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Abstract / Kurzfassung

Abstract

Calcium (Ca) isotopes show only little fractionation in nature (~ 6 %) and mass spectro-
metric determination of calcium isotopic ratios is difficult (e.g. Russell et al., 1978). One
of the goals of this thesis was to improve analytical precision of Ca isotope measurements.
Measurements of Ca isotopes were carried out using a thermal ionization mass spectrom-
eter (TIMS) using a two step dynamic mode (Heuser et al., 2002). In the first sequence
masses 40, 41, 42 and 43 are measured simultaneously and in the second sequence the
masses 44 and 48 are measured simultaneously. About 200 ng of Ca is needed for a single
measurement. In order to correct for the fractionation during the measurement I added
a *3Ca/*8Ca double spike to the sample. For the correction of the added double spike I
developed an iterative routine based on the algorithm of Compston and Oversby (1969).
This new “multi-collector” technique improves sample throughput by a factor of 3 com-
pared to “single-collector” measurements. The variations of Ca isotopes are presented as
§*Ca: 6*Ca = ((44Ca/40Ca)sample/(44Ca/4OCa)Standmd — 1) x 1000 using the measured
41Ca/*Ca of NIST SRM 915a calcium carbonate as (“Ca/4°Ca)ssandard-

The Ca isotope compositions of several different standard materials have been ana-
lyzed: natural CaFy (+1.41%0), IAPSO seawater salinity standard (+1.83 %) and Johnsen
Matthey calcium carbonate Lots 4064 and 9912 (40.58 and —11.46 %o).

Measurements of §%4Ca of foraminifers (Orbulina universa), cultured at different tempera-
tures show a weak temperature dependent Ca isotope fractionation of 0.019 %o /°C (Gus-
sone et al., in press) being in contrast to the study of Négler et al. (2000) who reported a
temperature dependent Ca isotope fractionation of Globigerinoides sacculifer of 0.24 %o / °C.
This different fractionation behaviour can be attributed to a difference of the calcification
process. In O. universa Ca is transported in a hydrated form (Ca?*-aquocomplex). The
relative mass difference between a 4°Ca’t-aquocomplex and a “*Ca’t-aquocomplex with
masses of about 500 amu is very small compared to the mass difference of pure “0Ca?*-
and *4Ca?*-ions.

The §*4Ca of four different foraminifera (Globigerinoides trilobus, Globigerinoides ruber,
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Globigerinella spp. and Globigerina bulloides) were measured in order to reconstruct the
5% Ca of seawater (0**Cayg,,) of the past 24 Ma. The samples are from the western equato-
rial Pacific Ocean (ODP Leg 144, Sites 871 & 872) and from the southern Indian Ocean
(ODP Leg 183, Site 1138).

The fractionation of Ca isotopes between foraminiferal calcite (cc) and seawater (sw) is
expressed by the fractionation factor a (a = (#Ca/*Ca)../(**Ca/*Ca)y,) and seawater
temperature changes. Assuming a constant «, the §**Ca,,, can be reconstructed from the
foraminiferal §*4Ca. Changes of the seawater pH do not affect the fractionation between
foraminiferal calcium carbonate and seawater of the studied foraminifera.

A plot of a-values and corresponding mixed layer water temperatures for the youngest
foraminiferal samples suggests that G. bulloides and G. trilobus fractionate Ca isotopes in-
dependent of seawater temperature changes and G. ruber/subquadratus and Globigerinella
spp. do fractionate Ca isotope depending on seawater temperature changes. This enables
a reconstruction of §**Cag, using the G. bulloides and G. trilobus records and to recon-
struct the temporal evolution of the western equatorial Pacific using the §*4Ca records of
G. ruber/subquadratus and Globigerinella spp.

The reconstructed §**Cag,, records are in good agreement with previously published §**Ca
data of marine carbonates (De La Rocha and DePaolo, 2000). As our sample series have a
higher temporal resolution (~1Ma) some more details of the seawater §44Ca evolution can
be seen. Additional to a minimum of §**Cag,, at about 16 Ma, a minimum at about 4 Ma
can be observed.

From the 6**Ca of G. ruber/subquadratus and Globigerinella spp. we can estimate tem-
perature changes while at the same time changes of the §*4Cay,, can be considered. The
calculated temperatures of the two records vary between 28 to 31°C over the studied time
period. The most prominent feature of both trends is a cooling of about 1 to 2°C between
4 and 1.5Ma. During 15 and 7Ma temperatures remained constant at about 29°C. The
evolution of temperatures between 24 and 15 Ma is ambiguous as the two records differ.
The calculated temperatures are in general agreement with global benthic §'*0 data and
local planktic 680 data giving further support to a temperature dependent Ca isotope
fractionation of G. ruber/subquadratus and Globigerinella spp.

Although there are strong indications of a temperature dependent Ca isotope fractionation
of G. ruber/subquadratus and Globigerinella an alternative model can be proposed assum-
ing temperature independent Ca isotope fractionation of these two species. The calculated
a-values from this study as well as data from literature suggest that « is species-specific.

A change of the calcite precipitaion mechanism in the course of evolution of a foraminiferal
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species could lead to a change of the fractionation factor. A change of the a-values of
Globigerinella spp. and G. ruber/subquadratus between 3 and 1.5Ma leads to a unique

data set of the calculated 6*4Cag,, of all four studied species.

Kurzfassung

Die Fraktionierung von Calcium-Isotopen in der Natur sind nur gering (~6 %o ) und konn-
ten bisher nur ungen iigend genau massenspektrometrisch gemessen werden (z. B. Russell
et al., 1978). Eines der Ziele der vorliegenden Arbeit war die Verbesserung der analytischen
Genauigkeit und Geschwindigkeit von Calciumisotopenmessungen unter Verwendung mo-
derner Massenspektrometer.

Die Messungen von Calcium-Isotopen wurden an einem Thermionen-Massenspektrometer
(TIMS) durchgefiihrt (Heuser et al., 2002). Dabei erfolgte eine Messung in zwei Schritten:
im ersten Schritt wurden die Massen 40, 41, 42 und 43 gemessen und im zweiten Schritt
die Massen 44 und 48. Fiir eine Messung wurden rund 200 ng Calcium bendtigt. Um die
auftretende Fraktionierung wahrend der Messungen zu korrigieren, wurde der Probe ein
43Ca/*®Ca-Doppelspike zugesetzt. Die Daten wurden im Anschluss an die Messung fiir den
zugesetzten Calcium-Doppelspike korrigiert. Dafiir wurde eine von mir angepasste iterative
Routine, basierend auf dem Algorithmus von Compston und Oversby (1969), verwendet.
Die hier verwendete “Multi-Kollektor”-Technik ermdoglicht einen ca. dreimal gréferen Pro-
bendurchsatz als bisherige Messmethoden. Die Variationen der Calcium-Isotopie werden
als 0**Ca angegeben 6%Ca = ((44Ca/40Ca)sample/(44Ca/4OCa)StandaTd — 1) x 1000, wobei
das gemessene *4Ca/4°Ca Verhiltnis des Calcium-Karbonatstandards NIST SRM 915a als
(**Ca/*Ca)standara verwendet wurde.

Im Rahmen dieser Arbeit wurde die Calciumisotopie verschiedener Standards bestimmt:
natiirlicher CaFs (41,41%0), IAPSO Meerwasser-Salinitétsstandard (+1,82 %o) und Calci-
umkarbonatstandards Johnsen Matthey Lots 4064 und 9912 (40,58 und +11,46 %o).

5% (Ca-Messungen von bei verschiedene Temperaturen gehilterten Foraminiferen Orbulina
universa zeigen eine nur schwach ausgebildete Temperaturabhingigkeit des §**Ca-Wertes
von 0,019 %o /°C (Gussone et al., in press). Négler et al. (2000) fanden dem gegeniiber
bei Globigerinoides sacculifer eine deutliche Temperaturabhéngigkeit (0,24 %o / °C). Dieses
unterschiedliche Fraktionierungsverhalten kann darauf zuriickgefiihrt werden, dass Calci-
um in O. universa als Ca’t-Aquokomplex in die Zelle inkorporiert und transportiert wird.

Der relative Massenunterschied zwischen einem 4°Ca?*-Aquokomplex und einem 44Ca?*-
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Aquokomplex mit Atommassen um 500 amu ist klein (1%), verglichen mit dem relativen
Massenunterschied von ‘reinen’ °Ca?*- und #Ca?*-Ionen (10%).

Fiir die Rekonstruktion der Calcium-Isotopie von Meerwasser der letzten 24 Millionen Jahre
wurde die Calcium-Isotopie an Proben von vier verschiedenen Foraminiferenspezies (Glo-
bigerinoides trilobus, Globigerinoides ruber, Globigerinella spp. und Globigerina bulloides)
aus dem westlichen dquatorialen Pazifik (ODP Leg 144, Sites 871 & 872) und dem siidlichen
indischen Ozean (ODP Leg 183, Site 1138) gemessen.

Quantitativ wird die Fraktionierung von Calcium-Isotopen zwischen dem Calcit der Fo-
raminiferenschalen (cc) und dem Meerwasser (sw) durch den Fraktionierungsfaktor o
(a = (**Ca/*Ca)../(**Ca/*Ca),, ) ausgedriickt. Aus den **Ca Werten der Foramini-
ferenschalen kann das Meerwasser-6**Ca (§*4Cay,,) unter der Annahme einer konstan-
ten Fraktionierung berechnet werden. Andere Einfliisse auf das 6**Ca der Foraminiferen
als Temperatur, z. B. pH, kénnen fiir die untersuchten Spezies in erster Ndherung ver-
nachléssigt werden.

Die graphische Darstellung der a-Werte mit den zugehérigen ‘mixed layer’ Meerwasser-
temperaturen der jiingsten Foraminiferenproben legt nahe, dass G. bulloides und G. tri-
lobus Ca Isotope unabhingig von der Temperatur fraktionieren, wihrend hingegen G.
ruber/subquadratus und Globigerinella spp. Ca Isotope temperaturabhéingig fraktionie-
ren. Das ermoglicht zum einen die Rekonstruktion der Meerwasser Calciumisotopie mit
Hilfe der G. bulloides und G. trilobus Daten und zum anderen eine Berechnung der
Paldo-Meerwassertemperaturen des westlichen dquatorialen Pazifiks mit Hilfe der G. ru-
ber/subquadratus und Globigerinella spp. Daten.

Die rekonstruierten §*4Cay,, Datensiitze sind in guter Ubereinstimmung mit den zuvor
veroffentlichten Daten von marinen Karbonaten (De La Rocha und DePaolo, 2000). Im
Vergleich zu der Untersuchung von De La Rocha und DePaolo (2000) sind hier mehr De-
tails der §**Ca,,-Entwicklung erkennbar, da die zeitliche Auflésung der untersuchten Pro-
ben grofler ist. Zusétzlich zu einem bekannten Minimum vor ca. 16 Ma kann ein zweites
Minimum vor etwa 4 Ma beobachtet werden.

Von den G. ruber/subquadratus und Globigerinella spp. Daten koénnen Tempera-
turdnderungen unter gleichzeitiger Beriicksichtigung der sich dndernden Meerwasser-
Calciumisotopie abgeschétzt werden. Die ermittelten Temperaturen aus den beiden Da-
tensétzen variieren zwischen 28°C und 31°C wahrend der letzten 24 Ma. Besonders auffallend
ist dabei eine Abkiihlung zwischen 4 und 1,5 Ma von ca. 1 bis 2°C, die in beiden Datensétzen
erkennbar ist. Zwischen 15 und 7 Ma lagen die Temperaturen konstant um 29°C. Die Ent-

wicklung der Meerwassertemperaturen zwischen 24 und 15 Ma ist nicht eindeutig, da sich
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die beiden Temperaturdatensitze in dieser Zeit deutlich unterscheiden. Ein weiteres Indiz
fiir die temperaturabhéngige Calcium Isotopenfraktionierung von G. ruber/subquadratus
und Globigerinella spp. ist die Ubereinstimmung der berechneten Temperaturen mit Sau-
erstoffisotopendaten, sowohl global als auch lokal.

Obwohl es starke Indizien fiir die temperaturabhéingige Ca Isotopenfraktionierung von
G. ruber/subquadratus und Globigerinella spp. gibt, kann eine alternative Erkldrung der
0% Ca,. Daten, die davon ausgeht, dass es keine temperaturabhiingige Fraktionierung bei
den untersuchten Spezies gibt, nicht ausgeschlossen werden. Die berechneten Fraktionie-
rungsfaktoren a von den Daten dieser Untersuchung und von publizierten Daten zei-
gen, dass die Fraktionierungsfaktoren spezies-spezifisch sind. Eine Anderung des Calcit-
Priizipitationsmechanismus im Verlauf der Evolution einer Spezies kann zu einer Anderung
des Fraktionierungsfaktors fithren. Eine Anderung des a-Wertes von Globigerinella spp.
und G. ruber/subquadratus zwischen 3 und 1,5 Ma fiihrt zu einem einheitlichen 5 Cagy-

Gesamtdatensatz aus den einzelnen Datenséitzen der vier untersuchten Spezies.
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1 Introduction and Goals

Calcium is the fifth most abundant element in the Earth’s crust (including hydrosphere and
biosphere) and has six stable naturally occurring isotopes with masses ranging from 40 to 48
atomic mass units (amu). Therefore, investigations on variations of calcium isotopes have
been performed since the late1950’s up to the end of the 1970’s (e.g. Herzog et al., 1954;
Backus, 1955; Backus et al., 1964; Corless, 1968; Stahl and Wendt, 1968; Coleman, 1971;
Moore and Machlan, 1972; Russell et al., 1978). These early studies mainly focused on
the search for calcium isotope variations in terrestrial (Artemov et al., 1966; Corless, 1968;
Heumann and Luecke, 1973; Stahl, 1968; Stahl and Wendt, 1968) and extra-terrestrial
samples (Backus et al., 1964; Russell et al., 1977, 1978) and the use of radiogenic “°Ca
(from the 5~ decay of “°K) as a geochronometer (Coleman, 1971; Heumann et al., 1977).
A good overview of these early studies is given by Platzner (1997).

One major result of these early studies was that calcium isotope variations are very small
compared to oxygen or carbon isotope variations. Mass spectrometers were not able to
measure Ca isotopes with the required precision. A mile-stone was the work of Russell et
al. (1978) who used a *?Ca/*®Ca double spike. The use of a double spike improved the
precision of mass spectrometric calcium isotope analysis. Differences in the 4°Ca/**Ca of
about 0.5 %o became clearly resolvable. However, the interest in calcium isotope variations
disappeared. Through the 1980’s up and the 1990’s only a few investigations on calcium
isotopes were published (Marshall and DePaolo, 1982; Niederer and Papanastassiou, 1984;
Jungck et al., 1984; Marshall and DePaolo, 1989).

Recent advancements in mass spectrometry lead to a revivication of the interest in calcium
isotope analysis. It was the study of Zhu and Macdougall (1998) showing that calcium
isotope variations of foraminifers can be used as a proxy for paleo sea surface temperatures
(SST) which led to the more detailed study of Négler et al. (2000). Zhu and Macdougall
(1998) also showed that the oceanic calcium isotope composition is not in steady state
caused by an imbalance of Ca input and Ca output. This suggests the possibility to use
0% (Ca variations of seawater as a weathering proxy.

Widely used proxies for the reconstruction of past climate and environmental conditions are

inter alia the oxygen isotope composition (§¥0) and element/calcium ratios (e.g. Mg/Ca,
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Sr/Ca, U/Ca) of biogenic (esp. foraminiferal) calcium carbonate. The major difficulties of

the above proxies are:

(1) The variations are caused by more than one process: It is known that 6'*O variations
of foraminifers are caused by temperature changes, changes in the volume of polar and
continental ice sheets, changes of the seawater pH and changes of salinity (e.g. Billups
and Schrag, 2002; Rohling and Bigg, 1998; Zeebe, 1999).

(2) Secondary factors affect Mg/Ca and Sr/Ca in foraminiferal calcium carbonate. These
factors are: shell growth rate, pH and salinity, and species-specific effects (e.g. Delaney
et al., 1985; Elderfield et al., 1996; Lea et al., 1990; Rosenthal et al., 1997).

(3) The original records/signals preserved in the foraminifers are altered through time by
geochemical processes. Element/calcium ratios can be altered by diagenetic processes
(especially recrystallization), secondary mineralizations of calcium carbonate and leach-
ing/dissolution of calcium carbonates (e.g. Brown and Elderfield, 1996).

Calcium isotopes are less sensitive to alterations of the original record and variations of

§*Ca of foraminifers are mainly caused by temperature variations (Négler et al., 2000; Zhu

and Macdougall; 1998) and secular changes of the seawater Ca isotopic composition.

The profit of a better knowledge of the secular variations of calcium isotopes in the oceans

is twofold. (1) A neglect of secular changes can lead to over- and underestimations of

temperature changes indicated by §**Ca variations of foraminifers. (2) Seawater §**Ca

variations can be used as a proxy for continental weathering (Zhu and Macdougall, 1998;

De La Rocha and DePaolo, 2000) as these variations are closely linked to the balance

between Ca input and Ca output in the oceanic Ca cycle.

A reconstruction of the oceanic Ca cycle using Ca isotope variations can also lead to better

models of the global carbon cycle as calcium carbonates (CaCOg) are the main sink for

oceanic Ca.

The major goals of this work were:

(1) Development of a method for precise and fast measurements of calcium isotopes by
thermal ionization mass spectrometry (TIMS) using a #3Ca/*®Ca double spike.

(2) Calibration of different calcium isotope standard materials (seawater, calcium carbonate
and CakF) for inhouse use and for interlaboratory comparisons.

(3) Measurements of the calcium isotope composition of foraminiferal calcium carbonate to
reconstruct the calcium isotope composition of seawater through the entire Miocene.

Chapter 2 presents a new TIMS multicollector method which I developed for the measure-

ments of calcium isotopes. This method is now used for routine Ca isotope measurements

at the GEOMAR research center, Kiel. The main advantage of this method is a higher
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sample throughput compared to the previously used “single collector” method without a
significant loss of precision. I have published this new method in the “International Journal
of Mass Spectrometry” (Heuser et al., 2002).

Chapter 3 is a manuscript written by D. Hippler from Berne for publication in Geo-
Standards Newsletter. To this comparative study of the §**Ca of different Ca standard
materials I contributed about 60 % of the presented data from Kiel. The §*4Ca values of
NIST SRM 915a calcium carbonate, natural CaFy, a seawater salinity standard (IAPSO),
and two Johnsen Matthey calcium carbonate standards are presented and compared be-
tween the laboratories of Kiel, Berne and Strasbourg. The results show a good agreement
between the laboratories and indicate that the multicollector measurements are as precise
as single collector measurements.

