Advances in Isotope Geochemistry

Nikolaus Gussone et al.




Advances in Isotope Geochemistry

Series editor

Jochen Hoefs, Géttingen, Germany



More information about this series at http://www.springer.com/series/8152


http://www.springer.com/series/8152

Nikolaus Gussone

Anne-Desirée Schmitt

Alexander Heuser - Frank Wombacher
Martin Dietzel - Edward Tipper

Martin Schiller

Calcium Stable Isotope
Geochemistry

@ Springer



Nikolaus Gussone
Institut fiir Mineralogie
Universitdat Miinster
Miinster

Germany

Anne-Desirée Schmitt

Martin Dietzel

Institut fiir Angewandte
Geowissenschaften

Technische Universitit Graz

Graz

Austria

LHyGeS/EOST Edward Tipper
Université de Strasbourg Department of Earth Sciences
Strasbourg University of Cambridge
France Cambridge

UK

Alexander Heuser

Steinmann-Institut fiir Geologie,
Mineralogie und Paléontologie Natural History Museum of Denmark

Universitidt Bonn University of Copenhagen

Bonn Copenhagen

Germany Denmark

Martin Schiller

Frank Wombacher

Institut fiir Geologie und Mineralogie
Universitét zu Koéln

Kéln

Germany

ISSN 2364-5105

Advances in Isotope Geochemistry
ISBN 978-3-540-68948-5

DOI 10.1007/978-3-540-68953-9

ISSN 2364-5113 (electronic)

ISBN 978-3-540-68953-9  (eBook)

Library of Congress Control Number: 2016934957

© Springer-Verlag Berlin Heidelberg 2016

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or
part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way,
and transmission or information storage and retrieval, electronic adaptation, computer software,
or by similar or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are
exempt from the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in
this book are believed to be true and accurate at the date of publication. Neither the publisher nor
the authors or the editors give a warranty, express or implied, with respect to the material
contained herein or for any errors or omissions that may have been made.

Printed on acid-free paper

This Springer imprint is published by Springer Nature
The registered company is Springer-Verlag GmbH Berlin Heidelberg



First studies on variations in Ca stable isotope compositions were carried out
early on (Backus et al. 1964; Hirt and Epstein 1964; Artemov et al. 1966;
Miller et al. 1966; Mesheryakov and Stolbov 1967). However, reliable results
were not obtained before Russel et al. (1978) published their seminal paper
entitled “Ca isotope fractionation on the Earth and other solar system
materials”. This work facilitates the reliable and accurate determination of Ca
stable isotope compositions using double spike—thermal ionisation mass
spectrometry. Albeit further improvements were made, their method is still
the method of choice for most Ca stable isotope analysis. Only few studies
focused on Ca stable isotopes until the late 1990s, since then the number of
studies dealing with Ca stable isotope fractionation is steadily increasing.
This reflects both analytical advances and promising results obtained in a
large variety of applications in Earth and Life sciences, including medicine.

The aim of this book is to provide an overview of fundamentals and
reference values for Ca stable isotope research (“Introduction”), current
analytical methodologies including detailed protocols for sample preparation
and isotope analysis (““Analytical Methods”) and different fields of applica-
tions including low-temperature mineral precipitation and biomineralisation
(“Calcium Isotope Fractionation During Mineral Precipitation from Aqueous
Solution” and “Biominerals and Biomaterial”’), Earth surface processes and
global Ca cycling (“Earth-surface Ca Isotopic Fractionations” and “Global Ca
Cycles: Coupling of Continental and Oceanic Processes”), high-temperature
processes and cosmochemistry (“High Temperature Geochemistry and
Cosmochemistry”) and finally human studies and biomedical applications
(“Biomedical Application of Ca Stable Isotopes”). These major areas of
research are introduced and their current state of the art is discussed and open
questions and possible future directions are identified.

We gratefully acknowledge Florian Bohm, Vasileios Mavromatis, Jianwu
Tang, Peter Stille, Francois Chabaux, and Barbara Teichert for discussions
and their constructive comments on pre-versions of selected chapters that
helped to improve the present version. AH would like to thank Petra
Frings-Meuthen, Jorn Rittweger, Steve Galer, Toni Eisenhauer, Katharina
Scholz-Ahrens and Jiirgen Schrezenmeir for numerous discussions regarding
biomedical application of Ca isotopes. FW thanks Jan Fietzke, Michael
Wieser and Victoria Kremser for data and figures. Finally, we are grateful to
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Abstract

The first part of this chapter briefly introduces the application of Ca stable
isotopes in Earth sciences and other branches of natural sciences and
summarizes the early history of Ca isotope research. Furthermore, tables
with fundamental reference data are provided. The second part introduces
the principles of equilibrium and kinetic isotope fractionation theory and
discusses isotope fractionation in open and closed systems. It briefly
touches on the mass-dependence of equilibrium and kinetic isotope
fractionation and approaches to obtain equilibrium isotope fractionation
factors experimentally. The reference at the end of this chapter provides a
list of general introductions to stable isotope geochemistry and to previous
reviews that focused on Ca stable isotopes.
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1 Introduction to Calcium Stable
Isotope Geochemistry

Until the beginning of the 21th century, stable
isotope effects for elements others than the tra-
ditional light elements C, O, H, N and S where
little investigated mainly due to the restrictions of
suitable mass spectrometers. In step with ana-
lytical advances, the application of Ca isotopes
increased steadily (Fig. 1) and Ca isotopes are
now applied in different areas as diverse as (bio-)
mineralogy, Earth-surface processes, ecosystem
science, global geochemical cycles, paleo-
ceanography, cosmochemistry, archeology and
biomedical applications. The present book is
mainly focused on mass-dependent stable isotope
fractionation of Ca within these subjects.

1.1 Alkaline Earth Elements

The alkaline earth metals (Table 1), group 2 in
the periodic table, comprise the elements beryl-
lium (Be), magnesium (Mg), calcium (Ca),
strontium (Sr), barium (Ba) and radium (Ra). In
nature, they do not occur in their elemental state
as soft metals. Instead, they easily lose or share
their two s-valence electrons forming divalent
cations in minerals and in solution. Calcium is
the most abundant alkaline earth metal in the
Earth’s crust, while Mg is almost ten times more
abundant than Ca in the bulk Earth (Table 2).
Due to their high abundance and the relative
large mass-difference between their isotopes,
many studies focused on Ca and Mg stable iso-
topes. In contrast, mass dependent Sr and Ba
isotope fractionations are less intensively studied,

N
&3]

- N
o O
i !

Number of
o

published articles

(&)
f

0 T T T T T T T
1935 1945 1955 1965 1975 1985 1995 2005 2015

Fig. 1 Number of published articles on Ca isotopes
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but resolvable variations were revealed (Fietzke
and Eisenhauer 2006; Halicz et al. 2008;
Riiggeberg et al. 2008; von Allmen et al. 2010;
Krabbenhoft et al. 2010; Shalev et al. 2013;
Pearce et al. 2015; Widanagamage et al. 2015).
Beryllium has only one stable isotope and all Ra
isotopes are radioactive, thus stable isotope
fractionation cannot be readily investigated. In
Earth sciences, however, cosmic ray induced
'Be provides an important tracer and **°Ra is of
relevance in uranium-series dating.

1.2 Calcium and Its Isotopes

Calcium has one major isotope, “°Ca, with an
abundance of about 97 %. Calcium-40 is a pri-
mary product of O and Si burning in massive stars.
Due to its efficient production, Ca is an abundant
element in the universe and the Solar System. The
interest into Ca isotope studies stems in part to its
high abundance in the Earth’s crust and to the
ubiquitous presence of minerals, in which Cais the
major cation or one of the major cations. In this
regard, Ca is of particular relevance to the
biomineralization of tests, shells, bones and teeth.
Calcium is also one of the major dissolved com-
ponents of seawater (presently ~400 ppm) and
the most abundant cation in rivers (~20 ppm)
(Gibbs 1972). The concentrations of Ca and other
alkaline-earth elements in important terrestrial
reservoirs are summarized in Table 2.

The relatively high abundance of Ca is also
related to the stability of its nucleus, which con-
tains 20 protons. The number of neutrons ranges
for all stable and radioactive Ca nuclides between
15 and 38 (i.e. *>Ca—"%Ca) (Pfennig et al. 1998),
thus Ca has a total of 24 isotopes (Amos et al.
2011). The “magic number” of protons also
accounts for the large number of six stable (or
extremely long-lived) naturally occurring Ca
isotopes (Table 3) that span a large mass range of
eight atomic mass units u (or Da for Dalton)
corresponding to a relative mass difference of
20 % between the heaviest and the lightest stable
Ca isotope (*®Ca and *°Ca). With the nuclides
‘2‘8Ca and ‘z‘gCa, Ca is the only element having 2
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Table 1 Chemical, physical, and geochemical properties of alkaline earth metals (Lide 1995; Dean 1999)

Be Mg Ca Sr Ba Ra
Atomic number (Z) 4 12 20 38 56 88
Standard atomic weight (g/mol) | 9.012182  24.305  40.078 87.62 137.327 226.03
Stable isotopes 9, (10% 24,25, | 40°, (41%), 42,43, 84, 86, 130, 132, 134, 135, | (226)"
(nominal mass) 26 44, 46, 48* 87b, 88 136, 137, 138
Maximum mass difference for (11.1) 8.3 20 4.8 6.2 -
stable isotopes in %
Electron configuration [He]2s? [Ne]3s> | [Ar]4s? [Kr]5s> | [Xe]6s® [Rn]7s?
Melting point (°C) 1287 650 842 777 727 700
Boiling point (°C) 2471 1090 1484 1382 1897 1737
Density of solid at 25 °C 1.848 1.736 1.55 2.63 3.51 5
(glem’)
Oxidation states 2+
Electronegativity (Pauling 1.57 1.31 1 0.95 0.89 0.9
units)
First ionization energy (kJ/mol) @ 899.5 737.7 589.8 549.5 502.9 509.3
Second ionization energy 1757.1 1450.7 1145.4 1064.2 965.2 979
(kJ/mol)
Atomic radius (pm) 111 160 197 215 217 220
Tonic radius (pm):
[4] coordination 27 57
[6] coordination 45 72 100 118 136
[8] coordination 89 112 126 142 148
[12] coordination 135 144 160 170
Atomic volume (cm>/mol) 4.9 13.97 299 33.7 39.24 45.20
Specific heat capacity 16.443 24.869  25.929 26.4 28.07 27.12
(J/mol-1/K)
Discovery date 1798 1775 1808 1790 1774 1898
Discovered by N.L. J. Black | H. Davy A. C. Scheele P. & M.
Vauquelin Crawford Curie
Date of first isolation 1828 1808 1808 1808 1808 1911
Isolated by F. Wohler/ | H. H. Davy H. Davy | H. Davy M.
A. Bussy Davy Curie

“Radioactive isotopes half-lifes (**°Ra :1601 years; *'Ca: 103 kyears; **Ca: 43 x 10'® years; '°Be: 1.387 x 10° years),
Pradiogenic isotopes (“°K — “°Ca, see Chapter Analytical Methods; 8’Rb — ®Sr, 48.8 Gyears)

Table 2 Abundance of

! Reservoir Mg (wt%) Ca (Wt%) Sr (ppm) Ba (ppm)
Mg, Ca, Sr and Ba in
different reservoirs C I Meteorite 22.17 0.932 7.26 241
(McDonough and Sun Bulk silicate Earth 22.8 2.53 20 6.6
1995; Lide 1995;
McDonough 2001; Bulk Earth 15.4 1.71 13 4.5
Rudnick and Gao 2003; Mantle 22.17 2.6 20 6.7
Palme and O"Neill 2007)  copinental crust 2.8 4.6 320 456

Average conc. in seawater 0.129 0.041 7.9 0.013

Average conc. in humans 0.027 1.4 4.6 0.3
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Table 3 Abundances, masses and nuclear properties of naturally occurring calcium isotopes (Meija et al. 2016; Lide

1995)

Isotope | Atomic mass Natural Nuclear
(u) abundance spin (I)

(atom %)

40Ca 39.9625909 (2) | 96.941 (156) 0

“Ca 41.958618 (1) 0.647 (23) 0

$Ca 42.958766 (2) 0.135 (10) 712

4Ca 43.955482 (2) 2.086 (110) 0

46Ca 45.95369 (2) 0.004 (3) 0

“Ca 47.9525228 (8) 0.187 (21) 0

doubly magic isotopes, i.e. isotopes which have a
magic number of protons (20) as well as neutrons
(20 and 28). Of all elements, 30Ca is the heaviest
stable isotope which has equal numbers of pro-
tons and neutrons and *°Ca is also by far the most
abundant Ca isotope (Table 3). The heaviest Ca
isotope considered as stable (48Ca) is in fact a
radioisotope but with a very long half-life
(43 x 10" year). Besides the stable isotopes, Ca
has a cosmogenic isotope, *'Ca, which is formed
by neutron capture of *°Ca, mainly in the upper
few meters of soils. It decays with a half-life of
103 ka to *'K. Radioactive Ca isotopes that are
used for medical and research purposes include
the aforementioned *'Ca as well as **Ca and
47Ca, with half-lifes of 163 and 4.54 days,
respectively (Pfennig et al. 1998).

In the solid Earth, Ca is a major element in
magmatic, metamorphic and sedimentary rocks
and a major constituent in minerals from very
different mineral groups including carbonates,
silicates, sulfates, halogenides and phosphates as
well as organo-minerals (e.g. oxalates) (Table 4).
Thus, Ca bearing minerals are involved in reac-
tions that take place during weathering, ocean
floor alteration, diagenesis, biomineralization,
metamorphism, melting and crystallization of
rocks. The weathering of Ca bearing rocks,
transport of the dissolved Ca into the ocean and
precipitation as CaCO; links tectonic processes
to the carbon cycle and hence global climate on
geological timescales (Berner et al. 1983).

Magnetic moment

(W)

Electric quadrupole
moment (b)

Calcium plays also an important role in biol-
ogy, where it is an essential part of biological tis-
sues of animals and plants, and the most abundant
cation in products of biomineralization, e.g. as
calcite (e.g. foraminifera, coccolithophores, bra-
chiopods), aragonite (e.g. corals), apatite (bones
and teeth) and in leaves (Marschner 1995; Weiner
and Dove 2004). Due to climate change, modern
biomineralization of CaCOs is affected by ocean
acidification.

Calcium is also involved in metabolic pro-
cesses, like cell signaling and blood coagulation.
It is an essential nutrient for plants that plays
multiple roles in plant functioning, both at cel-
lular and intracellular scales. For instance, it is
important for the formation and stability of the
cell walls and the functioning of the cell mem-
branes (Marschner 1995; Taiz and Zeiger 2010).

Some of the chemical reactions involved in
biological and geological processes slightly dis-
criminate Ca isotopes depending on their masses.
These fractionation patterns can be utilized to
study Ca cycling on different temporal and spa-
tial scales or may be used as proxy for different
paleo-environmental parameters.

1.3 Notations in Ca Stable Isotope

Geochemistry

Before we delve into Ca stable isotope geo-
chemistry, some definitions and notations, for
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Table 4 Selected Ca-bearing minerals (Rosler 1988)

Mineral class Mineral group

Carbonates
Sulphates
Halogenates
Phosphates
Oxides
Silicates
Tectosilicates Feldspars
Zeolithes
Feldspathoids
Inosilicates Pyroxenoid
Pyroxenes
Amphibole
Nesosilicates Garnets
Nesosubsilicates
Sorosilicates Epidote
Vesuvianite

Organo-minerals

Mineral

Calcite/aragonite/vaterite

Dolomite
Ikaite
Monohydrocalcite

Amorphous calcium carbonate

Gypsum
Anhydrite
Fluorite
Apatite

Perovskite

Anorthite
Heulandite
Chabasite
Lazurite
Wollastonite
Augite
Diopsite
Hedenbergite
Augite
Tremolite
Hornblende
Richterite
Pargasite
Andradite
Grossular
Uvarovite
Titanite
Zoisite/clinozoisite
Epidote
Vesuvianite
Ca oxalate
Whewellite
Weddellite
Earlandite
Ca tartrate

Ca malate

Chemical composition
CaCOs;

CaMg(CO3),
CaCO;-6H,0
CaCO;'H,0
CaCO3;-nH,O
CaSO,-2H,0

CaSOy4

CaF,

Cas(PO4)3(OH, F, CO3)
CaTiO;

CaAl,Si,Og
(Ca,Nay,Ky) [Al Si; O1]6 H,O
Ca [Al, Si; O15] - 6 H,O
(Na,Ca)g(AlSi04)6(S04.,S,Cl),
Ca,Si,04
(Ca,Na)(Mg,Fe,AlLTi)(Si,Al),O¢
MgCaSi,Oq

FeCaSi,Og4
(Ca,Na)(Fe** Mg, Fe?*)Si,04
Ca,MgsSigO5,(OH)
Cay(Mg,Fe,Al)s(ALSi)30,,(0H),
Na,Ca(Mg,Fe)sSig0,,(OH),
NaCa,MgsFe**SicAl;0,,(0H),
CasFe,Si304,

Ca;AL,Si30;,

Ca;Cr,Siz04»

CaTi[SiOs]
Ca,Al;(Si04)(Si,07)O(0H)
Cay(Fe®™, A1) Al,(Si0,)(Si,07)O(0H)
Ca;oMgrAly(Si04)5(S1207)2(0OH)4
CaC,04

Ca(C,0,4)-H,0

Ca(C,04),-2H,0
Ca3(CeHs0,),4H,0

C,4H,Ca0q

C,H,Ca0s



mass-dependent isotope fractionation effects are
required. A more detailed discussion of notations
for Ca stable isotope geochemistry is given in
Chapter Analytical Methods.

Mass-dependent variations of Ca stable iso-
tope ratios in samples are commonly expressed
relative to a reference standard using the
well-known d-notation (Coplen 2011). Fre-
quently, the **Ca/*°Ca isotope ratio is chosen for
the calculation of 6-values:

44 40
544/40Ca _ (( Ca/ Ca)sample N 1) (1)

(44 Ca/ 40 Ca)xtandard

As the variations of the Ca isotope composi-
tions are small, d-values are typically reported as
per mill (%o), i.e. the d-value obtained by Eq. 1 is
then multiplied by 1000. Ratios of heavy over
light isotopes are always chosen for the calcula-
tion of &-values; positive d-values thus refer to
samples being enriched in the heavy isotopes
relative to the reference standard, negative values
denote light isotope enrichments in the sample
relative to the standard. Since, Ca has six natu-
rally occurring stable isotopes; many different 6-
values can be defined. To avoid ambiguity,
Hippler et al. (2003) and Eisenhauer et al. (2004)
suggested to denote both, numerator and
denominator isotope in the d-notation, e.g.
3*9Ca or 3***Ca rather than e.g. 5**Ca.

The isotope fractionation factor () is defined as
the ratio of two isotopes in the substance A divided
by the same isotope ratio in substance B:

OA—B =— — (2)

Isotope fractionation effects are temperature
dependent in most cases, therefore temperatures
need to be reported along with fractionation
factors. Knowledge of fractionation factors is
central to the discussion of stable isotope data
and much effort focusses on the accurate deter-
mination of fractionation factors. Fractionation
factors can be obtained by calculations based on
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either spectroscopic data or ab initio modelling,
from laboratory experiments and from natural
samples. All three approaches have shortcom-
ings, for example modelling may suffer from
incomplete or inaccurate spectroscopic data,
force field models and assumptions. Laboratory
experiments allow for well-constrained run con-
ditions such as temperature and composition, but
may not achieve natural or equilibrium condi-
tions. Fractionation factors determined from
natural systems may suffer from conditions that
may be less well constrained as in experiments.

The fractionation factor o is related to the §-
values of substances A and B:

34+ 1000

9+ 1000 3)

%A-B

Note that Eq. 3 applies for 6-values given in

%o. The capital delta notation (A) is usually also

given in %o. It describes the offset in the isotope

composition between two substances A and B as
the difference between their 6-values:

Apr—B = 06,—08 4)

The A-values in %o can also be obtained from
the fractionation factor a according to:

Aa_p ~ 1000 In op_p = 1000 (0s_5—1) (5)

Note, 6-values (usually in %o) relate the iso-
tope composition of a sample to a (measured)
reference material, while the fractionation factor
a and A (usually in %o) define the fractionation
between two substances or compartments, for
example between a calcite shell and seawater.

1.4 History of Ca Stable Isotope

Research

During the 1920s and 1930s all stable Ca isotopes
have been discovered. First, Dempster (1922)
reported the discovery and abundances of “°Ca
and **Ca. Aston (1934) reported the discovery of
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42Ca and *Ca followed by the discovery of *°Ca
and **Ca by Nier (1938). A more detailed over-
view on the discovery of Ca isotopes (*>Ca—"*Ca)
is given by Amos et al. (2011).

The first studies of Ca isotopes attributed the
measured variations (with up to 40 %o between
“8Ca and *°Ca) to analytical artefacts and sug-
gested an absence of fractionation or smaller than
the analytical resolution (Backus et al. 1964; Hirt
and Epstein 1964; Artemov et al. 1966; Miller
et al. 1966; Meshcheryakov and Stolbov 1967;
Corless 1968; Letolle 1968; Stahl 1968; Stahl and
Wendt 1968; Moller and Papendorff 1971; Heu-
mann and Luecke 1973). Russell et al. (1978)
where the first who published a reliable mea-
surement protocol for calcium isotopes using a
thermal ionization mass spectrometer (TIMS) and
a double spike technique. The main result of their
study is that the natural mass-dependent variation
of Ca isotopes on Earth is minor (<1.3 %o per u)
and that high analytical precision and accuracy is
necessary to resolve natural differences in Ca
isotope ratios. Since then, double-spike thermal
ionization mass spectrometry remains the princi-
ple method for Ca stable isotope analysis but
many improvements were made, resulting in an
increasing number of publications from about
2000 onwards (Fig. 1). In addition, precise Ca
stable isotope data has also been obtained by
MC-ICP-MS (multi collector inductively coupled
plasma mass spectrometry) instruments (Halicz
et al. 1999) and ion probes (Rollion-Bard et al.
2007). A detailed discussion of these methods is
provided in Chapter Analytical Methods.

1.5 Applications of Ca Stable

Isotope Geochemistry

The applications of Ca isotopes are ubiquitous
and steadily increasing (see Fig. 1). In this book
we present the current state of knowledge about
this isotope system.

This chapter introduces the fundamental con-
cepts needed for the application of stable

isotopes and reports reference data for Ca stable
isotope research. Current analytical methodolo-
gies are reviewed in Chapter Analytical Methods,
including a detailed discussion of sample prepa-
ration and isotope analysis.

The two introductionary chapters are followed
by chapters that identify and discuss six major
areas of research and their current state of the art.
Open questions and possible future directions are
then identified.

Chapter Calcium Isotope Fractionation During
Mineral Precipitation from Aqueous Solution
focusses on Ca isotope fractionation related to min-
eral precipitation and diffusion in aqueous solutions
in natural and experimental conditions from an
inorganic perspective, which sets the stage for the
subsequent Chapter Biominerals and Biomaterial,
which is devoted to Ca stable isotope studies that
comprise a range of products from biomineralization
to studies of ecosystems, paleoclimate and archeol-
ogy. Both chapters include a discussion on stable
isotope fractionation of alkaline earth elements other
than Ca for comparison.

Topics in Chapters Earth-surface Ca Isotopic
Fractionations and Global Ca Cycles: Coupling
of Continental and Oceanic Processes comprise
Earth surface processes and global cycling.
Chapter Earth-surface Ca Isotopic Fractionations
focusses on biotic and abiotic processes that lead
to Ca isotopic fractionations in the weathering
environment. Chapter Global Ca Cycles:
Coupling of Continental and Oceanic Processes
describes present-day continental and oceanic
budgets as well as past oceanic budget and the
causes of its variation through the Phanerozoic.

Chapter High Temperature Geochemistry and
Cosmochemistry focusses at stable isotope frac-
tionations related to high-temperature processes in
the Earth and on cosmochemical applications of
stable Ca isotopes including nucleosynthetic
effects. Furthermore, radiogenic 40Ca excesses
from *°K decay are briefly summarized. This is also
relevant for the interpretation of mass dependent Ca
isotope effects as potential complications could
arise from the use of isotope ratios involving *°Ca.
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Finally in Chapter Biomedical Application of
Ca Stable Isotopes, this new and emerging field
of application for (Ca) stable isotopes, are pre-
sented and discussed.

1.6 Other Applications of Ca
Isotopes: Cosmogenic

41ca and Tracer Studies

Other applications of Ca isotopes exist, they are
however not further considered in the present
book. These aspects include tracer techniques in
medical, earth and life sciences using long and
short lived radio-isotopes.

For instance, in medicine, “dual-tracer experi-
ments” have been developed in order to estimate
the Ca absorption rate in human gastro-intestinal
tract (e.g. Beck et al. 2003; Barger-Lux et al. 1989;
Lopez-Huertas et al. 2006). A **Ca was used to
study biomineralization in foraminifers (Lea et al.
1995). In forest studies a **Ca tracer has been
injected under pressure in trees or spread over the
ground in order to follow its uptake, its storage in
the tree, its return to the soil (litter, leaves) and its
fate and behavior after decomposition (Zeller et al.
1998, 2000; Caner et al. 2004; Augusto etal. 2011;
van der Heijden et al. 2013).

Short-lived radionuclides of Ca (e.g. Ca,
“TCa) were used for instance to study biominer-
alization of corals and foraminifers (Anderson
and Faber 1984), while long-lived radionuclides
(*'Ca) were used as tracer for medical applica-
tions (e.g. Denk et al. 2007; Walczyk et al. 2010;
Sharma et al. 2011) and as a proxy for nuclear
bomb fallouts (Zerle et al. 1997).

2 Principles of Mass-Dependent
Stable Isotope Fractionation

Mass-dependent stable isotope fractionation typ-
ically results from isotope exchange reactions
under thermodynamic equilibrium or from
kinetic processes. Mass-independent isotope
fractionation effects as observed for O, S and Hg
isotopes were so far not observed for Ca isotopes
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and are rather unlikely to be of relevance.
Nucleosynthetic Ca isotope anomalies, however,
are present in some early solar system materials
(Chapter High Temperature Geochemistry and
Cosmochemistry).

Equilibrium isotope partitioning arises from
the change of vibrational frequencies in mole-
cules and condensed phases upon substitution by
isotopes of different mass. Equilibrium isotope
fractionation is temperature sensitive and
becomes negligible at high temperature, which
may be at several hundred or larger than 1000 K
depending on the magnitude of fractionation and
analytical precision.

Kinetic isotope fractionation refers to chem-
ical or physical processes with no or only partial
back reaction, i.e. bond breaking chemical
reactions or physical transport processes like
diffusion or evaporation. Kinetic isotope frac-
tionation due to bond breaking reactions is
temperature sensitive too. It results from the
effect of isotopic substitution on activation
energies required to reach a transition state.
Kinetic isotope fractionations accompanying
diffusion and evaporation/condensation are due
to the differential translational velocities of
isotopes or isotopically substituted molecules
(isotopologues) of different mass. This class of
kinetic transport phenomena can lead to large
isotope fractionations even at high temperatures.

The role of kinetic and equilibrium processes
in driving Ca stable isotope fractionation is often
debated and therefore demands consideration in
this introductionary text. However, isotope frac-
tionation theory will be simplified and only
briefly touched and the reader is referred to other
sources (see reference section).

2.1 Equilibrium Isotope
Partitioning
2.1.1 Isotope Exchange Reactions

Equilibrium isotope fractionation refers to the
partial separation of isotopes between two or
more substances in chemical or more precisely in
isotopic equilibrium (Urey 1947; Bigeleisen and
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Mayer 1947). It is a quantum-mechanical phe-
nomenon driven mainly by differences in the
vibrational energies of molecules and crystals
containing isotopes of different masses. These
differences lead to higher concentrations of the
heavy isotopes in substances, in which the
vibrational energy is most sensitive to isotope
substitution, i.e. those with higher bond force
constants (see discussion further below).

For an isotope exchange reaction between two
components A and B, where * denotes the
component enriched in the heavy isotope and a
and b refer to the coefficients to balance the
reaction, the general expression is:

aA+bB < aA"+bB (6)

Note that both sides of the isotope exchange
equation give the same chemical species and
differ only in the distribution of isotopes. The
following equation provides an example where
all coefficients (a and b) are unity:

NCaCo; + “Ca®* © “CaCo; + Yca®  (7)

For the general case, the isotope exchange
constant K is equal to:
w\a b % a
(A")"(B)” _ (A"/A)

ey emr Y

Concentrations rather than activities are
commonly used in Eq. 8, as the difference
between activities and concentrations is com-
monly negligible for isotopically substituted
substances. If the isotopes are randomly dis-
tributed among all possible sites of the molecule
at equilibrium, the fractionation factor a is con-
nected to the equilibrium constant K., for the
isotope exchange (Bigeleisen 1965):

1
an-B = K& )

where the product of the stoichiometry coeffi-
cients a and b gives the number of atoms
exchanged during the reaction. Thus, if isotope

exchange reactions are written such that only one
atom is exchanged (ab = 1), the equilibrium
constant K. is identical to the fractionation factor
oa_g as is the case for the above example (Eq. 7):

(44&1)

0

€a) caco,
(44Ca)

Cq) ca2+

Ky = = 0lCaCOs—Ca?+ (10)

2.1.2 Equilibrium Isotope
Fractionation Theory

In the following, we will briefly examine the
basics of isotope fractionation theory. For more
in-depth treatments, the readers are referred to
Criss (1999), Schauble (2004) and citations
therein including the classical papers by Urey
(1947) and Bigeleisen and Mayer (1947). For
isotope exchange reactions, an equilibrium con-
stant can be determined from the free energy
difference between reactants and products
according to:

AG” = —RT In(Keq) (11)

where AG is the Gibbs free energy of the reaction,
R is the molar gas constant (~8.314 J mol ! Kil)
and T the absolute temperature in K. The Gibbs
free energy is several orders of magnitude smaller
for isotope exchange reactions than for chemical
reactions. Pressure volume work is commonly
neglected, since isotopic substitution has a negli-
gible effect on volume and because the number of
molecules on both sides of the isotope exchange
reactions is the same. Thus the Gibbs free energy
AG® can be replaced by the Helmholtz free energy
AF. Then rearranging Eq. 11 yields:

AF, motion
In(Keg) = — (T)

The bond structure and thus potential energy of
each molecule is not changed by the isotopic
substitution. Only the dynamic energy associated
with atomic motions changed (therefore AF,,,ion)-
The dynamic energy includes translational, rota-
tional and vibrational energies (Schauble 2004).
Among these, only vibrational energies are

(12)
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significantly large (at about 2100 K) relative to
ambient thermal temperatures to drive chemical
reactions (Schauble 2004). It is instructive to first
consider the simple case of harmonic oscillations
of a diatomic molecule like H, or O,, where the
vibrational energy is given by:

Eyb = (n + 1a)hv (13)

with h being Planck’s constant
(6.626 x 10** Js), v the vibrational frequency
and n the vibrational energy level (withn = 0, 1, 2,
etc.). With increasing temperature, higher energy
levels are more frequently populated. However,
with n = 0, atoms vibrate even at absolute zero
with Eyj, o = %2 hv. This property is known as the
zero point energy. Since the vibrational frequen-
cies are a function of the atomic masses in motion,
vibrational frequencies are affected by isotopic
substitution. In the example for the harmonic
oscillation of a diatomic molecule, vibrational
frequencies relate to the atomic masses m; and m;
according to:

1 ks 1 | 1 1
=—y|—==—|ks| — + — 14
! 271\/; 2n \| <mi + mj) (14)

where Kk is the spring or force constant in N/m,
which is a measure of bond stiffness, and

po=m; +my/(m; + my) (15)
is the reduced mass of the molecule. The har-
monic oscillation of a diatomic molecule is often
envisioned as two spheres (atoms) that are con-
nected by a spring and move towards and away
from each other with the frequency v. Isotopic
substitution changes the mass of the bond part-
ner, but not the force constant kg. Thus, substi-
tution with a heavier isotope leads to slightly
lower frequencies (Eq. 14) and hence lower
vibrational energies. Therefore, substances with
high force constants kg and thus stiffer bonds will
have larger zero-point energy shifts upon heavy
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isotopic substitution and will therefore tend to be
enriched in the heavy isotopes. (Vibrational)
frequencies are commonly measured and tabu-
lated as wavenumbers (® in cm_l), where
v=c*® and c refers to the speed of light.
Vibrational frequencies range from ca. 100 up to
about 4000 cm ™!, which corresponds to force
constants of ~50-2000 N/m (Schauble 2004).

While zero point energy shifts are regarded as
the principle driver of equilibrium isotope frac-
tionations, an accurate treatment of molecular
motions requires the higher energy states to be
included. The probability of a molecule to have a
distinct energy state follows the Boltzmann dis-
tribution law and this is expressed in the partition
function ratio Q, which gives the sum of all
possible quantum states i:

0= ZgiefE’/kT

where e refers to the exponential function, k is
Boltzmann’s constant (1.381 X 10 J/KK), T is
the temperature (in K) and g is the degeneracy
factor that is sometimes given to refer to quantum
states with the same energy level.

For the case of harmonic vibrations, Eq. 13 is
inserted into Eq. 16. Doing so and following the
approach of Urey (1947), Schauble (2004)
derived an expression where the fractionation
factor Bxgr.x between a diatomic or larger mole-
cule and a monatomic gas can be estimated from
data for vibrational frequencies of heavy and
light isotopologues only:

(16)

Al

o= [ () - ()]
(17)

Molecule XR contains n atoms of the element
of interest X, and N total atoms. The frequencies
v and v* refer to molecule XR containing the
light and heavy isotopes, respectively. Diatomic
molecules have one vibration, but for polyatomic
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linear or nonlinear molecules the product is over
3N-5 or 3N-6 vibrational frequencies, respec-
tively. While isotope fractionation relative to a
monatomic gas is not of practical significance,
the fractionation factor o between two different
molecules A and B is simply aa_g = Ba/Bs.
Because the rotational and translational terms
cancel, B is often referred to as the reduced par-
tition function ratio. Schauble (2004) points out,
that, in order to simplify the calculations, this
approach harmonic  vibrations,
rigid-body rotation, a simplified treatment of
rotational energies and averaged intra-molecular
isotope fractionations. Nevertheless, he con-
cludes that these assumptions are reasonable for
elements other than H, C, N, O, and S and
temperatures above about 100 K.

Calcium isotope geochemistry rarely deals with
gas-phase molecules, but is commonly concerned
with condensed phases such as aqueous solutions
or crystals. Crystals however contain far more
vibrational frequencies that cannot be explicitly
treated and dissolved ions or molecules interact
with the surrounding water molecules.

Since vibrational frequencies in crystals
appear like a continuous spectrum, Kieffer
(1982) calculated reduced partition function
ratios using an integral:

assumes

Vimax exp [7%} .
3 1’0 ln(ﬂ)g (w)dw

2 ()

v =|(—) Xexp|—

crystal—X % )
Jo

l—exp[—%]

)g<w)dw
(18)

The above equation, taken from Schauble
(2004), gives the fractionation factor 3 for ele-
ment X in a crystal relative to that of the
monatomic gas, where g and g* are the contin-
uous vibrational densities of state for crystals
containing the light and the heavy isotope of the
element of interest. The highest vibrational fre-
quency of the crystal is represented by viax.

Equilibrium stable isotope fractionation factors
can thus be calculated from vibrational frequen-
cies. The necessary input data may be obtained

from spectroscopic measurements. However,
spectroscopic data, where available, are com-
monly incomplete and only available for phases of
natural isotope composition. This requires addi-
tional estimates to be made to obtain vibrational
frequencies for isotopically substituted phases
(except for diatomic molecules with v* = v(u/
)% ¢f. Eq. 14). If no, imprecise or incomplete
vibrational data are available, missing vibrational
frequencies need to be modelled, either by force
field modelling or by ab initio quantum mechani-
cal calculations (Schauble 2004, 2009).

2.1.3 Summary of General
Characteristics
of Equilibrium Isotope
Fractionation
Following O’Neil (1986) and Schauble (2004)
some general rules regarding equilibrium stable
isotope fractionation are summarized:

Temperature-dependence

Equilibrium isotope fractionations decrease with
temperature (Urey 1947; Bigeleisen and Mayer
1947), usually as 1/T%. Over a small temperature
interval, the decrease in the isotope fractionation in
per mill per K can be estimated as —2000(o. — 1)/T
(Schauble 2009). At low temperature or for high
frequency vibrations where almost all molecules
are in the vibrational ground-state, temperature
dependence more closely approaches 1/T (Criss
1999; Schauble 2004). Athigher temperatures, high
energy vibrational levels are more frequently pop-
ulated. Since the energy difference upon isotopic
substitution becomes smaller at higher vibrational
energy levels, equilibrium isotope fractionation
decreases with increasing temperature.

Mass-dependence

Equilibrium isotope fractionation increases with
the mass-difference between the heavy and light
isotope, but decreases with the absolute mass
according t0 (Mpeayy — Mijgh)/Mheavy *Myjghe. This
mass term decreases e.g. from 0.0238 for 7/6Li,
0.0069 for '#1°0, 0.0032 for 2***Mg, 0.0023 for
44/40Ca to 0.0003 for ***°Sr. This indicates that
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in terms of mass only, the isotope fractionation
between **Ca and *°Ca should be about a third of
that observed for oxygen and significantly larger
than for heavier elements like Sr.

Dependence on bond-stiffness

As shown in Eq. 14, heavy isotopes will tend to
be enriched in the phase with the highest force
constants, i.e. the stiffest bonds. Bond stiffness is
generally larger for short strong bonds, i.e. at
high oxidation states, high covalent character of
the bond and low coordination numbers. Schau-
ble (2004) cautions that it is presently not clear
which chemical properties are most important in
regard to bond stiffness especially in regard to
“new” isotope systems.

The extent of isotope fractionations will
increase if large differences in bond stiffness exist
between the phases involved. Calcium isotopes
generally do not display fractionations in excess
of one or at best a few per mill. This is in accord
with the restricted variation in bond environ-
ments compared to e.g. O or S, the ubiquitous
presence of Ca in the 2+ oxidation state and with
the ionic character of bonds involving Ca. This
leaves coordination as one of the main driver of
equilibrium Ca stable isotope fractionations
(Schauble 2004; Gussone 2005).

2.2 Kinetic Stable Isotope

Fractionation

Kinetic stable isotope fractionations arise either
from (i) chemical bond-breaking dissociation
reactions, including most biochemical transfor-
mations or (ii) physical transport phenomena, i.e.
evaporation, condensation and diffusion though
solid, liquid or gaseous media (e.g. Schauble
2004; Richter et al. 2009; Eiler et al. 2014).

If equilibrium between two (or more) com-
ponents is attained, forward and back reaction
rates are equal. In kinetics, the reaction products
become isolated from the reactants. Often,
kinetic reactions are defined as unidirectional.
However, kinetic effects are involved in
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disequilibrium or non-equilibrium isotope frac-
tionations where the forward reaction overrides
the back reaction:

R

—_—
—

reactant(s) product(s) (19)

Ry

Here, R¢, Ry and R,,; denote the forward, back
and net reaction rates with R,.; = Ry — Ry,

Effective disequilibrium fractionation factors
o Will be intermediate between those describing
equilibrium isotope fractionation (0,q) or unidi-
rectional kinetic forward reaction (oy). This is
illustrated in Eq. 20 (DePaolo 2011) and Fig. 2:

% %

Ry [ % = R, o
LR (1) 14 gl (1)
OCf

RECRCED
(20)

Equilibrium isotope fractionation dominates
were Ry/R¢ approaches 1 and R,./Ry is very
small. If Ry, is only a minor fraction of R such
that the R, » Ry, kinetic isotope fractionation
dominates o For R, /R, increasing from
~0.01 to ~ 100, o changes from values near
Oeq towards ag (Fig. 2).

Otgﬁ =

1.004
1.002 1
1.000 1

& 0.998 1

0.996 1

0.994 1

0.992

0.0001 0.01 1 100 10,000

Fig. 2 Dependence of a.g on the ratio of net reaction rate
to the back reaction rate as given in Eq. 20. Arbitrary
values have been assumed for agq (1.002) and o (0.994)
Redrawn after DePaolo (2011)
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DePaolo (2011) derived Eq. 20 to describe Ca
isotope fractionation associated with the precip-
itation of calcite from aqueous solutions at vari-
able precipitation rates. The above description
assumes steady state conditions, i.e. no change in
the isotope composition of the crystal surface
layer or liquid reservoirs with time and further-
more, the absence of transport effects (diffusion)
within the crystal or the liquid. Diffusive trans-
port could limit the delivery of ions to the
growing crystals surface at high precipitation
rates. Such a transport-control could also result in
additional kinetic isotope effects. Isotope frac-
tionation associated with transport phenomena
and reservoir effects are discussed further below.

Dissociation

The theory of kinetic isotope fractionation asso-
ciated with the dissociation of molecules has
been discussed previously by Bigeleisen (1949),
Bigeleisen and Wolfsberg (1958) and Melander
(1960). This type of fractionation is due to dif-
ferences in the reaction rates between isotopes or
molecules of different masses (isotopologues). In
by far most cases, the lighter isotopes or iso-
topologues react faster than the heavier ones and
thus become concentrated in the product of the
reaction. If the reaction pool is limited (e.g. a
closed system), the reactant becomes corre-
spondingly enriched in the heavier isotope. There
are rare cases of inverse kinetic isotope effects
with the reactant being enriched in the heavy
isotope that most commonly occur when hydro-
gen atoms are involved (Bigeleisen and Wolfs-
berg 1958). Kinetic isotope fractionation can be
described with first-order kinetics.

For two competing isotope reactions:

Ay — By(k;) and A, — By(ka) (21)

withk; (i = 1,2) corresponding to the rate constants
for the reaction and 1 and 2 referring to the light and
heavy isotope, respectively. The fractionation fac-
tor a corresponds to the ratio of the rate constants:

AA—B = kl/kz (22)

Physical transport processes: evaporation,
condensation, diffusion

In gases, the average translational kinetic energy
Ey;, is the same for all molecules or atoms:

3 1
Eiin = 5KT = 5mv2

(23)
where k is the Boltzmann constant, m the mass of
the molecules or atoms in motion and v is the
average velocity. If a gas consists of different
isotopes or isotopologues of masses m; and m,
with the same average Kkinetic energy, the
velocity will be slower for heavier isotopes or
isotopologues compared to lighter ones, as evi-
dent from:

Exin = Ele% = Esz% (24)
this can be rearranged into:
. o\ 05
o = — = (—2) (25)
1% ng

where oy is the corresponding kinetic fractiona-
tion factor. Equation 25 is often referred to as
Graham’s law; it shows that kinetic transport
effects are not expected to be temperature sensi-
tive. Graham’s law is frequently used to predict
the fractionation factor for free evaporation into
vacuum. However, in experiments, free evapo-
ration commonly yields fractionation factors
smaller than those predicted by the square root of
the mass dependence aka Grahams law (Richter
et al. 2007, 2009). This observation can be
accounted for by the introduction of evaporation
coefficients y (e.g. Richter et al. 2007; Zhang

et al. 2014):
0.5
Y112
Qleff = — <_) Oleg
Y2 \IMi

the ratio of evaporation coefficients y;/y, then
accounts for different probabilities of two iso-
topes or isotopologues to leave the surface of the
condensed phase. Equation 26 also contains the
equilibrium isotope fractionation factor o.q. At
the high temperatures for evaporation or con-
densation of Ca a.q=1 can be assumed.

(26)
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Equation 26 is also expected to be valid for
condensation. In this case y refers to sticking (or
condensation) coefficients that give the fraction
of atoms or molecules that do not return to the
vapor phase after impinging onto the surface of
the condensed phase.

Evaporation provides probably the most classical
example for kinetic isotope separation. Because Ca
is a highly refractory element, Ca isotope fraction-
ation due to evaporation (and condensation) is
mostly restricted to calcium-aluminum-rich inclu-
sions (CAls) in meteorites (Chapter High
Temperature Geochemistry and Cosmochemistry).
A first thorough experimental investigation of Ca
isotope fractionation during evaporation has been
carried out recently (Zhang et al. 2014; see also
Sect. 24 and Chapter High Temperature
Geochemistry and Cosmochemistry).

For diffusion in gases or liquids, the isotope
fractionation factor ag;; equals the ratio of dif-
fusivities, which again is inversely related to
mass M; by a power law, with the exponent
p <0.5 (e.g. Richter et al. 2006; Bourg et al.
2010; see also Eiler et al. (2014) and citations

therein):
D, (M)\"
%itt =1 =\,

For diffusion of a trace gas through a carrier
gas, f/ may be equal to 0.5 and M; refers to the
reduced mass (Eq. 15 with m; = mass of trace
isotope or isotopologue and m; = average mass
of carrier gas molecules) if both gases interact
only by instantaneous binary collisions as sug-
gested for Ca diffusion in H,, considered relevant
in cosmochemistry (Simon and DePaolo 2010).

The above power law (Eq. 27) is also consis-
tent with data for diffusion in liquids, i.e. silicate
melts and water (e.g. Bourg et al. 2010). Mass M;
may refer to reduced masses, but more commonly
isotopic masses are used. For diffusion in liquids,
the exponent f is much lower than 0.5, ranging
from 0 to 0.22 (e.g. Richter et al. 2009; Bourg
et al. 2010). This reflects chemical interactions
with the solvent, but also the use of isotopic
masses rather than molecular or reduced masses,
as the latter is difficult to assign in the presence of

(27)
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chemical interactions. The mass-dependence of
the ratio of diffusivities reflected in the empirical
parameter S is thus intermediate between kinetic
theory (f = 0.5) and predictions due to hydro-
dynamic transport (f = 0), where the solute is
strongly coupled to solvent hydrodynamic modes
(Bourg et al. 2010). This is in line with the
observation that f-values are inversely related to
the residence times of water molecules in the first
solvation shells of the diffusing ions (Bourg and
Sposito 2007).

Watkins et al. (2011) showed that isotope
fractionation related to chemical diffusion in sil-
icate melts, is related to the liquid structure. They
observed that isotope separation increases with
the ratio of mobility of the cation relative to that
of the liquid matrix (e.g. Dc./Ds;), as the cation
is not strongly bound to and hence diffusing
through the alumosilicate framework.

Thermal gradients imposed on silicate melts
lead to concentration gradients with enrichments
of Ca0O, MgO and FeO on the cold end and SiO,,
K,0 and Na,O on the hot end (Bowen 1921;
Lesher and Walker 1986). This thermal (or Soret)
diffusion is balanced by chemical diffusion such
that a steady state is approached. Soret diffusion
can lead to large stable isotope fractionations
(Kyser et al. 1998) and experiments have shown
that heavy Ca isotopes get enriched at the cold
end (Richter et al. 2009; Huang et al. 2010). One
fundamental difference for isotope and chemical
fractionation due to Soret and chemical diffusion
is that with time chemical diffusion homogenizes
the melt, while Soret diffusion approaches a
steady-state (e.g. Richter et al. 2009). Dom-
inguez et al. (2011) explained Soret diffusion as a
quantum mechanical effect, while Lacks et al.
(2012) favor a classical mechanical collision
effect. The analysis by Li and Liu (2015) support
the classical approach for high temperatures.

See other chapters, in particular Chapters
Calcium Isotope Fractionation During Mineral
Precipitation from Aqueous Solution and High
Temperature Geochemistry and Cosmochemistry
for further discussion of kinetic isotope frac-
tionation related to dissociation, evapora-
tion/condensation and diffusion.


http://dx.doi.org/10.1007/978-3-540-68953-9_7
http://dx.doi.org/10.1007/978-3-540-68953-9_7
http://dx.doi.org/10.1007/978-3-540-68953-9_7
http://dx.doi.org/10.1007/978-3-540-68953-9_7
http://dx.doi.org/10.1007/978-3-540-68953-9_3
http://dx.doi.org/10.1007/978-3-540-68953-9_3
http://dx.doi.org/10.1007/978-3-540-68953-9_7
http://dx.doi.org/10.1007/978-3-540-68953-9_7

2 Principles of Mass-Dependent Stable Isotope Fractionation 15

23 Open System Rayleigh
Fractionation and Closed
System Equilibrium

Fractionation

Rayleigh distillation (or fractionation) occurs
when isotopically fractionated reaction products
are continuously removed or isolated from the
system. The Rayleigh equation (Eq. 28) describes
the evolution of the isotope composition of the
remaining reservoir R as a function of the frac-
tion f of the reactant A that is remaining (Rayleigh
1902; Broecker and Oversby 1971):

Ry =Ry, x ! (28)

where Ry ; refers to the initial isotope ratio and
op_a to the fractionation factor between product
B and reactant A. The isotope composition of the
instantaneous forming product Bj,y is simply
offset from R, according to the fractionation
factor, thus

Rpinst = 0p_a * Ra; % f5-47" (29)

The isotope composition of the accumulated
product Rg ,ccum 1S dictated by mass balance (R,
i=f*Ra + (1 — f) * Rg accum)- Rearranged and
combined with Eq. 28 this gives:

Rai(f — 1)
f—1

The evolution of Ra, Rpinge and Rp accum
with progressive transformation of A to B is
given in Fig. 3 in the A-notation (e.g. Ap_
A = 1000 x (Rg/Ra; — 1)) as a function of the
fraction of the product (1 —f) and arbitrarily
assuming og_a = 0.997; i.e. that the product is 3
%o lighter than the instantaneous reservoir from
which it becomes isolated. Figure 3 reflects the
typical characteristics of Rayleigh fractionation:
if the reaction proceeds to near completion, the
isotope composition of the remaining reservoir

(30)

RB,accum =

becomes extremely fractionated (here enriched
in the heavy isotopes). The same trend is
observed for the instantaneously formed product
as it is obviously only offset from the contem-
poraneous isotope composition of the reactant
reservoir A (Eq. 29), with the offset defined by
the fractionation factor. The accumulated pro-
duct will eventually attain the initial isotope
composition of the reactant as required by mass
balance.

Rayleigh fractionation may describe equilib-
rium, disequilibrium and kinetic fractionations,
but requires that the reaction product is contin-
uously isolated and the fractionation factor does
not change in the process. For example, Rayleigh
evaporation of a water droplet into a dry atmo-
sphere will enrich the remaining droplet pro-
gressively in heavy H and O isotopes as kinetic
(or disequilibrium) evaporation  proceeds.
Equilibrium O and H Rayleigh fractionation may
occur if water droplets condense in the atmo-
sphere in equilibrium with the surrounding water

12
Rayleigh fractionation A
10 4 Rayleigh fractionation B instantaneous
————————— Rayleigh fractionation B accumulated
81| — —closed system equilibrium partitioning A
— = —closed system equilibrium partitioning B

AA orB [%o]

(1-f)

Fig. 3 Isotope ratio evolution for open system Rayleigh
fractionation (red curves) and closed system equilibrium
fractionation (blue straight lines) as a function of the
elemental fraction in phase B. Given are deviations from
R or Rgys as e.g. Ag_a = 1000 * (Rg/Ra; — 1) in %o,
assuming og_a = 0.997 in all calculations



16

vapor. Once big enough, the droplets will rain
out, leaving the remaining atmospheric water
vapor reservoir progressively enriched in the
lighter isotopes. Calcium isotope fractionation
during the precipitation of minerals from a
restricted liquid reservoir may serve as another
example for Rayleigh fractionation.

Figure 3 also shows the isotope evolution
during closed-system equilibrium isotope frac-
tionation which relies on mass balance equations.
The two pools denoted A and B remain in
equilibrium throughout and thus the reactant and
product always differ by the same offset Ag_
A = 1000 x (o — 1). As above, mass balance
requires

Rsys = f * Raeq+ (1 —f) * Rp g

(31)

where Rgys refers to the isotope ratio of the bulk
system and Rp ¢q and Rp ¢4 to the isotope com-
position of both pools, depending on the fraction
fof the element in A. Because ag_, = Rg/Ra, Rp
can be replaced by ag_s* Ra and inserted into
Eq. 31:

Rgys

e = =)

See Schmitt et al. (2013) for an example for
equilibrium Ca isotope fractionation during
adsorption on bean roots.

(32)

24 The Mass-Dependence
of Equilibrium and Kinetic
Stable Isotope

Fractionations

The mass-difference is double for **Ca/*’Ca
compared to “Ca/*Ca. Thus the
mass-dependent stable isotope fractionation
recorded in the former ratio is about twice as
large as that of the latter one. However, the exact
relationship between two isotope ratios depends
on the fractionation mechanism (e.g. Young et al.
2002). The mass-dependence can be described
by mass fractionation laws of the form

Introduction

oy = ocf/d (33)
where a, b, ¢, and d refer to the mass numbers of
isotopes of element E, o, refers to the frac-
tionation factor between two phases for isotope
ratio “E/°E, and o,/q refers to the same fraction-
ation factor for isotope ratio °E/“E. In most cases
b and d are identical as usually the same isotope
is used as the denominator in both ratios. The
exponent S defines the slope in linearized three
isotope plots and is a function of the masses m; of
the isotopes involved (Young et al. 2002). For a
heavy element like Ca (compared to oxygen; see
Cao and Liu 2011), the slope S for equilibrium
isotope exchange should be very close to:

1 1
my Mg

Al -} o
my me
for kinetic isotope separation
In (%>
e (35)

Biin = @

M,

where mass M; either refers to the mass of iso-
topes, isotopologues or reduced masses,
depending on the kinetic process. In three isotope
plots where the conventional d-notation is used,
fractionation lines according to S are slightly
curved. This can be circumvented if the 3"-nota-
tion of Hulston and Thode (1965) is applied
(Young et al. 2002), e.g.:

(44 C(l/40 Ca)
(44Ca/40 Ca)

8 = 1000 x 1n< sample ) (36)

standard

Differences between kinetic and equilibrium
fractionation lines are difficult to spot in three
isotope plots (see Chapter Analytical Methods,
Fig. 8) in particular if the stable isotope frac-
tionation is small. The visual representation
can be improved by using a format such as in
Fig. 4 (cf. Young and Galy 2004), where the
deviation of the data from the equilibrium
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fractionation line for one isotope ratio is plot-
ted against the &’-values of another isotope
ratio.

The large mass differences between Ca iso-
topes, especially between *°Ca, **Ca and **Ca
would make this isotope system ideal to resolve
different slopes. Unfortunately, Ca does not
commonly display the large isotope fractiona-
tions needed to resolve different slopes. Fur-
thermore, three isotopes, ideally with a wide
mass differences, must be measured accurately at
high precision. This is difficult to achieve with
MC-ICP-MS due to interferences (especially for
40Ca), but Schiller et al. (2012) report some high
precision data for **Ca/**Ca and **Ca/**Ca
which suggests that different slopes can be
resolved even for the small variations displayed
in nature. With TIMS, the correction of large
progressive mass discrimination requires the use
of a double spike, which compromises the ability
to analyze three isotopes accurately at high pre-
cision (see Chapter Analytical Methods). How-
ever, if the fractionation displayed by the
samples is sufficiently large, e.g. due to Rayleigh
fractionation, different slopes may be resolved.

0.2 1
z 0.0
S
g -0.21
3]
O -0.41
N
g -0.61
%= S~
+ -0.81 X ~ ~
o] — Equilibrium law s ~
o . ~
S -1.0 1 — — kinetic law, isotopic masses N S.
% ----- kinetic law, molecular masses (CaO) ™ ~ ~
§ 121 N
w o kinetic law, reduced masses (mj =42) Ny
141 o evaporation residues (Zhang et al. 2014) .
1.6 s s s s s
0 20 40 60 80 100

§'44/40Cq

Fig. 4 Representation of three Ca isotope data in the
context of the equilibrium and kinetic mass fractionation
laws (Young et al. 2002; Young and Galy 2004). The
strongly fractionated data refers to evaporation residues
reported relative to the starting material (Zhang et al.
2014). For the kinetic law, trends have been calculated
with isotopic masses, molecular masses (by adding mass
16 for oxygen to the isotopic masses) and reduced masses
with m; = 42 (Eq. 15). The use of m; = 42 fits the data,
but this may be because the kinetic law then coincides
with the Rayleigh law suggested in Zhang et al. (2014)

Figure 4 features a consistent data set with
very strongly fractionated Ca isotope composi-
tions obtained by TIMS for residues from Ray-
leigh evaporation from a perovskite (CaTiO3)
melt into vacuum at about 2000 °C (Zhang et al.
2014). Evaporation of Ca into vacuum is
expected to be a kinetic process. Calcium forms a
monatomic vapor and equilibrium isotope frac-
tionation will be insignificant at the high tem-
perature of evaporation (Zhang et al. 2014). We
may therefore expect that the kinetic slope By,
(Eq. 35) calculated from isotopic masses would
fit the data. However, the data for the evaporation
residues plots onto a trend somewhere between
that expected from the equilibrium and kinetic
law (with isotopic masses). In fact, the data plots
onto a trend that corresponds to the kinetic slope
(Eq. 35) calculated with reduced masses (with
m; = 42; Eq. 15). This slope, however, agrees
with the Rayleigh law, which was therefore
considered appropriate for the evaporation pro-
cess by Zhang et al. (2014). This example shows
that the interpretation of fractionation mecha-
nisms, based on the framework of kinetic and
equilibrium slopes is not necessarily trivial.
Clearly, more suitable data for well-defined
processes and advances in theory are desired
(cf. Eiler et al. 2014).

25 Experimental Determination
of Equilibrium Isotope

Fractionation Factors

The determination of reliable equilibrium frac-
tionation factors in laboratory experiments is
difficult, because of the need to demonstrate that
thermodynamic equilibrium is achieved (e.g.
Young et al. 2015). Time-series experiments
represent the classical approach and allow to
evaluate the exchange kinetics. To this end, the
same experiment needs to be run repeatedly for
different durations. For example, in a series of
experiments, a mineral powder may be heated in
the presence of water for different durations. The
fractionation between both phases is measured
and displayed as a function of the run duration.
Equilibrium is suggested if the same isotope
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Fig. 5 Principle of three isotope method redrawn from
Young et al. (2015). SFL denotes the secondary fraction-
ation line

fractionation is observed between the mineral and
aqueous phase after several longer experimental
runs. The result is substantiated if the experiments
were carried out with the starting mineral com-
position being once heavier and once lighter than
the water, respectively. See O’Neil (1986) and
Johnson et al. (2004b) for details and citations.
Equilibrium isotope fractionation factors can
also be determined from closed system experi-
ments using the three-isotope method of Mat-
suhisa et al. (1978). By extrapolation,
equilibrium isotope fractionation factors can be
obtained even if equilibrium is not attained in the
experiments. For several non-traditional isotope
systems, the three-isotope method has been suc-
cessfully used to infer equilibrium fractionation
factors between minerals and between minerals
and water (e.g. Shahar et al. 2008; Li et al. 2011).
Figure 5 illustrates the principle of the
three-isotope method. Phase A has been prepared
with an enrichment in **Ca, while phase B has a
natural isotope composition. In repeated experi-
ments, both phases are then allowed to react
which each other for variable durations (t;, t, ...)
and the isotope composition is determined for the

Introduction

run products. With increasing run time, the iso-
tope compositions of both phases will move
towards the isotope composition that corresponds
to the equilibrium isotope fractionation. The
equilibrium isotope compositions have to lie on
the secondary fractionation line, the location of
which is defined by the bulk composition, which
is in turn defined by the tie lines. If equilibrium is
not attained, the equilibrium isotope fractionation
factor may still be obtained from extrapolation of
the time trends of phases A and B to the sec-
ondary fractionation line.
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Abstract

Despite the large relative mass difference between different Ca isotopes,
the isotopic variability of Ca in natural materials is relatively small.
Consequently, high-precision Ca isotope analyses are required to accu-
rately resolve Ca isotope fractionation prior to data interpretation. This
chapter summarises techniques which are successfully used to digest
samples and to purify different types of sample material. The basic
principles of different mass spectrometric methods for the accurate and
precise determination of Ca isotope compositions are presented with a
focus on thermal ionisation mass spectrometry (TIMS) and multi-collector
inductively coupled plasma mass spectrometry (MC-ICP-MS). We also
present an overview about other, less frequently applied techniques used
so far. Additionally, we provide useful information on how to report Ca
isotope data (e.g. different notations and reference materials) and explain
how to convert literature data based on different reference materials and/or
given in different notations.
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1 Introduction

Russell et al. (1978) developed a reliable mea-
surement protocol for calcium isotopes using
thermal ionization mass spectrometry (TIMS)
and a double spike technique. They observed that
the natural fractionation of Ca isotopes is gen-
erally low (<1.3 %o per amu) and that high
analytical precision and accuracy is necessary to
resolve natural differences in calcium isotope
ratios. Despite further advancements in analytical
methods, the precision of stable isotope analysis
remains a major limitation for Ca stable isotope
research.

Accurate mass spectrometry often requests the
purification of the sample before Ca isotope
analysis. This purification is commonly achieved
by ion exchange using column chemistry. Both,
column chemistry and mass spectrometry can
induce artefacts that have to be avoided or cor-
rected for in order to accurately resolve the nat-
ural or experimentally induced Ca isotope
fractionation.

In this chapter we provide the basic principles
of the applied techniques along with detailed
descriptions of methods applied to analyze Ca
isotope ratios in different kinds of geological,
biological and extraterrestrial samples. These
methods include sample specific preparation
(cleaning, digestion, and column chemistry),
mass spectrometry protocols and data reduction,
including the double spike technique.

2 Notations and Data Presentation

Looking through the Ca isotope literature shows
that different authors use slightly different nota-
tions to present their data. This can lead to con-
fusion and makes it difficult to compare literature
data. We recommend to follow the
TUPAC/IUPAP “guidelines recommended terms
for expression of stable-isotope-ratio and
gas-ratio measurement results” (Coplen 2011).

Analytical Methods

2.1 6-Notation

Variations of the Ca isotopic compositions are
very small and thus variations of Ca isotopes are
normally expressed using the d-notation. The d-
value refers to the deviation of the isotope
composition of a sample from that of the refer-
ence material (Coplen 2011):

ax /X
59X — <(£X/{7X))mmple . 1> (1)
reference

where “X and °X are the isotopes with nominal
mass a and b of the element X. By convention,
isotope “X is always heavier than "X. Therefore,
positive d-values thus refer to samples being
enriched in the heavy isotopes relative to the
reference standard; negative values denote light
isotope enrichment in the sample relative to the
standard. As the variations of the isotopic com-
positions are small, 5-values are typically repor-
ted as per mil (%o).

d values for Ca isotope variations are typically
based on either **Ca/*°Ca or **Ca/*’Ca. The
latter ratio is commonly used if Ca isotope ratios
are determined by MC-ICP-MS, where “°Ar
interferes with *°Ca (cf. Sect. 5.3.3).

Using the common &-notation (Eq. 1) both
ratios would be reported as §**Ca-values. But the
stable isotope fractionation in **Ca/**Ca is only
about half of the fractionation in **Ca/*’Ca (see
Egs. 5 and 7). To circumvent this problem Hip-
pler et al. (2003) and Eisenhauer et al. (2004)

defined a §****Ca ratio which clearly indicates
which Ca isotope ratio is used in the §-notation:

44 40
544/40 Ca — ( Ca/ Ca)sample 1 (2)
(44 Ca/ 40 Ca)reference
544/42Ca _ (44ca/4zca)sumple -1 (3)
(44 CCZ/42 Ca)reference

These 0o-notations follow the recommenda-
tions of the IUPAC (Coplen 2011). Typically,



2 Notations and Data Presentation

§*49Ca and 8*¥**Ca values are reported in per

mil (%o, parts per thousand) which means that the

o-value obtained by Eqs. 2 and 3 are then mul-

tiplied by 1000. &-values reported as parts per ten
thousand (pptt) or even parts per million

(ppm) can also be found in the literature.

The existence of two different d-notations for
Ca with different degrees of fractionation ham-
pers a direct comparison of 8*¥4°Ca and §****Ca
literature values. Fortunately, it is possible to
convert 8**°Ca values to 8*¥**Ca values and
vice versa. There are three potential problems
concerning the conversion of §-values (e.g. from
8**2Ca to 8**°Ca) which can be ignored in
many cases:

(1) The exact relationship between two differ-
ent d-values depends on the assumed frac-
tionation mechanism.

If one assumes kinetic fractionation based
on atomic masses of Ca isotopes (see
Young et al. 2002 and Chapter
“Introduction” for discussion), 8§*40Ca
values can be converted into 5****Ca values
and vice versa using the following equation:

In(m*Ca/m* Ca)

SH/0 A sMI2 0
Ca ax In(m**Ca/m*Ca) “)

where m*Ca is the exact atomic mass (given in
Chapter “Introduction”) of the respective isotope.
In a good approximation Eq. 4 can be rewritten
to:

§4/490Ca ~ §%/*Ca x 2.05 (5)

If one assumes equilibrium isotope frac-
tionation for Ca isotopes:

1/m44Ca — 1/m40Ca

1/m*Ca —1/m**Ca
(6)

with m*Ca being the exact atomic mass of the

respective isotope. In a good approximation we
obtain:

544/40Cd ~ 544/42Cd %

§4/40Ca ~ §%/*2Ca x 2.10 (7)
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Given a 8**2Ca of 1 %o, recalculated
§*4Ca values amount to 2.05 or 2.1 %o
respectively depending whether Eq. 5 for
kinetic isotope fractionation or Eq. 7 for
equilibrium isotope fractionation is used.
This difference of 0.05 %o appears accept-
able given current analytical precisions of
typically larger than 0.02 %o per u and the
fact that Ca isotope fractionation in nature is
usually <1 %o for 8*¥**Ca.

(2) The relationship between two O-values is
not linear.
The above equations assume a linear rela-
tionship between §*49Ca and 644/42Ca,
while fractionation lines in conventional
three isotope space are curved. However,
the error introduced by this linear approxi-
mation is negligible. Only extremely large
Ca isotope fractionations of more than
6.6 %o for &***Ca would result is sys-
tematic errors approaching —0.05 for
recalculated §***°Ca. The error introduced
by this linear approximation is not only
negligible, it is also much less than the
uncertainty introduced by variations in the
fractionation mechanism.

(3) *°Ca can be variable due to ingrowth from
radioactive *°K.
While ***?Ca represents exclusively mass
fractionation processes, 8***°Ca may also
be affected by *°Ca excess (see Sect. 3 in
Chapter “High Temperature Geochemistry
and Cosmochemistry”). If radiogenic
ingrowth is larger than the analytical pre-
cision and more significant than differences
introduced by the fractionation mechanism,
then it is possible to deconvolute both pro-
cesses by measuring and representing
§*49Ca versus 8**?Ca (Schmitt et al.
2003a, b; Schmitt and Stille 2005; Ryu et al.
2011).

Because of the ambiguity of the **Ca nota-
tion (644/ “0Ca or 8% 42Ca), Gussone et al. (2005)
proposed an alternative notation and introduced a
8™ Ca (°P™/,mu) such that 8-values from different
Ca isotope ratios can be directly compared
without further recalculation. The superscript mu
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refers to the fractionation per one atomic mass
unit. §™Ca is defined as:

(u Ca/b Ca)sample

i Ca (P, ) = <—(“Ca/ PCa)yene - 1)
x 10% / (a — b)

(8)

where a and b refer to the exact masses of the
isotopes used. Note that unlike in Eqs. 1-3, the
conversion factor is considered in order to report
the 8-value in parts per million. As with §****Ca
and 8***°Ca, 8™Ca obtained from different Ca
isotope ratios may differ depending on the frac-
tionation mechanism. The use of §™"Ca has not
become accepted and should be avoided. The
same applies to reporting Ca isotope data as
§*42Ca in %o/amu i.e. the calculated 5****Ca is
divided by two (Tacail et al. 2014).

2.2 Fractionation Factor (o)
When comparing the isotopic signature of two
substances or compartments where the isotopic
composition of a compartment remains constant,
the usage of the fractionation factor (o) instead of
O-values is preferred. The fractionation factor is
defined as the ratio of two isotopes in the com-
pound A divided by the ratio of the same isotopes
in the compound B:

Ry

OA-B = 75—
Rp

©)

Normally, the isotope ratios R are not reported
in the literature which prevents the direct calcu-
lation of fractionation factors from isotope ratios.
However, a can be calculated from the reported
§-values (given in %o):

04 + 1000

= 10
op + 1000 (10)

OlA—-B

It is obvious that the usage of §***°Ca and
8**2Ca in Eq. 10 will result in different frac-
tionation factors. Therefore, fractionation factors
calculated from 8*¥**Ca (or **Ca/**Ca in Eq. 9)
have to be converted to fractionation factors for

Analytical Methods

44Ca/*°Ca or vice versa using the same factors as
given in Egs. 5 and 7.

23 A-Notation

The capital delta notation (A) describes the dif-
ference between the &-values of two phases A
and B and relates to the fractionation factor o
according to:

AA—B = SA—SB ~ 1000 In OA—B (11)

24 £ca-Notation for Radiogenic

4%Ca Ingrowth

Isotope *°Ca plays a special role within the Ca
isotope system as ratios involving “°Ca are not
only affected by mass-dependent fractionation,
but also by radiogenic ingrowth. Radiogenic
40Ca is produced by a p~ decay of “°K (half-life
1.397 x 10° y, Steiger and Jiger 1977). The K—
Ca system can be used to date K-rich rocks,
which has been shown by several authors (Heu-
mann et al. 1977, 1979; Marshall and DePaolo
1982, 1989; Marshall et al. 1986; Baadsgaard
1987; Nelson and McCulloch 1989; Shih et al.
1994; Fletcher et al. 1997; Nigler and Villa
2000; Kreissig and Elliot 2005). In analogy to
other radiogenic isotope systems (e.g. Hf, Nd,
Sr), a e-notation, representing deviations (ex-
cesses) in the abundance of *°Ca from a reference
compositions in parts per 10* is used. Again, two
different ec, notations exist, depending on the
denominator isotope chosen:

ey = ((40 C(l/42 Ca)sample

(*Ca/*Ca) - 1) x 10 (12)

mantle

_ ((4oca/44ca)sample
tca = | T e ]

(*Ca/*Ca) ) x 10* (13)

mantle

The ec, values are commonly calculated from
isotope ratios that are first corrected for the
instrumental mass discrimination by the expo-
nential law,  using 2Ca/*Ca = 031221
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(Marshall and DePaolo 1982) (see Sect. 5.2.1,
and note Sect. 5.2.2 for a routine where both the
stable isotope fractionation and ec, are deter-
mined). Because of the low 40K /*9Ca ratio of the
mantle, radiogenic ingrowth is negligible such
that (*°Ca/**Ca)pange can be applied without
time-correction. The (*°Ca/**Ca)yange  and
(*°Ca/*Ca)panae  values correspond to about
47.16 and 151.0, respectively. Since the mea-
sured absolute Ca isotope ratios vary between
different laboratories, the precise reference value
for the mantle (=bulk Earth) may be determined
by repeated analysis of mantle derived samples
in the respective laboratory or even during the
particular measurement session (e.g. Kreissig and
Elliot 2005; Caro et al. 2010). In contrast to
common  practice in  geosciences, the
IUPAC/IUPAP guidelines recommend to use
§%Ca* (pptt) as an alternative for ec, to denote
radiogenic ingrowth of “°Ca (Coplen 2011).

Note that natural Ca stable isotope fractiona-
tion can systematically bias ec, values if the
mass discrimination correction does not accu-
rately describe the mass-scaling of the natural
isotope fractionation process. Likewise, ingrowth
of “°Ca can affect the determination of 8*¥*°Ca.
These issues are discussed below (Sect. 5.2.2).

For several other non-traditional stable iso-
tope systems, € is often used to denote
mass-dependent stable isotope effects. For
example, £**°Ca would refer to the deviation
from a reference material in pptt (in analogy to
Eq. 2). Furthermore, ¢ is also applied to denote a
separation factor to express stable isotope frac-
tionations in stable isotope systems:

e=o—1 (14)

25 ¢- and p-Notations

in Cosmochemistry

In addition to mass-dependent and potentially
radiogenic effects, Ca isotopes in extraterrestrial
samples also exhibit nucleosynthetic anomalies that
attest to the production of Ca isotopes at different
stellar environments (Chapter “High Temperature
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Geochemistry and Cosmochemistry”). Although
different formats are in use, they all give devia-
tions from terrestrial Ca isotope compositions
(i.e. NIST SRM 915) in pptt or parts per million
using €- or p-notations:

BCa/*Ca),
¥4 ca = (fw {;4 Jsampie —1> x 10*
( . Ca/ Ca)reference
(15)
48 44
'u48/44ca _ ( CCl/ Ca)sample 1 « 106
(48 Ca/ 44ca)reference

(16)

Although in terms of nucleosynthesis all Ca
isotope ratios are of interest, **Ca is commonly
chosen as the denominator isotope. Please note,
that these e- and p-notations do not follow the
recommendations of Coplen (2011). Following
the recommendations of Coplen &*¥**Ca and
§**4Ca should be used and the results should be
reported as either pptt or ppm (cf. Eq. 1).

3 Reference Materials

3.1 Used Reference Materials
The variability of stable isotope ratios is regu-
larly expressed relative to an international stan-
dard, to allow the comparison of results obtained
from different studies. Unlike many isotopic
systems there is no universal agreement on what
reference material should be used as international
standard for Ca isotopes. Consequently, pub-
lished Ca isotope data are reported relative to
several different reference materials, which add
further complications to the different isotope
ratios used (**Ca/**Ca and **Ca/*°Ca). A lookup
table (Table 1) summarizing the most frequently
used reference materials and equations for the
conversion of Ca isotope data from different
studies are provided at the end of this section.
In order to achieve better comparability of
published Ca isotope data, the IUPAC suggested
to use the SRM 915a carbonate standard pro-
vided by NIST as a primary standard, and natural
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Table 1 Conversion of standards relative to SRM 915a

(in %o)
Standard 644/40(33»31th915:1 644/42(335le915;1
SRM915a 0.00 0.00
Seawater 1.88 0.92
SRM915b 0.72 0.35
CaF, 1.44 0.70
SRM1486 —-1.01 —-0.49
BSE 1.03 0.50
CaCO; 1.02 0.50
HPSCa 0.34 0.17
Bone powder —0.84 0.41

seawater (e.g. IAPSO) as a secondary standard
(Coplen et al. 2002). Both reference materials
were already isotopically well characterized and
had been used in earlier studies. Since then most
data are presented relative to one of the two
standards, or at least studies provide &-values of
one of these standards to allow renormalization
of the data. Nevertheless, the debate concerning
the best suited Ca isotope standard is still
ongoing. A short overview below provides
background information about different standards
and discusses their pros and cons:

Zhu and Macdougall (1998) and Schmitt et al.
(2001) proposed to use seawater as a common
standard, since seawater was the only common
and comparable sample reported in several Ca
isotopic studies. In particular, it has been shown
that, within uncertainties, the Ca isotopic com-
position of modern seawater is homogenous (Zhu
and MacDougall 1998; De La Rocha and
DePaolo 2000; Schmitt et al. 2001; Hippler et al.
2003). This is due to the long Ca residence time
of 0.5-1 Myr which is long compared to the
mixing time of ocean water (103 years). There-
fore, seawater seems to be a very suitable reser-
voir to serve as a reference material. Seawater
has a relatively high Ca concentration of
400 mg 17" (Taylor and MacLennan 1985) and is
furthermore widely available. A minor disad-
vantage is that a chemical procedure is necessary
to separate Ca from the matrix prior to the
analysis. Moreover, DePaolo and co-workers (cf.
DePaolo 2004) recommend not to use seawater
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as a standard because its calcium isotopic com-
position changes with time (see Chapter “Global
Ca Cycles: Coupling of Continental and Oceanic
Processes”). Although “°Ca excess from conti-
nental weathering is introduced into the ocean,
the radiogenic enrichment of *°Ca in ocean water
throughout Earth history relative to bulk Earth is
smaller than the analytical uncertainties of
0.035 %o, and thus negligible (Caro et al. 2010,
Chapter “High Temperature Geochemistry and
Cosmochemistry”).

