedly incorporates more complex vital ef-

fects than Halimeda, and understanding these effects is critical for interpreting this valu-

able geological archive of high-resolution, dateable material from both the surface and

deep oceans.

Two sets of experiments provide unique samples with which to constrain Ca-isotope

behaviour during aragonite biomineralization. Halimeda algae, green plants which are

normally pure aragonite producers under modern ocean conditions, were grown in sea-

water with Mg/Ca ratios mimicking hypothetical Cretaceous–Eocene values, and formed

a mixture of calcite and aragonite (Stanley et al., 2010). The growth of two different

carbonate minerals from the same fluid composition presents a test case for the isotopic

effect of mineral growth on an organic substrate. Hermatypic corals, which are animals

with photosynthetic symbionts, were obtained from the Free Ocean Carbon Enrichment

(FOCE) system, which simulates ocean acidification conditions within a natural coral reef
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environment (technical details in Marker et al., 2010). FOCE is a new technology for cap-

turing the in situ ecological response of marine systems to increased atmospheric CO2,

and provides a closer analogue to marine coral archives than aquarium-grown coral exper-

iments. Using these two sets of samples, the behaviour of Ca-isotope ratios can be used

to indicate the sources of Ca and chemical processes occurring during biomineralization,

with implications for other metal cation proxies.

5.2 Background to Ca-isotope fractionation

5.2.1 Inorganic Ca-isotope fractionation

Ca isotopes have previously been explored in a variety of inorganic precipitation ex-

periments, with all calcium carbonate minerals exhibiting fractionation in favour of the

lighter isotopes of Ca (i.e. α < 1, where α is the ratio of precipitate 44Ca/40Ca to so-

lution 44Ca/40Ca). The only published Ca-isotope data for laboratory-grown aragonite,

expressed as ∆44/40Ca = δ44/40Cacarbonate − δ
44/40Casolution, show a small temperature de-

pendence of 0.015 ± 0.002‰ per °C (Gussone et al., 2003), with the average fractiona-

tion at 15 °C equal to −1.7‰. Smaller fractionations are generally observed during cal-

cite growth, with a similar temperature dependence of 0.015 ± 0.011‰ per °C and an

average fractionation of −0.8‰ at 15 °C for samples precipitated in a beaker (Marriott

et al., 2004). Much greater fractionations have been observed in laboratory-generated

speleothem-like calcite growth (Reynard et al., 2011), and relationships between δ44/40Ca,

growth rate, and [CO3
2−] have also been identified (Lemarchand et al., 2004; Tang et al.,

2008). Gussone et al. (2011) showed that the metastable CaCO3 polymorph ikaite ex-

presses smaller fractionations of −0.55‰ and −0.62‰ for experimental and natural sam-

ples, respectively, while laboratory-grown vaterite has an even smaller average fraction-

ation of −0.36‰. Measured fractionations of less than −0.2‰ for synthetic amorphous

calcium carbonate (ACC) suggest that Ca-isotope ratios are not strongly affected in the

absence of a mineral structure (Gagnon et al., 2011).

Models of Ca-isotope fractionation suggest that the preference for light isotopes in
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the solid phase (negative ∆44/40Ca, or α < 1) is due to a kinetic effect associated with ion

dehydration and attachment onto a mineral surface, moderated by the backwards reaction

of ion rehydration and detachment with a kinetic isotope effect of a similar magnitude

(Gussone et al., 2003; DePaolo, 2011). Evidence from deep-sea pore fluids (Fantle and

DePaolo, 2007) and a carbonate aquifer (Jacobson and Holmden, 2008) indicate that the

isotopic fractionation between fluid and carbonate in equilibrium is close to zero. This

observation suggests that maximum fractionation is expected at intermediate growth rates

when fractionated surface-layer ions are incorporated into the crystal, and ion transport in

the fluid is rapid enough to allow this attachment fractionation to be expressed (DePaolo,

2011). This model can explain the majority of relationships between Ca isotopes and

growth rate or temperature observed during inorganic calcite precipitation experiments.

5.2.2 Organic Ca-isotope fractionation

In biological calcification systems, carbonate skeletons are also lighter than the fluid (usu-

ally seawater) from which they precipitate. Several variables have been shown to affect

skeletal Ca-isotope ratios, sometimes in ways that mimic inorganic behaviour, and some-

times with more complex relationships that reflect vital effects. Temperature changes

induce a range of responses in different organisms. Many forms of biogenic carbon-

ate, including scleractinian corals, exhibit a similar temperature dependence to inorganic

precipitates of 0.01–0.03‰ per °C (Gussone et al., 2003, 2005; Böhm et al., 2006; Gus-

sone et al., 2006), although there are significant exceptions to this trend. The planktic

foraminifera G. sacculifer has been shown to have a much greater sensitivity of δ44/40Ca

to temperature of 0.22–0.24‰ per °C (Nägler et al., 2000; Hippler et al., 2006), while

other species and experiments show a negligible temperature dependence (Chang et al.,

2004; Sime et al., 2005; Griffith et al., 2008b; Kasemann et al., 2008). A study of ben-

thic foraminifera has revealed changes in δ44/40Ca of ∼0.02‰ per °C for shells formed at

temperatures > 5 °C, but deviate significantly at temperatures < 5 °C (Gussone and Fil-

ipsson, 2010). These different temperature trends suggest that metabolic or physiological

processes are also contributing to foraminiferal δ44/40Ca.
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Differences in Ca-isotope fractionation with changing carbonate-ion concentrations,

or carbonate saturation state, and growth rates are also observed between inorganic and

biogenic calcification. A strong correlation with both [CO3
2−] and growth rate was ob-

served for inorganic calcite (Lemarchand et al., 2004), but a lack of correlation with

[CO3
2−] was demonstrated for O. universa (Gussone et al., 2005) and several coccol-

ithophore species (Gussone et al., 2006, 2007; Langer et al., 2007). Growth rate did

have an effect on δ44/40Ca in G. siphonifera (Kısakürek et al., 2011), but not for E. hux-

leyi (Langer et al., 2007). These studies suggest that Ca-isotope responses to [CO3
2−]

and growth rate are determined by biological control over internal pH and carbonate

chemistry, and are likely to vary according to the mechanism of biocalcification being

employed. Variations in skeletal δ44/40Ca in response to salinity may also be related to

changes in growth rate, when assemblages that are optimally adapted to local conditions

become stressed (Gussone et al., 2009; Kısakürek et al., 2011).