In chapter 4 results of §**Ca measurements of cultured O. universa and inorganically pre-
cipitated aragonite are presented showing only a weak temperature dependent Ca isotope
fractionation. This is in contrast to the previously published data of Négler et al., (2000)
who reported a strong temperature dependent Ca isotope fractionation (0.24 %0/°C) for Glo-
bigerinoides sacculifer. A model is presented explaining the mechanisms which lead to the
observed differences of temperature dependent Ca isotope fractionation. This manuscript
was written by N. Gussone and is now accepted for publication in Geochimica et Cos-
mochimica Acta. 1 was involved in this study by numerous discussions, significant input to
the development of the model and support of Ca isotope measurements.

In chapter 5, I present 6*4Ca ratios of four different foraminifera from the western equato-
rial Pacific Ocean (ODP Leg 144) and from the southern Indian Ocean (ODP Leg 183). I
performed these measurements in order to reconstruct the §*4Ca of seawater over the past
24 Ma. The samples were provided by Paul Pearson (Bristol, ODP Leg 144 samples) and
by Florian Bohm (ODP Leg 183 samples). This is the first study comparing the §**Ca of
different foraminifera over a time interval of 24 Ma. From the 6**Ca of the foraminifers the
0% Ca of the past seawater is reconstructed. Additionally it is possible to use the §**Ca
data for a reconstruction of the evolution of seawater temperatures in the western equato-
rial Pacific.

In chapter 6, an alternative interpretation of the data of Chapter 5 is presented. Cur-
rently there is no direct evidence supporting this ‘evolutionary’ concept but it shows that
other factors than temperature or seawater chemistry might be important to interpret fossil

foraminiferal §%**Ca records.
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Abstract

We propose a new “multicollector technique” for the thermal ionization mass spectrometer
(TIMS) measurement of calcium (Ca) isotope ratios improving average internal statistical
uncertainty of the 4Ca/4°Ca measurements by a factor of 2-4 and average sample through-
put relative to the commonly used “peak jumping method” by a factor of 3. Isobaric inter-
ferences with potassium (*°K*) and titanium (*8Ti*) or positively charged molecules like
UMgFH, PMgl?F+, 24Mg!0* and 27Al'6O7 can either be corrected or are negligible.
Similar, peak shape defects introduced by the large dispersion of the Ca isotope system do
not influence Ca isotope ratios. We use a 43Ca/*®Ca double spike with an iterative double

spike correction algorithm for precise isotope measurements.

Keywords: calcium isotope analysis; TIMS; multicollector; double spike correction

2.1 Introduction

Calcium (Ca) is the fifth most abundant element in the lithosphere and plays a major
role in many geological and biological processes (e.g. [1, 2]). It has six naturally occurring
stable isotopes with atomic mass units (amu) and abundances of “°Ca (96.941 %), *2Ca
(0.647 %), 43Ca (0.135%), **Ca (2.086 %), *6Ca (0.004 %) and **Ca (0.187%). A good
overview about previous investigations of possible isotope variations is given by Platzner
[3]. Natural variations of the Ca-isotope ratios may be introduced by the beta-decay of
the potassium isotope “°K (half-life: 1.277 x 10%a) increasing the relative abundance of
40Ca. The amount of this increase can be used to date igneous and metamorphic rocks
[4-8]. Furthermore, Ca isotope variations can be introduced by kinetic fractionation due to
diffusion and chemical exchange reactions. Négler et al. [9] and Zhu and Macdougall [10]
found a temperature dependence of the Ca-isotope fractionation during calcium carbon-
ate (CaCOgs) precipitation. These authors observed that with increasing temperatures the
heavier isotope (4Ca) becomes enriched relative to “°Ca [9]. However, this temperature
controlled fractionation of Ca is different to the behavior of other stable isotope systems
like oxygen (4'80), carbon (6'3C) and boron (§'!B) [11] where the light isotopes become
enriched relative to the heavier ones with increasing temperature. Most likely, the different
behavior of Ca during temperature dependent fractionation is related to the fact that Ca
is controlled by kinetic fractionation rather than by equilibrium fractionation [12]. This
observation confirms measurements by Stahl and Wendt [13] who experimentally showed

that the Ca-isotope variations during Rayleigh fractionation must be lower than about
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1.5 %o/amu. Heumann and Luecke [4] and later O’Neil [14] stated that major Ca isotope
fractionation only occurs when materials with ion exchange capacity are involved and that
fractionations are proportional to the mass-difference, that is 6*3Ca is about two times
larger than §*4Ca. As a consequence large isotope fractionation effects in an order of up to
22 %0 can be observed during ion exchange processes [15-18]. Corless [19] suggested that
variations of Ca isotope ratios in the order up about 10 %o (*¥Ca/(total Ca)) can also be
caused by kinetic isotope fractionation introduced by biological mediated processes.

It was Russell et al. [20-22] who first used a 4?Ca/48Ca double spike for more accurate mea-
surements of the calcium isotopic composition. They normalized the measured 4*Ca/4°Ca
to a calcium fluorite standard (CaFs) supposed to represent average bulk earth compo-
sition (5440a:[(440&/40Ca)sam,le / (*4Ca/*°Ca)standara — 1] x 1000). Generally, using the
“peak jumping method” masses 40, 41, 42, 43, 44 and 48 were measured in sequence on
a single faraday cup. Disadvantage of this time consuming method is the small sample
throughput in combination with a reduced internal statistical precision [23]. Other mass
spectrometers (diodelaser resonance ionization mass spectrometry [24] and multicollector
ICPMS [25]) have also been tested for Ca isotope analysis. The main problem of the
ICPMS measurements are isobaric interferences with the argon isotope “°Ar* on mass 40
or 12C'0,% on mass 44. Recent progress in the measurement of Ca isotopes using ICP-MS
has recently been demonstrated by ([26-28]) by using collision or reaction cells to remove
interferering 40 Ar™.

Here we present a new technique using a multi-collector TIMS (Finnigan MAT 262 RPQ+)
in combination with a modified double spike technique improving the statistical uncertain-
ties (internal reproducibility) of Ca isotope measurements and the average sample through-
put. Multicollector techniques have been used previously for Ca isotope analysis [29, 30]
but only for measuring masses 40-42 (first sequence) and 42-44 (second sequence) without

using a double spike.

2.2 Experimental Methods and Mass Spectrometry

2.2.1 3Ca/*8Ca-spike solution

During the mass spectrometric measurement and chemical purification (ion exchange col-
umn chemistry and cleaning procedures) of a sample the calcium isotopes fractionate to a
large extend [31-34]. In order to measure the original Ca isotope composition before any
fractionation introduced by the measurements we apply the Ca double spike technique.

This technique was originally introduced for Ca isotope measurements by Russell et al. [21]
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Table 2.1: Ca spike concentration and isotope composition.

Isotope Concentration (ng/g)
40Ca 8.86
2Ca 0.46
43Ca 47.20
4“Ca 2.91
8BCa 60.00

Isotope Ratio Value
40Ca/*8Ca 0.147729
2Ca/*8Ca 0.007668
43Ca/*Ca 0.786624
4 Ca/*8Ca 0.048534
4Ca/Ca 0.328537

who used a Ca double spike enriched in 2Ca and ®Ca. In contrast we use a spike enriched
in 43Ca and #8Ca being those isotopes with the lowest natural abundance beside 46Ca. A
basic request is that the isotope composition of the spike has to be well known and that
the spike material is depleted in “°Ca and *Ca being the isotopes of interest (Tab. 2.1).
The 43Ca/*®Ca double spike is added to the sample prior to chemical purification. In the
mixture (spike + sample) most of the 3Ca and **Ca comes from the spike whereas most of
the °Ca and #4Ca is from the sample. From the measured °Ca/4¥Ca and #4Ca/*®Ca and
the knowledge of the 43Ca/#¥Ca ratio of the spike we can correct for all not naturally intro-
duced fractionations of the Ca isotopes during chemical purification and mass-spectrometer
measurement. Measured **Ca/4°Ca ratio have to be corrected for #*Ca and *°Ca intro-
duced by the addition of the Ca spike solution. We adjusted the sample to spike ratio in
a way that about 90 % of “8Ca and *3Ca originated from the spike. We found that this

sample to spike ratio guaranteed most reliable Ca isotope measurements.

2.2.2 Sample preparation and sample loading

In order to perform the measurements we use three different Ca standards: (1) calcium
carbonate powders (NIST SRM 915a, Johnson Matthey lot No. 4064 and lot No. 9912,
also used by [21]), (2) an international seawater salinity standard (IAPSO) and (3) CaFs
for the comparison with previous studies and for normalization procedures.

We mixed a Ca standard solution (1) with a concentration of about 500 ngc,/pL from

250 mg of the NIST SRM915a standard which was dissolved in 4 mL of ultrapure 2N HNO5
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and then further diluted with 196 mL ultrapure HoO. The Johnson Matthey calcium car-
bonate standards have been dissolved in ultrapure HCI resulting in concentrations of about
220 ngcy /nL.

Furthermore, a seawater standard solution (2) was mixed from a 100 uL batch of the IAPSO
seawater standard and about 12.66 mL of the 43Ca/48Ca double spike solution. This mix-
ture was evaporated to dryness and then redissolved in 1 mL of ultrapure 2.5 N HC1. 500 pLL
of this solution were loaded onto ion exchange columns (length: 215 mm, diameter: 2 mm;
cation exchange resin: Biorad AGW 50x8, 200-400 mesh) in order to extract the Ca-
fraction. After rinsing the columns with 14 mL 2.5 N HCI the Ca-fraction was collected,
evaporated and then redissolved in 50 pL 2.5 N HCI.

A CaF;y (3) standard was prepared from a piece of natural fluorite dissolved in 6 N HCI
and diluted with ultrapure HyO to a concentration of about 100 nge, /nL.

For the purpose of mass spectrometric Ca isotope measurements we added 30 uL of the
double spike solution to 100 ng of Ca of the sample resulting in a spike to sample ratio
of about 1 to 28. The mixture of spike and sample is evaporated to dryness and then
redissolved in 1 to 2ulL of ultrapure 2.5 N HCI in order to guarantee complete chemical
equilibrium.

For the TIMS measurements zone refined rhenium ribbon single filaments are used in com-
bination with a TasOs-activator and the so called “sandwich-technique” following a method
previously published by Birck [35]. About 0.5 nL TagO5 activator solution is first added on
the filament and heated to near dryness at a current of about 0.7 A. Then 1 to 2 pLL sample
solution with concentrations of 200 to 400 ngc, /nL were added on top of the activator so-
lution and again heated close to dryness at 0.7 A. Another 0.5 nL of the activator were then
loaded onto the filament and heated at 0.7 A to dryness. Finally, the filament was heated
to 1.5 A and left there for about 20s. Finally, the electrical current was increased until a
weak red glow is visible followed by an immediate shut down of the electrical current. The
activator solution stabilizes the signal intensity resulting in a precise measurement of the

Ca isotopic composition of the sample/spike mixture.

2.2.3 TIMS multicollector measurement procedure

All Ca isotope measurements were carried out at the GEOMAR mass spectrometer facili-
ties in Kiel, Germany and at the “Goéttinger Zentrum fiir Geowissenschaften” (Gottingen,
Germany). Both institutes are equipped with a Finnigan MAT262 RPQ+ mass spectrom-

eter which are operated in positive ionization mode with a 10kV acceleration voltage and a
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Figure 2.1: The cup configuration for Ca isotope measurement on a Finnigan MAT 262 RPQ+
mass spectrometer can be seen. In a first sequence “°Ca*t, 4'K+, 42Ca*t and *3Ca™ are measured.
In a second sequence 4*Ca*t and “3Ca* are measured. Cup 6 is a fixed cup. Cup 10 is attached to
cup 9 and cup 2 is attached to cup 3.

10M Q resistor for the faraday cups. The instruments are equipped with nine faraday cups
(2-10) as detection system but can not account for the dispersion of the whole Ca isotope
mass range from 40 to 48 amu, respectively.

The faraday cups are moveable and are arranged in a way to allow the simultaneous mea-
surement of all Ca isotopes in two sequences. During the first sequence (1) the masses of 40,
41, 42, and 43 are measured simultaneously and during the second sequence (2) the masses
44 and 48 are measured seperately (Fig. 2.1, Tab. 2.2). Note, that with this arrangement
of the cups it is also possible to measure the low intensity of 6Ca in the second sequence
using the ion counting system. Mass 41 is measured in order to monitor interfering 0K+
(0K /4K =1.7384 x 1073).

To start the measurement, the filament is heated automatically to 2600 mA (corresponding
to a temperature of about 1450°C) at a rate of 200-240 mA /min. While heating up a cup
gain calibration was carried out. After this first heating the signal was focussed and peak
centering was performed. Then the filament was heated manually up to about 3000 mA
(corresponding to about 1500-1580°C). When the intensity of the ion beam reached 3-
5x 107 A on mass 40 data acquisition was started (temperatures at this point usually
are 1500 to about 1600 °C). Before each block the baseline was recorded with closed beam
valve (16s integration time). Data acquisition summarizes 11 scans to one block. A min-
imum of 6 blocks corresponding to 66 scans was measured. Data acquisition was stopped
when the 20-standard deviation (20eqn) of the #4Ca/*¥Ca and 4°Ca/4®Ca ratios was lower
than 0.15 %.

A set of experiments were performed to find the ideal integration and idle times. The
integration and idle times have been varied between 1 and 8s. The experiments using 2 sec

integration and 1 sec idle time show the highest #4Ca/4°Ca ratios while longer integration
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Table 2.2: Cup positions for Ca isotope multicollector measurements.

Cup # distance from the center cup (mm) Mass (amu)
GEOMAR, Kiel GZG, Gottingen 1%'sequence  2"%sequence
2 +28.36 +30.15 - 48
3 +25.15 +26.94 - -
4 +19.07 +19.41 43 -
) +3.15 +3.58 42 -
6 0.00 0.00 - -
7 —10.42 —9.46 - -
8 —12.23 —12.83 41 -
9 —25.33 —25.42 - -
10 —27.17 —28.29 40 44

Note: Differences in cup positions between the two spectrometers are due to slightly differ-
ent effective acceleration voltages. At both mass spectrometers cup 10 is attached to cup
9 and cup 2 is attached to cup 3 due to specific requirements. The distances between cup
9 to 10 and cup 2 to 3 are different for both machines. The largest possible distance for
the outer cups 10 and 2 is about 30 mm relative to the fix center cup.

and idle times result in lower 41Ca/4°Ca ratios (Fig. 2.2). Presumably, if the idle time is
short (1s), the 4°Ca signal is not completely disintegrated before recording the **Ca sig-
nal. In order to guarantee complete disintegration of the 4°Ca signal on the faraday cup we
chose 4 seconds of integration and idle time for both sequences under measuring conditions.
Table 2.3 shows a summary of the experimental conditions for Ca isotope analysis using

TIMS.

2.2.4 lIsobaric interferences and cluster-ions

The most obvious interference on the Ca isotope system arises from 4°K* because in
all isotope measurements carried out K was present to various extend. The isobaric
interference of 4°K7* interfering with 4°Ca* can be corrected by monitoring mass 41
(0K /4K =1.7384 x 1073). In general, the intensity on mass 41 is less than 1074 A when
measurement started. Thus, an interference correction is negligible because only signals in
the order of 10~ A on mass 40 would request a correction.

Further possible isobaric interference arise from magnesium fluoride (MgF ™). These molec-
ular ions would interfere on masses 43 (**Mg!F*) and 44 (¥Mg!%FT). By monitoring
(3Mg!9FT) at mass 45 detailed studies indicated no significant isobaric contributions on
43Cat and #Ca™, respectively. Another group of isobaric interferences may arise from Mg-

and Al-oxides interfering on mass 40 (2*Mg!00O™) and 43 (2"A1'60"). These interferences
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Figure 2.2: Set of measurements with different integration times and different integration to idle
time ratios. The measurements with a 2 second integration time and 1 second idle time (integration
time to idle time ratio = 2) show the highest 44Ca/%°Ca ratios. However, increasing the idle time
to 4 seconds results in lower **Ca/4°Ca ratios independent from the ratio of the integration time

to idle time.

Table 2.3: Experimental conditions used for Ca isotope analysis by TIMS

Property Setting
accelerating voltage 10kV
amplifier resistor 101

source vacuum
analyzer vacuum
reference cup

cup gain calibration
baseline

peak centering
data collection

analyzing temperature

4-8 x 10~% mbar

5-9 x 1079 mbar

10

before each sample

each block

delay time: 10s

integration time: 16s

closed valve

every 3rd block

blocks per run: >6

scans per block: 11
integration time: 4s (both sequences)
idle time: 4s (both sequences)
1500-1580°C
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can not be monitored. However, Mg/Ca and Al/Ca ratios are generally low in our samples,
therefore we consider possible interferences to be negligible. Interferences from *8TiT and
double charged 84Sr2+, 8682+ and ®8Sr?t (masses 42, 43 and 44) were not observed.

Whereas no MgF ™ has been observed some other fluorides like CaF* (masses 59-67), StF+
(masses 103-107) and BaF*t (masses 152-157) have been detected. The highest signals of
CaF™ have been observed at temperatures of about 1500°C with an intensity on mass 59
(0Cal?FT) of about 80x 10714 A. Measurements showed that the CaFT molecules (masses
61, 62, 63 and 67) decrease in several minutes to background levels which inhibited a

quantitative determination of their Ca isotopic composition.

2.2.5 Peak shape defects

Fletcher et al. [29] reported peak shape defects using a wide-dispersion multi-collector
mass spectrometer. They showed that the peak shapes from the outer cups are asymmetric
limiting the range of measurable mass dispersion. We also found these peak-shape defects
for the outer cups (Fig. 2.3) but the asymmetry is less pronounced than reported by Fletcher
et al. [29]. By narrowing the aperture slits the asymmetry of the peak shapes can be
reduced. However, measurements with and without the aperture slits do not show any
significant influence on the Ca isotope ratios. Therefore, we conclude that the small peak

shape defects observed are negligible.