The CaCOj reference powder of the National
Institute of standards SRM 915a, first used by
Halicz et al. (1999), is not related to a specific
geological reservoir, but has been proposed as
future reference standard (Hippler et al. 2003;
Eisenhauer et al. 2004; Coplen et al. 2002). How-
ever, since 2006 this reference material is out of
stock and replaced by NIST SRM 915b. Since this
standard is a solid standard, small isotopic differ-
ences could occur between different batches.
Therefore the use of this standard as an international
Ca standard first necessitates verification of its
homogeneity (Wombacher et al. 2009). NIST SRM
915b is presently only sparsely employed (Heuser
and Eisenhauer 2008; Wombacher et al. 2009;
Hindshaw et al. 2011; Silva-Tamayo et al. 2010;
Heuser et al. 2011; Reynard et al. 2011; Valdes et al.
2014; Brazier et al. 2015).

Published Ca isotope ratios of other CaCO5
salts used so far as standards can only be con-
sidered as internal laboratory values. Russell
et al. (1978) furthermore showed that industrially
produced CaCO; salts may have a strongly
fractionated composition. This was confirmed by
Schmitt et al. (2001) and Hippler et al. (2003)
(Ajohnson Matthey Lot 4064-Lot 9912 = —11.95 %o).

Russell et al. (1978) gave a precisely defined
absolute reference value for the **Ca/**Ca of
0.31221 + 0.00002 (26) deduced from two Ca
terrestrial standards, two lunar samples and four
meteorites. Marshall and DePaolo (1989) pro-
posed for their part to use the *°Ca/**Ca value of
the mantle, estimated by measuring four terres-
trial basaltic lavas and obtained a value equal to
151.016 (Marshall and DePaolo 1982) as a ref-
erence. The mantle is indeed considered to have a
constant Ca isotopic composition throughout
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geologic time within reproducibility (see Sect. 3
in Chapter “High Temperature Geochemistry and
Cosmochemistry”). This is due to its low K/Ca
ratio (=0.01). More recently, Simon et al. (2009)
re-evaluated this value by determining the Ca
isotopic composition of oceanic basalts and four
differentiated meteorites. They determined a
weighted average for “°Ca/**Ca equal to
47.1480 + 0.0004 (20), equivalent to a
Oca/*?Ca value of 151.0150 + 0.0013 (20),
consistent with the values of Russell et al. (1978)
and Marshall and DePaolo (1989).

Skulan et al. (1997) set an arbitrary but rea-
sonable value for their *°Ca/**Ca ultrapure
CaCOj; standard ratio of 47.144 and referred all
data to this value. They found that their
40Ca/*Ca ratios are very close to that of the
average value measured in igneous rocks and
minerals, and thus suggested that it should be
close to that of bulk silicate Earth.

In order to avoid industrially produced CaCOj3
salts with fractionated initial isotopic composi-
tions, other studies used a natural CaF, as ref-
erence material free of technical or biological
isotopic fractionation (cf. Russell et al. 1978;
Négler and Villa 2000; Néagler et al. 2000;
Heuser et al. 2002).

Added to these more or less recognized stan-
dards, additional standards have also been used
by some authors, such as NIST SRM 1486 bone
meal (Heuser and Eisenhauer 2008), in-house
“HPSCa” solution (Blittler et al. 2011), bone
powder (Reynard et al. 2011) or an ICP Ca
standard solution (ICP1; Channon et al. 2015;
Morgan et al. 2012). In the latter studies d-values
were presented using the inhouse standard as
reference material. At least the ICP1 based &-
value of SRM915a was presented which allows
converting the published data to SRM915a based
values. A MORB glass (PH 78-2) has also been
used as a standard to express *°Ca excess mea-
surements (Kreissig and Elliott 2005).

A cross calibration of several reference materials
between three laboratories (Institute of Geological
Sciences of Berne, Geomar from Kiel and Centre de
Géochimie de la Surface from Strasbourg) has
enabled calibrations independent of laboratory
specific biases (Hippler et al. 2003). The main result
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of this study is that, despite a range of chemical
processing protocols, loading techniques and iso-
topic measurement protocols have been employed,
no inter-laboratory bias correction is necessary and
that the Ca isotope data are directly comparable
with each-other when expressed in 8***°Ca nota-
tion relative to a common standard.

3.2 Conversion of §-Values Based
on Different Reference

Materials

It is possible to convert the 8-values based on
exotic or outdated reference materials into 6-
values based on commonly used reference
materials if the isotopic composition of the
commonly used reference material relative to the
exotic reference material is known. The &-value
of a sample relative to the “old” reference
material is given by

6r)ld = (Rsample/Rref_old_l) - 1000 (17)

and the d-value of a sample based on the “new”
reference material is

6new = (Rsample/RrefAnew —1 ) - 1000 (18)

The &-value of the “old” reference material
based on the “new” reference material is

6ref == (Rref_old/Rref_new -1 ) - 1000 ( 19)

Solving Eq. 17 for Ry, and Eq. 19 for
Ry new and applying to Eq. 18 results in:

Op1a + 1000
M]W : Rref_old
5new =

1000 p
3,or + 1000 * Vref _old

- 1) 1000 (20)

Solving Eq. 20 leads to:

501d : 51‘
Onew = Woef + 5r€f + 50161 (21)
If the product 8.4-der i small (<10) the first
term is negligible and §,., is in good
approximation:
5new ~ 5ref + 5old (22)
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In the following we present convenient ways
to convert data expressed relative to different
standards used in the literature, relative to
NIST SRM 915a, the most commonly used
standard and the common reference of all chap-
ters of this book. When no reference is indicated
after the conversion equation, it means that the
values are compiled from different laboratories-
weighted averages.

National Institute of Standards and Technol-
ogy (NIST) SRM 915a and SRM 915b

NIST SRM 915a is the presently most com-
monly used standard. As mentioned above this
SRM is out of stock and was replaced by SRM
915b.

5H/40 Casample/NISTSRMO15a
= 544/40Casample/NISTSMR915b +0.72 (%o)

(23)

Seawater standard
Due to the modern seawater 5***°Ca homo-
geneity, either an aliquot of seawater available in
different laboratories (e.g. seawater from San
Diego in Skulan et al. 1997 or from the Atlantic
in Schmitt et al. 2001) or IAPSO (International
Association for the Physical Sciences of the
Ocean) seawater salinity standard available from
OSIL (Ocean Scientific International Ltd) have
been employed (Hippler et al. 2003):
544/40 Casample/N[STSRMQ 15a

= 544/4ocasample/sw +1.88 (%o) (24)

Bulk Silicate Earth (BSE) standard

This standard is linked to an Earth reservoir
that is not subjected to variation through time.
The geological significance of this approach is
undoubted. Increasing evidence for Ca isotope
fractionation occurring at high temperatures and
pressures call for a reliable determination of
BSEs Ca isotope composition, which is however
not a straightforward task and still pending fur-
ther verification:

44/40
Pl Casamp/e/NISTSRM915a

= 544/40Casample/BSE +1.03 (%0) (25)
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Further used phosphate, CaF, and CaCOj;
standards

CaF, and ultra-pure CaCOj; have only been
measured few times and are presently more or
less abandoned. Other reference materials
reported so far are SRM 1486 (bone ash), bone
powder and HFSCa (Heuser and Eisenhauer
2008 (Eq. 28); Reynard et al. 2011 (Eq. 29);
Blittler et al. 2011 (Eq. 30); Russel et al. 1978

(Eq. 31)).

544/40 Casample/NISTSRM915a

= 544/4ocasample/CaF2 +1.45 (%o) (26)
sM/¢, Qsample /NISTSRMO15a

= 544/40Cﬂsample/CaC03 +1.02 (%o) (27)

44/40
0 / Casample/NlSTSRM915a
44 /40
=0 / Casample/NlSTSRMMSG —1.01 (%0)

(28)

S Ca e /NISTSRMO15a
= o"/¢, —0.84(%,) (29
- Asample [bonepowder . (%m) ( )

44/40
5 Cammple/NISTSRM915a

= 544/40 Casample/HPSCa +0.68 (0/00) (30)
sM/¢ Qsample /NISTSRMO15a

= _540/44casample/std +0.93 (%0) (31)

Factors used for the conversion between dif-
ferent standards are summarized in Table 1.

Another way to rapidly convert Ca isotopic
data expressed against one standard to another is
to renormalize data from ‘“‘source” to “target”
standard following (Table 2):

44/40 ~, _ §44/40~, i c
5 / Cdsample/[al‘gel =39 / Cdsample/sourcef(Correcnon leue)

(32)

For example, renormalisation from seawater
to SRM915a: 644/40Casa/SRM915a = 644/40Casa,sea_
water—{(—1.88)%0 additional standard values can
be found in the GeoReM database (http://georem.
mpch-mainz.gwdg.de; 2016-01-02).
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Table 2 §*/*°Ca conversions between different stan-
dards (%o)

from  geawater  SRM SRM SRM
source 9152  915b 1486
To target
Seawater 1.88 1.14 2.88
SRM -1.88 -0.74 1.01
915a
SRM -1.14 0.74 1.74
915b
SRM -2.88 -1.01 -1.74
1486
4 Sample Preparation
Different preparation protocols have been

developed for Ca isotope analysis on various
types of samples. The following sections contain
detailed descriptions of sample preparation and
cleaning protocols for different kinds of materials
and matrices.

4.1 Digestion and Cleaning
Techniques
4.1.1 Carbonates

Digestion techniques for carbonates depend on
the mineralogy and the sample matrix. Pure
CaCO; as found for instance in marine micro-
fossils, or experimentally precipitated carbonates
is easily dissolved in diluted acids. Most com-
monly hydrochloric acid (HCI), nitric acid
(HNOs) or acetic acid (CH3;COOH) are used,
depending on the further sample treatment (e.g.
taking aliquots for trace-element work, column
chemistry and presence of matrix minerals which
dissolution or leaching should be avoided). To
eliminate any organic impurities the dissolved
fraction is treated with a H,O,~HNO; mixture
(Hippler et al. 2003, 2006) or is ultrasonically
cleaned with ultrapure water and H,O, (Heuser
et al. 2005; Farkas et al. 2006). Depending on the
carbonate minerals and matrix several protocols
have been proposed:
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CaCos; shells

Biogenic CaCOj; shells collected from the envi-
ronment normally need to be cleaned prior to Ca
isotope analysis, mainly for two reasons,
removing of detritus and organic compounds.
Two different methods have been used, depend-
ing on the sample material:

H,0,-NaOH method: For shell fragments
(recommended for planktic and benthonic
foraminifers):

The sample is first gently crushed and transferred
into acid pre-cleaned 1.5 ml polypropylene
(PP) reaction vials and ultrasonicated for 2 min
in ultrapure water, the pH of which was elevated
to 8-9 by the addition of NH4OH-solution to
prevent partial dissolution of the calcareous
samples during the cleaning process. This pro-
cedure is repeated twice with ultrapure water,
once with methanol and two more times with
water. Then the sample is heated to about 80 °C
for 30 min in a NaOH-H,O, (0.1 and 0.01 M,
respectively) solution in a heated ultrasonic bath.
Finally, the tests are washed three times and
ultrasonicated with ultrapure water. The cleaned
sample is dissolved in 0.5 N HCI (cf. Gussone
et al. 2004; Gussone and Filipsson 2010).

NaClO method: suited for powdered sam-
ples (e.g. corals, mollusks) and nanofossils

(coccolithophores and calcareous
dinoflagellates):
Samples are transferred into acid-cleaned

polypropylene (PP) reaction vials and bleached
for 24 hin a 10 % NaClO solution (~ 1 % active
chlorine), to remove organic compounds with
potentially deviating composition or which might
influence the ionization in the mass spectrometer.
Samples are ultrasonicated several times during
the bleaching. The bleach is subsequently
removed and the samples are washed 6 times in
distilled water, the pH of which was elevated to
8-9 by the addition of NH,OH-solution to pre-
vent partial dissolution of the calcareous samples
during the cleaning process. The samples are
finally dissolved in 0.5 N HCI (cf. Gussone et al.
2006; Bohm et al. 2006).
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Dolomite—limestone

Fine grained dolomite powder dissolves readily in
2.5 N HCIl or HNO;. Different published proto-
colls dissolve 1 g of dolomite and limestone in
6 N ultrapure HCl (Fantle and DePaolo 2007;
Jacobson and Holmden 2008), 3 M HCI (Halicz
et al. 1999), at room temperature or 2.5 N HCl
heated at 70 °C (Wang et al. 2012). 2N acetic acid
(Brazier et al. 2015) was also proposed. Whatever
the protocol, the dissolved samples are centrifuged
and the insoluble residues are discarded.

For the selective dissolution of carbonate
minerals in the presence of non-carbonate matrix,
potential leaching of e.g. clay minerals need to be
considered and taken into account for selection
of the used type and strength of acid.

4.1.2 Phosphates

Peloidal phosphates

For analyses of sedimentary peloidal phosphates it
can be necessary to remove Sr-rich calcite over-
growths by a treatment with 0.5 N acetic acid and
subsequent washing with distilled water prior to
dissolution in 6N HCIl (Schmitt et al. 2003a, b;
Cobert et al. 2011a). An alternative treatment
includes a facultative heating to remove any free
MgO and CaO, decalcification with tri ammonium
citrate (TAC) and washing with deionized water
and dissolution in 1.3M HCI (Soudry et al. 2006).

Bone and teeth

Samples of bones (cortex) and teeth (enamel and

dentin) are obtained using hand-operated drills.

To obtain fresh unaltered material, their surface

layer is removed. For digesting the samples, two

different techniques are then applied:

(1) The samples are bleached overnight in 2 %
NaClO to break down organic molecules,
rinsed with water and dissolved in 1.5 mL
2.5 N HCI (Clementz et al. 2003), warm
5 M HNOj; (Chu et al. 2006) or 2 M HCI
(Reynard et al. 2010).

(2) The samples are dissolved in 1 mL
high-purity concentrated HNO; and 30 pL
of H,O, over 12 h on a hot plate at 140 °C
(Heuser et al. 2011).
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4.1.3 Sulfates

Gypsum and anhydrite

Gypsum and anhydrite samples are first washed,
depending on their origin and potential contam-
ination, dried and powdered. A few mg are
digested in a Teflon beaker in 0.5 ml of 4.5 N
HCL Dissolution takes place within a few days
(Hensley 2006).

Barite

Three different methods have been published to

digest barite samples:

(1) Na,CO;5; digestion method (von Allmen
et al. 2010a) for Ba-isotope analysis based
on Breit et al. (1985)
Barite powder (~5 mg) is mixed with 50 mg
sodium carbonate (Na,COs) and 1 ml distilled
water in a Teflon beaker, and subsequently
heated for 4 h on a hotplate at 95 °C. In order
to keep the fluid volume at about 1 ml deion-
ized water is intermittently added. A chemical
reaction in the beaker leads to the formation of
strongly alkaline Na,SO, in the liquid phase
and solid BaCOs. To ensure complete disso-
lution of barite, the liquid is decanted and again
50 mg Na,COj3 are added together with 1 ml
H,O to the residue and heated for 4 h at 95 °C.
After that, the fluid is decanted and the solid
residue is several times rinsed with H,O, and
finally dissolved in 2.5 N HCL

(2) HI digestion based on Takano and Wata-
nuki (1972)
About 10-30 mg of powdered barite is
mixed with 2 ml of HI in Teflon beakers
and placed in pressure bombs in an oven at
180 °C for at least 4 h. The solution is dried
down and recovered in 2 ml 2 N HCL. This
is repeated (up to 6 times) until all HI is
removed. The basic principle of this diges-
tion is the following reaction:

BaSO, +8HI+2H* — Ba’* +4H,0 + H,S +4L (33)

(3) Chelate method (cf. Griffith et al. 2008)
Purified barite (10 mg) is mixed with pure
water and 1 ml pre-cleaned cation exchange
resin (pH ~5.5) (Mitsubishi Chemical
Industries, MCI Gel-CKO8P) following
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Church (1979) and Paytan et al. (1993) and
heated for about 10 days to 90 °C. The
cations bind to the resin while the sulfate
goes into the fluid phase. To achieve com-
plete dissolution the water is decanted daily.
After dissolution, the cations are extracted
from the resin by 2 rinses of 2 ml 6 N HCI.

4.1.4 Silicate Minerals, Rocks and Soils
Most digestion protocols use significantly larger
amounts of sample material for digestion
(~100 mg on average) compared to what is
required and utilised for Ca isotope analysis in
the mass spectrometer. On one hand, this pro-
cedure minimizes potential blanks during han-
dling, but on the other hand, double spike cannot
be added to the sample before digestion. Instead
it is added to an aliquot of the sample right after
dissolution. This requires a protocol that provides
complete dissolution and prevents the formation
of insoluble Ca fluorides in the case of silicate
samples.

Felsic and mafic rocks

Approximately 50-100 mg whole rock powder
are weighed into 15 ml pre-cleaned Teflon
screwtop vials and digested with closed caps in
different mixtures of HF and HNOj; (Zhu and
MacDougall 1998, 2:1; John et al. 2012, 1:4;
Kreissig and Elliott 2005, 3:1; Wiegand et al.
2005, 1:1; Huang et al. 2010, 5:3; Ryu et al.
2011) to break-down any Si-bond, for several
days on a hotplate at ~ 120 °C. Afterwards 1 ml
HCIOy, is usually added to break down organics
and dissolve secondary Ca-fluorites and the
solution is evaporated at ~ 190 °C. The dried
sample is re-dissolved in a mixture of 6 N HCI
and H3;BOj to dissolve secondary Ca-fluorides,
heated at 140 °C on a hotplate for 12 h with
closed caps. Afterwards, the sample is evapo-
rated at 125 °C. The dried samples is then
re-dissolved in 6 ml 6 N HCI and heated with
closed caps for 45 min at 100 °C. The cooled
solution is then checked for precipitates. While
residual refractory compounds (e.g. AlLOj3,
TiO,...) are not problematic for Ca isotope
analyses, because they do not contain significant
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amount of Ca and can be removed by cen-
trifuging, the presence of any fluorides in the
residue is not acceptable for stable isotope
analyses.

Besides these table-top protocols, samples can
also be dissolved under higher pressure using
Parr bombs with a HF-HNO; mixture (Simon
et al. 2009).

Ultramafic rocks

Ultramafic rock samples can be pre-treated by
leaching in 8.8 mol L™" HBr at ~ 160 °C for
72 h in closed vessels and repeated ultrasonical
treatment to promote the release of cations from
the crystal cage, before HF-HNO; digestion
(Amini et al. 2009).

Mineral separates

For Ca isotope work on pure mineral fractions
standard procedures for mineral separation are
used, e.g. based on the density (heavy liquids),
magnetic susceptibility of the mineral grains, and
hand-picking (Hindshaw et al. 2011; Ryu et al.
2011). Depending on the studied mineral, one of
the above described digestion protocols is
applied.

Extra-terrestrial material

Chondrite samples are hand powdered, dissolved
in hot HF-HCIO, mixtures, dried down, dis-
solved again in HNO; or HCI and centrifuged
(Valdez et al. 2014). Some samples were dis-
solved under higher pressure in Parr bombs
without HCIO,4 (Simon et al. 2009; Simon and
DePaolo 2010). Alternatively, chondrites were
dissolved in HF-HNO; during 24 h at 120 °C,
dried down and fumed in HCIO, to eliminate any
CaF, precipitate (Caro et al. 2010).

4.1.5 Organic Samples

Plants

The vegetation samples are washed with deio-
nised water. Root samples are especially cleared
of soil particles by repeated rinsing and sonica-
tion in ultra-pure water, and checked for clean-
liness using a binocular microscope (Holmden
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and Bélanger 2010). Tree-rings can be collected
with an increment drill from living trees and
dissected based on tree-rings counting (Farka$
et al. 2011). The plant samples are dried in an
oven at ~30-60 °C, reduced to powder using
either an agate mortar or a tungsten carbide
rotary disc mill or a zirconium oxide mixer mill,
depending on the sample size. About 50-150 mg
powder can be digested within several days in
5 mL concentrated HNO3 and 1 mL 30 % H,0..
In order to avoid a too intense reaction, the dis-
solution is started at room temperature and later
heated to 70 °C. To promote the reaction, the
sample acid mixture is regularly ultrasonicated.
After evaporation the process is repeated with a
concentrated HNO;-HCI-H,0O, mixture, evapo-
rated to dryness, dissolved in dilute HNOs3, and
centrifuged (Cenki-Tok et al. 2009; Hindshaw
et al. 2011; Cobert et al. 2011b; Bagard et al.
2013; Schmitt et al. 2013). Undissolved siliceous
fractions (e.g. phytoliths) are removed by filtra-
tion and centrifugation (Chu et al. 2006).

Alternative protocols use hot (~150 °C) con-
centrated HNO; (Bullen et al. 2004; Wiegand
et al. 2005; Holmden and Bélanger 2010), or
high-pressure microwave HNO3;-HCl digestion
in reinforced Teflon (PTFE) vessels for digestion
(Hindshaw et al. 2012). The solution is evapo-
rated to dryness, dissolved in ultrapure 5 %
HNOj; (Blum et al. 2008). A further approach is
ashing of samples in nickel crucibles in an oven
at 500 °C for 8 h, transferring the ashes to Teflon
beakers and digesting them in concentrated hot
(160 °C) HNO; acid.

Animal soft and hard tissues

Soft and hard tissues of organisms are ashed for
12-72 h at 450 °C in acid-washed quartz or
platinum crucibles, before being dissolved in
1.5 M HCL. If the dissolution is incomplete, the
samples are further treated with HC1O,, HNO;,
HCI1 and HF, before being dried at ~ 150 °C
(Skulan and DePaolo 1999).

Animal/human excretes, blood
Milk and feces are reduced to ash in a muffle
furnace at 550 °C for at least 24 h. Then they are
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digested in various strengths of HNO3/HCI
mixtures (Chu et al. 20006).

Urine samples are digested in a mixture of
2 mL concentrated HNO3 and 250 pL HCIO, at
150 °C during 12 h. Then the sample-acid mix-
ture is heated to 180 °C. Once evaporated, 1 mL
HNO; is added to the residue, which is slowly
heated up to 180 °C again, until complete dry-
ness. This step should be repeated twice in order
to remove relicts of HClO4. Blood samples
(plasma or whole blood) are digested similar to
urine using an 8:1 mixture of concentrated HNOj3
and HClO,.

4.1.6 Liquid Samples

Liquid samples (e.g. rainwater, seawater, snow,
soil solutions, throughfall) are filtered if neces-
sary [with 0.22 um (Schmitt et al. 2003a; Schmitt
and Stille 2005; Bagard et al. 2013; Wiegand and
Schwendenmann 2013), 0.40 um (Holmden and
Bélanger 2010) or 0.45 um (Cenki-Tok et al.
2009; Tipper et al. 2010) cellulose acetate filters]
or centrifuged. Water samples are acidified to pH
1 with HCI (Schmitt and Stille 2005) or to pH 2
with  HNO; (Jacobson and Holmden 2008;
Bagard et al. 2013) and stored in precleaned
polypropylene (PP), polyethylene (PE) or Teflon
bottles. Once evaporated, the solid residues of
waters are redissolved in concentrated nitric acid,
dried down again and re-dissolved in 3 M HNO;
(Hindshaw et al. 2013).

4.1.7 Leachates

Carbonates in silicate rock matrix

For carbonate leachates whole rock powders are
treated with dilute 1| M CH;COOH (Ewing et al.
2008; Teichert et al. 2009; Ryu et al. 2011).
Centrifugation allows removing any
non-carbonate residue, such as quartz, feldspar or
clay minerals and organic compounds (Blittler
et al. 2011).

Soil sequential extractions

Successive leaching steps are usually performed
in order to have access to the nutrient pools that
are available to fine roots in soils: generally the
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soil’s  exchangeable  cations and  the
acid-leachable fraction. The soil-exchangeable
fraction is obtained by leaching 1-5 g soil sam-
ple with 1 N NH4OAc (Bullen et al. 2004; Per-
akis et al. 2006; Page et al. 2008), 0.1 N
NH4OAc (Wiegand et al. 2005), 1 N NH,Cl
(Hindshaw et al. 2011), or 0.1 N BaCl, (Holm-
den and Bélanger 2010; Farkas et al. 2011).

The soil acid-leachable fraction is obtained by
leaching the residue from the soil-exchangeable
fraction leachate once rinsed with ultra-pure
water with 1 N HNO5 (Bullen et al. 2004; Per-
akis et al. 2006; Holmden and Bélanger 2010;
Farka$ et al. 2011). The same acid is used by
Hindshaw et al. (2011) to extract the phyllosili-
cates. An intermediate step was also introduced
by the latter authors: a H,O,/HNO; mixture
allows them to extract organically-bound Ca.
After each step the solutions are centrifuged, the
supernatant are stored and the solid residues are
carried forward to the next step. Less resistant
silicate minerals (biotite and hornblende) are
leached in a further step using hot (70 °C) 15 N
HNO; acid during several hours (Holmden and
Bélanger 2010; Farkas et al. 2011).

For their part, Hindshaw et al. (2011) pub-
lished a five-step sequential extraction procedure
in order to extract exchangeable, organically-
bound, phyllosilicates and two residual soil
pools. More recently, Bagard et al. (2013) per-
formed three successive extractions, in order to
(1) dissolve carbonates and remove metals
adsorbed on the soil particles as outerspheric
complexes with 1 N CH3COOH, (2) dissolve
remaining adsorbed trace metals and Fe-Mn
oxides and hydroxides with 1 N HCI, and
(3) digest organic matter with 1 N HNO;.

Leachates must always be interpreted with care
because there is always a continuum between
leachable and residual phases (Stille and Clauer
1994; Steinmann and Stille 1997, 2006). It can
also be noted that BaCl, is a more powerful ion
exchanger than e.g. NH4CI. As a result, based on
87Sr/%6Sr values from Nezat et al. (2010), Farkas
et al. (2011) suggested that BaCl, can also
weather cations from interlayered biotite phases,
complicating the interpretation of leachates.
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4.2 Chemical Separation

The determination of Ca isotope compositions
using mass spectrometry implies a chromato-
graphic clean-up for Ca to remove the sample
matrix and elements that form interferences with
Ca isotopes (see Sect. 5.3.3). Russell and
Papanastassiou (1978) were the first to use such a
chemical clean-up. They adapted their elution
protocol to separate alkaline and alkaline-earth
elements from Tera et al. (1970). The main result
of their study is the identification of stable iso-
tope fractionation occurring during the chemical
separation; the first eluted Ca fractions are enri-
ched in heavy Ca isotopes, whereas the later
eluted Ca fractions are enriched in light Ca iso-
topes. To avoid this isotope fractionation,
digested sample aliquots are mixed with a
Ca-double spike before the chemical protocol
(see Sect. 5.4). Unspiked aliquots are commonly
taken to analyse radiogenic *’Ca or nucleosyn-
thetic anomalies, which implies a near quantita-
tive recovery from the column to avoid any large
chromatographically-induced fractionation.
Moreover, pure Ca carbonates do not need any
chemical clean-up and can be directly measured
in the spectrometer (Halicz et al. 1999; Nagler
et al. 2000; Clementz et al. 2003; Marriott et al.
2004; Fantle and DePaolo 2005, 2007; Hippler
et al. 2006; Heuser et al. 2005; Gussone et al.
2007; 2009; Gussone and Filipsson 2010; Rey-
nard et al. 2011).

Calcium purification protocols are based on
Ca™H" exchange processes between the solution
and ion exchange resins. Cation exchange resins
consist of sulfonic acid functional groups in the
hydrogen form (R—-SO5H), attached to a styrene
divinylbenzene copolymer  of  variable
crosslinkage.

(Eluant)M * + [Resine — SO3] H*
< (Eluant)H " + [Resine — SO;] M ™ (34)

The variable affinity of the resin for different
cations (Ca, Mg, Fe, Al, Sr...) determines the
efficiency of the separation, which is based on the
distribution coefficient of the cations between the
resin and different acids (HNO5, HCI, HBr). It
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can be noted that Ca presents high distribution
coefficients at high HCI or HBr molarities (Nel-
son 1964). However such high-molarity acids do
not provide a good separation of Ca from Sr, Ba
and some REE (e.g. Wombacher et al. 2009).
Several different lab-specific Ca purification
protocols, which are summarized below, are
applied.

Commercially available resins are normally
not clean enough for direct usage and need a
thorough pre-cleaning, with several H,O and
acid washing steps. The degree of contamination
can vary for each batch of resin and the cleaning
protocol might be adapted and blanks need to be
regularly tested.

Cation exchange resin (AG50W-X8, 200400
mesh) is often employed for the selective separa-
tion of Ca from the other cations, using as eluent
diluted HCl (Russell and Papanastassiou 1978;
Schmitt et al. 2001, 2003a, b, 2009; Kasemann
et al. 2005; Schmitt and Stille 2005; Perakis et al.
2006; Cenki-Tok et al. 2009; Caro et al. 2010;
Hindshaw et al. 2011; Heuser et al. 2011; Wiegand
and Schwendenmann 2013), HNO; (Fig. 1; Fantle
and DePaolo 2007; Ewing et al. 2008; Simon et al.
2009) or HBr (Kreissig and Elliott 2005; Heuser
and Eisenhauer 2008, 2010). Another particle size
(100-200 mesh) of this resin and HCI as an eluent
was also employed (Soudry et al. 2006). In addi-
tion the higher cross-linked AG50W-X12 (200-
400 mesh) with HCI as an eluent was also often
used to perform Ca purification (Chang et al. 2004;

100
Ti

807 [\Na

Fe
Sr
201
15 20 5 4

Ca
25 30 35 40 45 50
ml 1.4M HNO;

% eluted

Fig. 1 Example for the chemical separation of Ca from a
chondrite sample using 1.4 M HNO; and 1 ml of
AG50W-X12 cation exchanger. F. Wombacher, unpub-
lished data
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Wieser et al. 2004; Chu et al. 2006; Farkas et al.
2006, 2011; Tipper et al. 2006, 2008a, 2010;
Komiya et al. 2008; Teichert et al. 2009; Huang
et al. 2010; Reynard et al. 2010; Blittler et al.
2011; Hippler et al. 2009). Macroporous
(AGMP50, 100-200 mesh; HCI as eluent)
(Jacobson and Holmden 2008; Amini et al. 2009;
Holmden and Bélanger 2010; Fantle et al. 2012;
Holmden et al. 2012; Lehn et al. 2013) and the
Mitsubishi (MCI Gel-CKO08P; 75—-100 mesh; HCI
as eluent) (Zhu and McDougall 1998; Amini et al.
2008, 2009; Griffith et al. 2008; Harouaka et al.
2014) cation exchange resins were also applied.

During these chemical separation protocols
Ca and Sr peaks can overlap, which may cause
interferences during mass spectrometer mea-
surements. Added to that, Fe and Al need also to
be removed. For instance, samples with high
Al/Ca ratios cause short-term beam instabilities
or lower Ca ionization efficiency (Boulyga
2010). Several techniques have been employed
to avoid these drawbacks. Strontium was sepa-
rated from Ca using a Sr specific resin (Sr spec
SPS, 50-100 mesh) (Chang et al. 2004; Chu
et al. 2006; Tipper et al. 2006; Simon et al. 2009;
Hindshaw et al. 2011; Reynard et al. 2010;
Blittler et al. 2011). Another way to avoid Ca—Sr
peak overlap is to truncate the elution curve,
leading to a recovery yield of about 70 %
(Cenki-Tok et al. 2009) or greater than 80 %
(Amini et al. 2008). Aluminium, Fe and Ti were
removed by passing the eluted aliquot a second
time through the same column employing the
same cleaning and separating process (Skulan
and DePaolo 1999; Kreissig and Elliott 2005;
Simon et al. 2009; Simon and DePaolo 2010) or
using small cation resin columns and HCI as an
eluent (Caro et al. 2010). Hindshaw et al. (2011)
proposed for their part to employ AG1-X4 anion
resin to retain Fe as FeCl,™ together with the
anion matrix. Aluminium was removed by elu-
tion in 0.1 N HF and 1 N HNOj; through
AG50W-X8 cation resin (based on Schiller et al.
2012). Another way to remove Fe and Al is to
co-precipitate them with NH3 at pH 7 (Tipper
et al. 20006).

To avoid multiple-step chromatographic
clean-up (up to four-step separation chemistry,
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Hindshaw et al. 2010), Wombacher et al. (2009)
developed a new procedure allowing the com-
bined chemical separation of Mg, Ca and Fe for
most studied matrices (water, bone, carbonate
and sediment samples, igneous and sedimentary
rocks, chondritic meteorites). By using
AG50 W-X8 (200-400 mesh) Ca was selectively
eluted using either HBr or HCI.

A further approach to isolate Ca from the
matrix is the use of a high selectivity automated
ionic chromatography separation protocol (Sch-
mitt et al. 2009). It is applicable to multiple
natural matrices (waters, mineral and organic
samples) and ensures a complete separation of
Ca from K, Mg and Sr. This protocol was ini-
tially developed to avoid K-tailing into the Ca
fraction for vegetation samples, occurring with
traditional column procedures. Indeed, K and Sr
are the closest elements to Ca in terms of
chemical behavior during the various separation
steps, so that satisfactorily separation often can-
not be achieved for these cations. More recently
Romaniello et al. (2015) published a protocol
describing a fully automated chromatographic
purification of Sr and Ca for isotopic analysis. It
relies on a commercially available platform
combined to a highly reusable Sr—Ca column.
For the moment this protocol has only be tested
for rock, bone and seawater standard samples.

In order to oxidize organic functional groups
that may have leached from ion-exchange resins
during chemical processing, HO, (Holmden and
Bélanger 2010) or HNO3;-H,0O, mixtures (Sch-
mitt et al. 2009; Cobert et al. 2011a, b) have been
added to the processed samples and heated in
closed Teflon (PTFE) vessels. This can help to
avoid isobaric interferences or variation in the
ionization behavior during mass spectrometric
measurements.

Chemical blank values are highly variable
from one laboratory to the other, ranging from
<1 ng (Caro et al. 2010) to 100 ng (Jacobson and
Holmden 2008). Generally these values are low
compared to the Ca processed through the col-
umns and can thus be neglected.
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5.1 Introduction to Mass

Spectrometry for Ca
Isotope Analysis

Precise Ca isotope analysis requires mass spec-
trometry. Mass spectrometers consist of three
principle units: an ion source, an analyzer for
mass separation and an ion detection unit. Up to
now, most Ca isotope analysis have been per-
formed using thermal ionization mass spectrom-
etry (TIMS), followed by multi-collector
inductively coupled plasma mass spectrometry
(MC-ICP-MS) and occasionally secondary ion
mass spectrometry (SIMS). SIMS offers high
spatial resolution, as does MC-ICP-MS if cou-
pled to a laser ablation system. Due to matrix
effects and interferences, in situ analysis, how-
ever, is usually limited to samples that are
dominated by Ca, such as calcite or apatite.

Calcium atoms need to be ionized in order to
be accelerated and focused inside the mass
spectrometer. TIMS, MC-ICP-MS and SIMS
differ fundamentally in regard to their ion sour-
ces. In TIMS, Ca is ionized at the surface of a
metal filament that is heated by an electrical
current. The filaments are made from metals
characterized by high melting points e.g. W and
Re. In SIMS, atoms are sputtered from the
sample using a primary ion beam (such as '°O~
ions) whereby only a fraction of the analyte
atoms liberated is ionized. The Ar plasma source
in MC-ICP-MS ionizes Ca atoms very efficiently,
but suffers from interferences, in particular from
abundant “°Ar* ions (99.6 %) that interfere with
“Ca* ions. In contrast, thermal ionization is
rather element specific and thus generates less
interferences.

Once formed, Ca* ions are accelerated by a
negative potential and the ion beam is focused
and aligned by a set of electrostatic lenses. When
passing through the magnetic field of the mass
analyzer, ions are dispersed depending on their
mass to charge ratio (m/z) and their kinetic
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energy (velocity). Unlike thermal ion sources,
plasma and secondary ion sources generate ions
with a spread in kinetic energy. To compensate
for the ion energy spread, MC-ICP-MS and
SIMS instruments are commonly equipped with
an electrostatic analyzer that is dispersive for ion
energy only. In order to compensate the energy
discrimination of the magnetic sector field,
energy discrimination of the electrostatic ana-
lyzer is of the same magnitude, but opposite in
sign. Thus, the combination of electrostatic and
magnetic analyzer focusses both, ion angles and
energy, a property called double focusing.
Precise Ca isotope ratio measurements require
that ion beams are collected simultaneously in
multiple Faraday detectors (also called Faraday
collectors or cups). Multiple collection in Fara-
day cups takes care of ion beam fluctuations
during the course of the analysis, but requires
cross calibration of the gain of the attached
amplifiers which is possible with accuracies of
about 10 ppm. (Multiple) Ion counters are more
sensitive, but cross calibration is less precise and
prone to drift effects such that the isotope ratios
obtained are not sufficiently precise for Ca stable
isotope geochemistry. Ton beams generated by
thermal ionization can be very stable, which
allows ion beams to be collected sequentially in a
single Faraday collector with the advantage, that
ion beams for different Ca isotopes have identical
flight paths. This provides a principle advantage
in terms of accurate and reproducible analysis.
However, longer analysis times, detector decay
and drift issues are the downside of
single-collector TIMS (see also Sect. 5.2).
Faraday collectors are commonly attached to
high ohmic feedback resistors (typically 10'" Q)
where the voltage measured across the resistor is
representative of the ion beam intensity.
According to Ohms law (I = V/R), 1 V measured
across a 10"" Q resistor corresponds to 107" A
or 10 pA. Because 1 A equals 6.241 x 10'®
elementary charges per second, 10 pA corre-
spond to 62.41 million ions per second [million
counts per second (Mcps)]. Faraday collectors
within modern TIMS or MC-ICP-MS instru-
ments equipped with 10" Q resistors may col-
lect ion beam signals up to about 50 V (500 pA).

Analytical Methods

Using 10'° Q resistors allows to collect ion beam
currents that are ten times larger, which is par-
ticular useful for the collection of “°Ca as it
allows to detect the less abundant Ca isotopes at
higher signal intensities which in tune leads to
better isotope ratio precision (provided that suf-
ficiently intense ion beams can be generated). On
the other hand, ion currents of less than ~0.5 pA
may be better detected using higher ohmic (e.g.
10" Q) resistors as a 10> Q resistor is charac-
terized by higher signal/noise ratios (e.g. Wieser
and Schwieters 2005; Koornneef et al. 2013).
According to Ohms law, the voltage measured
across 10'° (10'? Q) resistor is by a factor of 10
lower (higher) than across a 10" Q resistor.
However, for the ease of users, signals intensities
reported as voltages for amplifiers with 10'° or
10'2 Q resistors are (inaccurately) reported as if
10" Q resistors were in place.

The inherited noise of the resistors attached to
Faraday detectors requires that baselines are
taken, usually before measurements (e.g. Schiller
et al. 2012). The lower the signal intensities and
the better the precision aimed at, the longer
should the baseline be taken (Fig. 2).

duration of baseline
measurement

precision (ppm)

100

ion beam intensity (V)

Fig. 2 Calculated effect of signal intensity and duration
of baseline measurements on the precision of isotope ratio
measurements for an isotope ratio of one, 60 integrations
of 8.4 s and Johnson noise for 10" Q resistors. Drift
effects and/or additional uncertainty introduced by the
mass discrimination correction procedure are ignored. The
figure shows that longer baseline readings are required for
small signal intensities where the noise contribution
becomes increasingly significant and hints at the signal
intensities needed to achieve the precision requirements.
See Ludwig (1997) for a thorough discussion of signal
versus baseline measurement times
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Collected isotope ratios finally need to be
corrected online or offline for interferences and
mass discrimination and possibly for background
contributions and eventually referenced to the Ca
isotope standards (e.g. using the d-notation) that
are usually run along with the samples.

5.2 Thermal lonization Mass

Spectrometry (TIMS)

Because the most abundant isotope (*°Ca) can be
analyzed by TIMS, but not usually by
MC-ICP-MS, TIMS remains the method of
choice for most geochemists. Several articles
have reviewed TIMS measurement techniques
(Platzner 2000; Holmden 2005; Fantle and Bul-
len 2009; Boulyga 2010; Carlson 2014).

Mass Discrimination in TIMS
and the Exponential Law
Correction
During the course of the measurement, progres-
sive mass dependent fractionation of Ca isotopes
occurs. Light Ca isotopes are preferably evapo-
rated from the hot filament, which results in an
enrichment of heavy Ca isotopes in the Ca pool
remaining on the filament. Thus, the ratio of light
to heavy Ca isotopes is decreasing with time
during the analysis.

A viable measure for the progressive isotope
fractionation in thermal ion sources is the relative
(%) fractionation per mass unit:

{(XCa/YCa) - / (XCa/YCa) - 1}

x 100/(X - Y)

5.2.1

(35)

where *Ca is the light Ca isotope with mass X
and YCa is the heavy Ca isotope with mass Y.
For normalization to the reference value, either
natural reference ratios or ratios of double spike
(Sect. 5.4) compositions are used.

Figure 3 shows a typical evolution path for
Bca*®Ca during a run. However, reverse frac-
tionation may sometimes be observed if new Ca
reservoirs at the filament are tapped. This is a
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Fig. 3 Typical progressive mass fractionation of

43Car*®Ca during TIMS analysis

critical issue as the “mixed” ion beam signals
from variably fractionated reservoirs are not
accurately described by the exponential law (see
below) that is commonly used for mass frac-
tionation correction (Hart and Zindler 1989;
Fantle and Bullen 2009; Upadhyay et al. 2008;
Andreasen and Sharma 2009; Lehn and Jacobson
2015). This observation highlights the impor-
tance of reproducible filament loading and heat-
ing procedures.

The continuous mass fractionation during
TIMS measurements needs to be accurately
corrected. As in most cases, natural stable isotope
variations are investigated no “true” reference
value can be assumed for mass fractionation
correction. Therefore, a double spike technique
(Sect. 5.4) has to be applied to accurately correct
for instrumental mass discrimination.

The so called exponential mass (or isotope)
fractionation law (Russell et al. 1978) is widely
applied for mass discrimination correction in
TIMS as well as MC-ICP-MS. It is commonly
applied in double-spike data reduction proce-
dures for stable isotope analysis and for the
determination of radiogenic isotope composi-
tions. The exponential law of Russel et al. (1978)
has been shown to provide an accurate and
suitable description for the progressive Ca iso-
tope discrimination in TIMS (Russell et al. 1978;
Hart and Zindler 1989; Schiller et al. 2012), but
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Caro et al. (2010), Schiller et al. (2012) and
Naumenko-Deézes et al. (2015) observed small
deviations from the exponential law with
increasing fractionation. The latter authors
applied an empirical second order correction,
while Schiller et al. (2012) fitted the generalized
power law (Maréchal et al. 1999; Wombacher
and Rehkdmper 2003) for individual measure-
ment sessions to slightly improve the results.
Below the exponential law is given along with
an example that uses the values employed for the
correction of mass discrimination for the deter-
mination of the radiogenic 40Ca (eca). First the
fractionation coefficient f is determined:

(e

f= eg.f
in(3)
0.31221 41.9586183
=In Jin| 2
(42 Ca/™ Ca) 43.955481
measured

(36)

Using the fractionation coefficient f, all other
isotope ratios can be corrected:

f
)
my

€8 (4oca/44ca)wnecml: (4oca/44ca)mmmred* ( 43.955481

(37)

39.9625912) f

R, refers to the mass discrimination corrected
isotope ratio and Ry refers to the reference value
for the isotope ratio used for normalization; ra
and rg refer to the measured (fractionated) values
of the same isotope ratios as R, and Rg. The
mass of the denominator isotope common to both
isotope ratios is denoted m;, while the numerator
isotope of the corrected ratio B is denoted m, and
the mass of the numerator isotope for the nor-
malizing isotope ratio B is mj.

Note that some authors used *°Ca/*’Ca and
44Ca/**Ca for ratio A and ratio B, respectively, in
order to determine the radiogenic *°Ca excess.
For samples, the deviation of the corrected
4Oca/**Ca (or *°Ca/**Ca) ratio from a reference
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value in parts per ten thousand (pptt) is then
calculated as ec, based on Eqgs. 12 or 13.

The exponential law is identical to the kinetic
law discussed in Chapter “Introduction”, but
presented here in a more convenient form with
the fractionation coefficient f that is obtained
from the properties of the normalizing isotope
ratio (cf. Hart and Zindler 1989; Wombacher and
Rehkdmper 2003). The advantage of this form is
that once f is determined from the normalizing
isotope ratio, all other isotope ratios can be cor-
rected using Eq. 3. The fractionation coefficient
(H is called p in most publications. This is
unfortunate, however, because  also denotes
(i) the slope in three isotope plots defined by
different isotope fractionation laws, (ii) the
exponent used to describe isotope fractionation
associated with kinetic transport processes and
(iii) reduced partition function ratios (cf. Chapter
“Introduction”).

5.2.2 Analysis of Radiogenic *°Ca

by TIMS
Two data reduction procedures for radiogenic
40Ca excesses have been reported up to now,
both based on TIMS analysis.

In the first procedure, unspiked isotope ratios
are measured and mass fractionation corrections
are performed using Eqgs. 36 and 37 above. The
accuracy of the correction depends on the pre-
cision with which the isotope ratios can be
measured (DePaolo 2004). Earlier studies using
Finnigan MAT 262 TIMS instruments were able
to achieve external reproducibilities of about one
€ca (Marshall and DePaolo 1982, 1989; Marshall
et al. 1986; Nelson and McCulloch 1989). New
generation TIMS instruments are able to improve
this value below one ec, (Kreissig and Elliott
2005; Simon et al. 2009; Caro et al. 2010; Simon
and DePaolo 2010). Caro et al. (2010) were able
to decrease the external reproducibility down to
0.34 ec, by using a multi-dynamic mode and a
low-resolution dual source-exit slit assembly.
They observed significant deviation from the
exponential law (up to 4 ec, bias) if the instru-
mental mass fractionation of the analyses was
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below —2 %o/amu. In order to avoid artifacts
they filtered out data that was not comprised
between —2 and 2 %o/amu and tightly controlled
the amount of Ca loaded onto the filament.

The correction for instrumental mass dis-
crimination also means that natural stable isotope
fractionation effects are simultaneously corrected
along with the instrumental mass discrimination
and therefore natural stable isotope effects should
be irrelevant for ec,. However, this is true only to
the extent that the exponential (=kinetic) law
corrects accurately for the commonly small nat-
ural mass-dependent isotope fractionation. We
can use the difference between the mass-scaling
of the equilibrium and kinetic/exponential law to
estimate the potential error that can be introduced
by inappropriate mass discrimination correction
of natural stable isotope fractionations. For any
%c/amu natural Ca isotope fractionation with a
mass-scaling according to the equilibrium law
(Chapter “Introduction”), the systematic error in
€ca corresponds to —1 (pptt). It is difficult to
estimate the true error in ec, introduced by an
inappropriate correction of natural stable isotope
fractionation as it requires that the
mass-dependence for the natural fractionation
process is precisely known. However, the above
evaluation leads to two important conclusions:
(1) for the determination of precise (better than
~ +0.5 eCa) eCa values, samples that
possibly display a large (>>0.1 %o/amu)
natural stable isotope fractionation should
be avoided. Fortunately, most
high-temperature samples will not show
large Ca stable isotope variations.

If potentially large stable isotope fractiona-
tions cannot be avoided, the stable isotope
fractionation need to be determined and
potential errors on ¢Ca must be evaluated.

The determination of radiogenic *°Ca exces-
ses has been combined with the determination of
mass dependent fractionation effects. To this end,
5*9Ca and 8**°Ca are first determined as
described in Sect. 5.2.3, using either one proto-
col (Schmitt et al. 2003a, b; Schmitt and Stille
2005; Huang et al. 2010, 2011; Hindshaw et al.
2011) or two measurement protocols with two
different double spikes in order to improve the

(@)
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external reproducibility of §***Ca (Ryu et al.
2011). The ec, excess can be visualized by
plotting §***°Ca versus §*¥**Ca in a diagram.
Samples that plot below the mass fractionation
line defined by Egs. 38 or 39 display *’Ca
excesses. The amount of the excess can be
evaluated using following equations, depending
either on the equilibrium fractionation law:

by = [(544/42&1 X 2.0995) - 544/40Ca} 10
(38)

or on the kinetic fractionation law:

6ca = [(544/42&; X 2.0483) - 544/4%4 «10
(39)

No detectable *°Ca enrichments were record-
able in most studies (Schmitt et al. 2003a, b;
Schmitt and Stille 2005; Hindshaw et al. 2011)
due to low reproducibilities of ec, (~3 ecy;
Hindshaw et al. 2011) and/or because of young
crystallization ages of the studied granite bed-
rocks (~300 Ma; Schmitt et al. 2003b; Hind-
shaw et al. 2011). Farka$ et al. (2011) and Ryu
et al. (2011), who studied old granodiorites (of
Precambrian age and of 1.7 Ga, respectively),
recorded “°Ca enrichments (see Sect. 3 in
Chapter “High Temperature Geochemistry and
Cosmochemistry™).

Although insignificant in many cases, studies
of mass-dependent Ca isotope fractionation
effects that rely on *“*Ca/*’Ca isotope ratios need
to be aware of potential biases introduced by
radiogenic contributions. The effect of “°K decay
on the §***°Ca as a function of the *°K/**Ca ratio
and sample age is illustrated in Fig. 4, demon-
strating that radiogenic ingrowth of *°Ca is small
in young rocks, even in those with relatively high
K/Ca ratios, and it is insignificant in rocks with
low K/Ca, irrespective of their formation ages.

5.2.3 Calcium Stable Isotope Analysis
by TIMS

Table 3 highlights that there exists no consensus

on filament loading techniques among different

laboratories and each laboratory has developed
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Fig. 4 Effect of “°K decay
on the 5**°Ca of a rock or
mineral, depending on the
40K /*Ca ratio and
formation age
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Table 3 §*Ca of selected rock standards from the literature

Huang et al. (2010, 2011)

Magna et al. (2015), Amini et al. (2008), Valdes et al. (2014)
Amini et al. (2008), Wombacher et al. (2009), Valdes et al. (2014)
Valdes et al. (2014)

Valdes et al. (2014)

Amini et al. (2008)

Simon and DePaolo (2010)

Wombacher et al. (2009), Amini et al. (2008), Valdes et al. (2014)
Valdes et al. (2014)

Magna et al. (2015)

Amini et al. (2008)

Amini et al. (2008), Huang et al. (2010)

Wang et al. (2013)

Reference Rock type | §*#*°Ca References
material (%0)
BHVO-1 Basalt 0.98
BHVO-2 Basalt 0.87
BIR-1 Basalt 0.83
BIR-2 Basalt 0.99
AGV-2 Andesite | 0.77
ATHO-G Rhyolite  0.87
BCR-1 Basalt 0.82
BCR-2 Basalt 0.89
SRM688 Basalt 0.86
JP-1 Peridotite | 1.15
PCC-1 Peridotite | 1.14
DTS-1 Dunite 1.54
J-Dol Dolomite  0.70
J-Cpl Coral 0.63

its own measurement protocol. Samples are loa-
ded onto a filament in the chloride, nitrate or
iodide form, with or without an activator, i.e. a
supplementary solution increasing the ionisation
efficiency. Calcium isotope analysis is then car-
ried out using a single, double or triple Ta, Re or
W filament configuration.

Given the configuration of the TIMS present
in the different laboratories, Ca isotope ratios
have been measured using either single or

‘Wombacher et al. (2009)

multi-collection. The most striking analytical
challenge is to obtain the best possible external
reproducibility and accuracy for Ca isotope
ratios.

In single-collector peak-hopping, individual
ion beams are collected sequentially (Russell
et al. 1978; Skulan et al. 1997; DeLLaRocha et al.
Nigler and Villa 2000; Schmitt et al. 2001,
2003a, b; Lemarchand et al. 2004; Schmitt and
Stille 2005; Fantle and DePaolo 2005, 2007;
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Gopalan et al. 2006). The advantage of this
technique is that the measured ion beam inten-
sities remain unaffected by ion optical effects.
However it requires a correction of the drift in
ion beam intensity between succeeding mea-
surement cycles. Thus time-interpolated Ca iso-
tope ratios may be subject to large uncertainties if
the ion beam is not perfectly stable and short ion
beam integration times are necessary (1-3 s).
Short integration times however render high
precision Ca isotope analysis difficult. This is due
to counting statistics as Ca is composed of one
highly abundant (*’Ca) and five minor isotopes
(42Ca, BCa, *Ca, *Ca, *8Ca; see Table 3;
Chapter “Indroduction”). It is therefore necessary
to generate high intensity ion beams to boost the
signal intensity for the low abundance isotopes.

In multi-collection all ion beams are either
collected simultaneously (static measurement) or
split between alternating measurement cycles
(dynamic measurements) (Heuser et al. 2002,
2011; Clementz et al. 2003; Gussone et al. 2003,
2004, 2007, 2010, 2011; Holmden 2005; Kase-
mann et al. 2005; Bohm et al. 2006; Farka$ et al.
2006, 2007; Amini et al. 2008, 2009; Ewing
et al. 2008; Heuser and Eisenhauer 2008, 2010;
Cenki-Tok et al. 2009; Schmitt et al. 2009;
Simon et al. 2009; Huang et al. 2010; Simon and
DePaolo 2010; Cobert et al. 2011a, b; Ryu et al.
2011). So far, the mass difference of 20 %
between “*Ca and “°Ca exceeds the mass dis-
persion of TIMS instruments, thus not all six Ca
isotopes can be simultaneously detected. How-
ever, Naumenko-Dezes et al. (2015) report data
obtained on a Triton plus with a special Faraday
cup array with extended mass dispersion that
enables simultaneous collection of all six Ca
isotopes without the use of zoom lenses.

In principle, **Ca only needs to be taken into
account if it is chosen as one of the double spike
isotopes (see Sect. 5.4), but as the fourth most
abundant isotope it is advantageous to be inclu-
ded in any multicollection routine for the com-
parison of results from different Ca isotope ratios.
Ion optical effects due to the large mass differ-
ence between Ca isotopes and the resulting wide
dispersion of the different ion beams are major
obstacles to ameliorate the external precision.
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Wide dispersion of Ca ion beams have been
accused to cause peak-shape defects with asym-
metric peaks at the outermost cup positions
(Fletcher et al. 1997; Heuser et al. 2002), which
was responsible for the lack of improvement in
internal precision for multi-collection over
single-collection peak hopping. Holmden (2005)
suggested to decrease the imprecision generated
by ion optical effects in the mass spectrometer by
decreasing the relative mass separation from
~10 to 5 %. To attain this objective, he
dynamically collected only four ion beams (*°Ca,
*2Ca, ¥Ca, and 44Ca) in three collectors (L1,
Axial, H1) on a Triton. Finally, damage to indi-
vidual Faraday collectors have been reported,
linked to *°Ca measurements that poison collec-
tor cups (Andreasen and Sharma 2006; Simon
et al. 2009; Holmden and Bélanger 2010; Simon
and DePaolo 2010). These authors have indeed
shown that Faraday cup graphite liners degrada-
tion with use can affect efficiencies and thus *°Ca
abundances. This can be avoided by replacing
the graphite liners for example every 18 months,
depending on usage.

5.3 Multiple Collector Inductively
Coupled Plasma Mass
Spectrometry
(MC-ICP-MS)

5.3.1 Basics of MC-ICP-MS

In this section, we first briefly introduce issues
that are characteristic for MC-ICP-MS, such as
the sample introduction, plasma and interface
processes. We then discuss the fundamental
problems in MC-ICP-MS: interferences, mass
discrimination and matrix effects on mass dis-
crimination. This will be followed by a brief
overview centered on key publications where
MC-ICP-MS was used for the analysis of Ca
isotopes. Note that isotope ratio measurements
by (MC-)ICP-MS in general have been reviewed
extensively in the past (Halliday et al. 2000;
Rehkdmper et al. 2001, 2004; Albarede and
Beard 2004; Albarede et al. 2004; Vanhaecke
et al. 2009; Yang 2009; Epov et al. 2011; Baxter
et al. 2012).
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The first MC-ICP-MS introduced was the VG
Plasma54 (Waldner and Freedman 1992), fol-
lowed by Nu Instruments NuPlasma, the Micro-
mass IsoProbe, the VG Axiom and the Finnigan
Neptune MC-ICP-MS. Note that in most cases,
the names of the companies change quicker than
authors can adjust. Currently, only the NuPlasma
and the Neptune MC-ICP-MS are manufactured,
with options and modifications that differ from
the first models. Nu Instruments also manufac-
tures a large geometry high-resolution MC-ICP-
MS, the Nu Plasma 1700 but only a few instru-
ments have been installed and so far no Ca iso-
tope data are published.

If the MC-ICP-MS is coupled to a laser
ablation system, samples can potentially be
analyzed for Ca isotope compositions in situ, at
the tenth of um scale without further preparation
(e.g. Tacail et al. 2016). However, since the
plasma source efficiently ionizes all elements,
matrix effects and interferences related to matrix
elements (e.g. *®Sr** on **Ca®) cause severe
problems if present.

The vast majority of Ca isotope studies carried
out by MC-ICP-MS were based on sample and
standard Ca dissolved in dilute acid (typically
HNO3) with matrix elements commonly sepa-
rated by ion chromatography beforehand. The
solutions are usually aspirated at a rate of about
100 pl min~" and dispersed using a microcon-
centric nebulizer commonly made of PFA or
borosilicate glass. Within the nebulizer, an Ar
gas stream of about 1 L min~" passes along the
tip of the capillary tubing. This results in a lower
pressure at the capillary tip and hence
self-aspiration. The aspirated solution is then
sprayed into a fine aerosol. If the resulting dro-
plets enter the plasma, the solvent evaporates, the
remaining solids are atomized and eventually
ionized. Because large droplets of about >10 um
diameter would not dry down completely during
the short passage through the plasma, they need
to be sorted out by the use of a spray chamber.
Therefore, only a few % of the sample and
standard solution will make it to the plasma. To
improve the delivery of the analyte (i.e. Ca) to
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the plasma and thus improve sensitivity, most
isotope analysis by MC-ICP-MS employs des-
olvators such as the Cetac Aridus or the Ele-
mental Scientific Apex. In both systems, the
aerosol generated by a microconcentric nebulizer
is sprayed into a heated spray chamber to evap-
orate the solvent. Since too much water vapor
would overload the plasma, the vapor must be
removed before the Ar gas and analyte enters the
plasma. In the Apex, this is facilitated by passing
the sample gas through a Peltier cooled con-
denser. In the Aridus, the solvent vapor diffuses
through a heated membrane where it is taken up
and removed by a counter flow of Ar gas. The
removal of water has the added benefit of
reducing oxide and other solvent related inter-
ferences. In both desolvators, a small amount of
N, may be admixed to the dry aerosol to boost
the signal further. However, polyatomic inter-
ferences containing nitrogen (e.g. "*N3* and
14NééO+ on mas 42 and 44) may become more
abundant.

The coupling of an efficient Ar plasma ion
source, which operates at atmospheric pressure,
to a mass spectrometer that needs to be main-
tained under vacuum in order to prevent high
detector noise and collisions between ions and
background gas is realized by a water cooled
interface. This interface allows extracting the
ions generated in the plasma into the mass
spectrometer. It consists of a set of two cones
made of Ni (or Al or Pt) with orifices of 0.5—
1 mm. The cones serve as the inlet and outlet of
an expansion chamber which is pumped to
achieve a transitional vacuum at a few mbar. The
sampler cone “samples” the ions generated in the
plasma. The ions then expand into the vacuum of
the expansion chamber where the March disk is
the region where the ions attain ultrasonic speed.
The skimmer cone “skims” the ions from a
region slightly before the March disk. At the rear
of the skimmer cone, positive ions are acceler-
ated into the mass spectrometer by the negative
potential applied to the extraction lens. Ions
within the positively charged ion beam (domi-
nated by “°Ar*) repel each other. This space
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charge effect may be responsible for the pro-
nounced mass discrimination in MC-ICP-MS.

5.3.2 Mass Discrimination and Matrix
Effects in (MC-)ICP-MS

Mass discrimination or mass bias in MC-ICP-MS
is much larger than in TIMS, but far more stable.
This is not surprising, since the analyte elements
are introduced to the plasma and mass spec-
trometer under stable and reproducible condi-
tions as long as tuning parameters (gas flow, lens
settings, torch position, RF power) are not
changed. The fact that the instrumental mass bias
drifts only slightly with time allows for stable
isotope analysis without the use of double spikes,
using the standard-sample-standard bracketing
technique. Analyses of samples are simply
alternated with the analysis of standards and 6-
values are then calculated for samples relative to
the average of the preceding and succeeding
standard analysis.

The downside of the sample bracketing tech-
nique is the possibility that the mass bias changes
in response to sample matrices being different
than that of the standard. Together with the need
to remove interfering ions, this makes chemical
separation of Ca a prerequisite for MC-ICP-MS.
Fitzke et al. (2004) noted large matrix effects in
the per mill range under cool plasma conditions,
if samples were measured in different acid
matrices. Stiirup (2004) observed a matrix related
decrease of the ionization rate in urine samples
with high Na and K contents. Matrix tests for Mg
isotope measurements by MC-ICP-MS showed a
memory of the matrix induced mass bias in
succeeding matrix element free standard solu-
tions, likely due to depositions on the cone
(Wombacher et al. 2009). This hints at the pos-
sibility to detect sample matrix effects on mass
bias by the matrix related drift induced between
the bracketing standards. That the state of the
cones is important for stable measurement has
been frequently observed. For example, Schiller
(2012) analyzed Ca isotopes with high ion beam
intensities (~100 V on **Ca!). During the first
hour of analysis they observed large mass bias
drift after cone cleaning that could be avoided by
conditioning the cones with Ca during tuning.
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Shiel et al. (2009) detected the influence of ion
exchange resin derived organics on the mass bias
of Zn and Cd isotope measurements by
MC-ICP-MS. For Ca isotope analysis organic
matter from the ion exchange resin may not be a
common problem, as Ca is a major element and
is usually separated in sufficient quantity to allow
for significant dilution of organic matrix contri-
butions. This can be tested by running a Ca
standard through chemistry using an amount of
Ca similar or below that of samples.

So far no Ca double spike has been applied
for mass bias correction during MC-ICP-MS
measurements. This is because the use of a
double spike requires that four interference free
isotopes can be reliably measured and possibly
also because MC-ICP-MS generally consumes
more sample Ca and thus double spike than
TIMS (Wieser et al. 2004).

Many studies of isotope ratios by ICP-MS use
element additions for mass bias drift correction,
for example TIl, added to both samples and
standards, were used to monitor the mass bias
drift in Pb isotopes ratios (Longerich et al. 1987)
and Cu isotopes were used for Zn and vice versa
(Maréchal et al. 1999). At least potentially, mass
bias drift for ratios of 42Ca, 43Ca and **Ca could
likewise be corrected using **Ti/*'Ti.

5.3.3 Interferences in (MC-)ICP-MS

The biggest disadvantage of Ca isotope analysis
using ICP-MS is the occurrence of various and
often significant isobaric interferences. Table 4
presents a selection of possible isobaric interfer-
ences on Ca isotopes.

Several ways exist to deal with these isobaric
interferences: (1) chemical purification of the
sample, (2) high mass resolution (3) mathemati-
cal correction for interfering ions, and (4) sup-
pression of interfering ions by cold (or cool)
plasma or collision cell technology.

Purification of the sample via ion chro-
matography (Sect. 4.2) provides an efficient way
to avoid interferences introduced by the sample
matrices, e.g. “K*, ¥*Ti*, *Mg'°0" or 38sr*",
but cannot remove interferences that are intro-
duced by the Ar gas and its impurities (‘’Ar*;
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Table 4 Potential interferences on Ca isotopes

Ca Interference Am Required
isotope resolution
40Ca 80Ky —0.0044 9076
80ge** —0.0043 9228
HOAr* —0.0002 193,149
40K+ 0.0014 28,378
FKH* 0.0089 4469
HMg'fo* 0.0174 2301
20Ne,* 0.0223 1793
Na'SOH* 0.0299 1336
“Ca AR —0.0029 14,627
Bagr —-0.0019 21,993
HKRHY 0.0110 3805
30git2ct 0.0151 2770
2Mg'%0* 0.0189 2221
YOArH,* 0.0194 2161
40CaH,* 0.0196 2139
BgilaN* 0.0214 1962
Mgt 0.0256 1640
BMg'SoH* 0.0300 1401
NG 0.0506 829
$Ca 86+ —0.0041 10,392
8K -0.0035 12,404
“CaH* 0.0077 5596
ZTAI'CO" 0.0177 2429
stpt2ct 0.0150 2865
2Mg!'°OH* 0.0266 1617
MN;HY 0.0583 737
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Ca Interference Am Required
isotope resolution
4Ca 88g++ -0.0027 16,448
$CaH* 0.0111 3956
#sitoo* 0.0164 2687
2glacr 0.0166 2650
5N+ 0.0214 2058
Mmg'to* 0.0263 1673
2T AI'°0OH* 0.0288 1526
12¢1o0,* 0.0343 1280
MNLeO* 0.0456 964
46Ca 7 —0.0012 39,297
46T+ —0.0011 43,504
“Mo™* —-0.0003 | 161,524
9silo0* 0.0150 3064
FGUNT 0.0215 2142
2si'oH* 0.0255 1799
N80, * 0.0392 1172
*Ca 4By —0.0046 10,458
Mo+t —-0.0002 | 246,860
%Ru™ 0.0013 37,877
6z 0.0016 29,896
325160* 0.0145 3317
Bart2ct 0.0150 3194
2 Mg,* 0.0176 2731
HMSUNY 0.0184 2605
3plooH* 0.0240 2000
160,* 0.0322 1489

Interferences with Am < 0 have masses lighter than the respective Ca isotope, interferences with Am > 0 have heavier

masses

To fully resolve the Ca and interfering ion beams and achieve a flat plateau region, the resolving power of the
instrument R(5, 95 %) should be about a factor of two better than the nominally required resolution given in the table

86K1?*), the solvent (H in ArH,") or the N-gas
flow of desolvators (N,O") (Table 4).

Many interferences on Ca isotopes can be
avoided by the use of high mass resolution. In the
low resolution mode, Ca and interference ion
beams overlap significantly, even though their
mass is slightly different due to variable mass
defects. If ion beams are sufficiently clipped by a

narrow source slit in the mass spectrometer, the
interference and Ca isotope ion beams can be
resolved at the focal plane were the multi col-
lector array is positioned, obviously at the cost of
sensitivity which may only be 5 % at high mass
resolution. The two currently available
MC-ICP-MS instruments, the Nu Instruments
Plasma HR and the ThermoScientific Neptune
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Plus have the possibility to choose between three
different predefined low, medium and high mass
resolution modes.

Precise isotope ratio measurements require
flat-topped peaks. Flat topped peaks are obtained by
the width of the ion beam being significantly smaller
than the collector width. In single collector sector
field ICP-MS instruments, ion beams of slightly
different mass are completely resolved by narrow
source and detector slit which commonly results in
triangular peaks that are not suitable for precise
isotope ratio measurements. In MC-ICP-MS, inter-
ferences (most of which are of higher mass than the
analyte ions) are screened out at the low mass edge
of the Faraday collector. The resolving power
R quantifies the ability of the mass spectrometer to
resolve ion beams of slightly different mass.
Resolving power is commonly determined as the
ion beam width at 5 and 95 % peak height: Rs,
95 %) = m/Am with Am being the mass at the left
hand side peak slope at 5 % peak height minus the
mass at 95 % peak height (Weyer and Schwieters
2003; see illustration further below). Because of this
definition and the associated ion beam tailing, full
resolution between the Ca ion beam and the inter-
fering ion beam requires a resolving power that is
about double that given as required resolution in
Table 4, in particular, a higher resolving power is
needed if interferences display high intensities.

It is possible to eliminate the most significant
polyatomic interferences from Ca isotope masses
using mid or high resolution mode, as these
interferences require mass resolutions ranging from
~740 (**N3H") to ~3300 (°S'°0") (Table 4).

Atomic interferences like **Ti* or *¥Sr** on
48Ca* and **Ca* cannot be resolved as this would
need resolving powers much larger than 10,000.
Furthermore, their mass is lighter than that of the
Ca isotopes (Table 4). Therefore, they would
have to be resolved on the high mass side peak
shoulder where the heavier polyatomic interfer-
ences cannot be resolved. Atomic and also some
polyatomic isobaric interferences can be handled
by mathematical interference corrections, where
the contribution of the interfering element is
stripped from the measured intensity of the Ca
ion beam as shown in the example for the **Ti
interference correction:
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Iigca = Iugca+asti—lasti (40)

where I45c, denotes the signal intensity for “Ca
after the interference correction. The contribution
of **Ti (Iigr;) to the measured intensity IjgcatagTi
can be determined by monitoring *'Ti during the
analysis:

Lasti = Lo % (48Ti/47Ti) (41)

biased

During analysis, “*Ti/*'Ti (x0.7372/0.0744)
is affected by the instrumental mass bias; there-
fore the measured ratio may be by about 5 %
higher than in the sample solution. Hence, the
interference correction can be much improved if
this mass bias is simulated using the exponential
law (Eqgs. 36 and 37):

47.9479471 e
48 s /4T (48 AT e
( Ti/ T’);n-a.yed_( Tif Tl)namrex(46.9517638>

(42)

with f taken from Ca isotope ratios as given in
Eq. 36 above. Natural Ca isotope fractionation
will affect f-, and stable isotope fractionation of
Ti in nature and during chemical separation will
also affect the accuracy of the correction. Fur-
thermore, the natural isotope ratios assumed for
“BTi/*"Ti and in the determination of f, may not
be accurate. However all these uncertainties are
expected to be about an order of magnitude less
significant than the large effect of the instrumental
mass discrimination in MC-ICP-MS. Interference
corrections obviously work best if the correction
is of minor significance. The Ti correction shown
in the example above is unfortunate, as the
abundance of the monitor isotope *"Ti is about 10
times less than that of **Ti. As a result, noise
recorded by the monitor isotope *'Ti will be
amplified to the signal on mass 48 by an order of
magnitude. Thus, if the Ti correction is insignifi-
cant (which has to be shown) it may better be
avoided. For example in TIMS analysis, ioniza-
tion of Ti is not expected and application of the Ti
correction would only induce additional scatter.
A further pitfall results from the possible presence
of unresolved interferences on the interference
monitor mass, e.g. > 'P'®0" on *’Ti*, which would
lead to overcorrection.
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Fig. 5 Schematic illustration of the Sr**-interference
correction

For many Ca isotope measurements interfer-
ence correction of “°Ti and **Ti does not play a
role as masses “°Ca and **Ca are commonly not
measured.

In analogy to the Ti correction, Sr**-ions
interfering on the masses 42, 43 and 44 can be
corrected by measuring ¥’Sr** on mass 43.5.
Using the known isotopic composition of Sr and
assuming a mass bias being similar to that of Ca
it may be possible to calculate the intensity of
8452+, 865r?* and *¥Sr** (Fig. 5) and correct the
measured intensities on masses 42, 43 and 44.
However, the exponential law fractionation
coefficient fr, may not be perfectly suitable for
Sr isotopes and the ®’Sr abundance in natural
samples is somewhat variable (e.g. Hirata et al.
2008). Therefore, Sr isotope corrections should
be carefully implemented and large corrections
are best avoided by chemical separation.

A similar procedure could be used for the
correction of Kr** ions (monitoring **Kr** on
mass 41.5). As the Ar gas usually only contains
traces of Kr, and given the high second ioniza-
tion potential of Kr (24.36 eV), it may not be
possible to reliably monitor **Kr** at mass 41.5
and the Kr interferences can possibly be
neglected or may be subtracted along with the
background anyway.

Because large interferences are more difficult
to resolve, to correct for, or to be subtracted
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based on background measurements, interfer-
ences should be kept to a minimum. Apart from
desolvation and chemical separation, cool plasma
techniques and collision cells offer additional
interference suppression, such that even *°Ca
may be analyzed by MC-ICP-MS. These
approaches will be discussed in the next section.

5.3.4 Calcium Isotope Analysis by
(MC-)ICP-MS

Several studies applied ICP-MS for Ca isotope
analysis and in most cases multiple collector
arrays were used (Halicz et al. 1999; Fietzke
et al. 2004; Wieser et al. 2004; Steuber and Buhl
2006; Tipper et al. 2006, 2008a, b, 2010; Sime
et al. 2007; Hirata et al. 2008; Morgen et al.
2011; Schiller et al. 2012; Tacail et al. 2016;
Martin et al. 2015). From the above discussion, it
is expected that (i) multi-collection, (ii) chemical
separation and (iii) high mass resolution is gen-
erally required in order to obtain sufficiently
precise and accurate Ca stable isotope data by
(MC-HICP-MS. In the following, published
methods for Ca isotope analysis by ICP-MS are
discussed, beginning with the pioneering study
by Halicz et al. (1999), including methods that
aim at the suppression of interferences (cold
plasma and reaction/collision cell technology)
and summarizing first attempts for in situ Ca
isotope analysis by laser ablation.