The composition of the fluid from which Ca is supplied, and the degree of utilization

of Ca in that fluid, are also important for explaining the effects of different environmental

variables on biogenic δ44/40Ca. Foraminifera may precipitate carbonate from an internal

pool of Ca, derived from seawater, modified by ion pumps, and subject to Rayleigh dis-

tillation effects as calcite forms (Erez, 2003; Gussone et al., 2009). Griffith et al. (2008b)

developed a Ca-isotope model (α = 0.9985, 85% utilization) suggesting that this internal

reservoir could be offset by −0.8 to −0.9‰ from seawater, whereas Kısakürek et al. (2011)

proposed that utilization of only 10–40% of the reservoir indicates a smaller offset of −0.2

to −0.4‰, with additional fractionation originating from active Ca-pumping. Ca for coc-

colith formation may be supplied through a series of intracellular transport mechanisms

with potential isotope effects (Gussone et al., 2006). Multicellular animals can also utilize

separate extracellular reservoirs for biomineralization, such as the extra-pallial fluid of a

blue mussel, which has higher δ44/40Ca than the surrounding seawater (Heinemann et al.,

2008). Due to control over the composition of this fluid and the mineralogy of its skeletal

components, blue mussels have been shown to express a small difference in δ44/40Ca of

only 0.25‰ between calcite and aragonite, clear evidence of strong vital effects in their
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biocalcification (Heinemann et al., 2008). Coral skeletal growth also occurs in spaces that

are isolated from seawater by tissue and the underlying substrate, and the calcifying fluid

composition may be subject to Rayleigh distillation and transport effects (Böhm et al.,

2006).

Numerous studies on biocalcifiers have shown that temperature, carbonate-ion con-

centration, growth rate, salinity, internal Ca transport, and Rayleigh distillation can all

introduce vital effects in skeletal carbonate in addition to the expected mineralogical

δ44/40Ca behaviour. While the direction of the Ca-isotope effects can usually be predicted,

the magnitude and relative contribution of each effect for a particular organism is not of-

ten clear. The two case studies presented here attempt to describe the balance of these

isotopic fractionations in two sample organisms, separating the competing biological and

physico-chemical responses.

5.3 Samples and methods

5.3.1 Halimeda experiment

The calcification of Halimeda algae, which normally produces aragonite within intercel-

lular spaces, was manipulated by growth in simulated Cretaceous–Eocene seawater by

Dr Steven Stanley at the University of Hawai‘i. Modern seawater chemistry favours the

precipitation of aragonite and high-Mg calcite (cation composition > 4 mol% Mg), but

changes in the Mg/Ca ratio of seawater may have favoured the precipitation of low-Mg

calcite (cation composition < 4 mol% Mg) during periods such as the Cretaceous (Sand-

berg, 1983). Several lines of evidence, including the composition of nonskeletal car-

bonates, evaporite sequences, fluid inclusions, and echinoderm ossicles, support Mg/Ca

variation from the modern value of 5.2 to ratios as low as 1.0–1.5 (Hardie, 1996; Stanley

and Hardie, 1998; Lowenstein et al., 2001; Horita et al., 2002; Dickson, 2004). Growth

experiments on different biocalcifiers under these low Mg/Ca conditions have produced

changes in calcification rate and skeletal geochemistry (e.g. Stanley et al., 2002, 2005;

Ries et al., 2006) and, in the case of Halimeda incrassata, a change in the carbonate
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mineral produced from aragonite to calcite (Stanley et al., 2010). Similar experiments

were performed with a close relative, Halimeda discoidea, to produce the unusual case of

aragonite and calcite grown simultaneously by the same organism from the same fluid for

Ca-isotope analysis.

Individual specimens of Halimeda discoidea, collected from offshore Hawai‘i, were

grown in an aquarium with molar Mg/Ca = 1.5 and [Ca2+] = 25.3 mM, while the sum of

([Mg2+] + [Ca2+]) remained equal to that of modern seawater. After approximately six

weeks of growth, eight individuals were harvested, and 4–5 of their terminal segments

were sampled, bleached, and crushed (see section 5.3.3 below). X-ray diffraction (XRD)

was used to quantify the percentage of calcite and aragonite in each sample using a PAN-

alytical X’Pert Pro diffractometer in the Department of Chemistry, University of Oxford.

Approximately 10 mg of sample powder was sprinkled onto a frosted glass slide, to ran-

domize particle orientation. Aragonite produces prominent peaks at 2θ = 26.2° (3.40Å,

[111]), 27.2° (3.27Å, [021]), and 33.0° (2.70Å, [012]), whereas calcite produces a much

stronger signal at 2θ = 29.4° (3.04Å, [104]) with a greater magnitude than that of any

aragonite peak for a mass contribution of only 10% calcite. A calibration curve was gen-

erated using mixtures of aragonite (Millepora, fire coral, from the Bahamas) and calcite

(mineral spar) standards, using areas under the aragonite peak at 2θ = 26.2° and the calcite

peak at 2θ = 29.4° (see Figure 5.1).

5.3.2 Coral FOCE experiment

Fragments of the coral Porites cylindrica from the FOCE experimental system provide

the opportunity to test the effect of ocean pH on Ca-isotope ratios in hermatypic corals.

Modelled after the Free Air Carbon Enrichment (FACE) experiments that simulated ele-

vated atmospheric CO2 in terrestrial environments (McLeod and Long, 1999), the FOCE

system achieves the complexity of a natural marine setting under controlled pH and [CO2]

(Marker et al., 2010). Aquarium studies often lack the cyclic variations in flow, light, tem-

perature, and water chemistry that could affect the geochemical signals in coral skeletal

records. In addition, coral colonies in laboratory experiments are often grown on im-
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Figure 5.1: Standard calibration curve for quantifying the proportions of calcite and arago-
nite using XRD. Analyses used a Cu-Kα X-ray source (40 mA and 40 kV) with the sample
loaded on a fixed stage while 2θ varied through 25–40° with a 0.004° step size (0.05°/sec).
Areas under the calcite (cc) peak at 29.4° and the aragonite (arag) peak at 26.2° were used to
calculate the proportional intensity of calcite as cc/(cc + arag). Insets show standard intensity
vs 2θ-angle XRD spectra for 0% (pure aragonite), 49.7%, and 100% calcite (note the relative
change in the vertical axis for the 0% calcite/pure aragonite standard).
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permeable substrates such as glass plates, sealing the calcifying environment from fluid

that might diffuse in from the porous reef structure below. The FOCE environment al-

lows experiments to be conducted within a natural reef, which is of great value for the

interpretation of samples from similar natural environments.

The FOCE experiment was performed at the Heron Island Marine Station off the coast

of Queensland, Australia during June to December, 2010, led by Drs Davey Kline and Ove

Hoegh-Guldberg. CO2-enriched seawater was pumped in from onshore holding tanks to

experimental and control chambers on the reef flat. Feedback control systems maintained

pH levels at −0.2 below ambient seawater, despite the challenges of high tidal-current flow

rates. This offset was superimposed on the natural diurnal cycle of pH and calcification,

where the interaction of the reef with stagnant water at low tides can cause pH changes

of up to 0.4 over the course of a day (Marker et al., 2010). Multiple coral fragments

were analyzed from the two control settings (ambient oceanic pH) and two experimental

settings (pH = −0.2 below ambient).