2.3 Double Spike Correction

2.3.1 Ca Double Spike Data Reduction Algorithm

The results of the measurements have to be corrected for the added *3Ca/*®Ca double spike.
We use an iterative routine based on an algorithm presented by Compston and Oversby
[36] and originally designed for lead isotope analysis. In this algorithm the linear fractiona-
tion terms have been replaced by terms which allow a correction following the exponential
law. The use of the exponential law was proposed by Russell et al. [21] and later by Hart
and Zindler [37] to be more suitable for fractionation correction of the Ca isotope system.
(Fig. 2.5, equations (2) and (8)). The basic ideas are visualized in Fig. 2.4 where it is
schematically illustrated that the measured Ca isotope ratios of the sample/spike mixture
(40Ca/*Ca)meas, (¥Ca/*BCa)meas, (**Ca/*®Ca)meas do not plot on the ideal mixing line
due to the mixing of spike and sample solution having different Ca isotope composition
and due to isotope fractionation during mass spectrometer measurement.

This problem can be solved by an iterative method as it is visualized in the flow chart of
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Figure 2.3: (a) The peak shapes of cup 6 and of the two outermost cups 2 and 10 are visualized. It
can be seen that the peak shapes of the two outermost cups are asymmetric relative to cup 6. (b)
Detailed comparison of expected vs. measured peak shape for cup 10. A peak shape defect can be
seen resulting in an asymmetry at the high energy side.

Fig. 2.5. Iterative solutions to the “exponential double spike” problem have also been pre-
sented by [9, 38, 39] based on the routines of Compston and Oversby [36] or other routines
[e.g. 40-42].

The algorithm presented in Fig. 2.5 starts with a first approximation of the spike to
sample ratio Q (Q:48Ca@mm,le /48Caspike). Q can be calculated based on the measured
(10Ca/*Ca)meas ratio (Quso) in equation (11)) and from the (**Ca/*Ca)peqs ratio
(Qus(44) in equation (12)). Note, that the (**Ca/*¥Ca)sqmpie and (**Ca/*®Ca)sampie val-

ues in equation (11) and (12) for this first cycle of the algorithm correspond to either
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Figure 2.4: Three dimensional illustration of the Ca isotope composition of the spike, sample and
the spike/sample mixture. Dotted lines represent fractionation curves. The values of the “mix”
point has to be calculated from the “measured” point by an iterative approach. For calculation the
well known Ca isotope ratios of the “spike” are used and for the “sample” ratios as start parameters
the previously published values of Russell et al. [21] are adopted

the 4°Ca/*¥Ca and **Ca/4®Ca [18]of a Ca standard or to the measured *°Ca/*®Ca and
44 (Ca/*®Ca of the unspiked sample. Of course, calculated Qug(40) and Qygaq) are differ-
ent but serve as base for the first approximation (equation (1)) of the **Ca/4¥Ca ratio
((*3Ca/*®Ca)carc). Qus is the arithmetic mean of Qug(4p) and Qugae) (equation (13)).
Then, a first approximation of the fractionation factor § can be estimated (equation
(2)) from the calculated (*3Ca/*Ca)qq. and the measured (**Ca/*¥Ca)peqs Tatios. From
the equations (3) and (4) fractionation factor § allows to calculate improved values of
(40Ca/*Ca)cqe and (4Ca/*8Ca) e from (*°Ca/*Ca)meas and (**Ca/*¥Ca)pmeqas. In equa-
tion (5) a first approximation (*°Ca/4Ca).q. and from equation (7) a first estimate of the
anticipated (44Ca/40Ca)sample_new can be calculated. Comparison of (44Ca/4OCa)Sample
and (*Ca/4°Ca) sample—new N equation (8) allows the calculation of a fractionation fac-
tor (fu) and a new estimate of the (**Ca/**Ca)sampie—new ratio (equation (9)) and the
(40Ca/*Ca) sample—new Tatio (equation (10)). With the latter values algorithm will start
again at equation (11) and (12). The iterations converge rapidly already after about 4 to
5 cycles the difference between Qug(40) and Qug(44) becomes lower than about 1076 and

calculations can be terminated.
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Figure 2.5: Flow chart of the numerical algorithm applied to determine the original
(44Ca/*%Ca)sample ratio from the (°Ca/*¥Ca)meqas and (44Ca/*®Ca)peqs ratios. meas = measured
Ca isotope ratios of the spike/sample mixture; spike = Ca isotope ratios of the pure spike; sample
= Ca isotope ratios of the pure sample or a standard material; calc = calculated Ca isotope ratios

after first fractionation correction; sample-new

correction being the “sample” values for the next cycle.

Ca isotope ratios after a second fractionation
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Figure 2.6: Calculation of **Ca/%°Ca with different starting values for the (“°Ca/**Ca)sampies
(43Ca/mCaL)mmple and (44Ca/mCaL)mmple in the Ca double spike correction algorithm. Squares
represent [UPAC values [44] and diamonds represent the Ca isotope ratios presented by Russell et
al. [21]. In general the §**Ca values based on the IUPAC Ca isotope ratios tend to be lower than
those of the Russell values and show deviations associated with the sample to spike ratio.

2.3.2 Start Values for the lterative Ca Double Spike Correction

As described in the previous section (2.3.1) the values of the (1°Ca/**Ca)sumpic,
(43Ca/*Ca) sample and (*Ca/*Ca) sample 10 our double spike correction algorithm can ei-
ther be the 4°Ca/*®Ca, 43Ca/*®Ca and **Ca/*®Ca ratios of a standard or of the unspiked
(pure) sample. A set of experiments was performed in order to find an optimal “standard”
isotopic composition as starting values for the (*°Ca/*®Ca) sample (43Ca/*Ca) sample and
(*Ca/*Ca) sample for carbonate samples.

Two different batches of the NIST carbonate standard have been prepared, one with a
spike to sample ratio about 30 % larger (overspiked) than usual and a second batch with
a spike to standard ratio about 30 % less (underspiked) than usual. All 4Ca/4Ca results
were calculated using the 49Ca/*®Ca, 43Ca/*Ca and *Ca/*8Ca isotope ratios published
by Russell et al. [21] (“Russell values”) or using the Ca isotope composition published
by Moore and Machlan [43] and defined by the IUPAC (“IUPAC values”) as the natural
Calcium isotope composition [44] (Fig. 2.3.2).

The 6**Ca values for the underspiked (b), the normal spiked (90 % of the *3Ca and *8Ca
originated from the spike) (a) and the overspiked (c) measurements are in the same range
using the “Russell values” (6% Ca~ —1.3 %0). Using the “TUPAC values” for the normal
spiked standard a shift (Ad) of about 0.43 %o towards lighter values is observed. This
shift is smaller for the underspiked standard measurements (Ad=0.32 %o) but larger for
the overspiked standard measurements (Ad = 0.64 %o). Therefore we suggest to use the Ca

isotope ratios previously published [21] as standard isotopic composition being the start
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Figure 2.7: Comparison of **Ca/4°Ca NIST SRM 915a measurements performed with the “peak
jumping method” (a) and the “multicollector technique” (b). Dotted lines represent 2 standard
deviations of the mean (20,,can)-

values in our Ca double spike correction algorithm.

2.4 Results and Discussion

2.4.1 “Peak Jumping” Versus “Multicollector Isotope Measurements”

In Fig. 2.7 we compare “*Ca/4°Ca isotope ratio measurement performed by the common
“peak jumping method” with the new “multicollector technique”. During peak jumping
masses 40, 42, 43, 44 and 48 have been measured on a fixed Faraday cup (cup 6) with 4
sec integration and 4 sec idle times. The baseline was recorded at the end of each block
with closed beam valve. Similar to the multicollector method 11 scans have been recorded
as a block. Fig. 2.7 shows the #Ca/4°Ca ratio for (a) the “multicollector measurements”
and (b) the “peak jumping measurements” of the NIST SRM 915a. We found that the in-
ternal reproducibility for the 1°Ca/*¥Ca and #1Ca/4®Ca ratios of a multicup measurement

is generally better than about 0.15 %o, whereas for the single cup measurements statistical
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uncertainties vary to larger extend from 0.090 %o to 0.304 %o. Most likely, the latter obser-
vation reflects the enhanced sensitivity of the “peak jumping” method to fluctuations of
the beam intensity. Using the “peak jumping method” about 3—4 samples can be measured
during one day. However, applying the “multicollector technique” the sample throughput
per day is at least 3 times higher.

The results for the 44Ca/4’Ca ratio determined by the single cup measurements range
from 0.021226 to 0.021235 and the values of the multicup measurements are in a range
from 0.021224 to 0.021235. Within the statistical uncertainty the mean value of the
single cup measurements (*Ca/*Ca = 0.0212306(18), §**Cacap, = —1.35%0) is in ac-
cord with the mean value of the multicup measurements (**Ca/4°Ca = 0.0212290(07),
544Ca0ap2 = —1.43 %0). Note, that the mean value calculated from the multicup measure-
ments are more precise because of the larger number of available measurements. The
average deviation of one single measurement from the mean value standard deviation (vari-
ance: 10 =0.000003) is similar for both techniques. As our **Ca/*®Ca double spike is not
calibrated for the determination of the absolute **Ca/4°Ca ratio the above values do not
represent the true isotopic composition of the NIST SRM 915a calcium carbonate standard.
In order to further verify our new multicollector technique we also measured the two John-
son Matthey CaCOj3 standards. Using our new technique we were able to confirm earlier

results by Russell et al. [21] that there is a difference of 12 %o between these two standards.

2.4.2 Reproducibility of 5*‘Ca

We also used our new multicollector technique for repeated measurements of the CaFs-
standard and the NIST SRM 915a carbonate standard. Fig. 2.8a shows the results of about
120 measurements of CaFy and fig. 2.8b of nearly 90 measurements of the NIST standard.
The long term mean of all #4Ca/4°Ca measurements of the CaFj-standard is used for
normalization of the §**Ca values. The average §**Ca value of the CaF, measurements is
(0.00 £0.05) %o and the §**Ca value of the NIST standard is (—1.45 4 0.05) %o. The given
statistical uncertainty represent 20 deviation of the mean (20,,eq4n)-

The §*4Ca values of the CaF5 have a 1o standard deviation of 0.25 %o. However, the values
vary within a relatively wide range between —0.7 %o and +0.8 %o. The 1s standard deviation
of the last 30 measurements is 0.35 %owhile it is 0.18 %o for the first 90 measurements. The
reasons for this pejoration of the external reproducibility remains unclear. Contamination
of either the standard solution, the double spike solution or the TasOs activator solution

should lead to a noticeable shift in the §**Ca values in one direction and not to the observed
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Figure 2.8: §4Ca values of (a) CaF5 and (b) NIST SRM 915a measurements. Note, all §**Ca values
are normalized to the long term measurements of the *4Ca/4°Ca ratio of the CaFy standard. Solid
lines represent mean §*4Ca ratios and dashed lines represent the 1s standard deviation.

pejoration of the reproducibility.

The range of the §**Ca values of the NIST SRM 915a measurements vary between —2.0 %o
and —0.8 %o. However, the 1o standard deviation of all measurements is 0.22 %o. Opposite
to the CaFy measurements the range of the §*Ca values is not changing significantly during
the measurement period. The reason for this is that we did not measure NIST in the time

interval we observed the increase in 1s standard deviation of the CaF9 measurements.
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Abstract

A compilation of §*4Ca data sets of different calcium standard material is presented, based
on measurements in three different laboratories (Institute of Geological Sciences, Berne;
Centre de Géochimie de la Surface, Strasbourg; GEOMAR, Kiel) to support the estab-
lishment of a Ca isotope reference. Samples include a series of international and internal
Ca-standard material, such as NIST SRM 915a, IAPSO, seawater, two calcium carbonates
and a CaF, standard. The deviations in §*Ca for selected pairs of standards have been de-
fined, and are consistent within statistical uncertainties in all three laboratories. The focus
has been put on the pair seawater and NIST SRM 915a, i.e. an important geological reser-
voir and an international available pure Ca standard. The difference of §*4Ca of seawater
to NIST 915a is defined as 1.88 4-0.04 %o. The conversion of NIST SRM 915a related values
to seawater can be described by the simplified equation 544Ca5a/5w = 544Caga/NIST —1.88.
We suggest referring Ca isotope data to average seawater as common reservoir, while using

NIST SRM 915a as secondary standard.

3.1 Introduction

Calcium (Ca) is an abundant element both in marine and in terrestrial systems (Broecker
& Peng, 1982). Previous investigations have shown that calcium isotopes are a powerful
tool for studying geological, biological and climate-related processes (Skulan et al., 1997;
Zhu & McDougall, 1998; Skulan & DePaolo, 1999; Négler et al., 2000; de la Rocha &
DePaolo, 2000). The significance of calcium isotope data for oceanography has recently
been demonstrated (Négler et al., 2000; de la Rocha & DePaolo, 2000).

Applying high precision mass-spectrometric methods and a double spike technique rela-
tively small natural fractionation of calcium isotopes can be resolved (Russell et al., 1978).
The latter represents a reconnaissance study on the determination of calcium isotopic frac-
tionation in meteoritic and terrestrial samples. Further work deals with the biological
control of the calcium isotopic abundance and its significance for biochemistry (Skulan et
al., 1997; Skulan & DePaolo, 1999). Studies on cultured and natural single species plank-
tonic foraminifera has shown that temperature-dependent biological fractionation occurs.
Based on these investigations calcium isotopes are established as an alternative sea-surface
temperature proxy (Zhu & McDougall, 1998; Nigler et al., 2000). Further the calcium
isotope ratio of modern seawater is homogeneous in worldwide oceans within analytical
uncertainties (Zhu & McDougall, 1998; De La Rocha & DePaolo, 2000; Schmitt et al.,

2001). This is expected in view of the long residence time of calcium (1Ma; Broecker &
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Peng, 1982) compared to the mixing time of ocean water of about 1.5 kyr (cf. Broecker
& Peng, 1982). In addition, the knowledge of Ca isotopic composition of seawater, river,
terrestrial and biological samples has made it possible to use Ca isotopes as a tool for
quantifying the marine calcium cycle (Zhu & McDougall, 1998; De La Rocha & DePaolo,
2000).

Most problematic remains the comparison of data from different laboratories. In order to
be able to compare the Ca isotope data of different laboratories, a common Ca isotopic
standard is necessary. Previous studies dealing with Ca isotopes refer mostly to Ca salts
as laboratory standards. Russell et al. (1978) gave a precisely defined reference value for
the #2Ca/**Ca ratio of 0.31221 4-0.00002 deduced from two Ca terrestrial standards, two
lunar samples and four meteorites. Skulan et al (1997) normalized the unspiked sample to
this 42Ca/**Ca standard value. They also set an arbitrary but reasonable value for their
4 Ca/*Ca ultrapure CaCOs3 standard ratio of 0.0217 and referred all data to this value.
Therefore, quite different isotopic composition values for seawater, which is the only com-
mon and comparable sample for several Ca isotope studies, have been published (Schmitt
et al., 2001). Russell et al. (1978) and Négler and Villa (2000) used natural fluorite as a Ca
standard free of technical or biological isotopic fractionation. In order to avoid the problem
of interlaboratory bias Zhu & McDougall (1998) and Schmitt et al. (2001) proposed to use
seawater as a common standard.

Seawater is largely available and represents a major natural Ca reservoir. However, the
inconvenience is that Ca isotope measurements of seawater require a calcium separation
technique prior to analyses. The CaCOsg reference powder of the National Institute of
Standards NIST SRM915a, used by Halicz et al. (1999), would be an alternative and
is proposed here as future reference standard. However, it is not related to a geological
reservoir.

An interlaboratory Ca-workshop in autumn 2001 held at the GEOMAR research institute
in Kiel, Germany, encouraged us to compile our data about international and internal stan-
dard material. The main goal of this study is twofold: (a) Several standards (including
seawater) used in previous studies (Russell et al., 1978; Skulan et al., 1997; Zhu & Mc-
Dougall, 1998; Nagler et al., 2000; Schmitt et al., 2001) are to be cross-calibrated; (b) the
Ca isotope fractionation between seawater and NIST SRM 915a should be defined. The
latter calibration allows the use of the convenient NIST SRM 915a standard during measure-
ments periods while referencing the results to the Ca seawater reservoir. The cooperation
of the three institutes at Berne, Strasbourg and Kiel enables calibrations independent of

laboratory specific biases.
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3.2 Sample material

NIST SRM 915a is a Ca standard provided by the National Institute of Standards, USA.
Aliquots of Johnson Matthey Ca carbonate standards Lot. 9912 and Lot. 4064 were
provided by courtesy of Dr. A. Papanastassiou. These standards have been previously
measured at the CALTECH by Russell et al. (1978). An extreme technical fractionation
has been observed for Lot. 4064. These standards are included to link our data to Russell
et al. (1978). Because of their wide isotopic range (~ 12 %o §*4Ca) they would also magnify
systematic interlaboratory offsets, if present. A solution obtained from a natural fluorite
(CaF3) sample is used as a standard in Berne (Négler et al., 2000) and Kiel and is added
for comparison. IAPSO standard seawater, batch P135 is a reference seawater material
from the “Ocean Scientific International” and is used at Geomar as seawater reference.
Various seawater samples were taken from different localities and depths. Seawater samples
measured in Berne are listed in the Appendix. For seawater samples from Strasbourg see

Schmitt et al. (2001).

3.3 Methods

All three laboratories used 43Ca/*®Ca double spikes. Absolute isotope ratios defined with
the double spike technique are dependent on the spike calibration procedure and standard
normalization. Thus we present our data as per mil differences relative to a given standard,
in line with previous publications. The isotopic composition of calcium is expressed in the

d-notation (§*4Ca), with the heavy isotope in the numerator analog to light stable isotope

(e.g. 5180):
§MCa = [(MCa/*Ca)sampre/ (**Ca/*Ca)normar — 1] - 1000 (3.1)

Besides natural mass-related variations the calcium isotopic composition differs due to the
production of 4°Ca from the radioactive decay of “°K. Unspiked runs are used as monitor
for possible input of radiogenic calcium. In all analyses of unspiked standards there were
no detectable amounts of radiogenic calcium. This result is in line with the findings of
previous publications for Ca dominated samples (Zhu & McDougall, 1998; Russell et al.,
1978).