Halicz et al. (1999) used a NuPlasma instru-
ment for the first Ca isotope ratio measurements
by MC-ICP-MS. Analyzed were “*Ca, **Ca and
“Ca for commercial Ca reagents and a few
natural CaCO; samples, including speleothems
and coral aragonite. The sensitivity was 0.3 V for
44Ca at an uptake rate of ~70 pl min~"'. Sample
and standard solutions containing 20-30 ppm Ca
in 0.1 M HNOj; were introduced into the plasma
using a Cetac MCN6000 membrane desolvator
(the predecessor of the Cetac Aridus) and ana-
lyzed for 10 min. Membrane desolvation was
used to reduce polyatomic interferences such as
NI0™ and '2C'°0," on **Ca* and ArH," on
“2Ca* to low levels. About half of the elevated
background levels of about 1.5 mV were attrib-
uted to scattered “’Ar* and *“°Ca* ions, respec-

tively. This background component was
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monitored on additional masses (42.5, 43.25, and
44.5) and subtracted from the corresponding Ca
ion beam signals. Doubly charged Sr ion inter-
ferences on all three Ca isotope masses were
corrected based on the background corrected
878r*™* signal monitored at mass 43.5. Mass bias
was corrected for by bracketing sample solutions
with analysis of NIST SRM 915a Ca. Precision
assessed from repeated sample analysis ranges
from 0.04 for a coral sample (n = 3) to 0.40 for a
calcrete sample (n = 5) for §**2Ca (2 sd).
Cool plasma conditions also allow for the
reduction of interfering molecular as well as
elemental ion formation. Under normal operating
conditions the RF (radio frequency) power cou-
pled into the plasma is set between 1200 and
1400 W. Decreased RF power results in a plasma
with a lower degree of ionization and tempera-
ture and therefore is called “cool plasma” or
“cold plasma”. Thus elements or molecules with
a high first ionization potential are ionized to a
much lesser degree. Since the ionization of Ar
and the formation of oxides and argides is sup-
pressed, cool plasma conditions provide a rea-
sonable approach for Ca isotope analysis
(Fietzke et al. 2004). Several publications report
the measurements of Ca isotopes using cool
plasma. Most of the published cool plasma Ca
measurements (e.g. Patterson et al. 1999, Mur-
phy et al. 2002) are tracer experiments in humans
without the need of high precision data and
measurement of “°Ca. In addition these studies
have been performed using Q-ICP-MS which is
not suitable for high precision Ca isotope mea-
surements. Fietzke et al. (2004), however, con-
ducted Ca isotope measurements using cool
plasma MC-ICP-MS. Using a VG AXIOM
MC-ICP-MS, they set the RF power as low as
400 W, resulting in a “’Ar background decrease
from about 2.5 x 107 cps (0.4 V with 10'' Q
resistors) to 1.0 x 10° cps (Fig. 6). The rather
low *°Ar* background even in hot plasma prob-
ably also reflects a narrow source slit that was
used to screen out interferences at the high mass
edge of the detector at high mass resolution as
described in more detail below. Along with
Y0Ar*, the formation of “°ArH*, “°ArD* and to
some degree 14N02+ ions decreased (Fig. 6). On
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Fig. 6 Comparison of the background spectrum under
hot and cool plasma conditions using the VG Axiom
MC-ICP-MS. Figure modified from Fietzke et al. (2004)

the other hand the use of cool plasma increased
the production of *N'®0O,H* and '°0O5* ions. As
the study aimed to measure “Ca/*'Ca values,
interferences on 42Ca, 43 Ca, 46Ca and *®Ca were
less relevant. However, masses 42 and 43 were
not affected by significant interferences, while
mass 46 and 48 were. As the “°Ca signal was
about 500 times higher compared to the “°Ar
background, drift in the Ar background was
considered negligible. Fietzke et al. (2004)
reported a RSD of about 0.14 %o, thus the preci-
sion of the ***°Ca data generated by cool plasma
MC-ICP-MS is comparable to TIMS measure-
ments. The downside of the cool plasma method
were large matrix related shifts in §***°Ca if the
acid molarity was not precisely matched between
standards and samples. Other reasons why the
cool plasma technique has not become widely
adopted may be that (1) the production of AXIOM
MC-ICP-MS was stopped in 2002 and currently
available MC-ICP-MS may not able to set the RF
power and thereby reduce the “°Ar* ion beam to
such a low level and (2) 8***?Ca and other ratios
measured using conventional MC-ICP-MS may
be considered sufficient for Ca isotope geochem-
istry. Since cool plasma MC-ICP-MS and the
apparent matrix sensitivity is not well investi-
gated, further studies on other instruments would
be of interest, perhaps in conjunction with a
suitable double-spike which may be able to cor-
rect for residual matrix effects.
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Wieser et al. (2004) determined §*/*Ca,
648/42Ca, 8**3Ca and 6**3Ca with external
reproducibilities of +0.11, +0.33, +0.12 and
+0.28 (2 sd; n = 54) respectively, using a Nep-
tune MC-ICP-MS at hot (1200 W) plasma con-
ditions and high mass resolution (Fig. 7). Data
for CaCO; reference samples were measured
relative to seawater Ca. The sample Ca was first
separated by cation exchange. Mass bias, which
amounts to 5 % per atomic mass unit, was cor-
rected for by bracketing sample solutions with
seawater Ca analysis. Background determina-
tions were alternated with sample and standard
analysis and background values were subtracted

45.02 45.04 45.06 45.08 45.10

center cup mass (u)

from sample and standard measurements. The
“OAr* jon beam corresponds to about 8000 V
(10" Q resistor). While scattering of Ar ions was
not observed, analysis of “°Ca is obviously
impossible under these conditions. The *°Ca
signal was too low for meaningful analysis.
Sample solutions, containing 10 ppm Ca in
3.5 % HNOs;, were analyzed for two minutes
followed by a 120 s rinse. Sample and standard
solutions were introduced using an Apex-Q
coupled to a Cetac Aridus membrane desolva-
tor. This combination offers a thoroughly dried
aerosol which is expressed in a further reduction
of the “°ArH," interference down to 2 mV,
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Fig. 8 Three isotope plot featuring data obtained by
high-resolution MC-ICP-MS for Ca carbonate samples
relative to seawater (Wieser et al. 2004). The size of the
symbols roughly corresponds to the precision of the
measurements (2 sd). Fractionation curves correspond to
the equilibrium and kinetic laws (see Chapter
“Introduction”). Arrows indicate 2 %o interferences on
the masses indicated. The data plots closer to the slope of
the kinetic law than that defined by the equilibrium law.
At a first glance, this may suggest kinetic isotope
fractionation. However, the samples are not related to
the zero-delta material (IAPSO seawater) with the possi-
ble exception of the least fractionated sample, a modern
bivalve shell. Furthermore, the interpretation of kinetic
and equilibrium law slopes may not always be straight
forward (Chapter “Introduction®) and the offset from the
reference slopes could also indicate the effects of
interferences. For example, the samples could be affected
by small interferences on mass 44. Likewise, the seawater
reference sample analysis could be compromised by small
interferences on mass 42 or 48

compared to 30 mV using the Apex-Q with an
Aero Naphion membrane. With this set-up, **Ca
ion beams of 4.8 V were obtained. Due to the
large internal volume of the coupled desolvating
introduction systems, very stable ion beams are
achieved. While the multi-collector array corrects
very well for somewhat unstable signals in iso-
tope ratio analysis, unstable ion beam signals
impede the precise peak shape tuning needed for
high resolution analysis. Three isotope plots were
used to constrain the absence of significant
interferences (Fig. 8).

Schiller et al. (2012) combined high resolution
MC-ICP-MS (Neptune with sensitive jet and
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x-cones) analysis of 42Ca, 43Ca, 44Ca, 46Ca
and *®Ca with TIMS (Triton) analysis for *°Ca,
42Ca, “3Ca and **Ca in order to measure all stable
Ca isotopes in their terrestrial test samples. The
method presented was developed with the aim to
study nucleosynthetic Ca isotope anomalies in
meteorites and their components (Chapter “High
Temperature Geochemistry and Cosmochemistry’)
by high precision analysis. For this reason, no
double spike was applied in TIMS analysis, thus no
d-values for mass dependent isotope fractionations
were calculated. However, 5-values were obtained
from MC-ICP-MS analysis of rock and seawater
reference samples from which Ca was chemically
separated after acid digestions. Pooled 8***Ca,
5+, 8*9*Ca and 5***Ca values measured
relative to NIST SRM 915b yielded typical uncer-
tainties for the mean, corresponding to +0.03,
+0.01, +0.04, +0.05 per mil (2se; n = 10). The data
agreed very well with TIMS analysis by Heuser and
Eisenhauer (2008), Amini et al. (2009) and Wom-
bacher et al. (2009). For mass bias correction,
samples were bracketed by analysis of NIST
SRM915b. The instrumental background was
carefully monitored and subtracted.

To reveal (mass-independent) nucleosynthetic
anomalies, the MC-ICP-MS and TIMS data were
internally normalized to **Ca/**Ca = 0.31221.
Results are expressed using a p-notation, which
gives deviations in normalized *Ca/**Ca from the
same value in NIST SRM 915b in parts per
million (ppm). The p***Ca, p*®*Ca, p***Ca
values obtained by MC-ICP-MS display uncer-
tainties of +2, +45 and +13 ppm (2se; n = 10).
The main reasons for the high precision
achieved, besides internal normalization and
clean chemical separation, are the high ion beam
intensities for the smaller isotopes (~0.15 V for
46Ca; ~ 100 V for **Ca) that are possible if *°Ca
is omitted, and the lengthy measurement times
(10 analysis, each lasting 14 min.). The down-
side of the high signal intensities are the loss in
sensitivity over time due to deposition onto the
cones and the degradation of the aperture lens
and resolution slits, such that the slits had to be
replaced after 150 h of measurement. Further-
more, with increasing Ca ion beam intensities, a
non-linear increase of the background between
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mass 42 and 43 and between mass 47 and 48 up
to 300 uV was observed. Effects of this elevated
background were minimized by precisely
matching the signal intensities between samples
and standards.

Sample introduction was facilitated using an
Elemental Scientific APEX with an attached
ACM membrane for desolvation. Measurements
were carried out either in medium or high reso-
lution mode with a resolving power >5000.
Before analysis, Ca isotope ratios were measured
at slightly different positions at the low mass side
of the flat topped peak in order to obtain a
measurement position that is interference free,
but not too close to the peak edge. This position
was typically located about 0.024 amu from the
center of the calcium peak. A peak center was
conducted prior to every standard analysis. Sen-
sitivity ranged from 6 to 17 V for **Ca per ppm
Ca in solution. Samples and standard solutions
contained between 8 and 16 ppm Ca in 2 %
HNO;. Because every sample was analyzed ten
times, a total of 250-500 pg Ca was consumed,
while 10 pug were consumed during single TIMS
analysis.

Schiller et al. (2012) also discuss problems
related to the correction of Ti interferences on
46Ca and *®Ca that were corrected based on the
monitoring of *'Ti employing a 10"?Q resistor.
However, because of difficulties related to the
scattered Ca ion beam, Ti intensities were
checked for most samples using a secondary
electron multiplier equipped with a retarting
potential quadrupole filter to avoid scattered ions.

Another way to remove polyatomic interfer-
ences and even the “°Ar interference is provided
by the use of a collision and reaction cell or a
dynamic reaction cell. Reaction cells contain a
quadrupole, hexapole or octopol, placed off-axis
behind the skimmer cone. Introducing different
reaction gases (He, Xe, N,, O,, NH; or CH,) into
the cell leads to a fragmentation or neutralization
of the interfering atomic and polyatomic ions.

Feldmann et al. (1999) used He as a buffer gas
and H, as the reaction gas. They state that three
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different processes play a major role for the
neutralization of Ar*-ions:

hydrogen atom transfer: Art +H, — ArH™ +H

(43)
proton transfer: AtH" + H, — Hy" + Ar  (44)
charge transfer: Ar" +H, — H,)" + Ar (45)

Boulyga and Becker (2001) wused a

HEX-ICP-QMS (Micromass ‘Platform ICP”)
with He and H as collision gases within the
hexapole. They noticed a reduction of “’Ar* by
about three to four orders of magnitude. Stiirup
et al. (2006) used CH,4 as a reaction gas for their
measurements with a dynamic reaction cell
(DRC) ICP-MS (Elan DRC-e). They quote three
reactions leading to a neutralization of Ar'-ions:

Ar" +CHy — CH," +H, +Ar (46)
Art +CHy — CHy +H+Ar  (47)
Art +CHy — CH; + Ar (48)

Boulyga et al. (2007) used a DRC-ICP-MS
(Elan DRC-II) with NH; as reaction gas and
compared their results with TIMS measurements
of the same references materials (in-house stan-
dard, SRM 915a and SRM 1486). They argue
that the obtained reproducibilities are in the same
order of magnitude and the §**°Ca values of
their lab ICP standard and SRM 1486 relative to
SRM 915a are comparable. They concluded that
using DRC-ICP-MS seems to be a good alter-
native to MC-ICP-MS and TIMS measurements
of Ca isotopes. However, the reported §**°Ca
value of SRM 1486 of ca. +3 %o (rel. to SRM
915a) is about 4 %o heavier than the reported
SRM 1486 value of Heuser and Eisenhauer
(2008) (Sect. 3.1). As SRM 1486 is a bone meal
and bones are normally enriched in the light Ca
isotopes (Chapter “Biomedical Application of Ca


http://dx.doi.org/10.1007/978-3-540-68953-9_8

5 Mass Spectrometry

Stable Isotopes™), it is unlikely that SRM1486
exhibits a strong enrichment in **Ca. Although
the use of a collision and reaction cell enables the
analysis of *°Ca and suppresses the formation of
atomic and polyatomic interfering ions, the pre-
cision of published single-collector methods is
about one order of magnitude worse compared to
MC-ICP-MS or TIMS measurements.

The IsoProbe and a few VG Axiom
MC-ICP-MS were equipped with a collision cell.
Cecil and Ducea (2011) determined radiogenic
40Ca enrichment in K-rich authigenic minerals
using a GV IsoProbe and gas-phase reactions in a
hexapole collision cell to minimize isobaric Ar
interference. A new attempt is currently made by
Elliott et al. (2015). They coupled the front end,
i.e. the interface and collision cell, from the
Thermo Fisher Scientific iCAP Q (a quadrupole
single collector ICP-MS) to the double-focusing
Neptune mass analyzer.

Laser ablation (LA)-MC-ICP-MS offers the
potential for in situ analysis of Ca isotope com-
positions without chemical separation. The
sample (e.g. a thin or thick section, crystal or
shell specimen) or standard material is ablated
with a laser beam. The resulting aerosol is then
transport into the mass spectrometer and ana-
lyzed. LA-ICP-MS is more frequently used for
concentration determinations and radiogenic
isotope systems (Sr, U/Pb). Currently, two pub-
lished LA-ICP-MS studies on Ca stable isotope
fractionation are published.

Santamaria-Fernandez and Wolff (2010) tried
to determine the Ca isotopic composition in
pharmaceutical packaging for discriminatory
purposes. Their study nicely shows that precise
and accurate LA-ICP-MS analyses of Ca iso-
topes are very challenging. The main problems
relate to the mass bias correction and interfer-
ences. While it is possible to get rid of isobaric
atomic interferences in solution analysis by a
chemical purification prior to the measurement
this is not possible for in situ analyses.
Standard-sample bracketing has to be applied for
the mass bias correction. This method usually
requires that the composition of samples and
standard materials are similar for matrix effects to
be negligible.
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Santamaria-Fernandez and Wolff (2010) used
a 213 nm laser ablation system (NewWave
UP-213) attached to a Neptune MC-ICP-MS for
their Ca isotope measurements with the aim to
identify counterfeit pharmaceuticals by compar-
ing the packaging. Cardboard and ink of pack-
aging have high concentrations of Ca mainly due
to the use of kaolinite, calcium carbonate, chalk
or china clay as coating material. In order to
correct the instrumental mass bias relative to
standards, Santamaria-Fernandez and Wolff
(2010) prepared solid pressed pellets from
NIST SRM 915a and 915b calcium carbonates
using a KBr press without adding KBr to the
pellets. The Ca isotopic composition of both
carbonate standards has been characterized pre-
viously. Thus standard sample bracketing of both
reference materials with SRM 915a being the
standard and SRM 915b being the sample allows
to detect problems. As both materials are chem-
ically not very different, matrix effects should be
negligible.

Santamaria-Fernandez and Wolff report a
8*¥*Ca of 1.2 + 0.2 %o for the SRM 915b rel-
ative to SRM 915a. This value is not in agree-
ment with previously reported 8***Ca of 0.35
+ 0.04 to 0.42 + 0.02 for SRM 915b relative to
SRM 915a obtained by either TIMS or
MC-ICP-MS (Heuser and Eisenhauer 2008;
Wombacher et al. 2009; Schiller et al. 2012).
They also report a §****Ca value, which should
be about half the §*¥*?Ca value, i.e. 0.6. But
their ****Ca value for SRM 915b is 0.2, which
better matches the §*¥**Ca of 915b expected
from previously published data. Figure 3 of their
study also clearly shows serious analytical
problems: the **Ca/**Ca should be highly cor-
related to the **Ca/**Ca but both ratios vary
independently. This lack of correlation is a typ-
ical indication for an isobaric interference
affecting at least one of the isotopes used. The
extent of this interference varies between the two
very similar samples, leading to the observed
lack of correlation between **Ca/**Ca and
42Ca/*Ca. Possibly doubly charged ions inter-
fere on masses 42, 43 and 44; a correction for
interferences of Sr** ions was not carried out.
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Tacail et al. (2016) used an Exite 193 nm
Photon machines laser ablation system coupled
to a Neptune MC-ICP-MS in high resolution
mode to measure &8*¥**Ca and §"*Ca in
igneous apatite and modern tooth enamel sam-
ples. Matrix matched standard materials were
prepared by sintering NIST SRM 1400 bone ash
which was used for sample bracketing and two
synthetic apatites, in one case with Sr added. The
samples were also analyzed by solution mode
and good agreement between solution and laser
data was obtained for 8*¥**Ca for the three sin-
tered standards and tooth enamel samples, but
igneous apatites were significantly displaced
from the 1:1 correlation line. Moreover, 8***Ca
from LA analysis was systematically higher than
expected from their **?Ca and this is also
observed when the 8***’Ca data obtained by
laser ablation is compared with results from
solution analysis. This suggests an uncorrected
interference on mass 43, likely related to the Sr*™*
interference that is difficult to correct accurately
(Tacail et al. 2016). This study was in part suc-
cessful in as much that §****Ca values that are
consistent with solution analysis could be
obtained for tooth enamel samples. The precision
quoted for repeated analysis of about +0.7 %o for
5**2Ca (2sd) as judged from repeated analysis
of laser ablation data appears insufficient to
reveal internal variations in Ca isotope compo-
sitions in most samples. Yet, with further
improvements, LA-ICP-MS may find its way to
the Ca isotope community, especially in regard to
Ca dominated materials such as CaCO;, gypsum
or apatite. Improvements may result from higher
sensitivity e.g. due to modifications on the
plasma interface. The use of fs lasers may also
reduce the need for near perfect matrix matching
(e.g. Horn et al. 2006; Shaheen et al. 2012).
Finally, if reintroduced to MC-ICP-MS, collision
cells may allow to reduce interferences during
laser ablation work (cf. Elliott et al. 2015).
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54 Double Spike Approach
for Stable Isotope
Analysis

5.4.1 Basic Principles

As already mentioned it is not possible to correct
measurements for the isotope fractionation
occurring during measurement without knowing
the extent of natural isotope fractionation, i.e. no
Ca isotope ratio is fixed. A fractionation correc-
tion which is done using a static reference ratio
e.g. fractionation of Sr isotopes is corrected using
a %S1/38Sr of 0.1194, also corrects for any nat-
ural isotope fractionation. While this is desirable
for the determination of radiogenic ingrowth by
radioactive decay it is not possible to determine
the natural fractionation. This problem can be
solved by addition of a double spike to the
sample before its measurement or chemical
preparation. A double spike is a solution con-
sisting of two isotopes of an element which both
are enriched compared to their natural abun-
dances. The ratio of the two enriched isotopes
has to be well known and the ratio of double
spike/sample has to be high enough so that nat-
ural isotope variations of the spiked isotopes
become negligible.

Two general requirements for the use of the
double spike technique exist: (1) the element
must have four or more stable isotopes or
long-lived artificial isotopes (two isotopes for the
double spike and two isotopes representing the
isotopic composition of a sample), and (2) en-
riched isotopes with a sufficient enrichment are

Table 5 Commercially available enriched Ca isotopes

Isotope | Natural Enrichment = Enrichment
abundance (atom %)* factor
(atom %)

Oca 9697 >99.9 1.03

4Ca 0.64 >93 145.31

$Ca 0.145 >79 544.83

#Ca 2.086 >98.5 47.22

46Ca 0.004 >43 10750

“Ca 0.187 >97 518.72

“Data from isotope services, Oak Ridge National

Laboratory
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available. Table 5 compares natural abundances
of Ca isotopes with commercially available
enriched isotopes.

Beside these general requirements some more
prerequisites for a good working double spike
exist: (1) the spike isotopes should be as pure as
possible, i.e. high enrichment of the isotope,
(2) the enrichment/natural abundance ratio of the
used isotopes should be high, (3) by adding a
double spike solution the abundance differences
between the isotopes in the sample/spike mixture
should be small and (4) the mass difference (in u)
between double spike isotopes and “sample”
isotopes should be similar. As can be seen from
Table 5 enriched “°Ca, **Ca and *®Ca have
enrichments >97 atomic-% but *°Ca and **Ca at
the same do not show high enrichment/natural
abundance ratios. Therefore it is not advisable to
use *°Ca and **Ca as a double spike. Combina-
tions of two of the remaining four Ca isotopes are
suited better for the use as a double spike.

The use of a double spike solution to correct
for the instrumentally driven isotope fractiona-
tion requires also a correction for the shift in
isotopic composition caused by the double spike
addition, because commercially available enri-
ched isotopes are not pure, affecting thus to the
measured isotope ratio of interest. The double
spike deconvolution methods are not Ca isotope
specific and generally valid for different isotope
systems. Different approaches to correct for the
added double spike are published (e.g. Compston
and Oversby 1969; Gale 1970; Hamelin et al.
1985; Powell et al. 1998; Johnson and Beard
1999; Galer 1999; Siebert et al. 2001).

5.4.2 Double Spike Calibration

The progressive mass dependent Ca-isotope
fractionation during thermal ionization mass
spectrometry, equally affects the sample and
double spike Ca.

Therefore, the isotope composition of the
double spike cannot be directly determined by
TIMS. Instead, the double spike can be either
calibrated by exact weighing of the two enriched
Ca salts, or calibrated against a standard of
known isotopic composition. As weighing of
small amounts of powder can be difficult due to
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electrostatic effects, Ca-double spikes are typi-
cally calibrated against a standard. In Fig. 10 we
illustrate the basic principle of the Ca double
spike calibration following the approach for the
Pb-double spike calibration of Galer (1999). This
correction algorithm is a three dimensional
approach and the isotope fractionation is descri-
bed in a three dimensional vector space. As an
example we show the calibration of a **Ca/**Ca
double spike, using a 3D-vector space, which is
defined by three Ca isotope ratios *°Ca/**Ca,
#Ca/*Ca and ¥Ca/*®Ca. For this calibration, the
isotope ratios published for CaF, by Russell et al.
(1978) are used as a fix point.

For the double spike calibration, analyses of
the pure spike and a mixture of spike and stan-
dard are required. The isotopic fractionation
trends (*°Ca/*8Ca, **Ca/*®Ca and **Cas*®Ca) of
the individual runs are fitted in a 3D vector space
with one additional isotope ratio (e.g. the
42Ca/*®Ca) as a running parameter. For practical
reasons a linear instead of an exponential frac-
tionation trend can be used, if the quality of the
fit is sufficiently good and allows for this sim-
plification. The fractionation trends of the spike
and the mixture are shown in Fig. 9 as dashed
lines. A basic principle of the 3D fractionation
correction is that the fractionation trend depends
on the isotope composition of the analyzed
material, i.e. the fractionation trends of the
spike-sample mixture and of the pure spike are
not parallel which means that the vector product

“Car®Ca

mixture
v

CaF,
y (Russell et al. 1978)
spike *

intersection line

>

“Car*Ca

*. fractionation trend plane © true value

Fig. 9 Schematic illustration of a **Ca/**Ca-double
spike calibration, following the Pb-double spike approach
of Galer (1999)
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1. Fit of the fractionation trends of
“Ca/**Ca

00 /48Ca

#Ca/**Ca

against **Ca/**Ca as running parameter.

1

2. Set up of a linear system of equations for the
fractionation trends of the pure spike and the mixture
of spike and CaF,.

3. Set up of the plane equations, which are spanned by
the fractionation trends of the spike and the mixture
with CaF,, respectively.

\ 4

4. Equalization of both planes. The intersection line is
the mixing line.

v

5. Determination of the intercept point of the mixing
line and the fractionation trend of the pure spike leads
to the true isotope composition of the double spike.

Fig. 10 Flow chart of the Ca-double spike calibration

of the  spike-fractionation trend  and
mix-fractionation trend is unequal to O
(MxS # 0) (Galer 1999). The planes, which are
spanned by the spike-fractionation trend and the
CaF, (dark gray plane) and the mixture-
fractionation trend and the CaF, (light grey
plane), intersect in an intersection line, which is
also the mixing line of all spike—CaF, mixtures.
Consequently, the true isotope compositions of
the mixture and of the pure spike lie on this line.
The true isotope composition of the spike is in
the intercept of the mixing line and the spike
fractionation trend. To correct for potential
deviations between linear and exponential frac-
tionation law, the obtained isotope ratios can
numerically optimized using ‘Solver’ or similar
functions. The general procedure is schematically
illustrated in a flow sheet (Fig. 10).
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5.4.3 Used Double Spikes

42Ca/*®Ca and **Ca/*®Ca double spike
Russell et al. (1978) were the first who used a
double spike (*’Ca/**Ca) for Ca isotope mea-
surements. The main advantage of using a
42Ca/*®Ca or **Ca/**Ca is that all used isotopes
have a low natural abundance combined with a
high enrichment factor (cf. Table 5). The mass
difference of a “**Ca/**Ca double spike well
matches the mass difference of the Ca isotope
ratio used (**Ca/*°Ca). As the fractionation per
mass unit is needed for the correction of the
double spike, a greater mass difference allows a
more precise determination of the fractionation
per mass unit. One major disadvantage of such a
double spike has to be seen in the fact that it
results in a high mass dispersion which is still a
problem for modern mass spectrometers although
some improvements have been made. The rela-
tive mass difference of about 20 % between *°Ca
and **Ca exceeds the mass dispersion of most
instruments which are constructed for a maxi-
mum mass difference of about 17 % (°Li and
Li). So far no Ca isotopes data is published
using (**Ca or **Ca)/**Ca double spike and mass
spectrometers capable of a 20 % relative mass
difference.

42Ca/**Ca double spike

A **Ca/*Ca double spike also makes use of two
minor Ca isotopes with reasonably high enrich-
ment (cf. Table 5). But the mass difference of the
used isotope does not well match the difference of
the isotope ratio reported for TIMS measurements
(**Ca/*°Ca). But for TIMS measurements this
double spike has the big advantage that works
pretty well for a static Ca isotope measurement
(40Ca, *2Ca, ¥Ca, 44Ca). For ICPMS Ca isotope
analyses which normally determine **Ca/**Ca the
use of a **Ca/**Ca double spike is not possible.

*3Ca/**Ca-double spike

During the past years a number of researches
tried to make use of a **Ca/*°Ca double spike.
46Ca has the lowest natural abundance of all Ca
isotopes but the highest enrichment factor (cf.
Table 5). This high enrichment factor makes
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enriched *°Ca very expensive. On the other hand
only small amounts of *°Ca in a **Ca/*°Ca
double spike are needed to establish a fixed ratio
in the sample double spike mixture.

5.5 Other Instrumentation

Especially in the field of analytical chemistry

several other instrumentations for the measure-

ment of stable Ca isotopes have been developed.

However, most of these techniques are not suit-

able for isotope geochemistry as precision and

accuracy of these techniques are not sufficient.

Some of these instrumentations and methods

used either special or unique and even ‘home’

made instruments. The list below gives a short
overview of some of these techniques:

— LD-TOFMS (laser desorption time of flight
mass spectrometry, e.g. Koumenis et al.
1995)

— RIMS (resonant ionization mass spectrome-
try, e.g. Nicolussi et al. 1997)

— FABMS (fast atom bombardment, e.g. Smith
1983)

— MIP-TOFMS (microwave induced plasma
time of flight mass spectrometry, Duan et al.
2001)

Some other instrumentations, described
below, have either the potential to become a
valuable tool in Ca isotope geochemistry (ion
microprobe), are an often used tool for several
studies of Ca isotopes in the pre-TIMS and
pre-ICPMS times (INAA) or are used outside the
field of isotope geochemistry (radionuclides).

5.5.1 lon Microprobe

As with laser ablation ICP-MS, Ca isotope ratios
have been determined in situ by secondary ion mass
spectrometry (SIMS). Rollion-Bard et al. (2007)
and Kasemann et al. (2008) applied SIMS to
investigate the spatial variations of Ca isotope ratios
in biogenic carbonates. The spatial resolution was
15-20 um and about 25 um which is smaller than
that reasonably applied in LA-ICP-MS, e.g. Tacail
et al. (2016) used a laser beam diameter of 85 um.
Both SIMS studies focused on heterogeneities of
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Ca isotope ratios in tests of foraminifers. These
unicellular calcifiers are of particular interest, since
earlier results obtained by conventional TIMS and
MC-ICP-MS methods revealed a complex isotope
fractionation behavior in these organisms, and
indicating that isotope analysis with high spatial
resolution might contribute to a better understand-
ing of biomineralization related Ca isotope frac-
tionation effects and their consequences for paleo
proxy applications. Both studies indicated a
heterogenous distribution of Ca isotope ratios in
foraminifer tests. In particular Kasemann et al.
(2008) showed systematic differences between
different generations of biogenic calcite (ontoge-
netic and gametogenetic calcite). The difference
between both calcite generations is not consistent
for the two different species analyzed, as they show
variable magnitudes and different signs of isotope
fractionation.

Both Ca isotope studies used a Cameca IMS
1270 multicollector secondary ion mass spec-
trometer with a primary oxygen ion-beam. Cal-
cium isotopes were analyzed with a spatial
resolution of ~10 and 25 um spot-diameter.
With count rates on **Ca of about 8—10 x 10°%ps
Rollion-Bard et al. (2007) reported internal errors
0.2 %0 2 S.E. and external reproducibility of
0.25-0.50 %0 (2 S.D.) and found intra-test vari-
ation in foraminifer shells of about 1.5 %o
(5+440Cy).

Kasemann et al. (2008) operated with slightly
smaller count rates of about 4-9 x 10°cps and
report internal errors of about 0.4 %o (2 S.E.) and
an external reproducibility of standard and sam-
ples of ~1 and 0.4 %o, respectively. The
intra-test variability of the foraminifer tests
account to 1.6 and —3.7 %o between gametoge-
netic and ontogenetic calcite in different species.
The observed overall variability of Ca isotope
ratios within single foraminifer tests is compati-
ble in both studies indicating the potential of
SIMS for Ca isotope analysis. Nevertheless both
studies also point to challenges that need to be
resolved. These are mainly related to matrix
effects, interferences and the availability of
appropriate standard materials. Presently, there
are no certified homogenous Ca isotope
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standards available that are suited for SIMS.
These complications include matrix-matching
between samples and standards or structural or
chemical/isotopical heterogeneities of standards
leading to different fractionation effects or
background/signal-ratio of samples and stan-
dards. Possible interference include (e.g.
120160, 24Mg!00, 851>, 56512,

Calcium isotope analysis by SIMS has been
frequently applied to minerals (hibonites, old-
hamite (CaS) in chondritic meteorite samples
(Zinner et al. 1986; Ireland et al. 1990; Lundberg
et al. 1994 and Weber et al. 1995). The main
focus was on nucleosynthetic **Ca isotope
anomalies and mass-dependent Ca isotope frac-
tionation in CAIs. Beside these geoscientific
oriented studies other studies on Ca isotopes
exist (Roy et al. 1995; Bushinsky et al. 1990).
Both studies used **Ca for labeling of bone
(Bushinsky et al. 1990) and for determination of
Ca deposition at the cell walls of apple fruit. As
both studies are tracer studies working with high
amounts of **Ca enrichment these studies did not
need a precision needed to investigate natural Ca
isotope variations.

SIMS has also been used to determine the
radiogenic *°Ca ingrowth in K-rich minerals. In
order to suppress the K intensities relative to Ca,
Harrison et al. (2010) analysed doubly charged
K** and Ca™ ions. With this technique the
authors were able to reconcile K—Ar and K-Ca
systematics in alkali feldspars from the Klokken
syenite (1166 Ma) in southern Greenland and to
unravel complex genetic relations.

5.5.2 Neutron Activation Analysis
INAA

Mass dependent Ca isotope fractionation effects
were also approached by methods other than
mass spectrometry. One of the applied analytical
methods was neutron activation analysis (INAA)
(Corless 1966, 1968). The basic concept of
neutron activation is that certain nuclides are
selectively activated by neutron-radiation. To
analyze Ca isotope fractionation effects with this
methods, the ratio of “8Ca and the total Ca con-
centration (48Ca/Camml) is determined. The *3Ca

Analytical Methods

is measured indirectly on the basis of the nuclear
reaction:

BCa(n,y)°Cd’ ST gL TN gy

The total Ca concentration is precisely deter-
mined for instance by acid EDTA titration
(ethylenediaminetetraacetic) in wet chemistry.
The results obtained by neutron activation anal-
ysis showed large variations of up to 10 %o
(Corless 1966, 1968), which were, however, not
reproduced by subsequent studies.

5.5.3 Determination of Mass
Dependent Ca Isotope
Fractionation
by Radionuclide Tracers

A further non-mass spectrometric approach to

investigate mass dependent calcium isotope frac-

tionation effects was the application of radiotrac-

ers. For instance, Moller and Papendorff (1971)

used a *Ca tracer (t;p = 163 d) during calcium

carbonate precipitation experiments. Their experi-
ments revealed that Ca isotope fractionation
between solution and precipitated CaCO; is
smaller than 0.3 %o/amu. Based on their results,

Moller and Papendorff (1971) proposed that the

hydration of the Ca**-ion may hinder a larger

degree of Ca isotope fractionation and that frac-
tionation in Ca**-diffusion processes may exceed

0.3 %o/amu. Although this method was not sen-

sitive enough to quantify the degree of Ca isotope

fractionation during CaCO; precipitation, their
results are still consistent with recent studies.

5.6 Error Representation

An overview of existing external reproducibilities
of Ca isotopic measurements shows that the
long-term 2 standard deviation (2SD) is comprised
between 0 and 0.50 %o for §***°Ca (Table 6).
Usually reproducibility is calculated from full
procedural replicates on reference material. How-
ever, samples present different matrixes than
standards and thus react differently during ioniza-
tion. As a result, some authors proposed to take
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into account repeated measurements of various
sample materials (Teichert et al. 2005; Griffith et al.
2008; Gussone et al. 2009; Schmitt et al. 2009,
2013; Cobert et al. 2011a, b). A way to avoid this
artifact is to process seawater standard, which is a
matrix-rich standard through each measurement
session and to process it similarly to samples (Lehn
et al. 2013; du Vivier et al. 2015). In doing so,
du Vivier et al. (2015) observed no difference
between replicate sample and standard measure-
ments. The Saskatchewan group (Holmden and
Bélanger 2010) introduced drift corrections for
each measurement session. They indeed observed
an instrumental drift from about 0.3 %o over
2-years. In order to avoid this, they usually per-
formed around 15-30 measurements in 1-2 weeks
measurement sessions, including samples and
standards. Then they adjusted the isotopic com-
position of their double spike using an exponential
law in each measurement session, to achieve
and average constant isotopic difference between
two standards (seawater and CaF,). Similarly,
Hindshaw et al. (2011) measured in each turret
standards, which values were averaged and cor-
rected to zero. This correction was then applied to
all samples run on the same turret. As a result these
authors (Hindshaw et al. 2011; Holmden and
Bélanger 2010; Ryu et al. 2011) decreased their
long-term external 2SD down to +0.07 %, com-
pared to +0.10-0.15 %o obtained by most other
laboratories. More recently Lehn et al. (2013)
decreased their long-term external reproducibility
down to +0.04 %o by improving the measurement
protocol and optimizing the **Ca/**Ca spike mix-
ture. However, in doing so they also increased the
amount of Ca loaded on the filament (10-16 pg),
which may be limiting for samples very poor in Ca.

To improve the statistical significance of a
single 8***°Ca measurement, most of presently
published Ca isotope data result from the com-
bination of at least two individual measurements.
These values and their corresponding errors are
presented in different ways, trying to minimize
the error, in order to be able to resolve the
smallest 8**°Ca variations. Thus, direct com-
parison between different laboratories is difficult.

Analytical Methods

However, the significance of the numbers is
mostly clearly stated in the different articles
dealing with Ca isotopes, so that the reader can
judge their significance for themselves and
recalculate the errors if necessary.

Five main ways of reporting replicate 5***°Ca
(or 8***2Ca) values and associated errors can be
listed from the literature and are reported
hereafter:

(1) Mean 8*4°Ca (or §****Ca) values and 2SD
(95 % confidence level) corresponding to N
measurements of one given sample (Skulan
et al. 1997; Soudry et al. 2004; Wieser et al.
2004; Fantle and DePaolo 2005, 2007;
Immenhauser et al. 2005; Schmitt and Stille
2005; Steuber and Buhl 2006; Kasemann
et al. 2008; Komiya et al. 2008; Gussone
et al. 2009; Tipper et al. 2010; Reynard
et al. 2011).

Mean §**°Ca (or e 42Ca) values and 1SD
(68 % confidence level) corresponding to N
measurements of one given sample (e.g.
Halicz et al. 1999; Heuser et al. 2002, 2005;
Clementz et al. 2003; Fietzke et al. 2004;
Wiegand et al. 2005; Chu et al. 2006;
Rollion-Bard et al. 2007; Sime et al. 2007;
Ewing et al. 2008; Page et al. 2008; Rey-
nard et al. 2010).

Mean §*%°Ca (or 5+ 42Ca) values and 2SE
corresponding to N measurements of one
given sample (e.g. Zhu and Macdougall
1998; Gussone et al. 2003, 2004; Schmitt
et al. 2003a, b; Kasemann et al. 2005; Sime
et al. 2005; Teichert et al. 2005; Bohm et al.
2006; Tipper et al. 2006; Amini et al. 2008;
Griffith et al. 2008; Heuser and Eisenhauer
2008; Heuser et al. 2011).

Mean §**°Ca (or 844/42Ca) values corre-
sponding to N measurements of one given
sample and long-term 2SE calculated from
replicates of different samples or standards
(e.g. Marriott et al. 2004; Farkas et al. 2007,
Ewing et al. 2008; Jacobson and Holmden
2008; Cenki-Tok et al. 2009; Schmitt et al.
2009, 2013; Cobert et al. 2011a; b; Hind-
shaw et al. 2010, Farkas et al. 2011; Bagard

@
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et al. 2013; Gangloff et al. 2014; Blattler
et al. 2015; du Vivier et al. 2015)

(5) Weighted 5**°Ca and 2SE corresponding
to N measurements of one given sample
(e.g. Nigler et al. 2000; Hippler et al. 2003,
2006).

As it is widely known, statistically SD and SE
do not have the same significance. The standard
deviation (SD or o) says how widely scattered
some measurements are. The standard error (SE
Of Onean) indicates the uncertainty around the
estimate of the mean measurement. Moreover,
SE and SD are related by the following equation:

SE = E, with n: number of replicates
N

If the data follow a normal (or Gaussian)
distribution, then about 68 % of the data values
are within one standard deviation of the mean
(x1SD). About 95 % are within two standard
deviations (£2SD). It has also to be noted that,
for small number of replicates, the mean values
and corresponding errors are usually expressed
using weighted values.

In order to check the differences induced by
the multiple ways of reporting replicate mea-
surements of ***°Ca values and corresponding
errors, we have applied all the existing calcula-
tions to replicate analysis of samples (Table 7). It
can especially be observed that for the presented
dataset up to 50 % relative difference can be
observed between mean and weighted average
§*40Ca values, with an average difference of 3
+ 41 % (2SD; N = 17). For a limited number of
replicates, weighted average values are statisti-
cally closer to the “true” value than mean ones.
However, when only few replicates are available
this method accords more weight to a sample
measured with a good internal error, with no
glance at the accuracy.

Given the small number of replicates usually
performed in Ca isotopic studies, 2SD, 2SE and
1SD are statistically not robust. Indeed, when we
consider for instance samples 5 or 12, which are
measured twice and give each time similar
§*49Ca values, internal 2SE values, external SD
or SE would be close to zero, which makes no

(49)

Analytical Methods

sense. We can deduce from Table 7 that the
variation between weighted 2SE (rep. weighted
2SD) and long-term 2SE (resp. long-term 2SD)
differ but are in the same order of magnitude.
Weighted errors refer to replicates of the same
sample and reflect the way the measurement is
completed. Long-term errors average short-term
instabilities and show how the measurement
reproduces over a long period of time. Each
method presents its highlights and drawbacks; no
optimal method exists for small replicates (2-3).
As a result caution should be exercised in
drawing conclusions over small differences in
samples when comparing data from one labora-
tory to another without recalculating the 8***°Ca
values and corresponding errors.
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Nikolaus Gussone and Martin Dietzel

Abstract

Calcium isotopes are fractionated during inorganic precipitation from
aqueous solutions according to their relative mass differences. The
magnitude and sign of isotope fractionation depend on the composition
and structure of the solid and the physicochemical conditions of the
aqueous environment. The first part of this chapter focuses on Ca isotope
fractionation during precipitation experiments at well-defined conditions,
where results for Mg, Sr and Ba are included for the discussion of
fractionation mechanisms. Different conceptual models for Ca isotope
fractionation between carbonate minerals and aqueous solutions are
discussed in the second part. The following parts of this chapter illustrate
Ca isotope variability found in inorganic minerals from natural environ-
ments and the Ca isotope fractionation related to ion diffusion, exchange
and adsorption in aqueous systems.

Keywords
Inorganic precipitation - Experiments - Isotope fractionation - Diffusion -
Ion exchange

1 Inorganic Precipitation
Experiments
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including temperature, precipitation rate, super
saturation, stoichiometry and coordination envi-
ronment on the mass-dependent isotope frac-
tionation of alkaline earth metals (except Be and
Ra) during mineral growth. Most experiments
dealing with stable isotope fractionation of
alkaline earth elements during precipitation from
aqueous solutions into different minerals reveal a
tendency of light isotope enrichment in the solid
product phases. However, recent studies on
hydrous Ca and Mg minerals show enrichments
of light or heavy isotopes in the precipitated solid
phase, depending on the cation coordination. In
general, the degree of isotope fractionation
depends on several factors, e.g. the respective
incorporated element, the mineral phase, the
chemical composition of the fluid (e.g. saturation
state, stoichiometry, cation coordination) and the
physicochemical conditions during precipitation.
In the following sections the characteristic Ca
isotope fractionation patterns in different miner-
als (mainly carbonates and sulfates) are dis-
cussed. Available data on earth alkaline stable
isotope (EASI) fractionation, besides Ca, are
included for comparison.

1.1 Carbonates

EASI fractionation between carbonate minerals
and the fluid they precipitated from depends on
parameters as temperature, growth rates, fluid
chemistry and mineralogical structure of the
precipitated mineral. The effects of the different
parameters on mass dependent isotope fraction-
ation during precipitation of carbonate minerals
have been studied using various experimental
approaches. Experimental results reveal charac-
teristic, but also partly discrepant fractionation
patterns, for several Ca carbonate phases (calcite,
aragonite, vaterite and ikaite), Mg carbonate
(magnesite) and Ba carbonate (witherite).

1.1.1  Calcite

The response of Ca isotope fractionation on
varying conditions during calcite growth is
approached by several studies using different
experimental setups. This section provides an

overview of the experimental results, while a
discussion of isotope fractionation models and
ways to reconcile the partly discrepant observa-
tions are given in Sect. 2 of this chapter.

The temperature dependence of Ca isotope
fractionation during calcite precipitation is
determined in pH-stat experiments at constant
growth rates by Marriott et al. (2004). They

report a fractionation (A44/ 40CaC07Caz<> of

about —0.6 to —1.0 %o and a temperature sensi-
tivity of about +0.015 %0/°C, with decreasing
fractionation for increasing temperature, similar
to observations on synthetic aragonite (Fig. 1).
A temperature dependence of this magnitude in
carbonate minerals is interpreted by Lemarchand
et al. (2004) as growth rate effect, caused by the
temperature dependent speciation of dissolved
carbonate and subsequent changes in calcite
saturation. This hypothesis is based on experi-
ments, with varying CO32_ concentrations,
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Fig. 1 Temperature dependent Ca isotope fractionation

(A¥HCa . .. ) of different CaCO; minerals. Arrows
indicate the effect of increasing precipitation rates on Ca
isotope fractionation at a given temperature. Experimen-
tally determined apparent temperature dependencies for
aragonite and calcite might be biased by changes in
precipitation rate. If the apparent Ca isotope fractionation
between the CaCOs; polymorphs is a real mineralogical
feature related to Ca coordination or a result of typical
precipitation rates, related to solubility and conditions
during the precipitation experiments, is not yet finally
resolved. Cave-simulating calcite precipitates reveal high
degrees of fractionation similar to those observed for
aragonite
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Depending on the experimental setup, different rate dependencies are observed for synthetic calcium carbonate phases.
Calcite formed at 5, 25 and 40 °C (Tang et al. 2008a), at 21 °C (Lemarchand et al. 2004), aragonite (Gussone et al.

2003), vaterite and ikaite (Gussone et al. 2011)

leading to variable precipitation rates at a con-
stant temperature of 21 °C. Their results show

A44/40C3cC—Ca2+ between —1.5 and 0 %o, and
decreasing fractionation with increasing precipi-
tation rates in experiments with unstirred solution
and values of —0.2 to —0.3 %o for stirred solu-
tions (Fig. 2). These data comprise results from
experiments with Ca concentrations of 15 and
150 mM, showing no difference between both
data sets. An opposite rate dependence is
demonstrated by Tang et al. (2008a), who studied
the rate dependence at 5, 25 and 40 °C. Their

results show A*/ 4OCaC07Caz+ between —0.5 and
—1.4 %o and increasing fractionation with
increasing precipitation rates, with a larger sen-
sitivity at low temperatures and a minor rate
dependence at higher temperatures.

In a subsequent study (Tang et al. 2012) it is
shown that ionic strength has only a little influ-
ence on Ca isotope fractionation during calcite
precipitation for ionic strength ranging between
35 and 830 mM (Fig. 3). Both studies demon-
strate a strong negative correlation between
Sr/Ca partitioning and Ca isotope fractionation. It
is suggested that temperature and growth rate are

the main controlling factors and that ionic
strength contributes to about 11 % of the
apparent isotope fractionation (Tang et al. 2012).

A further set of experiments simulates Ca
isotope fractionation during formation of cave
deposits at temperatures between 7 and 40 °C

-0.2
044 i
.0.6,
¢ 1.0 -
3
S
g 1.2 4
“
1.4 4
€353 mM
1.6 4 292 mM
4.8 282 : : : :
15 2 25 3 35 4 45

log R (umol-m®h™)

Fig. 3 Calcium isotope fractionation between calcite and
dissolved Ca (A*/ “OCag,_cp2+) as a function of growth
rate, related to the ionic strength of the fluid. Differences
in ionic strength between 35 and 830 mM have only a
minor effect on Ca isotope fractionation of calcite.
Modified after Tang et al. (2012)
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(Reynard et al. 2011). Overall, in the experiments
using seed crystals, Ca isotope fractionation
ranges from about —1.2 to —2.0 %o in the ponded
zone and from —2.0 to —2.3 %o in the splash
zone. The apparent temperature sensitivities of
about 0.010 and 0.016 %0/°C are similar to those
of the batch experiments of calcite of Marriott
et al. (2004). The un-seeded dish experiments
reveal significantly different results with a
A¥HCa o+ between —0.35 and —0.5 %o and
an inverse correlation between temperature and
isotope fractionation of —0.016 %./°C (Fig. 1).
Fractionation of Ca isotopes during calcite
growth during experiments on larger scales
(10 m, 100 days) is described by Druhan et al.
(2013). This study evaluates, if mechanisms
described in controlled lab experiments also
apply to field scale observations in groundwater
systems with active calcite precipitation. In the
experiments, CaCOj3 precipitation is initiated by
injection of acetate into wells. The introduced
organic C is transferred by microbial activity to
DIC (dissolved inorganic carbon) via sulphate
reduction and methanogenesis. During the sam-
pling period of 100 days, Ca concentration
decreases from about 6 to >1 mM and 3***°Ca
values show an increase of about 1.0 to 2.5 %o in
the groundwater. The results reveal relatively

large differences for A*/ “Cac, ¢+ between
adjacent wells on a few meter scale, indicating a
large effect of parameters such as groundwater
flow on the precipitation conditions during the
experiments. The relation between [Ca2+]
decrease and 5***°Ca increase does not follow a
Rayleigh fractionation trend, which indicates that
isotopic equilibrium is not reached during the
time of sample collection. Additionally, Druhan
et al. (2013) suggest that an isotopic
re-equilibration is possible after the chemical
equilibrium is reached and that consequently, Ca
isotope signals based on kinetic fractionation
effects have a little preservation potential in the
rock record (see also Mg isotope results on
magnesite; Pearce et al. 2012). The evolution of
Ca concentration and isotopic composition in the
aquifer can be described by a coupled ion by ion
and reactive transport model (Nielsen and

DePaolo 2013; Druhan et al. 2013). This mod-

elling suggests values for A% 4OCaCCfC,du
between —0.6 and —1.0 %o, with higher degrees
of fractionation during earlier stages of precipi-
tation (at higher degrees of super saturation and
presumably higher precipitation rates) and
smaller fractionation during later sampling (at
lower super saturations and slower precipitation).
These observations are consistent with the
experimental results of Tang et al. (2008b, 2012)
and suggest that observations on Ca isotope
fractionation obtained in controlled lab experi-
ments can be transferred to natural processes.
Similar to Ca, light Mg isotopes are prefer-
entially incorporated during precipitation of cal-
cite. The isotope fractionation between calcite

and dissolved Mg (A26/24MgCC_Mgz+) varies

between —1.5 and —3.2 %o for calcite grown in
controlled precipitation experiments (Fig. 4). Li
et al. (2012) present evidence for a temperature
dependent Mg isotope fractionation in calcite and
high-Mg calcite, precipitated during seeded
growth experiments. Between temperatures of 4
and 45 °C, their results show an increase in
3%*Mg of 0.011 %0/°C with increasing tem-
peratures. Experiments of Immenhauser et al.
(2010) and Mavromatis et al. (2013) reveal a
dependence of A%/ 24MchfMg2+ on growth rate
(Fig. 4b), with decreasing Mg isotope fractiona-
tion at increasing precipitation rate, similar to the
observations on Ca isotope fractionation of
Lemarchand et al. (2004). Such a clear relation is
however not apparent from the data set of Li
et al. (2012). The lacking temperature depen-
dence of the experimental data of Saulnier et al.
(2012) in the temperature range from 16 to 26 °C
(Fig. 4a) might also be related to changes in
precipitation rate. Magnesium isotope fractiona-
tion seems to be independent from changes in
Pco, in the range between 0.038 and 3 % (Li
et al. 2012) and pH between 7.4 and 8.5 (Saul-
nier et al. 2012). The Mg isotope fractionation is
also not related to the absolute Mg concentration
of the precipitated calcite (0.8 to 15 mol% Mg),
but there is a significant correlation between the
partition coefficient of Mg (Dy) for calcite to
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A% 24Mg (Mavromatis et al. 2013), as both
directly depend on growth rate.

Magnesium isotope data of Mavromatis et al.
(2013) lie in a three isotope plot either on the
kinetic mass fractionation line or between the
kinetic and equilibrium fractionation line. Calcite
grown at high growth rates plot on the kinetic
fractionation line, and with decreasing growth
rates samples approach the isotope fractionation
at equilibrium. By extrapolation of this trend,
Mavromatis et al. (2013) suggested that isotope
fractionation at equilibrium is —3.5 £ 0.2 %o at
25 °C, which is in good agreement to modelling
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results of Rustad et al. (2010). This observed Mg
isotope fractionation pattern is well explainable
by the surface entrapment model (see explanation
in Sect. 2), assuming an equilibrium isotope
fractionation of —3.5 %o and increased incorpo-
ration of isotopic un-equilibrated Mg at high
precipitation rates. The different isotope frac-
tionation behaviour of Mg relative to Ca and Sr is
suggested to be related to the high hydration
energy of Mg, compared to Ca and Sr.

An additional isotope fractionation mecha-
nism is suggested by Saulnier et al. (2012), who
propose that besides entrapment of Mg in Mg
rich surface layers, the incorporation of
un-equilibrated Mg from e.g. fluid inclusions can
lead to a reduced apparent Mg isotope fraction-
ation in calcite relative to the isotope fractiona-
tion at equilibrium.

Strontium isotope fractionation of inorganic

calcite (Agg/ 86SrCC_SrH) ranges from —0.1 to

—0.3 %o at 25 °C (Bohm et al. 2012), revealing
an increase of Sr isotope fractionation with
increasing precipitation rate (Fig. 5a).
A%/ 86Srccfsrz+ shows also good correlation with
St/Ca partitioning (Dg, = (St/Ca)gqia/(St/Ca)quia)
in synthetic calcite (Fig. 5b, c), measured on
aliquots of the same samples (Tang et al. 2008).
The relationship of Ca and Sr isotope fractiona-
tion (A%/%0Sr.. g2 =0.19- A% Ca 0v)
is in concert with a kinetic EASI fractionation
with a preferential desolvation of the light Ca and
Sr isotopes (Bohm et al. 2012).

1.1.2 Aragonite

Calcium isotopes are depleted in **Ca relative to
“0Ca in the precipitated aragonite by about —1.2
to —1.8 %o relative to the source fluid (Gussone
et al. 2003), at temperatures between 10 and 50 °
C (Fig. 1). This degree of fractionation is larger
than that for calcite grown at comparable
experimental conditions (Marriott et al. 2004;
Lemarchand et al. 2004), but similar to calcites in
cave calcite-simulating experiments (Reynard
et al. 2011) and calcite precipitated at high
growth rates (Tang et al. 2008a). The apparent
temperature dependence of aragonite is about
0.015 %0/°C (Gussone et al. 2003), similar to that
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Fig. 5 Mass dependent Sr isotope fractionation in synthetic calcite grown at 25 °C. A/ 8f’SrC%Sru is strongly
correlated to growth rate (a), D, (b) and Ca isotope fractionation (c). Data from Bohm et al. (2012)

of calcite (Marriott et al. 2004). As aragonite
precipitation rates changed with temperature in
these experiments, it is not fully resolved if the
observed dependence is purely temperature con-
trolled or also dependent on the precipitation
rate. Trace elements (Sr/Ca and Ba/Ca) analysed
on aliquots of the studied aragonite show that
Nernst law is fulfilled and that chemical equi-
librium is reached (Dietzel et al. 2004). However,
Gussone et al. (2005) indicated that there was
probably no isotopic equilibration for Ca iso-
topes in these aragonites. This reasoning is con-
sistent with observations on Ca isotopes in
calcite (Druhan et al. 2013) and Mg isotope
incorporation in magnesite (Pearce et al. 2012),
showing that isotopic re-equilibration continues
after reaching chemical equilibrium. Thus,
chemical and isotopic equilibration can take
place on different time scales.

Mass dependent isotope fractionation during
growth of synthetic aragonite is studied in addi-
tion to Ca also for the alkaline earth elements Mg
and Sr. Aragonite, precipitated under controlled
laboratory conditions (Wang et al. 2013b)
incorporates preferentially light Mg isotopes,
with decreasing fractionation at increasing tem-

peratures. A%/ 24Mgamg71\,lgz+ range from —1.1 %o
(at 25 °C) to —0.8 %o (at 55 °C). The tempera-
ture dependence is about 0.01 %0/°C (Fig. 4). In
contrast to Ca isotopes, aragonite is less frac-
tionated than calcite in respect to Mg isotopes.
Interestingly, the observed A%/ 24Mgarag_Mng

values of aragonite are similar to the model cal-
culations of Rustad et al. (2010) for equilibrium

isotope fractionation between the Mg-aqua
complex in solution and solid magnesite
(A26/ 24Mgmg_l\,[gu ). Anyhow, the incorporation
of Mg in aragonite is still hotly debated as the
Mg?* ion does not fit in the cation position of the
aragonite structure. The Mg content of aragonite
might be rather controlled by crystallographic
defects in the aragonite crystal, Mg adsorption
and/or fluid inclusions instead of isomorphic
substitution of Ca.

The temperature dependent fractionation of the
#8S1/%Sr ratio of synthetic aragonite is 0.0054
+ 0.0005 %0/°C (Fig. 6). As the degree of frac-
tionation between fluid and solid is not reported, it
is not yet resolved if aragonite is more or less
fractionated compared to calcite in respect to
5%%/86Sr (Fietzke and Eisenhauer 2006).
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Fig. 6 Temperature dependent incorporation of Sr iso-
topes in aragonite. The temperature sensitivity of 588/86gy
is 0.0054 + 0.0005 %0/°C (Fietzke and Eisenhauer 2006)
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1.1.3 Vaterite
Calcium isotope fractionation between synthetic

vaterite and fluid (A*/ 4OCaV,dFCaH) based on
different experimental setups ranges from —0.25
to —0.6 %o. Experiments conducted at high
degrees of super saturation resulting in high

growth rates, reveal A%/ 4()Cavat_Cau between
—0.25 and —0.5 %o, with no significant temper-
ature dependence between 10 and 50 °C (Fig. 1;
Gussone et al. 2011). Precipitation in these
experiments takes place at high growth rates,
taking advantage of the Ostwald rule of stages to
favour precipitation of a more soluble polymorph
instead of the more stable calcite or aragonite
without addition of inhibitors. These results are

consistent with A44/40Caval7Caz+ ranging from
—0.3 to —0.6 %o (Niedermayr et al. 2010),
obtained for vaterite grown in CO, diffusion
experiments, similar to the setup of Tang et al.
(2008a). Their results also indicate a dependence
of Ca isotope fractionation on the precipitation
rate, but significantly less pronounced compared
to that observed for calcite (Tang et al. 2008a,
2012). Overall, Ca isotope fractionation of
vaterite resembles that of calcite precipitated at
high rates in the experiments of Lemarchand
et al. (2004). This might suggest that vaterite,
grown from highly supersaturated fluids, frac-
tionates according to the model prediction of
Lemarchand et al. (2004), i.e. increasing amounts
of un-equilibrated Ca from the fluid are incor-
porated into the crystal by co-precipitation at
increasing precipitation rates. As a further
explanation, Nielsen et al. (2012) propose that a
A44/40Camin,Ca-growth rate dependence as
described by Lemarchand et al. (2004) might be
related to the precipitation of an amorphous
calcium carbonate (ACC) precursor phase,
occurring in fluids which are supersaturated with
respect to ACC.

1.1.4 Ilkaite

TIkaite (CaCO36H,0) is a hydrous Ca carbonate
mineral, which is stable at temperatures below
about 4 °C or stabilized under special chemical
conditions, e.g. in phosphate rich fluids.
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A% 40Caikaite_Caz+ of synthetic ikaite, precip-
itated from fluids with high CaCOj; saturation
stages and therewith at high precipitation rates,
varies between —0.40 and —0.75 %o (Gussone
et al. 2011).

Experimental setups at high saturation stages
are used to favour ikaite precipitation over the
less soluble phases calcite and aragonite. The
observed Ca isotope fractionation is smaller than
that of calcite and aragonite at comparable low
temperatures, but similar to that of vaterite and
the calcite precipitated by Lemarchand et al.
(2004) at similar high precipitation rates (Figs. 1
and 2). This range of A*/*Ca, . .. is in
general agreement to Ca isotope fractionation of
synthetic ikaite reported by Colla et al. (2013).
Their experiments show ikaite enriched in light
40Ca compared to the fluid. During the experi-
ments, a large portion of the dissolved Ca is
consumed, which is indicated by the similarity of
the 8*¥4*°Ca of the precipitated ikaite with that of
the initial fluid, while the §***°Ca of the fluids at
the end of the experiments is strongly depleted in
40Ca. As the Ca consumption during the experi-
ments is not reported, the isotope fractionation
factor cannot readily be determined.

1.1.5 Amorphous Calcium Carbonate

The presently available data on amorphous cal-
cium carbonate (ACC) indicate that Ca isotope
fractionation during its precipitation

(A**Capce cp+) is  significantly  smaller
compared to aragonite, calcite and vaterite. Nie-
dermayr et al. (2010) report a A¥40Cy ACC_Ca2+
of about —0.25 %o. This value is in general
agreement to a qualitative statement of Gagnon
et al. (2010) that Ca isotope fractionation during
ACC growth is significantly smaller than for
calcite over a large range of temperatures and
super saturation. They suggest that the
rate-limiting step is different for calcite and ACC,
and that Ca isotopes might serve as a potential
proxy for the identification of crystallisation
pathways.  Potential  applications  include
biomineralisation processes and occurrence of
precursor phases in precipitation experiments.
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For instance, Nielsen et al. (2012) suggested that
discrepant dependencies on rate dependent Ca
isotope fractionation in calcite observed for dif-
ferent experimental setups (Lemarchand et al.
2004; Tang et al. 2008a) might be related to
calcite or aragonite formation via precipitation of
an ACC precursor.

1.1.6 Magnesite, Dolomite, Dypingite
and Nesquehonite

Magnesium isotope fractionation between mag-
nesite (MgCO3) and fluid is studied in respect to
precipitation, dissolution and equilibration
(Pearce et al. 2012). Similar to Ca isotopes in
CaCOj; minerals, light Mg isotopes are enriched
in the solid phase. A26/24Mgmag,Mgz+ varies
between about —1.2 %o at 150 °C and —0.8 %o at
200 °C, demonstrating decreasing isotope frac-
tionation with increasing temperature and a
temperature sensitivity of about 0.008 %o/°C.
This study also provides evidence that Mg stable
isotope fractionation takes place not only during
precipitation, but also during congruent dissolu-
tion, revealing 0.15 to 0.4 %o higher 5°***Mg in
the fluid compared to the dissolving solid. The
isotope composition of the fluid also continues to
change, after establishing chemical equilibrium,
indicating that isotopic equilibration goes on
after chemical equilibrium has been reached.
These observations show that chemical equilib-
rium can be reached without isotopic equilibra-
tion, and that chemical and isotopic equilibration
take place at different time scales. This behaviour
documents the dynamic system between mineral
and fluid at thermodynamic equilibrium, which
means that dissolution and precipitation continue
at equal rates.

Magnesium isotope fractionation is also charac-
terised for the hydrous magnesium carbonate phases
dypingite (Mgs(CO3)4(OH),-5H,0) and nesque-
honite (MgCO5:-3H,0). In precipitation experiments
at25 °C A*/ 24Mgneswehomte7Mgz+ is determined to
be about —0.6 %o and A%/ 24MgdypingitefMng ran-
ges from —1.2 to —1.5 %o (Mavromatis et al.
2012). There is no difference in apparent Mg iso-
tope fractionation between abiogenic experiments
and those containing bacteria. In addition, there is

no indication for a dependence of Mg isotope
fractionation on pH, [Mg”*] and [CO5>7].
Synthetic dolomite formed by transformation
from calcite and aragonite at temperatures
between 220 and 130 °C show a range in

A26/24Mgdo107Mg2‘ from —1.1 to —0.6 %o (Li

et al. 2015). Sampling of dolomite during the
course of experiments (up to 50 days) show that
A%/ 24MgdolomitefMg2+ changes with time. Mag-
nesium isotope fractionation is larger at the
beginning of the precipitation experiments and
subsequently converges towards an equilibrium
value. As equilibrium values, Li et al. (2015)
suggest A%/ 24Mgdmo_]\,[gu of —0.62, —0.83 and
—0.93 %o at 220, 160 and 130 °C, respectively,
showing thus a temperature dependence with
decreasing Mg isotope fractionation at increasing
temperatures. Extrapolation of this temperature
trend towards lower temperatures is consistent
with A%/ 24Mgdnlo_l\,[gz+ of natural sedimentary
dolomites in the range of —2 to —3 %o of Higgins
and Schrag (2010) and Fantle and Higgins
(2014), while Geske et al. (2015) report smaller

fractionation (A%/ 24Mgdolo_Mgu 0 to —0.7 %o).

1.1.7 Witherite and BaMn(COs),

Barium isotope fractionation (AP 134B.':1mm_Baz+ )
is studied in synthetic witherite (BaCOj3 ) by van
Allmenetal. (2010) and in synthetic BaMn(CO3);,
a previously unrecognized double carbonate
mineral, by Bottcher et al. (2012). As for Mg, Sr
and Ca, light Ba isotopes are preferentially incor-
porated into the solid carbonate phase during
precipitation from aqueous fluids. Barium isotope
fractionation between witherite and dissolved Ba

(AP7/134Ba o po+ varies between —0.1 and
—0.3 %o at temperatures of 21 and 80 °C; Fig. 7).
The initial data do not show a clear temperature
effect, but suggest that witherite formed at low
precipitation rates is more depleted in '*’Ba than
that at higher precipitation rates (von Allmen et al.
2010). The fractionation of about —0.1 %o
between BaMn(COs), and fluid

(A7 '34BaBaMn(C03)2_Baz+) precipitated at 21 °C
(Bottcher et al. 2012) is similar to that of witherite.
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(A137/134Bamin738u ) in barite, witherite and BaMn
(CO3),. Barium is preferentially enriched in light isotopes
in the solid carbonate and sulfate phase precipitating from
an aqueous solution (von Allmen et al. 2010; Béttcher
et al. 2012). Initial data suggest a possible Ba isotope
fractionation dependent on precipitation rate. Larger
fractionation at lower precipitation rates seems to be
compatible with the rate dependent Ca isotope fraction-
ation for calcite of Lemarchand et al. (2004)

1.2  Sulfates
1.2.1 Anhydrite
The fractionation of Ca isotopes

(AM/ 40Calarll1y(17Caz+) during precipitation of syn-
thetic anhydrite (CaSO,) is determined to be
about —1 %o in the temperature range between 30
and 40 °C (Hensley 2006). Precipitation is
achieved in this experimental setup by successive
evaporation of modified seawater. Samples of
fluids and solids taken during ongoing precipi-
tation of anhydrite reveal a Rayleigh type frac-
tionation, with increasing 8**4°Ca ratios in the
fluid and solid during ongoing precipitation
(Fig. 8). This development reflects the preferen-
tial incorporation of light isotopes in the anhy-
drite and successive depletion of light isotopes in
the fluid.

1.2.2 Gypsum

Calcium isotope fractionation between synthetic
gypsum and fluid (A*/ 4(’Cagypmm_Ca
from —2.25 to —0.80 %o in experiments con-
ducted at constant temperature (25 = 1 °C), pH

2+ ) ranges
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Fig. 8 Development of 5*/*°Ca in brine and synthetic
anhydrite during ongoing precipitation. §*"49Ca of brine
and anhydrite increase during the evaporation experi-
ments, revealing an isotope fractionation of about —1 %o
(Hensley 2006)

(5.6 £0.2) and ionic strength (0.5-0.6), but
variable gypsum saturation degrees (Qgypsum: 1.5
to 4.8), aqueous stoichiometry (Ca:SO,>” ratio
from 1:3 to 3:1) and precipitation rates (Har-
ouaka et al. 2014). There are systematic differ-
ences in Ca isotope fractionation between
gypsum precipitated from stirred and unstirred
solutions. While stirred experiments show no
clear dependence of Ca isotope fractionation on
precipitation rate or Qgypsum (Fig. 9), the unstir-
red experiments reveal positive correlations

44/40
between A" Cagycum-ca

rate as well as A*/%Ca
The dependence on precipitation rate for calcium
isotope fractionation between synthetic gypsum
and fluid resembles that for calcite formation
found by Lemarchand et al. (2004), demonstrat-
ing decreasing fractionation with increasing
precipitation rates. A slight difference in Ca
isotope fractionation between crystals with dif-
ferent morphologies suggests that growth on
different crystal faces might be associated with
shifts in Ca isotope fractionation, possibly related
to the incomplete dehydration of the Ca ions
being incorporated at the (010) face of the gyp-
sum crystal (Harouaka et al. 2014).

:+ and precipitation

gypsum—Ca? and ngpsum-
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effect is less pronounces in stirred solutions (a). Similarly,
the influence of gypsum saturation (Qgypsum) Oon Ca
isotope fractionation is larger in unstirred fluids compared
to stirred (b). Modified after Harouaka et al. (2014)

>+ decreases with

While the Ca2+:SO427 ratio of the solution
seems to have no major effect on
A¥0Ca, e (Harouaka et al. 2014), it
influences the development of brines and min-
erals in evaporitic sequences, as shown in
experiments, where gypsum precipitation is ini-
tiated by evaporation of Na*, C1~, Ca** and SO4*
~ containing solutions with different SO,*":Ca**
ratios (Bléttler and Higgins 2014). If sulfate is in
excess over Ca in the solution, large Rayleigh
fractionation effects occur in the fluid as nearly
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Fig. 10 Rayleigh fractionation during evaporation exper-
iment of Na*, C1”, Ca®* and SO4>~ containing solutions.
The degree of Ca consumption prior to termination of
gypsum precipitation and initiation of halite precipitation
(grey dashed boxes) depends on the Ca®*:S04>" ratio of
the solution. It also controls the development of 5**°Ca of
the solution (blue line) and gypsum (accumulated gypsum
in red and instantaneously precipitated gypsum in green).
The fractionation curve of the instantaneous gypsum
defines the maximal range of 5*440Cy (green boxes) that
can be expected in the respective evaporitic sequence.
Modified from Blittler and Higgins (2014)

all Ca is consumed before gypsum formation
terminates and halite formation starts (Fig. 10).
The experiments reveal an increase of 2 %o in
3*40Ca of the fluid during the experiment with
sulfate excess over Ca. In contrast, if Ca is in
excess over sulfate, the increase is less pro-
nounces. For instance at a SO427:C2[2+ of 0.3, the
3*40Ca of the fluid increases by only 0.2 %o.
With decreasing Ca excess over sulfate, rela-
tively more Ca is removed from the solution
before the sulfate is consumed and gypsum pre-
cipitation terminates, and the larger is the
increase in 3***°Ca of solution and solid at the
end of the experiment. The determined

A44/40C3gypsum—Ca“ of these experiments is

between —1.0 and —1.3 %o and on average about
—1.0 %o, similar to the fractionation observed for
anhydrite (Hensley 2006), and within the range

of A¥/4Cq

ments of Harouaka et al. (2014). The relevance
of these experimental results for the

aypsum—ca2+ revealed by the experi-
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interpretation of natural evaporate-sequences is
discussed in Sect. 3.3.2.

1.2.3 Barite
Calcium isotope
(A*/*Cay e e+ ) Of synthetic barite (BaSO,)
is —2.4 to —3.4 %o relative to the fluid it pre-
cipitates from (Griffith et al. 2008). In the range
between 5 and 40 °C, 5440y depends on tem-
perature with a rate of 0.019 %o/°C (Fig. 11a).
This temperature sensitivity is similar to that
shown by synthetic and biogenic carbonate
minerals. The experimental results indicate that
Ca isotope fractionation during barite precipita-
tion depends on several parameters including
temperature, precipitation rate and the chemical
composition of the fluid, e.g. barite saturation
Qparite, aqueous stoichiometry (Ba:SO4 and Ca:
Ba ratio; Fig. 11c). Increasing Ca/Ba activity
ratios lead to decreasing 8***°Ca of the precipi-
tated barite and thus increased Ca isotope frac-
tionation (Fig. 11b). This dependence likely
reflects isotope fractionation due to diffusive Ca”
* transport at the crystal fluid interface. At pre-
sent it is not clear if this effect results from a
reduced kinetic fractionation (approaching the
assumed equilibrium value) due to the higher Ca
activity in the fluid, or alternatively due to an
increased impact of the mass difference between
44Ca and *°Ca during diffusive transport at higher
Ca/Ba ratios (Griffith et al. 2008).

The authors suggest that a positive relation

fractionation

between A*/*Ca, . oo and Qpyie of com-
patible samples (grown at similar temperatures
and Ca/Ba ratios) are in general agreement to the
fractionation model of Lemarchand et al. (2004)
developed for calcite. The latter study demon-
strates decreasing isotope fractionation with
increasing precipitation rate. Assuming an equi-
librium Ca isotope fractionation of ~ 1.6 %o [in
contrast to the 0 %o at equilibrium proposed by
Tang et al. (2008a) and Fantle and DePaolo
(2007)], this implies increasing deviation from
the equilibrium value with increasing precipita-
tion rate.

In contrast to the experimental results, model
simulations predict equilibrium Ca isotope
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Fig. 11 Calcium isotope fractionation in barite. a The
temperature dependence of A**/*’Ca, .. .+ in barite is
similar to that observed in carbonate minerals. Barites
grown from artificial BaCl,—CaCl,—NaSO, solution and
from seawater are offset, due to differences in fluid
chemistry. b The Ca/Ba ratio in the fluid is besides
temperature a further parameter influencing AY 40Cabame,
Ca** during precipitation of barite. ¢ Calcium isotope
fractionation decreases with increasing Qp,e and thus
precipitation rate, at otherwise comparable growth condi-
tions (Griffith et al. 2008)



86 Calcium Isotope Fractionation During Mineral Precipitation from Aqueous Solution

fractionation between fluid and barite of —9 %o
(at 0 °C) and —8 %o (at 25 °C) indicating that the
synthetic barites do not reflect equilibrium iso-
tope fractionation, but are largely influenced by
kinetic fractionation effects (Griffith et al. 2008).

First data on mass dependent Ba isotope
fractionation (A"7/'**Ba, . p..) during pre-
cipitation of barite indicate that, like Ca, the light
isotope is preferentially incorporated into the

solid phase. A7/ PBa g+ lies between
—0.24 and —0.27 %o (von Allmen et al. 2010).
The data show no clear temperature dependence
in the range between 21 and 80 °C (Fig. 7).
Future work is needed to further elucidate the
effect of growth rate, temperature, fluid compo-
sition and mineral structure on the Ba isotope
fractionation.