5.3.3 Ca-isotope analysis

Skeletal samples were bleached in ∼15% NaClO to remove organic matter and powdered

by low-speed handheld drill (corals) or mortar and pestle (Halimeda). Between 0.5 and

2.0 mg of carbonate was used for Ca-isotope analysis by multi-collector inductively cou-

pled plasma mass spectrometry (MC-ICP-MS), following methods described in Blättler

et al. (2011). For the Halimeda samples, the same homogenized powders used for min-

eral quantification by XRD were recollected and used for Ca-isotope analysis. Sample Ca

was isolated using ion-exchange chromatographic columns and prepared as 10 ppm Ca

solutions in 2% HNO3, with blanks contributing < 5 ng Ca to the total sample. Ratios of

44Ca/42Ca were measured on a Nu Instruments MC-ICP-MS, with the international car-

bonate standard NIST SRM915a used as a reference. Mass-dependent fractionation was

confirmed by measuring 44Ca, 43Ca, and 42Ca beams, correcting for the interference of

double-charged Sr by monitoring the beam at mass 43.5. Multiple internal standard mea-

surements and replicate analyses of samples generate standard errors of ∼0.05‰. Values
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of δ44/40Ca (= [(44Ca/40Ca)sample/(44Ca/40Ca)standard − 1] · 1000) relative to modern seawa-

ter and ∆44/40Ca (= δ44/40Cacarbonate − δ
44/40Cafluid) were calculated and are presented in

Tables 5.1 and 5.2.

5.4 Results

XRD analysis of Halimeda algae and comparison with the calibration curve (Figure 5.3)

revealed that natural samples contained 0–5% calcite. Seven of the experimental samples

had, on average, slightly increased levels of 2.8–8.8% calcite, while the eighth exper-

imental individual had > 85% calcite (see Table 5.1 and Figure 5.3). These data are

supported by the morphologies of the experimental Halimeda (see Figure 5.2), with the

lowest amounts of calcite (within the range of normal Halimeda) present in thick, well cal-

cified segments, whereas higher levels (up to 8.8%) were present in flimsier, malformed

samples. The most calcite-rich sample was particularly shriveled and yielded < 10% car-

bonate by mass, in comparison to the 45–75% carbonate by mass from other experimental

and natural algae. The low mass of carbonate retrieved from this sample generated a very

poor XRD spectrum, with a high background, a small calcite peak, and no identifiable

aragonite peaks, so the calculated value of 88% calcite should be treated as a rough mini-

mum.

Ca-isotope ratios were measured for various materials and stages of the experiment,

including the calcium chloride salt added to the aquarium water, the aquarium water from

both before and after the growth period, terminal algal samples which grew entirely in

artificial Cretaceous seawater (eight individual Halimeda), and basal algal samples whose

calcification commenced in natural seawater and may have continued in experimental

seawater after transplanting (three individuals). The Ca in the Cretaceous seawater was

a mixture of modern seawater Ca and added calcium chloride salt in a proportion of

approximately 1:3, based on the δ44/40Ca of seawater (0‰, as the reference standard), the

salt (−1.19‰), and the resulting solution (−0.87‰). The Ca-isotope ratio in the aquarium

rose slightly (by +0.1‰) during the course of the experiment, likely due to the preferential

uptake of light Ca isotopes by algal calcification.
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wild Halimeda discoidea

Sample #1, 2.8% cc Sample #2, 4.9% cc

Sample #3, 7.6% cc Sample #4, 8.8% cc

Sample #5, 3.7% cc Sample #6, >88% cc

Sample #7, 8.5% cc Sample #8, 4.0% cc*

*offshoot, grown
entirely in aquarium

Figure 5.2: Photographs of the eight individual Halimeda samples from the experimental
Cretaceous seawater. Note that Sample #6, which contained mostly calcite rather than arag-
onite, appears particularly malformed.
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Table 5.1: Ca-isotope data for natural and experimental Halimeda algae, along with other
materials from the experiment. Percent calcite (% cc) determined by quantifying calcite (cc)
and aragonite (arag) by X-ray diffractometry and calculating % cc = cc/(cc+arag), with errors
of ± 5% (except for sample HAL-6 for which they are ± 15%).

Sample name δ44/42Ca (‰) n δ44/40Ca (‰) 2 SE avg. ∆44/40Ca % cc wt.%
rel. to SRM915a rel. to seawater δ44/40Ca (difference) carbonate

Ca salt used for Cretaceous “seawater”
CaCl2-A 0.40 4 −1.08 0.07 −1.19
CaCl2-B 0.38 4 −1.13 0.07
CaCl2-C 0.33 4 −1.23 0.10
CaCl2-D 0.27 3 −1.34 0.11

Pre-experimental Cretaceous “seawater”
PRE-A 0.54 4 −0.80 0.07 −0.87 0.00
PRE-B 0.51 4 −0.86 0.07
PRE-C 0.49 4 −0.91 0.10
PRE-D 0.49 3 −0.91 0.11

Post-experimental Cretaceous “seawater”
EXP-A 0.58 4 −0.72 0.07 −0.77 0.10
EXP-B 0.55 4 −0.77 0.07
EXP-C 0.54 3 −0.81 0.10
EXP-D 0.54 4 −0.79 0.11

Experimental Halimeda samples, post-XRD analysis (terminal segments only)
HAL-1 −0.30 5 −2.49 0.10 −2.20 −1.62 2.8 73
HAL-2 −0.19 4 −2.25 0.11 −1.38 4.9 70
HAL-3 −0.21 4 −2.31 0.11 −1.44 7.6 63
HAL-4 −0.21 4 −2.31 0.11 −1.44 8.8 49
HAL-5 −0.15 4 −2.17 0.11 −1.30 3.7 57
HAL-6* 0.20 4 −1.47 0.09 −0.61 88.3 4
HAL-7 −0.15 4 −2.19 0.11 −1.32 8.5 45
HAL-8** −0.27 5 −2.42 0.10 −1.56 4.0 50

Transplanted Halimeda samples (basal samples)
HAL-2X 0.14 5 −1.59 0.09 −1.65 −1.59
HAL-4X 0.01 5 −1.85 0.09 −1.85
HAL-6X 0.19 5 −1.50 0.09 −1.50

Wild Halimeda samples (from the Bahamas)
H. monile 0.30 4 −1.28 0.13 −1.42 −1.28
H. tuna 0.18 4 −1.52 0.13 −1.52
H. discoidea 0.26 4 −1.36 0.13 −1.36
H. discoidea 0.22 4 −1.44 0.13 −1.44
H. incrassata 0.19 4 −1.50 0.13 −1.50
H. incrassata 0.22 4 −1.44 0.13 −1.44
* poorly calcified sample
** offshot of another individual, entirely grown in aquarium
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Figure 5.3: Ca-isotope ratios for Halimeda grown in experimental Cretaceous seawater, plot-
ted against the percentage of calcite determined by XRD analysis. The open circle represents
the average value for natural, ocean-grown Halimeda. The black line represents a mixing
relationship between the inorganic calcite and aragonite end-members from Marriott et al.
(2004) and Gussone et al. (2005) at 15 °C. The Halimeda data define a best-fit line with
similar slope and approximately 0.25‰ heavier values than inorganic carbonate.