Details of analytical techniques are given elsewhere (Négler et al., 2000; Schmitt et al.,

2001) The method of seawater purification in Berne is described in the Appendix.
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3.4 Results and Discussion

The compiled results of different standard measurements are presented in Table 3.1. Un-
certainties given are at the 20 level. Data sets of Bern and Kiel are normalized to the
CaFs-standard, whereas the data set of Strasbourg is referred to an average value of ocean
water. When referred to the same standard, values of all three laboratories are identical
within analytical uncertainties, precluding any interlaboratory bias. Table 3.2 shows the
relative deviations in §**Ca of two pairs of selected standards relative to each other. The
deviations are defined for seawater and NIST SRM 915a and for the two Johnson Matthey
(Lot. 4064 and 9912) standards. Uncertainties reflect the 20 standard error propagated
from Table 3.2. Propagated errors for the difference of the two Johnson Matthey standards
are larger due to the limited number of analyses. The weighted average of the difference
between seawater and NIST SRM 915a is defined to be 1.88 +0.04 %o and 11.84 + 0.16 %o
for the two Johnson Matthey standards. Again the results of all three laboratories are
identical within uncertainties. Further the deviation of both Johnson Matthey standards
measured by Russell et al. (1978; §*4Ca = 11.80 %) is equal to the weighted average of the
three laboratories.

Present and previous measurements at Berne, Geomar and Strasbourg of Ca isotopic com-
position of modern seawater, including IAPSO support earlier observations of Ca-isotopic
homogeneity between the world oceans and within different water depths. Therefore, as
suggested by Schmitt et al. (2001) and Zhu & McDougall (1998), Ca isotopic data can be
related to seawater as geological reference.

Analog to the equations given by Stosch (2002; G1.192) for oxygen isotopes the theoretic
conversion of §**Ca-values related primary to NIST SRM 915a in §**Ca-values related to

seawater could be correctly described in the following manner:
" Cagasw = [(10726" Caganisr + 1) (106" Canrsrysw + 1) — 1] - 1072 (3.2)

The subscripted indices in the formula correspond to the deviation sample-seawater
(544Casa/5w) and sample-NIST SRM 915a (544Casa/NIST). As listed in Table 3.3 the favor-
able value to describe the relation between NIST SRM 915a and seawater (6**Cay; ST/Sw)

is defined to be the weighted average of —1.88+0.04 %o.
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Table 3.3: The §*4Ca ratios of modern seawater measured at the Institute of Geological Sciences,
Berne

Location Sample  Depth 6*Ca 20 st.dev
Indian Ocean (Southern Arabian Sea) 24 CTD  Surface 0.52 +0.12
Atlantic Ocean (S. England) ATL-OC Surface 0.42 +0.15
Pacific Ocean (North Rift Zone) 52 CTD 1637m 045 +0.15

TAPSO standard seawater (batch P135) TAPSO  Surface 0.54 +0.19

Uncertainties reflect the 20 standard error of the measurement
§*Ca values of modern seawater are normalized to CaFy-standard
Sample ATL-OC was previously measured by Schmitt et al. (2001)

Within the existing analytical precision, equation (3.2) can accurately be approximated
by
5" Cagy s = 6" Cagyynrs — 1.88 (3.3)

It is recommended here to use NIST SRM 915a regularly as secondary standard and refer

data to seawater composition applying formula [3.3].

3.5 Summary and Conclusion

A set of Ca-standard materials provides consistent §**Ca ratios within statistical uncer-
tainties in three European laboratories (Berne, GEOMAR, Strasbourg). In particular, the
relative deviation of §**Ca of two pairs of standards (seawater-NIST, Johnson Matthey
Lot. 4064-9912) to each other shows very good correspondence, the latter being further
compatible with previous results of Russell et al. (1978). Therefore, no bias correction is
necessary and the Ca isotope data of the three laboratories are directly comparable with
each other when expressed in §**Ca notation.

Seawater and NIST SRM 915a are potential common calcium reference materials. The dif-
ference of §**Ca of seawater to NIST SRM 915a is accurately defined as 1.88 + 0.04 %o. The
simplified descriptive equation for this relation is §*4Cag, /Sw = §*Cag, /N1sT — 1.88. We
propose to use this relation in further studies to refer Ca isotope data to average seawater

as common reservoir, while using NIST SRM 915a as secondary standard.
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Appendix: Purification of seawater samples in Bern

5L seawater was processed through chemical separation. A 43Ca/48Ca double spike was
added to the samples prior to purification of Ca. microcolumns containing 10 uL. AP-MP-
50 (200-400 mesh) cation exchange resin and a HCI chemistry were used. This is necessary
to remove remaining interfering elements such as potassium and strontium that might act
as potential isobaric interferences. The chemical efficiency for Ca is close to 100%. Total
procedural blanks in our work were below 1ng and therefore have a negligible effect on the

isotopic data.
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Abstract

The calcium isotope ratios (6**Ca = ((44Ca/40Ca)sample/(44Ca/4OCa)smnde — 1) x 1000)
of Orbulina universa and of inorganically precipitated aragonite are positively correlated
to temperature. The slopes of 0.019 and 0.015 %0 °C~!, respectively, are a factor of 13 and
16 times smaller than the previously determined fractionation from a second foraminifera,
Globigerinoides sacculifer, having a slope of about 0.24 %0°C~! (Négler et al., 2000). The
observation that 6*4Ca is positively correlated to temperature is opposite in sign to the
oxygen isotopic fractionation (6'¥0) in calcium carbonate (CaCOj3). These observations
are explained by a model which considers that Ca?*-ions forming ionic bonds are affected
by kinetic fractionation only whereas covalently bound atoms like oxygen are affected by
kinetic and equilibrium fractionation. From thermodynamic consideration of kinetic iso-
tope fractionation it can be shown that the slope of the enrichment factor «(T) is mass
dependent. However, for O. universa and the inorganic precipitates the calculated mass of
about 520 + 60 and 640 + 70 amu (atomic mass unit) is not compatible with the expected
ion mass for “°Ca and **Ca. To reconcile this discrepancy we propose that Ca diffusion
and 0**Ca isotope fractionation at liquid/solid transitions involves Ca?*-aquocomplexes
(Ca[H0],,2*-m H0) rather than pure Ca?*-ion diffusion. From our measurements we cal-
culate that such a hypothesized Ca?T-aquocomplex correlates to a hydration number of up
to 25 water molecules (490 amu). For O. universa we propose that their biological mediated
Ca isotope fractionation resembles fractionation during inorganic precipitation of CaCQOg
in seawater. In order to explain the different Ca isotope fractionation in O. universa and in
G. sacculifer we suggest that the latter species actively dehydrates the Ca?t-aquocomplex
before calcification takes place. The very different temperature response of Ca isotopes in
the two species suggests that the use of §**Ca as a temperature proxy will require careful

study of species effects.

4.1 Introduction

The important role of calcium (Ca) in biological processes is based on its chemical versa-
tility which is related to its highly adaptable coordination geometry, its divalent charge,
modest binding energies, fast reaction kinetics and its inertness in redox reactions (cf.
Williams, 1989; Williams, 1974). It was suggested that changes in the calcium concentra-
tion, together with changes in seawater alkalinity and pH, were a major driving force for
the onset of biomineralization and the alternating mineralogy of marine carbonate precip-

itation observed throughout Earth’s history. However, there are only a few data sets that
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link seawater concentrations or calcium isotope ratios to Earth’s biological evolution (cf.
De La Rocha and DePaolo, 2000; Arp et al., 2001; Wallmann, 2001; Stanley and Hardie,
1998; Kempe and Degens, 1985; Degens, 1979).

Natural fractionation of Ca isotopes in surface processes is reported to be relatively small
(cf. Heumann et al., 1970; Heumann and Lieser, 1972; Heumann et al., 1982; Stahl and
Wendt, 1968) requiring high analytical precision to be resolved. Russell et al. (1978) first
combined modern high-precision mass spectrometry with the application of the Ca double
spike technique in order to determine isotope fractionation in terrestrial and cosmic ma-
terials. Skulan et al. (1997, 1999) focused their attention on the biological control of the
Ca isotopic composition. They analyzed Ca from various marine organisms and concluded
that Ca isotope fractionation is relatively uniform in magnitude among vastly different or-
ganisms and that Ca becomes isotopically lighter when it moves through food chains. Zhu
and MacDougall (1998) suggested that Ca isotope data from foraminifera of a given species
may significantly vary with ocean water temperature and /or depth and showed that there is
a 0.6 %o difference in the §**Ca ratios between G. sacculifer from the Holocene and the last
glacial maximum (LGM) of the equatorial Pacific (Zhu and MacDougall, 1998). Utilizing
recent estimates of sea surface temperature change since the Last Glacial Maximum (Lea et
al., 2000), this 0.6 %o difference would reflect a temperature change of about 3°C. A more
systematic study of §**Ca-temperature relationships in the cultured planktonic foraminifera
Globigerinoides sacculifer, demonstrated a clear temperature dependence over a tempera-
ture range from 19.5 to 29.5°C (Nigler et al., 2000). The calculated §**Ca-temperature
slope of about 0.24 %o °C~! was similar to the observations of Zhu and MacDougall (1998).
Further, Nigler et al. (2000) found a 0.7 %o difference in §*4Ca of fossil G. sacculifer be-
tween Holocene and LGM core sections of equatorial Atlantic core GeoB1112. Thus, a
significant temperature dependence of §**Ca has been established for G. sacculifer. The
magnitude of the temperature sensitivity is similar to that for oxygen isotope ratios (§80)
although the positive slope for §*4Ca is opposite in sign compared to other stable isotope
systems like oxygen (O), carbon (C) and boron (B) where isotope fractionation is inversely
related to temperature (Zeebe and Wolf-Gladrow, 2001).

In a further study, De La Rocha and DePaolo (2000) used an intertidal benthic foraminifer,
Glabratella ornatissima, to establish a 6**Ca-temperature relationship. Although the au-
thors claim that this species does not display a temperature relationship, in our opinion
the small temperature range (8.5-10.8 °C) used for calibration and the scatter of their data
do not allow for a definitive conclusion.

The discrepant statements concerning temperature controlled §*4Ca isotope fractionation
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reflect the absence of a thermodynamic model describing temperature dependent inorganic
or biologically mediated §**Ca fractionation. In order to address this problem, we sys-
tematically investigated the temperature dependent §*4Ca fractionation of inorganically
precipitated aragonite and of another cultured planktonic foraminifera, O. universa, and

compared the results with the earlier measurements on cultured G. sacculifer.

4.2 Materials and Methods

4.2.1 Inorganic precipitation of aragonite: experimental setup

The setup for inorganic precipitation of aragonite is described in detail in Dietzel and
Usdowski (1996). The experimental set up consists of two bottles: a 0.51 polyethylene
(PE) bottle, containing 35 g solid NaHCO3 which is saturated with COy gas from a tank
with a pressure of 1 atmosphere. The inner bottle is surrounded by a 51 container filled
with a Ca-Mg-Cl solution (Ca: 0.01 mol/l; Mg: 0.02mol/l) and selected trace metals. The
concentrations of Ca, Mg and Cl and the Ca: Mg : Cl ratios in the solutions used for the in-
organic precipitation of aragonite, were chosen to gain pure aragonite precipitation and are
different from modern seawater. In particular, the solutions contained no sulfate, although
in seawater about 10 % of the solved Ca is complexed by sulfate ions. The issue here is
to gather first order information on the kinetics of inorganic Ca isotope fractionation and
its temperature dependence, rather than to investigate the complexities of the open ocean
environment. Reagent grade chemicals (Merck p.a.) and pure gases (Messer-Griesheim
COq: 99.995 vol.%) were used for the experiments. Only about 2 % of the dissolved Ca was
precipitated, so that the isotopic composition and concentration of Ca remained nearly
constant during the experiment.

When CO, diffuses through the PE walls, CaCOg precipitates as aragonite within the
Ca-Mg-Cl solution. Each experiment was terminated when about 100 mg of CaCQO3 were
precipitated. At temperatures of 10°C and 50°C (£ 0.3°C) about 20 days and about 2 days
were needed for the precipitation of about 100 mg aragonite, respectively. The aragonite
was grown at a pH of 9.0, which was kept constant during the entire experiment in order
to prevent the formation of brucite. The entire experiment was carried out in an inert
Ns-atmosphere. After termination of each experiment the precipitated solids were removed
from the outer solution by filtration through a 0.2 pm membrane filter under nitrogen at-
mosphere. Some additional solids were mechanically removed from the outside of the 0.51
bottle. The solids were washed with double distilled water until the remaining solution was

chloride free and dried at 30°C. The mineralogical composition of the solids was identified
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by X-ray diffraction (goniometer type Philips PW 1130/1370) and infrared spectroscopy
(Perkin Elmer FTIR 1600) at the University of Géttingen, Germany.

4.2.2 Culture Experiments (O. universa)

Foraminifers were maintained in laboratory cultures between 10.5°C and 29.3°C (£ 0.2°C)
at either the Wrigley Institute for Environmental Science on Santa Catalina Island (Califor-
nia, USA) or at the Isla Magueyes Marine Laboratory on Puerto Rico. Orbulina universa
were collected by scuba divers and were grown in 0.8 pm filtered sea water using standard
procedures (Spero, 1998; Spero et al., 1997). All analyzed specimens were collected as ‘ju-
venile’ pre-sphere individuals. The complete precipitation of the spherical chamber which
was used for 6*4Ca analysis occurred under controlled conditions in the laboratory. For
the temperature calibration Orbulina universa were cultured in ambient seawater. The
pH drops with increasing temperature due to the temperature dependent dissociation con-
stants. However, the pH-values varied only between about 8.1-8.3. For studying the effect
of CO32 -changes on the §**Ca, O. universa was cultured at 22°C in seawater containing

137-530 pmol kg~ CO3%~.

4.2.3 Sample Preparation and §**Ca-measurements

For determination of the Ca isotope composition about 1mg of aragonite or 5 to 40 pg
of foraminiferal test calcite were dissolved in 2.5N ultrapure HCl. An isotopically well
defined *3Ca/*¥Ca double spike was added to an aliquot of the solution to correct for
isotope fractionation in the mass-spectrometer during the course of the Ca isotope analy-
sis. The sample-spike mixture was dried and recovered in about 2 pL 2.5 N HCI and then
loaded with a TayOs-activator solution using the “sandwich-technique” (activator-sample-
activator) onto a previously outgassed single filament (zone refined rhenium). After evap-
orating to dryness the filament with the sample/spike mixture was briefly glowed.

Measurements of the isotopic composition of Ca were performed on a Finnigan MAT 262
RPQ+ thermal ionization mass spectrometer at GEOMAR research center in Kiel, Ger-
many. The mass-spectrometer was operated in positive ionization mode with a 10kV
acceleration voltage and a 10'! € resistor for the faraday cups. A stable ion-beam of about
3 to 5V on mass 40 is achieved at about 1550 to 1580°C. Data acquisition is performed in
two steps because the dispersion of our mass-spectrometer does not account for the mass
range from 40 to 48 amu (atomic mass units). In the first step masses 40, 41, 42, 43

and in a second step 44 and 48 are measured simultaneously. During data acquisition 'K
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was continuously monitored for correction of isobaric interferences on mass 40, although
we found that this interference or any other possible isobaric interferences are negligible.
In order to calculate the “true” #Ca/4°Ca ratio of the carbonate sample the measured
isotope ratios have to be corrected for the added *3Ca/¥Ca double spike. This correction
is carried out using the mathematical algorithm of Compston and Oversby (1969) slightly
modified by adopting an exponential mass fractionation law. The isotope variations of Ca
are expressed as 0**Ca-values (544Ca:((44Ca/4OCa)sample/(44Ca/4OCa)StandaTd -1)x1000),
where the measured 4'Ca/4°Ca ratios are normalized relative to the #Ca/4°Ca ratio of a
CaFs-standard solution (**Ca/4°Ca: 0.021208; (Russell et al., 1978)). Such a normaliza-
tion procedure was previously used by Négler et al. (2000) and Russell et al. (1978). More
details of our analytical method are given in Heuser et al. (2002). In order to monitor our
long-term reproducibility we repeatedly measured two internal standards, natural CaFs
and calcium carbonate (NIST SRM915a). Our 95 measurements of the CaFy standard
show a mean #*Ca/4°Ca-ratio of 0.0212594 %+ 0.0000005 (20,,). All measurements of sam-
ples and standard materials are normalized to this value. As our *3Ca/*¥Ca double spike
is not calibrated for the determination of the absolute 4*Ca/4°Ca ratio the above values
do not represent the true isotopic composition of the CaFy standard. 105 measurements
of NIST SRM 915a show a mean §**Ca value of —1.450 +0.025 %o (20,,). The mean 20-
reproducibility of our samples is about 0.12 %o (ranging from 0.03 to 0.2 %o) determined
by repeated aliquot measurements of various sample materials. In order to improve the
statistical significance of a single §**Ca-measurement all samples were measured at least

twice.

4.3 Results

The §*Ca values of O. universa and the inorganically precipitated aragonite are presented
in Table 4.1. From Figure 4.1 it can be seen that the values of the inorganic precipitates and
of O. universa are generally lower than their corresponding bulk solution. Furthermore,
the 6**Ca-ratios of all carbonates are positively correlated to temperature although the
temperature sensitivity of the previously measured G. sacculifer (Nagler et al., 2000) is a
factor of about 13 and 16, respectively, larger than that of O. universa and the precipitates.

