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Chapter 1

1.1 Climate change and paleoclimate proxies
based on marine carbonates

Climate change is one of the major challenges of our time. Human induced
increase in atmospheric CO2 will, without the effort to decrease carbon emissions
world-wide, likely lead to a global mean surface temperature rise exceeding 1.5 ◦C
by the end of the 21st century compared to pre-industrial times (IPCC, 2013).
The impact of climate change is global in scope and unprecedented in human
history: the rising sea level increases the risk of catastrophic flooding, while
changing weather patterns threaten food security, and a warming and acidifying
ocean challenges marine life and ultimately all life depending on it.

The Earth System is a complex interplay of the biosphere, atmosphere,
hydrosphere, cryosphere and lithosphere, where perturbations cause interactions
and feedbacks that can span timescales much longer than a human’s lifetime.
In order to mitigate climate change, we rely on model simulations of the Earth
System. Climate models integrate our understanding of the physical, chemical
and biological processes driving the Earth System, and observations of past
climate variations are critical in validating and extending these models further.
The historical record of direct observations goes back only a short amount of
time. Air temperatures, for instance, have been systematically recorded for about
170 years. Most of the parameters characterizing the state of the climate in
the past cannot be measured today, with the exception of the composition of
the atmosphere entrapped in air bubbles in ice cores, which could be recovered
dating back up to 800,000 years before present (Lüthi et al., 2008). For the rest,
climate modelers largely depend on indirect observations of the climate further
back in time. Such indirect observations can be made by making use of proxies:
chemical or isotopic signatures of old materials we can measure today, of which
a relationship with environmental parameters has been established.

Marine sediments provide long and largely undisturbed archives of the past.
Therefore, a large part of the reconstructions of past climate are based on proxies
recorded in marine sediments. These proxies make use of fossil species assemblages,
biomarkers (organic molecules), and, in many cases, inorganic chemical signatures
such as the bulk trace element content of marine sediments or of fossil shells
of marine calcifiers. Marine carbonate-rich sediments are abundant in today’s
oceans. They are made up for a large part of the shells of pelagic calcifiers. Of
these, foraminifera and coccolithophores, unicellular plankton ubiquitous in the
oceans, are responsible for the largest carbonate export from the surface ocean
to the sea floor.

A suite of inorganic chemical proxies based on marine carbonates has been
developed and applied throughout the last decades. Next to foraminiferal calcite,
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which most of these proxies are based on, also coral skeletons and coccoliths, the
calcite scales of coccolithophores, are used. The proxies are based on empirical
relationships determined from core-top or culture calibrations. Most widely
applied are the foraminiferal benthic δ18O (Shackleton, 1975; Zachos et al.,
2001) and foraminiferal Mg/Ca ratios (Dwyer et al., 1995; Nürnberg et al., 1996;
Lear et al., 2000), both of which are used to reconstruct past temperatures.
Furthermore, foraminiferal element-to-calcium ratios of various trace elements,
as well as their isotopic composition have been explored and assessed for use as
proxies. Pioneering work has been carried out using foraminiferal Cd/Ca ratios
to reconstruct paleo phosphate concentrations and bottom-water composition
(Boyle, 1981, 1988, 1992). Moreover, it has been shown that, for instance, U/Ca,
Sr/Ca, B/Ca, and δ11B relate to seawater carbonate system parameters (Russell
et al., 2004; Keul et al., 2013, 2017; Hemming and Hanson, 1992; Sanyal et al.,
1996; Dawber and Tripati, 2012), Cd/Ca relates to nutrient concentrations (Boyle,
1992; Marchitto and Broecker, 2006), and Mn/Ca to bottom-water oxygenation
(Ní Fhlaithearta et al., 2010; Groeneveld and Filipsson, 2013; Koho et al., 2015,
2017; Petersen et al., 2018, 2019). Furthermore, δ53Cr might be linked to ocean
redox state (Wang et al., 2017; Remmelzwaal et al., 2019a), and Na/Ca is
proposed to reflect seawater salinity as well as seawater Ca concentrations (Wit
et al., 2013; Mezger et al., 2016; Allen et al., 2016; Geerken et al., 2018; Hauzer
et al., 2018).

Similar proxies have been developed based on corals. For instance, thermo-
metry based on coral Mg/Ca, Sr/Ca, U/Ca and δ18O has been investigated and
evaluated (Swart, 1983; Cole and Fairbanks, 1990; Mitsuguchi et al., 1996; Smith
et al., 1979; Wei et al., 2000).

Last but not least, also the chemical signatures of coccoliths are used to a
wide extent for paleo reconstructions. Coccolith calcite has a low Mg content,
and is therefore less prone to dissolution and more likely preserved in sediments
opposed to high-Mg calcite. A large suite of elements and isotopic ratios have
been investigated in coccoliths, such as Sr/Ca (Stoll and Schrag, 2000; Rickaby
et al., 2002), Mg/Ca (Stoll et al., 2001; Ra et al., 2010), B/Ca (Stoll et al., 2012),
Ba/Ca (Langer et al., 2009), and Zn/Ca (Santomauro et al., 2016), as well as
δ13C (Ziveri et al., 2003), δ18O (Dudley et al., 1986; Bolton and Stoll, 2013),
δ26/24Mg (e.g., Ra et al., 2010; Müller et al., 2011), δ44/40Ca (e.g., Müller et al.,
2011; Mejía et al., 2018), and clumped oxygen isotopes (Drury and John, 2016).

However, all estimates based on proxies are burdened with uncertainties, not
in the least because interactions between multiple environmental factors and
biological processes, the so-called vital effects, influence the proxy signal. Besides
differences between species, there is also large variability among specimens of
the same species. Furthermore, within the skeletons of single specimens, there is
variability in the distribution of elements on a sub-micron scale. This variability,
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and in particular the micro-scale variability in the distribution of minor and
trace elements within the calcite shells of foraminifera and skeletons of corals,
gave rise to critical questions about how and why proxies work. Answering these
questions, i.e., understanding of the fundamental controls of biomineralization
and thereby the underlying mechanisms of proxies, thus the how and why proxies
actually work, is presently of large interest in the scientific community.

1.2 Techniques to chemically characterize
marine carbonates

There are numerous techniques to investigate the minor and trace element com-
position of carbonates. These techniques can be divided into two types: those
that disregard the spatial information (bulk methods), and those that are able to
resolve it (in-situ methods). Bulk methods can be destructive, such as solution-
based inductively coupled plasma optical emission spectroscopy (ICP-OES)
and ICP-mass spectrometry (ICP-MS), and non-destructive, such as X-ray
fluorescence (XRF) spectrometry. Techniques such as µXRF, electron probe
microanalysis (EPMA), and synchrotron-based nano-XRF provide spatial resol-
ution in a non-destructive way, while techniques such as laser ablation-ICP-MS
(LA-ICP-MS), secondary ion mass spectrometry (SIMS) and nano-scale SIMS
(NanoSIMS) provide spatially resolved information with better sensitivity, but
are destructive (Figure 1.1)

milli-meter nano-metermicro-meter

synchrotron

nanoSIMS

SIMS

EPMA

µXRF

LA-ICP-MS

Figure 1.1: Scheme indicating the spatial resolution of a number of analytical techniques
(non-destructive in black, destructive in blue) used to chemically characterize solid samples.

Each type of analysis comes with certain advantages and disadvantages.
While ICP-MS of bulk samples is comparatively cheap, fast, and rather matrix-
insensitive, its drawbacks include the requirement of larger samples and, when it
comes to small samples such as coccoliths, the necessity of working with sediment
size fractions rather than ’pure’ samples. In contrast, non-bulk techniques often
require extensive sample preparation, are usually more expensive, less routine,
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have a lower sample throughput, and each comes with their own drawbacks such
as analysis of an extended depth-domain (XRF-based techniques) or sensitivity
to sample topography or matrix composition (SIMS). Sample sizes range over
scales from millimeter to centimeter-sized parts of organisms such as corals or
bivalves, via hand-picked sets of (mostly) micrometer-sized individual shells of
foraminifera, to typically < 25 µm sized coccoliths retrieved from size-fractions
of marine sediments or sediment traps (Figure 1.2).