The seven experimental algae with < 10% calcite had an average δ44/40Ca = −2.31‰

relative to the modern seawater standard, or ∆44/40Ca = −1.44‰ relative to the original

experimental seawater. This fractionation is in good agreement with six natural Halimeda

samples which were offset from seawater by −1.42‰. Three samples taken from the base

of the experimental algae, rather than the terminal segments which grew entirely in the

aquarium, had an average δ44/40Ca = −1.65‰ relative to natural seawater, reflecting a

mixture of carbonate precipitated before transfer to the aquarium, and the isotopically

lighter product of continued calcification during the experimental period. The anoma-

lous, calcite-rich sample had a much smaller fractionation than the other Halimeda, with

δ44/40Ca = −1.47‰ and ∆44/40Ca = −0.61‰. This sample allows a relationship to be de-

fined for the fractionation of Halimeda skeletal carbonate with differing proportions of

calcite (see Table 5.2 and Figure 5.3).

The Porites coral fragments from the FOCE system represent two experimental set-

tings (pH lowered by −0.2) and two control settings (normal oceanic pH). External and

internal sections of some corals were sampled to capture the most recent growth under
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acidified conditions as well as prior growth under pre-acidification conditions for the same

coral. No statistical difference was found for bulk samples, external, or internal sections,

for either the experimental or control environments (see Table 5.2 and Figure 5.4). The

means for the two datasets are identical to two decimal places (−1.40‰) with similar in-

dividual variability within each group (standard deviation = 0.072 for acidified conditions

and 0.079 for normal pH).
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Figure 5.4: Ca-isotope ratios for coral fragments from the FOCE system, with colours rep-
resenting different experimental settings. Dark blue represents FOCE 1, at normal pH; light
blue represents FOCE 3, at normal pH; purple represents from FOCE 2, at decreased pH, but
sampling only the inner portions of coral fragments that grew in normal seawater before the
experiment commenced. Dark red represents FOCE 2, at decreased pH, sampling both bulk
and outermost layers; bright red represents FOCE 4, at decreased pH, using bulk samples
only. Grey bars indicate 2σ standard deviations of each dataset.

5.5 Discussion

The two datasets analyzed in this study provide new information about how biological and

mineralogical influences affect skeletal Ca-isotope ratios. The following discussion first

explores how Ca isotopes behave during the simple, biologically induced calcification

of Halimeda, and then how additional isotope effects are involved in the more complex

system of coral biocalcification.
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Table 5.2: Ca-isotope data for FOCE coral samples, relative to modern seawater.

Sample name Component δ44/40Ca (‰) 2 SE

Normal oceanic pH
F1-B0951 bulk −1.33 0.15
F1-G1722 bulk −1.46 0.11
F1-R0215 bulk −1.29 0.12
F1-B1383 bulk −1.47 0.09
F1-W2424 bulk −1.32 0.09
F1-R0215 inner −1.61 0.11
F1-R0215 outer −1.45 0.11
F1-B1383 inner −1.43 0.13
F1-B1383 outer −1.48 0.11
F3-R0220 bulk −1.49 0.12
F3-B1379 bulk −1.32 0.11
F3-W2425 bulk −1.37 0.09
F3-B0947 bulk −1.37 0.09
F2-B0948 inner −1.39 0.11
F2-R0219 inner −1.37 0.11
F2-G1715 inner −1.36 0.09
F2-B1377 inner −1.34 0.09
F2-W2427 inner −1.43 0.09

Acidified pH (0.2 lower)
F2-B0948 bulk −1.43 0.11
F2-R0219 bulk −1.47 0.11
F2-G1715 bulk −1.42 0.10
F2-B1377 bulk −1.38 0.09
F2-W2427 bulk −1.42 0.09
F2-B0948 outer −1.43 0.09
F2-R0219 outer −1.39 0.09
F2-G1715 outer −1.31 0.11
F2-B1377 outer −1.46 0.09
F2-W2427 outer −1.19 0.11
F4-R0216 bulk −1.39 0.11
F4-B1380 bulk −1.46 0.11
F4-W2422 bulk −1.39 0.09
F4-G1716 bulk −1.44 0.09
F4-B0950 bulk −1.36 0.09
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5.5.1 Ca isotopes in Halimeda

The experimental conditions that promoted both calcite and aragonite growth in Halimeda

show how inorganic isotope fractionation due to mineral surface attachment is expressed

in a biologically induced calcification system. Halimeda exert minimal control on the

process and environment in which calcification takes place. Cell walls provide surfaces

on which carbonate precipitates due to oversaturation from the consumption of CO2 by

photosynthesis and subsequent local elevation of CO3
2− (Borowitzka and Larkum, 1987).

Aragonite needles fill the intercellular space, and their morphology suggests that the algae

do not further control the crystallography of the precipitate (Borowitzka and Larkum,

1987; Macintyre and Reid, 1995). Insensitivity to Ca-channel blocking drugs indicates

that algal tissue has no influence on the supply of Ca, leaving diffusion of seawater as the

only uptake mechanism (de Beer and Larkum, 2001). This lack of biological transport is

consistent with the observation that Mg incorporation into Halimeda mimics the response

of inorganic precipitates under different Mg/Ca seawater treatments (Stanley et al., 2010).

In this context, the precipitation of both calcite and aragonite from the same fluid and

under the same conditions isolates the effect of mineral kinetics on a biological surface

from other complicating factors such as active transport mechanisms. The Mg/Ca of the

experimental seawater would favour inorganic calcite growth, so the presence of arago-

nite in most samples indicates the effect of the biological substrate in determining skeletal

mineralogy. The different proportions of calcite produced during experimental growth,

especially the single, calcite-rich specimen, allow construction of a mixing line represent-

ing the Ca-isotope ratio of theoretical mixtures of the two minerals within Halimeda. The

difference between the end-members with 100% aragonite and > 88% calcite is ∼0.9‰

(see Figure 5.3), the same as the offset between the inorganic experiments of Gussone

et al. (2003) and Marriott et al. (2004). This suggests that biological substrates have no

additional influence on Ca-isotope fractionation besides promoting a particular mineral

structure. In contrast, the aragonitic (nacreous) and calcitic (prismatic) portions of a blue

mussel shell that have a δ44/40Ca difference of only ∼0.25‰ (Heinemann et al., 2008)

show that isotopic effects from more complex biological transport and control mecha-
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nisms are active during mollusk biocalcification, preventing the difference in δ44/40Ca

between carbonate minerals from being fully expressed.