1.2.4 Epsomite
Stable  magnesium
(A% 24Mgepwmiw_Mgz7) between epsomite and
fluid (MgSO47H,0) is characterised by an
enrichment of heavy isotopes of about +0.6 %o in
the solid relative to the fluid (Li et al. 2011). In
the temperature range between 7 and 40 °C, no
clear temperature dependence is apparent. The
processes leading to the enrichment of heavy Mg
isotopes in the solid compared to the fluid are not
yet fully understood. However, experiments on
Ca isotope fractionation on different Ca bearing
hydrous minerals (Colla et al. 2013, see next
paragraph) suggest that EASI fractionation dur-
ing mineral precipitation from aqueous fluids
might be related to different cation coordination
environments. Following this reasoning, the
observed enrichment of heavy Mg isotopes in
epsomite (Mg coordination ~ Mg!®) relative to
the dissolved Mg®* (~Mg!®) in the fluid may be
caused by slightly lower Mg coordination num-
bers or stronger (shorter) Mg—-O bonds in the
solid epsomite compared to the Mg-aqua com-
plex in the solution.

isotope  fractionation

1.3 Other (Hydrous) Phases

Hydrous Ca-phases (CaBry-10H,O-2(CH,)gNy,
Ca(NH4)PO,4 - 7H,O and CaKAsO4-8H,0O) have
been studied to explore the influence of the Ca
coordination environment on the Ca isotope
fractionation (Colla et al. 2013). Hydrous phases
are of special interest because of the relatively
direct incorporation of aqueous Ca** ions into the
crystal lattice, without complete dehydration of
the Ca-aqua complexes. In the selected Ca pha-
ses, Ca is differently coordinated: Ca'®l:
CaBr, 10H,0-2(CH,)gNy;  Cal”:: Ca(NH,)
PO, 7H,0; Ca'®: CaKAsO,8H,0) and thus
allow to study the impact of Ca coordination
(Ca™) on the Ca isotope fractionation. The dif-
ference in A*/ 4OCamin_Cau between phases with
six fold (Ca[G]) and sevenfold (Cam) Ca coordi-
nation is about 2 %o, similar to the 1-2 %o dif-
ference between phases with Ca'”l and Ca™
(Fig. 12a) and similar to model predictions of

2.6 %o difference in A*/*Ca_. ... between
Ca'and Ca'' as well as Ca”' and Ca'™®.
Depending on the coordination environment of
Ca in the respective phase, heavy Ca isotopes are
either depleted or enriched in the solid phases
compared to the corresponding fluid (Colla et al.
2013). While in most carbonate and sulfate min-
erals EASI fractionation is characterized by
enrichment of light isotopes in the solid phase,
heavy Mg isotope are preferentially incorporated
into epsomite (MgSO,4-7H,0; Li et al. 2011). The
enrichment of heavy isotopes is not a general
feature of all hydrated minerals, because 5440y
of gypsum (Harouaka et al. 2014) and ikaite
(Colla et al. 2013; Gussone et al. 2011) is lower
compared to the fluid. The experiments of Colla
et al. (2013) suggest that small Ca coordination
numbers, corresponding to small bond length
(strong bonds) lead to an enrichment of heavy
isotopes, while larger coordination numbers (lar-
ger bond length and lower bond strength) are
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Fig. 12 Calcium coordination and isotope fractionation
between fluid and minerals. Calcium isotope fractionation
between solid and fluid shows that small Ca coordination
numbers are associated with comparatively heavy Ca
isotope ratios, while at higher coordination numbers light
Ca isotopes are preferentially incorporated. a Different
hydrous Ca phases from Colla et al. (2013): (Ca'®:
CaBr,'10H,0-2(CH,)6N4;  Cal”™:  Ca(NH4)PO, 7H,0;
Ca'®: CaKAsO,-8H,0). b Anhydrous and hydrous sul-
phate and carbonate minerals (20-30 °C) show a similar
trend of increasing A*0Ca with decreasing Ca coordi-
nation. Hydrous and anhydrous carbonates and sulfates
are identical within uncertainties. Larger ranges of
A 40Camin_Ca:+ apparent for certain minerals reflect
the influence of factors such as temperature, growth rate
and stoichiometry on isotope fractionation. Calcite (Ca™,
Marriott et al. 2004; Lemarchand et al. 2004; Tang et al.
2008, 2012); vaterite (Ca'®!, Gussone et al. 2011;
Niedermayr et al. 2010), ikaite (Ca[s], at 0 °C, Gussone
et al. 2011), aragonite (Ca[g], Gussone et al. 2003) Barite
(Ca“zJ, Griffith et al. 2008), gypsum (Cam, Harouaka
et al. 2014), anhydrite (Ca™, Hensley 2006)
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associated with enrichment of light vs. heavier
isotopes. This observation is in general agreement
with increasing Ca isotope fractionation at
increasing Ca coordination reported for anhy-
drous minerals, such as calcite, aragonite and
barite (Griffith et al. 2008; Gussone et al. 2005).

However, the change in A*¥0Ca  with
changing Ca coordination is larger in the exper-
iments of Colla et al. (2013) (1-2 %o/amu)
compared to carbonates (0.2—-1 %o/amu) and
sulfates  (0.3-0.4 %o/amu). Considering the

modelled A*/ 40Cabame_Caz+ at equilibrium from
—8 to —9 %o, would reveal ~2 %o/amu between
barite and anhydrite, which corresponds to the
observations of Colla et al. (2013).

The A*/ “Ca, i co+ of 8-fold coordinated
phases is similar for carbonates, sulfates and
CaKAsO4-8H,O, but while CaBr, 10H,0O-2
(CH,)6N, is enriched in *!Ca, the 6-fold coor-
dinated calcite shows equal or lower values
compared to the 8-fold coordinated phases
(Fig. 12b). Isotope fractionation during the
dehydration of Ca®* ions during crystal growth
seems to be not the main process for this differ-
ence, as hydrous and anhydrous carbonate and
sulfate minerals with identical Ca coordination
show the same isotope fractionation within the
analytical uncertainty.

Colla et al. (2013) suggest a dependence
between Ca isotope fractionation and ionic
strength of the fluid, because the H,O activity is
decreasing with increasing ionic strength, leading
to lower coordination numbers of Ca in the
Ca-aqua complex, ranging from [6] to [8]. As Ca
isotopes fractionate between different coordina-
tion environments, the changing coordination in
response to increasing ionic strength is expected
to result in a dependency between ionic strength

of the fluid and A*/ “Ca_ ;. oo+ In contrast to
this prediction, Tang et al. (2012) found in their
experiments only a minor contribution of ionic
strength to the Ca isotope fractionation between
calcite and fluid. Further work is needed to
clarify, if Ca isotope fractionation between solid
and fluid can be used as indicator of Ca coordi-
nation in fluids.
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Magnesium isotope fractionation between
brucite = (Mg(OH),), dissolved Mg and
Mg-EDTA, in all of which Mg is octahedral
coordinated, demonstrates the effect of bond
length (and thus bond strength) on EASI frac-
tionation (Li et al. 2014). Magnesium isotope
fractionation between brucite and dissolved Mg is
temperature dependent, with A%/ 24Mgbmcitengz-
of —0.3, —0.2 and ~0 %o at 7, 22 and 40 °C,
respectively, showing thus decreasing fractiona-
tion with increasing temperature. The Mg isotope
fractionation between brucite and the Mg-EDTA
complex is >2 %o. These results demonstrate that
Mg isotope fractionation takes place between
different substances in which Mg is octahedral
coordinated. Mg-aqua complexes have the
shortest Mg—O bond length, and are enriched in
heavy Mg isotopes compared to brucite and
Mg-EDTA. Mg-EDTA has the longest Mg—O
bonds and is consequently enriched in light Mg
isotopes relative to brucite and Mg aqua com-
plexes (Li et al. 2014).

1.4 EASI Fractionation During
Mineral Precipitation

from Aqueous Fluids

The reported ranges of EASI fractionation of Mg, Ca,
Sr and Ba in solids, which are synthetically precipi-
tated from aqueous fluids, demonstrate generally
decreasing fractionation per atomic mass unit with
increasing denominator isotope mass (Fig. 13a).
Likewise, the fractionation of the metal isotopes
(*Me, "Me) per amu (AY°Me,; 2+ /Am)
increases with increasing relative mass difference
(Am/m; Am = m(*Me) — m(bMe)) (Fig. 13b).
AY®Me ;. v+ /Am is similar for Sr and Ba
(—0.1 %o/amu). Both isotope systems have also
similar relative mass differences for **Sr/*°Sr and
"Ba/'**Ba of ~0.02.

Precipitation experiments for stable isotope
fractionation of Ca and Mg demonstrate enrich-
ment and depletion of heavy isotopes in the solid
phase relative to the fluid, while for Sr and Ba
only depletion of heavy isotopes in the solid has
been reported yet.

Experimentally determined Ca isotope frac-
tionation reaches values of up to —0.85 %o/amu
with a relative mass difference of 0.1, while Mg
shows a larger degree of fractionation of up to
—1.6 %o/amu at a relative mass difference of
0.08. Modelled values for isotope fractionation
of Mg in calcite (—1.8 %o/amu) and Ca in barite
(—2.3 %o/amu) are more fractionated. These
observations may be biased due to lack of data,
but the general observations suggest that EASI
fractionation may depend on the relative mass
difference (Am/m) of the considered alkaline
earth metal isotopes. Future work needs to
investigate, if the different behaviour of Mg and
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Fig. 13 Comparison of different EASI fractionation (as
AY Me, ;, me2+ /Amin%,/amu) in different mineral
phases as a function of mass (a) and relative mass
difference (Am/m) (b)
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Ca might be related to a special fractionation
caused by the different precipitation mechanisms
(see Reynard et al. 2011) or to element specific
differences like hydration shells, individual aqua
complexes and cation coordination etc.

2 Calcium Isotope Fractionation
Models for Calcium Carbonate
Formation

2.1 Principles and Conceptions

of Isotope Fractionation

Models

In earlier studies various models were developed
to explain Ca isotope fractionation during
adsorption onto solid surface, ion exchange
reactions and precipitation of Ca bearing miner-
als based on field, experimental, and theoretical
studies. Isotopic data reveal that Ca isotope
fractionation between solid and fluid phase may
be observed at isotopic equilibrium but it may be
biased also by kinetic effects (e.g., Eiler et al.
2014). Actually, kinetic effects on stable isotope
fractionation may hinder the interpretation of
stable isotopic composition of solid phases.
Thus, the use of such isotopic signals as envi-
ronmental proxies, e.g. for estimation the tem-
perature of mineral formation and the grow rate
at which a mineral formed, is challenging. On the
other side, as isotope fractionation at equilibrium
and kinetic effects can be modeled and quanti-
fied, novel and advanced techniques and tools to
study (paleo)environmental conditions during
e.g. calcite formation can be provided (e.g., Tang
et al. 2008b; Nielsen and DePaolo 2013).

At first Marriott et al. (2004) presented a
model approach for the fractionation of Ca iso-
topes during inorganic calcite precipitation which
is based on isotope fractionation at equilibrium.
Their experimental results obtained at a constant
calcite growth rate show that the precipitated
calcite is isotopically lighter compared to the
aqueous Ca of the forming solution. Stronger
covalent Ca bonding in aqua complexes than in
the carbonate precipitate such as calcite is
reflected by lighter Ca isotopes preferentially
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bound in the calcite. Their assumption of isotope
fractionation at equilibrium during calcite for-
mation is mainly based on the fact that (i) the
higher the temperature the less Ca isotope frac-
tionation is observed, and (ii) a similar trend for
Ca isotope fractionation during calcite formation
is found for calcite from biomineralization by
planktonic foraminifera (Orbulina universa).
They argue that distinct Ca isotope fractionation
values by biogenic induced calcite formation
could be caused e.g. by active pumping of Ca**
ions to an internal pool, where biomineralization
occurs. The Ca isotope fractionation approach of
Marriott et al. (2004) is different from that of
Gussone et al. (2003), who suggest
non-equilibrium Ca isotope fractionation by
considering diffusion of a Ca bearing aqua
complex. Mass dependent aqueous diffusion
at the crystal-solution boundary of heavy
Ca[HzO]ﬁJ"tzO aqua complexes of ~600 amu
in average instead of “pure” Ca®* ions is con-
sidered. Accordingly, Gussone et al. (2003)
stress the potential relevance of the aqueous
diffusion of Ca-aqua complexes for isotope
fractionation, where isotope fractionation mech-
anisms are based on kinetics. Using this model-
ing approach various Ca isotope fractionation
behaviors of different foraminifera could be
explained by diverse species dependent dehy-
dration of Ca-aqua complex before calcification.
Based on their calcite precipitation experi-
ments Lemarchand et al. (2004) argue that Ca
isotope fractionation at isotopic equilibrium can
be significantly overprinted by kinetic effects. As
a result, Ca isotope fractionation varies with
precipitation rate at a given temperature (Fig. 2).
The different Ca isotope fractionation results from
stirred versus unstirred experimental precipitating
solutions led them to suggest that diffusive flow
of carbonate ions through the crystal-solution
interface is a rate controlling mechanism and thus
responsible for apparent Ca isotope fractionation
during calcite growth: (i) Equilibrium fractiona-
tion with A*/*Cac, o = —1.5%, (A%
Cace_cp+ = §44/490Cac, — 84/ 40CaCaz+ A
(g — 1) X 10%) is valid at the immediate
crystal-solution interface and (ii) diffusive
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carbonate ion flow induces supersaturation with
respect to calcite, which results in no Ca isotope
fractionation at high degrees of supersaturation.
In the latter case, the Ca ion from the bulk solu-
tion and not from the zone of isotope equilibrium
is preferentially used for the incorporation into
the calcite. Their model predicts that the tem-

perature effect on A*/ “Cac, o+ is due to the
change of equilibrium constant values in the
CO,-H,0 system, thus caused by changing the
distribution of DIC species.

Fantle and DePaolo (2007) use the Ca isotopic
composition of nannofossil ooze and chalk as
well as pore fluid samples from ODP Site 807A
(Ontong Java Plateau), where calcite is reason-
ably suggested to be isotopically equilibrated
with marine pore fluids within time periods of

millions of years, to estimate A*/ YCag, o+ at
equilibrium to be close to O %o. This finding is
highly relevant for further model developments
as virtually non-fractionation of Ca isotopes at
isotopic equilibrium conditions contradicts for-
mer studies (e.g. Lemarchand et al. 2004; Mar-
riott et al. 2004) that proposed a negative

A% Cag, e+ value at equilibrium. Fantle and
DePaolo (2007) introduced the term “relative
growth rate”, where no Ca isotope fractionation
occurs at both relative growth rate ~0 (i.e., at
equilibrium) and 1 (i.e., at extremely high rates).
The developed adsorption-controlled steady state
model attributes Ca isotope fractionation to be
balanced by attachment and detachment fluxes at
the calcite crystal. Their steady state box model
considers four Ca reservoirs during the growing
of calcite; the bulk solution, interface region,
crystal surface, and crystal. The observed Ca
isotope fractionation is controlled by the magni-
tude of the Ca flux to the growing calcite and
away from it, thus the precipitation rate of calcite
is responsible for Ca isotope fractionation devi-
ation from zero.

The calcite precipitation experiments per-
formed by Tang et al. (2008a) confirm that the
Ca isotope fractionation is a function of precip-
itation rate as formerly suggested e.g. by
Lemarchand et al. (2004) and Fantle and
DePaolo (2007). However the rate effect is

inverse to that observed by Lemarchand’s
experiments (Fig. 2). Tang et al. (2008a) adapted
the surface entrapment model introduced by
Watson and Liang (1995) and Watson (2004),
which is based on surface entrapment, growth
rate and ion diffusion. It is proposed that no Ca
isotope fractionation occurs in a regular calcite
crystal at isotopic equilibrium, but **Ca is
depleted versus “°Ca in a surface layer during
precipitation (Fig. 14). The entrapment of lighter
“0Ca in the surface layer might be a result of
energetic preference of heavier **Ca to strong
bonds in the solution (see Marriott et al. 2004),
preferential adsorption of the lighter “°Ca onto
the calcite surface (see Fantle and DePaolo
2007), and/or faster diffusion of the lighter 4OCa
at liquid/solid transition (see Gussone et al.
2003). The entrapment factor (F) is suggested to

aqueous
solution !

(44/4oca)aq

partial
1
re-equilibration;

4ca '
depletion

distance from calcite-solution boundary

Fig. 14 Schematic view of the Ca isotope fractionation
during calcite formation according to the surface entrap-
ment model by Tang et al. (2008a) adapted from Watson
(2004). (“0c e e (44/40(:a)CLapp and (44/40Ca)aq
denote the molar **Ca:*°Ca ratio of the regular calcite
crystal lattice at isotopic equilibrium, of the newly formed
apparent crystal lattice, and of the aqueous solution,
respectively. For the regular calcite crystal lattice no Ca
isotope fractionation at equilibrium is assumed
(A0Cag, cpe m {(0Ca)g, o/ (*Ca),, — 1} x 107
=0%,)- SL surface layer, where isotope fractionation
occurs. The minimum **Ca concentration in the SL is
referred to the temperature dependent value of the
enrichment factor F for *°Ca versus **Ca. The time
provided for isotopic re-equilibration by Ca ion diffusion
in the SL during crystal growth controls the apparent Ca
isotope fractionation
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be related to the physicochemical conditions
during calcite growth, e.g. temperature, pH, ionic
strength. During crystal growth the **Ca depleted
surface layer (SL) can be entrapped into the
crystal lattice at dis-equilibrium conditions,
where the degree of Ca isotope fractionation
depends on the time for re-equilibration of Ca
isotopes within the surface layer via ion diffu-
sion. Thus, limits for isotope fractionation are
related to isotopic equilibrium (approached by
very low precipitation rates) and isotope entrap-
ment with insufficient time available for
re-equilibration via ion diffusion within the SL
(very fast precipitation rates). The Ca isotope
fractionation limit at equilibrium between a reg-
ular calcite crystal lattice and aqueous calcium
ions is based on the assumption of Fantle and
DePaolo (2007, AY/ 40CaCC_Cazf ~09,), and
the estimation of the enrichment factors results in

A¥Ca., oo =—1.80 and —1.20 %o for 5
and 40 °C, respectively, for kinetic fractionation
limit. By using the surface entrapment model,
Tang et al. (2008a) can explain their experi-
mental data for Ca isotope fractionation during
calcite formation obtained from CO, diffusion
method, in particular the influence of both pre-
cipitation rate and temperature on apparent

A%/ Cag, o+ values. Interestingly, the surface
entrapment model approach can also explain and
quantify the incorporation behavior of strontium
and stable strontium isotope fractionation during
calcite formation with a linear correlation
between respective element partitioning and
isotope fractionation (see Tang et al. 2008b;
Bohm et al. 2012). Thus the approach can be
applied to combined multi proxy interpretations,
such as the estimation of the 5**/ 4ocaC07Ca2‘
value of the calcite precipitating solution from
the Sr content and 8***°Cac, of the precipitated
calcite if the aqueous Sr/Ca ratio is known, but
the temperature and precipitation rate are
unknown within the given experimental condi-
tions (Tang et al. 2008a, b).

DePaolo (2011) developed a surface reaction
kinetic model for isotope and trace element
fractionation during calcite formation (Eq. 1).
This model is based on the ratio of the net

precipitation rate (Rp; usually provided by
experiments) and the gross forward precipitation
rate (R¢) assuming non rate-limiting ion transport
to the growing calcite surface (Fig. 15). R¢ values
are estimated by using well known (backward)
dissolution rates for calcite at various physico-
chemical conditions far from equilibrium (Ry)
since R¢ = Ry + Ry,. At high precipitation rates
(R, > Ry,) isotope and element fractionation is
controlled by kinetics of ion attachment to the
calcite surface, e.g. lighter Ca isotopes are pref-
erentially incorporated into the calcite. Thus
different precipitation rates approximate inter-
mediate conditions between kinetic and equilib-
rium control on Ca isotope fractionation during
calcite formation. The limiting conditions of
“pure” kinetic and equilibrium control are
accompanied with individual fractionation fac-
tors af and 0q from which the apparent Ca iso-
tope fractionation between calcite and aqueous
Ca®* can be calculated as shown in Fig. 15. An
apparent fractionation factor is obtained from the
R,/R;, ratio according to the equation

(1)
R o
1+ Ri +bRb (I‘q - 1)

o =

40R
f

4R, =R, .(44/4003)aq S0y
fluid
(homogeneous)

40Rh

MRb = WRE (AMADCa)chW. a /aeq

Fig. 15 Illustration of the surface reaction kinetic model
for Ca isotope fractionation during calcite formation
according to DePaolo (2011). (44/40C211)CLapp and
(44/40Ca).dq denote the molar **Ca:**Ca ratio of the apparent
calcite and the aqueous solution, respectively. “°Ryand *°R,,
represent the Ca fluxes of the forward- and
backward-reaction, respectively. s and o, are the individ-
ual fractionation factors for the limiting conditions of
“pure” kinetic (precipitation rate far from equilibrium) and
equilibrium control on Caisotopic fractionation from which
the apparent Ca isotope fractionation (A*/ OCac,_cp+
~ {(M*Ca)g, up/(*Ca), — 1} x 10%)  can  be
calculated
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(DePaolo 2011; A*/*Car, pi ~ (05 — 1)
10%). This approach is applied to fit experimental
data on Ca isotope fractionation and Sr incor-
poration from Tang et al. (2008a, b), where a
good fit of the model with the data is obtained by
considering the dissolution rate “constant” for
estimation of Ry, values to be a function of sat-
uration state conditions in respect to calcite.
Accordingly, DePaolo’s approach is also suc-
cessfully applied to model elemental and isotope
fractionation for e.g. Sr incorporation and oxy-
gen isotope fractionation during calcite formation
(DePaolo 2011) and Si isotope fractionation
during precipitation of silicic acid (Oelze et al.
2015; Roerdink et al. 2015). For transport limi-
tation effects in the fluid phase DePaolo (2011)
introduced a diffusive boundary layer between
the bulk solution (well mixed) and the mineral
surface, where growth is taking place. The
thickness of the boundary layer is determined by
the hydrodynamics of the solution phase.
Nielsen et al. (2012) introduced a
self-consistent microscopic theory, where simul-
taneously both calcite growth rate and Ca isotope
fractionation during calcite formation can be

followed by ion-by-ion growth model. Input
parameters comprise of the solution stoichiome-
try (molar Caz+:CO32_ ratio) and the degree of
saturation state in respect to calcite (Qc.: satu-
ration degree with respect to calcite) thus both
controlling precipitation rate and isotope frac-
tionation. The model includes a large numbers of
parameters such as calcite solubility, density,
kink height, depth and molecular spacing and
kink formation energy. Although the whole
parameter set used in their ion-by-ion growth
model is not available from calcite precipitation
experiments, the modeling results fitted the
experimental data of Tang et al. (2008a) well
(Fig. 16). An increase of Ca’*:CO;>" ratio at a
given Qc. value drives calcite growth to
approach isotopic equilibrium. Application of
this ion-by-ion crystal growth model to the Ca
isotope fractionation during calcite precipitation
from natural high-alkaline solutions (Mono Lake,
USA) confirms less Ca isotope fractionation at
elevated Ca2+:CO32_ ratios (Nielsen and
DePaolo 2013). This approach is also used to
explain the competing roles of temperature, pH,
and growth rate of the calcite-water oxygen
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Fig. 16 Modelling results for Ca isotope fractionation
during calcite formation by using a the surface entrapment
model shown in Fig. 14, b the surface reaction kinetic
model presented in Fig. 15, and ¢ the ion-by-ion growth
model by Nielsen et al. (2012). In the latter approach the
exchange coefficients fitted to Davis (2008) obtuse step

speeds were used for modeling assuming 2D
nucleation-driven growth. Experimental data at 25 °C
from Tang et al. (2008a) are plotted as solid dots. Limiting
AW O Cac,_ - values (in %o) are controlled by equilib-
rium and kinetic isotope fractionation as given in the
inserted table
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isotope fractionation under non-equilibrium
conditions (Watkins et al. 2014).

In contrast to calcite, the isotope fractionation
mechanisms during the precipitation of other
unhydrous and hydrous CaCOj solids are less
explored. Focus on calcite formation is due its
dominance in natural surroundings and based on
the limits of experimental conditions for the
precipitation of e.g. vaterite and amorphous cal-
cium carbonate. The latter CaCO; formation
requires high supersaturation degrees far from
thermodynamic equilibrium and transformation
to phases like calcite has to be considered.
A model concept for the different Ca isotope
fractionation during the formation of the CaCO;
polymorphs calcite and aragonite (see Sect. 1) is
presented by Gussone et al. (2005). From avail-
able data two individual equations for tempera-
ture dependence of Ca isotope fractionation for
calcite and aragonite are given, where Ca iso-
topes exhibiting larger fractionation in aragonite
than in calcite. The offset of about 0.6 %o is
suggested to be caused by the distinct crystal
structures, e.g. Ca coordination numbers and
bond strengths with oxygen in calcite versus
aragonite. However, a modeling approach for the
combined impact of temperature and precipita-
tion rate on Ca isotope fractionation during
aragonite versus calcite is still not well estab-
lished. For vaterite and ikaite less Ca isotope
fractionation versus calcite and aragonite is
observed from precipitation experiments at sim-
ilar temperatures (Gussone et al. 2011; Fig. 1).
This offset is suggested to be related to the dif-
ferent precipitation rates and regimes, where Ca
isotope fractionation is related to transport lim-
ited growth conditions at relatively high growth
rates (see also DePaolo 2011). Further studies are
required to develop proper models for Ca isotope
fractionation for the formation of ikaite and
vaterite versus e.g. calcite, where the different
mineral structures and precipitation conditions
have to be considered. Recently, the Ca isotope
fractionation behavior during transformation of
amorphous calcium carbonate (ACC) to calcite
was experimentally studied by Giuffre et al.
(2015). The isotopic composition of the initially
formed ACC is modified during transformation

to calcite and the isotopic composition of the
final calcite records the local solution environ-
ment at the time of transformation. The trans-
formation could be best explained by a
dissolution-reprecipitation approach and not a
solid-state process, where solely dehydration and
structural rearrangement into crystalline CaCOj;
occur. Their experimental data indicate that the
time for transformation of ACC to calcite and the
Ca budget of ACC and the surrounding reservoir
controls the final isotopic composition of the
calcite. Future modeling approaches for calcite
formation through ACC pathway should thus
account for environmental conditions during the
transformation process in terms of kinetics and
mass balance, where detailed studies on the

evolution of A*/ 4OCaCaCO3_Caz+ values during
ACC transformation are still missing.

2.2 Comparison of Ca Isotope
Fractionation Models

and Concluding Remarks

In analogy to the traditional application of stable
hydrogen and oxygen isotopic composition of
H,O to validate evaporation and condensation
effects (e.g., Kendall and McDonnell 1998; Jou-
zel and Merlivat 1984), currently used models for
Ca isotope fractionation during precipitation of
calcite are mostly based on limiting equilibrium
and kinetic approaches (e.g. Tang et al. 2008a;
DePaolo 2011). Mechanisms which are suggested
to cause the kinetically driven Ca isotope frac-
tionation comprise of e.g. ion diffusion,
desolvation/dehydration of ions, aqua complex
incorporation and surface reactions as discussed
above. The kinetically controlled isotope frac-
tionation is typically related to mass-dependent
effects, thus isotopically lighter isotopes are
preferentially bounded to the precipitate.
Desolvation of Ca®* ions seems to be a
plausible explanation of Ca isotope fractionation
as desolvation rates of Ca (besides Sr, Ba and
others) depend on cation mass by an inverse
power law and the predicted isotope fractiona-
tions based on molecular dynamics simulation
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results in Okinetic = of = 0.9953 + 0.0009
between hydrated and unhydrated Ca ions (cor-
responding to A44/40Cakinetic =—4.7 + 0.9 %o;
Hofmann et al. 2012). Thus the kinetically driven
isotope fractionation through desolvation of cal-
cium ions to be incorporated into the calcite
structure is high enough to result in the docu-
mented isotope fractionation during the precipi-
tation of calcite from experiments. Diffusion of
aqueous Ca>" jons to a growing calcite may yield
in light isotope preferentially bound in the crys-
tal, but this isotope fractionation process is rather
limited in value. A small isotope fractionation by
diffusion of divalent cations in aqueous fluids is
reported for Ca®* and Mg”* ions (e.g., Richter
et al. 2006; Bourg et al. 2010). Eiler et al. (2014)
claimed that the aqueous diffusion related to e.g.
Ca isotope fractionation is too small to explain
the experimentally obtained Ca isotope fraction-
ation during calcite growth. Potential isotope
fractionation effects by changes in coordination
of ligands are documented by experiments and
electronic-structure and vibrational frequen-
cies modeling (Colla et al. 2013). The lower the
coordination number of Ca in respect to oxygen,
the shorter and stronger the Ca—O bondings.
Thus, cation coordination and respective envi-
ronmental changes have to be considered for Ca
ions as a process responsible for isotope frac-
tionation during calcite growth. Non-equilibrium
conditions might be also induced by crystallo-
graphically non-equivalent growth sites at calcite
surfaces (e.g., shown for stable carbon and oxy-
gen isotopes; Dickson 1991) and outermost
molecular layers of calcite which are different
from the bulk considering bond lengths and ori-
entation (Fenter et al. 2000). Although local
isotopic equilibrium exists, a structural site that
differs e.g. in coordination from the final site in
the crystal interior may result in significant iso-
topic disequilibrium conditions if re-equilibration
is not approached. This kind of kinetically forced
fractionation effect at the crystal-solution
boundary is close to that suggested for the sur-
face entrapment model, but detailed reaction
mechanisms and kinetics are still not-well
explored.

The surface entrapment model provides a
reaction based mechanistic approach, where a
temperature dependent precipitation rate effect is
considered for Ca isotope fractionation between
calcite and aqueous Ca ions. However, it has to
be noted that the re-equilibration by Ca®* ion
diffusion within a solid surface layer (SL in
Fig. 14) is a conceptual approach and values for
individual diffusion constants of *!Ca®* and
40Ca®* are not being confirmed. In contrast,
DePaolo’s model is based on overall measure-
able and estimated thermo-kinetic parameters.
For this non-mechanistic model net precipitation
rates and gross forward precipitation rates are
used to approach intermediate conditions
between close to and far from equilibrium con-
ditions during precipitation of calcite. Neverthe-
less, in both cases model approximations of
experimental data are similar (Fig. 16). For the
advanced ion-by-ion growth approach of Nielsen
et al. (2012) simultaneously calcite growth rates
and Ca isotope fractionation during growth can
be modeled and obtained results fit the experi-

mental data well considering 2D
nucleation-driven growth. However, isotope
fractionation at elevated precipitation rates

behaves different compared to the models of
Tang et al. (2008a) and DePaolo (2011) as this
high degree of super saturation range is not
compatible with ion-by-ion growth theory.
Experimental results from simulating cave
drip water conditions by Reynard et al. (2011)
confirm the same trend of precipitation rate
dependence on Ca isotope fractionation during
calcite growth as reported by Tang et al. (2008a),
but absolute isotope fractionation is about twice
as much (Fig. 1). Thus the general Ca isotope
fractionation behavior can be explained e.g. by
Tang’s and DePaolo’s model by simply using
larger entrapment factors and oy values, respec-
tively. It is suggested that the rapid growing
calcite surface in a stalagmite precipitation
environment, in particular in the splash zone,
causes an extremely large kinetic effect by
entrapment of the lighter Ca isotope on the sur-
face due to short residence time of the drip
solution at the growing surface. Thus insufficient
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time for Ca isotope re-equilibration via depletion
of Ca from the interface near the calcite surface is
provided.

It is still a matter of debate why the experi-
mental results of Lemarchand et al. (2004) do not
fit with those of Tang et al. (2008a). Proposed
reasons comprise of different experimental
design and conditions during calcite growth. For
instance intermediate ACC or vaterite, which are
known to be transformed to calcite, might have
been occurred during the experiments. Accor-

dantly, the observed inverse AY/ 40C3CC7Ca2‘
trend by Lemarchand et al. (2004) compared to
Tang et al. (2008a) could be caused by different
Ca isotope fractionation behavior via distinct
precipitation pathways (e.g. less isotope frac-
tionation for vaterite vs. calcite: Gussone et al.
2011). Other effects might be related to different
solution compositions stimulating distinct aqua
complex formation and/or non-homogenization
of the precipitating solution. In the latter case
even stirring of the very high Ca concentrated
solution in Lemarchand’s experiments may have
created transport limitations on the precipitation
rate, as the critical boundary layer thickness,
where isotope fractionation occurs, decreased
(DePaolo 2011).

In conclusion, the above mentioned Kinetic
effects on stable Ca isotope fractionation limits
the simple use of the isotopic values of solid
CaCOg, e.g. for direct temperature reconstruction
as a positive and negative temperature function
of A%/ 4OCaCC,Cau can be obtained caused by its
additional dependence on precipitation rates. But
this mutual behavior makes Ca isotopic values
highly attractive as environmental proxies to
study complex physicochemical conditions dur-
ing growth and re-crystallization in sedimentary
and diagenetic as well as in man-made sur-
roundings. As isotope fractionation at equilib-
rium and kinetic effects on apparent

A% 40C3cC7Ca2+ values can be reasonably mod-
eled and quantified, e.g. using above discussed
models, novel and advanced tools are provided to
decipher environmental conditions during
(trans)formation of carbonates, in particular by
combining Ca isotopic values with elemental,

(micro)structural and/or further isotopic signals
within a multi-proxy approach.

3 Inorganic Mineral Precipitation
in Natural Environments
3.1 Carbonates
Calcium isotope fractionation in sedimentary
carbonates significantly differs between authi-
genic carbonates formed under net-precipitation
conditions and those formed by recrystallization.
Authigenic carbonates show an enrichment of
light Ca isotopes relative to the fluid, similar to
the fractionation revealed by precipitation
experiments (Sect. 1.1). In contrast, calcium
carbonate recrystallization under near equilib-
rium conditions demonstrates a ~0 %o fraction-
ation in marine sediments and in continental
aquifers. Calcium isotope systematics of authi-
genic carbonates in the marine realm, lakes and
soils are discussed in Sect. 3.1.1 and carbonate
recrystallization in Sect. 3.1.2.
3.1.1 Primary and Authigenic
Carbonates

Marine Realm

Authigenic aragonite at cold seeps

Authigenic aragonite formed at colds seeps in
close contact with gas hydrates at Hydrate Ridge
(Cascadia margin off Oregon) at temperatures of
about 5 °C show a range in 8***°Ca from about
0.4 to 1.2 %o (Teichert et al. 2005). This corre-
sponds to an apparent Ca isotope fractionation
relative to modern seawater from —0.7 to
—1.4 %o. They are thus enriched in **Ca com-
pared to synthetic aragonite formed at compara-
ble temperatures (Gussone et al. 2003). Spatially
resolved 8***°Ca, §3C and §'%0 analyses of
these aragonite crusts reveal a typical growth
pattern, with an increase in 3*4Ca and a
decrease in 5'®0 from the proximal (close to the
gas hydrates) to the distal layers of the carbonate
crust. Together with low 8'°C values, indicative
for methane derived CO32_, the isotope data
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reveal precipitation from a brine which is influ-
enced by gashydrate formation in a restricted
pore space. The elevated 5***°Ca is consistent
with Rayleigh fractionation, as **Ca is enriched
in the pore water due to successive depletion of
“OCa during ongoing aragonite precipitation.
Calculated 844/40Capore water Tange from 2.3 to
2.7 %o (0.4-0.8 %o higher than present seawater),
using the A*Y/ 4‘)Camg_Caz+ of synthetic aragonite
(Teichert et al. 2005; Gussone et al. 2003). These
considerations are in agreement to 3**°Ca of
solid carbonate and pore water samples from the
Niger Delta Seep Province. 844/40Camb(mte
range from about 0.5 to 1.5 %o, and 544/ 40Cap0re
water from about 1.5 to 2.9 %o, showing a similar
enrichment in **Ca of the pore fluid, related to
the formation of authigenic carbonates (Hender-
son et al. 20006).

Aragonite vein cements

Aragonite veins from the Logatchev hydrother-
mal field (Mid Atlantic ridge), formed at tem-
peratures between about 3 and 13 °C,
demonstrate 5***°Ca between about —0.2 and
—0.6 %o, corresponding to a A44/40Camg_SW of
—1.7 and —1.3 %o relative to seawater (Amini
et al. 2008). These values are slightly higher
(0.2-0.3 %o) than those of synthetic aragonites at
comparable temperatures (Gussone et al. 2003).
This offset in 8*¥4°Ca might be explained by
uncertainties related to temperature estimation,
due to SISOﬂuid deviating from seawater (pre-
cipitation at higher temperatures than assumed)
or by a 644/40Caﬂuid higher than seawater, e.g.
depleted in *°Ca due to Rayleigh type fraction-
ation during precipitation of Ca bearing phases.

Calcite cements

In contrast to aragonite cements, which 54440
is significantly lower than seawater, calcite
cements in ocean crust basalts have §***°Ca
similar to seawater. Bohm et al. (2012) report
A 0Cac. o of —0.1 to —0.2 %o for calcite
cements formed at 1-2 °C. Similarly, stable Sr
isotopes analysed in this calcite show values
slightly lower than seawater, with a fractionation
relative to seawater (A*®*°Src ) of —0.05 %o.

Both Ca and Sr isotope fractionation is inter-
preted as the result of slow precipitation rate and
near equilibrium conditions (Béhm et al. 2012).

Little Ca isotope fractionation between inor-
ganic calcite and seawater is also suggested by
Steuber and Buhl (2006), which report §*49Ca
of different kinds of marine calcite cements and
biogenic carbonates from the Cretaceous and the
Carboniferous. The 8*°Ca of Cretaceous
(Cenomanian) diagenetic calcite, diagenetic
cements and calcitic ooids lie between 1.1 and
1.2 %0 (SRM 915a). These values are about
0.6 %o higher compared to the pristine biogenic
carbonates of the same age (3**°Ca 0.2-0.7 %o).
Recrystallised biominerals originally composed
of aragonite, reveal intermediate values of about
1.0-1.2 %o, indicating a shift in 5***°Ca of the
biominerals during recrystallization towards the
inorganic calcite cements. A homogenization of
3*%9Ca during diagenesis of different sedimen-
tary CaCO5; compounds is also implied by sedi-
ment compounds from the Carboniferous
(Moscovian), which biominerals are only —0.1 to
—0.2 %o relative to inorganic cements of the
same age. The carbonate cements from the
Moscovian sediments show a rather narrow
range in 8*¥*°Ca and no significant difference
between different kinds of cements, e.g. fibrous
calcite (1.1-1.2 %o), saddle dolomite (~ 1.2 %o),
diagenetic  calcite  (1.2-1.3 %0),  bottroidal
cements (~1.2 %o0) and micrite, including
microbial micrite (~ 1.1 %o) (Steuber and Buhl
2006).

Depending on the applied 3***°Ca seawater
reconstruction, the Cenomanean cements are
either about —0.5 %o (FarkaS et al. 2007) or
~0 %o (Soudry et al. 2006) relative to contem-
poraneous paleo seawater. The 3***°Ca of calcite
cements from the Carboniferous (Moscovian) of
Steuber and Buhl are about —0.3 to —0.4 %o
compared to the seawater curve of Farkas et al.
(2007). The deviations from the proposed 0 %o
fractionation may be caused either by uncer-
tainties in the seawater reconstructions or by
precipitation from a fluid, which §***°Ca differs
from seawater. A detailed overview about com-
plications related to 3*"*Cacawater
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reconstructions based on different archives, are
discussed in Sect. 4.1 of Chapter “Global Ca
Cycles: Coupling of Continental and Oceanic
Processes”.

Aragonitic and calcitic ooids

Most aragonitic ooids formed from present sea-
water show 3*4°Ca between 0.3 and 0.5 %o,
corresponding to a A44/40Caarag,Sw of —1.6 to
—1.4 %o (Steuber and Buhl 2006; Blattler et al.
2012). This fractionation is within the range of
values reported for synthetic aragonite. In con-
trast to the significant fractionation revealed by
recent aragonitic ooids, Cretaceous ooids, com-
posed of primary calcite, rather imply little or no
Ca isotope fractionation relative to contempora-
neous seawater (Steuber and Buhl 2006). This
apparent discrepancy may be caused by several
processes. Different amounts of Ca contributed
by bioclast nuclei to the ooid may shift its
§*40Cq towards lower values. Alternatively, the
difference between recent aragonitic and Creta-
ceous calcitic ooids may be caused by recrys-
tallisation or due to different equilibrium isotope
fractionation of calcite and aragonite. The latter
hypothesis is consistent with observed Ca isotope
fractionation of aragonite and calcite cements
formed in mid ocean ridge basalts, with
A**Cac, quia of 20 %o and A**°Ca,pq fuia of
—1.3 to —1.7 %o (Bohm et al. 2012; Amini et al.
2008).

lkaite

Ikaite (CaCO5-6H,0) formed in shallow sedi-
ment depth at different locations shows 3***°Ca
values between 1.1 and 1.5 %o, which corre-
sponds to a A 0Ca iesw of —0.4 to —0.8 %o
relative to present seawater (Gussone et al.
2011). The degree of fractionation agrees to
values obtained for synthetic ikaite. Samples
originating from the continental margin off
Uruguay and the Congo-fan show identical val-
ues (A**°Cay e cw mainly between —0.6 and
—0.8 %o). In general samples from the Atlantic
are slightly lighter compared to samples from a
cold seep setting off Sumatra, which A***°Ca
values range between —0.4 and —0.6 %o.
The latter samples experienced already

transformation to calcite. The reduced fractiona-
tion compared to the Atlantic samples was sug-
gested to result from either higher 3***°Ca pore
water values at the Sumatra site (smaller sedi-
ment depth) or higher growth rates due to the
increased alkalinity at the cold seep site. Ikaite
grown in Antarctic sea ice brines is about
—0.6 %o relative to seawater, which is in the
range of experimental and sedimentary ikaite
(Gussone et al. 2011).

Dolomite

Initial results on dolomite 8***°Ca values indi-
cate distinct Ca isotope fractionation in primary
and recrystallized dolomite, similar to the
observations on primary and recrystallized cal-
cite. While a A**°Cayqjomite-iuia O about 0 %o is
suggested for dolomite recrystallisation (cf.
Jacobson and Holmden 2008; Holmden 2009), a
significant enrichment of “’Ca relative to the
fluid is reported for primary dolomite formation
in siliciclastic sediments (Wang et al. 2012,
2013; Teichert et al., submitted).

Calcium isotope ratios of dolomite and pore
water of siliciclastic sediments at the Peru con-
tinental margin reveal a A Ca,0omite-fluid OF
—0.5 to —0.7 %o for primary dolomite formation
(Teichert et al., submitted). Similarly,
A**Cagotomite-seawater Of —0.4 to —0.7 %o are
observed for primary dolomites from two cold
seep sites in the South China Sea, which formed
in shallow sediment depth near the sea floor
(Wang et al. 2012, 2013a). Numerical modelling
based on dolomite sequences from on-shore
outcrops of the Monterey formation and hypo-
thetic paleo-pore water profiles (Blittler et al.
2015) reveals A**°Cagoiomitefiuia Of —0.4 %o,
which is slightly smaller than the measured val-
ues. Based on the modelling results, Blattler et al.
(2015) suggest that the §***°Ca of dolomite
depends on its formation depth in the sediment,
assuming a constant A Cayiomitefiia and a
static pore water profile with decreasing
644/40Capore water towards depth, mainly caused
by dissolution of calcite. Consequently, shallow
depth of precipitation (pore water close to sea-
water  8*¥*°Ca) results in relatively high
644/4ocad010mite values, while dolomite formation
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at greater depth, from a “°Ca enriched pore fluid,
results in lower 8***°Cagoiomite- According to this
model, the Ca and Mg isotope variability
observed within a dolomite bank is consistent
with Rayleigh fractionation during precipitation
from a restricted reservoir. However, Ca and Mg
isotope ratios of pore waters and dolomites from
a sediment core off Peru shows that Rayleigh
fractionation alone cannot fully explain the pore
water profiles (Teichert et al., submitted) and that
additional processes take place in the sediment.

A stronger degree of Ca isotope fractionation
(A*0Ca, o o from —1.0 to —1.1 %o) is
reported for dolomites formed in lab experiments
mediated by microbial activity (Krause et al.
2012). The difference in A*/*°Cay i o+
may result from different processes governing Ca
isotope fractionation in dolomites from the lab
experiments and those of the sedimentary envi-
ronment, e.g. the contribution of EPS-derived Ca
to the crystals or different precipitation rates (see
Sect. 1 in Chapter “Biominerals and
Biomaterial”).

Through Earth history, dolomites of the sedi-
mentary record exhibit a large variability in
3*9Ca, reflecting different recrystallization
histories, §***°Ca of source rocks, 8***°Cagyiq,
and fluid rock ratios during recrystallization (cf.
Tipper et al. 2008; Jacobson and Holmden 2008;
Fantle and Higgins 2014; Holmden 2009;
Komiya et al. 2008). In different settings, the
offset between the calcitic source rocks and the
dolomite is variable with respect to the absolute
value and sign. For instance, Bohm et al. (2011)
report dolomite enriched in **Ca relative to the
source rock, while Holmden (2009) reports a
depletion in **Ca relative to surrounding lime-
stones. These observations are not consistent
with Ca isotope modelling of Artemov et al.
(1967), predicting **Ca enrichment in dolomite
relative to the source calcite, due to diffusive loss
of *°Ca, but can be explained by a 0 %o frac-
tionation during dolomitization and different
3*49Ca of the involved reacting fluids (Holmden
2009).

Lakes

Case studies from two lakes indicate that the
3*0Ca of Ca carbonate minerals from lake
sediments reveal information about the Ca bud-
get of lakes. Both lakes, Mono Lake (California)
and Laguna Potrok Aike (Patagonia) are located
in arid areas and have currently no surface out-
flow. Their main Ca sink is the precipitation of
authigenic Ca carbonate, which is reflected by
higher 5***°Ca of the lake water compared to the
lakes’ main Ca sources. This successive enrich-
ment in heavy isotopes in the lake water, caused
by the preferential removal of light Ca isotopes
by the precipitation of isotopically light CaCO;,
acts like a small scale analogue for the enrich-
ment of **Ca in ocean water. Besides these
similarities, there are significant differences
between both lakes.

In Mono Lake, the apparent isotope fraction-
ation between CaCO3 minerals and lake water is
highly variable, ranging from —0.2 to —1.8 %o,
which is explained by the large variability of the
Ca**:CO5”~ of more than 4 orders of magnitude
between spring water (Ca®*:CO5%> ~3) and the
highly alkaline lake water (Ca?*:CO5*~ ~107%)
(Fig. 17; Nielsen and DePaolo 2013). Lake car-
bonates are strongly fractionated (up to —1.8 %o),
while shoreline carbonates, influenced by spring
water, are less fractionated. The water of Mono
Lake is highly super saturated with respect to
CaCOj; solid phases, due to high phosphate
concentration, inhibiting CaCO; precipitation.
The variability of lake water sampled over a
15 years period, ranges from 1.2 to 3.7 %o
(SRM915a), while the main sources lie between
0.5 and 1.0 %o. Excursions in the §**’Cayye
water towards higher values correspond to reduced
[Ca®*] and are related to large CaCO5 precipita-
tion events, caused by the breakdown of the
lake’s chemocline. The temporal changes and
spatial variability observed in 3" Ca1ke water
and the Ca residence time of 1.5-10 years indi-
cate that the Ca budget of Mono Lake is not in
steady state and that Ca isotopes may not record
in and output fluxes of the lake at short time
scales (Nielsen and DePaolo 2013).
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Fig. 17 Ca isotope fractionation of different precipitates
from Mono Lake as a function of the molar Ca2+:CO3
ratio of the solution. Crusts and tufa precipitated from
spring dominated water with higher Ca®":CO; are less
fractionated than the bottom sediment carbonates formed
within the lakes at low Ca2+:CO3 (redrawn from Nielsen
and DePaolo 2013)

The main Ca sources of Laguna Potrok Aike
have similar 5***°Ca (0.7-1.0 %o) compared to
Mono Lake, and the present lake water (1.30 %o)
is also enriched in **Ca relative to the source. In
contrast to Mono Lake, the A*/ 4ocacarbonate—Ca2‘
of Laguna Potrok Aike’s sink is relatively uni-
form. Presently, ikaite is the dominant mineral-
ogy of the Ca carbonates precipitating from the
lake water, being —0.8 %o relative to the lake
water.  This  fractionation  agrees  with

A¥PCa e+ obtained from surface
sediments from different parts of the lake ranging
from —0.7 to —0.9 %o (Oehlerich et al. 2015).
A downcore record from 15 ka towards today
reveals 644/40Cacarbonate between 0.5 and 0.9 %o,
corresponding to paleo lake water from 1.3 to
1.7 %o. The 8"*Caye waer increases from
~ 11 ka to the maximum value at ~5 ka, fol-
lowed by a decrease towards the present value.
A change in **°Ca of the source Ca is not
compatible with the Ca and Sr isotope signatures
of potential sources, and can thus be largely
excluded as main reason for the observed
3*9Ca variability. A shift in A*¥*°Ca is also

unlikely, because during the investigated time
period the calcium carbonate record of Laguna
Potrok Aike turned out to be most likely
ikaite-derived. Therefore, the wvariability of
644/40Casedimem reflects predominantly changes in
the Ca budget of the lake, with higher degrees of
Ca utilization during the period with lowest lake
level (Oehlerich et al. 2015).

The increased Ca utilization from ~11 to
5 ka (with Ca output > input) and reduced uti-
lization since 5 ka is in general agreement to
other proxies, although the §***°Ca signal is
delayed compared to the maxima of TIC (total
inorganic carbon) concentration and carbonate
accumulation rates. This delay may be caused by
the non-linear dependence of the 8***°Ca on the
removal of dissolved lake water Ca by CaCO;5
precipitation (Oehlerich et al. 2015).

Soils
Calcium carbonate minerals formed in a hyper
arid soil of the Atacama Desert show a large
variability from —0.3 to +1.2 %o over a ca. 1 m
depth profile (Ewing et al. 2008). Below a
decrease within the upper few centimetres,
3*49Ca of the soil carbonates show a trend to
higher values at depth. Similar to the coexisting
sulfates (see Sect. 3.3.2), this pattern is suggested
to be caused by repeated dissolution and pre-
cipitation events and preferred downward trans-
port of heavy Ca isotopes. In the upper part of the
depth profile, carbonate and sulfate 3***°Ca
show the same pattern but are offset, with car-
bonates being +0.1 to +0.6 %o relative to sulfate.
Towards the bottom of the profile 5***°Ca of the
carbonates decrease to values below the coex-
isting sulfate. The offset between sulfate and
carbonate might be related either to different
fractionation factors (if both precipitate from the
same fluid), or the result of transformation, i.e.
dissolution-reprecipitation processes. The obser-
vation of carbonates being present on crack sur-
faces rather suggests the latter possibility or
precipitation from a later, more evolved fluid
(Ewing et al. 2008; see also Sect. 3.3.2.1).

In forested ecosystems, different types of
pedogenic carbonates reveal different Ca isotope
systematics. 8**4°Ca of needle fibre calcite
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differs from inorganically formed calcite
cements, formed in the same environment at
identical temperatures (Milliere et al. 2014). In
addition, three morphological groups of needle
fibre calcites vary with respect to their 8*¥*°Ca.
While inorganic cements are significantly frac-

tionated (A**/*'Cap, 2+ about —1.0 %), the
primary needle fibres are only slightly lower
(—0.1 %o) than the soil water. The more evolved
morpho-types of NFC have intermediate 5**°Ca
values ranging between the primary needles and
the cements. These results support the hypothesis
that formation of needle fibre calcite is closely
related to fungal hyphae. The Ca isotope frac-
tionation observed for the inorganic -calcite
cements are consistent with the fractionation
between groundwater and travertine of about
—0.9 %o reported by Tipper et al. (2006).

3.1.2 Carbonates Formed at Elevated
Temperatures

Relatively few data exist for carbonate minerals

precipitated from fluids at higher temperatures

(Fig. 18). Significant **Ca depletion in carbon-

ates precipitated at higher temperature is inferred

from fluids of the Long Valley hydrothermal
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Fig. 18 Apparent Ca isotope fractionation of carbonates
precipitated at higher temperatures. A*¥*°Ca range
between —0.6 and +0.3 %o for temperature between 130
and 500 °C. Hydrothermal calcite from the Logatchev
hydrothermal field show high values (0-0.3 %o) likely as a
result of precipitation from an evolved fluid (Amini et al.
2008). Calcite from the Long valley hydrothermal field
ranges from —0.5 to —0.1 %o (Brown et al. 2013) and that of
blueshist facies vein from 0.6 to 0.64 %o (John et al. 2012)
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system (California). Along a 16 km transect,
hydrothermal fluids mix with ground waters and
CaCOj; precipitation is initiated presumably due
to CO, degassing (Brown et al. 2013). This is
apparent from a decrease in Ca concentration
from 20 to 5 ppm and increase in 3" Caguia
from 0.4 to 0.9 %o in the first part of the inves-
tigated transect. Increasing [Ca] and decreasing
3*¥49Ca at the end of this transect is attributed to

calcite dissolution. A*/ 40CaCC7Caz+ range from
—0.1 to —0.5 %o at temperatures between 150 and
180 °C. The evolution of [Ca®*] and §***°Cagyiq
along the transect is well explainable by a Ray-
leigh  distillation = model  assuming a
A¥®Ca., cpe of —0.35 % (Brown et al.
2013), while reaction with wall rocks can be
largely excluded by the relatively invariable
87S1/%°Sr, suggesting rapid channelized fluid
flow. The observation of significant Ca isotope
fractionation is in agreement with

A¥0Ca_ o+ of about —0.6 %o reported for
carbonates from blueschist facies veins from the
Tianshan mountains (Fig. 18), formed at tem-
peratures of ~500 °C (John et al. 2012). As the
fluids involved in deep-subduction zone pro-
cesses are not preserved, the calculated

A% Ca,, pomte_c2+ Values are based on the
assumption, that the Ca isotopic composition of
the fluid largely resembles that of the silicate
bulk rock. In contrast, calcites formed at the
Logatchev hydrothermal fields, formed at tem-
peratures between 130 and 160 °C show
A 40Cacc_SW values of about 0 to +0.3 %o rela-
tive to seawater (Fig. 18; Amini et al. 2008).
Brown et al. (2013) suggest that the observed
3*4%9Ca values are caused by kinetic fractiona-
tion, mainly controlled by forward and backward
precipitation rates, while temperature plays only
a minor role. This hypothesis can explain the
similar A**°Ca found over a wide temperature
range from ambient temperatures up to 500 °C.
The enrichment of **Ca in the calcites from the
Logatchev hydrothermal field are likely related to
the precipitation from an evolved fluid, likely
seawater, which is depleted in *“°Ca by Rayleigh
type fractionation due to carbonate precipitation,
thus leading to the reduced apparent isotope
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fractionation (Amini et al. 2008). Alternatively,
the elevated 8*¥*°Ca values might be related to
recrystallization, i.e. higher backward reaction
rate, compared to the carbonates from the Long
Valley hydrothermal system and the Tianshan
blueshist.

3.1.3 Carbonate Recrystallization
Calcium isotope fractionation between Ca car-
bonate minerals and pore fluid is about 0 %o
during recrystallization under near equilibrium
conditions in marine carbonate sediments (Fantle
and DePaolo 2007) and long lived terrestrial
aquifers (Jacobson and Holmden 2008). In car-
bonate rich sediments this is evident from con-
verging 8***°Ca of fluid and solid phase
(Fig. 19). The depth of recrystallization and rate
of Ca isotope equilibration, apparent from the
convergence of 54 40Cap(,re water and 544/ 40Camlid
depends on the respective sediment characteris-
tics and is used to determine carbonate recrys-
tallization rates in marine sediments (Fantle and
DePaolo 2007). In carbonate rich sediments
equilibration is achieved in shallow depth of
about 80 mbsf (Fantle and DePaolo 2007), while
it takes place in greater depth (>500 m) in sili-
ciclastic organic rich sediments, due to reduced
carbonate dissolution rates in such sediments
(Turchyn and DePaolo 2011). The lack of iso-
tope fractionation during recrystallization is also
in general agreement to results obtained from
dissolution-reprecipitation experiments showing
that no Ca isotope fractionation takes place dur-
ing the replacement of aragonite by apatite
(Kasioptas et al. 2011).

In certain sedimentary settings, the calculation
of recrystallization rates from Ca isotopes is
complicated as 3**°Ca of sedimentary pore
water is not only influenced by CaCO; dissolu-
tion and recrystallization processes.

The 844/40CaPore water €an be affected by the
advection and diffusion of deep sources fluids of
different origin and Ca isotope signatures. The
isotopic composition of hydrothermal fluids was
shown to resemble the isotope composition
of mid ocean ridge basalt (~0.8 to 1 %o)
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Fig. 19 Calcium isotope ratios of CaCO;5 and porewater
of marine sediments. 5**“°Ca of sediment and pore waters
converge towards depth due to carbonate dissolution and
recrystallization. Depth profiles of carbonate oozes (ODP
site 807) are best explained by assuming o ~ 1 (Fantle
and DePaolo 2007). While §**4°Ca of solid and pore
water equilibrate within the upper few tens of meters, in
siliciclastic, organic rich sediments (IODP Sites 984 and
1082), solid and pore water equilibrate at greater depth
(Turchyn and DePaolo 2011), due to reduced carbonate
dissolution. Additional processes taking place in the
sediments can affect & 4OCapm water profiles, e.g.
authigenic carbonate formation leading to elevated
§%49Ca or the release of adsorbed Ca from clay mineral
surfaces can shift the 544/40Capm water towards lower
values (Teichert et al. 2009; Ockert et al. 2013)

(Amini et al. 2008; Schmitt et al. 2003a; Teichert
et al. 2009). In contrast, brines originating from
ancient evaporitic basins are characterized by
high 3**%°Ca values and high Ca concentrations
(Teichert et al., submitted). Further diagenetic
processes that take place in sediments and affect
644/40Cap0re water Include authigenic mineral pre-
cipitation, ion exchange on clay minerals
(Sect. 4) and alteration of volcanic ashes (Tei-
chert et al. 2005, 2009; Ockert et al. 2013, 2014).
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3.2 Phosphates

Marine phosphate deposits can form in sediments
with relative high organic carbon contents, e.g. in
areas with high primary production such as
upwelling zones at continental margins. The
available data suggest that Ca isotope fractiona-
tion of Ca phosphates might vary depending on
the type of phosphate-deposit. While the reported
A Ca osphate-sw 1 about —1.0 %o for sedi-
mentary peloidal Ca phosphate (Schmitt et al.
2003Db), it ranges between —0.4 and —0.5 %o for
phosphorite crusts (Arning et al. 2009). Paired
3*40Ca and 5'®0 analyses of Miocene peloidal
phosphates indicate a temperature dependent Ca
isotope fractionation of about 0.05 %0/°C, which
is in the same order of magnitude as inorganic
carbonates (Schmitt et al. 2003b). The reduced
apparent Ca isotope fractionation in crusts rela-
tive to the peloidal phosphates might be related to
different growth conditions, e.g. related to dif-
ferences in growth rates, C212+:PO43 ~ stoichiom-
etry etc. The different fractionation of both types
of phosphate might also be related to the different
environments they form in. As phosphate crusts
grow within the sediments, their reduced apparent
Ca isotope fractionation is consistent with pre-
cipitation from a semi-enclosed pore water
reservoir, in which the light Ca isotopes are
increasingly depleted during precipitation.

These observations are important to consider,
because ancient marine phosphates are used for
the reconstruction of 8*¥*°Ca seawater records
(Schmitt et al. 2003b; Soudry et al. 2004, 2006).
Establishing reconstructions of Ca isotope sea-
water evolution based on different phosphate
types, which show specific A44/40Caapme_sw can
introduce significant artefacts. See also Sect. 4.1
of Chapter “Global Ca Cycles: Coupling of
Continental and Oceanic Processes” for discus-
sion on 8*¥%°Ca paleo seawater reconstructions.

3.3 Sulfates

3.3.1 Barite
Barite formed in different settings of the marine
realm, in the water column (pelagic marine barite),
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at cold seep sites and hydrothermal vents,
demonstrate typical distinct Ca isotope signatures.
Natural marine pelagic barite shows a relatively
small variability in 8*¥*°Ca of ~0.1 £ 0.15 %o
(relative to SRM915a), which corresponds to an
apparent isotope fractionation relative to seawater
(A**0Cay 1rie-sw) Of about —2.0 £ 0.15 %o (Grif-
fith et al. 2008). The formation of pelagic barite
occurs mainly in the upper 700 m of the water
column, and is associated to the remineralisation
of planktic organic matter. The exact processes
taking place in the barite-forming microenviron-
ments are not fully resolved, e.g., if Ca is derived
directly from seawater or from the remineralised
biomaterial, if reservoir effects might reduce the
apparent isotope fractionation and at which
growth rates barite is formed. The observed frac-
tionation factor deviates from precipitation

experiments (A*/ OCap e+t —3-4t0—2.4 %o)
and modelling results (A*Ca: -8 to —9 %)
(Griffith et al. 2008; Sect. 1.2.3). Based on the
available data it is suggested that Ca isotope
fractionation of pelagic barite is not controlled by
environmental parameters. For instance, no cor-
relation between Ca isotope fractionation and the
water temperature of the upper 700 m of the water
column is found. Also, the water depth of the site
(depth of the sampled coretop, ranging between
3.1 and 4.4 km) does not show a significant con-
trol on Caisotope fractionation. AM 40Cabmte_sw of
pelagic barite is also identical for the Atlantic and
the Pacific Oceans, showing no basin-specific
fractionation. Additionally, it is shown that the
sediment composition, the faunal composition and
the barite accumulation rates do not control the Ca
isotopic composition of the pelagic barites. It also
appeared that the barite saturation of the bottom
water and several water properties of the surface
water (0-700 m) do not correlate with the Ca
isotope fractionation.

3*9Ca of barites formed at cold seep sites
range from —0.8 to —1.4 %o (A*Cayp iesw: —2.7
to —3.4 %o), and barites from hydrothermal vents
from —0.8 t0 —2.1 %o (A***Capyricesw: —2.7 tO
—4.0 %0). The apparent Ca isotope fractionation
relative to seawater is similar to that of synthetic
barite, but more fractionated than the pelagic barites
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and less fractionated than the model-predictions
(Griffith et al. 2008). The difference between pela-
gic, cold seep and hot vent barites might be related
to either different fractionation factors (different
precipitation rate, reservoir effects, etc.) or different
fluid Ca isotope composition. The determination of

A%/ Ca,,._cp+ Of the natural barites might
involve some uncertainties, because the involved
fluids are not available and thus not well deter-
mined with respect to 644/40Caﬂuid. In sediment
settings with high organic carbon content addi-
tional complication might arise from dissolution
and reprecipitation of barite due to sulfate
reduction.

3.3.2 Anhydrite and Gypsum

Marine and Hydrothermal Ca Sulfates
Anhydrite precipitated in the marine hydrother-
mal Logatchev field is enriched in light Ca iso-
topes relative to the fluid. A44’40Caanhydr_sw is
—0.33 and —0.62 %o for precipitation tempera-
tures of 234 and 113 °C, respectively (Amini
et al. 2008). Combined with experimental results
showing a fractionation of about —1.0 %o at 30—
40 °C (Hensley 2006), the data indicate a tem-
perature dependence with decreasing fractiona-
tion with increasing temperature (~0.003 %o/°
C), or alternatively differences in growth condi-
tions, such as stoichiometry, precipitation rate or
Rayleigh fractionation effects (Amini et al. 2008).
In natural evaporitic sequences, Ca sulfate
deposits show a relatively large range in 3***°Ca
(Blattler and Higgins 2014). This variability is
explained by Rayleigh fractionation during
ongoing Ca sulfate precipitation, as the ***°Ca
of the remaining brine successively increases,
due to preferential incorporation of *°Ca into the
solid (see Sect. 1.2; Fig. 10). The §*49Ca
development of the solids and brines within these
sequences is largely controlled by the Ca**:SO,?
" stoichiometry of the seawater, as it determines
the fraction of Ca removed from the brine until
Ca sulfate precipitation ceases. In evaporitic
sequences formed from solutions with high SO,*
~:Ca®* ratios, generally a large range in 8***°Ca
is found within a cycle, and high §*°Ca is
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apparent at its end. In contrast, a smaller vari-
ability within the evaporitic sequence and a less
pronounces increase in 8***°Ca is typical for
successions formed from seawater with low SO42
":Ca®*, because the Rayleigh fractionation effect
is smaller, the larger the Ca excess over sulfate is.
Examples from Earth history for evaporitic
sequences formed from brines with SO,%~ excess
are cycles from the Messinian, with a range in
§**°Ca of 1.3 %0 and maximum &**°Caig
0.24 %o higher than present seawater and cycles
from the Permian showing a variability of up to
1.7 %o (Blattler and Higgins 2014). In contrast,
evaporitic cycles from the Cretaceous and the
Silurian show a smaller range of ~0.4 %o, which
is indicative for lower SO,° :Ca ratios. The first
Ca sulfate formed in a sequence is about —1.0 %o
relative to the seawater and can help to charac-
terise the isotopic composition of the evaporate
basin relative to the open ocean. 8*¥*°Ca of
anhydrite from the Ordovician indicate on aver-
age higher 644/40CaWater of the evaporitic basin
than contemporaneous ocean water, which is
consistent with the preferential removal of *°Ca
by the Ca sulfates (Holmden 2009).

Calcium Sulfates in Soils

Calcium sulfates (variably hydrated) from a
hyper-arid soil in the Atacama Desert show a
range in 8*¥%°Ca from —0.8 to 1.7 %0 SRM915a
(Ewing et al. 2008). The correlated fractionation
of S, O and Ca isotopes is consistent with isotope
fractionation during downward transport by
small, infrequent, but regular rainfall events.
Internal fractionation processes within the soil
are most likely, as dust, the main Ca input to the
soil, is relative homogeneous with respect to
§*49Ca. The depth profile of the *0Ca i ae N
this soil shows a considerable decrease within the
upper few centimetres, which is followed by an
increase towards depth (Ewing et al. 2008). This
trend is related to repeated precipitation and
dissolution of Ca bearing minerals and preferred
downward transport of heavy dissolved Ca, due
to the incorporation of light Ca in the solid
mineral phases. Assuming that the dust-derived
Ca is transported downward, the §*40Cq at a
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given depth reflects the fraction of Ca precipi-
tated at that depth relative to the Ca inventory
below it. Following this approach, the observed
trend can be reproduced by a model using a

A¥OCa o cor of about —0.4 % (Ewing
et al. 2008), which is smaller compared to the
—1.0 %o of synthetic anhydrite (Hensley 2006)
and —1.5 to —0.8 %o for synthetic gypsum
(Harouaka et al. 2014; Blattler and Higgins
2014). The model outcome suggests that the
upper level of the profile is controlled by smaller
rain events and is now in steady-state, which is
achieved after 10° years. The observed 8*¥*°Ca
variation apparent in the lower part of the profile
is suggested to be determined by episodically
occurring larger rain events (Ewing et al. 2008).

The coexisting Ca carbonate and Ca sulfate
phases of this soil show distinct trends in their
3*40Ca profile. In the upper part, 5***°Ca pro-
files of sulfates and carbonates are almost par-
allel, with carbonates being overall heavier than
sulfates. In the lower part of the profile carbonate
and sulfate minerals show opposite trends, lead-
ing in the lower third of the profile to higher
3*"49Ca of sulfates compared to the coexisting
carbonates. This observation indicates that
coexisting carbonates and sulfates are not coge-
netic at the base of the profile. The genetic
relation of Ca carbonates and Ca sulfates is not
clear, but it is suggested that carbonates crystal-
lize on cracks of the dominant Ca sulfates or that
the Ca sulfate replaces carbonates.

4 Diffusion, Exchange
and Adsorption of Cations
in Aqueous Systems

The dependence of solute diffusion in aqueous
solutions on the isotopic composition is well
documented for many aspects like marine pore
water and terrestrial groundwater evolution, sol-
vent exchange and mineral formation (e.g.
DePaolo 2004; La Bolle et al. 2008; Lavastre
et al. 2005; Richter et al. 2006; Donahue et al.
2008; Bourg et al. 2010; Beekmann et al. 2011;
Wanner and Hunkeler 2015). In contrast to
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knowledge about isotope fractionation by diffu-
sion in melts, significant gaps exist for the
mechanisms and quantification of potential stable
isotope fractionation of dissolved ions during
diffusion (e.g. Bourg et al. 2010; Chopra et al.
2012 and references therein).

Stable isotope fractionation of dissolved ions
and molecules during diffusion can be described
by an inverse power law relation with the diffu-
sion coefficient D (in m* s~ ') being proportional
to m P, where m denotes the isotopic mass of the
solute with exponent B ranging between O (pre-
dicted by hydrodynamic theory) and 0.5 (kinetic
theory) (Bourg and Sposito 2007; Bourg et al.
2010). Accordingly, the fractionation coefficient
by aqueous diffusion is obtained by the equation

Adiffusion = Di/Dj = (m;/ mi)B (2)

where i and j denote the respective isotopes and
as required the reduced mass in respect to solute
hydration spheres has to be used instead of m
(e.g. Gussone et al. 2003). Between 25 and 75 °C
no temperature dependence was observed for f
of different elements (Bourg and Sposito 2007).
Generally, B is largest for uncharged noble gases,
followed by monovalent ions (e.g. alkali ele-
ments) and small values are observed for divalent
ions (e.g. alkaline earth elements). In addition,
decreases with the solute radius. While alkali
elements show a considerable isotope fractiona-
tion during diffusion in aqueous fluids, very
small isotope fractionation is reported for Ca and
Mg (e.g., Richter et al. 2006; Bourg et al. 2010).
Diffusion of aqueous Ca’* ions to a growing
calcite may yield in light isotope preferentially
bound in the crystal, but strongly limited.

The absence of measureable EASI fractiona-
tion during diffusion in aqueous fluids was
attributed to the special nature of ionic diffusion
in water compared to other liquids (like melts),
e.g. solvation and dielectric effects. Two effects
determine isotope fractionation in aqueous fluids:
(1) collision dominated friction, a process with a
strong kinetic mass dependent isotope fractiona-
tion. (2) hydrodynamic friction, a process that
reduces isotope fractionation, which is important
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at large solute radius or strong solute solvent
interaction. These mechanisms explain the larger
fractionation for monovalent compared to diva-
lent cations. Longer residence times of ions in the
hydration sphere lead to more collisions with
ions in water sphere, rendering the mass depen-
dent isotope fractionation during diffusion and
leading to smaller B-values (Bourg et al. 2010).
Accordingly, water surrounding dissolved
cations within hydration shells is assumed to be
an important limiting factor for isotopic frac-
tionation associated with diffusion.

While EASI fractionation is mostly negligible
during diffusion in aqueous fluids, significant
isotope fractionation is observed for elements
migrating through media like gels, resins or soils.
Responsible for this isotope fractionation effect is
the interaction with charged surfaces, adsorption
and desorption processes, e.g. also referred to the
formation of complexes at the surface of a solid
(see Chapter “Analytical Methods”). The large
isotope fractionation effect on chromatographic
columns is shown for several elements including
alkaline earth metals like Ca and Mg (cf. Russel
and Papanastassiou 1978). Such fractionation
effects can introduce artificial mass dependent
isotope fractionation during Ca purification on
chromatographic columns, thus hindering inves-
tigations on §***°Ca of impure materials (see
Chapter “Analytical Methods”), or stable isotope
fractionation between precipitates and pore
solutions in gel. On the other hand mass depen-
dent Ca isotope fractionation on chromatographic
columns is used for artificial isotope enrich-
ments. Several studies are published on the sys-
tematics of Ca and Sr isotope fractionation and
chemical purification, investigating the behavior
of calcium on ion exchange columns using dif-
ferent acids, acidities and complexing ions (cf.
Heumann 1972; Heumann et al. 1977, 1982;
Heumann and Lieser 1972; Heumann and
Kloppel 1979, 1981; Heumann and Schiefer
1980, 1981; Fujii et al. 1985, 2010; Ban et al.
2001; Jepson 1992). The observed Ca isotope
fractionation taking place on the column depends
on the kind and strength of the elution phase. By
changing the properties of the elution phase it is
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possible to change the magnitude and sign of
isotope fractionation.

Ion exchange reactions have the potential to
fractionate alkaline earth metal isotopes not only
in artificial chromatographic columns, but also in
natural environments. Such fractionation effects
are of great interest, as alkaline earth metals
participate in basic biogeochemical reactions in
soils and marine sediment e.g. during diagenesis.
Therefore, changing concentrations of dissolved
alkaline earth metals in marine pore waters pro-
vide important information about early diage-
netic reactions. Additional insights into these
processes can be gained from variations of the
stable isotope composition of alkaline earth
metals. Besides radiogenic isotopes, which are
well established tools for the characterisation of
fluid sources and processes like ash alteration,
the stable isotope composition of Ca and Mg can
help to identify processes such as authigenic
carbonate precipitation, carbonate dissolution,
recrystallization and desorption from
sediment-particle surfaces as well as fluid sour-
ces, e.g. brines and hydrothermal fluids. In Ca
carbonate rich sediments, the Ca isotope com-
position is governed by CaCO; dissolution and
reprecipitation (see Sect. 3.1.3). In siliciclastic
sediments, the upper ~ 100 m are often charac-
terised by authigenic carbonate precipitation,
leading to a decrease in dissolved Ca by up to
80 %. This decrease in concentration is often not
accompanied by the expected depletion in light
isotopes in the pore water (Teichert et al. 2005,
2009). A mechanism that is suggested to over-
whelm the precipitation signal is the release of
Ca which is attached at surfaces of sediment
particles, mainly clay minerals (Hindshaw et al.
2011; Teichert et al. 2009). Laboratory experi-
ments on Ca exchange on clay minerals reveal
that light isotopes are preferentially adsorbed to
the clays and can thus provide a source for light
Ca isotopes, but the degree of isotope fractiona-
tion depends on the respective mineral (Ockert
et al. 2013). Kaolinite shows the largest isotope
fractionation during calcium ion adsorption with
A 0Ca,4¢ quia Of about —1.2 to —3.0 %o. Cal-
cium isotope fractionation for adsorption onto
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Fig. 20 3*¥*Ca of sedimentary pore water as a function
of NH4". Sedimentary pore water from the Cascadia
margin demonstrates a strong correlation between NH4*
and §*°Ca, suggesting the release of isotopically light
Ca from clay mineral surfaces due to increasing compe-
tition with NH4* for adsorption sites (modified from
Teichert et al. 2009)

illite range from —-0.5 to —1.2 %, and
A44/40Caads_ﬂuid of montmorillonite is about
—0.5 %o.

In marine sedimentary pore water, Ca is
released from clay minerals if either the Ca
concentration in the pore water decreases (e.g.
due to carbonate precipitation) or if the NH,*
concentration increases, €.g. as a result of organic
matter degradation. As NH,* and Ca®* compete
for adsorption sites at clay mineral surfaces,
increased supply of NH,* promotes the release of
adsorbed Ca. This process leads to a dependence
of & 40Cap0re water and the ammonium concen-
tration (Fig. 20; Teichert et al. 2009). Because
the Ca concentration is determined by the car-
bonate chemistry, the latter process is not
observable in the Ca concentration, but only in
the Ca isotopes (Teichert et al. 2009). These
observations are compatible to Mg isotope frac-
tionation suggested for Mg adsorption on clay
surfaces, indicated by the offset of weathered
source rocks and sampled river water (Tipper
et al. 2006, 2008).