Figure 1.2: Marine calcifiers come in various shapes and range in size across scales. Example
secondary electron microscopy (SEM) image of planktic foraminifer (1) next to Emiliania
huxleyi coccosphere (2) and individual coccoliths (3). The image was retrieved from the
mikrotax.org website (Young et al., 2019).

When it comes to small sample sizes as is the case for coccoliths, solution-
based techniques are at their limits: in the case of environmental samples, the
large sample requirements of solution-based techniques are often unrealistic.
Therefore, sediment size fractions (from cores as well as sediment traps) are
used, which often also contain other minerals or organics that are difficult to
separate. Another issue of using small-sized samples in bulk techniques is the high
surface-to-volume ratio, which results in a high potential surface contamination
and requires substantial chemical cleaning.

A possible alternative method that can overcome these issues is NanoSIMS,
which provides several important advantages: (1) high spatial resolution, which
is sufficient to resolve a coccolith in considerable detail; (2) high mass resolution,
which is sufficient to gain data largely free of isobaric interferences; and (3) the
capability to collect data as images, which enables one to selectively choose
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uncontaminated sample areas for investigation. Similar advantages are provided
by EPMA, but its lower spatial resolution and sensitivity limit this technique
to larger carbonate samples (e.g., foraminifera) and exclude the possibility to
map trace elements. Therefore, NanoSIMS is the analytical technique of choice
in this thesis. As this technique is expensive in both time and money, we use it
in this thesis not to establish analytical routines to construct proxy records, but
rather to investigate, with a sub-micrometer resolution, the distribution of minor
and trace elements in marine carbonates to gain fundamental insights into the
functioning of marine calcification and thus also the mechanisms behind proxies.

1.3 Secondary Ion Mass Spectrometry (SIMS)

Over the last decades, secondary ion mass spectrometry (SIMS) has become a
routine technique to analyze the chemical composition of solid samples. Going
back to the discovery of secondary ions at the beginning of the 20th century
(Thomson, 1910), major advances in the technical development of SIMS were
made in the 60s and 70s of the last century (Honig, 1986). The basic principles
of SIMS have been extensively described in the literature (Benninghoven et al.,
1987; Fayek, 2009; van der Heide, 2014). Biefly, a primary beam of energized
ions is focused onto the sample surface creating a collision cascade, which leads
to the emission of secondary particles from the top few nanometers of a sample
(Liebl, 1975), a process referred to as sputtering. These secondary particles
can be neutral or ionized. The ionized secondary particles (secondary ions) are
extracted by ion optics, separated based on their mass-to-charge ratio by a mass
spectrometer, and detected (Figure 1.3).

1.3.1 SIMS instrumentation

SIMS instruments consist of 1) an ion source producing the primary ions, 2) the
primary ion beam column, where the primary ions are accelerated and focused,
3) a vacuum chamber holding the sample and extraction lenses, 4) the secondary
ion beam column, where the secondary ions are collimated and filtered based on
their energy, 5) a mass spectrometer, where the secondary ions are separated
based on their mass-to-charge ratio, and 6) detectors.

In general, two major types of SIMS modes are distinguished: static and
dynamic. In static SIMS, primary ions of energies in the sub-kilo-electron volts
(keV) to keV range are applied to a sample, which results in the preservation of
chemical bonds in the emitted secondary molecular fragments due to the small
impact of the primary ions on the sample surface. The primary ion beam is
pulsed, which allows for time-of-flight analyses (ToF-SIMS instruments) that
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primary ions:
e.g. Ar+, Cs+, O-

secondary ions:
X+, X-, XY+, XY-

neutrals:
X0, XY0

sample

collission cascade, mixing

~ 10 nm

Figure 1.3: Principle of SIMS. A primary ion beam is focused on the sample surface.
The incident primary ions cause a collision cascade in the topmost surface layer of the
sample, which leads to the ejection of secondary particles. These secondary particles can be
atoms or molecules that can be neutral, positively or negatively charged. Secondary ions are
extracted and transmitted to a mass spectrometer, where they are separated based on their
mass-to-charge ratio, and detected.

can cover spectra over a large mass range. In contrast, dynamic SIMS uses a
continuous primary ion beam with higher primary ion energies (typically in the
range of several keV; Hoppe et al., 2013). Thus, the impact on the sample surface
is larger and molecular information is lost as the sample atomizes and atoms can
also recombine to secondary molecular particles that are not naturally present in
the sample. As the flow of primary ions is continuous, secondary ions pre-selected
based on their mass-to-charge ratio are continuously and simultaneously detected.
Depending on the instrument, mass spectrometers can be based on a quadrupole
or a magnetic sector, or can be Fourier transform-based (Nuñez et al., 2018).

1.3.2 NanoSIMS

A commercially available NanoSIMS instrument was developed in the 1990s by
Cameca (Hillion et al., 1993) based on an earlier design by Georges Slodzian
and co-workers (Slodzian et al., 1992). Technically, it is a dynamic, double-
focusing, magnetic-sector, multi-collection ion probe (Hoppe et al., 2013), which
was specifically designed for imaging secondary ions with high sensitivity and
spatial resolution. The NanoSIMS 50L instrument offers great potential as its
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CCD

SEM

eGun

primary ion sources:
duoplasmatron source

Cs+ source

sample

coaxial column

magnetic sector
mass fi lter

secondary ion detectors:
6x moveable
1x fixed

camera

primary ion beam

secondary ion beam

Figure 1.4: Scheme of the NanoSIMS 50L instrument used with permission from Cameca.

8



1

Introduction

elemental range covers the complete periodic table except noble gases, whereby
the minimum and maximum masses that can be analysed simultaneously can
differ by a factor of 22. Furthermore, the high sensitivity enables analyses down
to ppb-level at ideal conditions.

The NanoSIMS instrument is fundamentally different in its ion optics com-
pared to conventional SIMS instruments. Typically in SIMS, the primary ion
beam has an inclined orientation to the sample surface, while the secondary ions
are extracted orthogonal to the sample surface. This traditional setup allows for
separate ion optics dedicated to focusing of primary ions and to extraction of
secondary ions, but results in an oval-shaped impact area of the primary beam
with beam diameters typically >1 µm. In the NanoSIMS instrument, the primary
ion beam hits the sample orthogonal to its surface, and the secondary ions of
opposite charge are extracted co-axially with the primary beam (Figure 1.4).
As the primary and secondary beams share the same lenses in the co-axial part
of the beam column, the focusing of the primary beam can occur at a closer
distance to the sample surface. This reduces aberrations (Slodzian et al., 1993;
Hillion et al., 1993), therefore allowing for smaller beam sizes down to ∼50 nm
with Cs+ and ∼150 nm with O– bombardment with the duoplasmatron oxygen
source (Kilburn and Wacey, 2014). The small distance of the extraction lenses
from the sample surface furthermore facilitates high transmission.

The NanoSIMS comes with two primary ion sources: a microcesium source,
which generates Cs+ ions to analyze negative secondary ions, and an oxygen
source, which supplies O– (or alternatively O –

2 ) ions to analyze positive sec-
ondary ions. With respect to the oxygen source, a duoplasmatron oxygen source
has been standard for the first generations of NanoSIMS. However, it does not
keep up with the microcesium source in terms of beam brightness and lateral
resolution. In 2016, a radio-frequency (RF)-based hyperion oxygen source became
commercially available for the NanoSIMS, which yields comparable primary ion
beam current density and spatial resolution as the microcesium source, and fur-
thermore requires considerably less maintenance than the duoplasmatron oxygen
source (Malherbe et al., 2016). The Utrecht University NanoSIMS facility was set
up in 2013, and is currently equipped with a Cameca NanoSIMS 50L instrument
with the microcesium source and the duoplasmatron oxygen source (Figure 1.5).
An upgrade to the RF-based oxygen source is expected in early 2020.

With respect to detection, the NanoSIMS 50L instrument offers the pos-
sibility to simultaneously detect secondary ions in up to seven detectors. The
detectors can be of two types. Faraday cups (FC) offer high stability, but have a
slower reaction time and are therefore best suited for precise spot measurements
employing high primary ion beam currents. In contrast, electron multipliers (EM)
are less stable, but offer fast reaction times and are therefore particularly suited
for imaging applications employing low primary ion currents to maximize spatial
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Figure 1.5: The Cameca NanoSIMS 50L at the GeoLab, Utrecht University.

resolution. Using a combination of both Faraday cups and electron multipliers
is also possible. Throughout this thesis, we exclusively used EM detectors, as
the focus was on imaging analyses rather than on quantitative isotopic analyses
(Figure 1.6).