In Halimeda, the aragonitic and calcitic end-members express the same difference

as inorganic precipitates, but are less fractionated from the fluid by ∼0.25‰ relative to

the average fractionation in the experiments of Gussone et al. (2003) and Marriott et al.

(2004). A range of δ44/40Ca values in inorganic precipitates can be generated in response

to experimental variables, but the mechanism of calcification in Halimeda suggests that

two primary effects could explain this difference. Rayleigh distillation is expected to

increase δ44/40Ca values and decrease the apparent fractionation from the external fluid

(δ44/40Ca) due to the removal of light isotopes of Ca into carbonate and the accumula-

tion of heavier Ca isotopes in the intercellular fluid. The rate of calcification relative to

the recharge of Ca ions into the calcifying space by diffusion would determine the mag-

nitude of this effect. This mechanism could also be responsible for the slightly higher

δ44/40Ca of aragonitic sclerosponges, which have a similarly simple system of induced

biocalcification, relative to inorganic precipitates (Gussone et al., 2005). The increased

carbonate saturation state within the intercellular space of Halimeda, which is a function

of the carbonate ion concentration and therefore the photosynthetic activity of the algae,

is also expected to produce a vital effect for skeletal δ44/40Ca. The stunted growth of the

calcite-rich sample may express a smaller contribution from this isotope effect.

By comparing inorganic precipitation with a biologically induced system where cal-

cite and aragonite are produced in the same environment, the effect of mineral surface

control on Ca-isotope fractionation can be distinguished. Mineral surfaces, and not bi-

ological substrates, appear to control Ca-isotope ratios by expressing the fractionation

factor associated with the respective carbonate polymorph. Differences from the expected

δ44/40Ca must therefore be due to additional biological transport effects or modification

of the fluid (e.g. Rayleigh distillation).
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5.5.2 Ca isotopes in corals

The skeletal biocalcification of corals is much more complex than that of Halimeda algae,

providing additional possibilities for generating Ca-isotope fractionation. However, Ca-

isotope data for corals under a range of experimental conditions are surprisingly invariant.

The FOCE system, providing the closest experimental analogue to natural coral growth,

produced no difference in δ44/40Ca under acidified growth conditions. Aquarium-based

acidification experiments, which do not permit diffusion from below or diurnal seawa-

ter chemistry changes, also show no variation in coral δ44/40Ca (Taubner et al., 2011).

Changes in coral growth rate and other measures of skeletal geochemistry do take place

in response to ocean acidification (e.g. Cohen et al., 2009), so the lack of a strong δ44/40Ca

response in corals to pH suggests that multiple sources of Ca and isotopic effects are

important for determining skeletal geochemistry. Ca-isotope ratios in corals tend to be

higher than those for inorganic aragonite precipitates (Gussone et al., 2003; Chang et al.,

2004; Böhm et al., 2006; Blättler et al., 2012; Holmden et al., 2012), implying additional

levels of biological control on ion transport and incorporation that are associated with

Ca-isotope fractionation. These processes and their predicted impacts on δ44/40Ca are

examined below.

Coral growth and physiology are summarized in several reviews (Gattuso et al., 1999;

Cohen and McConnaughey, 2003; Allemand et al., 2004). Calcification occurs in an

extracellular space adjacent to a cell layer known as the calicoblastic epithelium, or alter-

natively, the aboral ectoderm (see Figure 5.5). A second cell layer, the aboral endoderm,

is in contact with an internal cavity, the coelenteron. This cavity is then separated from

external seawater by two cell layers, the oral endoderm and ectoderm. Calcification re-

quires transport of inorganic carbon and Ca2+ through these cell layers into the calcifying

space. Active Ca transport is effectively required to support high observed precipitation

rates while maintaining cellular [Ca2+] at low levels of < 0.1 µM (Gattuso et al., 1999;

Allemand et al., 2004). The supply of Ca to the coelenteron appears to occur through

passive ion channels as well as by diffusive/advective transport, and at a rate an order of

magnitude greater than transport across the calicoblastic epithelium (Bénazet-Tambutté
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Figure 5.5: Schematic of coral physiology and ion transport pathways for Ca and other
cations incorporated in calcification, modified from Tambutté et al. (1996) to reflect additional
pathways for seawater to reach the calcifying space.
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et al., 1996; Tambutté et al., 1996). Transport into the coelenteron is therefore not ex-

pected to be rate-limiting or to introduce fractionation to metal cation ratios, in contrast

to mechanisms of transport into the calcifying space.

Ca-ATPase, an active ion pump, was identified specifically in the calicoblastic layer

(Zoccola et al., 2004), and its involvement in coral skeletal growth is supported by several

lines of evidence. A model of Ca-ATPase functioning is described in McConnaughey

and Whelan (1997), involving exchange of two H+ ions out of the calcifying space for

one Ca2+ ion into the region, and measurements of Ca2+ uptake (calcification) in the light

and excretion (dissolution) in the dark suggest that activity of the pump is linked to pho-

tosynthesis in symbiotic corals (de Beer et al., 2000). Within the calcifying space, pH

has been measured at elevated levels up to ∼9.3 (Al-Horani et al., 2003b), with the ion

pump allowing skeletal growth even at significantly undersaturated external conditions

while supplying H+ ions and therefore CO2 to the tissues that host photosynthesis (Cohen

et al., 2009). The importance of this active transport mechanism is also demonstrated by

significantly reduced calcification in response to inhibiting drugs (Tambutté et al., 1996).

The selectivity of this ion pump to metal cations may be one source of geochemical frac-

tionation, with a predicted preference for the light isotopes of Ca, as with all biological

kinetic isotope effects.