In accordance with Ca isotope fractionation
behaviour, the ligther Cu isotopes are preferential
adsorbed onto kaolinite surfaces (A%®Cu;y ¢ =
—0.39,; Li et al. 2015) and on the bacterium

. 65 _ o/ .
P. aureofaciens (A Cug iy 2+ = —1.2 %
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1.8 < pH < 3.5; Pokrovsky et al. 2008). In
addition, the adsorption of lighter Cd isotopes is
favored at Mn oxyhydroxide surfaces (birnessite:

AMT2Cq Lo R —0.29,; Wasylenki et al.
2014). Contrarily, adsorption of Cu and Zn iso-
topes onto Al- and Fe-(hydr)oxides yields in
preferentially heavier isotopes bound to the solid
surface (Pokrovsky et al. 2008; Balistrieri et al.
2008). This discrepant isotope fractionation
behaviour during cation adsorption onto solid
surfaces can be caused by the distinct adsorption
of isotopically different cation species in aqueous
solutions (e.g. by considering various cation
coordination environments) or/and by Kkinetic
(lighter isotopes preferentially absorbed) versus
equilibrium control (heavier isotopes preferen-
tially adsorbed) of the adsorption process. The
latter mechanism can be quantified by using the
surface reaction kinetic approach by DePaolo
(2011) developed for fractionation behavior
during calcite formation.
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Abstract

Biominerals are important archives for various paleo-environmental
proxies, and consequently, the understanding of biomineralisation related
element and isotope fractionation is vital for reliable climate reconstruc-
tions. The Ca isotope composition of biominerals has been investigated to
explore its potential for paleo-environmental reconstructions and to better
understand biomineralisation processes. The overall range of Ca isotope
fractionation reported for biominerals resembles that of inorganic
minerals, but shows different responses to changes of environmental
parameters such as fluid composition and growth rates. In this chapter, we
review Ca isotope fractionation characteristics of biominerals from
different taxa with respect to biomineralisation processes and potential
proxy applications. Available data of alkaline earth metal isotope systems
(Mg, Sr) are included for comparison.

Keywords
Biomineralisation - Trophic level effect - Foraminifers - Coccolithophores -
Dinoflagellates - Corals - Sclerosponges « Coralline algae - Brachiopods -
Mollusks

Biominerals form during the interplay of inor-
ganic and biological processes. The element Ca
is in this context of great interest, as it is a
compound of biominerals and also vital for
metabolic processes in organisms (e.g. cell signal
transduction etc.). For biomineralisation, Ca
plays a special role, because it is a main con-

e-mail: nguss_01 @uni-muenster.de stituent of prevalent biominerals, including apa-
A. Heuser tite, calcite, aragonite and Ca oxalate. The
Steinmann-Institut fiir Geologie, Mineralogie und calcium carbonate minerals (CaCOs—<calcite,
Paldontologie, University of Bonn, Bonn, Germany aragonite, vaterite) are the most important group

e-mail: aheuser@uni-bonn.de

© Springer-Verlag Berlin Heidelberg 2016 1
N. Gussone et al., Calcium Stable Isotope Geochemistry,
Advances in Isotope Geochemistry, DOI 10.1007/978-3-540-68953-9_4



112

of biominerals based on the number of taxa, by
which they are precipitated, and based on the
global total mass accumulation rate. The Ca
isotope composition of biominerals has been
investigated, to explore its potential for paleo
environmental reconstructions and to better
understand biomineralisation processes. The
main focus of this chapter lies on biominerals
formed during biologically controlled biominer-
alisation by eucariota (Sects. 2 and 3) and pos-
sible applications of Ca isotopes as indicators for
ecological and paleoenvironmental questions
(Sect. 4), excluding constraining the global Ca
budget and biomedical applications which are
subject of Chapters “Global Ca Cycles: Coupling
of Continental and Oceanic Processes” and
“Biomedical Application of Ca Stable Isotopes”,
respectively.

Species used for Ca isotope studies have been
selected based on their importance in respect to
global element-cycling, their applicability as
archives for paleoclimatic reconstructions or
because of special biomineralisation features or
availability. This chapter reviews fractionation
characteristics of biominerals, their implications
and applications, while technical aspects e.g.
cleaning procedures, ion chromatographic-
purification and mass spectrometry methods
appropriate for the respective kind of sample
material are described in Chapter “Analytical
Methods™ (Sect. 4).

1 Procaryota—Microbial Induced
Biomineralisation

In the marine realm precipitation of microbially
induced minerals, which are formed by the
interaction of metabolic waste products with ions
from the environment, is widespread and
important for sediment properties, such as sta-
bility, porosity and permeability. Nevertheless,
due to the similar appearance and geochemical
composition of biogenically induced and inor-
ganically precipitated minerals, a clear separation
between both is often not straightforward.
Therefore, Ca isotope fractionation of natural
occurring, likely microbial induced carbonates

Biominerals and Biomaterial

are discussed in Chapter “Calcium Isotope
Fractionation During Mineral Precipitation from
Aqueous Solution” (Sect. 3) together with natu-
ral inorganically formed carbonates.

Microbial activity has been suggested to pro-
mote the formation of primary dolomite, as its
direct inorganic precipitation from seawater-like
fluids at ambient temperatures is kinetically
suppressed, by factors such as sulphate concen-
tration or the hydration shell of Mg ions.

Microbial dolomite formation under anoxic
conditions and associated Ca isotope fractiona-
tion has been studied in lab cultures at 21 °C
with the sulphate reducing bacteria Desulfobul-
bus mediterraneous (Krause et al. 2012). Their
experiments show dolomite crystals associated
with exopolymeric substances (EPS) forming
first dolomitic nano-spherules which later
aggregate to micro-spherules. The EPS biofilm is
enriched in Ca relative to the surrounding
seawater-like fluid (Mg/Ca ~5), as Ca and Mg
are present at similar concentrations in the bio-
film. Isotopic analyses of Ca from the EPS reveal
3*19Ca about —0.5 %o compared to the fluid.
The dolomite crystals are about —1.0 to —1.1 %o
relative to the fluid. This observation is inter-
preted as the result of a two-step fractionation,
the first step associated with uptake into or
adsorption on the EPS and the second step during
precipitation of the dolomite from the
pre-fractionated Ca of the EPS (Fig. 1).

The experimentally determined A*¥*°Ca of
—1.1 %0 demonstrates a stronger fractionation
compared to the values reported for modern
primary dolomites sampled from the South China
Sea (Wang et al. 2012, 2013a), which A*¥*°Ca
range between about —0.7 and —0.4 %o and from
the Peru Margin showing A***°Ca of about
—0.5 %o (Teichert et al. submitted). The reason
for this difference in apparent isotope fractiona-
tion is yet unclear, but might be related to dif-
ferent involved bacteria, fluid composition,
growth rates or temperature. The smaller appar-
ent isotope fractionation observed in the marine
realm, could also be caused by reservoir effects
(high degree of Ca consumption) in diffusion
limited pore water spaces. Alternatively, it is
possible  that during ongoing dolomite
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Fig. 1 Fractionation of Ca isotopes during microbial
induced dolomite precipitation in lab cultures and in
natural primary dolomites from the marine realm. Culture
experiments of Krause et al. (2012) suggest a two-step Ca
isotope fractionation of dolomite crystals (A**#*°Ca: about
—1.0 %o) formed in and on bacterial EPS (—0.5 %o relative
to the culture medium). In contrast, recent natural marine
primary dolomites suggest A**°Ca between —0.4 and
—0.7 %o, A South China Sea (Wang et al. 2013a), B South
China Sea (Wang et al. 2012), C Peru Margin (Teichert
et al. submitted)

precipitation over longer time periods, the dom-
inant Ca source might change from solely EPS
derived to bulk fluid dominated. This hypothesis
would suggest that dolomite precipitation is ini-
tiated by the Ca and Mg supply of the microbial
EPS, and at a later stage, un-fractionated Ca from
the adjacent fluid becomes more important and
eventually the dominant Ca source.

2 Protista

A comparatively large number of studies dealing
with Ca isotope fractionation focus on biomin-
erals formed by protista, in particular for-
aminifera  and  coccolithophores.  These
unicellular organisms largely contribute to the
world oceans CaCO; export production, the main
sink for the global oceanic Ca cycle. Knowledge
of their fractionation behaviour is therefore
important for defining the average Ca isotope
fractionation of marine biogenic carbonates, an
essential parameter for modelling the oceanic Ca
budget through Earth history (see Chap-
ter “Global Ca Cycles: Coupling of Continental
and Oceanic Processes”).
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2.1 Foraminifera

Foraminifera are unicellular amoeba, which are
known from the sedimentary record since the
Early Cambrian (Pawlowski et al. 2003). Most
species described originate from the marine
realm, but few non-calcifying species are present
in freshwater and soils (Meisterfeld et al. 2001).
The majority of recent species life in marine
benthonic habitats and comparatively few species
are planktic. Besides by their habitat, for-
aminifera can be classified by the properties of
their shells, the so called foraminifer tests. Some
species surround themselves with organic scales,
some with debris, building ‘agglutinated’ tests
(with organic or CaCOs-cement), while other
species secret tests of CaCO;. The latter group is
further divided according to their test-structure
into perforate and imperforate foraminifers, or
hyaline and porcelaneous tests (ter Kuile 1991;
Erez 2003), with species secreting low magne-
sium calcite (LMC), high magnesium calcite
(HMC) or aragonite.

Foraminifers secreting CaCO; are widely
used archives for paleo-environmental changes.
For instance stable isotope ratios, element ratios
and changes in faunal assemblages are used for
the reconstruction of parameters such as tem-
perature, salinity, global ice volume, pH, pro-
ductivity and stratigraphic ages. Because of the
importance of foraminifers as proxy archives,
empirical calibrations of isotope fractionation
and element partitioning behaviour are accom-
panied by the development of models in order to
gain a fundamental understanding of biominer-
alisation and cellular element transport (Erez
2003; de Nooijer et al. 2014).

With respect to their Ca isotope fractionation,
foraminifera are comparatively well studied, as
the Ca isotope composition of foraminifers was
initially proposed as potential recorder for past
temperatures (cf. Zhu and Macdougal 1998;
Négler et al. 2000) and alternatively for changes
in the oceanic Ca budget (Skulan et al. 1997; De
La Rocha and DePaolo 2000). The discrepant
observations regarding the apparent temperature
dependence of Ca isotope fractionation triggered
a series of studies that focussed on the
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characterisation and understanding of for-
aminiferal §***°Ca in response to environmental
parameters.

2.1.1 Planktic Foraminifers

Reported 5***°Ca values of recent planktic for-
aminifer tests span a range of nearly 4 %o, from
about —2.0 to +1.8 %o (relative to SRM 915a),
while the majority of samples lie between 0.2 and
1.2 %o. This corresponds to an apparent isotope
fractionation (A44/ 40Ca) of about —0.7 to —1.7 %o
relative to seawater (Fig. 2). Several environ-
mental parameters, including temperature, salin-
ity and carbonate chemistry of the surrounding
fluid have been tested for their influence on Ca
isotope fractionation of planktic foraminifers.

Although temperature is one of the most
intensively studied factors influencing Ca isotope
fractionation in foraminifers, its effect on the
3*%9Ca of foraminifer tests is still not fully
understood and subject of ongoing discussion.
To clarify the question, if and how strong Ca
isotope fractionation is influenced by tempera-
ture, different sample materials have been used,
including foraminifers grown in culture experi-
ments, natural samples caught by plankton nets
from the ocean water, tests recently deposited in
sediment traps or at the seafloor (from core top
samples) or specimens obtained from down core
records.

Most analysed species show either no
resolvable 3**°Ca-temperature dependence or
sensitivities <0.03 %o/°C (Fig. 2; Table 1), sim-
ilar to that observed in inorganic precipitation
experiments (Chapter “Calcium Isotope
Fractionation During Mineral Precipitation from
Aqueous Solution”) or biominerals of other taxa.
Significant §***°Ca-temperature dependencies
are reported for Orbulina universa from con-
trolled culture experiments (~0.019 %o/°C; Zhu
1999; Gussone et al. 2003, 2009), several recent
foraminifer species retrieved from sediment sur-
faces (Griffith et al. 2008) and cross calibrated
foraminifers from the Eocene (Kasemann et al.
2008). On the other hand, several studies that
investigated modern foraminifers from core top
samples (Sime et al. 2005; Chang et al. 2004;
Kasemann et al. 2008) and sediment traps
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(Griffith et al. 2008), did not reveal a significant
temperature dependence for several species,
indicating that other factors then temperature, can
overprint the relatively small temperature effect.

Non-linear 3***°Ca-temperature dependencies
are indicated by Globigerinoides ruber and
Globigerinella sifonifera from lab culture
experiments, showing maximal §*¥*°Ca at tem-
peratures between 24 and 27 °C (Kisakiirek et al.
2011). This fractionation pattern might reflect
reduced Ca isotope fractionation at optimal
growth conditions. However, this observation is
pending further verification, as the total range of
3*49Ca values found for each species is only
about 0.2 %o and most data overlap within
uncertainty.

Two species that show special fractionation
behaviours are Globigerinoides sacculifer and
Neogloboquadrina pachyderma (sin). Glo-
bigerinoides sacculifer (including data reported
as G. trilobus and G. quadrilobatus) exhibits an
enigmatic bimodal temperature dependence with
two considerably different temperature sensitivi-
ties differing by one order of magnitude,
~0.02 %0/°C and ~0.2 %0/°C (Fig. 2; Table 1).
Both trends are reported for specimens obtained
from culture experiments (Négler et al. 2000;
Gussone et al. 2009), and natural samples,
retrieved from either plankton nets (Hippler et al.
2006), sediment traps (Griffith et al. 2008),
coretop sediments (Chang et al. 2004; Sime et al.
2005; Griffith et al. 2008; Kasemann et al. 2008)
and downcore records (Négler et al. 2000; Gus-
sone et al. 2004; Hippler et al. 2006; Heuser et al.
2005; Sime et al. 2007). This suggests that the
bimodal temperature response is not related to
analytical artifacts or preservation, but likely

caused by fractionation processes during
biomineralisation, which are yet not fully
understood.

Studies on N. pachyderma (sin.) reveal a
complex fractionation pattern (Fig. 2), with one
array at temperatures between 2 and 13 °C,
showing a slightly smaller temperature depen-
dence than G. sacculifer, and an “anomaly” at
temperatures between —1.5 and 4 °C, with ele-
vated 8*¥*°Ca, which might be related to lower
carbonate ion concentrations or calcite saturation
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Fig. 2 Temperature dependent Ca isotope fractionation
in planktic foraminifers. a §***°Ca of planktic foramini-
fers, from culture experiments and natural samples shown
as a function of temperature. b Orbulina universa
specimens from culture experiments and coretops reveal
a small temperature dependent Ca isotope fractionation of
~0.02 %0/°C (Gussone et al. 2003, 2009; Kasemann et al.
2008; Sime et al. 2005). ¢ Cultured and natural individ-
uals of Globigerinoides sacculifer reveal a bimodal
temperature sensitivity in their Ca isotope fractionation,

states in these water masses (Hippler et al. 2009a;
Gussone et al. 2009) (see section on benthonic
foraminifers).

The impact of the carbon chemistry of the
surrounding water on &***°Ca in planktonic
foraminifer tests was studied in culture experi-
ments of Globigerinoides ruber, Globigerinella
sifonifera (Kisakiirek et al. 2011) and Orbulina
universa (Gussone et al. 2003). All of the three
investigated species show little variability in
3*40Ca isotope ratios and no clear correlation
between carbonate ion concentration and Ca
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differing by an order of magnitude (Nagler et al. 2000;
Chang et al. 2004; Hippler et al. 2006; Sime et al. 2005;
Gussone et al. 2009). d Neogloboquadrina pachyderma
sinistral (Hippler et al. 2009a; Gussone et al. 2009)
exhibits a relatively large temperature dependence at
higher temperatures and an anomaly at low temperatures,
while N. pachyderma dextral (Sime et al. 2005) shows no
indication for a temperature dependent Ca isotope
fractionation

isotope fractionation (Fig. 3). The results
strongly differ from experiments that investigated
inorganically precipitated calcite (Lemarchand
et al. 2004), but resemble the slightly negative
correlation of 3***°Ca and carbonate ion con-
centration found in cultured coccolithophores
(Sect. 2.2). As the latter dependence is found to
be non-linear, with a stronger gradient at low
carbonate concentrations, it is suggested that
possibly the interference of temperature and
carbonate chemistry (carbonate ion concentration
or calcite saturation) could be responsible for the
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Table 1 Temperature sensitivities of Ca isotope fractionation in tests of planktic foraminifers

Species Temp. sensitivity Culture
(%0/°C)

Globigerina bulloides <0.03

Globigerinella <0.03

aequilateralis

Globigerinella <0.03 16

siphonifera

Globigerinoides <0.03

conglobatus

Globigerinoides ruber <0.03 16

Globigerinoides <0.03/~0.2 3,15

sacculifer/trilobus

Globorotalia hirsula <0.03

Globorotalia inflata <0.03

Globorotalia menardii <0.03

Globorotalia scitula <0.03

Globorotalia <0.03

truncatulinoides

Globorotalia tumida <0.03

Hastigerina pelagica <0.03

Neogloboquadrina <0.03

dutertrei

Neogloboquadrina <0.03

pachyderma (dextral)

Neogloboquadrina ~0.2

pachyderma (sinistral)

Orbulina universa <0.03 2,4, 15

Pulleniatina <0.03

obliquiloculata

Sphaeroidinella <0.03

dehiscens

Turborotalia <0.03

quinqueloba

Plankton Downcore

nets

Sediment
traps

13 5,7, 13 9
7

Coretop

12 9

13 57,12, 9
13

1,5,7,

13 8 1
12, 13 8,

5,7,13
5,12

5,7,13

12, 13

13 5,7, 13

14, 15 1, 14,

15

5,7, 12, 11
15

7,12

12

10

1: Zhu and Macdougall (1998); 2: Zhu (1999); 3: Négler et al. (2000); 4: Gussone et al. (2003); 5: Chang et al. (2004);
6: Gussone et al. (2004); 7: Sime et al. (2005); 8: Hippler et al. (2006); 9: Heuser et al. (2005); 10: Gussone et al.
(2005); 11: Sime et al. (2007); 12: Kasemann et al. (2008); 13: Griffith et al. (2008); 14: Hippler et al. (2009a); 15:

Gussone et al. (2009); 16: Kisakiirek et al. (2011)

apparent temperature dependent Ca isotope
fractionation of N. pachyderma (sin.) in the
Arctic Ocean (Hippler et al. 2009a; Gussone
et al. 2009). This hypothesis is still pending
verification, as the carbonate chemistry of the
respective water masses from which the for-
aminifers were retrieved is unknown.

The response of Ca isotope fractionation in
foraminifer tests on salinity revealed from culture
experiments is not uniform (Fig. 4). A salinity
increase from 32 to 44 psu leads to a 0.15 %o
decrease of 8**°Ca in Globigerinoides ruber
while 8**°Ca of Globigerinella sifonifera
increases by about 0.1 %o (Kisakiirek et al.
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Fig. 3 Calcium isotope fractionation in planktic forami-
nifers as a function of ambient carbonate ion concentra-
tion. In contrast to inorganic calcite, planktic foraminifers
show no significant dependence between 3***°Ca and
[CO32_] of the culture medium. Calcite data from
Lemarchand et al. (2004), Orbulina universa from
(Gussone et al. 2003), Globigerinoides ruber and Glo-
bigerinella sifonifera from Kisakiirek et al. (2011)
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Fig. 4 Calcium isotope fractionation of planktic forami-
nifers as a function of salinity. **4°Ca shows little
variability related to salinity in tests of Globigerinoides
ruber and Globigerinella sifonifera (Kisakiirek et al. 2011)

2011). Overall, this variability related to salinity
is small and close to the analytical uncertainty.
Similarly, 5*49Ca of Orbulina universa does not
show a clear salinity-dependence; possibly cul-
ture experiments at salinities of 33 and 36 indi-
cate a small increase in temperature sensitivity
with increasing salinity (Gussone et al. 2003,
2009). The influence of salinity on the Ca isotope
fractionation of G. sacculifer is ambiguous.
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Cultures at 36 psu reveal a large temperature
sensitivity of ~0.2 %/°C (Néagler et al. 2000),
while experiments at 33 psu indicate for most
specimens a small temperature sensitivity of
~0.02 %0/°C. Only those specimens at 33 psu
that died prior to gametogenesis are consistent
with a large temperature gradient (Gussone et al.
2009), as they show Ca isotope ratios close to the
temperature dependent fractionation trend of
Hippler et al. (2006). A correlation between
salinity and temperature dependence is however
not directly seen in G. sacculifer individuals
from the natural environment (cf. Sime et al.
2005; Griffith et al. 2008). This indicates that
changes in biomineralisation, rather than salinity
itself are responsible for the observed fractiona-
tion effects in this species.

The suggestion that the formation of game-
togenesis may influence the Ca isotope compo-
sition of foraminifers is supported by §*¥*°Ca
heterogeneities revealed by secondary ion mass
spectrometry in tests of Globorotalia inflata,
Globorotalia truncatulinoides and Globorotalia
tumida (Rollion-Bart et al. 2007; Kasemann et al.
2008). In particular, Kasemann et al. (2008)
show significant offsets between ontogenetic and
gametogenetic calcite in G. truncatulinoides and
G. tumida of up to ~4 %o which are, however,
opposite in sign for both species. Further
research in this area will reveal new insight into
biomineralisation and associated Ca isotope
fractionation effects.

The understanding of EASI fractionation
during foraminiferal biomineralisation is brought
further by reported 8**?*Mg values. The overall
range of A****Mg in planktic foraminifer tests
lies between —5.2 %o and —3.2 relative to sea-
water (Chang et al. 2004; Pogge von Strandmann
2008; Wombacher et al. 2011). A?***Mg
obtained from the different studies show some
systematic differences, e.g. regarding certain
species including O. universa and G. sacculifer,
but all studies consistently demonstrate that
626/24Mg of planktic foraminifers is stronger
fractionated than inorganic calcite (—1.5 to
—3.2 %o, Chapter “Calcium Isotope
Fractionation During Mineral Precipitation from
Aqueous Solution”). The presently available data
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do not indicate a resolvable temperature depen-
dent Mg isotope fractionation in planktic
foraminifers.

38858y of planktonic foraminifers determined
on G. sacculifer and G. ruber retrieved from core
top sediments and samples from the last glacial
maximum cluster around 0.14 %o (relative to
NBS 987). This value corresponds to a frac-
tionation of —0.25 %o relative to present seawa-
ter. Initial results suggest no significant
dependence on temperature (Krabbenhoft 2010;
Bohm et al. 2012). Instead, it was suggested that
Sr isotope fractionation may relate to the pre-
cipitation rate, thus reflecting comparatively
rapid precipitation in (semi)enclosed spaces with
a low degree of Ca (and Sr) consumption.

Calcium isotope ratios of planktonic for-
aminifers have already been applied as recorder
for §**°Cagy variability (Chapter “Global Ca
Cycles: Coupling of Continental and Oceanic
Processes™) as well as paleo sea surface temper-
ature proxy (Sect. 4.3). Calcium isotope derived
SST reconstructions as part of multi proxy
approaches reveal an overall good agreement to
Mg/Ca- and §'®0O-based temperatures (Nigler
et al. 2000; Gussone et al. 2004; Hippler et al.
2006), while on the other hand planktonic for-
aminifer based &*¥*°Ca records (including
G. sacculifer/trilobus) seem to reflect predomi-
nantly changes in seawater Ca isotope composi-
tion (Sime et al. 2007; Heuser et al. 2005). As the
origin of this enigmatic bimodal temperature
dependence of G. sacculifer and its controlling
factors are still not understood, it is important to
consider this complication when interpreting
planktonic foraminifer based Ca isotope records.

2.1.2 Benthonic Foraminifers

The Ca and Mg isotope composition of ben-
thonic foraminifer tests have been studied on
species secreting different test structures (hyaline
and porcelaneous) and mineralogy (low Mg
calcite, high Mg calcite and aragonite) from
marine sediments, e.g. Glabratella ornatissima,
Alveolina  sp., fusulina sp., Cibicidoides
wuellerstorfi, Cibicides kullenbergi, Uvigerina
peregrina, Cassidulina laevigata, Gyroidinoides
spp., Elphidium spp., Pyrgo spp.,
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Quinqueloculina spp. and Hoeglundina elegans
(Skulan et al. 1997; Zhu and Macdougall 1998;
De La Rocha and DePaolo 2000; Chang et al.
2004; Gussone and Filipsson 2010; Gussone
et al. 2016). The calcitic foraminifers reveal an
overall A***°Ca of —0.5 to —1.5 %o relative to
seawater, and show no significant difference
between test structures (hyaline and porcelaneous
tests) and chemical composition [high Mg calcite
(HMC) and low Mg calcite (LMC)]. The appar-
ent temperature dependent Ca isotope fractiona-
tion pattern is characterised by a positive
correlation of 8*¥*°Ca to temperature at higher
temperature (>5 °C) similar to planktonic for-
aminifers and by an enrichment of heavy Ca
isotopes at low temperatures (~2-3 °C) (Fig. 5).
This enrichment of heavy isotopes at low tem-
peratures is suggested to reflect a decrease in Ca
isotope fractionation at low calcite saturation
(Qcaicite) of the ambient fluid (Fig. 6), an effect
that is demonstrated for cultured coccol-
ithophores (Sect. 2.2).

While Ca isotope fractionation is similar in
tests composed of HMC and LMC (Gussone
et al. 2016), there is a considerable difference in
Mg isotope fractionation between both for-
aminiferal groups. While LMC tests exhibit
A*%?*Mg between —4.3 and —3.6 %o, which is in
the range of planktic foraminifers, the HMC tests
show A?***Mg from —2.9 to —1.7 %o, similar to
inorganic calcite (Wombacher 2011; Pogge von
Strandmann 2008; Chang et al. 2004; Yoshimura
et al. 2011).

The observed EASI fractionation patterns of
calcitic benthonic and planktic foraminifers are
in agreement to the basic concept of foraminiferal
biomineralisation of Erez (2003) and Elderfield
et al. (1996). It suggests that Ca is introduced
into the cell by two processes, uptake of
seawater-filled vesicles and transmembrane Ca
transport (e.g. by Ca channels), but the amount of
Ca contributed to the test by each transport
mechanism is still under debate.

Although Ca isotope fractionation of planktic
and benthonic foraminifers found in different
studies is similar, the data are partly ambiguous
and led to considerably different hypotheses. For
instance, Kisakiirek et al. (2011) proposed based
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Fig. 5 Calcium isotope composition of benthonic for-
aminifers as a function of bottom water temperatures.
a 3*49Ca of hyaline benthonic foraminifers: Alveolina
sp. and Fusulina sp. (Skulan et al. 1997), G. ornatissima
(De La Rocha and DePaolo 2000), C. wuellerstorfi, U.
peregrina, C. laevigata, Gyroidinoides spp. (G. soldanii
and G. neosoldanii) and Elphidium spp. (Gussone and
Filipsson 2010). b */°Ca of Porcelaneous and arago-
nitic species: porcelaneous calcitic foraminifers show
similar 8**¥*°Ca as hyaline species, while §**°Ca of the
aragonitic H. elegans is about 0.4 %o lower than those of
calcitic species (Gussone and Filipsson 2010; Gussone
et al. 2016)

on 3**°Ca and Sr/Ca systematics of planktic
foraminifers that biomineralisation resembles
inorganic calcite growth in a relatively open
system, with either little Ca consumption
(<25 %) from a seawater like Ca source or up to
40 % Ca consumption from a pre-fractionated
fluid (0.2 %o lower than seawater). Griffith et al.
(2008) suggested higher degrees of Ca con-
sumption (85 %) during calcite precipitation
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Fig. 6 Calcium isotope composition of benthic forami-
nifers as a function of bottom water calcite saturation. The
relative high §*49Ca of benthonic foraminifers at low
Qcc (<2) is consistent with the proposed biological Ca
isotope fractionation trend inferred from E. huxleyi
(Gussone et al. 2007). At high Qc. (>2) 5**°Ca of
benthonic foraminifers resemble the fractionation trend of
inorganic calcite (Lemarchand et al. 2004). However, this
apparent relation in benthonic foraminifers for Q¢ > 2 is
presumably caused by covarying bottom water tempera-
tures. Modified after Gussone and Filipsson (2010)

from a significantly pre-fractionated fluid (about
—0.8 %o relative to seawater). As additional
process Gussone et al. (2009) proposed temper-
ature dependent mixing of differently fraction-
ated reservoirs, to explain both temperature
dependencies observed in the planktic for-
aminifer G. sacculifer. For benthonic for-
aminifers, Gussone and Filipsson (2010) and
Gussone et al. (2016) propose that due to the
high degree of Ca consumption during calcite
formation in the calcifying space, foraminifer
tests mainly reflect the &**°Ca of the
pre-fractionated fluid. They also suggest for
LMC and HMC secreting species a dominant
contribution of transmembrane Ca transport rel-
ative to seawater vacuolisation to the formation
of foraminifer tests. The latter hypothesis is based
on the apparent temperature dependence of ben-
thonic foraminifers, and does not contradict the
observation that foraminifers largely follow the
3*/%9Ca versus Sr/Ca systematic of inorganic
calcite (Tang et al. 2008, 2012), as biological
processes can mimic inorganic isotope and ele-
ment fractionation patterns (Taubner et al. 2012).
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The observation that Mg isotopes in planktic
foraminifers are stronger fractionated than inor-
ganic calcite has been explained by reduced Mg
activity relative to that of Ca in the calcifying
fluid due to Rayleigh-removal of Mg from vac-
uoles (Pogge von Strandmann 2008). However,
Wombacher et al. (2011) argued that Rayleigh
removal of Mg from vacuoles should result in a
pronounced temperature dependence. They
suggested a kinetic model, where planktic for-
aminifera may be able to synthesize biomole-
cules that increase the energetic barrier for Mg
incorporation.

In contrast to Ca isotopes, Mg isotope frac-
tionation is considerably different for benthonic
foraminifers secreting either LMC or HMC.
While benthonic foraminifer tests composed of
HMC demonstrate Mg isotope fractionation,
similar to inorganic calcite, benthonic species
secreting LMC are stronger fractionated than
inorganic calcite, in agreement to 8°**Mg of
planktic foraminifers. These observations are
consistent with less reduction of Mg activity in
the calcifying fluid of foraminifers precipitating
HMC tests.

The aragonitic Hoeglundina elegans exhibits
8*¥49Ca values, which are about 0.4 %o lower
compared to the calcitic foraminifer tests
(Fig. 5b). This difference is similar to the stron-
ger fractionation in aragonite compared to calcite
during inorganic mineral precipitation, but the
low Sr concentrations in H. elegans tests indicate
that biomineralisation of H. elegans cannot
resemble inorganic aragonite precipitation;
instead additional processes may take place
during test formation, such as Ca transmembrane
ion transport or a precursor phase to aragonite
(Gussone et al. 2016).

Due to their habitat on or in the surface sed-
iment, benthonic foraminifers record bottom
water conditions and global environmental sig-
nals with little short-time climate variability.
However, the complex Ca isotope fractionation
pattern restricts the applicability of Ca isotopes in
benthic foraminifers as proxy. The small tem-
perature dependence of Ca isotope fractionation
at temperatures above 5 °C does not allow
reconstructions of paleo  bottom  water
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temperatures, given the current analytical preci-
sion. However, benthonic foraminifers seem to
be useful as recorder for §** 4OCaSW changes, as
long as bottom water Q.,cie does not decrease
below ~ 1.5 and/or temperatures below 4 °C.

2.2 Coccolithophores
Coccolithophores are unicellular marine phyto-
plankton, belonging to the taxon Haptophyta and
are characterized by an exoskeleton composed of
small calcite platelets, the ‘coccoliths’. Coccol-
ithophores are important primary producers and
contribute about half the total marine CaCO;
export production (Milliman 1993); therefore,
they are an important link between global cal-
cium (Ca) and carbon (C) cycling. Since coc-
coliths are one of the major Ca sinks of the
marine realm, their Ca isotopic composition
plays an important role in determining the mean
isotopic fractionation between seawater and
biogenic carbonate sediments (Ageq).

Coccolithophore species that are studied in
respect to EASI fractionation include Coccol-
ithus braarudii (Miiller et al. 2011), Coccolithus
pelagicus (Krabbenhoft et al. 2010), Calcidiscus
leptoporus,  Helicosphaera  carteri, Syro-
cosphaera pulchra and Umbilicosphaera foliosa
(Gussone et al. 2007), but focussed on Emiliania
huxleyi (De La Rocha and DePaolo 2000; Gus-
sone et al. 2006; Langer et al. 2007; Ra et al.
2010; Krabbenhoft et al. 2010; Miiller et al.
2011). In general, EASI fractionation in E. hux-
leyi is characterised by a depletion of heavy Mg,
Ca and Sr isotopes in coccoliths relative to the
growth medium.

3*4°Ca values of cultured coccoliths of E.
huxleyi, C. leptoporus, H. carteri, S. pulchra and
U. foliosa mainly range between 0.3 and 0.8 %o
(SRM 915a), corresponding to a A***°Ca of
—1.1 to —1.6 %o (Gussone et al. 2006, 2007,
Langer et al. 2007; De La Rocha and DePaolo
2000). Two cultures of S. pulchra show reduced
fractionation as low as —0.6 %o (A***°Ca) which
origin is yet unclear. Overall, Ca isotope frac-
tionation of coccoliths is similar for the different
so far analysed taxa. Temperature dependencies
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Fig. 7 Calcium isotope ratios of different cultured coc-
colithophore species as a function of temperature. The
species E. huxleyi, C. leptoporus, H. carteri, U. foliosa
and 8. pulchra cover a similar range in 3***°Ca but show
some taxon specific difference in their temperature
dependence (Table 2, Gussone et al. 2006, 2007)

range from 0.005 %o/°C in H. carteri to 0.027
and 0.029 %o/°C in E. huxleyi and S. pulchra,
respectively (Table 2; Fig. 7) and resemble those
for other marine taxa and inorganic precipitated
carbonates (Chapter “Calcium Isotope
Fractionation During Mineral Precipitation from
Aqueous Solution”). Culture experiments reveal
that in contrast to inorganic CaCOj precipitates
(Lemarchand et al. 2004; Tang et al. 2008),
3*40Ca of coccoliths does not depend on growth
rate, either induced by salinity or photon flux
density (Langer et al. 2007, Fig. 8). Conse-
quently, the observed &**°Ca-temperature
dependence in coccolithophores is most likely a
real temperature effect and not caused by changes
in growth- or precipitation rate.

Variation of Ca** and carbonate concentration
of the growth media reveal a small effect on the
Ca isotope fractionation at high [Ca®*] and [CO32
"], and an increasing effect towards lower
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Fig. 8 Calcium isotope ratios of E. huxleyi as a function
of photon flux density (A) and salinity (B). Both
environmental parameters have a large impact on coccol-
ithophore growth rates, but do not affect Ca isotope
fractionation (Langer et al. 2007)

concentrations. Combining the data sets indicate
a logarithmic decrease of 3***°Ca with increas-
ing calcite saturation (Qgacie) (Fig. 9; Gussone
et al. 2007). The underlying mechanism is not yet
clear, but might be related to *’Ca depletion in
the proximity of the cell surface at low Q.-
A***Mg of cultured E. huxleyi and
C. braarudii coccoliths are —0.4 to —1.7 %o rel-
ative to the culture medium (Ra et al. 2010;
Miiller et al. 2011), which is less fractionated
than inorganic calcite (cf. Galy et al. 2002).
Chlorophyll extracted from E. huxleyi shows
NS 24Mg between +0.5 and —1.4 %o, about 0.3—
0.6 %o higher compared to the corresponding
coccolith calcite. The apparent temperature
dependence of E. huxleyi coccoliths is 0.06 and
0.1 %0/°C for cultures in the late exponential and
stationary growth phase, respectively (Ra et al.
2010). At identical temperatures, Mg isotope
composition of coccoliths is lighter in the sta-
tionary phase compared to the exponential
growth phase. Ra et al. (2010) suggest that a
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Fig. 9 Calcium isotope ratios of coccolith as a function
of calcite saturation of the culture medium. Coccoliths of
E. huxleyi and C. leptoporus show increasing 8*¥*°Ca
with decreasing Qcacie, Of the culture medium in
experiments with changing [CO5*7] and [Ca**] concen-
trations (Langer et al. 2007; Gussone et al. 2007)

growth rate dependent Mg isotope fractionation
during the initial Mg acquisition of the coccol-
ithophore is responsible for this effect, because
the 626/24Mg of both, coccoliths as well as the
chlorophyll is correlated to changing growth rate.

The effect of changing Mg/Ca ratios of the
surrounding seawater on 8****Mg and §*¥*°Ca is
demonstrated by Miiller et al. (2011), showing
little variability in 8****Mg for coccoliths of E.
huxleyi and C. braarudii at Mg/Ca ratios of
5 mol/mol Mg/Ca (similar to the present day
seawater value) and below. In contrast, elevated
Mg/Ca of the fluid of up to 10 mol/mol result in
significantly lighter 8°*?*Mg values, caused by
so far unknown reasons. Calcium isotope frac-
tionation is not significantly influenced by the
Mg/Ca ratio of the surrounding fluid for both
species (Miiller et al. 2011).

Few data exist for the Sr isotope fractionation
in coccoliths. Initial results show 8***°Sr values
of about 0.26 %o (relative to NBS 987) for the
coccolithophore species E. huxleyi and Coccol-
ithus pelagicus (Krabbenhoft et al. 2010). This
value corresponds to a fractionation of —0.13 %o
relative to seawater. So far there is no informa-
tion available on controlling environmental fac-
tors affecting Sr isotope fractionation during
coccolith formation.
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Coccolithophores precipitate CaCO; in intra
cellular enclosed so-called coccolith vesicles.
Modelling Sr and Ca transport from the sur-
rounding seawater through the cell into the coc-
colith calcite, suggests a steady flux of Ca and Sr
into the vesicle, as the small fluid reservoir in the
vesicle compared to the final coccolith suggests
more than 20,000 refills for the build-up of one
coccolith (Langer et al. 2006). The observed Ca
isotope fractionation can therefore not take place
inside the vesicle at the crystal surface but needs
to occur during cellular Ca transport, likely at or
in Ca channels at the plasma membrane (Gus-
sone et al. 2006; Langer et al. 2007). The
observed Ca isotope fractionation patterns in E.
huxleyi presently serve as a first order approxi-
mation of transmembrane Ca transport.

The observation that Mg isotope fractionation
of the LMC coccolith are enriched in heavy
isotopes relative to inorganic calcite, while LMC
foraminiferal tests are depleted, indicates that
foraminifers and coccolithophores have different
strategies of establishing low Mg activities in the
calcifying fluid.

The relative uniform Ca isotope fractionation
found within single coccolithophore species
suggests that in general they may be suited to
record 8*¥%°Cay,, values and the Mg isotopic
composition in coccoliths might provide a tool
for reconstruction of paleo SST or productivity
(Ra et al. 2010). However, the downcore appli-
cability is restricted by differences between cul-
tured coccolith and coccolith oozes in 826/24Mg,
as coccolith oozes from high sea-surface tem-
perature areas (Wombacher et al. 2011) exhibit
an inverse apparent temperature dependence
compared to the cultured coccolithophores
(Fig. 10). This difference might reflect either an
overall non-linear Mg isotope fractionation with
maximal §**?*Mg at around 25 °C, or diagenetic
alteration of the coccolith oozes. Differences
between cultured coccoliths and coccolith oozes
are also described for ***°Ca, which might
relate to faunal and floral compositions of the
studied oozes (Gussone et al. 2007). Additional
complications for the use as proxy archives are
related to the small size of the coccoliths and
include the difficulty of isolating pure
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Fig. 10 A**?*Mg of cultured coccolith and natural
coccolith oozes as a function of temperature. Cultured
coccoliths of E. huxleyi and C. braarudii reveal a positive
correlation to temperature between 15 and 25 °C (open
symbols Ra et al. 2010; black symbols Miiller et al. 2011).
Coccoliths of E. huxleyi of the late exponential and
stationary growth phase are offset by about 0.3 %o, but
temperature dependencies are similar (~0.1 %o/°C) for
both growth phases (Ra et al. 2010). Natural coccolith
oozes show a temperature dependence opposite in sign
above 25 °C (grey fields, Wombacher et al. 2011)

mono-specific fractions. Records based on
impure coccolith separates however, comprise
substantial uncertainties related to species speci-
fic fractionation and changing floral assemblages
through time.

23 Calcareous Dinoflagellates
Dinoflagellates are unicellular algae, which occur
abundantly in marine surface waters. As part of
their vegetative or sexual life cycle, several
dinoflagellate species can form cysts, composed
of organic material, silicate or calcium carbonate.
The calcium carbonate secreting dinoflagellates
are called calcareous dinoflagellates and provide
an archive for past environmental changes. In the
modern ocean, the dominant -calcareous
dinoflagellate is Thoracosphaera heimii, a pri-
mary producer that has a wide geographic dis-
tribution. It has a large temperature and salinity
tolerance and is already present in the fossil
record from the Cretaceous onwards
(Hildebrand-Habel and Willems 2000), making it
a good candidate for environmental reconstruc-
tions throughout the Cenozoic.
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3*49Ca of cultured T. heimii cysts range from
0.5 to 0.9 %o, corresponding to a A***°Ca from
—1.0 to —1.4 %o (Fig. 11). This lies in the range
of reported marine biogenic calcium carbonates
and inorganically precipitated calcite. There is no
difference between the two analysed strains from
the Mediterranean and the equatorial Atlantic. In
the temperature range from 12 to 30 °C, T. heimii
is not significantly dependent on temperature
(0.005 + 0.005 %0/°C). In addition, §**’Ca
seems to be independent from the pH value of
the growth medium in the range between 7.9 and
8.4 and from the cyst yield during the experi-
ments (Gussone et al. 2010).

Calcium isotope fractionation (and likewise
Mg and Sr incorporation) in 7. heimii cysts are
governed by two phases of calcite biominerali-
sation (Inouye and Pienaar 1983). Firstly calcite
crystals are intracellularly formed and attached to
the cell surface. In a second phase the crystals
continue growing under the influence of a
seawater-like fluid. The contribution of both
growth steps is suggested to lead to a mixed
signal of element ratios and Ca isotopes in the
cysts, likely causing the minor apparent temper-
ature dependence of 5***°Ca.

Because of the limited variability of 8*¥*°Ca in
calcareous dinoflagellate cysts, they seem to be
well suited to record past ocean Ca isotope ratios.
Besides that, calcareous dinoflagellates are
promising multi-proxy carrier, recording in their
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Fig. 11 §*¥%°Ca of T. heimii cysts. Cultured calcite cysts

of T. heimii do not show a significant dependence on
temperature
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Fig. 12 Calcium isotope fractionation of coralline algae.
Calcitic red algae and aragonitic green algae largely mimic
the offset in 5***°Ca of the inorganic CaCO3 polymorphs
calcite (Marriott et al. 2004) and aragonite (Gussone et al.
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8'®0 and Sr/Ca information about temperature and
slgowm (global ice volume and salinity). Its cysts
form throughout the year at a stable position within
the water column, particularly at the deep chloro-
phyll maximum depth and they are resistant to
dissolution (Zonneveld 2004). The individual
cysts are small, with a mean individual weight of
about 1 ng, but they can be isolated from marine
sediments by a combined sieving and density
separation technique (Zonneveld 2004).

24 Coralline Algae

Coralline algae are important calcifiers which
contribute to the global oceanic Ca sink. Taxa
studied with respect to EASI fractionation belong
to the groups of green algae and red algae.

Red algae belong to the Rhodophyta and form
skeletons of high magnesium calcite. Calcium
isotope ratios of different taxa of red algae,
originating from Abu Dhabi, Bermuda, Scotland
and the Bahamas, covering temperatures between
10 and 28 °C, demonstrate A***°Ca from —1.1 to
—0.5 %o with no significant correlation between
Ca isotope fractionation and temperature (Blattler
et al. 2012). Their average value of —0.85 %o is
in agreement to the A**°Ca values ranging from
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—0.8 to —0.9 %o (14-27 °C) reported by Holm-
den et al. (2012) and Gussone et al. (2005). The
reason for the relatively large scatter of the red
algae data is so far unknown. Potential factors
include species specific fractionation factors or
local effects including ground water discharge
(Holmden et al. 2012).

Green algae belong to the Chlorophyta and
form aragonitic skeletons that precipitate mainly
in semi-enclosed intercellular spaces. Precipita-
tion occurs at the outer cell surface due to the
increase in carbonate ion concentration by pho-
tosynthetic activity (CO, removal) in the cell.
Supersaturation in the intercellular spaces is
reached and maintained by diffusion limitation.
Specimens of Rhipocephalus sp., Udothea sp.,
and Halimeda sp. from Ponte Maroma (Mexico)
grown at about 27 °C show A***°Ca of —1.1 to
—1.2 %o with an average value of —1.2 %o rela-
tive to seawater (Holmden et al. 2012). AM0Ca
of green algae from the Bahamas (~26 °C)
range from —1.4 to —1.6 %o for Penicillus sp. and
—1.3 to —1.5 %o for Halimeda sp. (Bléttler et al.
2012), with an average A***°Ca of green algae of
—1.45 %o (Fig. 12). Culture experiments of
Halimeda sp. reveal that most specimens (7 out
of 8) precipitate aragonite even in culture media
which Mg/Ca ratios would favour inorganic
calcite precipitation (Blittler et al. 2014). These
specimens show A**°Ca between —1.3 to
—1.6 %0 with an average value of —1.44 %o,
similar to the Ca isotope fractionation found in
natural samples. One sample with reduced cal-
cification had formed a calcitic skeleton with a
A*49Ca of —0.6 %o, similar to inorganic calcite.

While the results of Blittler et al. (2012) show
a 0.6 %o offset between calcitic and aragonitic
coralline algae, similar to the inorganic minerals,
the offset suggested by Holmden et al. (2012) is
only 0.35 %o. Combining all available coralline
algae data reveals an offset between calcitic and
aragonitic taxa of ~0.5 %o which is compatible
with the offset between inorganic calcite and
aragonite (Chapter “Calcium Isotope
Fractionation During Mineral Precipitation from
Aqueous Solution”), which is consistent with a
relatively basic biomineralisation in the coralline
algae. These observations are in agreement to the
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independence of calcification on Ca channel
blockers (Blittler et al. 2014) suggesting that Ca
is mainly derived by diffusion of seawater into
the intercellular spaces.

Biomineralisation close to inorganic precipi-
tation is supported by Mg isotope fractionation
(A****Mg) of red algae, ranging between —2.4
and —2.2 %o (Hippler et al. 2009b; Wombacher
et al. 2011), which is in the range of inorganic
calcite (Chapter “Calcium Isotope Fractionation
During Mineral Precipitation from Aqueous
Solution”).

3 Metazoa

3.1 Sclerosponges

Sponges belong to the metazoans (multi cellular
organisms) and their paleontological records
reach far back in time. Consequently, they are
interesting as paleo environmental archives.
Their biomineralisation is considered as rela-
tively basic, and geochemical signatures are
close to inorganic CaCOj, suggesting limited
vital effects (cf. Haase-Schramm et al. 2003).
A*49Ca of sclerosponges covers a total range
from —0.7 to —1.7 %o (Fig. 13). The high mag-
nesium calcite precipitating Acanthochaetetes
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Fig. 13 Calcium isotope fractionation in sclerosponges.
Calcium carbonate precipitated by sclerosponges shows
the typical offset in 8***°Ca of about 0.6 %o between
calcite and aragonite
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wellsi shows A***°Ca values from —0.7 to
—0.9 %o at temperatures between 24 and 28 °C,
similar to inorganic calcite (Marriott et al. 2004).
The aragonite forming species Vaceletia spp.,
Ceratoporella nicholsoni and Astroclera wil-
leyana are more fractionated, with A0y
between —1.7 and —1.4 %o, which resembles
inorganic aragonite (Gussone et al. 2003). Cal-
cium carbonate precipitated by sponges shows
the typical offset in Ca isotopes between calcite
and aragonite of ~0.6 %o (Gussone et al. 2005).
The typical inorganic fractionation pattern is
also apparent in the Mg isotopic composition of
some of the investigated sclerosponges (Wom-
bacher et al. 2011). The A****Mg of A. wellsi
(—2.4 to —2.2 %o) is close to inorganic calcite
(Galy et al. 2002). While the aragonitic A. wil-
leyana and C. nicholsoni (A****Mg: —1.0 to
—0.7 %o0) are similar to inorganic aragonite
(Wang et al. 2013b), Vaceletia spp. shows a
comparatively large variability from —2.4 to
—1.0 %o, spanning the range between inorganic
calcite and aragonite (Wombacher et al. 2011).

3.2 Corals

Understanding factors influencing coral growth is
of great interest, because coral have considerable
social-economic relevance e.g. in coastal pro-
tection, due to the stabilisation of shore areas. In
addition, they are extremely valuable for scien-
tific research, since they record paleoclimatic
information. Studying coral biomineralisation in
response to changing environmental conditions is
relevant for estimating the impact of rising tem-
peratures and pCO, on future growth of reef
corals, as well as for a reliable interpretation of
coral based paleo-environmental reconstructions.
Important paleoclimatic information recorded in
the chemical and isotopic composition of coral
skeleton include changes in sea-level height,
water temperatures and salinity.

Observations on EASI fractionation in differ-
ent types of coral skeleton provide insights into
biomineralisation of corals and indicate potential
proxy applications.
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Aragonitic corals
Calcium isotope fractionation of aragonitic coral
skeletons in response to environmental factors
(temperature, salinity) and taxon specific differ-
ences is studied on recent natural samples,
downcore records and individuals grown in lab
cultures. The overall range in §***°Ca is 0.0 to
1.2 %o, with most specimens lying between 0.4
and 1.0 %0 (SRM 915a). This corresponds to
A*49Ca of about —0.9 to —1.5 %o (Fig. 14). The
overall A***°Ca of coral aragonite is consider-
ably offset to inorganic aragonite, with corals
being enriched in **Ca by about 0.5 %o.

Systematic investigation of Ca isotope frac-
tionation in cultured Acropora sp. and natural
Pavona clavus and Porites sp. of Bohm et al.
(2006) reveal a significant temperature depen-
dence of ~0.02 %o/°C between 21 and 29 °C,
which is identical to that of cultured Porites
australiensis (Inoue et al. 2015). These calibra-
tions are in agreement to results on natural corals
including Acropora sp., Porites sp., Millepora
sp. and other partly un-identified taxa (Chang
et al. 2004; Holmden et al. 2012; Blittler et al.
2012; Pretet et al. 2013; Halicz et al. 1999; Zhu
and Macdougall 1998). Considering all arago-
nitic reef coral data reveals a temperature sensi-
tivity of 0.02 %o, which is identical to that of
Bohm et al. (2006). Calculation of individual
temperature calibrations reveals for most species
similar temperature dependencies. The combined
calibration of Acropora spp. for natural and
cultured specimens has a slope of 0.025 %o./°C
(Chang et al. 2004; Blittler et al. 2012; Pretet
et al. 2013; Bohm et al. 2006), natural Porites
spp. 0.004 %0/°C (Holmden et al. 2012; Blattler
et al. 2012; Pretet et al. 2013; Bohm et al. 2006)
and Pavona clavus 0.023 %0/°C (Bohm et al.
2006). In contrast, the available data for Mille-
pora spp. suggest a steeper gradient of 0.12 %o/°
C (Holmden et al. 2012; Blittler et al. 2012).
Future work needs to evaluate if this is rather an
artifact or an indicator for coral species with
different temperature dependent Ca isotope
fractionation.

Deep sea corals composed of aragonite
(Blattler et al. 2012) have similar §**4%Ca com-
pared to aragonitic reef corals. The available data
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Fig. 14 Calcium isotope ratios of cultured and naturally
grown corals. The temperature sensitivity of about
0.02 %0/°C resembles inorganic precipitated aragonite,
but the fractionation array of corals is significantly offset
by about +0.5 %o (B6hm et al. 2006; Zhu and Macdougall
1998; Chang et al. 2004; Pretet et al. 2013; Blattler et al.
2013; Holmden et al. 2012; Inoue et al. 2015). Calcitic
octocorallia do not differ from aragonitic corals with
respect to their A*40Ca (Taubner et al. 2012)

suggest at temperatures between 3 and 4 °C an
inverse correlation between 5***°Ca and tem-
perature, with a gradient of —0.4 %0/°C.
Although the data basis for this slope is small, it
is interesting to note, as the low-temperature
anomaly reported for benthonic foraminifers falls
in the same temperature range and shows a
similar inverse temperature gradient (e.g.
—0.5 %o/°C in Cibicides wuellerstorfi).

Controlled culture experiments
slightly different responses of Ca

suggest
isotope
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Fig. 15 Effect of salinity (a) and pH (b) on 5*49Ca of
cultured reef corals. a In culture experiments, Montipora
verrucosa and Acropora sp. do not show changes in
3*¥40Ca with changing salinity, while Stylophora pistil-
lata shows higher 8***°Ca associated with larger scatter at

fractionation on salinity of different coral species.
While Montipora verrucosa and Acropora sp. do
not show changes in &**°Ca at salinities
between 36 and 40, Stylophora pistillata exhibits
a tendency to higher 5***°Ca at a higher salinity,
associated by a considerably larger scatter at
higher salinity (Fig. 15a; Pretet et al. 2013). In
addition, changes in ambient pH values
(Fig. 15b) and light intensity have no effect on
the 8*¥4°Ca of Porites australiensis grown in
controlled culture experiments (Inoue et al.
2015). These experiments also reveal that there is
no correlation between growth rate and §*¥*°Ca.

The independence of Ca isotope fractionation
from coral growth rates is supported by the
observation that there is no correlation between
linear extension rate and 8***°Ca in down core
records of Porites spp. from Tahiti (Pretet et al.
2013). The overall variability of ~0.35 %o
observed in this record cannot be explained by
the seasonal temperature fluctuation and a
3*"40Ca  temperature dependence of about
0.02 %0/°C. Pretet et al. (2013) suggested instead
that so far unidentified processes might influence
Ca isotope fractionation in coral skeleton beside
temperature changes.

There are no significant differences in the
range of A*¥*°Ca of different coral taxa. Natural
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higher salinities (modified after Pretet et al. 2013).
b 5*%Ca in Porites australiensis from culture experi-
ments does not depend on the ambient pH value (Inoue
et al. 2015)

samples from the Maledives suggest however
that a smaller variability in A*¥*°Ca can be found
in corals at the reef crest compared to those from
the lagoon and the fore reef (Pretet et al. 2013).
The reason responsible for this observation is not
clear yet, but might be related to differences in
light availability, water motion or suspended
sediment particles.

The Ca isotope fractionation pattern of reef
corals is suggested to be controlled rather by
biological processes then by inorganic crystal
formation.  Similar to  coccolithophores
(Sect. 2.2) Ca transmembrane transport might
cause the observed 5***°Ca in coral skeleton
(Bohm et al. 2006). This hypothesis is based on
the small §***°Ca-temperature dependence, the
0.5 %o offset relative to inorganic aragonite and
the similarity to the fractionation found in coc-
colithophores (cf. Langer et al. 2007). Additional
evidence is given by the observation that
3*49Ca of coral skeleton does not correlate with
growth rate induced by changes in pH of the
culture medium or light intensity (Inoue et al.
2015). It is further supported by the lacking
correlation between linear extension rate and Ca
isotope fractionation revealed by Porites sp. from
Tahiti (Pretet et al. 2013).
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Octocorallia

Alcyonarian corals have a marine shallow tropi-
cal habitat. They form intracellular spicules
composed of high Mg calcite (HMC). Rhythisma
fulvum cultured in Red Sea seawater at varying
temperatures and pH values demonstrates
5*%0Ca between 0.7 and 0.9 %o, with no sig-
nificant temperature dependence between 19 and
32 °C (Taubner et al. 2012). In the pH range
between 8.15 and 8.44, Ca isotopes show an
increasing fractionation with increasing pH (and
CO5%"), which is general agreement to the ‘Q-
effect’ proposed for coccolithophores (Sect. 2.2).
Calcium isotope fractionation of octocorallia
spicules seems to be independent of growth rates
(Taubner et al. 2012), which is consistent with
the lacking growth rate dependence of aragonitic
reef corals (Inoue et al. 2015) and coccol-
ithophores (Langer et al. 2007). A***°Ca found
in octocorallia spines is between —1.2 and
—1.0 %o, which is in the same range as aragonitic
reef corals (Fig. 14). Based on the similarities of
aragonitic and calcitic corals, Taubner et al.
(2012) suggest that the observed Ca isotope
fractionation takes place during Ca transmem-
brane transport, thus masking the inorganic
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mineralogy dependent Ca isotope fractionation.
The authors further conclude that the biological
fractionation mechanism can mimic inorganic
element partitioning patterns, because Mg/Ca
and Sr/Ca ratios of octocorallia spicules are in
general agreement with a predominant inorgani-
cally controlled crystal growths.

In contrast to Ca isotopes, Mg isotope frac-
tionation of coral skeleton shows the typical
offset between aragonite and calcite of about
1.5 %o (Fig. 16a). A****Mg of aragonitic corals
range from about —0.7 to —1.2 %o (Chang et al.
2004; Wombacher et al. 2011; Yoshimura et al.
2011) including reef corals (Acropora sp., Por-
ites sp.) and deep sea corals (Lophelia sp.). Coral
skeleton composed of HMC (Corallium sp.,
Keratoisis sp.) show A****Mg in the range of
—2.7 to —2.3 %o resembling the trend of inor-
ganic calcite (cf. Galy et al. 2002).

A small temperature dependence in Mg iso-
tope fractionation is indicated by aragonitic cor-
als from the natural environment (Chang et al.
2004; Wombacher et al. 2011). Calcitic corals
reveal an apparent temperature dependent Mg
isotope fractionation of 0.08 %o0/°C, which might
alternatively also be attributed to the carbonate
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Fig. 16 Magnesium isotope fractionation of corals.
a A%?*Mg of coral skeletons as a function of tempera-
ture. In contrast to Ca isotope systematic, aragonitic and
calcitic corals show an offset in 826/24Mg typical for
inorganic calcite and aragonite (symbols Wombacher et al.
2011; Yoshimura et al. 2011; dashed ellipsis range
reported from Chang et al. 2004). Scleractinian corals

and calcitic cold-water corals indicate a significant
apparent temperature dependent Mg isotope fractionation.
b A**?*Mg of calcitic corals demonstrates a positive
apparent dependence on of the carbonate ion concentra-
tion of the seawater (redrawn from Yoshimura et al.
2011)
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Fig. 17 Mass dependent Sr isotope fractionation in
corals as a function of calcification temperature. Different
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2013)

ion concentration of the ambient water
(Figs. 16a, b; Yoshimura et al. 2011).

Similar to Ca and Mg, light Sr isotopes are
preferentially incorporated into the coral skele-
ton. The total published range of apparent Sr
isotope fractionation (A**®°Sr in aragonitic coral
skeleton is —0.05 to —0.30 %o, showing major
discrepancies between different studies, with
respect to magnitude and temperature depen-
dence (Fig. 17). The first empirical calibration
curve of Pavona clavus reveals A®**°Sr ranging
from —0.05 to —0.2 %o between 23 and 27 °C,
and a temperature dependence of about 0.03 %o/°
C (Fietzke and Eisenhauer 2006). Subsequent
investigations on the cold water coral Lophelia
pertusa show A®*®°Sr between —0.15 and
—0.30 %o in the temperature range from 5 to 9 °C
and a similar temperature dependence of
0.026 %0/°C (Riiggeberg et al. 2008). In contrast,
Raddaz et al. (2013) present for the same taxon
and temperature range A*¥%°Sr of about —0.2 %o
and a negligible temperature dependence. Simi-
larly, A®*°Sr of about —0.2 %o and insignificant
temperature dependence is demonstrated for the
skeleton of Acropora sp. between 17 and 25 °C
(Krabbenhoft 2011). The reason for these dis-
crepancies are yet unclear, but might be related to
the different applied analytical methods, as the
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latter two studies applied a TIMS double spike
technique instead of a MC-ICPMS bracketing
standard method. Future research is therefore
necessary to verify the empirical calibrations by
adding further controls on parameters like car-
bonate chemistry and growth rates. This is
important, as the initial temperature dependence
revealed by Fietzke and Eisenhauer (2006) is
sufficiently large to be exploited as a paleo
temperature proxy.

33 Molluscs

3.3.1 Bivalves

Shells of bivalve are frequently used as archives
for high resolution paleo climate reconstructions.
The understanding of their biomineralisation and
related element partitioning and isotope frac-
tionation pattern and their controlling factors is
consequently of great interest, in particular,
because their shells consist of parts with different
structures and in some taxa different mineralogy.
Studies on Ca and Mg isotope fractionation of
bivalve include several different taxa and speci-
mens from lab cultures, recent individuals from
natural environments and fossil samples.

Oysters

Crassostrea gigas (Giant Pacific oyster) col-
lected in the North Sea, shows a uniform Ca
isotopic composition of 0.68 £ 0.16 %o for dif-
ferent shell structures and ontogenetic stages
(Ullmann et al. 2013), corresponding to an
average apparent fractionation (A***°Ca)
between shell and seawater of —1.2 %o (Fig. 18).
3*4Ca of the chalky substance of the shell and
foliate layers are 0.68 +0.04 and 0.70
+ 0.04 %o, respectively and thus identical within
uncertainty, while the trace element concentra-
tions of both shell parts show significant vari-
ability. In the sessile phase of the oyster, calcite
is the dominant mineral with only minor arago-
nite contents, in contrast to the planktic larvae
stage, in which aragonite is the dominant mineral
(Stenzel 1964). The relative invariant Ca isotope
fractionation of C. gigas of about —1.2 £ 0.16 %o
(Ullmann et al. 2013) for water temperatures
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Fig. 18 Calcium isotope fractionation of bivalve shells
as a function of temperature. Aragonitic Arctica islandica
is marked by blue symbols, lab cultures as filled diamonds
(Hippler et al. 2013) and filled squares (Hiebenthal 2009)
and field samples as open diamonds (Hippler et al. 2013).
Calcite layers of Mytilus edulis are marked by green
symbols, lab cultures as triangles (Hiebenthal 2009) and
field samples grown at unknown temperatures as green
dots (Heinemann et al. 2008). Aragonite layers of Mytilus
edulis are shown as orange dots (Heinemann et al. 2008).
Range of 5**°Ca of oysters from the natural environment
are indicated by the grey box (Ullmann et al. 2013)

between 0 and 20 °C and salinities between 27
and 31, is consistent with A40Cq oyster values
of about —1.2 and —1.4 %o (Skulan and DePaolo
1999; Steuber and Buhl 2006). As possible rea-
son for the lower observed §**°Ca reported by
Steuber and Buhl (2006), Ullmann et al. (2013)
propose that the 8*¥*°Ca of the local coastal
seawater may be reduced by Ca freshwater input
to the marginal sea.

Mytilus edulis

The shell of Mytilus edulis consists of different
layers composed of calcite and aragonite. For the
better understanding of bivalve biomineralisation
and exploring potential proxy applications both
parts of the shell were studied in respect to Ca
isotopes. For temperatures ranging from 4 to 25 °
C and salinities from 15 to 25, A*¥*°Ca of the
calcitic part of cultured M. edulis shells varies
from —1.3 to —1.0 %o, with an average of
—1.1 %o (Hiebenthal 2009), no clear dependence
on temperature (Fig. 18) and a minor dependence
on salinity. The dependence of A*¥*°Ca on
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salinity is proposed to result from increased
contribution of Ca pumping at low salinities into
the extrapallial fluid, leading to increased Ca
isotope fractionation at lower salinities (Hieben-
thal 2009).

A*40Ca of prismatic calcite layers of natural
M. edulis from the North Sea, Kiel-Fjord and
Schwentine Estuary range between —1.1 and
—0.8 %o (Heinemann et al. 2008). The aragonite
layers are more fractionated compared to the
calcite layers, with A**°Ca between —1.3 and
—1.0 %o0. The difference between aragonite and
calcite layers of an individual is between 0.16
and 0.3 %o, which is smaller than the difference
between inorganic calcite and aragonite Chap-
ter (“Calcium Isotope Fractionation During
Mineral Precipitation from Aqueous Solution”).

Chemical and isotopic analyses of the extra-
pallial fluid (EPF) show &*¥*°Ca, Sr/Ca and
Mg/Ca ratios higher compared to seawater,
which is suggested to result from the preferential
removal of light Ca and exclusion of Sr and Mg
from the carbonate phase, thus leading to the
observed enrichment of **Ca and Sr and Mg in
the extrapallial fluid (Heinemann et al. 2008).
This observation contrasts the conceptual model
for Arctica islandica, which suggests fractiona-
tion of Ca during transmembrane transport into
the EPF and is also not consistent with the
mechanism explaining the potential dependence
of A*¥*°Ca on salinity in M. edulis (Hiebenthal
2009). While the A***°Ca of the aragonite and
calcite parts of the shell does not exhibit the full
offset between the inorganic polymorphs, the
trace element composition is also relatively
similar in the aragonite and calcite parts of M.
edulis, showing Sr/Ca and Mg/Ca more typical
for calcite than for aragonite. The high Mg/Ca of
the aragonite part might be caused by Mg
sticking to organic templates, but the low Sr/Ca
is not compatible with a primary aragonite pre-
cipitation. A possible explanation is the precipi-
tation of a precursor phase, e.g. ACC (Foster
et al. 2008).

Information on the Ca isotopic composition of
the soft tissue of M. edulis is given by Skulan and
DePaolo (1999). AM40Ca of soft tissues relative
to seawater changes with time, as the soft tissue
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of a freshly caught specimen is almost identical
to seawater, whereas an individual kept for 12 h
out of the water has a A***°Ca of about —0.5 %o
approaching the isotopic composition of the shell
(A***°Ca of about —0.7 %o). Consequently, parts
of the shell can be dissolved from the organism
to regulate its ionic budget (Skulan and DePaolo
1999). This observation is important also for
other taxa in terms of high resolution climate
archives, as remodeling of the shell might alter
short term proxy signals.

A?*?*Mg of specimens studied in field culture
experiments range from about —4.4 to —2.6 %o,
which is consistent with the stronger Mg isotope
fractionation in low magnesium calcite compared
to biogenic HMC and inorganic calcite (Hippler
et al. 2009b). Similar to A40Cq, there are
indications that A****Mg of M. edulis may
depend on the salinity of the ambient water
(Hippler et al. 2009b).

Arctica islandica

The calcium isotope fractionation of A. islandica
shells is characterized by specimens from lab
culture experiments and field samples. The
aragonite shells of specimens from lab cultures
show A**°Ca between —14 and —1.0 %o
(Hiebenthal 2009; Hippler et al. 2013). Data of
both studies overlap, but those of Hippler et al.
(2013) are on average 0.15 %o lower (Fig. 19).
A*™49Ca of field samples range from —1.3 to
0.8 %o (Hippler et al. 2013) and are on average
less fractionated than the cultured individuals.
The aragonite shell of A. islandica is about
0.5 %o less fractionated compared to inorganic
aragonite, thus resembling the fractionation array
of corals (cf. Bohm et al. 2006; Inoue et al.
2015), which is proposed to reflect isotope frac-
tionation during Ca transmembrane transport.
The apparent dependence of A**°Ca on tem-
perature of A. islandica is almost linear between
1 and 15 °C with a slope of 0.021 %o/°C (Hippler
et al. 2013) and 0.011 %0/°C (Hiebenthal 2009),
similar to that of inorganic aragonite, corals and
other biogenic carbonates. At temperatures above
15 °C, A*0Cq  decrease  with increasing
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Fig. 19 Calcium isotope fractionation of modern gas-
tropods and polyplacophora as a function of temperature.
Pteropods (blue X, Gussone et al. 2005) and a cone snail
(open black circle, Skulan et al. 1997) are close to the
inorganic fractionation array of aragonite (Gussone et al.
2003). A muricid gastropod (blue filled diamonds, Steuber
and Buhl 2006), a limpet (green triangle, Skulan et al.
1997) and an undetermined gastropod species (blue open
diamonds, Blittler et al. 2013) are less fractionated with
respect to Ca isotopes, and thus more similar to aragonitic
bivalves. Inorganic calcite data from Marriott et al. (2004)

temperatures, resulting in a maximum §***°Ca at
15 °C. Salinity has a minor impact on Ca isotope
fractionation, with an overall gradient of —0.037
+ 0.004 %o/psu (Hippler et al. 2013), while data
of Hiebenthal (2009) suggest no change in Ca
isotope fractionation between 15 and 35 psu.
While Ca isotope fractionation of the
field-grown samples alone does not reveal evidence
for adependence on growth rate, the lab culture data
and the combined data set suggest a positive cor-
relation between 8*¥*°Ca and growth rates at low
rates (0.005-0.04 mm/day) while at linear exten-
sion rates above 0.04 mm/day Ca isotope frac-
tionation is almost constant (Hippler et al. 2013).
The observed Ca isotope fractionation pattern
can be linked to conceptual models of bivalve
biomineralisation. The shell is precipitated from the
extrapallial fluid (EPF), which is not only super-
saturated with respect to aragonite, but also serves
asregulator for the organisms’ pH and ionic budget.
The Ca used for biomineralisation is mainly trans-
ported by Ca channels into the extrapallial space
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and the aragonite precipitates from the EPS, on the
surface of organic templates. As the growth rate
dependencies of neither Lemarchand et al. (2004)
nor Tang et al. (2008, 2012) are directly applicable
to the fractionation patterns of A. islandica, Hippler
et al. (2013) suggest that Ca isotope fractionation
takes place at the Ca channels during transmem-
brane transport, similar to the fractionation mech-
anism proposed for coccolithophores (Sect. 2.2)
and corals (Sect. 3.2). Nevertheless, although Ca
isotope fractionation of the aragonitic corals and A.
islandica is similar, St/Ca ratios differ significantly
for A. islandica (~0.2 mmol/mol; cf. Hiebenthal
2009) and corals (~9 mmol/mol, cf. Allison et al.
2010), demonstrating that there are considerable
differences in ion supply and aragonite precipitation
during biomineralisation of bivalves and corals.

Other bivalves

For other bivalve species only less systematic
data exist. Tridacna sp. exhibits A***°Ca of
—1.1 %o (Steuber and Buhl 2006) and an
unknown bivalve species ranges from —1.2 to
—1.0 %o (Blattler et al. 2013), which is in the
range of the above discussed species.

Rudists, reef-forming bivalves from the Cre-
taceous are studied with respect to Ca isotopes
from Immenhauser et al. (2005) and Steuber and
Buhl (2006). The degree of isotope fractionation
between sea water and rudists shells cannot be
directly determined as rudists are extinct and
because the Ca isotopic composition of Creta-
ceous seawater is still under discussion. While
cross calibration with Mg/Ca ratios and 5'%0 of
Immenhauser et al. (2005) indicate a temperature
dependence similar to that of the planktic for-
aminifer G. sacculifer (~0.2 %0/°C), Steuber and
Buhl (2006) suggest based on the correlation with
3'%0 a slope of 0.012 %o/°C (Sect. 4.3), similar to
inorganic calcite. The latter result is compatible
with observations on recent bivalve taxa, which
reveal only a minor dependence on temperature.
In this context, Ullmann et al. (2013) suggest that
oysters might be useful as recorders for paleo
seawater Ca isotope reconstructions.
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3.3.2 Gastropods and Polyplacophora
A recent muricid gastropod covering a tempera-
ture range of about 24-28 °C shows A*¥4°Ca
between —1.2 and —1.3 %o (Steuber and Buhl
2006). These values define a small temperature
sensitivity of about 0.02 %0/°C, which is similar
to inorganic carbonates and other marine calci-
fiers. The overall range in isotope fractionation is
similar to aragonitic bivalves, and offset from
inorganic aragonite (Fig. 19).

Pteropods, planktic gastropods, secreting
aragonitic shells show at 27 °C A***°Ca of about
—1.4 %o (Gussone et al. 2005), which is identical
to a cone snail (27 °C) with A**°Ca of —1.4 %o
(Skulan et al. 1997) and close to the inorganic
aragonite array, but significantly more fraction-
ated compared to the muricid gastropod (Steuber
and Buhl 2006).

Similar degrees of fractionation but at lower
temperature are demonstrated by snails that cal-
cified at 10 °C (A**Ca of —1.5 to —1.3 %o,
Blittler et al. 2013), a limpet (—1.4 %o, 2 °C,
Skulan et al. 1997) and a conch (—1.3 %o, Russell
et al. 1978) at unknown temperatures. One
Polyplacophora specimen exhibits A**°Ca of
—1.1 %o at 10 °C (Steuber and Buhl 2006). This
degree of fractionation is slightly smaller com-
pared to snails grown at similar temperature
(Blattler et al. 2013).

3.3.3 Cephalopods

While cephalopods are important stratigraphic
tools and important geochemical archives, com-
paratively few studies investigate recent cepha-
lopod Ca isotope fractionation pattern.

Recent Nautilus sp. hard tissues composed of
aragonite show A**°Ca between —1.2 and
—1.0 %o, with no apparent dependence on tem-
perature (~7 — 14 °C) or differences between
shell parts (shell, septum, septal neck), while
Spirula sp. shells range from —1.4 to —1.2 %o for
temperatures between about 6 to 8 °C (Middel-
berg et al. unpublished). This degree of frac-
tionation is smaller compared to inorganic
aragonite, but compatible to aragonitic bivalves.
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For belemnites, Farka$ et al. (2007) propose
A*™49Ca of about —1.4 %o relative to contem-
porary seawater. This value is derived by cross
calibration of belemnites with brachiopods orig-
inating from the same stratigraphic horizons of
the Kimmerigium. In these sediments a differ-
ence between both archives is apparent, with
belemnites being about 0.5 %o lighter compared
to the brachiopods. Applying the present day
A*49Ca of brachiopods from Farka§ et al.
(2007) results in the A***°Ca of —1.4 %o
assumed for the belemnites. Possible uncertain-
ties of this calibration are related to the vari-
ability in the Ca isotope fractionation pattern of
brachiopods (Sect. 3.4).

34 Brachiopods

Brachiopods are animals living in the marine
realm that have two valves, which are composed
of chitin and apatite or calcite. In particular the
calcitic (low Mg-calcite) brachiopods shells are
important archives for the reconstruction of paleo
sea-water 6180, 878r/%5Sr and Ca isotope ratios
(e.g. Veizer et al. 1999; Farka$§ et al. 2007).
Nevertheless, so far comparatively few studies
characterise the fractionation systematics of Ca
in shells of brachiopods. Specimens of different
brachiopod species from different water temper-
atures have been analysed, covering a range from
~7 — 27 °C (Fig. 20). The observed range of
A*49Ca of brachiopods is about —1.0 to
—0.4 %o, with systematic differences between
species. Gryphus vitreus has a shell composed of
three layers and a mean A***°Ca of —0.56 %o
relative to seawater. In a specimen grown at
relative constant temperatures (13-14 °C),
A*49Ca shows a relatively large range between
about —0.4 and —0.8 %o (von Allmen et al.
2010). The results suggest that the primary layer
has lower 3***°Ca and higher Sr concentrations
compared to the rest of the shell. As this data
deviates from the A44/40Ca-Dsr array for inor-
ganic calcite (Tang et al. 2008, 2012), a pure
growth rate effect is unlikely as explanation for
the variability in the Ca isotopic composition.
The low 3***°Ca present in the umbonal region
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Fig. 20 Calcium isotope fractionation of brachiopods as
a function of temperature. Terebratulina septentrionalis
indicates a potentially large temperature dependence,
while Gryphus vitreus suggests intra shell variability
possibly related to ontogenetic effects and shell structure
(von Allmen et al. 2010). Anakinetica sp. (Steuber and
Buhl 2006), Thecidellina sp., Waltonia inconspicua, an
undetermined species (Gussone et al. 2005) and Tere-
bratalia transversa (Farkas et al. 2007; Gussone et al.
2005) show similar degrees of isotope fractionation, but
may also follow independent fractionation trends. Inor-
ganic calcite data from Marriott et al. (2004)

of the shell is consistent with increased frac-
tionation at high growth rates of inorganic calcite
(Tang et al. 2008), because growth rate is higher
in juvenile than in adult stages of brachiopod
ontogeny.