1.4 Analyses of carbonates with NanoSIMS

By providing a higher lateral resolution than conventional SIMS, NanoSIMS
has been very well received in the scientific community from the start. Over
the last decades NanoSIMS has not only enabled groundbreaking research in
the fields of microbiology, materials science and cosmochemistry, but has also
become increasingly popular to study organisms whose fossils are used for
paleoclimate reconstructions. Imaging of calcifying proxy carriers such as corals
and foraminifera on a micron to sub-micron scale has increased our understanding
of marine calcification and the incorporation of minor and trace elements into
biogenic carbonates.

NanoSIMS-based studies of carbonates include both inorganic and biogenic
carbonates. The Cs+ source is used to detect negative ions associated with
organics (e.g., C– , CN– , O– , P– ) or metal oxy-anions (e.g., CaO– , MgO– ),
while the O– source is used to detect positive metal ions (e.g., Ca+, Mg+, Sr+,
Ba+). The study of inorganic carbonates is largely confined to the fields of
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Figure 1.6: Principle of NanoSIMS in imaging mode. A primary ion beam is rastered over
a flat sample surface creating a flat-bottomed sputtering crater that deepens with time
(left). The incident primary ions cause a collision cascade in the topmost surface layer of
the sample, which leads to the ejection of secondary particles (middle). These secondary
particles can be atoms or molecules that can be neutral, positively or negatively charged. Ions
of opposite charge with respect to the primary ion beam are extracted and transmitted to a
mass spectrometer, where they are separated based on their mass-to-charge ratio. This way,
secondary ion images are acquired (right). Note that the lateral scale of the collision cascade
and the vertical scale (depth of the sputtering crater) are largely exaggerated.

cosmochemistry (Hoppe et al., 2004; Hoppe, 2006; Petitat et al., 2011; Fujiya
et al., 2012), methodological studies using inorganic carbonates (Sano et al.,
2005; Sugiura et al., 2010; Gabitov et al., 2013; Lin et al., 2014) and authigenic
carbonates (Bojanowski et al., 2015). Concerning biogenic carbonates, corals have
been studied extensively in the 2000s (Meibom et al., 2004, 2007, 2008; Reynaud
et al., 2007; Shirai et al., 2008, 2012; Houlbreque et al., 2009; Brahmi et al., 2012;
Gagnon et al., 2012, 2013), while in recent years the focus has been more on
foraminifera (Kunioka et al., 2006; Nehrke et al., 2013; Tachikawa et al., 2013,
2014; Paris et al., 2014; Spero et al., 2015; Fehrenbacher et al., 2017; Bernard et al.,
2017; Hori et al., 2018; Glock et al., 2019). The superb spatial resolution of the
NanoSIMS revealed that the micro-scale distribution of minor and trace elements
is highly variable in both corals and foraminifera (Meibom et al., 2004; Kunioka
et al., 2006). Moreover, culturing experiments involving media enriched in certain
elements or stable isotopes, and subsequent imaging of the added carbonate
skeleton or shell, increased the understanding of biomineralization of both types
of calcifiers. For instance, synchronous incorporation of Ca, Sr, Ba and Tb into
culture-grown S. pistillata coral skeletons supports the common assumption that
seawater is directly transported to the site of calicification in corals (Gagnon et al.,
2012). In culture-grown specimen of the benthic foraminifera A. aomoriensis,
the presence and absence of an isotopic Ca label in newly formed chambers
depending on when this label was added to the culture medium, lead to the
development of a new model for biomineralization in foraminifera based on
trans-membrane and passive seawater transport (Nehrke et al., 2013). In shells
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of the planktic foraminifera N. dutertrei, distinct bands enriched in Mg/Ca
could be linked to day/night calcification processes during shell thickening by
systematic addition of an isotope label to the culture media according to the light
conditions (Fehrenbacher et al., 2017). These examples highlight the potential
of high-resolution imaging techniques such as NanoSIMS to reveal the micro-
scale distribution of minor and trace elements in biogenic carbonates, and, by
clever designs of culturing experiments, to provide insight into the underlying
mechanisms of calcification and trace element incorporation.

Apart from studies on corals and foraminifera, NanoSIMS has been sporadic-
ally applied to other biogenic carbonates such as otoliths (Weber et al., 2005;
Shiao et al., 2018), statoliths (Zumholz et al., 2007), microbialites (Wacey et al.,
2010), and bivalves (Sano et al., 2012; Hori et al., 2015; Füllenbach et al., 2017).
Interestingly, no breakthrough study has so far been published using NanoSIMS
on coccoliths, even though the potential of NanoSIMS to reveal sub-micron-
scale coccolith chemistry has been demonstrated (Rickaby et al., 2004; Rickaby
and Schrag, 2005) and different sample preparation strategies were proposed
(Grovenor et al., 2006).

1.5 This thesis: scope and synopsis

When this PhD project started, the NanoSIMS facility at Utrecht University
had been operational for about one year. A specific goal of this project was
to gain practical experience and expertise in NanoSIMS imaging of carbonates
while attempting to use the instrument towards its limits in terms of sample
size, detection of trace elements and non-conventionally investigated elements in
biogenic carbonates. The main objective of this thesis is hereby to extend and
enhance our understanding of paleoceanographic proxies based on coccoliths and
foraminiferal calcite.

Chapter 2 describes our attempt to produce homogeneous synthetic calcites
that could be used as standards for the calibration of NanoSIMS measurements
in calcites. Synthetic calcites were produced by sintering at high temperature
and pressure, using dehydrated nano-powders of amorphous calcium carbonate
precipitated from solutions spiked with Mg and Sr as precursors. This enabled
us to achieve minor and trace element contents in the range relevant for biogenic
calcites used in paleoceanographic proxy studies. We present NanoSIMS data
showing the spatial variability of Na, Al, K, Mg, Sr and Ba in these synthetic
calcites, and assess their applicability as standards for calibrating NanoSIMS
measurements of calcites.

In Chapter 3, we took up the challenge to image single coccoliths for their
minor and trace element distribution with NanoSIMS. Na, K, Mg, Sr and Ba
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were imaged in a series of recent individual Emiliania huxleyi coccoliths from
the field as well as from culturing experiments, where we varied salinity and
alkalinity separately while keeping other environmental parameters constant. We
found large within sample variability of the El/Ca ratios as well as significant
differences in Na/Ca and K/Ca in different samples of E. huxleyi coccoliths
from the field and from culture experiments. However, a causal or mechanistic
relationship between environmental parameters and coccolith Na/Ca or K/Ca is
presently unclear.

In Chapter 4, we used NanoSIMS to investigate, for the first time, the
distribution of Cl and F within shell walls of four benthic species of foraminifera.
In the rotaliid species Ammonia tepida and Amphistegina lessonii Cl and F
were highly heterogeneous and correlated within the shell walls, forming bands
that were co-located with the banded distribution of phosphorus. In the miliolid
species Sorites marginalis and Archaias angulatus the distribution of Cl and F
was much more homogeneous with no discernible bands. We suggest that in the
rotaliid species Cl and F are predominately associated with organic linings, as
both elements correlate spatially with P. We further propose that in the miliolid
species Cl may be incorporated as a solid solution of chlorapatite or associated
with organic molecules in the calcite, as Cl is co-located with P. The high F
content together with the lack of correlation between F and Cl or P in the
miliolid foraminifera suggests a different incorporation mechanism for F. Overall,
our data clearly show that the calcification pathway employed by the studied
foraminifera governs the incorporation and distribution of Cl, F, P and other
elements in their calcite shells.