Another source of Ca, in addition to that provided by Ca-ATPase through pH con-

trol of the extracellular space, is unmodified seawater, either from vesicular transport or

diffusive leaking (Cohen and McConnaughey, 2003). The contribution of vesicles to cal-

cification has been questioned, as previous observations of their involvement possibly

represent artefacts of sample preparation methods (Clode and Marshall, 2002). Diffusive

leaking was originally discounted, due to the observed insensitivity of radioactive 45Ca

uptake rate to the concentration of the radiotracer (Tambutté et al., 1996), but recent ex-

periments show that paracellular pathways of a characteristic size do provide access to the

calcification space (Tambutté et al., 2012). The effect of seawater transport can be shown

by the incorporation of membrane-impermeable dyes (Tambutté et al., 2012) and trace el-

ements such as U and Tb, with no known biological use or transport mechanism (Allison
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et al., 2011; Gagnon et al., 2012). Diffusion of seawater through the porous skeleton and

underlying reef is another possible source for natural corals, although not represented in

laboratory-grown specimens. Given these pathways, the degree of mixing between seawa-

ter and actively pumped Ca2+ ions may respond to environmental parameters to generate

a reservoir of Ca isotopes with a dependence on external conditions.

Rayleigh distillation could also affect the composition of the calcifying space and the

geochemistry of coral aragonite. This mechanism has been proposed to explain Mg/Ca

and Sr/Ca variability in both hermatypic and deep-sea corals (Cohen et al., 2006; Gae-

tani and Cohen, 2006; Gagnon et al., 2007) and possibly Ca-isotope data from deep-sea

corals as well (Gagnon et al., 2012). Rayleigh distillation cannot be the only source of

geochemical fractionation, however, due to experimental conditions inducing dissimilar

responses across different elemental ratios, e.g. Mg/Ca but not Sr/Ca responding as pre-

dicted for a Rayleigh effect (Reynaud et al., 2007; Allison et al., 2011). With respect to

Ca isotopes, partial removal of Ca from the calcifying space would be expected to en-

rich the remaining fluid in heavy isotopes and reduce Ca-isotope fractionation relative to

that for inorganic aragonite precipitation. A decrease in calcification rate or utilization,

due to acidified conditions or other external stress, might weaken this effect and result in

lower values of δ44/40Ca. The observation that the FOCE experiment (Figure 5.4) as well

as laboratory-based acidification experiments (Taubner et al., 2011) show no Ca-isotope

effects suggests that Rayleigh distillation is only partially responsible for geochemical

fractionation in corals.

Multiple sources of Ca-isotope fractionation, including temperature, carbonate satura-

tion state, Rayleigh distillation, and mixing of seawater and actively transported Ca, must

balance to explain the observed δ44/40Ca as well as other geochemical data for sclerac-

tinian corals. The relative importance of these factors for elemental or isotopic ratios can

vary depending on the element, which explains how acidification experiments can affect

Mg/Ca and Sr/Ca as for a Rayleigh model (Cohen et al., 2009), while allowing invariant

δ44/40Ca. The expected decrease in δ44/40Ca from reduced utilization under ocean acidi-

fication may be offset by an increased proportion of seawater Ca relative to biologically
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transported Ca, for example. This mixing model differs from previous assessments of

Ca-isotope fractionation in corals, which ruled out any Rayleigh distillation effect due to

complete utilization of Ca transported into the calcifying space and no contribution from

seawater ions (Böhm et al., 2006). Based on the relationship between precipitation rate

and inorganic precipitation experiments, Böhm et al. (2006) considered coral δ44/40Ca to

be too low to permit any Rayleigh distillation, but the combination of additional sources

of isotopic fractionation, such as a negative fractionation associated with dehydration of

Ca2+ at cell membranes, as in E. huxleyi (Gussone et al., 2006), combined with a nega-

tive kinetic isotope effect by Ca-ATPase, could complement the positive isotope effect of

Rayleigh fractionation to produce the observed coral Ca-isotope ratios.

5.6 Conclusions

Developing a mechanistic understanding of biogenic carbonate formation and associated

vital effects is necessary for linking skeletal proxy measurements to past marine condi-

tions. The processes that affect cation elemental and isotope ratios can be studied with

Ca isotopes, whose behaviour is examined here in two case studies. Representing a bi-

ologically induced system of biomineralization, Halimeda algae that were stimulated to

precipitate both calcite and aragonite demonstrate how inorganic mineral fractionation

influences Ca-isotope ratios in biominerals. Rayleigh distillation and saturation state ef-

fects also appear to have possible influences on this simple system. Additional vital effects

likely contribute to the skeletal geochemistry of Porites corals, which represent a biolog-

ically controlled system of biomineralization. Mechanisms that have been proposed for

controlling coral skeletal composition, such as Rayleigh distillation or ion pump selec-

tivity, are consistent with some datasets, but contradicted by others, such as the invariant

δ44/40Ca of coral acidification experiments. This apparent paradox can be resolved by

considering the balance of several sources of geochemical fractionation, such as mix-

ing between seawater-derived and actively pumped Ca, temperature and saturation-state

dependencies, and Rayleigh distillation. This model of coral calcification suggests that

empirical calibrations of coral geochemical proxies cannot be extended to unknown ele-
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mental or isotopic ratios without determining the variables to which a geochemical proxy

is most sensitive. Further examination of the behaviour of cations in biogenic systems

is required to resolve these specific vital effects and fully exploit the valuable geological

archive of skeletal carbonate.
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Chapter 6

Conclusions

Several geological problems over a variety of timescales have been addressed by the ap-

plications of Ca isotopes in the marine environment. In Chapter 3, Ca isotopes in bulk

carbonate were used to reconstruct the isotopic composition of seawater, which records

a negative isotope excursion during periods of global warmth and environmental change

due to a large increase in the weathering flux of Ca. The modern Ca-isotope budget

is described quantitatively in Chapter 4, which reveals patterns in carbonate mineralogy

and depositional environment that help to explain the major features of the Phanerozoic

Ca-isotope record. Chapter 5 presents the results of experiments probing the source of

isotopic fractionation in biomineralization, which could lead to a better understanding of

carbonate-based proxies for reconstructing environments of the geological past.

The natural variation in Ca-isotope ratios is relatively small, which restricts the pos-

sible uses of isotopic fractionation as a tracers for chemical reactions or ion sources. The

long residence time of Ca in the oceans also constrains the timescale of questions that

can be resolved with Ca isotopes. However, with appropriate consideration of these in-

herent qualities of the Ca cycle, the benefits of its abundance and importance in many

global processes can be utilized. If isotopic variation can be resolved, understanding the

Ca cycle has the potential to contribute to oceanographic, sedimentological, biochemical,

diagenetic, and ecological problems in unique ways. As a tracer of major processes that

can be difficult to observe directly, Ca-isotope ratios can be valuable for quantifying or

verifying models of Earth system processes.
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Ca isotopes hold the most potential when applied in combination with other geochem-

ical tools. Other isotopic or chemical systems can provide constraints on issues which Ca

isotopes cannot address on their own, and Ca-isotope ratios can in turn often quantify

processes that are only more qualitatively addressed by other geochemical systems. For

example, Sr- and Os-isotope evidence suggests the existence of an imbalance between

weathering and hydrothermal fluxes of cations to seawater during the Cretaceous OAEs,

but the difficulties of quantifying this imbalance given multiple unknown parameters in

the Sr-isotope system, and the limited availability of organic-rich black shales suitable for

Os-isotope analysis, show the importance of the small but significant excursion in seawa-

ter Ca-isotope ratios that can be directly related to weathering fluxes. The Phanerozoic

Ca-isotope curve of seawater could be theoretically explained by combinations of several

variables, but the composition of the marine carbonate budget and the proportion of arag-

onite to calcite sedimentation is found to be crucial due to supporting data on changes

in seawater Mg/Ca ratios and the favoured carbonate polymorph over time. In the field

of biomineralization, multi-proxy approaches to understanding skeletal geochemistry and

revealing the mechanisms underlying geochemical fractionation are absolutely essential.