Terebratulina septentrionalis indicates a sub-
stantial apparent temperature dependence of about
0.085 and 0.078 %o/°C in two different specimens
(von Allmen et al. 2010), which is identical to the
0.082 %0/°C of Terebratalia transversa (Gussone
et al. 2005; Farkas et al. 2007). The distribution of
8*40Ca in Terebratulina septentrionalis is rather
homogeneous, with potentially little influence of
ontogeny and growth rates (von Allmen et al.
2010). A combined trend of the species Anaki-
netica sp. (Steuber and Buhl 2006), Thecidellina
sp., Waltonia inconspicua and an unknown spe-
cies (Gussone et al. 2005) suggests a small tem-
perature dependence of 0.029 %0/°C in the
temperature range from 14 to 27 °C, which is
similar to those of other marine calcifiers. The
available brachiopod data suggest relatively large
differences between species, possibly related to
shell structure.
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With respect to 5°“**Mg, brachiopod shells
have relatively high values, compared to other
LMC shells, except coccoliths. A****Mg ranges
from —1.5 to —1.1 %o for brachiopods that cal-
cified at temperatures between 9 and 12 °C
(Hippler et al. 2009b; Wombacher et al. 2011).
The reason for the reduced depletion of **Mg in
brachiopod shells relative to inorganic calcite is
still unresolved.

While initial data on brachiopods suggested a
small temperature dependence and little overall
variability in Ca isotope fractionation (Gussone
et al. 2005; Steuber and Buhl 2006; Farkas et al.
2007), the results of von Allmen combined with
the older data suggest a larger variability of the
Ca isotope fractionation factor, which needs to be
considered when using brachiopods as archives
for §**4°Ca of past seawater (Chapter “Global
Ca Cycles: Coupling of Continental and Oceanic
Processes”).

35 Other Taxa

3.5.1 Echinoderms

Calcium isotope fractionation of echinoderm hart
tissues, composed of high magnesium calcite,
demonstrate an overall range from —1.5 to
—0.9 %o relative to seawater. While a starfish
sample has a A**°Ca of —0.9 %o (Skulan et al.
1997), an echinoid spine shows a A**#°Ca of
~1.1 %o (Holmden et al. 2012). A***°Ca of
several sea urchins (~ 10 °C) ranges from —1.5
to —1.3 %o (Blittler et al. 2013). These values are
in the range of biogenic LMC and HMC skeleton
and inorganic calcite. With respect to Mg isotope
fractionation, Hippler et al. (2009b) and Wom-
bacher et al. (2011) report for sea urchins
A*?*Mg  between —2.0 and —1.6 %o.
Echinocyamus pusillus grown at temperature
between 9 and 20 °C shows A**?*Mg between
—2.0 and —1.8 %o (Hippler et al. 2009b), with no
clear dependence on temperature. A****Mg of
Diadema setosum grown at 22 °C ranges from
about —1.7 to —1.6 %o, showing no offset
between different parts of the shell, namely
ambulacral plates and interambulacral plates
(Wombacher et al. 2011).
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3.5.2 Vertebrates

The skeleton of vertebrates is composed of
mineralized tissues containing water, organics
and apatite. The mineralized phase is often and
best described as a carbonated hydroxylapatite
(HAP) with the general formula Cas(COs;,
PO,4);(OH) (Boskey 2007; Pasteris et al. 2008).
The composition of bones, the CO32_ content as
well as the density varies from species to species
and also within an organism depending on the
location of the bone. Apatite in bones is the
major store of Ca (~99 %), P (~80 %) and Mg
(~50 %) (Pasteris et al. 2008) of the body. The
Ca isotopic composition of bones typically lies
between —2.7 and 0.7 %o (Fig. 25). The Ca iso-
topic composition of bones can be used to
investigate biomineralization processes and is
closely related to the Ca metabolism of the
organism as well as the Ca isotopic composition
of the diet being the only external source of Ca
for the body.

The transport of Ca to the sites of ossification,
promoting bone mineralisation, slightly favours
the light Ca isotopes resulting in an enrichment
of light isotopes in the mineralized tissue. The
magnitude of fractionation between soft tissue
and mineralized tissue was reported to be 1.3 %o
(Skulan and DePaolo 1999), but this value may
overestimate the actual fractionation. A closer
look into the data of the latter study shows that
the fractionation between blood and bone is in
average ~0.7 %o (horse: 0.53 %o, fur seal:
0.95 %o, chicken: 0.56 %0). The fractionation
between soft tissue and mineralized tissue of
1.3 %o reported by Skulan and DePaolo was
calculated by comparing the Ca isotopic com-
position of the diet and bones under the
assumption that no Ca fractionation occurs dur-
ing absorption of dietary Ca (see Fig. 1 of Skulan
and DePaolo 1999). From a physiological point
of view blood and soft tissue are different as
blood is the main transporter for Ca in the body.
Calcium from bones and organs is exchanged
with Ca from extracellular fluids (ECF) which
comprises blood. Currently, there is no study
which systematically investigates the fractiona-
tion between blood, soft tissue and mineralized
tissue.
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Bone resorption is proposed to be a
non-fractionating process, i.e. the Ca isotopic
composition of the mineralized tissue is trans-
ferred one-to-one into the blood. As a conse-
quence, the Ca isotopic composition is lowered
during bone resorption as isotopically light Ca is
released.

Based on this basic Ca isotope transport
model several studies aimed to use the Ca iso-
topic composition of blood and urine as a marker
of the actual bone mineral balance which led to
refinements of the transport model (Chap-
ter “Biomedical Application of Ca Stable
Isotopes™).

4 Applications, Ecosystems
and Climate Change

4.1 Monitor of Trophic Levels

The trophic level effect

As a consequence of the fractionation during
bone growth, or more generalized, during for-
mation of mineralized tissues in organisms, a so
called trophic level effect (TLE) of Ca isotopes
has been observed (Skulan et al. 1997; Clementz
et al. 2003; DePaolo 2004; Heuser et al. 2011;
Martin et al. 2015). This trophic level effect
describes that within a food chain the Ca isotopic
composition of mineralized tissue becomes
lighter with increasing trophic level. Per trophic
level, the Ca isotopic composition changes by a
about —1 %o. Similarly, a trophic level effect is
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also apparent in the stable isotopes of Mg from
mammal bones and teeth, which shows however,
in contrast to 5***°Ca, increasing 5°***Mg with
increasing trophic level (Martin et al. 2014).

Consequently, the average Ca isotopic com-
position of mineralized tissues of a herbivore is
lighter than the plants it feeds on, and the min-
eralized tissue of carnivores is more enriched in
light isotopes than the mineralized tissue of the
herbivores they eat. This TLE has been described
for terrestrial as well as marine ecosystems.
However, a few complications which have to be
considered when dealing with trophic level
effects or reconstructing paleo food chains are
discussed below.

Mineralized tissue has to be part of the diet
for the next trophic level

Present transport models for Ca isotopes in ver-
tebrates imply a ‘zero-permill’ fractionation
between diet and “soft tissue” (incl. blood,
Fig. 21). Consequently, for carnivores that
completely feed on soft tissue of herbivores, the
Ca isotopic composition of the diet should be
similar to that of herbivores, i.e. the plants eaten
by the herbivores. The % Cagie is only signifi-
cantly changed towards lower values, if miner-
alized tissue is digested by the carnivore. Then,
as a consequence, 844Camin_ﬁssue becomes lighter
in the carnivore compared to the herbivore
(Fig. 22; Clementz et al. 2003; Heuser et al.
2011). Modeling results indicate that about 1 %
of the diet has to be mineralized tissue, to
develop a TLE (Fig. 23). This calculated value

Fig. 21 The basic Ca

isotope transport model of

44/40
Skulan and DePaolo (1999) 57" Ca,

diet

644/40C a
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—p Ca flux with fractionation
— Ca flux without fractionation

mineralized tissue
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composition of mineralized
tissues of the carnivores (b)
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844/40(: a 644/40
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— Ca flux without fractionation

mineralized tissue

44/40
5"Ca,
mineralized tissue

1

refers to the amount of bioavailable mineralized
tissue, which might be smaller than the total
amount of ingested mineralized tissue. Therefore,
even bone consuming carnivores not necessarily
show lower 8*Capin rissue values than herbivores.

TLE only existing within a food chain

The ranges of 8" Camin-tissue Of plants (trophic
level 1), herbivores (trophic level 2) and carni-
vores (trophic level 3) are relatively large and
partially overlap, when all existing data of
644Camin_tissue of terrestrial vertebrates is drawn
as a function of the nominal trophic level
(Fig. 24). The observed ranges are 1.2 %o in
plants, 3.3 %o in herbivores and 2.8 %o in

2 3
nominal trophic level

carnivores. As a consequence of this large vari-
ability, it is not possible to reconstruct the trophic
level of an organism exclusively from the Ca
isotopic composition of mineralized tissue alone.
The lack of clear TLE between herbivores and
carnivores is most likely caused by a lack of
mineralized tissue in the diet of the carnivores.

Differences between mammals, birds and
reptiles

Besides the varying amounts of digested bone
Ca, there are additional reasons for the relatively
large variability within one trophic level. Cal-
cium isotope ratios of hard tissues of vertebrates
indicate systematic differences between different
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Fig. 23 Modeling the Ca isotopic composition of the diet
of a carnivore for different soft-tissue Ca concentration
(g/kg) and the true digested portion of mineralized tissue.
Assuming Ca concentrations of soft tissue >0.5 g/kg about
1 % of the diet of the carnivore has to be mineralized tissue
in order to develop a difference of about 1 %o between
herbivore and carnivore mineralized tissues
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Fig. 24 Trophic level effect. Ca isotope ratios in miner-
alized tissues decrease with increasing trophic level within
a food chain

genera. In general, 844Cab0ne of mammals tend to
be lower than 844Cab0ne of birds and dinosaurs.
§**Capone Of dinosaurs are normally higher than
§**Capone Of birds (Skulan et al. 1997; Reynard
et al. 2008; Chu et al. 2006; Heuser et al. 2011).
This systematic of Ca isotopes in mineralized
tissue (see Fig. 25) may be attributed to physio-
logical differences between these different groups
of vertebrates. Further investigations are needed
for a proper explanation of this pattern.

137

om 00

0.5

00+ °

-0.5

GD® O COOMENS (DOWNDENOD
T

5440Ca (%)

-2.0 a

-2.5

00 @0

T T T
herbivores carnivores insectivores
n=220 n=113 n=5

T
rocks
n=26

T
plants
n=99

Fig. 25 §*¥*°Ca data compilation of rocks, plants,
herbivore and carnivore bones and insectivores. The data
of herbivore and carnivore bones are overlapping which
makes it difficult to use &***°Capype to distinguish
between herbivores and carnivores. Data were taken from
Amini et al. (2009), Broska (2011), Chu et al. (2006),
Cobert et al. (2011), DePaolo (2004), Heuser et al. (2011),
Heuser (unpublished), Hirata et al. (2008), Holmden and
Bélanger (2010), Jochum et al. (2006), John et al. (2012),
Page et al. (2008), Reynard et al. (2010,2011), Skulan and
DePaolo (1999), Skulan et al. (1997), Wiegand et al.
(2005), Wombacher et al. (2009), Zhu and Macdougall
(1998). Data from human bones were included into the
carnivore dataset

4.2 Archaeology

Archaeology is one field of application for geo-
chemical techniques especially for stable isotope
analysis. Besides the classical isotope system like
oxygen (6'%0), carbon (8'C) or nitrogen )
also ‘non-traditional’ isotope systems are applied
for archaeological studies. By using stable iso-
tope geochemical techniques it is possible to gain
information which otherwise with traditional
archaeological techniques are not available. In
this context Ca isotopes may be a powerful tool
to reconstruct changes in food or recognizing
(and dating) the adoption of new foods for
humans in the archaeological record.
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different food samples of

human diet
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Sample 3*49Ca (%0 SRM 915a) | +1SD | Reference

Milk -1.37 0.14 Chu et al. (2006)

Whey -1.23 0.12 Chu et al. (2006)

Curd -1.27 0.06 Chu et al. (2006)

Kefir -1.21 0.2 Chu et al. (2006)

Yoghurt —1.44 0.04 Chu et al. (2006)
Commercial milk —0.98 0.04 Chu et al. (2006)

UHT milk —1.33 0.08 Heuser (unpublished)
Cheese (gouda) —1.18 0.05 Heuser (unpublished)
Cheese (Emmentaler) | —1.06 0.05 Heuser (unpublished)
Cheese (Brie) —-1.37 0.09 Heuser (unpublished)

Rice (uncooked) 0.40 0.14 Heuser (unpublished)

Pasta (uncooked) —1.51 0.06 Heuser (unpublished)
Nachos —0.66 0.04 Heuser (unpublished)

Egg yolk 0.93 0.13 Skulan and DePaolo (1999)
Egg white 2.81 0.01 Skulan and DePaolo (1999)
Chicken muscle 0.00 0.16 Skulan and DePaolo (1999)

All values have been converted to §*¥°Ca (% SRM 915a)

Chu et al. (2006) were the first investigating
the human diet and found that dairy products are
outstanding with regards to their importance for a
normal western diet and their Ca isotopic com-
position (cf. Table 3). It is possible to roughly
estimate the ***°Ca of the normal western diet

by applying Eq. 1:

> ([Cal; - 544/40(:31' - Xi)
> ([Cal; - x;)

with x; = relative contribution of the food i to the
diet, [Ca]; = Ca concentration of the food i and
3*40Ca, = Ca isotopic composition of food
i (Table 4).

From Table 4 it can be seen that the Ca iso-
topic composition of normal European diet is
dominated by dairy products. Assuming a
A 0Ca, ne.dier Of about —1.3 %o, modern bones
should have 8***°Ca values of about —2.3 %o. In
contrast, a diet free of dairy products has an
average 8'¥*°Ca of about —0.6 %o and thus
bones should then have &***°Ca of about
—1.9 %o being isotopically heavier than modern
bones. This difference in ***°Cay,,e between
modern and ancient bones should make it

44740
M0 Cay =

(1)

possible to use Ca isotopes as a proxy for “dairy
consumption and weaning practices in past
human cultures” (Chu et al. 2006).

Reynard and coworkers did some detailed
studies of the Ca isotopic composition of human
and animal bones from archeological sites in
order to check if dairy consumption can be
detected (Reynard et al. 2010, 2011, 2013). All
studies showed that the individual Ca metabo-
lism in humans causes variations in the
R ad 40CabOne which are exceeding the shift caused
by the change from a non-dairy to a dairy diet.
Therefore, the use of Ca isotopes to date the rise
of dairy consumption of humans is at least not
straightforward.

4.3 Paleoclimate

One of the motivations for the increase in Ca
isotope studies since the late 1990ies was the
observation of Zhu and Macdougall (1998) that
Ca isotope fractionation in calcite tests of certain
marine benthonic and planktic foraminifers
(Cibicides  kullenbergi,  Neogloboquadrina
pachyderma and Globigerinoides sacculifer),
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Table 4 Average Ca
concentration, relative
contribution of the food to
a normal European diet,
and the Ca isotopic
composition of each group
(Chu et al. 2006; Heuser
and Eisenhauer 2010)

Group

Diary products
Vegetables
Fruit

Crop products
Meat

Fats

Water

[Ca]® (mg/100 g)
500
100
20
35
10
7
5

Fraction (%)b
14
21
14
24

20
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3*"40Ca (%0 SRM 915a)°
-1.20
-0.68
-0.68
-0.56
-0.08
-1.00
0.68

These data result in a typical dietary Ca input of about —1 %o for a normal European diet
“corresponds to [Cal; in Eq. 1; Pcorresponds to X; in Eq. 1; “corresponds to 8***°Ca; in

Eq. 1

seems to depend on the water temperature.
A series of subsequent calibration studies on
various different species, revealed evidences for
and against large temperature sensitivities of
3*"9Ca (Sect. 2.2). Temperature dependent Ca
isotope fractionation, which is large enough to
allow for useful paleotemperature reconstruc-
tions, is described so far only in few foraminifer
species as well as Cretaceous reef-building
molluscs (rudists). However, as discussed ear-
lier (Sects. 2.1 and 3.3.1), ambiguous informa-
tion regarding the  &***°Ca-temperature
dependence of rudists and foraminifers exist.

Rudists

The temperature dependence of Ca isotope frac-
tionation in rudists, Cretaceous reef-building
mollusks, is controversially discussed. While
Immenhauser et al. (2005) found covariation of
3*40Ca with Mg/Ca and §'%0 (Fig. 26), indi-
cating a temperature dependent Ca isotope frac-
tionation in well preserved rudists, Steuber and
Buhl (2006) did not find such a relation. The
reasons for this discrepancy are yet unclear,
possibly related to either the influence of addi-

tional so far unrecognized environmental
parameters or preservation of the used sample
material.

Foraminifera

From the numerous investigated foraminifer
species, a large temperature effect is apparent
only for the two planktic species, G. sacculifer
and N. pachyderma (s), whereas all other studied
species reveal a temperature dependencies

g -

A0 (%o)
>
g®
P
n\

-2.0

2.2 1 ®

2.4 : { y
15 20 25 30

Temperature (°C)

Fig. 26 5*/*°Ca of Cretaceous rudist as a function of
temperature. While some rudists show a substantial
apparent temperature sensitivity (black diamonds, Immen-
hauser et al. 2005) similar to the planktic foraminifer G.
sacculifer (dashed line), other rudists (grey triangels and
dots and open squares, Steuber and Buhl 2006) exibit a
temperature response similar to inorganic aragonite (solid
line) and O. universa (dotted line, Gussone et al. 2003)).
As Cretaceous seawater 8***°Ca is not known, rudist data
are given relative to present seawater, which results in an
offset compared to the recent foraminifers and synthetic
carbonates

<0.03 %0/°C. Besides species specific differ-
ences, considerable discrepancies are reported
within single species.

Globigerinoides sacculifer seems to exhibit a
bimodal temperature sensitivity with either
~0.2 %0/°C or ~0.02 %o/°C (Nagler et al. 2000;
Chang et al. 2004; Gussone et al. 2004, 2009;
Sime et al. 2005; Hippler et al. 2006; Kasemann
et al. 2008; Griffith et al. 2008). This
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Fig. 27 Calcium isotope ratios as paleo temperature
proxy from the geological past. The Quaternary record of
G. sacculifer from the tropical Atlantic (GeoB 1112,
Hippler et al. 2006; Nagler et al. 2000) shows a good
agreement of temperature changes reconstructed from
Mg/Ca, §'%0 and Ca-isotopes

fractionation pattern of G. sacculifer is proposed
to relate to changes in the cellular Ca budget and
involved Ca transport processes (seawater vac-
uolization and Ca TMT) in response to envi-
ronmental  changes, and  possibly to
gametogenesis, but is not yet understood.

Calcium isotope ratios of Neogloboquadrina
pachyderma (s) demonstrate a linear dependence
on temperature of about 0.2 %0/°C at tempera-
tures above 4 °C and at low temperatures an
anomaly towards higher §***°Ca (Gussone et al.
2009; Hippler et al. 2009a).

The possible 3***°Ca-temperature effect sug-
gested for the benthonic foraminifer C. kullen-
bergi (Zhu and Mcdougall 1998) is in agreement
to a relatively large apparent temperature
dependence between —1 and 3 °C observed in
coretop samples of benthonic foraminifers
including Cibicides wuellerstorfi, Pyrgo spp. and
Oridorsalis umbonatus (Sect. 2.1.2) (Gussone
and Filipsson 2010; Gussone et al. 2016). The
anomalies in 8**°Ca of foraminifer tests at low
temperatures seen in the planktic foraminifer N.
pachyderma (s) and benthonic species are how-
ever no real temperature responses, but suggested
to result from the interference of temperature and
carbonate chemistry on Ca isotope fractionation.

A few case studies tested the applicability of

the &*4°Ca thermometer, before the

Biominerals and Biomaterial

complications of the temperature dependent Ca
isotope fractionation became apparent in its total
complexity. In tropical Atlantic and Caribbean
sites, G. sacculifer shows a relative good agree-
ment between 5***°Ca and Mg/Ca based SST
(Négler et al. 2000; Hippler et al. 2006; Gussone
et al. 2004). For instance a temperature recon-
struction based on 8***°Ca of G. sacculifer from
the tropical Eastern Atlantic (site GeoB 1112)
shows a temperature increase from the LGM
towards the Holocene similar to reconstructions
based on Mg/Ca and 8'®0 (Hippler et al. 2006)
(Fig. 27). In contrast, other downcore records of
G. trilobus/sacculifer seem to show no signifi-
cant temperature dependency (Heuser et al. 2005;
Sime et al. 2007).

Although some promising initial case studies
indicate a large potential for Ca-isotope pale-
othermometry, its applicability is strongly lim-
ited. The sporadic and not permanent occurrence
of the large temperature sensitivity needs to be
better understood before Ca isotopes might be
useful as a paleo temperature proxy for special
environments.
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Anne-Désirée Schmitt

Abstract

Studying Ca biogeochemical cycle in the critical zone using Ca isotopes
has revealed Ca isotope fractionation mechanisms associated to biological
(Ca uptake by roots and within-tree translocation, Ca recycling by
vegetation) or abiotic (secondary mineral precipitation, adsorption)
processes. Ca isotopes have thus shown their potential to trace Ca cycling
processes within the tree, Ca uptake mechanisms within the rhizosphere,
Ca recycling by the vegetation; Ca isotopes can also be used as a time
integrated vegetal turnover marker or as a hydrological tracer.

Keywords
Calcium biogeochemical cycle - Critical zone - Calcium isotopes
Isotopic fractionation - Biotic + Abiotic

dissolution of Ca, via the reaction of atmospheric
CO, with calcium silicates, extracts carbon from
the ocean-atmosphere reservoir by precipitation of
calcium or magnesium carbonates in the ocean.
This mechanism reduces the greenhouse effect of
CO,. As such, the study of present and past
oceanic Ca budget can provide informations on
past variations in the carbon cycle and hence on the
parameters that control it, such as climatic varia-
tions (Berner et al. 1983; Lasaga et al. 1985;

1 Introduction

Determining the nutrient element fluxes, e.g. of
calcium (Ca), to the oceans is a key question in
Earth Sciences dealing with surface processes.
Indeed, during the weathering of continents, the
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by world rivers. Therefore, the variability of Ca
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fluxes in natural waters as well as the
physico-chemical parameters that control them
have to be identified at global and local catchment
scales. Ca dissolved in river waters has two dis-
tinct sources: continental bedrocks, including
igneous and sedimentary rocks (Aubert et al.
2001; Dijkstra and Smits 2002; Dijkstra 2003;
Drouet et al. 2005) and the atmosphere (Miller
et al. 1993; Chadwick et al. 1999; Likens et al.
1998; Drouet et al. 2005; Schmitt and Stille
2005). Nutrient recycling from leaf and needle
litter contributes also to the Ca availability for
trees (Likens et al. 1998).

Until recently the Ca budget was approached by
using Sr isotope ratios, routinely measured for a
long time and recognized as reliable Sr source
tracers (Graustein and Armstrong 1983; Aberg
et al. 1990; Miller et al. 1993; Capo et al. 1998;
Kennedy et al. 2002; Bullen and Bailey 2005;
Bélanger and Holmden 2010). Sr and Ca are
indeed alkaline-earth elements with similar ionic
radius and charge, which are supposed to behave
similarly in natural ecosystems and, therefore, Sr
isotopes have been considered in order to under-
stand the behaviour of Ca (Elias et al. 1982; Aberg
etal. 1989; Aberg 1995; Bailey et al. 1996; Drouet
et al. 2005; Wiegand and Schwendenmann 2013;
Bedel et al. 2016). However, studies using Sr/Ca
elemental ratios in forested ecosystems point to a
potential decoupling between both elements due to
biological processes which occur within trees
along the transpiration stream, that fractionate
these elements from each other (Baes and Bloom
1988; Poszwa et al. 2000; Bullen and Bailey 2005;
Drouet et al. 2005; Berger et al. 2006). The recent
developments of stable Ca isotopic measurements
confirmed this decoupling between Sr and Ca
isotopic systems. Ca does not only allow to trace
sources like Sr isotopes but also to decipher pro-
cesses within the biosphere, such as internal
recycling of Ca between litter, organic soil hori-
zons and vegetation (Schmitt et al. 2003; Schmitt
and Stille 2005; Cenki-Tok et al. 2009; Holmden
and Bélanger 2010), or abiotic processes such as
secondary mineral precipitations (Tipper et al.
2006; Ewing et al. 2008; Jacobson and Holmden
2008; Hindshaw et al. 2011, 2013; Nielsen and
DePaolo 2013; Jacobson et al. 2015).

Earth-Surface Ca Isotopic Fractionations

In this section the relative importance of the
four main Ca reservoirs (water-soil-vegetation-
atmosphere) will be discussed from the local to
global scales, and we will try to identify the
interactions between all of them. In order to
depict the fractionation processes (water-rock
interactions and biological (re)cycling) govern-
ing the Earth-surface Ca isotopic system, we will
distinguish between forested and non-forested
catchments. We will then have a look at the
influence of these local signatures on the global
signatures of Ca carried by the world rivers. This
finally allows to recognize the potential of Ca
isotopes applied to Earth-surface processes.

2 §*¥4°Ca Fractionations Related
to Continental Weathering
Processes

2.1  Range of 5***°Ca Variations

in Earth-Surface

Processes

The global range of 8**°Ca variations in
Earth-surface processes has been reported Fig. 1.
Vegetation presents one of the widest ranges of
variation (~4.1 %o) on Earth, with values com-
prised between —2.2 and 1.76 %o. This amplitude
is similar to that observed in mammals and
fishes (~5 %o) (see Chapter “Biominerals and
Biomaterials™; Russell et al. 1978; Skulan et al.
1997; Skulan and DePaolo 1999; Clementz et al.
2003; Chu et al. 2006; Reynard et al. 2010; Heuser
etal. 2011), but is huge compared to the variations
(~2 %o0) caused by abiotic calcium carbonate
precipitations (see Chapter “Calcium Isotope
Fractionation During Mineral Precipitation from
Aqueous Solution”; Skulan et al. 1997; Zhu and
MacDougall 1998; De La Rocha and DePaolo
2000; Gussone et al. 2003; Lemarchand et al.
2004; Marriott et al. 2004; Blittler et al. 2015;
Fantle and DePaolo 2005; Gussone et al. 2005;
Kasemann et al. 2005; Sime et al. 2005; Steuber
and Buhl 2006; Fantle and DePaolo 2007; Amini
et al. 2008; Jacobson and Holmden 2008; Ewing
et al. 2008; Teichert et al. 2009; Payne et al. 2010;
Griffith et al. 2011; Gussone et al. 2011; Reynard
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Fig. 1 Range of measured 8*¥*°Ca values in main
Earth-surface reservoirs. All values are expressed against
NIST SMR 915a standard. Atmospheric deposits (Schmitt
et al. 2003; Schmitt and Stille 2005; Wiegand et al. 2005;
Ewing et al. 2008; Cenki-Tok et al. 2009; Holmden and
Bélanger 2010; Farkas et al. 2011; Hindshaw et al. 2011;
Fantle et al. 2012; Bagard et al. 2013; Wiegand and
Schwendenmann 2013), soils (Schmitt et al. 2003; Wie-
gand et al. 2005; Perakis et al. 2006; Tipper et al. 2006;
Page et al. 2008; Cenki-Tok et al. 2009; Holmden and
Bélanger 2010; Farkas et al. 2011; Hindshaw et al. 2011;
Bagard etal. 2013; Moore et al. 2013; Gangloff et al. 2014),
waters (Zhu and MacDougall 1998; Schmitt et al. 2003;
Chu et al. 2006; Jacobson and Holmden 2008; Tipper et al.
2006, 2008, 2010; Cenki-Tok et al. 2009; Holmden and
Bélanger 2010; Hindshaw et al. 2011; Bagard et al. 2013;
Hindshaw et al. 2013; Moore et al. 2013; Nielsen and
DePaolo 2013; Wiegand and Schwendenmann 2013;
Oehlerich et al. 2015), vegetation (Skulan and DePaolo

1999; Schmitt et al. 2003; Bullen et al. 2004; Wiegand et al.
2005; Chu et al. 2006; Page et al. 2008; Cenki-Tok et al.
2009; Holmden and Bélanger 2010; Farka$ et al. 2011;
Hindshaw et al. 2011, 2012; Bagard et al. 2013; Hindshaw
et al. 2013; Moore et al. 2013), and rocks (Skulan et al.
1997; Halicz et al. 1999; DePaolo 2004; Tipper et al. 2006;
Ewing et al. 2008; Jacobson and Holmden 2008; Amini
etal. 2009; Holmden 2009; Hindshaw et al. 2011; Holmden
and Bélanger 2010; Huang et al. 2010; 2011; Simon and
DePaolo 2010; Farkas et al. 2011; Ryu et al. 2011; Bagard
et al. 2013; Moore et al. 2013; Nielsen and DePaolo 2013;
Valdes et al. 2014; Jacobson et al. 2015; Oehlerich et al.
2015). 1 The dotted rectangle stands for rivers sampled at
their mouth. 2 HHC refers to High Himalayan Cristalline. o
acid soluble, residue and bulk; S water soluble. The number
in parenthesis refer to the number of samples from each
category. N.B. Only field sample values have been
represented, no experimentally obtained value are
presented
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et al. 2011; Turchyn and DePaolo 2011; Holmden
et al. 2012; Tang et al. 2012; Wang et al. 2012,
2013; Kasemann et al. 2014; Jost et al. 2014; Du
Vivier et al. 2015; Fantle 2015; Griffith et al. 2015;
Husson et al. 2015) or biotic calcium carbonate
precipitations (see Chapter “Biominerals and
Biomaterial”; De La Rocha and DePaolo 2000;
Nagler et al. 2000; Skulan et al. 1997; Zhu and
MacDougall 1998; Chang et al. 2004; Heuser et al.
2005; Sime et al. 2005; Gussone et al. 2005;
Immenhauser et al. 2005; Bohm et al. 2006; Hip-
pler et al. 2006; Sime et al. 2007; Heinemann et al.
2008; Gussone et al. 2009, 2010; Steuber and Buhl
2006; Farka$ et al. 2007; Griffith et al. 2008;
Gussone and Filipsson 2010; von Allmen et al.
2010; Blattler et al. 2012; Holmden et al. 2012;
Hinojosa et al. 2012; Pretet et al. 2013; Ullmann
et al. 2013; Blattler and Higgins 2014; Jost et al.
2014; Brazier et al. 2015), or the small range of Ca
isotopic fractionation observed in rocks of the
crust and upper mantle (~1 %o) (see Chapter
“High  Temperature = Geochemistry  and
Cosmochemistry”; Skulan et al. 1997; DePaolo
2004; Tipper et al. 2006; Amini et al. 2008; 2009;
Holmden and Bélanger 2010; Huang et al. 2010;
Simon and DePaolo 2010; Farka$ et al. 2011;
Hindshaw etal. 2011; Huang etal. 2011; Ryu etal.
2011; Bagard et al. 2013; Valdes et al. 2014;
Jacobson et al. 2015).

Compared to the vegetation reservoir, soil
solutions, bulk and leachable soil fractions are
the second most variable continental reservoirs,
enriched in the heavy **Ca isotope. The soil
reservoirs span a global §***°Ca variability of
3.51 %o, with values ranging between —0.74 and
2.77 %o (Schmitt et al. 2003; Wiegand et al.
2005; Perakis et al. 2006; Tipper et al. 2006;
Page et al. 2008; Cenki-Tok et al. 2009; Holm-
den and Bélanger 2010; Farkas et al. 2011;
Hindshaw et al. 2011; Bagard et al. 2013; Moore
et al. 2013; Gangloff et al. 2014).

Atmospheric deposits (rainwater, snow, dust
and throughfall) display positive and similar
5*40Ca values comprised between 0.27 and
1.36 %o, with a global variability of 1.09 %o,
except for one dust sample (—0.42 £ 0.20 %o,
Wiegand et al. 2005) and one rainwater sample
(—0.34 £ 0.20 %0, Wiegand and Schwendenmann

Earth-Surface Ca Isotopic Fractionations

2013; Schmitt et al. 2003; Schmitt and Stille
2005; Wiegand et al. 2005; Ewing et al. 2008;
Cenki-Tok et al. 2009; Holmden and Bélanger
2010; Farkas et al. 2011; Hindshaw et al. 2011;
Fantle et al. 2012; Bagard et al. 2013; Wiegand
and Schwendenmann 2013).

Groundwater, streams and world rivers display
variations similar to rainwater and snow. Ca iso-
topic variations of small rivers (1.48 %o; ranging
from 0.27 to 1.70 %o) (Schmitt et al. 2003; Tipper
etal. 2006, 2008; Chu et al. 2006; Cenki-Tok et al.
2009; Holmden and Bélanger 2010; Hindsaw et al.
2011, 2013; Bagard et al. 2013; Moore et al. 2013;
Nielsen and DePaolo 2013; Wiegand and Sch-
wendenmann 2013) are very close to what has
been observed for world rivers (1.38 %o; ranging
from 0.17 to 1.55 %o) (Zhu and MacDougall 1998;
Schmitt et al. 2003; Tipper et al. 2008, 2010;
Hindshaw et al. 2013; Jacobson et al. 2015). Small
rivers stand for water samples from small catch-
ments (Strengbach, Saskatchewan, Damma, La
Selva, Kulingdakan and Kochechum as well as
small headwaters in the Tibetan plateau draining
contrasted substrates) (Fig. 2). World rivers are
larger and flow into the ocean; they have been
sampled either at their mouth or somewhere along
their course. In considering only samples collected
at the river mouth, the §*40Cq variation of large
rivers is reduced to 0.58 %o and ranges between
0.67 and 1.25 %o (Zhu and MacDougall 1998;
Schmitt et al. 2003; Tipper et al. 2010), with an
average equal to 0.86 %o (see Chapter “Global Ca
Cycles: Coupling of Continental and Oceanic
Processes”). Groundwaters present a variability
slightly higher to that of small rivers (1.91 %o;
ranging from 0.17 to 2.08 %o) (Schmitt et al. 2003;
Jacobson and Holmden 2008; Tipper et al. 2008;
Cenki-Tok et al. 2009; Holmden and Bélanger
2010; Hindshaw et al. 2011, 2013; Holmden et al.
2012; Nielsen and DePaolo 2013; Wiegand and
Schwendenmann 2013; Jacobson et al. 2015), and
similar to spring waters (1.90 %o; ranging from
0.17 to 2.08 %o) (Cenki-Tok et al. 2009; Nielsen
and DePaolo 2013). Lake waters are the most **Ca
enriched natural waters and correspond to the third
most fractionated continental reservoir (2.47 %eo;
ranging from 1.3 to 3.77 %o) (Nielsen and DePaolo
2013; Oehlerich et al. 2013).
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Fig. 2 Map showing the location of the sites studied
using Ca isotopes in Earth-surface processes. I Santa
Cruz, USA, Bullen et al. (2004); 2 Hawai, USA, Wiegand
et al. (2005); 3 Oregon Coast Range, USA, Perakis et al.
(2006); 4 Marsyandi River, Nepal and Bhote Kosi,
Southern Tibet, Tipper et al. (2006, 2008); 5 Atacama
desert, Chile, Ewing et al. (2008); 6 Madison aquifer,
South Dakota, USA, Jacobsen and Holmden (2008); 7
Arbutus Lake Watershed, USA, Page et al. (2008); 8
Strengbach catchment, France, Cenki-Tok et al. (2009),

Although a large quantity of oceanic sediments
has been studied (see chapter “Global Ca Cycles:
Coupling of Continental and Oceanic processes”),
few is known about continental rocks. From the
small number of available data we can infer that
continental sedimentary rocks vary largely (2.5 %o
variability, spanning from —0.77 to 1.73 %o),
whereas igneous rocks are more constant (vol-
canic rocks: 0.81 %o variability, spanning from
0.61 to 1.34 %o; plutonic rocks: 0.82 %o variabil-
ity, spanning from 0.31 to 1.13 %o) (Skulan et al.
1997; Halicz et al. 1999; DePaolo 2004; Tipper
et al. 2006; Ewing et al. 2008; Jacobson and
Holmden 2008; Amini et al. 2009; Holmden
2009; Hindshaw et al. 2011; Holmden and
Bélanger 2010; Huang et al. 2010, 2011; Simon
and DePaolo 2010; Farkas et al. 2011; Ryu et al.
2011; Bagard et al. 2013; Moore et al. 2013;
Nielsen and DePaolo 2013; Valdes et al. 2014,
Jacobson et al. 2015; Oehlerich et al. 2015).

Gangloff et al. (2014); 9 La Ronge, Saskatchewan,
Canada, Holmden and Bélanger (2010); /0 Damma
glacier, Switzerland, Hindshaw et al. (2011, 2012); 11 Mt
Wachusett, USA, Farka$ et al. (2011); 12 Black Rock
Desert Nevada, USA, Fantle et al. (2012); /3 Kuling-
dakan catchment, Russia, Bagard et al. (2013); 74
Iceland, Hindshaw et al. (2013), Jacobson et al. (2015);
14 Mono Lake, California, USA, Nielsen and DePaolo
(2013); 15 La Selva catchment, Costa Rica, Wiegand and
Schwendenmann (2013)

2.2 Forested Ecosystems

2.2.1 Ca Cycling Through

the Vegetation

Recent studies have shown that plants may play
an important role in the biogeochemical cycling
of calcium (Berner and Berner 1996; Poszwa
et al. 2000; Schmitt et al. 2003; Schmitt and Stille
2005; Wiegand et al. 2005; Perakis et al. 2006;
Page et al. 2008; Cenki-Tok et al. 2009; Holmden
and Bélanger 2010; Farkas et al. 2011; Hindshaw
et al. 2011, 2012; Bagard et al. 2013). Ca is an
essential nutrient for plants that is mainly
involved in the cell stabilization of walls and
membranes (Marschner 1995; Taiz and Zeiger
2010). It acts as a counter-ion for inorganic and
organic anions in the vacuole (organelle in the
plant cell), and the cytosolic (liquid phase in
which the organelles are bathed) Ca concentration
is an obligate intracellular = messenger
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coordinating responses to numerous develop-
mental clues and environmental challenges
(Marschner 1995). This divalent cation is stable
in soil solutions: it is encountered either as free
metal surrounded by water molecules or as
hydrate in the soils. Ca is taken up through the
plants lateral roots by the water mass fluxes
induced during foliar transpiration. Once Ca
entered the vegetal, it is brought to leaves by the
xylem sap. No translocation occurs through the
phloem from foliage to the reproductive organs
and, therefore, the main Ca supply occurs through
the xylem (Clarkson 1984; Barber 1995;
Marschner 1995; McLaughlin and Wimmer
1999; Taiz and Zeiger 2010). Later, when leaves
or needles fall down, nutrient elements are min-
eralised in the litter and Ca becomes again
available in soil solutions for a new uptake
through the fine lateral roots in the organic-rich
forest floor and underlying mineral soils of
forested catchments (Likens et al. 1998). This Ca
recycling by the vegetation constitutes an essen-
tial way of nutrient element supply for forests,
especially in catchments where low buffer
capacities of soils are recorded, linked to reduced
atmospheric deposition of base cations due to
acid rains, or to the presence of silicate soils that
present only low cation contents and are thus
sensitive to acid depositions or to ecosystem
export caused by forest harvesting (Hedin et al.
1994; Lesack and Melack 1996; Likens et al.
1998; Aubert et al. 2001). Indeed, temperate
forest canopies buffer part of the incoming acid
depositions by exchanging Ca**, K*, Mg** for H*
and NH,* (Potter 1991; Lovett and Schaefer
1992; Draaijers et al. 1997). Similarly, under
tropical high rainfall conditions, weathering pro-
cesses cause rapid breakdown of minerals.

3**4°Ca Variations Within

the Vegetation

Several recent studies manifest the importance of
calcium isotopes for a better understanding of the
control of the Ca budget and cycling by vegetation
in small forested temperate (Schmitt et al. 2003;
Schmitt and Stille 2005; Page et al. 2008;
Cenki-Tok et al. 2009; Farkas et al. 2011), tropical
(Wiegand et al. 2005), boreal (Holmden and

2.2.2

Earth-Surface Ca Isotopic Fractionations

Bélanger 2010; Bagard et al. 2013) and moun-
tainous (Hindshaw et al. 2011, 2012) catchments
(Fig. 2). All these studies show that vegetation is
the reservoir with §**°Ca values among the
lowest yet reported for terrestrial materials
(Fig. 1). Moreover, roots, trunks and barks are the
compartments that are the most enriched in the
light “°Ca isotope compared to other vegetal
reservoirs (Fig. 1), and also to the nutritive
reservoir (Fig. 1). The intensity of the nutritive
reservoir/root fractionation is function of the size
of the roots, the considered tree species and/or the
local soil environment (Holmden and Bélanger
2010), including pH and amount of available Ca
(Cobert et al. 201la; Schmitt et al. 2013).
A compilation of data for different tree species
points to variable soil nutrient reservoir/root
fractionation (Table 1). Some of the variability
can also result from the variability of considered
soil nutrient reservoirs (soil solutions, porewater,
exchangeable fraction) and tree root size. Any-
way, in every case the tree roots get enriched in
the light isotope compared to the nutritive solution
and the weakest difference is recorded for a larch
tree from Siberia, whereas the most important
difference is reported for American beech and
sugar maple from the Adidonrack mountains
(Table 1). Tree roots present also variable
3*49Ca values with finest roots enriched in **Ca
compared to larger ones (Cenki-Tok et al. 2009;
Holmden and Bélanger 2010). Moreover, by
studying woody vegetation (Rhododendron fer-
rugineum), Hindshaw et al. (2012) suggested that
the presence of mycorrthyza may shift
above-ground biomass 5**°Ca values towards
lower 8*40Ca values, whereas the percentage of
mycorrthyza infection is without effect. Further
investigations are necessary to understand pre-
cisely the role of fungi on the acquisition of
3*¥%0Ca values in roots. A preliminary in vitro
experiment pointed to the fact that in presence of
soil bacteria nutrients become directly available to
roots, so that the Ca isotopic fractionation of the
nutritive solution is ruled out (Cobert et al.
2011b). This has recently been confirmed by a
field study (Gangloff et al. 2014). The precise
mechanisms are, however, yet not well understood
and request further investigations.
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Table 1 Soil liquid pool/roots fractionation factors for several watersheds worldwide

Watershed
Strengbach

La Ronge

Kulingdakan
Damma

glacier

Arbutus lake

Hawai

5*440Cq values are normalized to NIST SRM 915a

a
Aporewaler /roots

Bedrock

Grantitic and
metamorphic
(Paleozoic)

Granitic
(Precambrian
shield)

Basaltic
(Permo-Triassic
flood basalts)

Granitic and
polymetamorphic

Granitic gneiss and
metasedimentary
rocks

Tholeiitic basalt

Post-shield alkalic
basalt

Aexcha.ngeable at 50 cm depth/roots

c
Aexchzm geable /roots

Soil plot
BP

Sp

Plot 1.1

Plot 1.2

Plot 2.1

Plot 2.2

South-facing
slope

110 years

Catchment
14

Catchment
15

0.3 ka
4100 ka

Tree species

European Beech
(Fagus sylvatica)

Norway Spruce
(Picea Abies)
Jack Pine (Pinus
banksiana)

Trembling Aspen
(Populus
tremuloides)

Trembling Aspen
(Populus
tremuloides)

Black Spruce
(Picea mariana)

Black Spruce
(Picea mariana)
Jack Pine (Pinus
banksiana)

Black Spruce
(Picea mariana)

Larch (Larix
gmelinii)
Rhododendron C

(Rhododendron
ferrugineum)

American beech
(Fagus
Grandifolia)
Sugar maple (Acer
saccharum)

American beech
(Fagus
Grandifolia)

Sugar maple (Acer
saccharum)

Metrosideros tree

Metrosideros tree

A average soil solution/roots (%)

1.47
0.73
0.67

1.28

0.74
1.40

0.21

0.63*

2.79°

2.88°

1.38°

2.29°

0.93¢
1.22¢

151

Reference

Cenki-Tok
et al. (2009)

Holmden and
Bélanger
(2010)

Bagard et al.
(2013)

Hindshaw
et al. (2011,
2012)

Page et al.
(2008)

Wiegand
et al. (2005)
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Within the presently studied plant species,
fractionation takes also place along the transpira-
tion stream, with enrichment in the heavy **Ca
isotope from roots to stemwood and up to leaves or
needles (Platzner and Degani 1990; Wiegand et al.
2005; Page et al. 2008; Cenki-Tok et al. 2009;
Holmden and Bélanger 2010; Bagard et al. 2013)
(Fig. 3). This implies a preferential *’Ca parti-
tioning in wood, and a relative enrichment in **Ca
in leaves and needles compared to wood. Conse-
quently, leaves, needles and wood contribute in
function of their speed of decomposition to rela-
tive *°Ca enrichments in the leaf litter. The overall
recorded 8***°Ca variation from bottom to top of
the different species of trees is about 0.80 %o, with
no difference between the species (Cenki-Tok
et al. 2009; Holmden and Bélanger 2010; Bagard
et al. 2013). No §440Ca differences between
foliage and stemwood were recorded for old (85—
110 years) or young (10—40 years) trees (Holmden
and Bélanger 2010). In contrast, **Ca enrichments
were recorded between basal (0.24 £0.15 %o) and
apical (0.64 +0.21 %o) European beach leaves and
between young (0.28 + 0.15 %o) and old
(0.80 + 0.12 %) Norway spruce needles
(Cenki-Tok et al. 2009).

Earth-Surface Ca Isotopic Fractionations

Deciphering causes of isotopic fractionation
within trees in catchments is difficult because, in
addition to biological processes, the isotopic sig-
nals might be overprinted by abiotic fractiona-
tions. Complementary studies using experimental
approaches have been performed to specify the
mechanisms controlling the Ca uptake by plants.
Holmden and Bélanger (2010) were the first who
have undergone a preliminary in vivo experiment
with aspen seedling grown on crushed basalt. The
Ca isotopic fractionations were limited. They
confirmed that roots were enriched in *°Ca com-
pared to the basalt, but the stem showed 5***°Ca
values similar to roots within error bars and only
the leaves were enriched in the light “°Ca. Two
other hydroponic experiments point to at least
three different §**4°Ca fractionation steps (Cobert
et al. 2011a; Schmitt et al. 2013). The first one
takes place at the nutritive solution/root interface
before the Ca enters the lateral roots, following a
closed-system equilibrium fractionation with a
fractionation factor (abean plant/nutritive solution) of
0.9988 suggesting that Ca forms exchangeable
bonds with the root surface, during Ca adsorption
on cation-exchange binding sites on the external
surface of the cell wall (Schmitt et al. 2013). The

| Roots @ Trunks [ Leavesl

4cg
enrichment

8
o O

5 04
-0.5
-1
o o —_—— ~—
%Qwo oe? Jack  Trembling Black
- Pine Aspen Spruce
Cenki-Tok et al. Holmden and Bélanger
(2009) (2010)

Fig. 3 5*¥*Ca variability during translocation from roots to shoot of trees (Cenki-Tok et al. 2009; Holmden and
Bélanger 2010). All values are normalized to NIST SMR 915a standard
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second occurs along the transpiration stream,
linked to ion-exchange reactions with the pectins
in the middle lamella of the conducting xylem. The
third takes place when Ca enters the reproductive
organs, that are enriched in pectins compared to
other organs and seem, consequently, less subject
to acidification of the nutritive medium than other
plant organs. The intensity of the Ca isotopic
fractionation within the plants seems also to be
dependent on the Ca content and pH of the nutri-
tive solution (Cobert et al. 2011a). Moreover, the
Ca isotopic composition of the average plant is
dependent on the 8*¥*°Ca value of the nutritive
solution, which points to a control of the external
nutritive medium on the Ca isotopic signature
within plants (Schmitt et al. 2013).

When trying to transpose the hydroponic
results to the only field study that has undergone
a sampling of several organs of a larch tree
(Bagard et al. 2013), one recognizes the three
previously described fractionation levels, with
some local differences. For instance, the flow of
the xylem sap is greater in the trunk than in the
branches (Bresinsky et al. 2008; Hacke and
Sperry 2001; Sperry 2011). Therefore, similarly
to ion-exchange processes, the *’Ca enrichment
of pectins from the branches (—0.45 + 0.12 and
—0.76 £ 0.17 %o) is greater than that of the trunk
(0.12 + 0.12%0) due to a larger number of
equivalent theoretical plates, i.e. of possible
exchangeable sites (Russell and Papanastassiou
1978). Moreover, we can explain the Ca isotopic
compositions of thin branches (<4 mm;
—0.45 £+ 0.12 %o), thicker ones (~1 cm;
—0.76 £ 0.12 %o) and needles (0.40 £ 0.12 %o and
0.66 = 0.08 %0) by the xylem flux feeding the
branches, which gets enriched in **Ca when *°Ca
binds to pectins. By analogy with the experi-
ments in hydroponic conditions, the xylem can-
not be anymore considered as a non-limiting Ca
reservoir, at least in the lateral branches. As the
xylem travels more way to reach the thin bran-
ches than the thicker ones, directly attached to
the trunk, it makes sense to obtain isotopic
compositions enriched in **Ca in the fine bran-
ches. The needles being located at the end of the
path of the xylem are also enriched in **Ca rel-
ative to the thin branches. Finally, the isotopic
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composition of the Ca in larch cones
(—0.08 % 0.12 %), enriched in *’Ca in needles, is
compatible with an enrichment of Ca oxalates in
these organs, as well as the low §*40Cq value of
the bark (—0.96 + 0.08 %0). As a result, the Ca
speciation within the tree seems to be the main
factor controlling its isotopic composition
(free-Ca, Ca linked to pectins or to oxalates).

2.23 $*¥*°Ca Variations Within
the Soil Pool

The soil pool comprises soil solutions, porewater
soil extracts as well as the bulk soil minerals
themselves. The absence of common soil pools to
different studies makes comparison often difficult.
Some studies also complicate the comparison by
reporting only leaching experiments using dif-
ferent reactants. Two successive leaching exper-
iments are usually performed in order to have
access to the nutrient pools that are available to
fine roots in soils: the first obtained fraction aims
to evaluate the soil’s exchangeable cation isotopic
signature, using 1 N ammonium acetate or barium
chloride, whereas the second one corresponds to
the acid-leachable fraction, using 1 N HNO;
(Bullen et al. 2004; Wiegand et al. 2005; Perakis
et al. 2006; Page et al. 2008; Holmden and
Bélanger 2010; Farka§ et al. 2011). The
exchangeable ions in soils are considered as the
most “plant available” ions (Suarez 1996),
whereas the acid-leachable fraction is thought to
be representative of cations available for release
by weathering (Blum et al. 2008). Various pro-
cesses occurring in soils have been reported with
Ca isotope fractionation depending on the nature
of the bedrock (granite or basalt), the weathering
stage (early or more developed), the vegetation
cover (forests or sparse vegetation), the climate...
These studies have especially shown that the
degree of “**Ca enrichments in soils is function of
the calcium uptake rate into trees, the magnitude
of the fractionation factor and the supply rate of
4OCa-enriched input fluxes from litterfall, atmo-
spheric deposition and soil mineral weathering”
(Holmden and Bélanger 2010). If these latter
fluxes are more important than the uptake by the
vegetation, the Ca soil reservoirs can be consid-
ered as non-limiting with regard to Ca, and the
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Fig. 4 Ca isotopic amplitude of fractionation between
soil liquids (including porewaters, soil solutions and
exchangeable fraction) and roots (2 mm when available)
for the presently studied watersheds. All values are
normalized to NIST SMR 915a standard. a Wiegand et al.

vegetation uptake, which is enriched in 40Ca, will
almost be without any major effect on the Ca soil
pool reservoir as has been observed in Hawai for
young soils or in Damma glacier subject to recent
weathering processes (Wiegand et al. 2005;
Hindshaw et al. 2011; Fig. 4). In contrast, in
Hawaii, for older soils (4100 ka) impoverished in
nutrients, soil reservoirs can no longer be con-
sidered as non-limiting and the **Ca exchange-
able pool increase can be explained either by the
“0Ca uptake by the vegetation or by marine
aerosol inputs (Wiegand et al. 2005). In forested
catchments grown on granites, such as Streng-
bach and Saskatchewan ones, the main process
causing Ca isotope fractionation is vegetation
uptake, with *°Ca enrichments in roots and sub-
sequent **Ca enrichment in soil solutions com-
pared to average soils or rocks (Cenki-Tok et al.

(2005); b Bagard et al. (2013); ¢ Hindshaw et al. (2011);
d Holmden and Bélanger (2010); e Cenki-Tok et al.
(2009); f Page et al. (2008). Arrows from left (surface) to
right (depth). A typical value from Wiegand and
Schwendenmann (2013) has not been reported

2009; Holmden and Bélanger 2010; Fig. 4). In
permafrost environments organic matter degra-
dation rather than vegetation uptake, as well as
the contribution from another pool, enriched in
40Ca such as soil colloids seem to control the Ca
isotopic signature of soil solutions (Bagard et al.
2013) (Fig. 4). Using simple numerical models,
Fantle and Tipper (2014) observed that the
exchangeable Ca fraction may be enriched or
depleted in Ca in accordance with the intensity of
the recycling flux compared to the uptake flux in
slowly weathering granite catchments: when the
uptake (recycling) is more important than the
recycling (uptake), then the exchangeable pool is
driven to heavier (lower) §***°Ca values.
3*40Ca variations of soil solutions and/or Ca
leachable fractions along the depth profiles have
also been recorded by several authors. In this
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context, Bullen et al. (2004) observed a Ca iso-
topic disequilibrium between porewaters and Ca
labile soil sites, and they suggested that
cation-exchange processes are non-instantaneous
in their soils. Wiegand et al. (2005) evidenced an
increase in 3***°Ca of exchangeable soil pool
along with increasing age of their four million
years old Hawaiian soil sequence, which was
attributable to changes in the Ca sources (from
primary minerals to atmospheric deposition with
increasing basalt age) and to Ca uptake by veg-
etation. Perakis et al. (2006) have shown that the
exchangeable and acid leachable pools at 0-5 cm
soil depth are 1 %o lighter relative to Ca in HF
digested residues. They explained this observa-
tion by Ca recycling through sparingly soluble
Ca precipitated soil oxalates in the upper soil
floor as well as by recycling of isotopically light
Ca derived from decomposed leaf litter. Page
et al. (2008) have for their part shown that
3*%9Ca of exchangeable and acid leachable Ca
fractions increased with increasing depth through
the soil profile. These “°Ca enriched values in
surficial soil profiles can be attributed to leaf
litter and woody biomass decomposition. Holm-
den and Bélanger (2010) have also reported that
3*49Ca of soil waters are lower in the forest
floor compared to the mineral soil pools. They
suggested that trees take up preferentially *°Ca in
the forest floor, whereas below the thin root zone,
the percolated Ca isotopic signature is influenced
by other Ca sources, coming from the upper
mineral soils. If cation-exchange processes dur-
ing Ca percolation in the soil below the roots
level can be neglected, 5*40Ca values will
behave as conservative tracers of Ca transport in
natural waters (soil-, ground- and surface
waters). In this context, Cenki-Tok et al. (2009)
also showed a §**°Ca increase of soil solution
with depth below beech (Fagus sylvatica L)
trees, whereas the values remained rather con-
stant below spruces (Picea sp.) (Fig. 4). The 4Ca
enrichment below beeches points to the dissolu-
tion of another soil pool, linked to alteration
and/or water-rock interactions, such as for
instance secondary mineral phases, whose role
has not yet been elaborated in this catchment.
Similarly, Bagard et al. (2013) suggest the
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presence of organic and organo-mineral colloids
that preferentially scavenge the light *°Ca iso-
tope. However, Holmden and Bélanger (2010)
have excluded any formation of such Ca-bearing
phases in the acidic soils of their boreal catch-
ment. Thus, further investigations are needed to
confirm or to fully exclude this hypothesis.
Finally, Farkas$ et al. (2011) have shown that in
the base-poor Wasuchett Mountain catchment
(NE USA) tree roots are able to bypass the
exchangeable cation pool of deep mineral soils
and take up their nutrients from wet atmospheric
deposition, organically-complexed Ca in the
forest floor and topsoil and from dissolution of
apatite and Ca-rich plagioclase.

224 $**°Ca Variations Within
Atmospheric Deposits

Previous studies in forested catchments have tried
to evaluate the influence of Ca isotopic compo-
sitions of atmospheric deposits on the geochem-
ical budget of the catchment. Atmospheric
deposits include incident wet and dry incomes.
Wet depositions that meet the forest cover attain
the soil as throughfall or stemflow. Throughfall
represents the part of precipitation that interacts
with the canopy whereas stemflow corresponds to
the part that funnels down the trunk (Crockford
and Richardson 2000; Park and Cameron 2008
and refs). Page et al. (2008) pointed out that
retention and accumulation of atmospherically
derived Ca in the upper soil profile probably had
little influence on the Ca isotopic composition of
the soils they studied in the Arbutus Lake
watershed (NE USA). Similarly, Bagard et al.
(2013) observed that two snow samples were
within the range of basalt and soil values, sug-
gesting that Ca atmospheric inputs would not
impact local §**°Ca values (Fig. 5).

In contrast, Hindshaw et al. (2011) have
shown that the Ca isotopic composition of pre-
cipitations, although close to those of the silicate
rocks, varied throughout the year, with 2 %
contribution on the Ca budget in the winter and
35 % in the summer. Perakis et al. (2006) esti-
mated for their part that Ca atmospheric deposi-
tions supply about 12 % of plant demands in
Oregon. Wiegand et al. (2005) observed a
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dominance of marine-aerosol derived Ca (with
3*"9Ca ~—0.4 %o) in small soil exchangeable
pools of older soils compared to younger ones.
Based on Sr isotopes, Bélanger and Holmden
(2010) evidenced that large amounts (40-95 %)
of Ca present in their studied boreal catchment in
Saskatchevan (Canada) had atmospheric origins

(Fig. 5). They have also shown that Ca fluxes of
dry deposition are up to four times higher than
those of the wet deposition, which implies to
consider both atmospheric compartments (dry
and wet) in further studies. Finally, previous Ca
atmospheric budgets performed in the temperate
Strengbach catchment (France) have shown that,
based on rainwaters alone, only 15 % of the Ca
catchment budget is atmospherically-derived,
whereas it can be comprised between 20 and
40 % when considering throughfall samples
(Schmitt and Stille 2005; Chabaux et al. 2005;
Cenki-Tok et al. 2009). Indeed, throughfall
samples that are slightly enriched in *°Ca com-
pared to wet precipitation correspond to a mixing
of dry and wet atmospheric deposits with recy-
cled Ca from leaf and needle exudations (Lovett
et al. 1996; Dambrine et al. 1998; Mougougou

isotopic data from Veizer et al. (1999). Continental crust
end-member: Ca isotopic data from Bullen et al. (2004)
and Huang et al. (2010, 2011); Sr isotopic data from
Goldstein and Jacobsen (1988) and Hofmann (1997)
Modern seawater: Hippler et al. (2003). White symbols
Snow samples. Colored symbols Rain samples

et al. 1998). A simple mixing budget calculation
shows that at least 70 % from throughfall has an
incident atmospheric origin (Schmitt and Stille
2005). This suggests that the atmospheric Ca
budget can be strongly affected by biological
activity and vegetation excretions. Consequently,
determination of the atmospheric Ca contribution
to catchment surface waters using mass balance
budget calculations based only on annual Ca
fluxes of rainwater and/or througfall must be
taken with caution (Cenki-Tok et al. 2009). The
determination of Ca isotopic data for dry and wet
atmospheric deposits that may contribute sub-
stantially to the Ca budget of the vegetation is
therefore required to constrain the global Ca
cycle. Fantle et al. (2012) examinated for their
part surface sediments (<5 mm depth) from a
hyper-arid dust producer environment (Black
Rock desert in northern Nevada) in order to
constrain dust Ca isotope signatures. They
especially noticed that acid soluble and dust
residue fractions have similar ***°Ca values,
also similar to other published dust samples
(Ewing et al. 2008), and correspond to average
river waters. This implies that the Ca isotopic
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composition of dust is strongly linked to weath-
ering and has little leverage to change the
ocean’s isotopic composition. In contrast, the
water soluble dust fraction is enriched in the
heavy *'Ca compared to previous fractions,
which could be due to Ca adsorption on clays
(see below).

23 Non-forested Ecosystems

2.3.1 Abiotic Processes

Bulk rock modifications occur through physical
disintegration, chemical alteration and biological
activity. The weathering front generally increases
with depth and is partly controlled by meteoric-
and ground-waters. Indeed, meteoric water for
instance is acid and is an oxidant, properties
acquired during its contact with the atmosphere.
Thus, the disequilibrium resulting from the
meeting of acid and oxidant water and basic
and/or reductive rocks induce chemical alteration.
Physical weathering (rock disintegration) occurs
through changes in physical properties of the rock
(porosity, temperature, moisture...). The different
rock minerals have not the same weathering sta-
bility. Basic rocks such as basalts, but also sedi-
mentary rocks such as carbonates, are more easily
weatherable than acid rocks such as granites or
sandstones. Similarly, the susceptibility of silicate
minerals to weathering is also function of
Bowen’s reaction series: the first minerals to
crystallize correspond to the most weatherable
(Langmuir 1997). In soils derived from silicate
rocks, the most easily weatherable Ca-bearing
minerals are apatite or plagioclase. Besides pri-
mary rocks and/or minerals, secondary minerals,
that is chemical weathering products (clays, car-
bonates, sulfates, gypsum...), can also
precipitate/dissolve in soils when soil water con-
ditions are suitable (saturation indexes, oxidative
properties, kinetics...). Ca precipitation in oxalate
crystals is another possible sink for Ca. Oxalic
acid is indeed one of the more common and
abundant low-molecular weight organic acids in
forest soils where it accumulates mainly under the
action of mycorrhizal hyphae in the upper soil
horizons as salts of Ca oxalates (Graustein et al.

157

1977; Certini et al. 2000). Seasonal precipitation
and dissolution of secondary minerals have also
to be loocked for (Hindshaw et al. 2011).
Calcium carbonates in soils can be considered
as carbon reservoirs. Their study has long been
neglected in contrast to silicate weathering,
because their budget is considered to be equili-
brated on the long term (>10° years). This
reservoir could, however, be considered as a
carbon sink at middle-term (10°-10° years), in
particular when the response of the CO, budget
to anthropogenic influences is seeked. Carbonate
rocks react faster than silicates, so that carbonate
weathering will respond more easily to climatic
changes and thus to the modification of the Earth
System to anthropogenic processes (Retallack
1990; Capo and Chadwick 1999; Chiquet et al.
2000; Hamidi et al. 2001; Durand et al. 2010).
Moreover, with increasing temperatures, the
ocean storage capacity will become less effective,
so that other sinks such as secondary precipita-
tions in soils should become more important.
Precipitation and dissolution of secondary
minerals are susceptible to fractionate Ca iso-
topic signatures (DePaolo 2011). It is commonly
accepted for stable isotopes that kinetic isotope
fractionation processes favour the light isotope,
whereas mass-dependent equilibrium fractiona-
tion mechanisms favour heavy isotopes on
molecular sites (Schauble et al. 2006; Schauble
2007). Previous in vitro calcium carbonate pre-
cipitations have indeed shown that heavier Ca
isotopes occur preferentially in the dissolved
phase compared to the solid one (See Chap. III;
Gussone et al. 2003, 2005; Lemarchand et al.
2004; Tang et al. 2008; Reynard et al. 2011). The
studies have shown that Ca isotopic fractionation
factors are dependent of the precipitation-rate:
rapid calcite precipitation induces small Ca iso-
topic fractionations, whereas the opposite is
observed for low precipitation rates. More
recently, analyses of pore fluids have shown an
absence of §***°Ca variations during marine
calcite precipitation under chemical equilibrium
conditions (Fantle and DePaolo 2007).
Ion-exchange mechanisms are also likely to take
place in soils and groundwater and could also
fractionate  8*¥*°Ca  values, similarly to
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precipitation of clay phases during incongruent
weathering, with *°Ca entering the solid phase
and *'Ca staying in the liquid one. Nothing is
presently known about Ca isotopic fractionation
associated with Ca adsorption on clays in the
weathering environment. However, based on a
study performed in the marine environment,
lighter Ca isotopes are expected to adsorb pref-
erentially on the solid phase (Ockert et al. 2013).

3**%°Ca Fractionations Caused
by Water-Rock Interactions
Experimental weathering of a granodiorite in a
plug flow reactor demonstrated that congruent
low-temperature dissolution of the granodiorite
minerals does not fractionate Ca isotopes (Ryu
etal. 2011). Similarly, another study suggests that
congruent dissolution of apatite performed under
controlled conditions, using mineral (supposed to
reflect water-rock interactions) and organic acids
(supposed to reflect root exudates or soil
micro-organisms) as weathering agents do not
fractionate the Ca isotopic compositions of the
solution (Cobert et al. 2011b). In contrast,
3*40Ca mass-dependent isotope fractionation
occurs during igneous differentiation and crys-
tallization (Amini et al. 2009; Huang et al. 2010).
In the field, very few studies tried to evaluate
the influence of water-rock interactions on the Ca
isotopic compositions of soils and waters in
catchments where the biological cycling is not the
preponderant process (Tipper et al. 2006; Ewing
et al. 2008; Jacobson and Holmden 2008; Hind-
shaw et al. 2011, 2013; Nielsen and DePaolo
2013; Moore et al. 2013; Jacobson et al. 2015).
Hindshaw et al. (2011) were the first studying an
early stage of weathering of primary silicate min-
erals from an Alpine soil profile (Damma glacier,
Central Swiss Alps). Their main result is that young
soils are isotopically identical in Ca isotopic com-
position to the rock from which they are derived,
suggesting that primary mineral dissolution of bulk
rocks should not strongly fractionate Ca isotopes.
Consequently, fractionations are likely to occur
where the soils are no longer buffered by primary
mineral dissolution, and secondary processes such
as biological cycling and/or secondary mineral
precipitation become dominant.

2.3.2

Earth-Surface Ca Isotopic Fractionations

8*49Ca fractionations have indeed been
observed during precipitation of secondary min-
erals (Tipper et al. 2006; Ewing et al. 2008;
Jacobson and Holmden 2008; Hindshaw et al.
2013; Jacobson et al. 2015). Tipper et al. (2006)
studied Ca isotopic fractionations in soils from
the Southern Tibetan Plateau with negligible
vegetation cover. They have identified a *°Ca-
enriched reservoir corresponding to travertines.
As a result they have proposed a control of the
3*/%9Ca by secondary carbonate precipitation,
counterbalanced by groundwater enriched in the
heavy isotope. In contrast, Jacobson and Holm-
den (2008) studied a 236 km long flow path in an
aquifer (Madison aquifer, spanning over 15 ky,
South Dakota) and observed no isotopic frac-
tionation when Ca precipitated under saturated
conditions. They proposed that a combination of
long-timescales of interactions between water
and rocks and slow rates of calcite precipitation
allow fluids to chemically and isotopically equi-
librate with calcite. They explain these observa-
tions by kinetic versus equilibrium fractionations
controlling calcite precipitation. The steady-state
1D reactive-transport model they have applied to
the aquifer suggests that besides calcite precipi-
tation, Ca-for-Na ion exchange mechanisms
could fractionate Ca isotopes during the initial
and final stages of water transport. However, due
to an insufficient dataset they could not prove
such cationic exchange process in the field. At
the same time Ewing et al. (2008) studied a 2 My
hyper arid soil of the Atacama desert where no
vascular plants and only minimal microbial
activity are recorded. The sulphate and carbonate
variations observed along the studied soil profile
have been affected by changes in the source
(terrestrial or marine) of the atmospheric depos-
its. They extracted and analysed the Ca from
sulfates and carbonates using ultrapure water and
1 M acetic acid, respectively. They observed
in-depth  §***°Ca increases, which they
explained by a transport model. Shallow hori-
zons that are enriched in *°Ca were subject to
repeated dissolution and reprecipitation events
described by Rayleigh fractionation. This system
is supposed to reach isotopic steady state after
100 ky. As a result, deeper horizons are subject
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to downward transport of *‘Ca during small
rainfall events over millions of years. More
recently Nielsen and DePaolo (2013) studied
precipitation of calcium carbonate minerals from
aqueous systems. It results from their study that
lake waters can be out of steady-state and that
3*49Ca of its carbonate sediments do not reflect
variations between weathering and carbonate
precipitation to and from the lake through time.

3 Change in 8***°Ca Signature
During Downstream
Transportation into the Ocean

3.1  Importance of the 5***°Ca

Weathering Flux

to the Oceans

The oceanic mass balance of Ca is a key challenge
in Earth Sciences since the ocean plays an
importantrole in moderating atmospheric CO, and
climate. Riverine Ca fluxes are a key component
for the Ca mass balance in the oceans and are
thought to control short-term fluctuations of the
oceans isotopic compositions, since they consti-
tute the predominant source of Ca to the oceans
(Schmitt et al. 2003; Farkas et al. 2007). Precise
understanding of past fluxes requires to ascertain
the modern control of the riverine §***°Ca flux. At
the global scale, two thirds of the riverine Ca
originates from the weathering of carbonates
rocks, what has implications for the global carbon
cycle over short timescales (Meybeck 1987; Ber-
ner and Berner 1996; Gaillardet et al. 1999;
Edmond and Huh 2003; Calmels 2007; Li and
Zhang 2008). In contrast, long-term removal of
CO, from the atmosphere is linked to silicate
weathering processes (Walker and Kastings 1981;
Berner et al. 1983; Gaillardet et al. 1999).

The riverine signal consists of mixtures of
waters with various compositions, inherited both
from the drained lithological signature (igneous and
sedimentary rocks) and the isotopic fractionations
occurring during a series of processes associated
with weathering reactions. As can be inferred from
previous paragraphs and summed up in Fig. 6, two
main fractionation processes occur on continents:
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plants and secondary mineral phases (soils car-
bonates, travertines, clays) are enriched in the light
“0Ca. As a result the corresponding soil waters or
associated river waters are enriched in the heavy
*Caisotope (Fig. 6). It is thus important to evaluate
the variation of the 8**¥*°Ca record of the dissolved
Ca in rivers from upstream to downstream until the
ocean.

To attain these objectives, two scales of
studies are usually proposed (Fig. 2): small scale
catchments, which allow to study rivers draining
one rock type under a given climate, and large
scale catchments, which allow to integrate the
informations over larger portions of continental
crust from different climatic regions (Meybeck
1979; Amiotte-Suchet and Probst 1993, 1995;
Gaillardet et al. 1999). Current §*%0Ca charac-
terisation of the flux into the ocean is extremely
limited and only a few studies dealt with natural
waters at local or regional scales (Zhu and
MacDougall 1998; Schmitt et al. 2003; Tipper
et al. 2006, 2008, 2010; Cenki-Tok et al. 2009;
Hindshaw et al. 2011; Bagard et al. 2013; Wie-
gand and Schwendenmann 2013).

3.2 Small Scale Catchments

A detailed §**°Ca study of several spring, brook
and stream waters performed at the local scale of
the granitic and forested Strengbach catchment
shows that Ca isotopic compositions vary in
function of several parameters: season, depth of
the water sources, and dry/humid periods (Fig. 7)
(Cenki-Tok et al. 2009). Low 8**°Ca values
have been reported in winter, for deep soil
compartments and dry periods with low
water-flow rate. This has been linked to a litho-
logical signature dominated by intense interac-
tions between waters and Ca-rich primary
minerals (apatite and feldspar). In contrast,
higher 8*¥*°Ca values have been measured in
spring, summer and autumn for surface soil
compartments during wet periods and high flow
rates. The authors explained this difference in Ca
isotopic compositions by the influence of vege-
tation on slightly mineralized waters: the upper-
most soil horizons are *°Ca depleted due to
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Fig. 7 Ca isotopic variation in riverwaters. All values
are normalized to NIST SMR 915a standard. / Tipper
et al. (2008); 2 Nielsen and DePaolo (2013); 3 Schmitt
et al. (2003), Cenki-Tok et al. (2009); 4 Holmden and

vegetation uptake and recycling, and residual
waters are thereby enriched in **Ca (Fig. 4).
Although no correlation was recorded between
§*40Cqa values and discharge rates, 5440

Bélanger (2010); 5 Hindshaw et al. (2011); 6 Chu et al.
(2006); 7 Moore et al. (2013); 8 Wiegand and Schwen-
denmann (2013); 9 Bagard et al. (2013); /0 Hindshaw
et al. (2013), Jacobson et al. (2015)

values of snow are enriched in **Ca in the
Strengbach catchment (Cenki-Tok et al. 2009)
and in the Damma catchment (Hindshaw et al.
2011). Hindshaw et al. (2011) proposed that in
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the winter, not frozen, isolated, water pockets
promotes sorption of “°Ca (and/or exchange
mechanisms) on soil components, leaving the
corresponding water enriched in **Ca. Conse-
quently, in the spring, increased snowmelt flu-
shes out these **Ca enriched waters into the
streamwaters.

Tipper et al. (2010) have observed similar
3*40Ca variations for wet and dry seasons in the
Tibetan Plateau, which they attributed to sec-
ondary calcite or calcrete precipitation in soils.
Indeed, in Himalayan rivers, up to 70 % of the
total, initially dissolved, Ca are reported to be
removed by secondary calcite precipitation (Galy
et al. 1999; Jacobson et al. 2002; Bickle et al.
2005; Tipper et al. 2006). Alternatively, they
proposed that this Ca isotopic variation could be
linked to the inflow of groundwater during low
water stand and to shallow soil runoff at high
water stand. This is consistent with the results of
Tipper et al. (2006). They have indeed suggested
that the downstream 8*¥*°Ca evolution of the
Bhote Kosi river results from mixing between the
isotopic signal of upstream waters controlled by
limestone dissolution (enriched in *°Ca) and of
downstream waters dominated by fractionated
groundwater inputs (enriched in **Ca). In con-
trast, Jacobson and Holmden (2008), who stud-
ied 8**¥*°Ca evolution in an aquifer, concluded
that the Ca isotopic signatures reflect mixing of
water masses controlled by anhydrite and dolo-
mite dissolution, with an absence of fractionation
linked to calcite precipitation under saturated
conditions. They explained this by “long time-
scale of water-rock interaction and slow rate of
calcite precipitation”. Another study performed
in a forested catchment from Costa Rica (Wie-
gand and Schwendenmann 2013) showed that Ca
isotopic signatures of river waters are character-
ized by source-specific signatures (groundwater
versus rainwater).