Chapter 5 investigates the spatial distributions of Mg, Sr, Na, K, S, P
and N within chamber walls of two benthic foraminiferal species (Amphistegina
lessonii and Ammonia tepida), which were cultured at different salinities and
temperatures. The elements Mg, Sr, Na and K are co-located within shells,
and occur in bands that coincide with organic linings but extend further into
the calcite lamella. Variability between specimen is not explained by specimen-
specific element banding patterns (i.e., independent changes in peak and trough
height) within the shell walls. Rather, peak and trough heights in the elemental
banding pattern co-vary while changes in temperature and salinity influence
the absolute element content as a whole. These results are used to evaluate and
synthesize models of underlying mechanisms responsible for trace and minor
element partitioning during calcification in foraminifera.

Chapter 6 provides a summary of our experience gained during the course
of this PhD project when working with different types of carbonate samples
including inorganic calcites, foraminifera and coccoliths. It is an informal collec-
tion of practical recommendations covering diverse topics ranging from sample
preparation to NanoSIMS measurements and data processing.
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Overall, this thesis emphasizes the importance of micro-scale measurements
for gaining insights into the mechanisms involved in marine calcification and
the concomitant incorporation of minor and trace elements into marine carbon-
ates. Getting a handle on the underlying mechanisms of calcification improves
the reliability of paleoceanographic proxies and will thus help to advance our
understanding of the climate system as a whole. Not only have we conducted
pilot studies whether additional, not yet investigated elements such as Na in
coccoliths, or Cl in foraminifera, may potentially serve as new paleo proxies, this
thesis also highlights the necessity in scrutinizing analytical procedures with
highly-sensitive instruments such as the NanoSIMS.
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Abstract

Homogeneous calcite standards are required for calibrating NanoSIMS meas-
urements in biogenic calcites including foraminiferal shells or coccoliths. To
date, most SIMS-based studies on biogenic calcites use natural calcite standards.
However, natural calcite standards have been shown to be heterogeneous on
the submicron-scale with respect to minor elements such as Mg, Sr and Ba,
limiting their applicability for accurate NanoSIMS measurements. It is possible
to produce homogeneous synthetic calcite reference materials by sintering calcite
crystals from nano-sized calcite powders using high pressure and temperature
(HPT). Here we report on the production of two synthetic calcites using HPT
sintering (1 GPa and 1000 ◦C) of dehydrated nano-powders of amorphous calcium
carbonate (ACC). These amorphous precursors were precipitated from solutions
spiked with Mg and Sr. This enabled us to achieve minor and trace element con-
tents in the range relevant for biogenic calcite used in paleoceanographic proxy
studies. We present NanoSIMS imaging data showing the spatial variability of Sr,
Mg, Na, K, Ba, and Al in these synthetic calcites and assess their applicability
as standards for calibrating NanoSIMS measurements of calcites. The variability
was as low as 3.1–4.3% for Sr, Mg, Na, and Ba, 19% for K, and at least 25%
for Al within individual calcite grains of the synthetic calcites. However, in most
cases the (sub-)micron scale variability of the element-to-calcium (El/Ca) ratios
across the synthetic calcites exceeded, to a variable degree depending on the
element, the analytical precision of the measurement.
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2.1 Introduction

In recent decades secondary ion mass spectrometry (SIMS), and particularly
NanoSIMS, has enabled groundbreaking research not only in the fields of cosmo-
chemistry, material science and microbiology, but has also become increasingly
popular for studying organisms that are used for paleoclimate reconstructions
(Meibom et al., 2008; Hori et al., 2015; Bernard et al., 2017). Micron and sub-
micron scale imaging of calcifying proxy carriers like corals, foraminifera and
coccoliths has increased our understanding of marine calcification and the in-
corporation of minor elements into biogenic carbonates (Kunioka et al., 2006;
Grovenor et al., 2006; Meibom et al., 2007; Gagnon et al., 2012; Nehrke et al.,
2013; Prentice et al., 2014; Fehrenbacher et al., 2017; Geerken et al., 2019;
Remmelzwaal et al., 2019b). NanoSIMS is particularly well suited for imaging
the distribution of isotopic labels as well as of major and minor elements in
flat-polished materials on a sub-micron scale. For quantitative analyses however,
standards are required.

Standards for SIMS and NanoSIMS need to be spatially homogeneous to en-
sure measurement reproducibility. Additionally, they need to be matrix-matched
to minimize the influence of matrix-dependent differences in ionization efficiency
and elemental fractionation on the measurement accuracy (Dyar et al., 2001;
Fayek, 2009; Shimizu, 2019). Potential standards to calibrate analyses of bio-
genic carbonate minerals include natural abiotic as well as synthetic calcite and
aragonite minerals. Usually, biogenic calcite and aragonite minerals are highly
heterogeneous on a sub-micron scale, and are therefore only useful for calibrations
in exceptional cases, such as when the same specimens can be analyzed using a
second quantitative analytical technique (e.g., Geerken et al., 2019). To date,
there are also no abiotic carbonate standards available, which are chemically
completely homogeneous on a micron to sub-micron scale (Hart and Cohen,
1996; Ishimura et al., 2008; Gabitov et al., 2013). A comprehensive study of
the precision and accuracy of the Cameca NanoSIMS 50L instrument for the
measurement of the Mg/Ca, Sr/Ca and Ba/Ca ratios in nine carbonate refer-
ence materials showed that the analytical uncertainty is often smaller than the
spatial variability within standards (Gabitov et al., 2013). Accurate calibration
of NanoSIMS element-to-calcium (El/Ca) ratios requires standards, of which the
very same specific crystals were independently quantified, as different crystals of
the same nominal standard can exhibit large variability (Ishimura et al., 2008;
Gabitov et al., 2013). Whilst the relative precision within a sample is governed
by the internal error, the overall accuracy can be considerably lower (∼7.5 %
and ∼11.0 % for Sr/Ca and Mg/Ca, respectively), due to large susceptibility of
the NanoSIMS instrumental fractionation as a result of changing instrument
settings (Gabitov et al., 2013). Even though carbonate samples can be accurately
calibrated using homogeneous standards with elemental contents different from
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the sample, a calibration is ideally based on standards with a range of El/Ca
content which on average is similar to that of the sample.

Recently, Lin et al. (2014) proposed a new method to produce homogeneous
calcite reference materials by sintering calcite crystals from nano-sized calcite
powders using high pressure and temperature (HPT) conditions. These synthetic
calcites were homogeneous within the analytical uncertainty of NanoSIMS with
respect to δ18O and had a homogeneous distribution of P and Sr.

Here, we aimed to produce two homogeneous synthetic calcite standards
using a similar approach as Lin et al. (2014), while additionally adding trace
elements such as Mg and Sr. Direct precipitation of calcite from solutions spiked
with trace elements, as well as sintering of a mixture of calcite and trace element
rich mineral powders, would be expected to produce heterogeneous trace element
distributions due to zonation and insufficient mixing, respectively. We therefore
applied HPT sintering (1 GPa and 1000 ◦C) to dehydrated nano-powders of
the calcite precursor amorphous calcium carbonate (ACC). This amorphous
precursor was precipitated from solutions spiked with Mg and Sr, producing
a homogeneous distribution of these trace elements in the precursor material.
Therefore, no zonation at a scale relevant for typical NanoSIMS measurements
is expected in the final calcite crystals. This enabled us to achieve minor and
trace element contents that are in the range relevant for biogenic calcite used
in paleoceanographic proxy studies. We present NanoSIMS data showing the
spatial variability of the element-to-calcium ratios in these synthetic calcites,
and assess their applicability for the calibration of NanoSIMS measurements.

2.2 Materials and Methods

2.2.1 Production and characterization of amorphous
calcium carbonate powders

Two amorphous calcium carbonate (ACC) powders with different Mg and Sr
content were prepared at the Alfred Wegener Institute in Bremerhaven (Ger-
many). The ACC was precipitated in a temperature controlled laboratory at
2 ◦C by mixing equal volumes of 0.01M CaCl2 and 0.01M Na2CO3 (Merck;
chemicals were of reagent grade quality). For powder ACCa, the CaCl2 solution
was spiked to obtain final concentrations of 100 µM MgCl2 and 10 µM SrCl2,
while for powder ACCb, the CaCl2 solution contained 10 µM MgCl2 and 1 µM
SrCl2. Ten minutes after mixing of the solutions, the precipitate was filtered over
a cellulose-acetate filter (pore size 0.45 µm, diameter 45 mm), and rinsed with
ethanol. Finally, the filters were dried and stored in a dessicator. Apart from Mg
and Sr, the ACC powders are expected to contain additional trace elements due
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to impurities in the used chemicals.