Theoretical models may predict the magnitude and direction of fractionation for elemen-

tal ratios such as Mg/Ca, Sr/Ca, or U/Ca, as well as isotopic ratios such as δ44/40Ca, but

empirical correlations or lack thereof between multiple proxies can determine the via-

bility of biomineralization models. Only by showing that Ca-isotope data are consistent

with the mechanisms used to justify other proxy records, particularly other cation ratios

from the same carbonate samples, can vital effects be properly understood and utilized in

reconstructions of ancient environmental conditions.

Extensions of the Ca-isotope work presented here could introduce the approaches and

conclusions from these studies to other intervals and questions in Earth history. The

weathering signal recorded in marine Ca-isotope ratios during OAE1a and OAE2 may

reflect a fundamental feedback in the climate system, and investigating other intervals

throughout the stratigraphic record could reveal the true importance of this mechanism.

It remains difficult to generate large changes in seawater Ca-isotope ratios, and requires
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rather extreme environmental forcing according to current modelling results. Observa-

tions of transient changes in Ca-isotope ratios therefore signal particularly dynamic inter-

vals of Earth history, and the relationship between the Ca cycle and the C cycle throughout

such intervals should continue to be developed through additional stratigraphic studies of

Ca-isotope ratios. More extreme climate perturbations are known from more ancient sed-

iments, such as the catastrophic Neoproterozoic glaciations, where further documentation

and quantification of the linked Ca- and C-cycle responses could aid interpretation of

how the surface environment responded to such dramatic change. Finding faithful sed-

imentary records to record seawater Ca-isotope ratios becomes a greater challenge with

the increasing age of samples, however, and extensive work on the preservational issues

and diagenetic effects for Ca isotopes will also need to be performed. In particular, the

non-skeletal record of Ca isotopes in the Precambrian could yield valuable information

about ancient oceans and carbonate precipitates, if mechanisms of Ca-isotope fractiona-

tion in such samples can be understood and their environments of formation appropriately

interpreted.

The sources of smaller variation in the Phanerozoic record of seawater Ca-isotope ra-

tios, which cannot be explained through a steady-state consideration of the composition of

the carbonate sink, still remain to be resolved. A record with higher temporal resolution

will need to be established in order to distinguish noise from real isotopic signals, which

could arise from changes in global temperature, dolomitization rates, carbonate burial

fluxes, or other factors. Analysis of additional primary calcite fossils would be necessary

for such detailed interpretation of the Phanerozoic record, especially in intervals where

belemnites or brachiopods are lacking, and characteristic fractionation factors associated

with each type of fossil must be well established. Non-skeletal and non-carbonate mineral

phases, such as phosphate and barite, can also record seawater Ca-isotope ratios, but more

work needs to be done to establish how and to what degree Ca-isotopes are fractionated

in these phases and how environmental conditions may influence these records. Ideally,

multiple contemporaneous phases should be used to confirm the accuracy of reconstructed

δ44/40Ca values and compile a more complete Ca-isotope history of seawater. Such de-
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tailed analysis could lead to further understanding of the connections between seawater

chemistry, sea level, global temperature, weathering fluxes, and carbonate burial during

the dynamic Phanerozoic.

The contribution of Ca isotopes towards understanding mechanisms of mineralization

and biological vital effects has just barely been scratched in the current literature and with

the contribution of the case studies presented here for Halimeda algae and Porites corals.

Analysis of a range of biocalcifiers under both experimental and natural conditions should

continue to help develop models for geochemical fractionation that are empirically con-

sistent with multiple proxy records. Understanding coral aragonite formation further will

be particularly useful for extracting high-resolution, dateable records from both the sur-

face and the deep sea, and extending this work to other biomineralizers could contribute

greatly to environmental reconstructions over different timescales. Ca-isotope analysis in

speleothems could also clarify the precipitation conditions for these valuable terrestrial

climate records and therefore guide the interpretation of carbon-isotope, oxygen-isotope,

and trace-metal data from their carbonate lattices. The recent extension of Ca-isotope

analysis to monitor bone loss in humans, for example, suggests that further applications

in the biomedical sciences may also be developed. A thorough mechanistic understanding

of Ca-isotope fractionation in various minerals, both inorganic precipitates and biominer-

als, will be useful for these and other applications of Ca isotopes towards geological and

biomedical questions.

The work presented here shows that Ca-isotope analysis is a useful tool that can and

should be applied to a wide variety of problems. In marine carbonates, Ca-isotope ratios

provide insight into a range of geological questions, and remain to be further exploited

over new time intervals and in new mineral phases. Aided by the more widespread use

of high-precision mass spectrometry, these results hopefully contribute to the diverse,

creative, and fruitful continued application of Ca isotopes.
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Amini, M., Eisenhauer, A., Böhm, F., Fietzke, J., Bach, W., Garbe-Schönberg, D., Rosner, M., Bock, B.,
Lackschewitz, K. S., and Hauff, F., 2008. Calcium isotope (δ44/40Ca) fractionation along hydrothermal
pathways, Logatchev field (Mid-Atlantic Ridge, 14°45’N). Geochimica et Cosmochimica Acta, 72:
4107–4122. doi:10.1016/j.gca.2008.05.055.

Ando, A., Kaiho, K., Kawahata, H., and Kakegawa, T., 2008. Timing and magnitude of early Aptian ex-
treme warming: Unraveling primary δ18O variation in indurated pelagic carbonates at Deep Sea Drilling
Project Site 463, central Pacific Ocean. Palaeogeography, Palaeoclimatology, Palaeoecology, 260:
463–476. doi:10.1016/j.palaeo.2007.12.007.

Archer, D., Kheshgi, H., and Maier-Reimer, E., 1997. Multiple timescales for neutralization of fossil fuel
CO2. Geophysical Research Letters, 24: 405–408. doi:10.1029/97GL00168.

Archer, D. E., 1996. An atlas of the distribution of calcium carbonate in sediments of the deep sea. Global
Biogeochemical Cycles, 10: 159–174. doi:10.1029/95GB03016.

