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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).
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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


http://dx.doi.org/10.1007/978-3-540-68953-9_1
http://dx.doi.org/10.1007/978-3-540-68953-9_1
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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



2 Notations and Data Presentation

(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


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

Analytical Methods

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


http://dx.doi.org/10.1007/978-3-540-68953-9_6
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http://dx.doi.org/10.1007/978-3-540-68953-9_7
http://dx.doi.org/10.1007/978-3-540-68953-9_7
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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)


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
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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)

Analytical Methods

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).


http://georem.mpch-mainz.gwdg.de
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4 Sample Preparation

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.

37
5 Mass Spectrometry
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).
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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

39

0.755 \
‘v.,.“
K
5 0.7454
@
[} *
£
©
O \'
g
3
g 0.735-
0.725 A )

0 5 10 15 20 25 30 35 40
Time (min)

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

Effect on 5*/*°Ca(%.)
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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:

47

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
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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.


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

Analytical Methods

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
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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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