Precipitates: 6" Cagrag— fruia =0.015-T(°C) —2.23  §"Cappia= —0.3 %o

0. universa: 6" Cacaicite— fruia =0.019-T(°C) —0.96  §**Cafryig= +0.5 %o

G. sacculifer: " Cacaicite— fruia =0.24- T(°C) —8.00  §**Cafpyig= +0.5 %o
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44

Table 4.1: §**Ca-values of cultured O. universa and inorganically grown aragonite

2
sample (org) s Cacqcos a(T) (MES 1g_ n light

0. universa 10.5 —0.71 1.00121 amb

0. universa 10.5 —0.73 1.00123 amb

0. universa 12.9 —0.69 1.00119 amb

0. universa 12.9 —0.74 1.00124 amb

0. universa 16.2 —0.72 1.00122 amb

0. universa 18 —0.63 1.00113 amb

0. universa 18 —0.65 1.00115 amb

0. universa 21 —0.58 1.00108 hl
0. universa 21 —0.69 1.00119 hl
0. universa 22 —0.57 1.00107 156

0. universa 23.3 —0.56 1.00106 amb hl
0. universa 23.3 —0.46 1.00096 amb hl
0. universa 27 —0.44 1.00094 amb hl
0. universa 27 —0.40 1.00090 amb hl
0. universa 27 —0.45 1.00095 amb hl
0. universa 29.2 —0.64 1.00114 190 hl
0. universa 29.3 —0.33 1.00083 hl
0. universa 29.3 —0.36 1.00086 hl
0. universa 29.3 —0.41 1.00091 hl
0. universa 29.3 —0.46 1.00096 1
0. universa 29.3 —0.43 1.00093 1
0. universa 22 —0.54 1.00104 324

0. universa 22 —0.58 1.00108 260

0. universa 22 —0.64 1.00114 242

0. universa 22 —0.70 1.00120 242

0. universa 22 —0.46 1.00096 324

0. universa 22 —0.54 1.00104 220

0. universa 22 —0.58 1.00108 220

0. universa 22 —0.65 1.00115 530

0. universa 22 —0.55 1.00105 137

Aragonite 10 —2.07 1.00178

Aragonite 10 —2.10 1.00180

Aragonite 10 —2.18 1.00188

Aragonite 10 —2.01 1.00171

Aragonite 19 —1.94 1.00164

Aragonite 19 —-1.91 1.00162

Aragonite 19 —1.98 1.00168

Aragonite 30 —1.83 1.00153

Aragonite 30 —1.81 1.00152
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Table 4.1: continued

9
sample (org) s Cacqcos a(T) (uggig_l) light
Aragonite 30 —1.77 1.00147
Aragonite 30 —-1.73 1.00143
Aragonite 30 —1.84 1.00154
Aragonite 30 —1.86 1.00156
Aragonite 30 —1.68 1.00138
Aragonite 30 —-1.72 1.00142
Aragonite 40 —1.54 1.00124
Aragonite 40 —1.62 1.00132
Aragonite 40 —1.60 1.00130
Aragonite 40 —1.61 1.00131
Aragonite 40 —1.60 1.00130
Aragonite 40 —1.65 1.00135
Aragonite 50 —1.54 1.00125
Aragonite 50 —1.52 1.00123
Aragonite 50 —1.58 1.00128
Aragonite 50 —1.46 1.00116
Aragonite 50 —1.43 1.00113
Aragonite 50 —1.57 1.00128
Aragonite 50 —1.58 1.00128

Note: §**Ca value of the seawater was determined to be +0.5 %o. The §**Ca for the bulk solution
(CaCly) of the aragonite was determined to be —0.3 %o. hl: high light; 11: low light; amb: ambient
CO32~ content of seawater.

In contrast to the 680 system which becomes isotopically lighter with increasing tem-
perature, the §**Ca values increase with increasing temperature (Fig. 4.2). Figure 4.3
shows the enrichment factors of G. sacculifer, O. universa and the aragonite as a function
of the inverse temperature (a(T) = (**Ca/19Ca) fjyia/(**Ca/*9Ca)so1iq). From logarithmic
fits to our isotope and temperature data, the calculated initial enrichment factors g and
slopes (&) are presented in Table 4.2 and discussed below.

In order to investigate the influence of the CO3%~ concentration on the Ca isotope frac-
tionation we cultured O. universa at 22°C in seawater containing COs3?~ concentrations
between 137 and 530 pmolkg~!. Figure 4.4 shows, that our data do not show any signifi-
cant relationship between the CO3%~-concentration (and hence pH) and their corresponding

0*Ca values in O. universa.
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Table 4.2: Initial values () and slopes (§) for the enrichment factor a(T)

oy §

Precipitates  0.997 1.37
0. universa 0.996 1.64
G. sacculifer 0.932  21.6

Note: «ap and £ values are calculated initial values and slopes for the enrichment fac-
tor a(T)=ag - exp(~¢). The slope & corresponds to E /k-T (E = energy, k = Boltzman
constant, T = absolute temperature).

Temperature (°C)

10 20 30 40 50
I ' I I I ' I ' 1 I 1 ' I I
T T T seawater
0 - =
g8 CaCl,-Solution
5-6""5 0
1 F .
o
2 /
S ) O |
O %
S o} ¥ .
o - *---" /
sl / ]
4 |norganic Precipitates 4
O 0. universa .
I & G sacculifer
_4 PARE TR T TN [T TN TN TN TN N TN TN NN T NN SO SN SN TN NN TR S T 1
280 290 300 310 320 330

Temperature (K)

Figure 4.1: The 6**Ca values of the inorganic precipitates and O. universa correlate with tempera-
ture. All carbonate samples are isotopically lighter than the corresponding bulk solution from which
they precipitated. For comparison we show the §**Ca values for G. sacculifer (Nigler et al., 2000).
The §*4Ca ratios of G. sacculifer show an about 13 and 16 times steeper slope than O. universa
and the inorganic precipitates, respectively.
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Figure 4.2: Comparison of the experimentally determined temperature dependence for §*4Ca of
inorganic aragonite and the temperature dependence of 680 in isotopic equilibrium for aragonite
(Bohm et al., 2000) and for calcite (Kim and Neil, 1997).

4.4 Discussion

4.4.1 Calcium Diffusion and Isotope Fractionation

In order to understand the opposite fractionation behavior of the *0/!0 and the
41Ca/*Ca isotope systems two possible isotope fractionation processes have to be taken
into account: (1) equilibrium isotope fractionation due to the vibrational characteristics of
the light and heavy isotopes related to covalent atomic bonding and (2) kinetic isotope frac-
tionation due to the different transport reaction characteristics of light and heavy isotopes
during diffusion across the boundary layer between a solution and a solid (cf. O’Neil, 1986;
O’Neil et al., 1969; Bigeleisen and Mayer, 1947; Urey, 1947). Kinetic isotope fractionation
occurs at any boundary layer from one phase to another (e.g. liquid/solid, liquid /enzyme)
because lighter isotopes always tend to diffuse faster than heavier isotopes which results
in an enrichment of the lighter isotopes in the product phase. In contrast, equilibrium
fractionation occurs as a consequence of covalent atomic bonding. During molecule for-
mation the incorporation of heavier isotopes is preferred because covalent atomic bonds

formed with heavier isotopes show larger bonding energies and, hence, are more stable
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Figure 4.3: The enrichment factor 10001n «(T) is shown as a function of the inverse temperature
(a(T) = (**Ca/*Ca)puksotution/(**Ca/*Ca)carbonate). Although there is a slight offset between
0. universa and the inorganic precipitates, it can be seen that the slopes of the enrichment factors
10001n o(T) are quite similar. In contrast, the slope of the enrichment factor of G. sacculifer is
steeper by a factor of 13 and 16, respectively.

than covalent bonds formed with lighter isotopes (cf. O’'Neil, 1986; O’Neil et al., 1969). As
a consequence of the covalent bonding with C and H atoms the 680 ratios of the dissolved
carbonate species COy, HCO3~ and CO3?~ always tend to be heavier than the §'%0 com-
position of the surrounding bulk solution (e.g. seawater). For example at 19°C the isotope
fractionation of HyO versus COz(aq), HCO3~, and solid CaCOj is about 58 %o, 34 %o, and
29 %o, respectively (Zeebe, 1999).

In contrast, elements like Ca tend to form ionic rather than covalent bonds in carbon-
ate crystals (O’Neil, 1986). Therefore, Ca isotope fractionation is only affected by kinetic
isotope fractionation and not by equilibrium fractionation because no vibration bonding
modes are active (O’Neil et al., 1969). In general, at fluid-solid interactions both kinetic
and equilibrium fractionation processes are temperature dependent. At lower temperatures
equilibrium fractionation tends to enrich the heavier isotope in the more stable molecules
whereas kinetic fractionation tends to enrich the lighter isotopes in the product phase.
Consequently, isotope systems like §'%0 controlled by equilibrium fractionation are an in-
verse function of temperature whereas isotope systems like 6%4Ca, controlled by kinetic

fractionation, are positively related to temperature (Figure 4.3). Increasing temperature
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Figure 4.4: The 0**Ca values are plotted as a function of the CO32~ concentration. Although
the CO3% -concentration has been varied by almost a factor of 4, there is no indication of a pH
dependence of the §*4Ca ratios in O. universa.

diminishes the isotope fractionation contrast between the reactants in the bulk solution

and the product (e.g. CaCO3).

4.4.2 Kinetic Effects on the Isotope Fractionation—Temperature Relation

It is generally accepted that diffusion across a liquid-solid boundary to and along a crystal
growth surface is mass dependent because the diffusion velocities of the lighter isotopes are
faster than those of the heavier isotopes. Therefore, the enrichment of the lighter isotope
in the CaCOg3 crystal relative to the bulk solution as a function of temperature can be
described by an enrichment factor a(T). Equation (4.1) and (4.2) in the appendix show
that the slope of the enrichment factor a(T) is a function of the ratio of the mass difference
(Am) between the heavy and the light isotope and the reduced isotope mass (m). These
equations clearly show that kinetic isotope fractionation is most efficient for low masses at
low temperatures. For relatively high masses and high temperatures the enrichment factor
approaches unity as expected for kinetic isotope fractionation (see appendix).

These thermodynamic considerations can be used to identify processes responsible for our

measured 6% Ca data. In the case of an exclusive kinetic fractionation of *°Ca and **Ca
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it can be predicted, that the slopes for a(T) of the precipitates and two investigated
foraminiferal species should be similar. From 4.2 it can be seen that the slopes of the
enrichment factors for O. universa and the inorganic precipitates are similar. However, a
major difference exists between inorganic precipitates, O. universa and G. sacculifer. The
slope of a(T) for G. sacculifer is steeper by a factor of 13 relative to O. universa and a
factor of 16 relative to the precipitates (Table 4.2). From equation (4.2) it follows that
the slope of the enrichment factor a(T) is controlled by the (Am/m)-ratio. Relatively low
(Am/m)-ratios correspond to relatively shallow slopes for «(T) whereas relatively large
(Am/m)-ratios correspond to steep slopes for a(T). The observation of shallower slopes
for the inorganic precipitates and O. universa apparently indicate that Ca speciation with
atomic masses much larger than pure Ca atoms (e.g. 40 and 44 amu) must control the dif-
fusion velocity in O. universa and the inorganic precipitates. The similarity of the slopes of
0. universa and the inorganic precipitates indicates that an inorganic or thermodynamic
process has to be involved in order to explain their similarity. This process cannot be
simple Rayleigh fractionation because the latter effect is closely related to equilibrium frac-
tionation and not to kinetic isotope fractionation as it is the case for the Ca-isotope system.
Furthermore, the difference in Ca isotope fractionation behavior between O. universa and
G. sacculifer indicates that their specific CaCOj3 precipitation mechanisms must be consid-
erably different. Thus, a combination of inorganic transport mechanisms and kinetically
controlled biochemical calcification processes has to be involved in order to explain the
observed phenomena. In the section below we will first focus on a model for Ca?* diffusion
into a CaCOg3 crystal. Then, we will discuss different calcification models for O. universa
and G. sacculifer.

From the assumption that Ca is diffusing as pure Ca?*-ion in G. sacculifer we can esti-
mate from the different slopes of the enrichment factors that the apparent atomic mass of
the diffusing species in O. universa and the inorganic precipitates correspond to a weight
of about 520 + 60 and 640 4+ 70 amu, respectively. Masses of several hundred amu cannot
reflect the motion of a single Ca?T-ion or any other known inorganic Ca species within
0. universa and the inorganic precipitates. Such large masses usually reflect either or-
ganic molecules or metal complexes (e.g. Ca?*-aquocomplexes, Bockris and Reddy, 1973;
Langmuir, 1997). Most likely, the influence of large organic molecules is negligible for the
inorganic precipitates. Therefore, we hypothesize that these calculated masses reflect the
motion and diffusion of Ca?*-ion complexes (Ca?*-aquocomplex) in O. universa and the
inorganic precipitates. From the calculated masses of about 520 (O. universa) and 640 amu

(precipitates) we calculate hydration numbers (the number of water molecules associated
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with a single Ca?*-ion) of about 27 +4 and 33 4 5.

In general, ion complexes are dissolved species that exist because of the association of a
cation with an anion or with neutral molecules like water (Langmuir, 1997). Most trace
metals and many major elements are transported in water in complexed form. Estimates of
the number of water molecules associated with each cation (hydration number) are difficult
to obtain, and the results vary with the technique used for determination. Koneshan et
al. (1998) calculated first shell hydration numbers of 4 water molecules associated with a
lithium ion and 7 water molecules associated with a potassium ion. Hydration numbers
increase with increasing ionic size, as in the sequence LiT™ < Nat < KT <Rb™ < Cs™.
Recent work suggests, that the first hydration shell of a Ca?t-aquocomplex consists of 8
water molecules (Ca [HyOJg?t, 184 amu) (Jalilehvand et al., 2001; Koneshan et al., 1998) al-
though in earlier publications between 6 to 10 water molecules are reported (Kaufman Katz
et al., 1996; Langmuir, 1997; Spangberg et al., 2000). Modeling and experimental results
indicate a strongly bound, clearly defined inner hydration shell, and a more weakly bound
second shell (Jalilehvand et al., 2001; Koneshan et al., 1998). Molecules of the second shell
are bound by hydrogen bondings to the water molecules of the first hydration shell. The
number of waters that may occupy the second hydration sphere varies depending on the
model selected from 11 to 18 (Jalilehvand et al., 2001). The concept of strongly bound first
shell and weakly bound second shell molecules is also supported by the findings that the
residence time of a water molecule in the first shell (Ca[H50]g?") of a Ca?T-aquocomplex
is about 40 times longer than in the second shell. The residence times of water molecules
in the second shell of a Ca?* are in the same order of magnitude as the residence times of
water molecules in the first shell of alkali cations (Koneshan et al., 1998).

An atomic mass around 520 amu (O. universa) is compatible with the maximum value for a
hydration number of about 25 which has recently been reported by Spangberg et al. (2000),
Jalilehvand et al. (2001) and Koneshan et al. (1998). Values of more than 600 amu (inor-
ganic aragonite) exceed the empirically determined and accepted hydration number for a
Ca?*-aquocomplex. Apparently higher hydration numbers might be caused by additional
complexation with anions. This is also appealing because the mineral surface is charged
and the electrostatic repulsion is reduced by ion-pairing the hydrated cation.

For example, in seawater ~10% of the dissolved Ca?* is bound to SO4%>~ forming a
CaS0,4%- n Hy0 complex (Byrne, 2002). However, in our experiments, the inorganic arago-
nite was precipitated from a sulfate free solution. Therefore, at least for our inorganically
precipitated aragonite, complexation with SO42~ can be ruled out. Other anions like CI~

or carbonate species may play a role in this case.
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We note, that the hypothesized fractionation processes involving hydrated and de-hydrated
Ca?T-ions presented here have yet not been tested by experiments. We therefore consider

our interpretation preliminary pending future confirmation.

4.4.3 Ca’*-Transport and Fractionation in O. universa and G. sacculifer

In order to reconcile our §*4Ca-data we suggest that the §**Ca fractionation involved is
similar in Orbulina and inorganic aragonite although their calcification mechanisms are
different. For G. sacculifer, a metabolic process is suggested that actively dehydrates the
Ca?t-aquocomplex before calcification. Differences between G. sacculifer and O. universa
have already been reported concerning Ca storage within the cytoplasm (Ca-pools). An-
derson and Faber (1984) hypothesized that G. sacculifer stores significant amounts of Ca
in its cytoplasm prior to deposition. In contrast, Lea et al. (1995) found little evidence
for a substantial Ca pool in O. universa. Both observations are in accord with our 6**Ca
data because Ca storage requests enzymatically mediated Ca-transport which is performed
more favorably in dehydrated ionic form than in complexed form. In contrast, the absence
of Ca storage in O. universa points to a calcification process closer to inorganic CaCOg
precipitation.

Following a model for imperforate foraminifer originally presented by ter Kuile (1991), we
propose for O. universa that seawater is incorporated into vesicles within the cytoplasm
by the process of vacuolization. Precipitation of CaCOs needles (Hemleben et al., 1986)
is then triggered in the vesicles either by actively increasing the pH in the vesicle or by
the removal of calcium carbonate precipitation inhibiting ions like Mg?* or PO43~ (Swart,
1983). In the vesicle, 44Ca/4°Ca fractionation occurs during the formation of the amor-
phous carbonate CaCO3 which closely resembles the precipitation of inorganic CaCOsg.
Following a model for perforate foraminifer (ter Kuile, 1991) we further propose that de-
hydration of the Ca?tT-aquocomplex occurs anywhere at the transition from seawater to
the cytoplasm of G. sacculifer. Presumably, regulated cell membranes (“Voltage Operated
Ca?*-Channels” (VOC)) are involved with the dehydration of the Ca?T-aquocomplex. It
is well known that such Ca?t-VOCs show a high selectivity for Ca?* and are more se-
lective for Ca?* by a factor of 1000 than for other cations like Nat and K* (cf. Aidley
and Stanfield, 1996, Tsien and Tsien, 1990). After dehydration of the Ca?*-aquocomplex
by passing the channels the pure Ca?*-ions become attached to transport enzymes within
the cytoplasm (ter Kuile, 1991). Kinetic 44Ca/4°Ca fractionation then occurs at the phase

transition of the Ca ions from the channels to the transport enzymes and the adsorption
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onto their ligands. Ca is either stored in Ca-pools (Anderson and Faber, 1984) or trans-
ported by these enzymes directly to the site of calcification (ter Kuile, 1991).

While our working hypothesis presented here is able to reconcile the observation, and is in
line with the above mentioned species dependent biological /metabolic processes, it is clear
that further studies will have to investigate parameters like varying precipitation rates, pH

changes or chemical composition of the culture solution.

4.5 Summary and Conclusions

A. The temperature dependent fractionation characteristics of §**Ca and 680 are op-
posite since §*4Ca ratios in CaCOs are controlled by kinetic isotope fractionation

only.

B. The slope of the enrichment factor «(T) of the inorganic precipitates and O. uni-
versa reflects the occurrence, transport and diffusion of Ca’*-aquocomplexes in sea-
water. Our 6**Ca data reveal atomic masses which reflect the motion of heavy Ca®*-
aquocomplexes. These heavy complexes are less sensitive to temperature dependent

kinetic isotope fractionation than pure Ca?*-ions.

C. Ca isotope fractionation in G. sacculifer indicates dehydration of the Ca?T- aquo-
complex and transport in its pure ionic form presumably during biological mediated

processes.

D. A major conclusion of this study is that the results for G. sacculifer cannot be gen-
eralized to other species. For paleoceanographic applications it will be necessary to
carefully study different species to elucidate their response to temperature as well as

to other environmental influences.
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Appendix

The enrichment factor «(T) is described by a partitioning function (eq. 4.1) where AE is
the difference of the kinetic energy (Eg;,) between the heavy and the light isotope.