Arnaud, H. M., Flood, P. G., and Strasser, A., 1995. Resolution Guyot (Hole 866A, Mid-Pacific Mountains):
facies evolution and sequence stratigraphy. In Winterer, E. L., Sager, W. W., Firth, J. V., and Sinton, J. M.,
editors, Proceedings of the Ocean Drilling Program, Scientific Results, 143: 133–159. Ocean Drilling
Program, College Station, TX. doi:10.2973/odp.proc.sr.143.230.1995.

155



156 BIBLIOGRAPHY

Arnaud-Vanneau, A. and Sliter, W. V., 1995. Early Cretaceous shallow-water benthic foraminifers and
fecal pellets from Leg 143 compared with coeval faunas from the Pacific Basin, Central America, and
the Tethys. In Winterer, E. L., Sager, W. W., Firth, J. V., and Sinton, J. M., editors, Proceedings of the
Ocean Drilling Program, Scientific Results, 143: 537–564. Ocean Drilling Program, College Station,
TX. doi:10.2973/odp.proc.sr.143.252.1995.

Arthur, M. A. and Sageman, B. B., 1994. Marine black shales: depositional mechanisms and en-
vironments of ancient deposits. Annual Review of Earth and Planetary Sciences, 22: 499–551.
doi:10.1146/annurev.ea.22.050194.002435.
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and intermittent cooling during the Cenomanian/Turonian oceanic anoxic event 2: Sea surface tempera-
ture records from the equatorial Atlantic. Paleoceanography, 22: PA1219. doi:10.1029/2006PA001349.

Fosså, J. H., Mortensen, P. B., and Furevik, D. M., 2002. The deep-water coral Lophelia pertusa
in Norwegian waters: distribution and fishery impacts. Hydrobiologia, 471: 1–12. doi:10.1023/

A:1016504430684.

Frijia, G. and Parente, M., 2008. Strontium isotope stratigraphy in the upper Cenomanian shallow-
water carbonates of the southern Apennines: Short-term perturbations of marine 87Sr/86Sr dur-
ing the oceanic anoxic event 2. Palaeogeography, Palaeoclimatology, Palaeoecology, 261: 15–29.
doi:10.1016/j.palaeo.2008.01.003.

Gaetani, G. A. and Cohen, A. L., 2006. Element partitioning during precipitation of aragonite from seawa-
ter: A framework for understanding paleoproxies. Geochimica et Cosmochimica Acta, 70: 4617–4634.
doi:10.1016/j.gca.2006.07.008.

Gagnon, A. C., Adkins, J. F., and Erez, J., 2012. Seawater transport during coral biomineralization. Earth
and Planetary Science Letters, 329–330: 150–161. doi:10.1016/j.epsl.2012.03.005.



BIBLIOGRAPHY 161

Gagnon, A. C., Adkins, J. F., Fernandez, D. P., and Robinson, L. F., 2007. Sr/Ca and Mg/Ca vital effects cor-
related with skeletal architecture in a scleractinian deep-sea coral and the role of Rayleigh fractionation.
Earth and Planetary Science Letters, 261: 280–295. doi:10.1016/j.epsl.2007.07.013.

Gagnon, A. C., DePaolo, D. J., Adkins, J. F., and De Yoreo, J. J., 2011. Calcium isotopes during coral
biomineralization. In Goldschmidt Conference Abstracts, Mineralogical Magazine, 75: 880.

Gaillardet, J., Dupré, B., Louvat, P., and Allègre, C. J., 1999. Global silicate weathering and CO2 consump-
tion rates deduced from the chemistry of large rivers. Chemical Geology, 159: 3–30. doi:10.1016/S0009-
2541(99)00031-5.

Gale, A. S., Jenkyns, H. C., Kennedy, W. J., and Corfield, R. M., 1993. Chemostratigraphy versus bios-
tratigraphy: data from around the Cenomanian–Turonian boundary. Journal of the Geological Society,
London, 150: 29–32. doi:10.1144/gsjgs.150.1.0029.

Gale, A. S., Kennedy, W. J., Voigt, S., and Walaszczyk, I., 2005. Stratigraphy of the Upper Cenomanian–
Lower Turonian Chalk succession at Eastbourne, Sussex, UK: ammonites, inoceramid bivalves and sta-
ble carbon isotopes. Cretaceous Research, 26: 460–487. doi:10.1016/j.cretres.2005.01.006.

Gattuso, J.-P., Allemand, D., and Frankignoulle, M., 1999. Photosynthesis and calcification at cellular,
organismal and community levels in coral reefs: a review on interactions and control by carbonate chem-
istry. American Zoologist, 39: 160–183. doi:10.1093/icb/39.1.160.

Giusberti, L., Rio, D., Agnini, C., Backman, J., Fornaciari, E., Tateo, F., and Oddone, M., 2007. Mode and
tempo of the Paleocene–Eocene thermal maximum in an expanded section from the Venetian pre-Alps.
Geological Society of America Bulletin, 119: 391–412. doi:10.1130/B25994.1.

Griffith, E. M., Paytan, A., Caldeira, K., Bullen, T. D., and Thomas, E., 2008a. A dynamic marine calcium
cycle during the past 28 million years. Science, 322: 1671–1674. doi:10.1126/science.1163614.

Griffith, E. M., Paytan, A., Eisenhauer, A., Bullen, T. D., and Thomas, E., 2011. Seawater calcium isotope
ratios across the Eocene–Oligocene transition. Geology, 39: 683–686. doi:10.1130/G31872.1.

Griffith, E. M., Paytan, A., Kozdon, R., Eisenhauer, A., and Ravelo, A. C., 2008b. Influences on the
fractionation of calcium isotopes in planktonic foraminifera. Earth and Planetary Science Letters, 268:
124–136. doi:10.1016/j.epsl.2008.01.006.
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Hetzel, A., Böttcher, M. E., Wortmann, U. G., and Brumsack, H.-J., 2009. Paleo-redox conditions during
OAE 2 reflected in Demerara Rise sediment geochemistry (ODP Leg 207). Palaeogeography, Palaeo-
climatology, Palaeoecology, 273: 302–328. doi:10.1016/j.palaeo.2008.11.005.

Heuser, A. and Eisenhauer, A., 2008. The calcium isotope composition (δ44/40Ca) of NIST SRM 915b
and NIST SRM 1486. Geostandards and Geoanalytical Research, 32: 311–315. doi:10.1111/j.1751-
908X.2008.00877.x.

Heuser, A. and Eisenhauer, A., 2010. A pilot study on the use of natural calcium isotope (44Ca/40Ca)
fractionation in urine as a proxy for the human body calcium balance. Bone, 46: 889–896. doi:10.1016/

j.bone.2009.11.037.
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