Initial characterization of the ACC powders was done at Utrecht University.
First, an aliquot of each ACC powder was dehydrated under N2 gas at 280 ◦C
with a thermogravimetric analyser (TGA; LECO TGA701) to achieve complete
removal of structural water without the risk of initiating a phase change of
the ACC powders to calcite (Ihli et al., 2014). Subsequently, subsamples of
the powders taken before and after dehydration were analyzed by Raman and
Fourier transform infrared (FT-IR) spectrometry to confirm the amorphous state
of the ACC powders, and by scanning electron microscopy (SEM) to obtain
the grain size distribution. Raman analyses were carried out with a WITec
Raman spectrometer equipped with a Nd-YAG laser (wavelength of 532 nm). For
FT-IR spectrometry, small aliquots (approximately 3 mg) of the hydrated and
dehydrated ACC powders were mixed and homogenized with KBr in an agate
mortar. Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectra were
obtained with a Thermo Scientific Nicolet 6700FT-IR spectrometer. The grain
size distribution of the powders was determined by measuring the diameter of
120 individual ACC grains per sample using a JEOL JCM-6000PLUS NeoScope
Benchtop SEM.

The chemical characterization of the ACC powders was done at NIOZ Texel.
To determine the elemental composition of the ACC powders, 3 sub-samples
(10 mg each) of each powder were dissolved in 1M ultrapure HNO3, diluted 4000-
fold to yield Ca concentrations in the range of 80–100 ppm, and analysed with
SF-ICP-MS (Thermo Scientific Element 2). Nine standard reference materials
(SRMs) were used to calibrate the count intensity to concentrations. All SRMs
and the blanks were matrix-matched with respect to Ca (containing 80–100 ppm
Ca). Twelve SRMs were measured along with the ACC powders for quality
control and drift correction. Carbon and oxygen isotopes (δ13C and δ18O) of
the ACC powders were determined from 9 sub-samples (40 µg each) with an
automated carbonate device (Kiel IV, Thermo Scientific) connected to a Thermo
Finnigan MAT 253 Dual Inlet Isotope Ratio Mass Spectrometer (IRMS). Results
are reported relative to Vienna Peedee belemnite (VPDB) using the standard
δ-notation. For calibration and drift correction, the National Bureau of Standards
limestone NBS 19 and the NIOZ foram house standard NFHS-1 (Mezger et al.,
2016) were used, respectively.

2.2.2 HPT sintering

The high pressure and temperature (HPT) sintering of the ACC powders into
synthetic calcites was carried out at the Experimental Geosciences Facility, School
of Geosciences, Edinburgh University. Platinum tubes with an outer diameter of
2 mm and an inner diameter of 1.7 mm were washed with acetone in an ultrasonic
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bath, dried and cleaned in a Bunsen flame. Two platinum capsules of ∼ 7 mm
height were custom-made from the cleaned platinum tubes by welding one end
of the tube closed under a microscope with a Lempert PUK U4 welder. The
bottom of the capsules was hammered flat in a pin press. Each capsule was filled
with one of the ACC powders, compacted by hand with a drill blank, and dried
in an oven at 110 ◦C over night to remove water that might have adsorbed to
the surfaces during handling of the powders. The capsules were welded shut, and
the closed capsules were hammered into a cylindrical shape of ∼ 5 mm height
in a pin press. Each sealed sample was then loaded into an end-loaded piston
cylinder apparatus using a 1/2 inch talc-pyrex assembly (supplied by Ceramic
Substrates and Components Ltd). The samples were brought to 1 GPa and then
to 1000 ◦C via an internal graphite resistance furnace for 24 h before quenching.
Quenching back to ambient temperature was achieved by switching off the power
of the furnace and occurred within 30 s. Afterwards the pressure was released
quasi-instantaneously. The platinum capsules were retrieved from the mount by
breaking the recrystallized ceramics assembly surrounding them.

2.2.3 Resin embedding and polishing

The two platinum capsules containing the synthetic calcite samples, hereafter
referred to as CalUUa (ACCa) and CalUUb (ACCb), were embedded in epoxy
resin (Araldite 2020) within a stainless steel ring (diameter 10 mm, height 4 mm;
Figure 2.1). The two components of the epoxy resin were combined, thoroughly
stirred, ultrasonicated for about 30 s to remove bubbles, and finally poured onto
the capsules under vacuum. The resin was cured at room temperature for 67 h.

Figure 2.1: Synthetic calcites CalUUa and CalUUb prepared from the amorphous calcium
carbonate powders ACCa and ACCb, respectively. Shown are the platinum capsules containing
the samples placed in a stainless steel ring just before embedding in resin. Note that the
platinum capsule of CalUUa could not be completely separated from the recrystallized ceramic
mount.
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To expose the calcite crystals, the resin block was abraded without water
using silicium carbide grinding papers of decreasing coarseness (HERMES, WS
Flex 18C, 230mm, P 800 and ATM, SIC wet grinding paper, grain 4000). After
reaching the desired exposure of the calcite surfaces, the samples were fine-
polished using a calcinated aluminium oxide powder suspension (grain size 9 µm),
an ultra-fine aluminium oxide powder suspension (grain size 1 µm; Logitech), and
finally a SiO2 polishing suspension (grain size 0.035 µm; Logitech SF1 polishing
suspension) placed on a Struers Microtex polishing cloth (Microtex 525 H Ovio).
The polished samples were subsequently analyzed by Raman spectrometry
(WITec), confirming that both samples were calcite in all spots analyzed (data
not shown).

To assess the polishing quality and to generate images of the exposed sample
surfaces for better orientation during the NanoSIMS analysis, the polished sample
was coated with 5 nm of gold using a sputter coater (JEOL JFC-2300HR high
resolution fine coater and JEOL FC-TM20 thickness controller) and imaged with
SEM (JEOL JCM-6000PLUS NeoScope Benchtop SEM). Visually, the different
grains in both samples appeared homogeneous in the secondary electron (SEI)
as well as back-scattered electron (BEI) imaging modes. However, numerous
round and irregularly distributed cavities (diameter up to ∼25 µm) were visible
in some grains in both samples (Figure 2.2). After SEM imaging, an additional
15 nm of gold coating was applied, and the sample was degassed in the airlock
of the NanoSIMS instrument over night to remove volatiles and to achieve the
vacuum conditions necessary for the NanoSIMS analysis.

Figure 2.2: SEM image of a typical fine-polished surface of the synthetic calcite CalUUb.
Arrows point to round cavities that were present in some grains of both samples.
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2.2.4 NanoSIMS measurements

As a general approach, we acquired NanoSIMS data as a stack of images rather
than spot measurements. While every image stack can easily be reduced to one
number (as if performing a spot analysis) by accumulating all values, image
stacks provide additional information about the lateral and depth variation of
the detected signals during the analysis. Such information is essential to identify,
and possibly eliminate, surface contamination or the effects of surface topography
(edge effects), which may be important when measuring on a nano-scale.

NanoSIMS measurements were carried out at Utrecht University using a
Cameca NanoSIMS 50L instrument equipped with a duoplasmatron oxygen
source. Imaging of 23Na+, 24Mg+, 27Al+, 39K+, 44Ca+, 88Sr+ and 138Ba+ on
electron mulitiplier detectors 1–7 was carried out using an 8 kV primary O–

ion beam (PIB) with 8–30 pA at the sample surface (FCo). The second most
abundant isotope 44Ca was measured instead of the most abundant isotope
40Ca to avoid overloading of the detector designated for the counting of Ca
ions with high ion count rates while the count rates for the other elements
were low. During the measurements diaphragms and slits were chosen as D1-3,
ES-2, AS-2 and EnS-0. The choice of EnS-0 enabled sufficient mass resolution to
separate interferences while keeping higher transmission. An exception was the
interference of the 44Ca2 dimer with the 88Sr peak, which could not be resolved
and was therefore corrected for as described in Chapter 6.