- 3 A
a(T)mao-eﬁE;Ekm:§-k-TandAEmEkm-—m (4.1)
m

it follows

2-Epin m
AT) = ag - e s T (4.2)
a(T) = (*Ca/Ca) Fluid / (*Ca/*Ca)sotig- Erin: kinetic energy; m: reduced atomic mass
for the light and heavy isotope; k: Boltzman constant (1.38-10723 J/K); T: absolute tem-

perature in Kelvin (K).
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Abstract

Measurements of the calcium isotopic composition (§44Ca) of four planktonic foraminifera
(Globigerinoides trilobus, Globigerinoides ruber/subquadratus, Globigerinella spp. and Glo-
bigerina bulloides) from the western equatorial Pacific and the Indian sector of the southern
Ocean show variations of about 0.7 %o over the past 24 Ma. G. bulloides and G. trilobus
fractionate Ca isotopes independent from seawater temperature changes and can be used
for the reconstruction of Ca isotope composition of seawater (6**Casw). In contrast, G.
ruber/subquadratus and Globigerinella spp. do fractionate Ca isotopes as a function of
the seawater temperature. From these two records it is possible to evaluate tempera-
ture changes in the western equatorial Pacific Ocean over the past 24 Ma. The calculated
temperatures of both records vary by about 2°C in the studied time period. The most
prominent feature of both trends is a cooling between 4 and 2 Ma of about 1 to 2°C which
could be a consequence of the closure of the Isthmus of Panama between 5 and 4 Ma and
the implicated changes of ocean circulation and climate. Between 15 and 8 Ma the temper-
atures remained constant in western equatorial Pacific. As the two calculated temperature
trends differ between 24 and 15 Ma the evolution of seawater temperatures in this region
is ambiguous. The calculated 6**Casg,, from the G. trilobus and G. bulloides are in good
agreement with previously published data but exhibit some more details due to a higher

temporal resolution of our sampling (~1Ma).

5.1 Introduction

Foraminifers are important marine archives because the oxygen (6'*0) and carbon isotope
(613C) composition as well as the element/calcium ratios (e.g. Mg/Ca and Sr/Ca) of their
calcium carbonate (CaCO3) shells are used as proxies for the reconstruction of past climate
and environmental conditions (e.g. Farrell and Prell, 1991; Hastings et al., 1998; Lear et
al., 2000; Rosenthal et al., 1997). For the reconstruction of past changes of continental
erosion and chemical weathering usually strontium (Sr) and neodymium (Nd) isotopes are
applied because the different rock endmembers are considerably different in their isotopic
composition (e.g. Jacobsen et al. 2002; Harris, 1995; Vance and Burton, 1999). Ca isotope
ratios (0**Ca) in foraminiferal tests are also supposed to serve as a proxy for continental
weathering, although, the use of calcium isotope variations was limited until recently by
the small extend of naturally occurring fractionation and the limited precision of the mass
spectrometry (Russell et al., 1978; Heumann et al., 1970). Recent advancements in mass

spectrometry (Heuser et al., 2002; Nigler et al., 2001) enhanced the precision of the §**Ca
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measurements enabling detailed investigations of Ca isotope variations in foraminifers (Gus-
sone et al, in press; De La Rocha and DePaolo, 2000).

Among other factors Ca isotope variations in foraminifers are known to be influenced by
secular variations of the Ca isotope composition of the seawater (De La Rocha and DePaolo,
2000) and by seawater temperature (Négler et al, 2000; Zhu and Macdougall, 1998). The
temperature dependence of §*4Ca variations in foraminiferal tests was first described by Zhu
and Macdougall (1998) for the planktonic foraminifers G. sacculifer and N. pachyderma.
Zhu and Macdougall compared the §*4Ca of two G. sacculifer specimens: one that grew
at present-day and one that grew at Last Glacial-Maximum (LGM) water temperatures.
They found that the 6**Ca of the LGM-sample is about 0.6 %o lighter than present-day
§*Ca resulting in a gradient of 0.4 %¢/°C assuming that the seawater temperature differ-
ence between LGM (Last Glacial Maximum) and present is about 1.5°C. The temperature
dependency of G. sacculifer was confirmed by Nigler et al. (2000) who studied 6**Ca vari-
ations of G. sacculifer cultured under laboratory controlled temperature conditions. They
reported a gradient of about 0.24 %0/°C. This relationship is also supported by a positive
correlation of Mg/Ca ratios with their corresponding §**Ca values although there is an
offset of about 2.5°C between the two proxy records (Négler et al., 2000). For N. pachy-
derma Zhu and Macdougall (1998) showed that the gradient for N. pachyderma is about
0.1 %0/°C being smaller than the value of 0.24 %0/°C reported by Hippler et al. (2002) for
N. pachyderma (sinistral) from the polar North Atlantic.

In contrast to the relative large temperature-6**Ca dependency of G. sacculifer and N.
pachyderma the temperature dependence of Glabratella ornatissima is supposed to be neg-
ligible (De La Rocha and DePaolo, 2000).

In a systematic study on the influence of seawater temperature on the §**Ca ratios of or-
ganic and inorganic CaCO3z Gussone et al. (in press) investigated temperature dependent
calcium isotope fractionation of laboratory cultured Orbulina universa and inorganically
precipitated aragonite. For both they reported a §**Ca-temperature gradient of about
0.019 %0 °C and 0.015 %o °C respectively, being a factor of 13 to 16 smaller when compared
to G. sacculifer. Following a thermodynamical approach the authors proposed that the
different §**Ca-temperature gradients of O. universa and G. sacculifer can be explained by
different biochemical processes related to their calcite precipitation mechanisms (Gussone
et al., in press).

The studies of Zhu and Macdougall (1998), Négler et al. (2000), De La Rocha and De-
Paolo (2000), Hippler et al. (2002) and Gussone et al. (in press) clearly showed that before

interpreting foraminiferal 6*4Ca records the extend of temperature dependent Ca isotope
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fractionation of the foraminifer species has to be examined. Up to now exists no system-
atic study of the §**Ca-temperature relationship for Globigerina bulloides, Globigerinoides
ruber and Globigerinella spp.

Here we present the first time data of §**Ca variations of four species of planktonic
foraminifers (G. trilobus, G. bulloides, G. ruber/subquadratus and Globigerinella spp.) from
the western equatorial Pacific and the Indian sector of the Southern Ocean over the past
24Ma. The goal of this study is to verify the use of foraminifera as an archive for past
0% (Ca variations in seawater. This study compends and extends earlier studies from De
La Rocha and DePaolo (2000) showing that the §**Ca of seawater, varied by about 0.9 %o
during the last 80 million years (Ma).

5.2 Samples

For this study we investigated the planktonic foraminifers Globigerinoides trilobus, Glo-
bigerinoides ruber, Globigerinella spp. and Globigerina bulloides. The species G. trilobus,
G. ruber and Globigerinella spp. were selected from ODP Leg 144 Sites 871 (Limalok
Guyot) and 872 (Lo-En Guyot) in the western equatorial Pacific (871: 5°33.4'N, 172°20.7’E,
1255 m; 872: 10°5.6’N, 162°52.0’'E, 1082 m), whereas G. bulloides was sampled from ODP
Leg 183 Site 1138 in the southern Indian Ocean (53°33.1’S, 75°58,5’E, 1141 m) (Fig. 5.1).
For the Leg 144 species we used a combined record of two cores (one from Hole 871A and
one from Hole 872C) with an overall temporal resolution of about 1 Ma. The same samples
from Leg 144 were previously used for boron isotope analysis (§1'B) to reconstruct the
paleo-pH of the oceans (Pearson and Palmer, 2000). Additional data and more details on
the sampling locations can be found in Coffin et al. (2000), Frey et al (in press), Premoli
Silva et al. (1993) and Hagerty et al. (1995). A more detailed description of the biostratig-
raphy and micropaleontology of Leg 144 is presented by Pearson (1995).

G. trilobus is used as a broad taxonomic concept for sacculifer-like specimens that lack
the sac shaped final chamber (Hemleben, 1989; Pearson et al., 1997). A further split of
these specimens into a number of morphospecies is not used.

G. ruber occurred during the Plio-Pleistocene and during the Middle Miocene, but not
during the Upper and Lower Miocene. The Miocene species of G. ruber is a homeomorph
(G. subquadratus, Kennett and Srinivasan, 1983) with similar carbon and oxygen isotopic
characteristics (Pearson and Shackleton, 1997)

Globigerinella spp. corresponds mostly to G. praesiphonifera in the Miocene, which is sup-

posed to have been evolved into modern G. siphonifera. In the size fraction (250 to 300
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Figure 5.1: Locations of the ODP Sites 871 & 872 in the western equatorial Pacific and Site 1138
in the southern Indian Ocean.

nm) used for this study it is very difficult to distinguish morphospecies like G. adamsi, G.
calida and G. siphonifera. Therefore, the term Globigerinella spp. is commonly used for
all these species.

The analyzed size fraction of G. bulloides is 250 to 500 pm. During the Late Miocene (be-
tween 6 to 9 Ma) no samples are recovered due to a hiatus in sedimentation at Site 1138.
The temporal resolution of the samples is about 1 Ma.

Chronostratigraphic age assignments of the samples are based on biostratigraphic data for
Sites 871 and 872 (Pearson, 1995) and on combined biostratigraphic and magnetostrati-
graphic data for Site 1138 (Coffin et al, 2000; Vigour and Lazarus, 2002; Antretter et al,

in press).

5.3 Methods

5.3.1 Sample preparation and cleaning of the foraminifers

The purpose of the cleaning procedure is to remove interfering organics and diagenetic
CaCOg3 coatings from the foraminifer tests. About three to six individual foraminifers
corresponding to a weight of about 20 to 100 ng of sample material were weighed into a

teflon beaker. After adding of 100 nl ultrapure water to the foraminifers they were crushed
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using a small teflon rod and then ultrasonically cleaned for 2 minutes. About 60 pl of the
water were replaced by fresh water and the foraminifers then again ultrasonically cleaned
for about 2 minutes, this step was repeated three times. Then 60nl were replaced by
methanol (CH3OH) followed by further ultrasonic cleaning for about 2 minutes. Finally,
the methanol containing solution was replaced by about 60l of ultrapure water followed
by an ultrasonic cleaning for 2 minutes. This step was repeated twice.

About 60 pl of this solution was then replaced by 100 pl of a mixture of 0.1 N NaOH and
a drop of HoO,. This solution was put on a hot plate at about 80°C for 10 minutes and
then ultrasonically cleaned for 2 minutes, this procedure was repeated twice. Then, again
about 60 pl of the water was replaced by ultrapure water and again ultrasonically cleaned
for another 2 minutes. This step was repeated three times.

At the end of the entire cleaning procedure the fragments of the foraminifers were dissolved
using 60 pl of ultrapure 2.5 N HCI, evaporated and redissolved in ultrapure 2.5 N HCl. We
used 25 pl acid for each pg of the initial sample weight resulting in a concentration of about

12.5ng of Ca per pl of sample solution.

5.3.2 Mass spectrometry techniques and data reduction

A detailed description of the applied mass-spectrometer techniques is already presented in
Heuser et al. (2002).

In order to correct for isotope fractionation during measurement procedures we added 60 pl
of a 43Ca/48Ca double spike solution (Tab. 5.1) to about 161l of the sample solution (~
200 ng Ca) after the cleaning procedure. The spike/sample mixture was evaporated to dry-
ness and redissolved in 1.5 pl ultrapure 2.5 N HCl. The spike/sample mixture was loaded
together with a TagOs loading solution onto a filament (single filament Re, zone refined)
using the “sandwich technique” originally presented by Birck (1985).

The measurements were carried out on a Finnigan MAT 262RPQ+ TIMS at the mass
spectrometer facilities of the GEOMAR, research center for marine geosciences in Kiel,
Germany. Samples were automatically heated to a current of 3000 mA, corresponding to
a temperature of about 1500°C with a rate of 240 mA/min. Further heating was done
manually until the intensity on the pilot mass (*°Ca) was about 4.5 to 5V (for more details
see Heuser et al., 2002).

For data reduction we use an iterative algorithm based on the routine previously pub-
lished by Compston and Oversby (1968). This routine was modified for Ca isotope anal-

ysis by replacing the linear fractionation correction terms by exponential fractionation
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Table 5.1: Ca spike concentration and isotope composition.

Isotope Concentration (ng/g)
40Ca 8.86
2Ca 0.46
43Ca 47.20
4“Ca 2.91
8BCa 60.00

Isotope Ratio Value
40Ca/*8Ca 0.147729
2Ca/*8Ca 0.007668
43Ca/*Ca 0.786624
4 Ca/*8Ca 0.048534
4Ca/Ca 0.328537

correction terms (Négler et al., 2000; Heuser et al., 2002). With this algorithm the
41Ca/4Ca ratio of the sample is calculated from the measured *4Ca/*8Ca and %°Ca/**Ca
ratio. This #4Ca/%Ca ratio is used for the calculation of the §*4Ca value (§**Ca=
[(44Ca/1Ca) sampte / (4 Ca/2Ca) standara 1] 1000).

We used the mean 44Ca/°Ca ratio of the two CaF; measurements performed at the be-
ginning and end of the daily measurements as (**Ca/4°Ca)qndara-ratio. A drift correction
was only performed when the difference of the 4Ca/4°Ca ratio between these two standard
measurements exceeded the 1o standard deviation (1o = +4.78x1075) of the long-term
(**Ca/*Ca) oy p,-standard measurements. In the case of drift correction a linear drift be-
tween the two measured standards was assumed. Following the suggestion of Coplen et
al. (2002) we report §**Ca values normalized to NIST SRM915a. Our measurements
originally based on the CaFs-standard are renormalized using the following relationship:
§*Ca(%o SRM 915a)= 6**Ca (%o CaF3) + 1.41 (SRM915a = —1.41 (%o CaFs3), mean of
109 measurements).

All §**Ca values are reported relative to SRM 915a and represent the mean value of at
least two repeated aliquot measurements of an individual sample and statistical uncertain-

ties represent their standard deviation of the mean (20,,e4n)-

5.4 Results and discussion

Table 5.4 and Fig. 5.2a show the §*4Ca ratios of the foraminifers from the western equatorial

Pacific. All three records show §**Ca variations in the order of about 0.7 %o over the past
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Figure 5.2: §**Ca ratios of the foraminifers from the western equatorial Pacific (G. trilobus, G.
ruber/subquadratus and Globigerinella) and from the southern Indian Ocean (G. bulloides). Error
bars represent the average 20,,eqn Of all samples of each location.

24 Ma. Common to all three records is a decrease of the §*4Ca values from 24 to 16 Ma
followed by an increasing trend from about 16 to 15 Ma to the present. The §*4Ca values
at the minimum at ~16 Ma differ between species. While it is +0.50 and +0.45 %o for
G. trilobus and G. ruber/subquadratus, it is +0.1 %o for the Globigerinella spp.-record.
During the entire Miocene (24 to 5 Ma) thed?4Ca patterns of all three species are relatively
similar although the Globigerinella spp. values are slightly lighter (0.2 %o) than the §**Ca
values of the other two species. This general accordance of the §*4Ca values is lost in the
Pliocene/Pleistocene where the trends remain similar the absolute §*4Ca values diverge to
a larger extend. The §*4Ca values of Globigerinella spp. are about 0.2 %o lighter than G.

ruber/subquadratus and the §**Ca values of G. trilobus are about 0.3 %o heavier than G.

ruber/subquadratus.
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The §*4Ca record of G. bulloides (Table 5.3 and Fig. 5.2b) from the southern Indian
Ocean shows a 6**Ca minimum at about 15 Ma similar to the samples from the western
equatorial Pacific. In addition there is also an increasing §*4Ca trend from about 15Ma
to 1.5 Ma. Differing from the Pacific **Ca records two more minima of the §**Ca can be

seen at about 18 Ma and at 3 Ma.

5.4.1 Factors influencing the 5**Ca of the foraminifers

The §**Ca records of the three species from the western equatorial Pacific (Fig. 5.2a) show
similarities concerning their patterns although the Globigerinella spp. record tends to show
lower values than the other two records. Latter difference may be related to species depen-
dent reaction to temperature fluctuations, pH changes or changes in seawater chemistry.
In particular 6**Ca-temperature relationships have been found to be considerably different
between species (Gussone et al., 2002; Négler et al., 2000). In order to understand our
data and to possibly use the measured §**Ca records of all four species for the reconstruc-
tion of past §**Ca seawater variations the influence of seawater temperature and other

environmental conditions on the foraminifer records has to be studied in detail.

5.4.1.1 §**Ca-temperature relationship

In a first attempt to understand the §**Ca/temperature relationship of the studied species
we calculate the fractionation factor « for the youngest samples in the sediment cores

(Tab. 5.4):

(440(1/400&)66 . 544Cacc + 1000
(440(1/400(1)5w N 5440(1511) + 1000

a= with cc = calcite, sw = seawater (5.1)

For this purpose we use the §*4Ca value of the TAPSO seawater salinity standard
(64 Ca=+1.82 %) to represent modern seawater. In contrast to the other species the frac-
tionation factor o cannot be calculated for the youngest sample of G. bulloides (1.5 Ma)
because this sample is already older than the assumed residence time of Ca in the oceans
which is supposed to be about 1 million years (Broecker and Peng, 1982; Zhu and Mac-
dougall, 1998). Instead we use the §*Cay,, value of G. trilobus of the western equatorial
Pacific Ocean at 1.5 Ma (6*4Cag, = +1.97 %o). For the determination of the fractionation
factor a we generally assume constant temperatures in the Pacific from 1.5 Ma to 0.085 Ma
and a homogeneous distribution of §*4Cay,, in the oceans.

In Fig. 5.3 the a-values are shown as a function of the seawater temperature (Levitus and
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Table 5.3: 6**Ca ratios of G. bulloides from ODP Site 183-1138

depth  age §*Ca

sample O (mbst) (Ma) (%0SRM915a) + .
3327 TR2 5767 15 0.96 0.04 3
3330 8R-3 6792 1.8 1.02 0.05 4
3360 OR-2 76 3.1 0.39 0.11 3
3392 10R-3 87 3.5 0.52 0.09 2
3444 11IR-1  93.34 38 0.92 0.07 4
3491 12R2 1041 6.6 0.71 0.13 3
3564 13R-1  112.94 7.2 0.96 0.13 5
3574 13R-4 11738 74 0.87 0.15 6
3619 14R-2 12378 7.6 0.71 0.11 2
3660 15R-2 133 8.6 0.64 0.06 3
3664 15R-2 134 8.6 0.67 0.06 3
3691 16R-3 1446 9.3 0.77 0.18 4
3769 17R-5 15712 9.9 0.80 0.04 2
3876 19R-1  169.8  11.2 0.75 0.13 6
3879 19R-4 1743 118 0.71 0.08 4
3923 20R-2  180.98 128 0.63 0.12 4
3949 21R-2  190.59 138 0.71 0.18 3
3971 22R-1  199.5 148 0.48 0.06 4
3990 23R-1  209.11 162 0.65 0.08 3
4011 24R-1 2179 173 0.74 0.16 2
4029 25R-1 2275 185 0.45 0.14 4
4094 26R-1  237.12  20.0 0.49 0.13 4
4085 27R-2 24822 217 0.59 0.11 3

Table 5.4: o-values of the most recent foraminifers

species age (Ma) a
G. trilobus 0.085  0.99906
G. ruber/subquadratus 0.085 0.99881
Globigerinella spp. 0.085  0.99862
G. bulloides 1.5 0.99901

Boyer, 1994) together with previously published a-values of other foraminifera cultured
under controlled laboratory conditions (Gussone et al., in press).