Tipper et al. (2006) explained their
non-fractionated and bedrock-like 8*¥*°Ca val-
ues in surface runoff waters by short reaction
times between water and rocks that do not allow
precipitation of secondary phases to take place.
Tipper et al. (2008) concluded that with the
exception of waters draining mainly dolostone
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rocks with high 8*“°Ca values, the other
Himalayan river waters they studied are not rock
controlled. Therefore, Tipper et al. (2010) sug-
gested that except for dolostones that undergo
congruent dissolution, rivers draining silicate and
limestone rocks are generally only marginally
offset from the §***°Ca value of the rock itself by
fractionation processes (biological activity and/or
secondary precipitations; Fig. 7). In accord with
this, Siberian Kulingdakan small-scale stream
waters reflect only a lithology contribution from
the basaltic substratum (Fig. 7). At a larger scale,
the Kochechum river waters are for their part
explained by deep brine-related underground
waters during winter low-water periods and by
surface waters influenced by basalt weathering.
In order to reconcile the respective influences of
vegetation and abiotic processes on small-scale
river waters, Hindshaw et al. (2012) proposed
that vegetation activity impacts river waters only
in low weathering rate areas. More recently,
Fantle and Tipper (2014) suggested that a bio-
sphere off steady state can significantly impact
both the Ca isotopic compositions of soils and
rivers.

33 Global Scale Catchments

The Ca isotopic composition of continental runoff
has an average 8*¥*°Ca value of 0.86 + 0.06 %o
(see chapter “Global Ca Cycles: Coupling of
Continental and Oceanic Processes”). In contrast
to small scale rivers (1.48 %o variability), large
rivers sampled at their mouth show small 5**°Ca
variations of 0.56 %o, ranging between 0.69 and
1.25 %o (Figs. 1 and 8). This is certainly linked to
the fact that they integrate their 5***°Ca signature
over huge continental spatial scales. As a result,
small and variable Ca reservoirs isotopic signa-
tures are homogenized during upstream to down-
stream flow, and no lithology-dependence can a
priori be identified (Schmitt et al. 2003; Tipper
et al. 2010). Schmitt et al. (2003) and Tipper et al.
(2010) have also suggested that process-related Ca
isotopic fractionation due to vegetal uptake or
secondary calcite precipitations seem to exert only
a second order in the global §***°Ca riverine
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Fig. 8 Summary of downstream §***°Ca variations and
corresponding mechanisms. All values are normalized to
NIST SMR 915a standard (Zhu and MacDougall 1998;
Schmitt et al. 2003; Tipper et al. 2006, 2008, 2010; Chu

control. Similarly, Farkas et al. (2011) suggested
that the absence of recordable vegetation signal in
8*¥49Ca values could be due to the fact that
organically-complexed Ca in the topsoil horizon is
tightly bound to the ion-exchange sites, inducing
limited mobility of this complex. It has also to be
noted that Himalayan Rivers (Ganges and
Brahmaputra) show *°Ca excesses associated with
high ¥’Sr/%°Sr values that can be due to the con-
tribution of radiogenic metasediments (Caro et al.
2010). More recently, Hindshaw et al. (2013)
observed that for rivers draining Icelandic catch-
ments with less than 10 % glacial cover, 5440
of waters reflect a mixing between basalt-derived,
hydrothermal- and meltwaters. In contrast, when
more than 25 % of the studied catchments were
ice-covered, precipitation of Ca-bearing sec-
ondary precipitated minerals and/or adsorption or
ion exchange of Ca onto mineral surfaces (with a
fractionation factor o equal to 0.9999) has to be
invoked. Such difference in the control of the
isotopic signature of Ca was attributed to differ-
ences in weathering regimes. Indeed, the glacial
catchments drain sediments containing altered
basaltic glass, whereas the non-glacial catchments
drain crystalline basalts which are less weather-
able (Hindshaw et al. 2013). For their part Jacob-
son et al. (2015) explained the higher Icelandic
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et al. 2006; Cenki-Tok et al. 2009; Holmden and
Bélanger 2010; Hindshaw et al. 2011, 2013; Moore
et al. 2013; Nielsen and DePaolo 2013; Wiegand and
Schwendenmann 2013; Jacobson et al. 2015)

riverine Ca isotopic compositions compared to
basalt by conservative mixing of Ca released
during the weathering of basalt and hydrother-
mally precipitated calcite. If their conclusions are
confirmed by further studies, this would imply that
inputs from carbonate weathering to the rivers’
budget is not negligible (up to 90 %). As a result,
contribution of basalt weathering to long-term
CO, consumption and climate regulation may not
be that important as previously suggested, espe-
cially if carbonates precipitated from hydro-
chemical and not from atmospheric sources
(Dessert et al. 2003).

On the other hand, by studying around 60
rivers covering various substratum worldwide,
Tipper et al. (2010) identified a predominant
control on large rivers Ca isotopic ratios by
limestone/dolostone lithologies, by comparing
the 3***°Ca values of limestone/dolostone with
those of limestone/dolostone draining river
waters. This is consistent with the hypothesis
developed by several authors who suggested that
carbonate weathering governed two-third of
global riverine Ca (Meybeck 1987; Berner and
Berner 1996; Gaillardet et al. 1999). In a more
recent study performed in the Southern Alps of
New Zealand, Moore et al. (2013) confirmed that
riverine Ca mainly originated from carbonate
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weathering, as a function of tectonic activity.
About 50-60 % of Ca originated from carbonates
in regions where uplift rates were the lowest
(0.1 mm/year) whereas >90 % of Ca came from
carbonates when the uplift rates were maximum
(10 mm/year). Only for glacial rivers more Ca
came from silicate weathering, mainly due to
non-stoechiometric release of silicate Ca. How-
ever, when extrapolated to other similar regions,
such as the Himalaya, the authors concluded that
the spatial extent of mountainous glaciation was
not spread enough to have a global impact.

Farka$ et al. (2007) reported oceanic lime-
stone secular variations over the Phanerozoic,
which §**°Ca reflects the dominant mineralogy
in marine carbonate deposits (calcite versus
aragonite). Consequently, Tipper et al. (2010)
suggested that 8*¥4°Ca variations in world major
rivers were due to dissolution of limestone/
dolostone rocks of different ages and having
variable 5**°Ca isotopic compositions. Further
data from direct comparison of waters and cor-
responding bedrocks are therefore necessary to
understand the precise mechanisms governing
the ***°Ca values of large rivers.

A recent review paper challenges these inter-
pretations. Fantle and Tipper (2014) have indeed
calculated an average carbonate value equal to
0.60 %o, whereas it reaches 0.94 %o for silicates.
When considering an average contribution of
silicate weathering to global Ca riverine flux
comprised between 10 and 26 % (Meybeck
1987; Berner and Berner 1996; Gaillardet et al.
1999), one should attain a Ca isotopic composi-
tion of 0.63-0.69 %o for the riverine flux to the
ocean (and not 0.86 %o). Thus, Fantle and Tipper
(2014) have invoked secondary processes (Ca
uptake by plants, secondary mineral formations
or adsorption onto clays) to explain this dis-
crepancy. These authors demonstrated indeed by
using simple numerical models that a steady state
biosphere can only impact the Ca isotopic com-
position of rivers when 8*¥*°Ca from the vege-
tation cycling flux is isotopically distinct from
the uptake one. In contrast, a biosphere off
steady-state can impact riverine Ca isotopic
composition over thousand-year timescales,
though a modest extent (on the order of tens of a
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permil). As a result, they concluded their study
by the suggestion that either present-day riverine
value reflects a terrestrial Ca cycle that is cur-
rently in a transient state (i.e. global net growth
of the biosphere) or there remain fractionation
mechanisms that need to be characterized in the
weathering environment. More recently Jacobson
et al. (2015) questioned this interpretation by
suggesting that mixing processes rather than
fractionation mechanisms could take place at
global scale.

4 Potential of Ca Isotopes Applied
to Earth-Surface Processes

Few studies presently focused on Ca isotopes
applied in Earth-Surface processes. Nevertheless,
they identified several research directions to be
taken in the near future and that will be described
hereafter.

4.1 Internal Ca Cycling Processes

Within the Tree

Although understanding of the internal Ca par-
tition between vegetation organs has been highly
improved during past years (von Blanckenburg
et al. 2009; Cobert et al. 2011a; Schmitt et al.
2013), increasing 8*¥*°Ca values from roots to
foliage in trees grown in the field point to internal
fractionation processes that are not well under-
stood yet. Holmden and Bélanger (2010) pro-
posed that tree rings cellulose may record secular
variations of Ca isotope ratios due to natural and
anthropogenic disturbances of the forest Ca
cycle. Two recent preliminary studies show the
potential of §***°Ca variations in tree rings for
the reconstruction of environmental conditions
through time (Nielsen et al. 2011; Stille et al.
2012).

One of the studies was performed on tree
rings spanning ~ 50 years of Tamarix aphylla,
an exotic perennial and evergreen tree in Death
Valley (USA), where spring water is the only Ca
source (Nielsen et al. 2011). Only small 3440y
variations (0.40 %o) were recorded with an
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increase of heavy values during drought condi-
tions. The authors suggested that when the tree is
stressed either the soil pool is limited with regard
to its Ca content during drought conditions and
thus gets enriched in **Ca whereas the vegetal
takes up the *°Ca, or the Ca is held more tightly
in the small pores of the soil. Another study
performed on spruces from the nutrient-depleted
Strengbach catchment in Vosges mountains
(France), where the main Ca source is the
atmosphere, indicates that the biologically recy-
cled Ca does not allow to detect any 3***°Ca
variations in the trees growth rings over past
century (Stille et al. 2012). This could be due to
the low weathering flux of Ca in this catchment
that forced the spruces’ root system to pump the
Ca mainly from the organic matter rich top-soil
over the past century. As a consequence, the
Strengbach catchment has certainly been deple-
ted in nutrient elements already since the begin-
ning of the 20th century. Applying Ca isotopes to
tree rings could thus bring information on past
environmental conditions on the Ca available
reservoirs in soils and on the functioning of the
terrestrial biosphere over time, assuming a con-
stant fractionation factor during uptake.

4.2 Ca Uptake Mechanisms Within

the Rhizosphere

All field work and in vitro studies, performed up
to now, reported systematic root “’Ca enrich-
ments compared to the soil solutions (Table 1)
(Platzner and Degani 1990; Schmitt et al. 2003,
2013; Wiegand et al. 2005; Page et al. 2008;
Cenki-Tok et al. 2009; Holmden and Bélanger
2010; Cobert et al. 2011a; Bagard et al. 2013).
Thus, Ca isotopes could be a powerfull tool to
distinguish between Ca uptake mechanisms
within the rhizosphere. The rhizosphere consti-
tutes indeed a narrow interface between soil and
roots that is directly influenced by root secretions
and associated soil micro-organisms. Conse-
quently, small roots and fungal associates are
able to derive nutrients directly from minerals,
using chemical exudates that are more aggressive
than typical salt extracts (van Breemen et al.
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2000; Wallander et al. 2001). Thus, they may
enhance soil nutrient mobilization and uptake
around the roots (Robert and Berthelin 1986;
Blum et al. 2002; Courty et al. 2010). The precise
study of Ca isotopes in the rhizosphere could
give information on the role of soil
micro-organisms on the Ca uptake by trees and
induced fractionation mechanisms. It could also
help to identify the depth from which Ca is taken
up by the roots or help to understand nutrient
provenance.

4.3 Ca Recycling by the Vegetation

In acidic ecosystems an important part of Ca is
provided by atmosphere deposits. If wet deposits
have sometimes been considered in catchment
studies using Ca isotopes, few is known concern-
ing dry deposits or processes occurring in the
canopy. Indeed, a part of the incident rainfall
passes through the forest canopy, directly or by
interacting with the vegetation: the throughfall
(Lloyd and Marques 1988; Bruijnzeel 1989).
Another part is funnelled down the trunk of the
trees: the stemflow (Jordan 1978; Herwitz 1986).
The difference between the sum of these two fluxes
and the incident rainfall corresponds to the canopy
interception. Foliar nutrient leaching during acid
rain events has also been reported (Fink 1991;
Hambuckers and Remacle 1993; Draaijers et al.
1997; Dambrine et al. 1998; Mougougou et al.
1998). These components need to be precisely
characterised by Ca isotopes. Indeed, their con-
tribution to mineral nutrient fluxes to the soil sur-
face may be not negligible since these fluxes are
more rapid than those coming from the litter
decomposition. Thus, the Ca ions are in dissolved
inorganic form which can be taken up immediately
by the trees. Similarly to what has been observed
for Rare Earth Elements (Stille et al. 2009), the
natural waters that percolate through the litter will
interact with it and contribute to the Ca recycling
flux. The resulting 5***°Ca values of the perco-
lated waters and degraded litter are then enriched
in *°Ca, as was suggested by Perakis et al. (2006)
and Bagard et al. (2013). This also suggests that Ca
isotopes might become a tracer of vegetation
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uptake (waters enriched in **Ca) versus decom-
posing litter leaching (waters enriched in *°Ca).
Quantifying these fluxes is fundamental for cal-
culation of Ca budgets at the scale of small forested
catchments. The Ca cycle may be perturbed by
forest harvesting, which removes significant
amounts of light Ca from forest ecosystems
(Federer et al. 1989; Johnson et al. 1992; Bailey
et al. 2003). The age of forests might also have to
be taken into account since forest growth rates are
typically highest during their middle stage of
development (Miller 1995), which could have an
impact on the Ca uptake rates by trees. Moreover,
since local plant biomass is growing in spring, the
resulting storehouse of biologically processed Ca
(*°Ca-enriched) will also increase. All these
parameters have to be taken into account by further
investigations at the scale of small forested
catchments.

44  Time Integrated Vegetal

Turnover Marker

A study performed in a small forested Siberian
catchment subjected to permafrost shows that Ca
isotopic variations are very different from one
hillslope to the other (Bagard et al. 2013). The
slope presenting the most important 8**4°Ca
variation and *“°Ca enrichments in soil solutions
and in soil surface acetic acid extracts corre-
sponds to the slope where vegetation and the
decomposition rate of needle litter are the more
important. In this way, preserved Ca isotopic
compositions in paleosol exchangeable and acid
leachable phases might bring relevant informa-
tion on the evolution of biological activity at the
catchment scale.

This has to be linked to the results obtained for
sedimentary records of Californian marine ter-
rasses and Hawaiian soil chronosequences (Bullen
et al. 2004; Wiegand et al. 2005). The comparison
of 3*#4%°Ca values in 300 years and 4.1 Ma years
old soils suggests that early forests preferentially
took up *’Ca from primary minerals of the fresh
bulk rocks. Later on, when the soil thickens, the
ecosystem develops and plants take up preferen-
tially their “°Ca from recycling litter and
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decomposing wood (Bullen and Bailey 2005). Asa
result, one could propose in accord with von
Blankenburg et al. (2009) that Ca isotopes might
become time-integrated turnover markers. “Fur-
thermore, these markers may be preserved in the
geological record, for example, in the form of
precipitated calcites or oxides in paleosols and late
sediments. Using these indicators the impact of
plants on isotope fractionation can be traced as
vegetation changes with climate.”

4.5 Hydrological Tracer

Understanding hydrological processes such as
water origin, mixing history or distribution
between surficial and deep water masses is nec-
essary to allow sustainable management of water
resources. Stable (O, C, H, N, S), radioactive (U-
Th-Ra) and radiogenic (Sr) isotopes have proved
to be useful tracers of hydrologic pathways,
mixing of waters and solutes... (Riotte and
Chabaux 1999; Tricca et al. 1999; Aubert et al.
2002; Durand et al. 2005; Reddy et al. 2006;
Chabaux et al. 2008; Elsbury et al. 2009; Kendall
et al. 2010). However, there is a lack of under-
standing of the physical processes and chemical
reactions influencing isotopic fractionation
mechanisms. In this context, Ca isotopes might
become a complementary tracer in order to dis-
tinguish between deep-seated reservoirs (weath-
ering) and water reservoirs situated close to the
soil surface within the trees root system
(Cenki-Tok et al. 2009). Thus §***°Ca values in
stream and source waters carry a dual signal and
their analysis might become a relevant and
helpful approach to constrain, at a catchment
scale, the inter-relationships between vegetation
and weathering processes (Cenki-Tok et al.
2009). Moreover, at the scale of forested catch-
ments where the 5*¥*°Ca of vegetation is not so
important (Wiegand and Schwendenmann 2013)
or at larger scale catchments where vegetation is
not the main controlling parameter (Moore et al.
2013; Jacobson et al. 2015), Ca isotopes could
also be controlled by mixing processes. This
highlights the potential of Ca isotopes to become
a tracer of hydrological processes.
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5 Conclusion

Current understanding of Ca isotopic behaviour in
continental scale weathering system is extremely
limited. Recent studies performed in small scale
catchments have shown that natural waters (sur-
face, ground, soil solutions) are impacted by frac-
tionation mechanisms (biological or abiotic) or
mixing processes between different end-members.
Congruent bedrock and primary mineral dissolu-
tion should a priori not fractionate Ca isotopic
compositions. In contrast, nothing is known about
their potential incongruent dissolution.

In forested catchments, atmospheric deposits
(wet, dry and throughfall) play an important role
in providing nutrients to acid ecosystems.
Nutrients from the atmosphere, the soil
exchangeable and acid leachable fractions as well
as nutrients originating from litter degradation
are taken up again by the roots. The roots are
systematically enriched in *°Ca compared to the
nutritive solution (that is enriched in **Ca). Soil
micro-organisms may also have an impact on Ca
isotopic signatures that need to be investigated.
Degrading litter leached by percolating waters
constitutes the recycling flux that enriches sur-
face waters in *°Ca. Within the vegetation itself,
organs get enriched in **Ca from roots to shoots,
but remain enriched in “°Ca compared to the
nutritive solution, and the intensity of fractiona-
tion within the vegetation is function of the Ca
content of the nutritive solution and its pH.

In non-forested catchments, secondary min-
eral precipitations are also enriched in *°Ca, and
the resulting waters are thus enriched in *'Ca.
Few is actually known about sorption/desorption
effects on clays and colloids, cation exchange
processes, role of organic matter or Ca precipi-
tation in oxalate on Ca isotopic signatures. Sea-
sonal precipitation and dissolution of secondary
minerals have also to be looked for. These pro-
cesses might also occur in forested catchments,
where they seem to be obscured by the biological
effects. Consequently, fractionation mechanisms
during natural processes are not yet fully under-
stood and request further investigations, which
could also allow to quantify the respective pro-
portions of biological or mineral processes in
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forested catchments and the interactions between
them due to micro-organisms.

In contrast, at the scale of global catchments,
the lithological and fractionation mechanisms are
obscured and 3***°Ca values of river water do
not vary much, although the precise mechanisms
have not been identified yet. This observation
requires more systematic studies on rivers
draining limestones and silicates in order to
improve current understanding of the origin of
Ca and the mechanisms occurring from upstream
to downstream flow of large rivers, as well as the
relative proportion of carbonate versus silicate
weathering processes.

This review of Earth-Surface Ca isotopic
fractionations has pointed to several future appli-
cations of Ca isotopes going from plant physiol-
ogy to chemical interactions at the
soil-water-plant level, such as: internal Ca
cycling processes within trees, Ca uptake mech-
anisms within the rhizosphere, Ca recycling by the
vegetation, time-integrated vegetal turnover mar-
ker, and hydrological tracer. To attain these
objectives, coupled small and global scale catch-
ments and in vitro experiments are requested. The
field studies have to be performed at settings that
allow identifying the mechanisms controlling Ca
isotope variations (e.g. by varying one parameter
at each time: lithology or vegetal or secondary
precipitations). In order to identify mixing versus
fractionation mechanisms, multi-proxy approa-
ches, including 5*40Ca, ¥7Sr/85Sr isotopes and
St/Ca elemental ratios are welcome.
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Abstract

Calcium is one of the most important mobile metals that can migrate
easily between major geochemical reservoirs at the Earth’s surface; the
hydrosphere and the biosphere and crust. In doing so calcium plays a key
role in regulating climate over million year time-scales, transferring
carbon from the atmosphere and storing it as calcium carbonate. Calcium
isotopes potentially provide a way of tracing the mobility of calcium
within the Earth surface environment. This chapter reviews the steps
where calcium isotopes are fractionated in the weathering and ocean
environments, and how these fractionations can be used to constrain mass
transfers on both the continents and in the oceans.
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1 Introduction

Calcium (Ca) is a metal that is mobile in aqueous
fluids and can move easily between major geo-
chemical reservoirs at the Earth’s surface, such as
the hydrosphere, crust and the biosphere. It is the
most abundant alkaline earth metal and the fifth
most abundant element in the Earth’s crust
overall (Rudnick and Gao 2003). With only one
redox state its chemistry is simpler than many
other elements that are cycled at the Earth’s
surface by redox processes. Calcium is an
essential nutrient in the marine and terrestrial
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biospheres, it is a major component in several
important mineral groups in natural systems in
both marine and terrestrial environments (calcite,
dolomite, phosphate, gypsum) Via calcium car-
bonate, calcium provides the hard skeletal
framework for a variety of marine organisms
with protective shells in the aquatic environment.
These calcium rich shells and skeletons provide
the main calcium and carbon sink from the
oceans over geological time-scales, and serve as
a recorder of ocean chemical evolution through
time. Through the weathering of primary
Ca-bearing silicate minerals and the precipitation
of calcium carbonate, the element Ca has played
a major role in the regulation of the long-term
carbon cycle and provides a critical negative
feedback that has maintained Earth’s climate
equable over geological history (Berner and
Kothavala 2001; Walker et al. 1981). Calcium
carbonate in limestone is by far the largest
reservoir of carbon at the Earth’s surface. Cal-
cium is, therefore, a pivotal element that links the
lithosphere, hydrosphere, biosphere, and atmo-
sphere via a major global biogeochemical cycle
and is pivotal to some of the most important
Earth surface processes.

Fig. 1 Global
biogeochemical cycle of Ca
involving the continent, the
ocean and the atmosphere
and major processes
involving Ca transfer on
Earth are shown (adapted
for Ca from Mackenzie
2003)

The global biogeochemical cycle of Ca has
been a topic of critical importance to geoscien-
tists for decades because of it’s significance to
the carbon cycle and nutrient supply. Much effort
has been put into developing isotopic proxies to
trace Ca cycling, such as ¥’Sr/*’Sr, over a variety
of temporal and spatial scales, from changes in
seawater chemistry over tens of millions of years,
to diurnal changes in small rivers. However, the
routine measurement of Ca isotope ratios (ex-

pressed as 5%/ “0Ca) over the past 15 years has
provided a possibility to trace both the sources
and processes that affect Ca directly, using Ca
isotopes and this chapter will review much of the
advances that have been made in trying to
understand the linkages between the continental
and marine cycles of Ca.

In its most simplistic form, the continental Ca
budget or cycle is composed of the loss of the Ca
from the continents via carbonate and silicate
mineral weathering. Ca is transferred mainly via
rivers and groundwaters to the oceans where the
Ca becomes part of the marine Ca cycle (Fig. 1).
Quantifying the fluxes and attendant isotopic
compositions of continental Ca transfers has
proved challenging even when the Ca cycle is

Atmosphere

organisms

<Marine sediments




1 Introduction

considered in its most simplistic form, and the
state of knowledge is probably less advanced
than the marine Ca cycle, largely because there is
less data. Between 60 and 90 % of solute Ca is
derived from the weathering of carbonate mineral
which have much faster dissolution kinetics than
silicate minerals (Berner and Berner 1996;
Gaillardet et al. 1999b; Meybeck 1987; Tipper
et al. 2006a), but many studies of Ca isotopes
have focused on regions of the world where sil-
icate catchments dominate, and both soils and
rivers are depleted in Ca (Fantle and Tipper
2014). In more detail, the processes which
release and transfer Ca from the continents to the
oceans are complex. The mineral pool of Ca is by
far the largest on the planet, though the fraction
of Ca residing in sedimentary rocks versus
crystalline rocks is poorly known, despite the
critical balance of the proportion of carbonate
and silicate rocks for the climatic evolution of the
planet. Ca is released to a series of reactive pools
in the critical zone, the outer veneer of planet
described as the fragile skin of the planet defined
from the outer extent of vegetation down to the
lower limits of groundwater (Brantley et al.
2005) where Ca can reside in aqueous solutions,
soil mineral or organic reservoirs or the bio-
sphere. Dissolution reactions can occur both
abiotically and through catalysis by organisms,
providing nutrients and energy for the sustenance
of terrestrial ecosystems (e.g., Brantley et al.
2007). The current rapid evolution of the Earth’s
surface conditions (temperature and hydrology,
IPCC 2014; Raymond et al. 2008), coupled for a
need of sustainable agriculture has created a need
to understand supply of nutrients in soils and
water quality in rivers (Likens et al. 1998).

This has provided the stimulus for a wealth of
work to understand the critical zone and to
identify mechanisms scavenging elements such
as Ca and providing nutrients for the subsistence
of terrestrial ecosystems. These studies are based
on multidisciplinary approaches, and an array of
“non-traditional” stable isotopes have played an
important role in trying to understand mass
transfers and chemical reactions within the
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critical zone (e.g., White et al. 2015). Ca isotopes
have been at the fore-front of this work (e.g.,
Schmitt et al. 2003a; Wiegand et al. 2005; Page
et al. 2008; Tipper et al. 2006b, 2008a, 2010a;
Cenki-Tok et al. 2009; Holmden and Bélanger
2010; Farka$ et al. 2011; Hindshaw et al. 2011,
2013; Fantle and Tipper 2014; Bagard et al.
2013; Wiegand and Schwendenmann 2013;
Gangloff et al. 2014; Jacobson et al. 2015) firstly
because Ca is one of the major elements by mass,
and secondly it is intimately linked to the global
carbon cycle on a range of time-scales (e.g.,
Berner et al. 1983).

There are two sources of Ca inputs to the
critical zone; mineral weathering and atmo-
spheric inputs (dust and rain waters) (Likens
et al. 1998). Ca can either be removed from the
catchment or soil, by groundwater or river water,
or be returned to a mineral or organic reservoir in
the catchment, either as (1) a secondary mineral
such as pedogenic calcite in calcrete soils,
(2) adsorption on clay minerals and/or Fe—Al
oxy-hydroxydes and/or humic acids in soils
(loosely referred to as the exchangeable pool) or
(3) Ca present in biomass (either living or
decaying). The total pool of Ca in the critical
zone is controlled by the balance of “external”
inputs via mineral weathering or from the
atmosphere, and outputs via erosion (minerals
and organically bound Ca) and export of solutes
via rivers/groundwaters. The decay of organic
matter and attendant loss of organically bound
Ca does not change the total pool of Ca in the
critical zone, but moves it from the biomass pool
to the solute or exchangeable pool. A large
exchangeable pool might permit rapid growth
rate of the biosphere, but the total amount of
growth possible will be limited by the supply of
nutrients via mineral weathering. A significant
body of work relating to Ca transfers in forest
ecosystems and soils has been conducted. Forests
require nutrients to develop their annual biomass
but soil reserves can be limited, especially in
environments where (1) weathering rates are low
(Likens et al. 1967; Likens and Bormann 1995),
(2) soils are poor in nutrients such as acid trop-
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ical soils (Jordan and Herrera 1981; Nykvist
2000), (3) soil acidification due to acid rain takes
place (Likens et al. 1996), or (4) intensive for-
estry and forest tree growth (Raulund-Rasmussen
et al. 2011) as well as forest harvesting (Thiffault
et al. 2006) take place. All these factors lower Ca
availability and thus alter tree nutrition, health
and growth rates. In addition, Ca can be lost from
the catchment due to run-off. Consequently, Ca
cycling and tree nutrition mechanisms need to be
identified and characterized in order to manage
soil and forest nutrient sources (Bélanger et al.
2012). To date, few catchments have been
intensively studied specifically for Ca; one
notable exception is the experimental Hubbard
Brook catchment (New Hampshire, USA)
(Likens et al. 1998).

In the oceanic domain, Ca isotopes have been
suggested as a tool for elucidating variations in
Ca cycling in the geological past (e.g., De La
Rocha and DePaolo 2000; DePaolo 2004; Fantle
2010; Fantle and DePaolo 2005; Farka$ et al.
2007; Griffith et al. 2008a; Heuser et al. 2005;
Sime et al. 2007; Blattler and Higgins 2014;
Vivier et al. 2015; Griffith et al. 2015). Such an
application of Ca isotopes has great potential for
the reconstruction of the Ca concentration of the
ocean through time, which is essential for
understanding marine carbonate equilibria, the
pH of the past ocean, and the carbon cycle.
Fantle (2010) recently suggested that the Ca
isotopic composition of marine authigenic min-
erals might contain information regarding the
partitioning of Ca output fluxes between the deep
and shallow ocean, and/or changes in the global
fractionation factor associated with Ca removal
from the ocean. Further, Ca isotopes have been
proposed as a proxy for paleo-sea surface tem-
peratures (Nagler et al. 2000; Gussone et al.
2004; Immenhauser et al. 2005; Hippler et al.
2006) whilst Bohm et al. (2006) and Langer et al.
(2007) concluded that the temperature sensitivity
was too small for Ca isotopes to be useful in this
manner. Recent experimental work suggests that
Ca isotopic fractionation during CaCO5 forma-
tion is complicated and may be controlled by
solution chemistry and/or reactions at the mineral
surface (Gussone et al. 2003, 2005, 2011;

Global Ca Cycles: Coupling of Continental and Oceanic Processes

Lemarchand et al. 2004; Fantle and DePaolo
2007; Tang et al. 2008; DePaolo 2011).

However before it is possible to characterize
the global Ca flux to the ocean, it is necessary to
identify and characterize the different reservoirs
containing Ca, and how and when they liberate
it. In the subsequent sections we will review the
existing state of knowledge and present selected
results from the literature and discuss the key
aspects of the global Ca cycle.

2 Principal Ca Reservoirs
at the Earth’s Surface: Estimates

of 6*/%Ca

2.1 Rocks

The total global mass of Ca on the continents
varies widely depending on how the estimates
have been made (Rudnick and Gao 2003; Taylor
and McLennan 1985). Hartmann and Moosdorf
(2012) estimated that 64 % of the Earth is cov-
ered by sedimentary rocks, a third of these being
carbonates. The other 13, 7 and 6 % are covered
by metamorphic, plutonic and volcanic rocks,
respectively. The remaining 10 % represent
water and ice. The total global mass of sediments
is thought to be ~2.7 x 10'® t (Veizer and
MacKenzie 2003). Of this mass, approximately
73 % are located on continents (52 % are situ-
ated within orogenic belts, 21 % on platforms),
13 % at passive margin basins, 6 % at active
marine basins and 8 % cover the ocean floor
(Ronov 1982; Gregor 1985; Veizer and Jansen
1985; Veizer and MacKenzie 2003). Hence to a
first approximation we estimate that the total
mass of sediments present on the continent
amount to ~ 1.97 x 10'® t. Using these masses
of sedimentary and igneous rocks and the aver-
age Ca concentration of the different rocks
(Tables 1 and 2), it is possible to estimate to the
first order the average mass of Ca in sedimentary
and igneous rocks, as ~108 x 10" t and
~4.48 x 101 t, respectively. Whilst these
numbers are subject to considerable uncertainty,
they provide the basis for discussion.
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Table 1 Proportion of atmospherically-derived Ca in different watersheds worldwide

Country Locality
USA Hubbard Brook 20
New York 53
New Hampshire 32
New Hampshire 5-25
Oregon coast >97
Hawai 5-90
Hawai <20-30
42-58
Canada Saskatchewan 31-98
Chili Andes >80
Costa Rica <10
France French Guyana ~ 100
Stengbach <15
Swiss Damma 2-38
Belgium Central and high 71-82
2.1.1 Continental Silicates

In terms of the Ca isotopic composition of con-
tinental rocks, the largest dataset is for volcanic
rocks. Their variability ranges between 0.61 and
1.34, with an average equal to 0.89 % 0.03 %o
(20 mean; N = 102, Fig. 2; Table 2) (Skulan et al.
1997; DePaolo 2004; Amini et al. 2009; Hind-
shaw et al. 2011; Holmden and Bélanger 2010;
Huang et al. 2010, 2011; Simon and DePaolo
2010; Bagard et al. 2013; Valdes et al. 2014;
Jacobson et al. 2015).

To date there is relatively little data for plu-
tonic and metamorphic rocks, with plutonic Ca
isotope compositions spanning 0.31-1.13 %o,
with an average equal to 0.75 £ 0.10 %o (20 ean;
N =19, Fig. 2; Table 2) (Tipper et al. 2006b;
Hindshaw et al. 2011; Holmden and Bélanger
2010; Ryu et al. 2011; Farkas et al. 2011; Valdes
et al. 2014). Metamorphic rocks vary between
0.57 and 1.32 %o, with an average value equal to
0.81 £+ 0.17 %o (26 yean; N = 11, Fig. 2; Table 2)
(Tipper et al. 2006b; Amini et al. 2009; Moore
et al. 2013). When considering that metamorphic
and plutonic represent respectively 65 and 35 %
of igneous rocks on Earth (Hartmann and
Moosdorf 2012) it is possible to calculate an
igneous-weighted rock average equal to 0.80

% of atmospherically-derived Ca

Reference

Likens et al. (1998)
Miller et al. (1993)
Bailey et al. (1996)
Blum et al. (2002)
Perakis et al. (2006)
Kennedy et al. (1998)
Vitousek et al. (1999)
Lovett et al. (1985)
Bélanger and Holmden (2010)
Kennedy et al. (2002)
Bern et al. (2005)
Poszwa et al. (2009)
Cenki-Tok et al. (2009)
Hindshaw et al. (2011)
Drouet et al. (2005)

+ 0.20 %o. This is slightly lower than the arith-
metic mean of all silicate rocks and minerals
(Fantle and Tipper 2014) of 0.94 %o, but within
uncertainty. The slight difference between these
two estimates is a consequence of different lit-
erature compilations and different weighting.
There is a particular lack of Ca isotope data for
plutonic (N = 9) igneous rocks and metamorphic
(N = 11) rocks despite the fact that these repre-
sent 80 % of all crystalline rocks (Hartmann and
Moosdorf 2012), with a far greater abundance of
data for volcanic rocks (N = 102).

2.1.2 Continental Sediments

Over Earth’s history, carbonate rocks have
become the largest reservoir of carbon at the
Earth’s surface, containing about 4 X 107-
5 x 107 PgC. A significant mass of this carbon is
bound to Ca in limestone. The Ca isotopic
composition of sedimentary rocks varies from
—0.77 to 1.73 %o, with an average value equal to
0.64 £ 0.09 20ean; N =78) (Fig. 2; Table 2)
(Halicz et al. 1999; Tipper et al. 2006b, 2008a;
Ewing et al. 2008; Jacobson and Holmden 2008;
Holmden 2009; Moore et al. 2013), identical to
the average of carbonate rocks (0.63 = 0.09,
20 means N =157, Table 2). For the present
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) estimate of the 0**/*°Ca of sedimentary rocks,
< aQ marine carbonates have not been considered (in
a ~ . . .
Sa s T é an attempt to allow for additional diagenetic
%% § Z 2 modification during continental emplacement).
-~ O~ —_ < .
§ = 2 '§_ > Instead, the 5**0Ca of sedimentary rocks has
N . .
‘2% o] E -fué ':% been based on published continental clays, spe-
g 3 § 2 8 leotherms, calcretes, travertine and tufa, dolo-
S 5 . .
% g E > stone, anhydrite, limestone, soil carbonates and
= § g s g E sulphates. This value is identical within uncer-
3 Eg s = & :
£ = g 3 2z tainty to the average value of carbonate rocks by
< ot > B8 considering mean carbonate Ca isotopic compo-
. g sition over geologic time (0.61 %o0) (Fantle and
= * 00 * o .
£ S S = E Tipper 2014).
I — 3] © g
o]
Q
2
g3 % E
S s 8 2 2.2  Hydrosphere
3
£ . & % There are three major parts of the hydrosphere in
a & 2 ph Z terms of Ca reservoirs; oceans, rivers and
S groundwaters. Rivers and groundwaters transfer
% 2 Ca in its ionic and particulate forms from the
=1)] .
= o 2 continents to the oceans. Berner et al. (1983)
- © =2 estimated the global dissolved Ca weathering flux
g ., from the continents to the oceans as
N
¥] ~— < . .
§ - & 0.53 x 10° t/year. Of this weathering flux
5 2 g 82 ~85 % (0.45 x 10° t/year) is thought to be pro-
g s 2 g 2 g vided by dissolution of sedimentary rocks and
= = Ug] .
RS S &g 0.076 x 10° t/year (~ 15 %) by crystalline rocks.
< %’ i In addition rivers transport ~333 x 10° t/year of
* ] .
E £ 3, § a g § Ca as suspended particulate matter (Berner and
§ « © - g g Berner 1996) (Table 3). Most suspended sedi-
Qo = . . .
& 2 <3 ment is thought to be deposited in coastal water,
g g § b with little being transported to deeper than the
z —§ S a § 8 carbonate compensation depth, so that particu-
E ® = & = g lates do not influence the carbonate system,
-_g 5E maybe except during sea level low stands (Mil-
2 = .
f 2 — % 2 liman 1993). However, there are clearly excep-
g T N = . . . .
g A & o §§ tions to this, in particular in areas of large
2z s O .
Rk é = sediment supply such as the Bengal Fan.
o o
S 23 3}
ERE-AN 2w 2.2.1 Oceans
= = . .
S g é - = Ca is the 5th most concentrated element in the
3 E2) — 7 s
é § 5 e 2 55 oceans, at 412 mg/l (10.5 mmol/l, Berner and
-g =3 Berner 1996). The total mass of Ca in the oceans
~ S ﬁ = is approximately 0.577 x 10"t (Berner and
v &} .
% ) g é %’ Berner 1996) (Table 2). The concentration of Ca
TS . . o .
© ® =L 0 Y7 and isotopic composition is homogenous
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Bulk dust 0.69+015 (16)
Acid-soluble dust 0.78+0.03 (22)
Water-soluble dust 1.11+0.07 (22)
Snow 0.76+0.18 (12)

Rainwater 0.70+0.16 (20)
Throughfall 0.61+0.32 (3)
Groundwater 0.86+0.10 (65)
River’s mouth 0.86+0.06 (24)
Silicate rivers 0.85+0.03 (254)
Carbonate rivers 1.08+0.14 (20)
Vegetation 0.01+0.10 (173)

Soil solution 0.93+0.08 (43)
Exchangeable 0.72+0.21 (39)
Acid-leach. 0.63+0.20 (30)

Bulk soil 0.90+0.05 (66)

Sedim. rocks 0.64+0.09 (78)
Metam. rocks 0.81+0.17 (11)
Plutonic rocks 0.75+0.10 (19)
Volcanic rocks 0.89+0.03 (102)

-3 -2 -1 0 1 2 3
54440Cq (% °)

Fig. 2 Variability of Ca isotopic compositions in conti-
nental reservoirs. Continental rocks (Skulan et al. 1997;
Halicz et al. 1999; DePaolo 2004; Tipper et al. 2006b;
Ewing et al. 2008; Jacobson and Holmden 2008; Amini
et al. 2009; Holmden 2009; Hindshaw et al. 2011;
Holmden and Bélanger 2010; Huang et al. 2010, 2011;
Simon and DePaolo 2010; Farkas et al. 2011; Ryu et al.
2011; Bagard et al. 2013; Moore et al. 2013; Nielsen and
DePaolo 2013; Valdes et al. 2014; Jacobson et al. 2015;
Oehlerich et al. 2015), soils (Schmitt et al. 2003a;
Wiegand et al. 2005; Perakis et al. 2006; Tipper et al.
2006b; Page et al. 2008; Cenki-Tok et al. 2009; Holmden
and Bélanger 2010; Farka$ et al. 2011; Hindshaw et al.
2011; Bagard et al. 2013; Moore et al. 2013; Gangloff
et al. 2014), vegetation (Skulan and DePaolo 1999;
Schmitt et al. 2003a; Bullen et al. 2004; Wiegand et al.
2005; Chu et al. 2006; Page et al. 2008; Cenki-Tok et al.
2009; Holmden and Bélanger 2010; Farkas et al. 2011;
Hindshaw et al. 2011, 2012; Bagard et al. 2013;

Hindshaw et al. 2013; Moore et al. 2013), water (Zhu
and MacDougall 1998; Schmitt et al. 2003a; Chu et al.
2006; Jacobson and Holmden 2008; Tipper et al. 2006b,
2008a; Cenki-Tok et al. 2009; Holmden and Bélanger
2010; Tipper et al. 2010a; Hindshaw et al. 2011; Bagard
et al. 2013; Hindshaw et al. 2013; Moore et al. 2013;
Nielsen and DePaolo 2013; Wiegand and Schwenden-
mann 2013; Oehlerich et al. 2015) and atmospheric
(Schmitt et al. 2003a; Schmitt and Stille 2005; Wiegand
et al. 2005; Ewing et al. 2008; Cenki-Tok et al. 2009;
Holmden and Bélanger 2010; Farka$ et al. 2011; Hind-
shaw et al. 2011; Fantle et al. 2012; Bagard et al. 2013;
Wiegand and Schwendenmann 2013) samples are shown.
All literature data has been corrected for interlaboratory
bias, “°Ca contribution and converted to g¥/40 Cagrao1sa
(%o). For each sample type, the average Ca isotopic
composition, corresponding 2SE and the number of
samples are given. Only field samples are presented



Processes

IC

Coupling of Continental and Ocean

Global Ca Cycles

180

(panunuod)
g9 0ro
¥ 900

¥sT €00
0c vI'0
9 W00
e 800
6¢ 170
o€ 0C0
99 <00
€LT 010
N dST

98°0

98°0

S8°0

80°1

€60

Lo

€90

060

100

(%)

ﬁocv\v?ﬁ
aderoAy

80°C
01 LT0
STl
01 L9°0
S
01 LT0

0L'T
01 LSO

€T

OV LL'T
LL'T
Ryadl}
LL'T

01 €'0—
(4t

01 yL°0—

S¢Sl
0 170

IL'T
Ryaes
(%)
UONBLIBA
Jo d3uer
Fopird

I9)EMPUNOID)

SIOAW 9316

SIOALI Q)eDI[IS

SIOALL
qpeuoqie)

ueddQ

suonnJos [10§

J[qeasdueyoxyg

AIqeYORA[-PIOY

g

arydsorg

odK 1,

QouAIRJY

(0T x 5889
~€5T°0

0T x €200

0T x LLSO

®
€D JO sse]y

(€000
e 19
Surmoq
(€002)
afedey)

(9661)
Iourog
pue Joureg

(9661)
Jourg
pue 1oureg

(9661)
Ioug
pue 1ourg

0100
193197
pue zreJ,

QoUAIRJY

1/8w gy
-100
/3w ¢1
/3w Z1y

/3 €T Jo

Ayisuop o3e1oAe ue pue

W =6 JO ssauyonyp

a3e1oAe ue ‘93eI0A0D

[1os wy 01 x §'1

% 0S°E Sununsse g
JySrom
£1p 9% 60
UONBIUIIUO0D

) JUAWIWO))

(9661)
Jourog

pue uRg 0T x €'ST | Ioempunor

(9661)
Ioulg
pue JouRg 200 x L'T SIOATY
(9661)
Iourg
pue Joug 01 x 00¥1 ueao() | aydsolpAH
60T x 000S—18 oS
(1100)
une 2101 x 8'T uoneesop aroydsorg
QOUAIRYIY (1) ozis = udunIedwo) JIOAIOSOY

©)) JO SIIOAIOSAI JUAIQYIP AY) JO SASSB]Al € d|gel



181

Estimates ...

2 Principal Ca Reservoirs at the Earth’s Surface

8¢S

6L61

01

11

61
LS

8L

€00

00

0zo

€00

01°0

60°0

60°0

qsc

9L°0

65°0

SLO
€90

¥9°0

(%)

NUQv\vv%
aderoAy

OL'T
01 81°0—

OL'1
0160 1—

el
01 19°0
@l
01 LSO

€rl
01 1¢°0

€L’ 1
OV LL'O—

(%)
UONBLIBA
Jo o3uer
ﬁUov\v?A»

UIOPON

o10Z01oURyJ
snoausdt
aSeroAy

JIUBI[OA

orydiowre)on

oo

SoeuOqIE))

Areyuawipas

odK 1,

(6861)
033y pue

UOSUL[IM

QouAIRJY

0T x +€

01 x 8FF

101 x 621

®
€D JO sse]y

(1961)
[yodopop
pue
uepjaIn ],

(1961)
[yodopop
pue
uenyaIngy,

QoUAIRJY

% 950

% SS9

UONRINUIIUOD
D

juauwo)

(€002)
QIZUNOBIA
pue 1ZA

(€002)
QIZUNORIA
pue 1ZA

QOURIYIY

101 x 80

01 X L6'T

) 718

UONRIUSWIPAS
£00%D ueadQ)
snoau3|
ATejuawIpas S0y
Juouneduwio)) TIOAIOSY

(ponunuoo) € 3yqey



Processes

IC

Coupling of Continental and Ocean

Global Ca Cycles

182

(panunuod)
79 00
7T €00
T LO0
91  ST1°0

€ T€0
21 810
0z 910
N | dst

8L°0

Il

69°0

19°0

0Lo

(%)
NUQE??Q
ofeIoAy

w60
0190
9¢'l
OVLLO

€60

01 T 0—
08°0
01620

6Tl
01 ZTo

0€'T
01 $€0—
(0%)
UoneLIEA
Jo a3uer

NUC?}\%

I91EMEBIS

a[qn[os-prY

9[qnos-IaJe A\

Ang

[reyysnoxyy,

moug

urey

adAL

10T x 100
601 x S6°0
2101 x 6L1°0
901 x CI'Y
434V

01 x LL=9T
601 x L6S°0
—080°0

01 x 12€°0
—110°0
(1e24p)
ERliGICIEN| xng &)

(9661)

Jourg
pue
Jourog

(6L61)
¥02qKN

(9661)
Jourg

pue
ourg

(9661)

Jourg
pue
Jourog

(€000
oen pue
Yowpny

(9661)
oureg

pue
urg

(9661)

Iouleg
pue
Iourog

AUARJY

Jajemeas
0) Iefruis
pounssy 83 TI¥°0
I0BM JOATI
o3eroAe
0] JeIwls
pawnssy /8w gy
101BMEBIS
0} Je[rurs
pawnssy 338 T1v°0
Jajemeas
0) ITe[ruis
pawnssy 33 Z1v°0
SNIo
[eIuLUNUOD
oSeroAe
0} Je[rurs
pawnssy % 95T
- 1AW STT0
- 1AW OETO
uonenuaduod
JUSWWOD) )

(9661)

Jourg
pue
Jourog

(9661)
Joureg

pue
Ioureg

(9661)
Ioutog

pue
Ioureg

(6661)
SpuIy

(6661)
SPUIH

(9661)
Joureg

pue
Jouzeg

(9661)

Iourg
pue
ourg

AOUIRJY

0T x 9€0°0

0T x TL0'0

101 x YEF0

0T x 01-T

Q01 x €1

0T x 860

0T x LOT'0

(reakn)
1M
JO Xnjj Sse]A.

Jusunredwods-qng

JULUIUOD Ay}
0) pouodsuern
1odea
Io)emeaS

JUAUNUOD
ay) woxy
uoneiodeaqg

uedd0
) woxy
uopnerodeaqy

sojonted
J[es BdS

[e15800
pUE QULIBA|

uonisodop
[eIuSUNUOD M

Jusunredwo)

aroydsouny

JIOAIRSY

©)) JO SIIOAISSAI JUAISYIP AU} UdIMIeq SAXN[] t djgel



183

Estimates ...

2 Principal Ca Reservoirs at the Earth’s Surface

w6l
€01 LOO 1€T 0 61°0 SI9EM 2104
98’1
@ vIo 4t 01 6L°0
S$)001 SNOAUT|
$y001
Kreyuowrpag
peoj
enonteq
xng
Suuoyeopy
ST (ypnour)
¥Z 900 980 01 .9°0 SIOAI 931
(°%)
(0%) | uoneLeA
oY Jo a3uer
N dSg  oSeroay Lo NN odKy,

(L661) ToA21Q
(€661) uewWIIA
(€661) uewWIA
(€661) ueWHIA

(8861) Jord1q

(8661) SIdIIA op
(€66T) urwIIN
(6861) 098V
pue uoSuDIA\
(8861) Tond1q

(8861)
1M1 “(966T)
oureg pue loulog

(2002)

“Te 30 yosnSrue],
‘(8861) Aofeweyzq
pue 198397
(9861) Toner)y

puE Lnypney)

(9661)
Ioulog pue Joulg

(9661)
Ioureg pue louldg

(9661)
Joulg pue ourRyg

9661)

Ioulog pue Ioulg

ERliNCIEN |

Q01 x 80
Q01 X ¥8°0
O x €1
Ol X 1T

01 x pb1

01 x 80
-80°0

0T x 8€-LE

0T X €6-€T

601 X 9L00

01 x TS0

01 x €€€°0

601 x 820

(1e24p)
xng e

ERliNGIEN |

uonenUIIU0d
JuSUIIOD) ®)

(€861)
e 1
Jouzeg

(€861)
NLRE]
Iourog

(€861)
e 1R
Jourog
(€861)
e
Jourg

QouaIoY

01 x 9L0°0

0T X SH0

S0T x €€€

0T x €50

(reakn)
1M

Jo xny ssey

Ioem
arod jo eung

uonnjossiq
uonedroarq
xnp uononpoxd | uoneIUAWIPIS
SUEIHEN
QuLIeEW WOL] sIsoudgelq
[euRYIOIpAH
23ueyoxa
s[erourr Ke[) uone) li1:=RTe}
ueado 0}
19)EMPUNOID)
syoo1 aul[[eIsK1D)
$Y001
Kreyuowipag
peo| are[noned
PRAJOSSIQ
ueado
0] SIOATY | aroydsoipAH
juountedwoo-qng | judunredwo)) JI0AIISY

(ponunuod) ¢ ayqey



184

throughout the entire ocean, hence they are never
limiting to the growth of organisms (mainly cor-
als, foraminifera and coccolithophorids) which
use Ca to produce shells and hard parts (De
La Rocha et al. 2008). The Ca isotopic compo-
sition of seawater is probably one of the best
determined reservoirs on the planet, with a mea-

sured 5*/%°Ca value of 1.89 % 0.02, 206 mean,
N = 62; see Table 4), and as such is the isotopi-
cally heaviest reservoir of Ca on Earth, and has
the most homogeneous composition compared
with all the other data in the present chapter.

2.2.2 Rivers

The total reservoir of riverine solute Ca has been
estimated at ~0.23 x 10° t by combining the
weight of river water on Earth (1.7 x 10" t) and
the world average river water Ca concentration
(13.4 mg/l) (Table 2, Berner and Berner 1996).
Whilst this reservoir is relatively small, its sig-
nificance lies in the fact that riverine and
groundwaters link the continental and oceanic
cycles of Ca. In particular, whether the Ca was
originally derived from the dissolution of silicate
or carbonate minerals has a significant role in
Earth’s carbon budget, and in maintaining an
equable climate over million year timescales
(Sect. 1). In many natural waters Ca is one of the
principal cations (in it’s ionic form as Ca®*). For
example, in the Yangtze River, one of the world’s
largest, Ca accounts for 70 % of the total annual
cation flux (Li et al. 2011). There is a significant
body of work that has attempted to (1) determine
the mineral source of Ca (principally trying to
partition carbonate and silicate inputs as this has
an impact on long-term climate), (2) determine
the level of recycling of Ca within a catchment,
by for example storage of Ca in the biosphere or
secondary phases, and (3) characterise the size
and composition of sediment or fine particles
exported from catchments.

Partitioning Mineral Inputs of Ca to the
Critical Zone

Partitioning silicate and carbonate derived Ca has
been a fundamental goal of many river chemistry
studies. There are several methods for partitioning

Global Ca Cycles: Coupling of Continental and Oceanic Processes

carbonate and silicate Ca, based on forward
models, inverse models and using Sr isotopes as a
proxy for Ca. Ca isotopes therefore potentially
hold the promise of tracing silicate and carbonate
Ca directly (e.g., Jacobson et al. 2015). A particu-
lar novelty in this respect is the use of radiogenic
40Ca as adirect tracer of lithology (Davenport et al.
2014). In the Yangtze River, it is estimated (based
mainly on the sodium budget) that 83 % of the Ca
is derived from the dissolution of carbonate min-
erals, and 17 % from the dissolution of silicate
minerals (Lietal. 2011). Indeed, at a global scale it
is thought that Ca is mainly derived from carbon-
ate weathering, with several estimates suggesting
that silicate weathering only accounts for 10-33 %
of total Ca fluxes (e.g., Gaillardet et al. 1999b;
Meybeck 1987; Berner and Berner 1996; Tipper
etal. 2010a; Moore et al. 2013; Moon et al. 2014).
However, most of this work has relied on indirect
tracers of silicate Ca, such as sodium content in the
river, combined with a Ca/Na ratio in the silicate

rock being weathered (e.g., Galy and
France-Lanord 1999), such that:

Ca,y = Na - (Ca/Na), (1)
and

Cacary = Cariver — Cagi (2)

or based on Sr isotopes, which have proven
useful at partitioning carbonate and silicate
inputs (e.g., Bickle et al. 2015).

Rivers Draining Silicate Rocks
A significant body of work has made measure-

ments of 0*/*°Ca in silicate small and
larger-scale catchments, yielding a Ca isotopic
variability of waters ranging from 0.17-1.55 %o
and an average equal to 0.85 + 0.03 %o (20 mean;
N = 254, Fig. 2; Table 2) (Schmitt et al. 2003a;
Chu et al. 2006; Tipper et al. 2006b, 2008a,
2010a; Cenki-Tok et al. 2009; Holmden and
Bélanger 2010; Hindshaw et al. 2011, 2013;
Bagard et al. 2013; Moore et al. 2013; Nielsen
and DePaolo 2013; Wiegand and Schwenden-
mann 2013; Jacobson et al. 2015). Some very
dilute first order streams from the west of
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Scotland have 6**/*°Ca values that are unusually
high (mean is 1.28 %o) compared to most other
rivers draining silicate rock. Although it is
tempting to speculate that the Ca in these rivers
has been influenced by rain or sea-salt (seawater

has 6*/*°Ca of 1.89 %o, see Sect. 2.2.1), the Sr
isotope ratios of the same samples argue strongly
against this (Tipper et al. 2010a) making it
plausible that these rivers are significantly influ-
enced by fractionation processes such as precip-
itation of secondary phases or uptake by plants
during weathering. However, elucidating any
fractionation control on riverine §**/“°Ca in riv-
ers draining silicate rocks has so far been difficult
(e.g., Hindshaw et al. 2011; Bagard et al. 2013)

Rivers Draining Carbonate Rocks

As discussed previously, it is likely that most of
riverine Ca is derived from the weathering of sedi-
mentary rocks, mainly carbonates. Fewer studies
have analysed rivers from catchments that are
dominated by carbonate rocks but Tipper et al.
(2006b, 2008a, 2010a) analysed small rivers drain-
ing small catchments where carbonate weathering is
significant. In catchments draining mainly carbonate
rocks, Ca isotopic variability ranges from 0.57 to
1.70 %o with an average equal to 1.08 +0.14
(20 mean; N = 20, Fig. 2; Table 2). (Schmitt et al.
2003a; Tipper et al. 2006b, 2008a, 2010a). When
small rivers draining limestone are compared to
limestone rock there is a hint that the rivers have

6*/%Ca values that are offset from limestone
rocks (Tipper et al. 2006b, 2008a, 2010a). In
Himalayan rivers, Tipper et al. (2006b) proposed
that the isotopically heavy values of the rivers
could be reconciled by ubiquitous secondary car-
bonate precipitation (with lower Ca isotope ratios
than the waters), a phenomenon known to occur in
Himalayan rivers (Galy et al. 1999; Jacobson et al.
2002; Bickle et al. 2005). Ca isotope data from
small rivers draining limestones from southern and
Eastern France, show a slightly more complex
behaviour (Tipper et al. 2010a). Small rivers
draining the Jura mountains from Eastern France

show variable 6*/*°Ca (range is 0.6 %o). The
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stream, Choranche, sampled as it exited a karstic
network of the Vercors in the South of France, was
observed to be precipitating secondary calcite very
close to the sampling site, and indeed has an ele-

vated 5*/%°Ca of 1.2 %o. In contrast, the Huveane
River in Provence, was also sampled close to
abundant travertine precipitation, but has a low

5**Ca value of 0.6 %. One difficulty with
interpreting these variable spot samples results is

that the bedrock 5*/#’Ca values are not known for
the specific localities, which are potentially vari-
able. Tipper et al. (2010a) pointed out that there is
no simple relationship between 5*%0Ca values
and the calcite saturation index, for most rivers.
Moore et al. (2013) suggested that there is a link
between carbonate weathering and tectonic activ-
ity. Indeed, they showed that 50-60 % of Ca
originates from carbonates in regions where uplift
rates are the lowest (0.1 mm/year) whereas >90 %
of Ca comes from carbonates when the uplift rates
are maximal (10 mm/year). Exceptions are glacial
rivers where the Ca can be derived
non-stoichiometrically from silicates. However,
when extrapolated to other, similar regions, such
as the Himalaya, the authors conclude that the
spatial extent of mountainous glaciation is not
widespread enough to have a global impact. Fur-
ther systematic work on Ca isotopes on rivers
draining limestone is required. There are even

fewer 6*4/%°Ca data of rivers draining dolostone
catchments but Tipper et al. (2008a) showed that
the Ca isotope compositions of these rivers was
consistent with the Ca isotope data of the rock.

Large Rivers

In large rivers sampled at their mouth, Ca iso-
topes vary from 0.67 to 1.25 %o with an average
equal to 0.86 = 0.06 %o (26,ean; N = 24, Fig. 2;
Table 2, Schmitt et al. 2003a; Tipper et al.
2006b, 2008a, 2010a; Zhu and Macdougall
1998). It results from Sects. 2.1.1 and 2.1.2 that
carbonate and silicate rocks are isotopically sig-
nificantly different (0.63 + 0.19 %o and 0.80
+ 0.20 %o, respectively). Given that the majority
of Ca at a global scale is thought to derive from
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carbonate weathering, this implies a theoretical
Ca-flux weighted value of 0.63-0.69 %o for the
average river, significantly lower than the mea-

sured value of 0*/*°Ca in rivers of 0.86
+ 0.06 %o making the Ca isotopic data at a global
scale difficult to reconcile with the partitioning of
carbonate and silicate weathering based on con-
ventional methods (Fantle and Tipper 2014;
Tipper et al. 2010a). The Ca isotope data could
be used to suggest that silicate isotopic compo-
sitions dominate the Ca isotopic signature of
river flux. This discrepancy of ~0.20 %o is
unlikely to be caused by a fundamental error in
the partitioning of carbonate and silicate weath-
ering based on other methods. Potentially the
data are not representative, but is more likely
caused by a continental Ca cycle that is not at
steady state. For example, a global net growth of
the biosphere could theoretically reconcile the
differences or alternatively there remain frac-
tionation mechanisms that need to be character-
ized in the weathering environment (Fantle and
Tipper 2014). More recently Jacobson et al.
(2015) suggested that mixing processes rather
than fractionation mechanisms could take place
at global scale, implying that more Ca is derived
from silicate rocks than previously thought.

At present there are three potential causes of this
difference between the calculated global riverine

5*/%Ca and the measured value, none of which
are mutually exclusive, and all of which act in the
same direction in terms of isotopic fractionation:
1. Growth or decay of the biosphere. While
the Ca isotopic composition of rivers is rela-
tively restricted, and there is minimal evi-
dence for Ca isotopic fractionation during
chemical weathering, the Ca isotopic com-
position of plants is highly variable (3 %o
range). The mean value of natural plant
material measured to date is 0 %o, or ~1 %o
lower than mean silicate rock and ~0.6 %o
lower than mean carbonate rock (the mineral
sources of Ca to rivers). Plants are enriched in
40Ca (Aptant—source ~ — 0.7 %o) relative to
nutrient solutions or soil pore fluids (e.g.
Schmitt et al. 2003a; Bullen et al. 2004;
Wiegand et al. 2005; Page et al. 2008;

Cenki-Tok et al. 2009; Holmden 2009;
Cobert et al. 2011a, b; Farkas et al. 2011;
Hindshaw et al. 2012). This is, potentially,

reflected in the §**/*°Ca of soil pore fluids,
the average of which is 0.96 (or ~+1 %o
relative to mean vegetation). Fantle and Tip-
per (2014) explored the impact of changes in
the biospheric reservoir of Ca with some
simple box model calculations and demon-
strated that in principle, growth of the bio-

sphere could drive the mean river */40Ca to
values that are higher than expected.

. Growth of the pedogenic soil reservoir:

pedogenic calcite. The formation of sec-
ondary carbonates such as pedogenic car-
bonates, travertines, and calcretes could lead
to a fractionated output from the continents
(Tipper et al. 2006b). It has been fairly well
established through experimental work that
Ca isotopes are fractionated during abiotic
CaCO; precipitation, favoring the preferential
incorporation of the light nuclide (Gussone
et al. 2003; Lemarchand et al. 2004; Marriott
et al. 2004; Gussone et al. 2005; Tang et al.
2008; Gussone et al. 2011; Tang et al. 2012).
Thus, it is feasible that CaCOj precipitation in
catchments can sequester isotopically light
Ca, driving exported Ca to heavier values and
potentially creating an isotopically light, rel-
atively soluble mineral reservoir that can be
susbsequently mobilized. If Ca isotopes can
be used to trace secondary carbonate forma-
tion in the terrestrial realm, then this would
represent an important tool for elucidating the
terrestrial carbon cycle, specifically the
impact of terrestrial carbonates on the silicate
weathering cycle and climate.

Such a scenario is potentially reflected in the
Ca isotopic composition of some Himalayan
catchments (referred to above), where the
formation of secondary carbonates (i.e.,
travertines and calcretes) sequesters more
than twice the mass of the dissolved Ca
export flux on an annual basis (Jacobson et al.
2002; Bickle et al. 2005; Tipper et al. 2006b,
2008a). Tipper et al. (2006b) reported
travertines enriched in the light nuclide
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compared to surrounding limestone and local
river waters. Despite the very small range in

riverine */*°Ca values in large rivers, Tip-
per et al. (2010a) showed that several rivers
show the same systematic trend between high
and low water stand for both Ca concentra-

tions, Mg/Ca ratios and */%0Ca values. At
high water stand, the Chiang-Jiang, Huanghe
and Ganges Rivers show lower Ca concen-
trations (between a factor of 0.3 and 0.8

lower). 5*/%Ca values are also lower in the
wet season in each of these rivers, implying
that the Ca has a different source between the
wet and dry season, and is not merely diluted
by high runoff. When seasonal changes in
o*0Ca  are compared to Mg/Ca ratios
(which normalises out any dilution effects due
to higher runoff in the wet season), a corre-
lation was observed for several rivers (Tipper

et al. 2010a). Both Mg/Ca ratios and o*40Cq
values are higher in the dry season. Such
trends would be consistent with secondary
calcite precipitation in soils or calcretes as has
been observed in Himalayan rivers (Jacobson
et al. 2002; Tipper et al. 2006¢c, 2008a), where
up to 70 % of Ca removal fractionates both
Mg/Ca ratios and Ca isotope ratios. Quanti-
tive interpretations are complicated by the
rate dependence of fractionation factor, and to
a lesser extent temperature and/or solution
chemistry, yet highlights the importance of
constraining the kinetics of mineral precipi-
tation in natural systems. The seasonal
response in the processes causing fractiona-

tion could have implications for how Plalasle
may respond to changing climate over longer
time-scales such as glacial-interglacial peri-
ods where the hydrological cycle is signifi-
cantly re-organised. Continental storage of Ca
(and carbon) is thought to be 35-40 % higher
in interglacial periods (Adams and Post 1999)
and could influence the Ca isotope composi-
tion of rivers. However, although very small
seasonal variations are observed in some
rivers, the overall homogeneity of the data

makes the average **%Ca of the Ca flux to
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the oceans from weathering well constrained,
and is of particular use in bringing new con-
straints to the oceanic budget of Ca.

3. Changes in the size of the soil exchangeable
reservoir. Although little documented there is
evidence that suggests that the exchange pool of
Ca fractionates the isotopes, with the exchange
pool having an affinity for the light isotope
(Ockertetal. 2013). Growth in the exchange pool
associated with the growth of soils could poten-
tially drive rivers to heavier values than expected.
However, in the continental environment, the

5*/%0Ca of the exchange pool depends on both
the source of the Ca as well any mass depen-
dent fractionation. The size of the exchange
pool is essentially controlled by the cation
exchange capacity which is largely controlled
by clay minerals and organic surfaces.

River Sediments and Colloids
Ca can be transported in dissolved, particulate or
colloidal form. Particulates (0.4 pm-0.5 mm)
and dissolved forms (<0.4 pm) are the two pha-
ses that have been mostly considered. It should
be noted that what is generally meant by dis-
solved flux includes what is sensu stricto dis-
solved (<1 kDa) as well as the colloidal phase
(1 kDa—0.4 pm). Dupré et al. (1996) have shown
that in rivers from the Congo catchment, Ca is
partitioned between dissolved (80-90 %) and
particulate phases. Similarly, Braun et al. (2005)
showed for a small Cameroon catchment, that Ca
is essentially transferred in the dissolved form,
but both of these catchments are supply limited
(West et al. 2005). In contrast, at a global scale,
although particulate fluxes dominate dissolved
fluxes for most elements, the Ca budget is almost
equally partitioned by dissolved and particulate
fluxes (Oelkers et al. 2011). This is likely
because of the high carbonate content of these
sediments, and the reactivity of carbonates. This
is reflected in the suspended sediment composi-
tion of the world’s largest rivers which are
commonly depleted in Ca relative to the upper
continental crust (Gaillardet et al. 1999a).
Similarly, Ca is mainly found as dissolved
cation in river waters, although significant
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contents (between 16 and 30 %) of colloidal Ca
has been observed particularly in boreal regions
(Dahlqvist et al. 2004; Bagard et al. 2011; Pok-
rovsky et al. 2010, 2012) where there is a high
organic content in the rivers. Ca can be adsorbed
on negatively charged surfaces of colloids or
bound by fibrillar polysaccharides extracted by
algae and bacteria (Dahlqvist et al. 2004). This
work emphasized the importance of colloidal Ca
as a control of Ca-mobility in rivers, since up to
16 % of Ca is linked to colloidal phases in rivers
like the Amazon or the boreal Kalix river. Pok-
rovsky et al. (2010) reported higher colloidal Ca
contents for boreal river water in summer than in
winter, due to the fact that dissolved organic matter
is more pronounced during the spring flood than in
winter. This has been confirmed recently by using
Caisotopes in the Kulingdakan watershed: Bagard
et al. (2013) showed that the Ca biogeochemical
cycle is controlled by the degradation of the bio-
mass and by the presence of colloids.

2.2.3 Groundwaters
Whilst there is considerable knowledge about the
Ca flux from rivers, and their attendant Ca isotopic
compositions, far less is known about groundwa-
ters. Groundwater dissolved Ca concentrations
can be higher than in surface waters, such that a
small input of groundwater to the oceans could be
the source of significant Ca (Milliman 1993).
A recent review article attempting to estimate the
submarine groundwater discharge pointed to the
lack of data from coastal zones in almost all parts
of the world (Taniguchi et al. 2002). The total
global mass of groundwater is thought to be
15.3 x 107 ¢ (Berner and Berner 1996), but its
average Ca concentration is difficult to estimate
due to the chemical heterogeneity of most aquifers.
The concentration of Ca in water depends on the
residence time of the water and the lithology.
A very large range in Ca concentrations have been
reported in the literature (from 0.01 to 450 mg/l
(Table 2) Chapelle 2003; Dowling et al. 2003).
By using the end-member Ca concentration
values, it is possible to estimate the Ca masses
for the groundwater reservoir ranging between
0.153 and 6890 x 10° t. There is very little
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isotopic data available. Ground and spring water
5 Ca values range from 0.17 to 2.08 %o, with

an average M0 equal to 0.86 £ 0.10 %o
(20 mean; N = 65) (Fig. 2; Table 2) (Schmitt et al.
2003a; Jacobson and Holmden 2008; Tipper
et al. 2008a; Cenki-Tok et al. 2009; Holmden
et al. 2012; Holmden and Bélanger 2010; Hind-
shaw et al. 2011, 2013; Wiegand and Schwen-
denmann 2013; Nielsen and DePaolo 2013;
Jacobson et al. 2015).

The groundwater contribution of Ca to sea-
water is controversial. The groundwater flux has
often been considered as a variable in models,
and adjusted such that the present-day ocean is in
steady-state for Ca content and Ca isotopes
(Holmden et al. 2012). It has thus been consid-
ered either negligible (Mackenzie and Morse
1992), or as high as 5-10 % of the mass carried
by river waters (Chaudhuri and Clauer 1986;
Zekster and Dzhamalov 1988; Taniguchi et al.
2002), which implies a Ca flux to the ocean equal
to 26-53 x 10° t/year. Holmden et al. (2012)

calculated a submarine groundwater /40y
value equal to 0.65 = 0.23 (26,,qn) On a global
scale (Fig. 4).

23 Biospheric Cycling of Ca

The mass of Ca in the biosphere depends on how
it is estimated. The total mass of Ca in the global
biomass can be estimated from the average
weight of dry biomass of 1.8 x 10"t (Faurie
et al. 2011) and assuming that Ca represents
0.5 % of this dry weight (Taiz and Zeiger 2010),
yielding a mass of 9.2 x 10° t Ca. This value is
lower than the one obtained by Fantle and Tipper
(2014) who considered fresh biomass. Isotopi-
cally vegetation displays the largest variation on
Earth (about 4.1 %), ranging from —2.2 to
1.76 %o, with an average value equal to 0.01
+0.10 %o (20ean; N = 173) (Fig. 2; Table 2)
(Skulan and DePaolo 1999; Schmitt et al. 2003a;
Wiegand et al. 2005; Chu et al. 2006; Page et al.
2008; Cenki-Tok et al. 2009; Holmden and
Bélanger 2010; Farkas et al. 2011; Hindshaw
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et al. 2011; Bagard et al. 2013; Moore et al.
2013; Bullen et al. 2004; Hindshaw et al. 2012).

When the substrate is poor in Ca and atmo-
spheric inputs are small, recycling by the bio-
sphere (or decay) plays an important role in
providing nutrients to new vegetation that are
required for growth. There is thus a balance
between the relative proportion of the removal of
Ca by plants and the recycling of Ca via the
degradation of the litter. This delicate balance
can be significant for forest management when
harvesting trees for maintaining the fertility of
forest soils. After leaf and needle fall, Ca is
re-mineralized in the litter, composed of leaves,
needles, branches, twigs, fruits, and migrates into
soil solutions where some of it becomes
bio-available (Likens et al. 1998; Dijkstra 2003;
McLaughlin and Wimmer 1999; Taiz and Zeiger
2010). The litter is decomposed through the
action of macro-fauna (worms, insects, spiders,
snails) which fragments or digests it; increasing
the reactive surface area for the colonisation by
microorganisms (bacteria, fungi).

The rate of litter decomposition and nutrient
release can regulate the energy flow, the primary
productivity and the nutrient cycling in forest
ecosystems (Bray and Gorham 1964; Liao et al.
2006; Olson 1963). It is mainly influenced by
climatic parameters (temperature, humidity, rain-
fall, soil moisture), the type of litter, the nature and
abundance of the decomposing organisms, the
vegetal species (conifer or hardwood, type of
hardwood) (Bernhard-Reversat 1972; Cofliteaux
et al. 1995; Zeller and Martin 1998). Most rapid
litter decomposition occurs for species having
maximal contents in ash and nitrogen, and mini-
mal content in lignin. For instance, leaves disap-
pear much faster than branches or twigs (John
1973; Rochow 1974), the half-lives of leaves and
barks being equal to 0.9 and 5.4 years, respec-
tively, in a temperate climate forest from Uruguay
(Hernandez et al. 2009). This has an influence of

the 6*/%°Ca of recycling since leaves and needles
are enriched in **Ca compared to the trunk or the
roots (see Chapter “Earth-Surface Ca Isotopic
Fractionations™).
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24  Soils
Soils represent an important pool of the critical
zone (NRC 2001). They result from the weath-
ering of rocks by physical, chemical and biolog-
ical processes and represent weathering gradients
from deep mineral soil layers that have compo-
sitions similar to the bedrock towards the surface
which can be highly altered, the transition depth
being ill-defined and differing from one envi-
ronment to another (Richter and Markewitz
1995). The amount of Ca released from the
weathering of rocks and minerals is dependent on
the nature of the parent rock (Fichter et al. 1998;
Dijkstra and Smits 2002; Dijkstra 2003). In sur-
ficial soils there are significant masses of
decomposing biomass through the action of
micro-organisms (bacteria and fungi). During this
process, Ca is solubilized and is released to soil
solutions.  External sources (precipitation,
throughfall, supercortical flow, and dust) also
contribute to the Ca content of the soil (Fig. 3).
It is estimated that 29 % (or 1.5 x 10® km?) of
the Earth’s surface is covered by soils, based on
knowledge of global land areas. At a global scale
soil depth varies with topography, bedrock, cli-
mate, biological, physical and chemical processes
that are involved (Summerfield 1997; Pelletier
and Rasmussen 2009; Nicotina et al. 2011), but
average depths have been mapped and is it pos-
sible to distinguish shallow soils (<10 cm) from
deep ones >3 m (FAO 2007). Bulk soil density
mainly depends on the mineral content of the
considered soil and its degree of compaction.
Most mineral soils, have bulk densities between
1.1 and 1.6 g/cm3 (Manrique and Jones 1991).
Some organic soils have bulk densities below
1.0 g/em® (Schaetzl 2005). By assuming a
thickness comprised between 0.05 and 3 m and
an average density of 1.3 g/cm?, it is possible to
estimate a global soil inventory of between 81 and
5000 x 10° t. By assuming an average Ca content
of 3.5 % (Berner and Berner 1996), an estimated
size of the soil Ca pool is between 2.8—
175 x 10” t, approximately four to six orders of
magnitude smaller than that contained in rocks.
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Fig. 3 Reservoirs
involved in the Ca
biogeochemical cycle at the
water-soil-plant interface.
Soils are made up of
organic and mineral matter,
water and gaseous phases
that are derived from the
chemical reactions and
biological activities in soil,
as well as from the
biological decay of organic 1l

matter minerals

WW
XIS

Rainwater

Throughfall

Organic horizon

Mineral horizon

Bulk soils show a significant range in

¥/ 40Ca, from 0.21 to 1.55 %o, with an average
of 0.90 = 0.05 %o (26,ean; N = 66) (Fig. 2;
Table 2) (Wiegand et al. 2005; Tipper et al.
2006b; Farka$ et al. 2011; Hindshaw et al. 2011;
Bagard et al. 2013). In contrast, 1 N HNO;
leachable fractions are enriched in the light *°Ca
isotope with a variability comprised between
—0.74 and 1.32 %o, and an average value equal to
0.63 £ 0.20 %0 (20 ean; N = 30) (Fig. 2) (Perakis
et al. 2006; Page et al. 2008; Holmden and
Bélanger 2010; Farka$ et al. 2011; Hindshaw
et al. 2011; Bagard et al. 2013). Soil exchange-
able fractions vary from —0.34 to 2.77 %o, with an
average value equal to 0.72 = 0.21 %o (20 ean;
N = 39, Fig. 2; Table 2) (Wiegand et al. 2005;
Perakis et al. 2006; Page et al. 2008; Holmden
and Bélanger 2010; Farkas et al. 2011; Hindshaw
et al. 2011; Bagard et al. 2013; Moore et al.
2013). Soil solutions (pore waters) have also been
collected and analyzed by several studies. They
range from 0.42 to 1.77 %o, with an average value
equal to 0.93 + 0.08 %o (20/yean; N = 43, Fig. 2;
Table 2, Schmitt et al. 2003a; Cenki-Tok et al.
2009; Holmden and Bélanger 2010; Hindshaw
et al. 2011; Gangloff et al. 2014).