Before each analysis, pre-sputtering was carried out by rastering the PIB with
D1-1 (FCo current 200 pA) over an area of 12× 12 µm2. While pre-sputtering
the signals at three detectors with the highest count rates (Na, K and Ca) were
monitored to optimize the duration of pre-sputtering. This was done with C4y
set to 50 bits to avoid detector overloading. Pre-sputtering was considered as
sufficient when the signals in all three detectors stabilized (Figure S2.1), which
typically occurred after 300–500 s.

The acquisition of image stacks was carried out by rastering the PIB over
an area of 10× 10 µm2 while collecting secondary ion counts in 64× 64 pixels
with a dwell time of 0.541 msec/frame and over 1000 planes. Overall, a total of
43 individual 10× 10 µm2 areas randomly distributed on 6 randomly selected
grains were measured on sample CalUUa, while on sample CalUUb, a total of 46
areas on 7 different grains were measured (of which 14 were re-measured during
a different measurement session). Additionally, a grain boundary was imaged
on sample CalUUb over an area of 20× 20 µm2 with a resolution of 128× 128
pixels.

NanoSIMS measurements were conducted during three analytical sessions: in
July 2017, May 2018 and January 2019. We made the best effort to reproduce
the same technical conditions during all sessions with respect to instrument
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tuning, measurement settings, as well as pre-sputtering and acquisition protocols.
To minimize the potential for element fractionation related to sample holder
geometry and sample holder movements (Gabitov et al., 2013), we embedded
both samples within one mount and additionally placed the samples in the
same NanoSIMS holder as the commercial standard (SPI Supplies, 02757-AB 59
Metals & Minerals Standard; 1-inch diameter) used for tuning the instrument
for the target masses.

Figure 2.3: SEM images of the samples CalUUa (A) and CalUUb (B). White dashed lines
mark the grain boundaries (grains are numbered). R: resin, Pt: platinum capsule, C: ceramics,
H: cavity. Yellow squares indicate areas measured by NanoSIMS.

2.2.5 Data processing and analysis

The raw NanoSIMS data were processed using the Matlab-based freeware software
Look@NanoSIMS (Polerecky et al., 2012). First, the image stacks were inspected
to check for possible variations of the ion counts with depth. If no significant
variation was detected the planes in the image stack were aligned and accumulated.
The rest of the analysis involved the accumulated ion count images.

To convert the image data for a given element into a single number, NEl, ion
counts in pixels from a specific region of interest (ROI) were accumulated. The
ROI included the central part of the image and excluded pixels at the image rim.
If the image contained areas (usually shaped as a line or an oval spot; for an
example, see Figure S2.2) with markedly increased Al ion counts, such as due
to surface contamination, these areas were excluded from the ROI as well. This
was needed for 12 out of 103 images.

The element-to-calcium (El/Ca) ion count ratio was calculated as the ratio
between the total ion counts accumulated over the ROI pixels, i.e., NEl/NCa.
To account for the fact that the ion counts detected by NanoSIMS are random
numbers that follow Poisson distribution, the relative uncertainty of the El/Ca
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ion count ratio is given by the Poission error, i.e., δ(El/Ca) =
√

1/NEl + 1/NCa.
This error represents the analytical precision with which the El/Ca ion count
ratio is determined by NanoSIMS. That is, the standard error (SE) of the
estimated mean ratio is calculated as SE(El/Ca) = (NEl/NCa)× δ(El/Ca).

Further analysis of the data was done in R (R Core Team, 2018; Arnholt
and Evans, 2017). The quality of the samples was evaluated by analyzing the
variability of the El/Ca ion count ratios. This was done by performing ANOVA
to assess the contribution of the within-grain and between-grain variance to
the total variance of the El/Ca ratios within the samples. Additionally, the
measurement session was also included as a factor that could introduce an extra
variability in the measured ratios, e.g., due to slight differences in tuning of the
instrument.

Calibration parameters for each El/Ca ratio were determined by combining
the El/Ca ion count ratios measured for both samples by NanoSIMS with the
molar El/Ca ratios measured for the corresponding ACC powders by wet chemical
analysis with SF-ICP-MS. If the El/Ca ratios measured by the two methods
significantly differed between the two standards, the geometric mean regression
was used to determine the slope of the calibration line. Specifically, the slope was
calculated as the geometric mean of two values, the slope of the ordinary least
squares regression of the NanoSIMS data vs. SF-ICP-MS data, and the reciprocal
of the slope of the ordinary least squares regression of the SF-ICP-MS data
vs. NanoSIMS data. The geometric mean functional regression yields the same
coefficients as standardized major axis regression (SMA, also known as reduced
major axis regression) but is simpler to compute (Ricker, 1973; Sprent and Dolby,
1980). Furthermore, calibration response factors were calculated by dividing the
El/Ca ion count ratio (cps/cps) averaged over all measurement areas within the
standard with the corresponding bulk El/Ca molar ratio (mmol/mol) determined
by SF-ICP-MS. This was done separately for each sample. The response factor
for Al/Ca could only be determined for CalUUa as the Al content in the ACCb
powder was below the detection limit of SF-ICP-MS.
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2.3 Results and Discussion

2.3.1 Characterization of amorphous calcium carbonate
powders

Our approach of precipitating ACC from solutions spiked with Mg and Sr resul-
ted in ACC powders with significantly different Mg and Sr contents (Table 2.1).
ACCa, which was spiked with higher trace concentrations of Mg and Sr than
ACCb, also had significantly higher content of Y, Ba, Ni and Cu. We suspect
that these trace elements originate from the MgCl2 and SrCl2 solutions used
for spiking. In contrast, the Na content was significantly higher in ACCb. We
suggest that Na in the ACC powders does not originate from the spiking solutions
but from the carbonate source solution (supersaturated Na2CO3 solution). The
remaining analyzed trace element contents (Cd, P, Fe and Zn) were not signific-
antly different in the two powders. The isotopic carbon and oxygen compositions
of both powders were slightly different (Table 2.1). Together, these results show
that it is possible to produce ACC powders with varying trace metal content by
spiking the source solutions with target elements.

Table 2.1: Element and isotope characteristics of the powders ACCa and ACCb.

ACCa (CalUUa) ACCb (CalUUb)
parameter unit mean† SE‡ CV§ mean† SE‡ CV§

Na/Ca* mmol mol−1 2.145 0.006 0.4 % 2.70 0.03 1.6 %
Mg/Ca* mmol mol−1 0.888 0.002 0.3 % 0.162 0.0020 2.1 %
Al/Ca µmol mol−1 4.9 0.3 9.8 % NA NA NA
Sr/Ca* mmol mol−1 19.66 0.04 0.4 % 0.327 0.001 0.6 %
Y/Ca* mmol mol−1 1.446 0.003 0.4 % 0.0235 0.0001 0.2 %
Cd/Ca µmol mol−1 0.1183 0.0009 1.2 % 0.120 0.001 1.5 %
Ba/Ca* µmol mol−1 16.00 0.06 0.7 % 11.47 0.04 0.6 %
P/Ca µmol mol−1 8.2 0.1 2.5 % 7.0 0.3 6.7 %
Fe/Ca µmol mol−1 5.4 0.2 6.3 % 3.6 0.2 11.6 %
Ni/Ca* mmol mol−1 0.1134 0.0002 0.3 % 0.1091 0.0003 0.5 %
Cu/Ca* µmol mol−1 3.70 0.09 4.3 % 2.70 0.09 5.5 %
Zn/Ca µmol mol−1 4.1 0.4 16.3 % 1.71 0.09 9.3 %
δ13C* ‰ -5.44 0.01 0.6 % -5.38 0.02 1.1 %
δ18O ‰ -11.92 0.04 1.0 % -11.72 0.06 1.5 %

† Trace-element and isotope analyses were carried out for n = 3 and n = 9 replicates, respectively.
‡ Standard error (SE) of the mean.
§ Coefficient of variation (CV), also known as relative standard deviation.
* The mean contents of the two samples significantly differ (p < 0.01). P-values were determined
with Welch’s t-test in R (Arnholt and Evans, 2017).
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Dehydration of the powders in the thermogravimetric analyser resulted in a
weight loss of (22.1± 0.1) % and (20.4± 0.1) % for powders ACCa and ACCb,
respectively. This is consistent with removing the water associated with ACC of a
molecular composition of CaCO3:H2O (Ihli et al., 2014). Both powders comprised
spheres typical for amorphous calcium carbonate before as well as immediately
after dehydration (Figure 2.4). The HPT sintering was carried out with a fraction
of the dehydrated powders three days after dehydration. In the fraction of the
dehydrated powders that was not used for HPT sintering, aggregation of the
powders was observed one month after dehydration (Figure 2.4).