Using the calculated a-values it is hardly possible to make an inference concerning the
d*Ca/temperature relationship for G. trilobus because the a-value lies within the inter-
section of the different temperature dependent fractionation trends (G. sacculifer and O.
universa). Thus, we cannot distinguish whether this species follows the steep fractionation

curve of G. sacculifer showing a large §**Ca-temperature gradient or the shallow fraction-
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Figure 5.3: Fractionation factors (a-values) of G. ruber/subgquadratus, G. trilobus and Globigerinella
spp. are plotted versus temperature of the foraminiferal habitat. In addition the a-values of G.
sacculifer (Nagler et al. (2000)) and of O. universa (Gussone et al. (in press)) can be seen together
with our data. Note, that the Globigerinella spp. and G. ruber/subquadratus data fall along the G.
sacculifer line. The G. trilobus data plot within the intersection of the O. universa and G. sacculifer
data.

ation trend of O. universa showing a weak §*Ca-temperature gradient.

For G. bulloides the a-value indicates a weak temperature dependent Ca isotope fraction-
ation similar to the Ca isotope fractionation trend of O. universa. The temperature of 2°C
is at the lower limit where G. bulloides lives (3-25°C; Hilbrecht, 1996) and therefore, it
can be excluded that the calculated a-value is at an intersection of a parallel shifted G.
sacculifer-like trend with the O. universa trend. Otherwise the 6**Ca of G. bulloides living
at higher temperatures would show positive fractionation (1000lna > 0, see Fig. 5.3). The
propagated temperature independence is supported by the comparison of the §**Ca values
of G. bulloides from Site 1138 with the §'80 record of benthic foraminifers (Fig. 5.4) from
Site 747 (Wright and Miller, 1992) located about 150 km southeast of Site 1138. The §%0
record indicates a warming between 24 and 15 Ma followed by a cooling trend from 15 to
about 10 Ma (Mid-Miocene cooling event). In contrast, the §**Ca data, if interpreted as
a temperature signal, indicate a cooling between 18 and 15 Ma followed by a continuous
warming from 15 to about 4 Ma. This contradictionary observation may support the infer-
ence that the §*Ca record of G. bulloides is not controlled by water temperature rather
than by other environmental mechanisms.

The a-values of G. ruber/subquadratus and Globigerinella spp. plot on the steep frac-
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Figure 5.4: Plot of 6**Ca (open circles) of G. bulloides (Site 1138) and §'80 of Cibicidoides spp.
(Site 747).

tionation curve of G. sacculifer. Therefore, these two species may show a temperature
dependent fractionation comparable to those of G. sacculifer and may then be used to re-
construct seawater temperatures of the western equatorial Pacific over the past 24 Ma. The
difference of the a-values of G. ruber/subquadratus and Globigerinella spp. has then either
to be explained by species-specific temperature dependent fractionation or by temperature
differences due to different calcification depths. It is known that the calcification depth
of Globigerinella spp. is below G. ruber/subquadratus (Pearson and Shackleton, 1995).
Pearson and Shackleton (1995) reported that the 680 values of Globigerinella spp. are
about (0.33 4 0.09)%o heavier than the 580 values of G. ruber/subquadratus corresponding
to a temperature difference in the order about 1.5°C using the relationship between 620
and temperature reported for the planktonic foraminifer O. universa (T=-4.8-6'%0 (%o),
(Bemis et al., 1998)). The offset of the §**Ca.. record of Globigerinella spp. being in
average about 0.2 %o lighter than the §**Ca,. record of G. ruber/subquadratus could be a

consequence of the different calcification depths.

5.4.1.2 §**Ca-pH relationship

There are two lines of evidence suggesting that the §**Ca of foraminifers is independent
from pH variations of seawater. First evidence comes from Gussone et al. (in press) who

studied O. universa cultured in seawater with varying CO32~ concentrations being a direct
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function of the pH (Spero et al., 1997; Zeebe, 1999). They found no significant relationship
between CO32~ concentration and §*4Ca. Although this finding is certainly correct for O.
universa it may not necessarily be pertinent to other foraminiferal species.

Second evidence comes from direct comparison of the 64*Ca record with the corresponding
§'B record of Pearson and Palmer (2000) from the same samples (Fig. 5.5). The 6''B
record of foraminifers can be interpreted as pH proxy for seawater (Spivack et al., 1993;
Sanyal et al., 1995, 1996; Hemming et al. 1992) but was alternatively also interpreted as
a proxy for continental weathering (Lemarchand et al. 2000). As the residence time of
boron in the oceans is in the order of about 10 to 20 Ma (Broecker and Peng, 1982; Spivack
and Edmond, 1987; Vengosh et al., 1991; Lemarchand et al., 2000) the observed short
term variations of the ¢''B on timescales of a few million years should represent changes of
the seawater-pH. However, from Fig. 5.5 it can be seen that there is no clear relationship

between the short term changes of the §''B/pH record and the 6**Ca records.

5.5 Reconstruction of past §**Ca of seawater and past seawater temperatures

Our investigations clearly showed that the foraminiferal records are independent from pH
variations but that there is a clear species dependency of the §**Ca ratio on seawater tem-
perature. The species G. ruber/subquadratus and Globigerinella spp. show a temperature
dependent fractionation behavior which is closely related to the one of G. sacculifer. In con-
trast, the 6*4Ca records of the two other species G. bulloides and G. trilobus are supposed to
show a weak O. universa-like behavior of their Ca isotope fractionation. The strongly tem-
perature dependent fractionation G. ruber/subquadratus and Globigerinella spp. and the
weak fractionation behavior of G. bulloides and G. trilobus can either be applied for secular
changes of the §**Cag, in the past and for reconstructions of past seawater temperature

fluctuations.

5.5.1 Reconstruction of past §**Ca of seawater

Past 0*Ca of seawater (0**Cay,) can be reconstructed from the §*4Ca values of the
foraminiferal calcite (§**Ca,.) and their corresponding fractionation factor a (equation 5.1).
A precondition for such a reconstruction is that the §**Ca,. signal was not superimposed by
other factors influencing Ca isotope fractionation, e.g. seawater temperature or pH. From

equation (5.1) follows:

544 ce 1
T Cagy = w 1000 (5.2)
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Figure 5.5: Comparison of §''B values (open circles) with the §*4Ca,. values of (a) G. trilobus (filled
diamonds), (b) G. ruber/subquadratus (filled triangles) and (c) Globigerinella spp. (open squares).
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Table 5.5: 6**Cay,, calculated from the §**Ca.. of G. trilobus and G. bulloides.

G. trilobus G. bulloides
age 0*Cag age 0*Cagy
(Ma) (Ma)

0.085 1.82 1.5 1.95
0.98 2.03 1.8 2.01
1.49 1.97 3.1 1.38
3.00 1.71 3.5 1.51
3.31 1.79 3.8 1.91
3.87 1.60 6.6 1.70
6.00 1.83 7.2 1.95
6.20 1.80 7.4 1.86
9.02 1.69 7.6 1.70
10.39 1.69 8.6 1.63
11.40 1.52 8.6 1.66
11.81 1.56 9.3 1.76
13.06 1.59 9.9 1.79
14.73 1.58 11.2 1.74
14.96 1.43 11.8 1.70
16.23 1.45 12.8 1.62
16.70 1.41 13.8 1.70
18.38 1.78 14.8 1.47
19.85 1.66 16.2 1.64
21.70 1.72 17.3 1.73
23.00 1.78 18.5 1.44
23.51 1.79 20 1.48
21.7 1.58

In a first order approach using the a-values for the most recent sample of G. trilobus and
G. bulloides (Table 5.4) and assuming, that the specific fractionation factor was constant
throughout time we calculated the §*4Cag, for all samples of these species (Table 5.5
and Fig. 5.6). Both §*4Cay, records show a good agreement (Fig. 5.6) providing further
evidence for a temperature independent Ca isotope fractionation of G. bulloides and G.
trilobus.

Furthermore the two §*4Cay,, records of G. bulloides and G. trilobus are in good agreement
with §#4Cag,, data from De La Rocha and DePaolo (2000). Please note that the §44Ca ratios
presented by De La Rocha and DePaolo (2000) are §*4Ca,.. ratios of marine carbonates and
originally were normalized to an ultrapure CaCOj3 sample being different from SRM 915a.
For a better comparability we renormalized the §**Ca data to the SRM 915a standard and

then calculated the 6*4Cay,, data using equation 5.2. Fig. 5.7 shows the comparison of
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Figure 5.6: §*4Ca values of seawater (§4*Cay, ) calculated from the §4*Ca record of G. trilobus and
G. bulloides.

5% Cag,, records of G. bulloides and G. trilobus with the §**Cag,, record from De La Rocha
and DePaolo (2000). Due to our higher temporal resolution more details of the Ca isotope

evolution of seawater during the Miocene can be observed.

5.5.2 Calculation of seawater temperatures for the western equatorial Pacific

Following our approach that the two species G. ruber/subquadratus and Globigerinella spp.
show a temperature dependent Ca isotope fractionation we can evolve equations for the
linear correlation of a-value and temperature for G. ruber/subquadratus and Globigerinella

spp. from Fig 5.3:

T)Gruber /subq. = —0.000267 - T'(°C) 4 0.991183 (5.3)
o(T)Giobigerinetiaspp. = —0.000267 - T(°C) + 0.990994 (5.4)

In equations (5.3) and (5.4) the slope of the equations are adopted from the linear corre-

lation of a-value and temperature of G. sacculifer. Rewriting of equations (5.3) and (5.4)
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Figure 5.7: Comparison of §**Cay, from this study with the §**Ca record of De La Rocha and
DePaolo (2000). Please note, that the §4*Ca,. record of De La Rocha and DePaolo (2000) was
renormalized to SRM 915a and the §**Cay,, record was then calculated using equation (5.2).

results in:

(T)G.ruber/subq. —0.991183

o
T(C) = 5.5
(C) ~0.000267 (5.5)
O‘(T)Globigem'nella — 0.990994
T(C)= 5.6
(€) —0.000267 (5.6)

We calculated the a-values for the Globigerinella spp. and G. ruber/subquadratus samples
using the §*Cag, record of G. trilobus and then calculated the temperatures (Table 5.6).

The temperature reconstructions based on the §*4Ca,, ratios of G. ruber/subquadratus and
Globigerinella spp. (Fig. 5.8) show variations of about 3°C in the temperature range from 28
to 31 °C over the past 24 Ma. This observation is in general agreement with the paleoceano-
graphic reconstructions of Kennett et al. (1985). Reconstructions of circulation patterns of
surface and sub-surface waters in the Pacific Ocean at 22, 16 and 8 Ma show warm currents
in the equatorial Pacific coming from the Caribbean through the open Isthmus of Panama
(Kennett et al., 1985). At the transition from the Miocene to Pliocene/Pleistocene both
temperatures records show a decrease of about 1 to 2°C.

Fig. 5.9 shows a comparison of the calculated temperatures with the global evolution of
benthic 5180 (Zachos et al., 2001). Although the §'80 data mainly represent deep sea tem-
peratures and continental ice volume (Zachos et al., 2001) and the §*4Ca records represent

ocean surface rather than deep ocean temperatures an agreement of the 620 trend and the
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Table 5.6: Temperatures derived from the §**Cay,, records of G. ruber/subquadratus and Globiger-
inella spp.

Age G. ruber/subquadratus  Globigerinella spp.

(Ma) Tcalc (OC) + Tcalc (OC) +
0.085 28.6 0.3 28.6 0.4
0.98 28.4 0.4 28.8 0.5
1.49 28.4 0.5 28.4 0.6
3 29.7 0.7 29.8 0.4
3.31 29.6 0.5 294 0.5
3.87 29.5 0.4 30.8 0.4
6 - 30.3 0.4
6.2 - 30.0 0.6
9.02 29.3 0.3 29.5 0.4

10.39 29.5 0.4 29.6 0.5

114 31.1 0.5 29.8 0.5

11.81 294 0.4 29.6 0.5

13.06 29.7 0.7 29.9 0.6

14.73 - 29.3 0.4

14.96 29.7 0.5 29.8 0.6

16.23 30.1 0.5 28.6 0.4

16.7 30.6 0.6 30.7 0.6

18.38 29.5 0.3 28.2 0.3

19.85 29.2 0.4 30.5 0.5

21.7 29.6 0.5 30.3 0.6

23 - 30.4 0.7

0% (Ca derived temperatures can be observed. Both temperature trends show a generally
decreasing seawater temperature between 24 Ma and the present. However, the decreasing
trend of the §%*Ca temperatures is superimposed by frequent temperature excursions.

As the comparison of the calculated temperatures with the global benthic §'%O data is criti-
cal, a comparison with local planktonic 620 is more reliable. Fig. 5.10 shows a comparison
of the temperatures calculated from the 64*Ca records with 6'*¥O-data of G. ruber from Site
871 (Pearson and Shackleton, 1995). In order to correct the 5180 data for changes of 6'%0
of seawater (180 g, ) caused by fluctuations of the global ice volume we subtracted the
51804, data of Billups and Schrag (2002). The §*4Ca based temperatures and the §'%0
record show a good agreement not arguing against a temperature dependent Ca isotope

fractionation of Globigerinella spp. and G. ruber/subquadratus.
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Figure 5.8: Calculated temperatures from the §*4Ca.. of (a) G. ruber/subquadratus and (b) Glo-
bigerinella spp.

5.6 Conclusions

Variations of §**Ca of foraminiferal calcite are caused by variations of the §**Ca of seawater
and by changes of the seawater temperature. The extend of the fractionation by the latter
effect is species dependent and was found in this study to be negligible for G. bulloides
and G. trilobus. Consequently, both species can be used to reconstruct the past §*4Ca of
seawater. The variations of seawater §%4Ca are superimposed by temperature dependent

Ca isotope fractionation in the §**Ca records of G. ruber/subquadratus and Globigerinella
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Figure 5.9: Comparison of the smoothed temperature trends of G. ruber/subquadratus and Glo-
bigerinella spp. with the global benthic 680 data of Zachos et al. (2001).
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Figure 5.10: Comparison of the calculated temperatures of G. ruber/subquadratus and Globigerinella
spp. with the local §'30 record of G. ruber. The §'8O record is corrected for the evolution of 68Oy,
which is mainly affected by changes in global ice volume. The corrected §'30 data reflects local
changes in near surface seawater temperatures.
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spp.. The temperature dependent Ca isotope fractionation of G. ruber/subquadratus and
Globigerinella spp. is supported by a relatively good agreement of the §**Ca based temper-
atures with the global benthic 68O record and local planktonic §'¥0O data. Nevertheless,
more reliable evidences for this temperature dependence and the extend of the temperature
dependence are needed which can best be obtained by culture experiments as previously

done for O. universa and G. sacculifer.
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The proposed temperature controlled §**Ca of G. ruber/subquadratus and Globigerinella
is mainly based on the “one point evidence” of Fig. 5.3. The data from this study as well
as literature data of §**Ca of foraminifers suggest that the fractionation factor « is species
specific (Tab. 6.1 and Fig. 6.1). This let me hypothesize that the fractionation factors « are
not constant throughout time rather than dependent on relative changes of the individual
calcification process of the species. Biochemically controlled calcification is determined by
the foraminifer genes which may have changed due to selection and mutation with their
evolution throughout times.

In contrast to other isotope systems like boron, oxygen and carbon Ca isotope fraction-
ation may be very sensitive to changes of the calcium carbonate precipitation mechanism

because it is controlled by kinetic isotope fractionation rather than by equilibrium fraction-

Table 6.1: Ca isotope fractionation factors (caicite— fiuia) of various foraminifers

species o T (°C) type source

G. trilobus 0.99905 28.6 natural this study

G. ruber 0.99881  28.6 natural this study

Globigerinella spp.  0.99862  28.6 natural this study

G. bulloides 0.99898 2 natural this study

G. sacculifer 0.99796  26.5  cultured Négler et al. (2000)

G. sacculifer 0.99897 29.3  cultured Négler et al. (2000)

G. sacculifer 0.99914 natural Zhu and Macdougall (1998)
G. sacculifer 0.99855 natural  Zhu and Macdougall (1998)
0. universa 0.99904 22 cultured Zhu (1999)

O. universa 0.99903 22 cultured Gussone et al. (2002)

0. universa 0.99919 29.3  cultured Gussone et al. (2002)

N. pachyderma (s)'  0.99836 3.4  natural Hippler (pers. comm)

N. pachyderma (s)?  0.99852 3.4  natural Hippler (pers. comm)

N. pachyderma (s)  0.99846  0.28 natural Gussone (prev. unpublished)
N. pachyderma (s)  0.99863 natural Zhu and Macdougall (1998)
N. pachyderma (s)  0.99904 natural Zhu and Macdougall (1998)
Alveolinella sp. 0.99957 natural ~ Skulan et al. (1997)

G. ornatissima 0.99877 9.8  natural De La Rocha and DePaolo (2000)

L arctic; 2 antarctic
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Figure 6.1: a-values of different planktonic foraminifers.

ation (Heumann and Lieser, 1973; O’Neil et al., 1986, Gussone et al., in press). Equilibrium
fractionation for C and O isotopes is associated with covalent bonding and occurs already
at the formation and transition of the dissolved carbonate species like CO2(aq), HCO3~
and CO32~ in the bulk solution. Isotope fractionation of C and O isotopes is relatively
large when these molecules form in a distinct bulk solution. For example at the transition
from COz(aq) to HCO3™~ oxygen isotope fractionation is in the order of about 23 %o and
O isotope fractionation at the transition from HCO3~ to CO3%~ is 16 %o (Zeebe, 1999).
However, kinetic O isotope fractionation during CaCOg precipitation is relatively small.
That C and O isotope fractionation is less controlled by mineralogical effects during pre-
cipitation is also supported by the observation that O and C isotopic difference between
calcite and aragonite only amounts to about 1 %o and 1.7 %o, respectively (Bohm et al.,
2000; Romanek et al., 1992). This is much less than the fractionation processes related to
the formation of HCO3~ and CO32~ molecules in the bulk solution.