Root hair Bacteria Water Sand

Litter

o IR
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Soils are complex and can be compartmen-
talised into distinct zones, where either there are
distinct pools of Ca, or are associated with par-
ticular processes. These are considered separately
in the subsequent sections.

2.4.1 Weathering of Primary Minerals
Carbonate rocks cover only about 10-14 % of
the continents (Diirr et al. 2005; Ford and Wil-
liams 2007; Hartmann and Moosdorf 2012) but
chemical weathering of carbonate rocks provides
45-60 % of the total solutes provided by rock
weathering (Meybeck 1987; Gaillardet et al.
1999b; Moon et al. 2014). This feature is due to
the high solubility of Ca—Mg carbonates, their
faster kinetics of dissolution compared to sili-
cates (Tipper et al. 2006a) and the congruent
nature of carbonate weathering.

In silicate dominated soils plagioclase, apatite
and calcite are the main Ca-contributors to soils
(e.g., Likens et al. 1998; Probst et al. 2000;
White et al. 2008; Aubert et al. 2001; Blum et al.
2002; Bakker et al. 2005). In granites, accessory
phases such as calcite and apatite (~1 % of the
total volume of rocks) can contribute to more
than 90 % of the Ca export (e.g., White et al.
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Fig. 4 Variability of Ca isotopic compositions in the
ocean. Oceanic fluids (Zhu and MacDougall 1998; De La
Rocha and De Paolo 2000; Schmitt et al. 2001; Hippler
et al. 2003; Schmitt et al. 2003b; Farka$ et al. 2007;
Gussone et al. 2007; Fantle and DePaolo 2007; Amini
et al. 2008, 2009; Schmitt et al. 2009; Teichert et al. 2009;
Huang et al. 2010; Turchyn and DePaolo 2011; Du Vivier
et al. 2015; Fantle 2015; Jacobson et al. 2015),
non-carbonated (Schmitt et al. 2003b; Soudry et al.
2004; Teichert et al. 2005; Amini et al. 2008; Komiya
et al. 2008; Griffith et al. 2008a, c; Arning et al. 2009;
Holmden et al. 2009; Du Vivier et al. 2015) and
carbonated (Skulan et al. 1997; Zhu and MacDougall
1998; De La Rocha and DePaolo 2000; Fantle and
Depaolo 2005; Kasemann et al. 2005; Sime et al. 2005;
Steuber and Buhl 2006; Fantle and DePaolo 2007; Amini
et al. 2008; Teichert et al. 2009; Payne et al. 2010; Bléttler
et al. 2011; Griffith et al. 2011; Gussone et al. 2011;
Turchyn et al. 2011; Wang et al. 2012; Holmden et al.
2012; Jost et al. 2014; Kasemann et al. 2014; Du Vivier
et al. 2015; Fantle 2015; Griffith et al. 2015; Husson et al.
2015) sediments, as well as biological taxa, classified by
their phylum (Skulan et al. 1997; Zhu and MacDougall
1998; Skulan and DePaolo 1999; Nigler et al. 2000;
Schmitt et al. 2003b; Chang et al. 2004; Fantle and
DePaolo 2005; Gussone et al. 2005; Heuser et al. 2005;

Alteration
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Immenhauser et al. 2005; Sime et al. 2005; Béhm et al.
2006; Hippler et al. 2006; Steuber and Buhl 2006; Farkas
et al. 2007; Sime et al. 2007; Griffith et al. 2008b;
Heinemann et al. 2008; Gussone et al. 2009; Gussone and
Filipsson 2010; Gussone et al. 2010; von Allmen et al.
2010; Blattler et al. 2012; Hinojosa et al. 2012; Holmden
et al. 2012; Hippler et al. 2013; Pretet et al. 2013;
Ullmann et al. 2013; Blattler and Higgins 2014; Jost et al.
2014; Brazier et al. 2015) are shown. Fluids include
seawater, hydrothermal vents and pore fluids. Bulk
carbonates include carbonate mud, limestone, chalk,
dolostone and ooze samples. Mollusca contain bivalve,
blue mussel, chiton, oyster, snail, limpet, belemnites and
pteropods. Chordata represent conodont. Protozoa
regroup benthic and planktonic foraminifera. Bra-
chiopoda, Haptophyta, Porifera and Cnidaria correspond
to brachiopods, coccolithophores, schlerosponges, and
corals, respectively. Chlorophyta and Rhodophyta repre-
sent green and red algae respectively. Finally, Echino-
dermata contain sea urchin, echinoid spine and starfish
samples. Every single literature value has been corrected
for interlaboratory bias and converted to §H/40 Cagruo15a
(%o). For each sample type, the average Ca isotopic
composition, corresponding 2SE and the number of
samples are given. Only field samples are presented
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2005; Oliva et al. 2003). There has been con-
siderable interest in the effects of organic acids
on weathering over the last 20 years. For
instance, biological weathering was shown to
enhance dissolution in Ca-bearing minerals such
as carbonates, phosphates or phyllosilicates, and
to translocate metal cations from the mineral to
the organic horizon, driven by evapotranspiration
processes (Drever 1994; Hinsinger et al. 1995;
Hinsinger and Gilkes 1996, 1997; Courty et al.
2010; Turpault et al. 2009). Biological weather-
ing can account for up to 40 % of the total Ca
weathering of plagioclase under acidic conditions
(Bakker et al. 2005). Bedrock will provide the
main source of Ca to the soil (and biosphere) for
many thousands of years until the bedrock Ca
source was no longer available because of com-
plete dissolution of the primary minerals (Bern
et al. 2005; Pett-Ridge et al. 2009), for example
in the case were chemical weathering rate
exceeds physical erosion rate meaning that no
new material is exposed for weathering. In such
cases where the upper reaches of soils become
very depleted in primary minerals (due to intense
leaching in tropical soils for example) the main
source of Ca can become mineral inputs from the
atmosphere (Jordan 1985; Kennedy et al. 1998;
Chadwick et al. 1999) (Table 5). It is however
worth noting that even in the absence of the
weathering of primary minerals, the exchange-
able pool can sustain the biosphere for several
thousands of years (Bullen et al. 1997).

The 6**/*°Ca derived from mineral weather-

ing will be a function of both the 6*/*°Ca of the
minerals that are being dissolved, and any mass
dependent processes that accompany weathering.
Experimental and field studies have indicated
that congruent low-temperature mineral dissolu-
tion does not fractionate Ca isotopes (e.g., Ryu
et al. 2011; Cobert et al. 2011b; Hindshaw et al.
2011). Mass dependent fractionation does how-
ever occur during mineral formation both at high
and low temperatures (for example carbonate and
clay precipitation), though there is not much data
for this in soils. Tipper et al. (2006b, 2008a)
showed that secondary carbonates (travertines)
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had a lower 6**/%°Ca than the source material
(limestone) demonstrating fractionation, but to
date there is little work on clay, partly because
the Ca content of clay is low. However, no
fractionation during dissolution combined with
fractionation during the formation of secondary
phases means that Ca isotopes could be used as a
tracer of soil processes. Complications arise
because primary minerals show some variation as
discussed above either because of mass-
dependent isotope fractionation associated with
igneous differentiation and crystallization, or
incorporation of a range of Ca isotopic compo-
sitions into the source materials of melts (e.g.,
Amini et al. 2009; Huang et al. 2010, 2011).

2.4.2 Soil Carbonate Biomineralization

Soil carbonate forms under arid to sub-humid
climatic conditions. In general, it is found in
relatively dry soils where grasses or mixed
grasses and shrubs are the dominant vegetation.
Under these conditions soil pH is generally 7 or
above, in contrast to forested soils where pH is
below 6. Authigenic soil carbonate is common in
soils where mean annual rainfall is less than
75 cm, while it is rarely found in soils receiving
more than 100 cm precipitation per year (Cerling
1984). There is a contrasting climatic response
between soil carbonate and soil organic carbon.
While organic carbon storage on land appears to
have been much less than present during the
cold, dry glacial maximum, calcrete, soil car-
bonate carbon storage would have been greater
(Adams and Post 1999). The formation of sec-
ondary carbonates plays a vital role in the
building of many soils and can be microbial to a
greater or lesser extent (e.g., Verrecchia and
Dumont 1996; Milliere et al. 2014). Many sec-
ondary carbonate fractions can thus be found in
soil, as CaCOj: shell fragments (gastropods,
birds), indurated nests (coleoptera), excrements
(termites), bio-spheroids (earthworms), calcite
needles (fungi), rhizolites (calcifications). The
bacteria also play a role in the precipitation of
CaCOs3 by changing the local soil conditions.
Finally, the combined action of plant-fungi
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Table 5 Survey of worldwide seawater values reported in the literature®

Reference Location Depth 5 0CanisT srM 2SD  Reference
(m) 915a (%0)

SE England NE Atlantic 0 1.92 0.10 = Schmitt et al. (2001)
SE England NE Atlantic 0 1.89 0.15 | Hippler et al. (2003)
SE England NE Atlantic 1.89 0.08 | Schmitt et al. (2003a)
SE England NE Atlantic 0 1.86 0.20 = Schmitt et al. (2009)
SE England NE Atlantic 0 1.91 0.10 | Cobert et al. (2011a)
SE England NE Atlantic 0 1.77 0.17 Bagard et al. (2013)
17 CTD-6 Mid-Atlantic 3500 1.81 0.17 | Amini et al. (2008)
(CTD/rosette)
17 CTD-16 (CTD  Mid-Atlantic 2500 1.94 0.17 | Amini et al. (2008)
rosette)
217 CTD Mid-Atlantic 2660 1.80 0.01 ' Amini et al. (2008)
(CTD/rosette)
231 CTD-8 Mid-Atlantic 3038 1.89 Amini et al. (2008)
(CTD/rosette)
Mauritania E Atlantic 0 1.86 0.10 ' Schmitt et al. (2001)
Sargasso Sea NW Atlantic (31° 40" N, 64° 10’ 300 1.82 0.19 De La Rocha and

W) DePaolo (2000)

Subantarctic Atlantic (46° 57" S, 4066 1.88 0.21 De La Rocha and

6° 15 E) DePaolo (2000)
Coast of Wales NE Atlantic 1.88 0.12  Gussone et al. (2007)
NASS-2 N Atlantic (32° 10" N, 64° 30" W) | 1300 1.78 0.15 | Zhu and MacDougall

(1998)
Florida reef tract NW Atlantic 1.81 0.08 Holmden et al. (2012)
IAPSO Modern Atlantic seawater 0 2.01 0.19  Hippler et al. (2003)
IAPSO Modern Atlantic seawater 0 1.89 0.26 | Chang et al. (2004)
TIAPSO Modern Atlantic seawater 0 1.80 0.30  Wieser et al. (2004)
IAPSO Modern Atlantic seawater 0 1.83 0.54 | Bohm et al. (2006)
IAPSO Modern Atlantic seawater 0 1.85 Steuber and Buhl (2006)
IAPSO Modern Atlantic seawater 0 1.86 0.30  Amini et al. (2008)
TIAPSO Modern Atlantic seawater 0 1.88 0.08 | Jacobson and Holmden
(2008)

IAPSO Modern Atlantic seawater 0 1.96 0.12  Kasemann et al. (2008)
TIAPSO Modern Atlantic seawater 0 1.78 0.16 ' Amini et al. (2009)
TAPSO Modern Atlantic seawater 0 1.77 0.10  Teichert el al. (2009)
IAPSO Modern Atlantic seawater 0 1.86 0.20  Farkas et al. (2007)
IAPSO Modern Atlantic seawater 0 1.90 0.12 | Huang et al. (2010)
TIAPSO Modern Atlantic seawater 0 1.90 0.11  Farkas et al. (2011)
TAPSO Modern Atlantic seawater 0 1.95 0.26  Miiller et al. (2008)
IAPSO Modern Atlantic seawater 0 1.82 0.16 | Hippler et al. (2013)
TIAPSO Modern Atlantic seawater 0 1.84 0.09 Harouaka et al. (2014)
IAPSO Modern Atlantic seawater 0 1.85 0.05 Jacobson et al. (2015)
IAPSO Modern Atlantic seawater 0 1.86 0.04  Du Vivier et al. (2015)

(continued)
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Table 5 (continued)

Reference Location Depth 5 0CanisT srM 2SD | Reference
(m) 915a (%0)
Mediterranean seawater 0 2.02 0.14  Sime et al. (2005)
Mediterranean seawater 1.78 0.40 Bohm et al. (2006)
Central North Pacific (31° 28' N, 500 1.87 0.09 De La Rocha and
136° 6’ W) DePaolo (2000)
Santa Barbara NE Pacific (34° 15’ N, 119° 55’ 0 1.89 0.26 ' De La Rocha and
Basin W) DePaolo (2000)
San Diego NE Pacific (32° 52' N, 117° 16’ 0 1.94 0.18  Skulan et al. (1997)
W)
52 CTD Pacific (North rift zone) 1637 1.92 0.15 | Hippler et al. (2003)
SWH2 N Pacific (22° 31' N, 122° 12" W) 67 1.97 0.06 | Zhu and MacDougall
(1998)
SWH#3 N Pacific (22° 31’ N, 122° 12" W) 2184 1.90 0.13 | Zhu and MacDougall
(1998)
swi4 S Pacific (58° S, 174° W) 63 1.88 0.07 | Zhu and MacDougall
(1998)
24 CTD Indian Deep 1.99 0.12 | Hippler et al. (2003)
sea
SWH#5 Indian (6° 9' S, 50° 54’ E) 43 1.87 0.06 | Zhu and MacDougall
(1998)
NASS-5 Unknown 1.95 Gussone et al. (2003)
Unknown 1.95 0.10  Fantle and DePaolo
(2005)
Unknown 1.96 0.12  Kasemann et al. (2005)
Unknown 2.23 0.14 | Tipper et al. (2006b)
Unknown 2.05 0.07  Fantle and DePaolo
(2007)
Unknown 2.02 0.08  Fantle and DePaolo
(2007)
Unknown 1.88 0.08  Jacobson and Holmden
(2008)
Unknown 2.01 0.18 | Page et al. (2008)
Unknown 1.93 Tipper et al. (2008a)
Unknown 1.86 0.07 Holmden (2009)
Unknown 1.87 0.33  Wombacher et al. (2009)
Unknown 1.86 0.05 Holmden and Bélanger
(2010)
Unknown 1.97 Reynard et al. (2010)
Unknown 1.88 Gussone et al. (2011)
Unknown 1.97 Reynard et al. (2011)
Unknown 1.86 0.07 Ruy et al. (2011)
Unknown 1.81 0.08 Holmden et al. (2012)

Literature data where converted to SRM 915a, if expressed against another standard (see Chapter “Analytical Methods”); we
also employed 6**4°Ca = 2.05 x §***2Ca when necessary
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interactions, bacteria in tropical soils leads to the
formation of Ca oxalate (e.g., Verrecchia and
Dumont 1996; Milliere et al. 2014; Martignier
and Verrecchia 2013). Ca isotope fractionations
have been recorded during precipitation of sec-
ondary minerals, such as travertine, sulfates or
carbonates, which are enriched in *°Ca compared
to their source of Ca (Tipper et al. 2006b; Ewing
et al. 2008), the same direction of fractionation
that is observed in marine carbonates.

2.4.3 The Rhizosphere

The rhizosphere (the narrow region of soil that is
directly influenced by root secretions and asso-
ciated soil microorganisms) constitutes an
important component in the soil for nutrient
uptake. It is a micro-environment that corre-
sponds to the volume of soil around living plant
roots which is influenced by the root activity. It
corresponds to a zone of high microbial activity
(Hiltner 1904; Hinsinger 1998; Hinsinger et al.
2005, 2006; Hogberg and Read 2006; Smith
et al. 2002). Although it occupies a small volume
of the soil, it plays a central role in the mainte-
nance of the soil-plant system and influences the
biogeochemistry of forest ecosystems (Leyval
and Berthelin 1991; Gobran et al. 1998). How-
ever, the precise knowledge of the functioning of
nutrients, such as Ca, in this part of the soil is still
lacking. Hindshaw et al. (2012) suggested that
the presence of mycorrhiza may shift the

3*90Ca of plant roots towards higher values,
although the total percentage of mycorrhiza
infections in the soil does not appear to influence
5440y, Similarly, a preliminary in vitro
experiment pointed to differential uptake mech-
anisms and Ca isotopic fractionations by roots in
presence or absence of soil bacteria (Cobert et al.
2011a, b). More recently, this was confirmed in
the field (Gangloff et al. 2014). The presence of
bacteria might facilitate the access of nutrients to
the plant, suppressing a possible reservoir effect
of the nutritive medium (e.g. it becomes non
Ca-limited). Further work will be necessary to
fully understand the function of mycorrhiza and
bacteria in the Ca uptake process by roots.
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2.4.4 Humic Substances

Ca can be bonded to organic complexes such as
humic substances by a number of different
mechanisms. They represent supramolecular
aggregates negatively charged and formed by
high molecular weight polymers, such as humic
and fulvic acids with a hydrophobic interior and
a hydrophilic exterior. Ca can bond with the
organic functional groups (with non-covalent
interactions such as van der Waal forces), which
can protect the humic substances from degrada-
tion (Simpson et al. 2002). Previous studies have
shown that many Ca-bridges exist at a pH of
about 8; and Ca has a greater affinity for humic
substances in fertile compared to nutrient poor
soils (Clarholm and Skyllberg 2013). Batch
sorption experiments in the laboratory have also
shown that sorption of humic substances onto
minerals can be modified in presence of Ca** and
Mg>* ions (Tipping and Hurley 1992). Ca can
also make bonds between negatively-charged
humic substances and clays during complexolyse
reactions, making the clay-humus complex very
resistant to chemical reactions. Finally, Ali and
Dzombak (1996) have shown that sorption of
Ca”" increases with increasing pH, whereas an
increase of ionic strength slightly decreases Ca**
sorption. To date there is little or no data about
how isotopes behave in many of these processes.

2.4.5 Soil Exchangeable Pool

As a consequence of the breakdown of primary
minerals and loss of solutes the predominant
neoformed minerals are clays, Fe-Al
oxy-hydroxydes, pedogenic carbonates or
Ca-oxalate biominerals (Nagy 1995; Jackson
1956; Sposito 1980). Many clays have perma-
nent negative charges that result from isomorphic
substitutions occurring between the constituent
atoms of tetrahedral or octahedral clay layers.
These charges are compensated by incorporation
of cations within the interlayer sites of the clay,
or on mineral surfaces (Mulder and Cresser
1994). Ca ions can also be exchanged within the
interlayer space of clay minerals following
reaction 3 (Mooney et al. 1952; Bonnot-Courtois
1982; Chiou and Rutherford 1997):
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2K + Clay — Ca = Ca’t + Clay — 2K+ (3)

The OH™ groups present on the edge of the
clay also induce exchange capacity and adsorp-
tion of charged species. These are however pH
dependent. Presently nothing is known about Ca
isotopic fractionation associated with Ca adsorp-
tion on clays in the weathering environment.
However, based on a study performed in the
marine environment, lighter Ca isotopes are
expected to adsorb preferentially and the intensity
of fractionation is dependent on the clay mineral
in question (Ockert et al. 2013). However, it is
interesting to note that there is field evidence for
isotopically light and heavy exchangeable reser-
voirs (e.g., Bullen et al. 2004; Moore et al. 2013).
Bullen et al. (2004) suggested the existence of an
isotopically light Ca “organically-complexed
pool, derived from biological cycling” in Santa
Cruz soil pore fluids whilst the **Ca in the older
soils from the Santa Cruz chronosequence
reflected addition of an external input of Ca such
as rain with the same isotopic composition as
seawater [consistent with the interpretation of Sr
and Mg isotope data (White et al. 2009; Tipper
et al. 2010b)]. Simple modelling work has sug-
gested that transient changes in the biosphere
could influence the bio-available exchangeable
reservoir (Fantle and Tipper 2014) demonstrating
that the isotopically light nature of the Santa Cruz
exchangeable Ca is difficult to obtain and main-
tain over large spatial scales without non-steady
state behaviour and/or previously unrecognized
fractionation during Ca cycling/recycling (pref-
erential release of light Ca).

2.4.6 Soil Porewaters

Ca is the predominant charged ion held in its
hydrated form in soils and is abundant in soil
solutions. This solute Ca can either leave the
system via lateral flow of water, act as a nutrient
for plants or Ca supply for adsorption onto solid
phases. The Ca content of soil pore waters can be
highly variable. Marques et al. (1997) have for
example reported that soil solution Ca concen-
trations are high in surficial soil waters, whereas
they diminish as drainage water percolates
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through the mineral soil, either due to root uptake
or retention on the soil exchange complex.
Unsurprisingly given the complexity of this
environment, the Ca isotope data to date is quite
variable for soil pore-waters.

Cenki-Tok et al. (2009) showed that 5*/°Ca
in soil solutions from the Strengbach experi-
mental catchment increased with depth below
beech trees, whereas the 5*/Ca  remained
constant below spruces. Bagard et al. (2013)
suggested the presence of organic and
organomineral colloids that preferentially scav-
enge the light *°Ca isotope. Alternatively, this
#4Ca enrichment below beeches could be caused
by the dissolution of another soil pool, linked to
weathering and/or water-rock interactions, such
as for instance secondary mineral phases, whose
role has not yet been elaborated in this water-
shed. Fantle and Tipper (2014) commented that
such enrichments in the heavy isotope are con-
sistent with uptake of the light isotope by the
biosphere, leaving a residual pool that is enriched
in the heavy isotopes, and developed some sim-
ple mass balance models to explore this idea.

25 Atmospheric Ca in Dust

and Rain Waters

Atmospheric Ca is mainly produced from sea
salts and soil dust particles and is deposited again
on land and in the ocean through wet and dry
deposits (Hinds 1999) When deposited on the
continents it can interact with the canopy to
become throughfall and stemflow incomes in
forested ecosystems. In some catchments where
rates of bedrock weathering are low, atmospheric
deposits can constitute a major source of inputs
to both the soil and solutes (Table 5). Below, dry
and wet atmospheric deposition are discussed
separately.

2.5.1 Dry Deposition and Dust

Dry deposition consists of fine (<1 um) and
coarse (>1 pum) particles as well as gases (Cap-
pellato and Peters 1995). These deposits have a
mineral (volcanic particles, clays, silts, sands,
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salts), organic (pollen, vegetal or animal fibres),
natural or anthropogenic origin. Hundreds of
millions of tons of dust are emitted from deserts
and volcanoes into the atmosphere each year, that
are transported by winds before being deposited
on the surface of the Earth (e.g., Derry and
Chadwick 2007), with the Sahara Desert being
the largest source of atmospheric dust on the
planet. The paleo-lakes or playas are also
important sources of atmospheric dust (e.g.,
Fantle et al. 2012). These dusts participate in the
general sedimentation in both oceans and on the
continents. It is also known that they have a
strong impact on the Earth’s radiation budget and
that they participate in the fertilisation of the
surface ocean (Grousset and Biscaye 2005).
These wind inputs are particularly important in
areas downwind of major arid and semi-arid
lands (i.e. Eastern Tropical Atlantic, Northwest
Pacific, Arabian Sea and the Mediterranean).

The annual flux of soil dust can be estimated
by considering the soil dust flux comprised
between 1-3 x 10° t/year (Hinds 1999). To a
first approximation, the average Ca content can
be considered equal to that of the upper conti-
nental crust [CaO ~ 3.59 % wt; Rudnick and
Gao (2003)], implying that the Ca soil dust flux
to the atmosphere ranges from 0.03—
0.8 x 10” t/year. This range is consistent with
the recently estimated mineral dust flux at
0.0026-0.077 x 10° t/year Ca flux (Lawrence
and Neff 2009). Mahowald et al. (2006) esti-
mated that the atmospheric flux during the last
glacial maximum was of the order of 2-3 times
the current one, but these estimates have sub-
stantial uncertainty associated with them.

Similarly, the flux from sea salt particles is
estimated to be between 1-10 x 10° t/year
(Hinds 1999). Assuming that this atmospheric
contribution has a Ca concentration equal to that
of seawater, the sea-salt Ca flux ranges between
0.412—4.12 x 10° t/year, a small percentage of
the total Ca flux to the oceans.

There are few Ca isotopic data of atmospheric
dust but their 6**/*°Ca varies from 0.58 to 0.93 %o

for bulk/residue samples, with an average value
equal to 0.69 = 0.15 (20ean; N = 16) (Ewing
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et al. 2008; Fantle et al. 2012; Wiegand et al.
2005); from 0.77 to 1.36 %o for the water-soluble
fraction, with an average value equal to 1.11
+ 0.07 %o (20,0an; N =22) and from 0.64 to
0.92 %o for the acid-soluble fraction (Fantle et al.
2012), with an average equal to 0.78 + 0.03 %o
(20 mean; N = 22) (Fig. 2; Table 2).

2.5.2 Wet Deposition
A significant flux of water is evaporated from the
ocean (0.424 x 10'° t/year, Berner and Berner
1996). By assuming an average Ca concentration
similar to that of seawater (Berner and Berner
1996), an upper limit (because of the distillation
process) for the flux of Ca from seawater evapora-
tion can be estimated as 0.18 x 10° t/year. Some of
this water vapour gets transported to the continents,
estimated at 0.036 x 10" t/year (Berner and Ber-
ner 1996), with an attendant Ca flux of
0.015 x 10'? t/year. However, these are likely
overestimates because marine rainwaters are much
more dilute than seawater. Similarly, about 66 % of
continental waters are evaporated during their
transport to the oceans corresponding to a water flux
of 0.071 x 10" t/year (Berner and Berner 1996).
An upper limit for the Ca flux can be estimated in
the same way as for seawater by assuming that the
evaporated water has a Ca content similar to that of
average river waters (13.4 mg/l Meybeck 1979),
yielding a Ca flux of 0.95 x 10” t/year (Table 3).
For wet deposition, both the concentration of
Ca, and the total rainfall is highly variable by
region. Berner and Berner (1996) distinguished
between continental rain (with 0.1-3.0 mg/l Ca
and 0.107 x 10" t/year water) and marine and
coastal rain, (with 0.2-1.5mg/l Ca and
0.398 x 10" t/year water). This yields a wet
deposition flux of Ca of 0.01-0.33 x 10° t/year
over the continents and of 0.08-0.60 x 10° t/year
for marine and coastal fluxes (Table 3).
Isotopically, wet atmospheric deposits can be
divided into rainwater deposits and snow.
Although much of the Ca is derived from the
evaporation of seawater, it iS not correct to

assume that the 5**/4°Ca is the same as seawater.

Measured 6**/4°Ca values of rain vary from
—0.34 to 1.30 %o with an average value equal to
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0.70 £ 0.16 %0 20mean; N =20) (Fig. 2;
Table 2) (Schmitt et al. 2003a; Schmitt and Stille
2005; Cenki-Tok et al. 2009; Holmden and
Bélanger 2010; Farka§ et al. 2011; Hindshaw
et al. 2011; White et al. 2012; Wiegand and
Schwendenmann 2013). This is very similar to

the mean 6*/*°Ca of carbonates (Sect. 2.1.2),
consistent with the dissolution of carbonate dust
in the atmosphere. This has been observed for Sr
isotopes based on many more measurements
(e.g., Capo and Chadwick 1999), and has also
been observed for Mg isotopes for Alpine rain

(Tipper et al. 2012). The 5*/%0Ca of snow varies
from 0.22 to 1.29 %o, with an average value equal
to 0.76 £ 0.18 %o (20ean; N =12) (Fig. 3)
(Schmitt and Stille 2005; Cenki-Tok et al. 2009;
Holmden and Bélanger 2010; Farkas et al. 2011;
Hindshaw et al. 2011; Bagard et al. 2013).

The significance of wet atmospheric deposi-
tion to catchment inputs is variable and several
studies have quantified the proportion of atmo-
spheric inputs of Ca at catchment scale. Out of
the total atmospheric deposition Ca constitutes a
significant part. Some forests appear to derive
most of their Ca from atmospheric inputs, while
at other places the part from weathering of soil
minerals is predominant (Table 5). Ca isotopes
have added to these mass flux constraints. For
instance Bagard et al. (2013) have shown that the
contribution of wet atmospheric Ca deposits have
a negligible impact to Ca budgets at the catch-
ment scale. In contrast, Hindshaw et al. (2011)
have highlighted seasonal variations in the pro-
portion of Ca derived from the atmosphere with a
2 % contribution in winter, but up to 38 % in
summer at the Damma glacier CZO (Swiss
Alps). Wiegand et al. (2005) demonstrated the
dominance of marine-aerosol derived Ca in older
soils compared to younger ones at Hawaii.

2.,5.3 Interaction Between

the Biosphere

and Atmospheric

Deposition

In forests, incident precipitation is modified by
the interaction with the trees and reach the soil

surface as throughfall or stemflow. Throughfall
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represents the part of precipitation that meets the
forest canopy whereas stemflow represents the
part of precipitations funnelled down from side
branches of the trees to the main stem and then to
the ground (Crockford and Richardson 2000;
Park and Cameron 2008). Throughfall and
stemflow volumes are influenced by structural
parameters of the canopy (volume, depth,
roughness, branching patterns of the leaves and
branches, leave angles), as well as the tree age,
shape and size (Park and Cameron 2008). Usu-
ally the Ca contribution from stemflow is negli-
gible compared to that of throughfall (Bellot
et al. 1999; Parker 1983; Dezzeo and Chacdn
2006). However, it can be important for the
nutrient inputs to soils that are impoverished in
nutrient elements such as in tropical rainforests
(Herwitz 1986). During rain circulation through
the canopy, nutrients may be leached from or
taken up by the tree tissues making the
throughfall enriched in nutrients compared to
incoming precipitation (Parker 1983). This Ca
enrichment may be due to (1) foliar leaching that
occurs passively or by ion-exchange processes
with transport of the soluble ions in the free
spaces between cells (apoplastic transport), and
(2) washing off of dry deposited solutes (Parker
1983; Lovett and Lindberg 1984; Cappellato and
Peters 1995; Lovett et al. 1996). Probst et al.
(1992) have shown that net atmospheric input of
Ca represent 85 % of throughfall inputs in the
Strengbach experimental catchment (Vosges
mountains, NE France). This is consistent with a
more recent Ca isotope study, showing for the
same catchment that at least 70 % of the Ca
present in the throughfall has an incident atmo-
spheric origin (Schmitt and Stille 2005). Dezzeo
and Chacon (2006) have shown that annual
inputs of Ca are 5-8 times higher in throughfall
than in incident rainfall for a forest from South-
ern Venezuela. This enrichment in base cations
in throughfall may neutralize some of the acidity
in bulk precipitation, and may buffer the acidity
of rainfall (Zeng et al. 2005; Shen et al. 2013).
This may be particularly important for the neu-
tralisation of sulphuric acid in rainfall generated
from industrial sulphur emissions by the fol-
lowing schematic reaction:
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Cell wall Ca®* +2H™" +80,>~

= Cell wall 2H' +Ca®* +S0,  (4)

The difference in nutrient fluxes between
deposition (including wet and dry deposition) and
the sum of throughfall and stemflow is termed net
canopy exchange and allows the amount of
nutrients released by the canopy to be quantified
(Lovett and Lindberg 1984; Lovett et al. 1996):

Net canopy exchange = Total deposition (wet + dry)
— (Throughfall + Stemflow)

(5)

There are only a small number of **/*°Ca data
for throughfall samples, ranging from 0.29 to
0.80 %o, with an average value equal to 0.61
+ 0.32 %o (20 mean; N = 3, Fig. 2; Table 3) (Sch-
mitt et al. 2003a; Cenki-Tok et al. 2009). Ca iso-
tope mass balance constraints have demonstrated
that calculations of atmospheric Ca contribution to
catchment surface waters using only mass budget
calculations based on yearly Ca fluxes of rainwater
must be treated with caution. For example, at the
Strengbach catchment scale, when considering
only incident wet deposition-derived Ca, a con-
tribution of 15 % to the catchment’s Ca budget has
been calculated, whereas it increases up to 20—
40 % when including throughfall samples (Sch-
mitt and Stille 2005; Cenki-Tok et al. 2009; Cha-
baux et al. 2005).

Although throughfall nutrient transfer to the
soil is much more rapid than litterfall decompo-
sition because it occurs in dissolved inorganic
form (Chuyong et al. 2004; Parker 1983), a much
greater mass flux is from the later process
(Dezzeo and Chacon 2006; Blum et al. 2008).

3 Modern Global Budgets of Ca

The size of the main surficial Ca reservoirs on
Earth, their average Ca isotopic compositions
and a quantification of the fluxes between these
reservoirs have been summarized in Fig. 5. The
larger reservoir of Ca in the lithosphere makes
the residence time of Ca in the lithosphere at
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least two orders of magnitude longer than in the
surficial reservoirs, 10° years versus 10% years
(Van Cappellen 2003). Consequently, on mil-
lennial time-scales only small fractions of Ca can
be transferred from the lithosphere, and redis-
tributed among the atmosphere, hydrosphere and
biosphere. In contrast, when considering longer
timescales (>10* years), interactions between the
lithosphere and surficial reservoirs can no longer
be neglected (Van Cappellen 2003). Testament to
this is that it is estimated that more Ca is present
in limestones than crystalline rocks, all of which
must have transited through surficial reservoirs.
By far the most work to date has concentrated on
the oceanic Ca cycle, but the continental Ca cycle is
an integral part of this, not least because it supplies
the Ca to the oceans. The biomass reservoir of Ca is
about 400 times larger than the instantaneous river
water reservoir, with soils intermediate in size
(Fig. 4), highlighting the importance of the
biosphere-soil-water interactions for the Ca bio-
geochemical cycle. Moreover, adding Ca isotopes
to elemental flux studies has made major advances
in the last decade, in the identification and quan-
tification of mechanisms involved in the mass
transfer of Ca between different reservoirs.

3.1 The Continental Cycle of Ca

The continental Ca cycle is complex, not least
because there are many different reservoirs of Ca
as described above and a series of different pro-
cesses. Depending on the spatial and temporal
time-scales, there are several areas where Ca
isotopes have already made a major contribution.
For example at a forest scale over decadal
time-scales, Farkas et al. (2011) showed that in a
base poor forest in Massachusetts mineral
weathering (of biotite) in particular only con-
tributed a maximum of ~5 % Ca to the red-oak
trees growing at that locality, highlighting the
recycling of Ca between the biosphere, soil
exchangeable fractions and bulk soil. Simple box
models have begun to incorporate Ca isotope
data to provide a better constraint (Fantle and
Tipper 2014), but these models are in a nascent
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Fig. 5 Present-day Ca
quantitative reservoirs and
fluxes, including Ca
isotopic variations (in blue)
(expressed as §*4/40
Cagrao1sq (%), the errors
correspond to the 2 ,0a,)
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state and additional data from well constrained
catchments is required.

At global scales, an important observation is
that there is an offset between the calculated and

measured riverine 0*/*°Ca. Whilst the explana-
tion for this is not well known, it must be caused
by a process relating to the continental Ca cycle
being in a transient state at the continental scale.
To date this is not well constrained, but it
demonstrates the potential of high precision Ca
isotope ratios to contribute to our understanding
of Ca cycling at both a catchment, regional and
global scale. This will require a thorough study
of continental processes in order to identify and
characterize the processes that control the Ca
isotopic signature arriving to the ocean, to
extrapolate to past and future variations, and to
develop simple and testable models of both the
continental and oceanic budgets. Consequently,
more detailed study at the soil-water-plant inter-
face and within the soil itself need to be under-
taken to decipher the details of the processes

occurring in these environments. To characterize
precisely the continental Ca biogeochemical
cycle, multi-disciplinary approaches (pedologs,
geochemists, mineralogists, biologists) and tools
(combination of isotopes, elemental concentra-
tions, flux calculations) are now necessary (e.g.,
Bernasconi et al. 2008, 2011; White et al. 2015).

3.2 The Oceanic Cycle of Ca

The oceanic Ca cycle has been more extensively
studied in comparison with the continental bud-
get, mainly because oceanic calcium carbonate
sediments represent the largest planetary sink of
carbon, and thus strongly influence the global
carbon cycle. The main sources of Ca to the
oceans are rivers, groundwater (Sects. 2.2.2 and
2.2.3) and hydrothermal inputs. The estimated
hydrothermal  fluxes  vary from  80-
204 x 10° t/year (Wilkinson and Algeo 1989;
Milliman 1993; Drever 1988). More recently de
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Villiers (1998) calculated the hydrothermal flux
as equal to 400-800 x 10° t/year assuming that
the modern ocean is at steady state. Isotopically,
hydrothermal fluids range from 0.79 to 1.86 %o,
with an average value equal to 1.44 £ 0.14 %o
(20 mean, N = 23) (Table 3) (Zhu and Macdougall
1998; Schmitt et al. 2003a; Amini et al. 2008).

Additional smaller but poorly quantified
fluxes of Ca to the ocean are (1) Cation exchange
or the removal or replacement of Ca loosely
bound to surfaces or inter-layer sites of clay
minerals (France-Lanord and Derry 1997; Cer-
ling et al. 1989), estimated as 37-38 x 10° t/year
(Berner and Berner 1996; Drever 1988) (Table 3)
and (2) a diffusional diagenesis flux from marine
sediments has been estimated at 144 x 10° t/year
(Drever 1988).

The main Ca sink from the oceans corre-
sponds to the sedimentation of calcified organ-
isms (Fig. 5), either on the slope-rise or on the
bottom of the ocean. Wilkinson and Algeo
(1989) estimated the total mass of Phanerozoic
oceanic carbonate as 84 x 10% ¢, equivalent to a
mass of Ca of 34 x 10" t. Deep-sea environ-
ments account for 55 % of CaCO;5 accumulation
(planktic foraminifera and coccoliths), the
remaining 45 % originate from shallow-water
environments (reef corals, coraline red algae,
benthic foraminifera, ooids) (Milliman 1993;
Neumann and Land 1975; Wefer 1980; Hubbard
et al. 1990). Aragonite is thought to account for
70 % of the modern shallow-water sink, which is
about 30 % of total Ca oceanic removal Blittler
et al. (2012). There is a difference in mineralogy
dependent on the depth and the type of organ-
isms, with carbonate production dominated by
benthic aragonite and magnesium calcite in deep
water and planktonic calcite in shallow water.
Corals represent about 20 % of the whole ocea-
nic carbonate sedimentation and foraminifera
between 20 and 60 % (Milliman and Droxler
1996; Milliman 1993). Production rates are one
to three orders of magnitude greater in shallow
water but global shallow water accumulation
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approximates that from deep water (Milliman
1993). Milliman (1993) estimated a whole ocean
accumulation rate of 3.2 x 10° t/year, taking into
account a dissolution rate of 2.1 x 10° t/year.

Isotopically, Phanerozoic CaCO5; sedimenta-
tion ranges from —1.09 to 1.70 %o, with an
average equal to 0.59 = 0.02 (26,4, N = 1979).
In contrast, modern CaCQOj; samples are slightly
enriched in **Ca with a range of variation from
—0.18 to 1.70 %o and an average value equal to
0.76 + 0.03 (20,1¢an, N = 538) (Table 2) (Skulan
et al. 1997; Zhu and Macdougall 1998; Skulan
and DePaolo 1999; De La Rocha and DePaolo
2000; Nagler et al. 2000; Schmitt et al. 2003a;
Chang et al. 2004; Fantle and DePaolo 2005;
Gussone et al. 2005, 2009, 2010, 2011; Heuser
et al. 2005; Immenhauser et al. 2005; Kasemann
et al. 2005; Teichert et al. 2005, 2009; Sime et al.
2005; Bohm et al. 2006; Hippler et al. 2006;
Steuber and Buhl 2006; Fantle and DePaolo
2007, Farkas et al. 2007, 2006; Sime et al. 2007;
Amini et al. 2008; Griffith et al. 2008a, 2011;
Heinemann et al. 2008; Gussone and Filipsson
2010; Payne et al. 2010; von Allmen et al. 2010;
Blattler et al. 2011; Turchyn and DePaolo 2011;
Blattler et al. 2012; Holmden et al. 2012; Wang
et al. 2012, 2013; Hippler et al. 2013; Pretet et al.
2013; Ullmann et al. 2013; Bléttler and Higgins
2014; Hinojosa et al. 2012; Jost et al. 2014;
Kasemann et al. 2014; Fantle 2015; Brazier et al.
2015; Vivier et al. 2015; Husson et al. 2015).

Burial of pore water, with 0.8 x 10° t/year
can also constitute a minor Ca sink flux (Drever
1997). Isotopically, pore water ranges from 0.19
to 1.92 % with an average equal to 1.31
+ 0.07 %o (26,ean, N = 103, Table 3, Teichert
et al. 2005, 2009; Henderson et al. 2006; Fantle
and DePaolo 2007; Turchyn and DePaolo 2011;
Fantle 2015).

Ultimately, the concentration of Ca in sea-
water is governed by the balance between the
inputs and outputs of Ca. When the inputs and
outputs are in balance, the ocean is at steady
state. Mathematically the rate of change of the Ca
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content of seawater (Nc,,, ) is generally described
by:

dN
TiCaw Z (Fi — Fyeq)

7 (6)

inputs,i

where F; is the mass flux of input flux i. Simpli-
fying this equation to consider only the most
significant fluxes the change in Ca content of
seawater can be reduced to:

dN, Cay,

=Fy + Fpyg — Fye
r + Fhya d

(7)
where F;, is the riverine flux of Ca to seawater,
Fjyq is the hydrothermal flux of Ca to seawater,
and Fy, is the sedimentary flux of Ca from
seawater.

There have been several attempts to quantify
the balance of inputs and outputs of Ca to and
from the oceans, but the mass budget is difficult
to constrain because the fluxes of Ca to and from
the oceans are not straightforward to quantify
(Opdyke and Walker 1992; Mackenzie and
Morse 1992; Milliman 1993; Sabine and
Mackenzie 1995; Ridgwell and Zeebe 2005).
Milliman (1993) concluded that the modern
marine Ca budget is not at steady state or alter-
natively suggesting that either the outputs have
been overestimated or the inputs underestimated.
The isotope ratios of Ca provide another
dimension to this problem, and add a key mass
balance constraint, modifying Eq. 7 to become:

Nc@.»f%z D Fidi— Y F-o (8)

inputs,i outputs.j

where ¢, refers to the **%Ca of the input i or
output j flux, and F; is the mass flux of input i or
output j. Because the output flux of Ca is derived
from the precipitation of seawater, its composi-
tion is related directly to that of seawater. Each
output has its own fractionation factor (A,;)
because of the differing mineralogies and type of
bioclast that removes Ca over the full depth
range of the oceans.

Global Ca Cycles: Coupling of Continental and Oceanic Processes

Many studies have assumed that the output from
the oceans is “bulk” carbonate, with an average
fractionation factor defined as the mean weighted
average isotopic composition of the output flux
relative to seawater (Fantle and Tipper 2014):

1
lobal
ALy = Jualobal > Fi- A )

sed outputs.j

Equation 8 can then be specifically related to
seawater as:

NCa\-w 'dj;w = Z Fi- 51' - Z F/ ' (aiw - Aj)

inputs,i outputs.j
(10)

where Jy,, is equal to the isotopic composition of
seawater as a function of time.

Reducing Eq. 10 to the principal terms it
becomes:

dogy

N, fo R
gy dt

= 5riv “Fry + 5hyd . thd - (5sw

global global
- Ased ) -F sed

(11)

where 6, Opyq are the Ca isotopic compositions
of the riverine input and hydrothermal
respectively.

There is Ca isotope data for most of the dif-
ferent oceanic reservoirs of Ca. Present-day
seawater has been shown to be constant, what-
ever the location or the depth, so that it yields
only a narrow variation, from 1.77 to 2.23 %o,
with an average equal to 1.89 £ 0.02 %o (20 mean;
N = 62) (Table 4).

The main input of Ca to seawater, rivers have
an  average 5*40ca  of  0.86 + 0.06 %o
(Sect. 2.2.2) and hydrothermal fluids vary from
0.79 to 1.86 %o, with an average value equal to
1.44 £ 0.14 %o 20mean; N = 23 (Fig. 4; Table 3,
Zhu and Macdougall 1998; Schmitt et al. 2003a;
Amini et al. 2008). From this hydrothermal flux
variability, Amini et al. (2008) calculated a
hydrothermal end-member value equal to 0.93
+ 0.07 %o. Out of the minor fluxes to seawater,
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pore fluids vary from 0.19 to 1.92 %o, with an
average value equal to 1.31 = 0.07 %o (20 ean;
N = 103) (Fig. 4; Table 3) (Fantle and DePaolo
2007; Teichert et al. 2009; Turchyn and DePaolo
2011; Fantle 2015) and groundwaters range from
0.17 to 2.08 %o, with an average equal to 0.86
+0.10 %o (20ean; N = 65) (Fig. 4; Table 2)
(Schmitt et al. 2003a; Jacobson and Holmden
2008; Tipper et al. 2008a; Cenki-Tok et al. 2009;
Holmden et al. 2012; Holmden and Bélanger
2010; Hindshaw et al. 2011, 2013; Wiegand and
Schwendenmann 2013; Nielsen and DePaolo
2013; Jacobson et al. 2015).

Modern (i.e. Holocene) biotic and abiotic
oceanic CaCQOs yield a variability from —0.18 to
1.70 %o, with an average value equal to 0.76
+ 0.03 %0 (20ean; N =457, Table 2) (Skulan
et al. 1997; Zhu and Macdougall 1998; Nagler
et al. 2000; Schmitt et al. 2003a; Chang et al.
2004; Gussone et al. 2005; Heuser et al. 2005;
Sime et al. 2005, 2007; Bohm et al. 2006; Farkas
et al. 2007; Amini et al. 2008; Griffith et al.
2008b; Gussone and Filipsson 2010; von Allmen
et al. 2010; Hippler et al. 2013; Blittler et al.
2012; Blattler and Higgins 2014; Holmden et al.
2012; Gussone et al. 2009, 2011; Pretet et al.
2013; Heinemann et al. 2008; Skulan and
DePaolo 1999; Steuber and Buhl 2006; Ullmann
et al. 2013). This value is very similar to those
calculated in the compilation of Fantle and Tip-
per (2014) (0.77 %o), and the calculated weighted
Ca-ouptut flux into CaCOs3 of 0.76 = 0.11 %o
(20,mean) from Holmden et al. (2012). Several
studies have attempted to construct a present-day
oceanic Ca budget based on Egs. 6-10 in the
modern day (Skulan et al. 1997; De La Rocha
and DePaolo 2000; Schmitt et al. 2003a; Tipper
et al. 2010a). Most of this work assumed that
present-day seawater is close to steady state.
Tipper et al. (2010a) argued that given apparent

similarity of the input and output */40Ca val-
ues, the maximum deviation from steady state
could only be ~0.2 %o, which was used to
demonstrate that the input and output fluxes of
Ca must be within 15 % of each other on
time-scales similar to the residence time of Ca in
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the oceans (~ 1 Ma), otherwise there should be a
greater isotopic difference between the input and

output o**%Ca values.

4 Global Ca Cycling in Earth’s
History

Changes in the Ca concentration of ocean water
is a fundamental variable in the evolution of
Earth’s climate, intimately linked to the global
carbon cycle, through the saturation state and
precipitation of calcium carbonate minerals.
While the fractionation between seawater and
marine (biogenic) carbonates (Eq. 9) leads to the
relation between imbalances in the Ca input and

output and ¥/ 4OCaSW (Eq. 10), it complicates

the reconstruction of &/ 40Casw, due to
biomineralisation related species-specific frac-
tionation patterns. For example, a switch from
calcite to aragonite seas will likely lead to a

different bulk fractionation factor (Afé‘;b”l>

between marine biogenic carbonate and seawa-
ter. In turn, this will permanently modify

*/*0Cagw (Blttler et al. 2012), but only tran-

siently modify the 5*/%Ca of the bulk carbonate
output (Sime et al. 2007; Fantle 2010; Tipper
et al. 2010a; Fantle and Tipper 2014). Therefore

a tracer of seawater 6**/°Ca will yield a different

result to a tracer of the bulk §**/*°Ca’ of the
carbonate output from the ocean. An important
consideration therefore is whether the proxy
material being used to reconstruct d,, is a “pas-
sive” tracer of seawater, (mimicking the isotopic
composition of seawater, whilst being offset from
the actual composition of seawater by an isotopic
fractionation factor) without being a sizeable
component of the global output flux or reflecting
the isotopic composition of the global output flux
(Fantle 2010; Fantle and Tipper 2014).
Consequently, archives need to be thoroughly
calibrated, to determine (1) the influence of
environmental parameters and species specific
vital effects on the Ca isotope fractionation,
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which can potentially bias the records and
(2) wunderstand whether the recorder only
removes a small fraction of the total Ca from
seawater, and so is a passive tracer.

To date several different archives have been

proposed for the reconstruction of 0% Cagw. In
this section we briefly review the different archives
that have been published, show their contributions
and application limits. We also discuss past Ca
isotope seawater records and the processes that
affect the Ca isotopic variation through time.

4.1  Archives of §*/*Cagy

Finding appropriate archives is crucial for the

reliable reconstruction of 5*/ DCagw throughout
Earth’s history. A significant part of the Ca iso-
tope work on abiotic and biogenic minerals has
been motivated by the need to find a sample set
that can record 5*/*’Cagy with fidelity (Fig. 6).
While detailed descriptions on fractionation
characteristics of inorganic Ca bearing minerals
and biominerals are provided in Chap-
ters “Calcium Isotope Fractionation During
Mineral Precipitation from Aqueous Solution”
and “Biominerals and Biomaterial” respectively,
this section briefly discusses the advantages and
limitations of archives that have been applied to

reconstruct  &*/ 4OCaSW, in order to explain
potential discrepancies between records based on
different archives.

4.1.1 Bulk Carbonate
The bulk carbonate fraction of sediments is used

in several studies to reconstruct &/ “Cagw,
though there are some significant differences in
methodology. Some studies used the micritic
fraction with and without visible bioclasts and
cements (Blittler et al. 2011; Brazier et al. 2015).
Some studies have used bulk nannofossil oozes,
including microfossilrich intervals (e.g., De La
Rocha and DePaolo 2000; Fantle and DePaolo
2005, 2007; Vivier et al. 2015) or bulk carbonate
including skeletal carbonates (e.g., De La Rocha
and DePaolo 2000; Steuber and Buhl 2006;
Blittler et al. 2012, 2011; Brazier et al. 2015).
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Fig. 6 Ca isotopic composition FH/40 Cagguo15q (%o).
Since the Miocene recorded by different proxy minerals:
a Marine foraminifera: Globigerinella spp from ODP
144-871 and 144-872 and G. bulloides from ODP
183-1138 (Heuser et al. 2005); b Marine nannofossil
carbonate ooze from DSDP site 590 and ODP site 80717
(Fantle and DePaolo 2005, 2007); ¢ Marine barite from
DSDP 572-573, DSDP 574 and DSDP 575 (Griffith et al.
2008a); d Marine phosphates (Schmitt et al. 2003b;
Arning et al. 2009)

The main obvious advantages of using bulk
carbonate is that this sample material is not
limited, and that no special time consuming
sample selection or knowledge on taxonomy, e.g.
identification and picking of certain species is
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required. Secondly, it potentially represents the
bulk output of Ca from seawater, which can have
advantages over a “passive tracer” such as for-
aminifera, barite or phosphates discussed below.
However, there are complications with using

bulk carbonate as a recorder of &*/ D Cagw
because of a lack of control on faunal and floral
composition and thus species specific fractiona-
tion. The risk is that the bulk 6*/*°Ca is con-
trolled by a mixture between different bioclasts
with differing fractionation factors from seawater
(Sime et al. 2007). If this is not carefully con-
trolled, a bulk carbonate record might represent

neither the §*/*°Ca of seawater, nor the bulk
carbonate output. In addition potential post
depositional alteration can be more difficult to
ascertain for bulk samples rather than specific
tests. Carbonate cements formed in marine sedi-
ments exhibit a different fractionation compared
to biogenic carbonates and were suggested by
Steuber and Buhl (20006) as potential archive for
"4 Cagy, but there is only limited data avail-
able on cements. Because of this, there is still
uncertainty in the use of bulk carbonates for the

reconstruction of §**/ 40Casw. For these reasons,
a considerable body of work has been invested in
developing alternative proxy records, with con-
stant fractionation factors from seawater.

4.1.2 Abiotic Records of 5**/**Cagy

Barite Mineral Separates

Barite occurs in different depositional environ-
ments, such as in cold vents and in evaporates and is
deposited through a large number of processes
including biogenic and hydrothermal processes.
Barites from cold vent and hydrothermal settings
show different ranges in Ca isotope fractionation
relative to seawater (Griffith et al. 2008a). Barite
only removes a minor proportion of the total Ca
from seawater, and as such is a passive tracer of
seawater. It therefore will respond to changes in

¥/ Cagw, and will differ from changes in the
bulk 6*/*°Ca output of Ca from the oceans. For

Piad “Cagw reconstructions only marine pelagic
barite has been used so far (Griffith et al. 2008a,
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2011). This is due to the fact that present day
calibrations of pelagic barite show no significant
influence of environmental parameters like tem-
perature, water column carbonate and dissolves
organic carbon concentrations, barite saturation,
sedimentation and barite accumulation rates (see
also Chapter “Calcium Isotope Fractionation
during Mineral Precipitation from Aqueous
Solution” for Ca isotope fractionation in natural
and synthetic barite). Potential complications
might arise from the observation that the frac-
tionation found in pelagic barite is not reproduced
in lab experiments, as synthetic barite is offset
from pelagic barite. In addition, the exact reaction
pathways in the microenvironments in which
pelagic barite forms are not yet completely
understood. This might be relevant for long term

5"/ O Cagw records, as ocean chemistry changes
on long and short terms with respect to Ba/SOy,
Ba/Ca ratios, which may influence the fractiona-
tion of Ca isotopes in barite (Griffith et al. 2008a, c)
One possible source of uncertainty that needs to be
considered is barite Ca isotope fractionation rela-
ted to dissolution-reprecipitation, caused by
organotrophic sulfate reduction in organic rich
sediments. In addition it is important that only pure
pelagic barite is sampled, which is not influenced
by hydrothermal or cold seep activity. Neverthe-
less, Griffith et al. (2008a) generated a record of

0*/*Cagy based on barite, and proposed a
dynamic marine Ca cycle.

Gypsum and Anhydrite

Anhydrite and gypsum have been suggested as
archives for the reconstruction of Ca isotope
evolution of marginal seas, e.g. during formation
of evaporate sequences (Hensley 2006; Blittler
and Higgins 2014; Harouaka et al. 2014). Due to
Rayleigh type fractionation effects during the

precipitation of evaporates, the 30 Cagy of
such Ca sulphate deposits is not representative
for the open ocean, but may provide important
insights into the evolution of evaporate sequen-
ces of marginal seas. While anhydrite precipita-
tion experiments show little variability in the Ca
isotope fractionation (Hensley 2006), the range
of fractionation factors for gypsum spans a
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relatively large range (Harouaka et al. 2014). The
fractionation characteristics of inorganic Ca sul-
fate minerals are discussed in more detail in
Chapter “Calcium Isotope Fractionation during
Mineral Precipitation from Aqueous Solution”.

Apatite
Carbonate fluor-apatite (CFA) formed in marine
organic rich sediments is used as archive for

5%/ 4OCaSW reconstructions, because it forms near
the sediment-water interface from a seawater
dominated fluid, associated with suboxic decay of
organic matter (Jarvis et al. 1994). As with barite
discussed above, it is a minor constituent of the
output flux of Ca, and as such is a passive tracer.
Carbonate fluor-apatite is in principle suited for
long-term reconstructions, as P burial rates via
carbonate fluor-apatite (CFA) formation are
constant throughout geologic time (Schmitt et al.
2003b; Soudry et al. 2004, 2006). In addition,

coupled 5*Ca and §"0 analyses of CFA
suggest no resolvable dependence on temperature
(Schmitt et al. 2003b) and there is general

agreement between "0 Cagy records generated
from phosphate, bulk carbonate and foraminifers
(e.g., Schmitt et al. 2003b) demonstrating the
potential of phosphates. However, some uncer-
tainties may arise because of the poor control on
Ca fractionation during CFA formation in terms
of growth conditions, e.g. precipitation rates
(Schmitt et al. 2003b; Soudry et al. 2004). This
potential restriction is confirmed by the obser-
vation that different types of CFA exhibit differ-
ent 6"/ “Cagw, e.g. phosphate crusts are
generally enriched in “*Ca compared to peloidal
phosphates (Schmitt et al. 2003b; Arning et al.
2009). This difference is likely related to the
different microenvironment, as phosphate crusts
form within the sediment. Consequently, the
reduced fractionation compared to the peloidal
phosphate might be related to Rayleigh type
fractionation, due to precipitation within a
restricted microenvironment, or due to differ-
ences in precipitation rate or precipitation path-
way (via an amorphous Ca phosphate phase,
Arning et al. 2009). Incorporation of different Ca
sources in CFA (skeletal Ca®* versus seawater
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Ca”*) with probably different Ca isotopic com-
positions may also complicate the interpretation
of CFA &*/ 4OCaSW variations (Soudry et al.
2004). While CFA has a potential to record

5"/ *Cagw, it is important to distinguish between
different types of CFA, to avoid artefact in the

¥/ 0 Cagyw reconstruction.

4.1.3 Taxon-Specific Records
of 544/40casw

Reconstructions of 5*/ 4OCaSW of past seawater
based on specific taxa is in general more laborious
compared to records based on bulk material
because (1) a large effort is required to identify and
separate taxa from bulk sample material, and
(2) taxon-specific calibrations are required to
verify that the Ca isotope fractionation character-

istics are suitable for 6**/ 4OCaSW reconstructions.
Potential unknown taxon-specific anomalies in Ca
isotope fractionation (e.g. large temperature sen-
sitivities and vital effects, etc.) would directly
translate into artefacts when reconstructing

"/ Cagy. In principle, such artefacts could be
corrected for, just as vital effects are sometimes
corrected for in other isotopic systems such as
5180 records in foraminifera. Such artefacts are

much harder to correct for in records of 5**/ 4OCaSW
from bulk carbonates made from many different
components because there are more than one effect
to correct for.

Foraminifera

Most planktic foraminifer species exhibit a similar
range in Ca isotope composition and small
dependence on environmental parameters like
temperature, carbonate chemistry and salinity (see
Chapter “Biominerals and Biomaterial” for dis-
cussion and references). Their long tradition and
frequent usage as geochemical proxy archives
makes a direct comparison to other tracers possi-
ble. Foraminifera reach back in time as far as the
earlier Cambrian (Pawlowski et al. 2003), but in
general it is necessary to construct long-term
records from multiple species, splicing them
together in a bootstrap fashion because of the
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evolution of foraminifer taxa or the abundance in
any particular core. The Ca isotope fractionation
systematics are still not fully understood for some
species. For example, G. sacculifer shows a
bimodal temperature dependence, and N. pachy-
derma shows reduced Ca isotope fractionation at
low temperatures and /or carbonate ion concen-
trations (Hippler et al. 2009; Gussone et al. 2009).
Similar atypical behaviour has been observed in
benthic species at low temperatures, but because of

the small temperature dependence of **%Ca in
the temperature range above 5 °C, benthic for-
aminifers could make an excellent recorder

¥/ Cagw over geological time. Their better
preservation, constant habitat/calcification depth
and slower evolution make benthic foraminifers

ideal for archives of 5*/ OCagw if the artefacts
caused by the low temperature anomaly can be
excluded (Gussone and Filipsson 2010). For-
aminifer based records seem to reflect seawater
changes accurately, as multiple records based on
planktic foraminifers have thus far yielded con-
sistent results (Heuser et al. 2005; Sime et al. 2005,
2007) and fit well to the Miocene barite record
(Griffith et al. 2008a).

Brachiopods
Brachiopods have been used for the reconstruc-

tion of &*/ Cagw (Farka$ et al. 2007; Brazier
et al. 2015), because initial results on recent and
fossil samples indicate a minor dependence of
*/*Ca on temperature (Farka$§ et al. 2007,
Gussone et al. 2005), and see Chap-
ter “Biominerals and Biomaterial”). In addition,
their benthonic habitat, restricted mobility and
past application for the use of environmental
reconstructions using stable isotopes and rela-
tively large amounts of sample material provided
by a shell, are promising preconditions for a

Piad “Cagw archive. Recent temperature calibra-
tions of modern brachiopods show however a
more variable Ca isotope fractionation (von
Allmen et al. 2010) and complications related to
shell heterogeneities and inter-specific variabil-
ity. Nevertheless, brachiopods form a key part of

the Phanerozoic record of seawater **/*°Ca.
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Cephalopods

Belemnite rostra are abundant in Mesozoic sedi-
ments and they have been used as archives for light
stable isotopes and radiogenic isotopes for a long
time. Belemnites provide relatively large amounts
of sample material and a good stratigraphic cov-
erage. As they are extinct, knowledge on Ca iso-
tope fractionation characteristics are obtained
from cross calibration with other archives (Farkas
et al. 2006; Blattler et al. 2012). The best estimate
for a fractionation factor for belemnites is derived
by cross calibration with brachiopods (Farkas et al.
2007), but may require future calibration as data-
sets expand and a greater understanding of both
fractionation factors and mechanisms is devel-
oped. Potential additional complications might
arise from belemnites mobility in the water col-
umn, and eventually changes in Ca isotope frac-
tionation related to trophic level effects (see also
Chapter “Biominerals and Biomaterial”).

Bivalves
Calibration studies on recent bivalves and palaeo

5*/*0Cagy values inferred from bivalves suggest
a general suitability for oM/ Cagw reconstruc-
tions, but there are also some questions that need to
be solved (see also this chapter for more detailed

discussion). A small dependence of 5/ 0 Cagwon
temperature and other environmental factors is
found for Arctica islandica, mytilus edulis and
(Hippler et al. 2013; Hiebenthal 2009; Ullmann
et al. 2013). Discrepant observations exist for the
temperature dependence in rudists, extinct reef

forming bilvales for o¥/ 4OCaSW. While Immen-
hauser et al. (2005) found evidence for a sub-
stantial temperature sensitivity based on o180-

Pia 4OCasw cross calibration, data from Steuber
and Buhl (2006) suggest a minor temperature
dependence. Nevertheless, in general rudists and
oysters seem to reflect long-term seawater changes
in agreement to other records (Steuber and Buhl
20006; Farkas et al. 2007).

Biogenic Apatite
Hydroxyapatite conodont microfossils from the
Permian-Triassic boundary have been analyzed
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by Hinojosa et al. (2012). They have observed a

negative 5*/%Ca excursion similar to the one
obtained by carbonate rocks from the same per-
iod (Payne et al. 2010). This suggests that

5*/40Ca variations recorded from biogenic apa-
tites reflect changes in seawater Ca isotopic
composition, rather than in carbonate mineral-
ogy. More generally, the use of bones and teeth
as a recorder of past seawater variations could be
complicated by isotopic differences between
kinds of hard-tissues (e.g. bone, dentin, enamel),
bone remodeling, changes in Ca metabolisms
(Skulan and DePaolo 1999), and trophic level
effects (see Chapter “Biomedical Application of
Ca Stable Isotopes”). For conodonts (a
worm-like organism with teeth, phylum Chor-
data), the main disadvantage resides in the fact
that these species are extinct, meaning that it is
not possible to calibrate fractionation factors and
to test the effects of environmental factors such
as temperature and pH.

Other Taxa

Studies on other taxa including coccolithophores
and scleractinian corals revealed Ca isotope
fractionation patterns, which are suitable for

5%/ 4OCaSW reconstructions. However, their
applicability is restricted by either the small size
(few pm diameter) of coccolithophores and
related difficulties of obtaining pure monospeci-
fic samples or the tendency of aragonitic corals to
recrystallize.

4.2  Past Changes in 6*/*Cagy

The need

Piadl “Cagw has largely been motivated by the
need to quantify past changes in the Ca content
of seawater, and as such changes in the relative
balance between the inputs (weathering) and
outputs (carbonate sedimentation) discussed in
more detail in Fantle (2010) and Fantle and
Tipper (2014).

The reconstruction of the Ca mass of seawater

to determine past changes in

using 544/40Casw (from Eq. 10) relies on the
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assumption that the isotopic compositions of the
inputs and outputs has remained relatively con-
stant over geological time (De La Rocha and
DePaolo 2000; DePaolo 2004; Fantle and
DePaolo 2005; Griffith et al. 2008a; Fantle 2010).
The data discussed in the present review has
demonstrated considerable range in the main
reservoirs in the oceanic Ca cycle, though it is not
clear how this small scale variability translates into
heterogeneity at a global scale. Many questions
remain concerning the temporal variability of
rivers and whether or not they are at steady state on
a range of time-scales (ranging from annual to
millenial). When J,, is driven by imbalances

between the input and output mass fluxes (or

global
5input

the **Ca of the global output flux. If changes in

), the evolution of 5¥/ 4()Casw is mirrored by

"0 Cagy are driven by changes in the input
value of 6**/*°Ca from rivers, groundwaters and
hydrothermal fluids, then the 0% Ca of the global
output flux and 5*/40Cagy will both respond in
the same way. However, if changes in 0% Ca are
driven by changes in A%?“ then the 6**Ca of the

output®
global output flux will remain constant on a
timescale longer than the residence time of Ca in

the oceans, whereas e 40CaSW will adjust to the
change in bulk fractionation factor. This highlights
the difference between a passive tracer, versus a

tracer of the bulk output. A fundamental issue with

Fglobal/Fglobal

interpreting Ca isotopes in terms of F;, ., / F ouipur

global
or 5inpm ’

representation of ¢

is hence how to obtain a reasonable

global

o HHOWeVeT, whilst the

interpretation of proxy records is still incomplete,
a number of records from the geological past have
emerged over the last 15 years, based on the proxy
archives discussed above.

4.2.1 Neogene Seawater Records of Ca
Isotopes

There is broad agreement between proxy records
of foraminifera, nannofossil ooze, barite and
phosphates for the past 25Myr though the inter-
pretation of these data have been different
(Fig. 6). Fantle and DePaolo (2005) and De La
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Rocha and DePaolo (2000) suggested there were
potentially large variations in the marine cycle of

Ca based on reconstruction of 5*¥/ 4OCaSW from

bulk carbonates, whereas a record of 5**/ D Cagw
based on pelagic barite (Griffith et al. 2008a)
shows a pronounced increase (of 0.3 %o) around
13 million years ago. Griffith et al. (2008a) argue
that this likely corresponds to a significant change
in Ca concentration, coincident with a climatic
transition and global change in the carbon cycle.

Sime et al. (2007) on the other hand generated
a foraminifera record, consistent with that of
Heuser et al. (2005) that was remarkably con-
stant, suggesting in turn that the o¥/*0Ca of
seawater was relatively constant. These workers
suggested that discrepancies between the for-
aminifera and bulk carbonate record could be
reconciled by changes in the fractionation factor.

At present there is no definitive record of

o"*Ca in seawater for the Neogene. Future
work will need to reconcile the differences
between the existing data sets. Part of the dis-
crepancies may arise from differences between
calibrated fractionation factors or because some
records are passive tracers, whilst others are bulk
and so don’t record the same thing.

4.2.2 Phanerozoic and Deeper Time
Seawater Records of Ca
Isotopes
Further back in time the data is still relatively
sparse given the noise in the data, with only three
studies reconstructing a Phanerozic record (Far-
kas et al. 2006, 2007; Blattler et al. 2012). Farkas
et al. (2007) published the first composite sea-

water record of Phanerozoic 6**/*’Ca based on
brachiopods, belemnites, rudists and foraminifera
and phosphates for the Tertiary. Most of the
Phanerozoic 6*/ O Cagy is within the range 1-
2 %o though there is considerable scatter in the
data compared to any changes in the data. Some
of this scatter almost certainly relates to the fac-
tors discussed above. However, there does appear

to be a significant rise in o0 Cagw during the
late Devonian/Carboniferous, and (Farkas et al.
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2007) noted that their record showed an increase
from ~ 1.3 %o at the beginning of the Ordovician
to ~2 %o at present. Initial modelling showed
that such changes could not be reconciled by
changes between the input/output fluxes, but
rather must be caused by changes in the isotopic
composition of the input/output fluxes (Farka$
et al. 2007). By mass balance, this makes sense

because a consistent increase in %/ 4()CaSW
would imply a continual change in the Ca content
of seawater, if the isotopic compositions of the
outputs and inputs remained constant. As dis-
cussed above there are many factors that control
the weathering input Ca isotope compositions that
are only just beginning to be elucidated, but a

change in the 5*/40Ca of seawater might reflect a
major change in continental processes.
Blattler et al. (2012) commented that there

were more abrupt changes in o%/ “Cagy that are
coincident with changes between calcite and
aragonite seas. They suggest that large-scale
changes in the Ca isotope ratio of seawater, such
as those in the late Carboniferous, were no longer
possible after Jurassic time because of the gen-
eration of a deep-sea calcite sink expressed by
deposition of foraminiferal-coccolith ooze across
the world ocean. However, this assertion needs to
be reconciled with the need for mass balance
between the inputs and outputs of Ca to the
oceans. Ultimately, on long time-scales, the bulk
output flux of Ca, whether calcite or aragonite,
must mirror the bulk input flux, and such changes
in the fractionation factor between the bulk out-
put of Ca and seawater should only be preserved

with a passive tracer of ¥/ O Cagw.

Farkas et al. (2007) remarked that there are
several short-term, mostly negative, oscillations
and several studies have focused on major per-
turbations to the carbon cycle such as at the end
Permian (Payne et al. 2010). An abrupt change in
sedimentation style occurs across the end-Permian
extinction, thought to represent a major change in
carbon cycle dynamics across this boundary. In
carbonate strata from both the Tethys and Pan-
thalassa oceans, microbialites and oolites overlie
fossiliferous limestones of the latest Permian age,
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corresponding to a mass extinction and a large
negative excursion in the carbon isotope '°C
composition of carbonate minerals. The
Permian-Triassic boundary from marine limestone
in south China shows a significant but transient
negative excursion of —0.3 %o, that lasts several
hundred thousand years (Payne et al. 2010). The
causes of the change in sediment styles and
attendant carbon isotope excursions have been
debated for many years, but the plausible causes of

this transient shift in §**/°Ca of seawater are more
restricted. They could be a transient shift caused by
(1) a change from calcite to aragonite seas, (2) a
change in the weathering input isotopic composi-
tion or (3) a decrease in the amount of carbonate
sedimentation caused by ocean acidification
(Payne et al. 2010). Coupling Ca, C and B isotope
records has enabled the ocean acidification
hypothesis to be tested (Clarkson et al. 2015)
suggesting that at least part of the Ca isotope
excursion can be explained by ocean acidification.

The Mesozoic ocean anoxia events have also
been the subject of several studies (e.g., Blattler
et al. 2011; Brazier et al. 2015). These events
correspond to geological periods where it is
thought that there was significant environmental
change. The early Toarcian is thought to have been
punctuated by pulses of carbon release to the
ocean-atmosphere system, that in turn are thought
to have driven increased continental discharge,
nutrient input, marine anoxia, seawater acidifica-
tion and species extinctions. It has been suggested
that these periods of environmental change are

Table 6 Simplified modern ocean Ca budget
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accompanied by increased carbonate and silicate
weathering on the continents supplying increased
Ca to seawater. Ca isotopes in the marine realm
clearly have the potential to make a considerable
contribution to furthering our understanding of the
past marine Ca cycle (Bléttler et al. 2011; Brazier
etal. 2015). The extent of environmental change in
the early Toarcian may be revealed by Ca isotopes
on bulk carbonate from a section in Portugal
(Brazier et al. 2015) which show a —0.8 %o

decrease in 6*/4°Ca, though coeval data on bra-
chiopods do not appear to reveal the same trend.
A key issue with bulk carbonates is demonstrating
that there are no diagenetic effects, but unlike for
trace elements it is more difficult to reset Ca iso-
topes diagenetically. Models of the data have been
used to suggest that the data may reflect an increase
in the continental weathering input of up to 400 %,
a very significant environment change.

Similarly Cretaceous carbonate-rich sedimen-
tary sections deposited during Oceanic Anoxic
Events la (Early Aptian) and 2 (Cenomanian-
Turonian) show small but significant negative Ca
isotope excursions which recover to their
pre-excursion values over several million years.
These negative excursions have been used to infer
a threefold increase in weathering fluxes to the
oceans (Bléttler et al. 2011).

Kasemann et al. (2005) investigated Ca iso-
tope systematics in deeper geological time,
across a major Neoproterozoic glaciation in
Namibia. The signal to noise ratio of the data is
relatively large but there is a tantalising hint of a

Budget Ca flux (10° t/year) Input mass (%) 544/40CaNIST SRM 915a (%0) 2SD
Inputs

Rivers 0.528 38.6-82.3 0.86 0.06
Hydrothermal vents 0.08-0.8 12.6-14.6 0.93 0.07
Groundwater 0.026-0.53 4.1-46.8 0.65 0.23
Input weighted average 0.78-0.88

Outputs

CaCOj5 sediment 0.84 0.76 0.03
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negative Ca isotope excursion associated with
this event, that coupled to other isotope systems
has helped reconstruct the sequence of events
attendant to one of the planets most profound
climatic perturbations.

5 Conclusions

Calcium is one of the most important mobile
metals that can migrate easily between major
geochemical reservoirs at the Earth’s surface; the
hydrosphere and the biosphere and crust. It is the
fifth most abundant element in the Earth’s crust
and the most abundant alkaline earth metal. It’s
global biogeochemical cycle has shaped the way
the surface of the Earth has evolved over Earth’s
4.5 Ga history. The above discussion has
attempted to summarise the main processes that
occur on both the continents and oceans that are
relevant to Ca, and where available discuss Ca
isotope evidence which has made significant
advances in our understanding, or to suggest ways
where Ca isotopes might provide a way forward. It
is impossible to offer an exhaustive treatment of Ca
in one chapter, but the above does summarise most
of the key processes, that are likely to form part of
research investigations over the next 10-20 years
of research. Key to this chapter is that oceanic and
continental cycles of Ca are coupled through time
and space, and an understanding of both is
required to constrain either one. Ca is supplied to
the oceans through processes that occur on the
continents, and Ca is restored to the continents
tectonically, via the emplacement of limestones
onto the continents. Ca isotopes are providing a
major way of understanding both the continental
and oceanic cycles (Table 6).
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