Figure 2.4: Representative SEM images of the ACC powders (a) before, (b) immediately
after, and (c) one month after dehydration.

For both powders, the grain sizes ranged roughly between 250 and 500 nm,
and the mean sphere size decreased slightly after dehydration (Figure S2.3) as
expected due to the removal of structural water. In the dehydrated state, i.e.,
in the state the powders were used for the HPT sintering, the powders ACCa
and ACCb had a similar average sphere size of (339± 4) nm and (387± 4) nm,
respectively.

The ACC powders were checked after one month with DRIFTS and Raman
spectroscopy to test for phase changes. Both DRIFTS, a bulk technique, and
Raman spectroscopy, a technique with a µm resolution, showed evidence that
the ACC had partially transformed to calcite within this time (Figure 2.5). In
particular, the Raman spectroscopic analysis clearly showed a narrowing of the
mineral carbonate symmetrical stretching band at 1077 cm−1 from ∼11 cm−1 in
hydrated ACC to ∼6 cm−1 in dehydrated ACC.

We therefore conclude that the ACC powders were partially crystallized to
calcite at the point of Raman and FT-IR analyses. However, it was unlikely
that this transformation occurred before HPT sintering, as there were only three
days between the dehydration and HPT steps while the dehydration step and
Raman/FT-IR analyses were separated by a month. This is further supported
by SEM imaging which showed no signs of powder aggregation immediately
after dehydration (Figure 2.4) and clear signs of aggregation one month after
dehydration (Figure 2.4). We attribute the aggregation and hence possible
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Figure 2.5: DRIFT spectra of hydrated and dehydrated powders ACCa and ACCb. The
spectra of calcite (Merck) and ACC (Lee et al., 2005) are shown for reference.

transformation into calcite after one month to the removal of the ethanol layer
during drying in the thermogravimetric analyzer, which may have de-stabilized
the ACC powders (Ihli et al., 2014).

2.3.2 Mineralogy and visual inspection of the synthetic
calcites

Raman spectroscopy confirmed that the materials produced by HPT sintering of
the ACC powder precursors were calcite. SEM imaging of the cross-sectioned and
polished samples revealed that multi-granular calcites had formed with calcite
grains of up to ∼ 500 µm and ∼ 800 µm size in samples CalUUa and CalUUb,
respectively. Both samples contained spherical cavities (Figure 2.2) of about
5–20 µm diameter, probably indicating degassing during the HPT process. The
bubbles may have either been caused by CO2 or water vapor. CO2 release from
thermal decomposition of calcite into CaO and CO2 was unlikely because Raman
spectroscopy clearly identified the resulting crystals as calcite, and because the
quenching path did not pass the boundaries of the calcite stability field. Water
could have remained in the samples due to either incomplete dehydration or
re-adsorption of water vapor during handling of the powders just before the HPT
sintering. Incomplete dehydration after the TGA procedure is unlikely since
the weight loss was as high as expected for ACC during complete dehydration
(Ihli et al., 2014). The maximum volume fraction within the platinum capsule
that could be occupied by water vapor at fully wetted ACC sphere surfaces
was roughly 38–87 %, as estimated from a realistic range of densities/packing of
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the powder spheres within the capsule (for calculation see Appendix 2.B). The
surface fraction covered by the spherical cavities was clearly smaller than these
estimates, suggesting that partial adsorption of water vapor occurred despite
minimizing contact of the ACC powders with ambient air during handling.

2.3.3 NanoSIMS analysis of the synthetic calcites

2.3.3.1 Variability with depth

Ion counts detected in individual planes showed no significant variation with
depth (data not shown). In some cases, most notably for Na, higher ion counts
were observed in patches of 1–2 µm in size, possibly due to surface contamination.
However, a close inspection of the image stacks revealed that the patches spanned
the entire depth interval (Figure S2.4) and were thus unlikely due to surface
contamination. Thus, we conclude that pre-sputtering was effective to remove
surface contamination and stabilize the secondary ion yield for all studied
elements. Furthermore, the lack of variation with depth justified accumulation
of the planes in the image stacks, and implied that the element variability
within measured areas was determined solely by the lateral variability within
the corresponding accumulated ion count image.

2.3.3.2 Lateral variability within measured areas

Images of individual areas correspond to spatially resolved spot measurements
in conventional SIMS analysis. A typical example of the accumulated ion count
images is shown in Figure 2.6. Variability within the measured areas was domin-
ated by the Poisson error, especially for the elements with low mean ion counts
(Al, Mg, K, Ba). In most cases we additionally observed a significant decrease
or increase in ion counts towards one or more edges of the image. The decrease
towards the edge was correlated for Ca, Mg, Sr and Ba, and was therefore
compensated in the El/Ca ratio images (Figure 2.6). However, ion counts for
elements Na, K and Al increased towards the same edge where the Ca ion counts
decreased, resulting in markedly different El/Ca ion count ratios (Figure 2.6).
We attribute this variation towards the edge of the imaged area to topography
created during the measurement by the sputtering process, which is known to
influence ion yields in SIMS measurements (Levi-Setti, 1988; Moore et al., 2012).

To minimize this edge effect, further analysis excluded pixels at the image
rim and only included pixels in the central part of the image. A 5-pixel wide
rim (corresponding to 780 nm) was found to be optimal for keeping the ion
counts accumulated over the central ROI high while minimizing the variability
in the El/Ca ion count ratio within the ROI (Chapter 6). This corresponds to
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an effective size of the measurement area of 8.4× 8.4 µm2. Overall, removal of
the rim led to significantly lower El/Ca ion count ratios for Na, Mg and K, as
well as to a lower within-ROI variability in the El/Ca ion count ratios for K
(Chapter 6).
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Figure 2.6: Representative images of accumulated ion counts measured in a 10 × 10 µm2

area on grain #11 of the synthetic calcite CalUUb. Color bars indicate the scale of the ion
counts per pixel. The corresponding ion count ratio images (El/Ca) are also shown.

Ion counts significantly increased at the grain boundary for all measured
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elements except for Ca and Sr (Figures 2.7 and S2.5). As a result all El/Ca
ion count ratio images, except for Sr/Ca, showed markedly higher values at
the grain boundary (Figure 2.7). The width of the region where these higher
ion count ratios were detected was about 2.8 µm for Al and increased up to
6.5 µm for Mg. At distances >5 µm from the grain boundary, however, all El/Ca
ratios showed again a homogeneous distribution with between-pixel variability
dominated by the Poisson error. Possible reasons for this pronounced variability
at the grain boundary include edge effects due to the presence of miniscule
cracks, incomplete removal of surface contamination within or close to the cracks
during pre-sputtering, or contamination with ions or particles contained in the
polishing suspension. However, present data is insufficient to resolve which of
these alternatives is most important. Together, these observations indicate that
locations of the measurement areas must be at least 5 µm away from a grain
boundary and other topographical features on the samples (e.g., cavities) to
avoid measurement artifacts.
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Figure 2.7: Images of ion count ratios measured in an area (size 20 × 20 µm2) around a
grain boundary in the synthetic calcite CalUUa. The black arrow in the Sr+/Ca+ image
indicates the transect of the lateral profiles.

2.3.3.3 Variability across scales: within grains, between grains and
across the samples

There is considerable variability within grains and between grains (Figure 2.8)
in both synthetic calcites. Mg/Ca and Sr/Ca are about one order of magnitude
different in CalUUa and CalUUb, while Na/Ca, K/Ca, Al/Ca and Ba/Ca are
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comparable in the two samples. This shows that the spiked Mg and Sr content
of the ACC powders translated into the synthetic calcites. The samples CalUUa
and CalUUb have a trace element composition being different enough to be
recognized as such, despite exhibiting considerable spatial variability within and
between grains for both the samples.
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derived from 5–12 measured areas per grain. The coloured squares indicate the mean ±1 SD
per sample, as derived from all measured areas per sample.