In the bulk solution Ca isotopes occur as hydrated Ca?* ions and no isotope fraction-
ation occurs as a function of varying speciation. Because Ca isotopes are controlled by
kinetic fractionation only during CaCQOj3 precipitation from the bulk solution Ca isotope
fraction reacts much more sensitive to changes of the calcification process. This has been

extensively discussed in Gussone et al. (in press) who showed that different biochemical
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calcification processes in foraminifer control their fractionation factor differing by one or-
der of magnitude between G. sacculifer and O. universa. Pearson et al. (1997) used the
fossil record from Site 871 to date this separation of G. trilobus and O. universa from
their ancestral lineage back to the middle Miocene (~15.1 Ma). From a genetic point of
view, both foraminifers evolved from a common ancestor at about 19 Ma (de Vargas et al.,
1997). Evolutionary changes of the biochemical processes controlling CaCOg precipitation
in foraminifer are therefore a likely candidate to influence Ca isotope fractionation.
Evolutionary changes of foraminiferal species are well known to have occurred through-
out the Phanerozoic (e.g. Loeblich and Tappan, 1964; Pflug 1965, Kennet and Srinivasan,
1983). However, to our knowledge no information are available about the evolutionary
history of changes of biochemical controlled calcification processes and their effects on the
Ca-isotope fractionation.

It seems possible that the Miocene G. subquadratus being the ancestor of G. ruber (Kennett
and Srinivasan, 1983) had a different Ca fractionation factor than modern G. ruber. From
Globigerinella spp. it is known that there was an evolution since the Oligocene (Kennett
and Srinivasan, 1983). G. praesiphonifera evolved from G. obesa at the transition from the
Oligocene to Miocene and further evolved into modern G. siphonifera (=G. aequilateralis)
during the late Miocene.

Currently, foraminiferal species are distinguished primarily on morphological concepts al-
though several studies showed that this classical species definition is critical with regards
to molecular approaches (De Vargas et al., 1999; De Vargas et al., 2002; Darling et al.
1999; Huber et al. 1997; Kucera and Darling, 2002). De Vargas et al. (2002) found four
genotypes for Globigerinella siphonifera. The extend of the genetic differences between
these four genotypes is in the range of species level. De Vargas et al. (2002) detected that
each of these genotypes is adapted to specific environment characterized by typical ranges
of e.g. salinity, temperature and pH. Genotypes with significant genetic differences have
also been reported for G. ruber (Darling et al., 1997). Differing from G. siphonifera and G.
ruber there are only small genetic differences within the G. sacculifer cluster. This is also
true for G. bulloides, where only slight genetic differences between transitional zone and
subtropical specimens were observed (Darling et al., 1999). A good overview on the rela-
tions between morphologic evolution and genetic evolution of foraminifera was given by De
Vargas et al. (1997). Our data indicate a divergence of the records starting at about 3 Ma.
We propose that a change of the fractionation factor at this time leads to a shift between
the 6*4Cayg,, record of G. trilobus relative to the §**Cag,, records of G. ruber/subquadratus

and Globigerinella spp.
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Figure 6.2: Proposed change of the a-values of G. ruber/subquadratus and Globigerinella spp.
between 3 and 1.5 Ma.

In order to reconcile the four records the fractionation factor for Globigerinella in the time
interval before 3 Ma had to be about 0.99894, slightly higher than in the time interval from
the present to about 3 Ma (o = 0.99863) (Fig. 6.2). Similarly, for G. ruber/subquadratus
we assume that the fractionation factor dropped at about 3 Ma from 0.99910 to 0.99881
(Fig. 6.2). In contrast to these species we infer that the fractionation factors for G. trilobus
and G. bulloides must have remained constant for the last 24 Ma. Applying this correc-
tions to the Globigerinella and G. ruber records the §**Cag,, records are consistent within
their statistical uncertainties (Fig. 6.3). However, records still show discrepant values be-
fore about 16 Ma. It may be speculated that this observation also reflects an evolutionary

change of the calcification processes resulting in an earlier change of the fraction factor a.
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During the last years the precision of calcium isotope measurements (§*4Ca) has consid-
erably improved due to technical improvement in mass spectrometer instrumentation, and
the application of the double spike technique. Recent progress in Ca-isotope measurements
showed that calcium isotopic variations can be used in order to reconstruct past sea surface
temperature (Négler et al., 2000) and past global fluctuations of continental weathering
fluxes (De La Rocha & DePaolo, 2000).

Here we present a rapid method for the determination of calcium isotope compositions
by thermal ionisation mass spectrometry (TIMS). The main improvement is the use of a
multicollector analyzer and the use of a *3Ca/*¥Ca double spike. The analyses were per-
formed on a MAT262 RPQ™ using a two step dynamic mode. In the first step masses 40,
41, 42 and 43 are measured simultaneously and in the second step masses 44 and 48 are
measured simultaneously. Interferences of °K are monitored on mass 41 and can generally
be neglected. Comparison of the result from this new method to results from simple peak
jumping indicate that the new method show comparable and precision. Measured ratios
are corrected for the double spike by an external numerical algorithm using an iterative
approach (Compston & Oversby 1969). The §*4Ca-ratios are normalized to the 4Ca/4’Ca
ratio of NIST SRM 915a (pure CaCOs). The long term reproducibility was determined by

repeated measurements of this standard and amounts to + 0.08 %o(d-units).
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The new technique has been applied to §**Ca variations of planktonic foraminifera (G.
bulloides) from ODP Leg 183 Site 1138 (Kerguelen Plateau). The results show that the
0% Ca ratios vary during the last 22 Ma within a range of about 1%o. The §**Ca values
decrease from the present to a §*Ca-minimum at about 16 Ma. This observation can be
interpreted in terms of global SST-cooling or an increase of ocean calcium concentration

due to enhanced rates of continental weathering.
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The Kerguelen Plateau is a mostly drowned oceanic plateau in the Indian sector of the
Southern Ocean. It formed during the late Cretaceous as a temporarily subaerial volcanic
plateau. Today most of the plateau is situated south of the polar front and many parts are
at water depths of less than 2000 m. Several holes drilled during ODP Legs 119, 120 and
183 offer the opportunity to study Miocene sedimentary sequences from a southern high
latitude setting.

The Miocene of the Kerguelen Plateau shows a pronounced facies shift from carbonate
dominated sediments in the Early and Middle Miocene to opaline and volcanoclastic dom-

ination in the Pliocene and Pleistocene. The facies transition started during the Late
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Miocene, when around 11 Ma carbonate accumulation rates began to decline. A short pe-
riod of lowered carbonate contents at about 8.5 to 9.5 Ma may be an expression of the
Late Miocene “carbonate crash”. During the transitional time hiatuses were widespread
and there appears to exist no sedimentary record from about 4.5 to 7Ma, when a major
hiatus formed at all investigated sites. Almost pure diatom oozes were deposited at the
southern sites during the latest Miocene and in the Pliocene. At the more northern sites,
however, there is sufficient carbonate during this time to allow almost continuous sampling
of carbonate components from Early Miocene through Pleistocene. We collected planktonic
foraminifera from the most continuous record, cored at ODP Site 1138, at a resolution of
about 1 Ma from Late Miocene to Pleistocene for determination of calcium and strontium
isotope ratios.

Our calcium isotope record correlates well with the data of De La Rocha & DePaolo (2000).
Our better temporal resolution allows to date the Middle Miocene calcium isotope mini-
mum as 15 Ma. Comparison with a benthic foraminifera oxygen isotope record from the
nearby ODP site 747 (Wright & Miller, 1992) shows a parallel rise of calcium and oxygen
isotopes from the minimum at 15 Ma to a Late Miocene maximum at about 7 Ma. Compar-
ing calcium and strontium isotope records, we find that the the minimum further correlates
with the well known Middle Miocene inflection in the seawater strontium isotope curve.
During the Pliocene/Pleistocene cooling no correlation between oxygen and calcium iso-
topes can be observed. Thus, it is not possible to explain our observations by local temper-
ature effects. More likely, the calcium isotope record reflects global changes in the oceanic
calcium reservoir through changing weathering fluxes or dissolution and deposition of cal-
cium carbonates. If this is the case, global events like the Late Miocene “carbonate crash”
or the Miocene/Pliocene lowering of the carbonate compensation depth should have left

traces in the calcium isotope record as recorded in planktonic foraminifera.
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We present a comparison of the calcium isotope record (6**Ca) of different species of plank-
tonic foraminifers from the southern Indian Ocean (ODP Site 1138; G. bulloides) and the
western Equatorial Pacific (ODP Site 871A and 872C; G. ruber and G. trilobus). For the
latter two sites most recently a detailed 6''B-record was presented by Pearson et al., 2000.
The 6**Ca records of both cores show decreasing §**Ca values between 21 Ma and 16 Ma.
The minimum at 16 Ma is followed by rapidly increasing values until 13 Ma and then a slow
increase to the present seawater values. These results are in general accord with earlier
findings of De La Rocha & DePaolo (2000), although there are some discrepancies concern-
ing core chronologies. Unfortunately, direct comparison of the §**Ca values is hindered by
the use of different standard materials and normalizing procedures.

Because of our high temporal resolution of about 1 sample/Ma details of the calcium iso-
tope evolution of the oceans can be seen. The G. bulloides record shows a drop of the
0% Ca of 0.5 %o whereas the G. ruber record shows a drop of 0.3 %o at about 3Ma. An-
other drop occurred between 10 and 9Ma but with a smaller amplitude (0.15 %0 G. ruber
and 0.2 %o G. bulloides). Presumably, the amplitude of the observed variations depends
on foraminiferal species and/or location. The §*4Ca of G. ruber and of G. bulloides show
maximum variations of 0.6 %o and about 0.7 %o, respectively, over the studied time interval.
First measurements of G. trilobus show a §**Ca increase of about 1.0 %o between 16 and
12 Ma. The records of G. ruber and G. trilobus (ODP sites 871A and 872C) show the same
trend and similar §*4Ca values between 19 and 16 Ma. Between 4 Ma and today the trends

are similar, but the 6*4Ca values show an offset of about 0.25 %o.
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The trends of our 6**Ca records can be interpreted in terms of changing global conditions,
e.g. changing weathering rates, global temperature changes, ocean pH-variations and of

oscillations of input and output calcium fluxes.
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We present §*4Ca records of three different foraminifera species (G. ruber/subquadratus, G.
trilobus and Globigerinella spp.) from the western equatorial Pacific (ODP Site 871 and
872) corresponding to the last 23 Ma. Assuming a constant calcium isotope fractionation
factor (a) between seawater and the foraminiferal calcium carbonate the §4Ca of the past
seawater (6*Cag,) can be reconstructed. The §*4Cayg,, records of G. ruber/subquadratus
and of Globigerinella spp. are similar. The two records show a decrease of the §*Cay,, be-
tween 25 and 16 Ma of about 0.5 %o followed by an increase of about 0.5 %o between 16 and
3 Ma. Between 3 Ma and the present the §**Cay,, decreases again by about 0.25 %o. The
0% Cayg, calculated from G. trilobus record shows a similar trend between 22 and 6 Ma but
is isotopically lighter by about ~ 0.2 %o compared to the other two records: The §**Cay,
of Site 871 is positively related to its 87Sr/gGSr record. This indicates that the §*4Cay,, is
triggered by the balance of the input of continental weathering products and submarine
volcanism and the output of biogenically driven calcium carbonate precipitation.

From G. sacculifer being closely related to G. trilobus it is known that calcium isotope



Conference-Abstracts 95

fractionation is temperature dependent (Négler et al. 2000; Gussone et al. 2002). Thus
the differences between the §**Casg,, from G. trilobus and the mean of the 6**Cag, of G.
ruber/subquadratus and Globigerinella spp. can be interpreted as a temperature related
signal. Using the known correlation of the fractionation factor («) and temperature (T)
of G. sacculifer the calculated temperature varies between 26.5°C and 29°C over the past
23 Ma. The calculated temperatures the G. trilobus record shows a cooling trend between
23 and 16 Ma followed by slight warming between 16 and 3 Ma. Between 3 and 1.5Ma a
rapid warming can be observed. These observed temperature variations are in the order of
1-2°C. In contrast, the 680 record of Site 871 and the global evolution of the 6O record
of benthic foraminifers show a cooling between 16 Ma and 1.5 Ma being in contradiction to

the §**Ca based temperature reconstructions of the G. trilobus record.
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Ca double spike correction using Excel97 /2k

The listing below shows the definition of the function “CaCalc(arguments)” programmed

in VBA for MS Excel97/2k. This function is the iterative algorithm for the Ca double

spike correction (fig. 2.5). The function requires the input of 5 arguments separated by a

semicolon: a spike number, the measured 43Ca/4¥Ca, *4Ca/*8Ca and °Ca/*8Ca ratios of

the spiked sample and a logical value (True/False). The logical value is used for the output

of either the §*4Ca value (True) or of the *Ca/4°Ca ratio (False). Each used Ca double

spike gets a number and its composition has to be defined within the program.

Short overview of the parts of the listing:

lines event

1+2 Definition of the function ‘CaCalc’

4-28 Declaration of the variables and the type of the variables

30 Definition of the value for the end of the iteration

34-38 “Russell”-values as starting parameters for the iterative routine

40-60 Definition of the Ca double spike compositions; as we have two different
43Ca/*8Ca double spikes the numbers “1” and “3” are defined

63 setting of the cycles counter

67 Fig. 2.5 equation: (11)

68 Fig. 2.5 equation: (12)

69 Fig. 2.5 equation: (13)

71-72 Fig. 2.5 equation: (1)

73 Fig. 2.5 equation: (2)

74 Fig. 2.5 equation: (3)

75 Fig. 2.5 equation: (4)

76 Fig. 2.5 equation: (5)

7 Fig. 2.5 equation: (6)

78-79 Fig. 2.5 equation: (7)

80-81 Fig. 2.5 equation: (8)

82 Fig. 2.5 equation: (9)

84 Fig. 2.5 equation: (10)

95 End of the iterations if one the defined conditions is fulfilled

99+101 Output of the result either as J-value (line 99) or as *4Ca/4°Ca-ratio (line 101).
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Static Function CaCalc(Spike As Byte, Mix_4348 As Double,
Mix_4448 As Double, Mix_4048 As Double, Delta As Boolean)

’Dimensionierung der Variablen

Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim
Dim

MixCalc_4348 As Double
MixCalc_4448 As Double
MixCalc_4048 As Double
MixCalc_4440 As Double
Spike_4348 As Double
Spike_4448 As Double
Spike_4048 As Double
Spike_4440 As Double
PureSample_4348 As Double
PureSample_4448 As Double
PureSample_4048 As Double
PureSample_4440 As Double
PureSample_4348_recalc As
PureSample_4448_recalc As
PureSample_4048_recalc As
PureSample_4440_recalc As
beta As Double

fu As Double

Q40 As Double

Qmean As Double

DeltaQ As Double

Q4840 As Double

Q4844 As Double

Krit As Double

Double
Double
Double
Double

’Kriterium fuer Beendung der Iteration

Krit
Dim

’Rus
Pure
Pure
Pure
Pure

= 0.000000001
Counter As Single

sell-Werte

Sample_4448 = 11.27268628
Sample_4348 = 0.731146432
Sample_4048 = 531.5409762
Sample_4440 = 0.021207558

’Spike-Daten und Wert auf den normalisiert wurde

Sele
Case

Case

Case

ct Case Spike

1 ’Bern

If Mix_4348 = 0 Then Mix_4348
Spike_4348 = 0.78664337
Spike_4448 = 0.048534265
Spike_4048 = 0.147728596

Spike_4440 = 0.328536698
3 ’Kaiser-Karl

If Mix_4348 = 0 Then Mix_4348

Spike_4348 = 0.750546274

Spike_4448 = 0.044730243
Spike_4048 = 0.151914776
Spike_4440 = 0.294443004

Else

0.786624

0.750546274
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55 If Mix_4348 = 0 Then Mix_4348 = 0.786624
Spike_4348 = 0.78664337
Spike_4448 = 0.048534265
Spike_4048 = 0.147728596
Spike_4440 = 0.328536698

60 End Select

’Schleifenzaehler fuer Abbruch der Iteration
Counter = 0

65 ’Iteration

Do
Q4844 = (Mix_4448 - Spike_4448) / (PureSample_4448 - Mix_4448)
Q4840 = (Mix_4048 - Spike_4048) / (PureSample_4048 - Mix_4048)
Qmean = (Q4844 + Q4840) / 2

70 Delta = Q4844 - Q4840
MixCalc_4348 = (Spike_4348 + Qmean * PureSample_4348) / _
(1 + Qmean)
beta = Log(MixCalc_4348 / Mix_4348) / Log(43 / 48)
MixCalc_4048 = Mix_4048 * (40 / 48) ~ beta
75 MixCalc_4448 = Mix_4448 * (44 / 48) ~ beta
MixCalc_4440 = MixCalc_4448 / MixCalc_4048
Q40 = Qmean * PureSample_4048 / Spike_4048
PureSample_4440_recalc = (1 + 1 / Q40) * MixCalc_4440 - _
(1 / Q40) * Spike_4440
80 fu = Log(PureSample_4440_recalc / PureSample_4440) / _
Log(44 / 40)
PureSample_4448_recalc = PureSample_4448 * (44 / 48) ~ fu
PureSample_4348_recalc = PureSample_4348 * (43 / 48) ~ fu
PureSample_4048_recalc = PureSample_4048 * (40 / 48) ~ fu
85 Mix_4448 = MixCalc_4448
Mix_4348 = MixCalc_4348
Mix_4048 = MixCalc_4048
PureSample_4448 = PureSample_4448_recalc
PureSample_4348 = PureSample_4348_recalc
90 PureSample_4048 = PureSample_4048_recalc
PureSample_4440 = PureSample_4440_recalc
Counter = Counter + 1

’Ende Iteration bei Erfuellung eines der Kritrien
95 Loop Until Abs(DeltaQ) < Krit Or Counter = 10

’eigentliches Ergebnis

If Delta = "Wahr" Then

CaCalc = (PureSample_4440_recalc * 47.153 - 1) * 1000
100 Else:

CaCalc = PureSample_4440_recalc

End If

End Function
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