Specifically, in both calcites Sr/Ca ratios had the lowest variability. The
variability was larger in the sample with the larger Sr content (10% in CalUUa)
compared to the one with the lower Sr content (6% in CalUUb). Differences
between measurement sessions and the within-grain variability had the largest
contributions to the overall variability (Figure 2.9). In both samples the contri-
bution of the between-grain variability was below 1%, indicating that the grains
in each samples were indistinguishable with respect to their Sr/Ca ratio.

Variability of the Mg/Ca ion count ratio was about 20 % and 12 % for CalUUa
and CalUUb, respectively. Thus, similar to Sr/Ca, the Mg/Ca variability was
larger in the sample with the larger Mg content. The within-grain and between-
grain variability had roughly similar contributions to the overall variability, and
the differences between analyses performed during different measurement sessions
contributed about 3–5% to the overall variability (Figure 2.9). The analytical
uncertainty was higher in CalUUb due to its substantially lower Mg content (and
thus lower detected ion counts) than in CalUUa. This uncertainty was similar to
the within-grain variability. Thus, we conclude that within analytical precision
the individual grains in CalUUb are homogeneous with respect to their Mg/Ca
ratio. The grain with the lowest within-grain variability is grain #1 (CV of 3.2 %;
for other grains see Table S2.1).

Variability of the Na/Ca ion count ratio was below 12 % in both calcites.
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This relatively low variability was unexpected given the obvious heterogeneities
in the Na/Ca images of the individual measured areas (Figure 2.6). In both
calcites the within-grain and between-grain variability contributed similarly to
the overall variability (Figure 2.9). Measurements performed at different days
and analytical sessions were well reproducible, with no significant contribution
to the overall variability.

Variability of the K/Ca ion count ratio was high (56 % and 77 % for CalUUa
and CalUUb, respectively), primarily due to large differences between measure-
ment sessions (for CalUUa) and between grains (for CalUUb) (Figure 2.9). The
within-grain variability was also relatively large contributing about 25–28 % to
the overall variability.

Variability of the Ba/Ca ion count ratio was also high (110 % and 55 % for
calcites CalUUa and CalUUb, respectively). In CalUUa this was due to similarly
high contributions of the within-grain (52%) and between-grain (45%) variability.
In contrast, the contribution of the within-grain variability in CalUUb was much
lower (5%) than that of the between-grain variability (Figure 2.9). Given the
analytical uncertainty of the Ba/Ca measurement (<5 %), we conclude that
within analytical precision the individual grains in synthetic calcite CalUUb, but
not in CalUUa, are homogeneous with respect to their Ba/Ca ratio. The grain
with the lowest within-grain variability is grain #3 in CalUUb (CV of 3.7 %; for
other grains see Table S2.1). For both samples differences between measurement
sessions contributed < 2 % to the overall variability and were therefore negligible.

Variability of the Al/Ca ion count ratio was high (87% for CalUUa and 65%
for CalUUb), largely because of the high within-grain variability. The rationale
behind measuring Al was to check whether residues of polishing suspensions,
which contained Al, remained at the surface of the polished samples. The
observed high variability in Al/Ca ion count ratios could be an indication of
surface contamination. However, regions with locally much higher Al counts
within the central ROI were only identified in 12 out of a total of 103 measured
areas (for an example, see Figure S2.2). When these regions were excluded
from the analysis by data processing, Al/Ca ion count ratios showed no lateral
nor depth variation over the remaining area of the central ROI except for that
due to ion counting (Poisson error). Thus, we conclude that the influence of
contamination on Al/Ca measurements was eliminated through data processing.
Due to the low counts of the Al ions (Figure 2.6), the analytical uncertainty of
the Al/Ca ion count ratios was highest among the elements measured (up to
14 %; Figure 2.9). The observed variability in Al may be also influenced by the
very low bulk Al content, which was just above and below the detection limit of
SF-ICP-MS for CalUUa and CalUUb, respectively.

The general patterns of high overall variability and high between-grain
variability was similar for the Ba/Ca and K/Ca ion count ratios. This could be
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due to their relatively large ionic radius (1.35Å for Ba, 1.33Å for K) compared
to the ionic radius of Na (0.95Å), Mg (0.65Å), Sr (1.13Å) and Ca (0.99Å)
(Railsback, 2003). Larger ionic radius implies lower compatibility with the calcite
lattice, and thus result in a more heterogeneous distribution within or between
crystal grains.

The dependence of the sputtering yield on crystallographic orientation (Nel-
son, 1968; Levi-Setti, 1988; Lozano-Perez et al., 2008) could be another reason
for the higher variability between grains than within grains. During HPT sin-
tering, multiple calcite grains formed randomly in each sample. Therefore, the
cross section of each sample likely exposes calcite grains with different relative
orientations. Assuming that crystallographic orientation of the polished calcite
surface played a role, our data suggest that the influence is more pronounced for
K and Ba than for Na, Mg and Sr. A strong influence of crystallographic orient-
ation on the sputtering yield has implications for calibration of data whenever
the crystallographic orientation of the sample and the standard is different or
unknown.

The Poisson errors of all area measurements are <1 % for Na/Ca and Sr/Ca,
≤3 % for K/Ca and Mg/Ca, <5 % for Ba/Ca and 2.4–13.7 % for Al/Ca (Fig-
ure 2.9). Hence for all elemental ratios, Poisson errors are smaller than the overall
variability across the sample, as has been also observed for natural calcites (Sano
et al., 2005; Gabitov et al., 2013). Since the observed variability is larger than
analytical uncertainty, we therefore conclude that the samples CalUUa and
CalUUb are heterogeneous to different degrees and across different scales for
the elemental ratios we measured. Nevertheless, overall variability for Na/Ca,
Mg/Ca and Sr/Ca is < 20 % and < 12 % in CalUUa and CalUUb, respectively.
Moreover, CalUUb is homogeneous within some grains with respect to Mg/Ca
and Ba/Ca (Table S2.1).

2.3.4 Calibration parameters

The El/Ca ratios determined by both NanoSIMS and SF-ICP-MS significantly
differed between CalUUa and CalUUb for Sr and Mg (Table 2.1; Figure 2.10).
This justified the use of geometric mean regression to determine the slope of the
calibration line for these two elements. For both elements the regressions have
high coefficients of determination (R2 ≥ 0.96), and the corresponding slopes are
given in Table 2.2.

The obtained slopes can be compared to literature values if a possible different
isotopic ratio is accounted for by correction. If we correct the obtained slopes
for 24Mg/42Ca and 88Sr/42Ca of Gabitov et al. (2013) determined on several
calcite standards for the natural abundance ratio of 42Ca/44Ca, our obtained
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Figure 2.10: Calibration of El/Ca ion count ratios (cps/cps) in synthetic calcites CalUUa
and CalUUb measured by NanoSIMS against molar ratios (mmol/mol) in the corresponding
ACC powders determined by SF-ICP-MS. Open yellow circles depict data in individual
measurement areas, filled black circles depict the corresponding mean values. Line depicts the
calibration line obtained by the geometric mean regression analysis. Note that the cps/cps
values are the ion count ratios of the specific isotopes measured by NanoSIMS (88Sr/44Ca
and 24Mg/44Ca), whereas the molar mmol/mol values are the molar ratios that include all
isotopes of the given element. Both relationships are significant (p < 0.001).

slopes of respectively 0.0084 and 0.0334 for the calibration of NanoSIMS Mg/Ca
and Sr/Ca ion count ratios fall within the range of the slopes determined
by Gabitov et al. (2013) (0.007 58–0.016 37 and 0.031 255–0.038 76 in terms of
24Mg/44Ca and 88Sr/44Ca, respectively). The obtained calibration slope for
26Mg/43Ca determined on four calcite standards by Sano et al. (2005), is larger
than what we found (0.01570 ± 0.00037 (1 SE) in terms of 24Mg/44Ca), but
falls within the range of slopes determined by Gabitov et al. (2013) when
correcting for natural isotopic abundances. This agreement is surprising given
the fact that the measurements were performed on different instruments and
with different measurement settings. For example, while Sano et al. (2005) and
Gabitov et al. (2013) performed spot analyses, we performed rastered image
analyses. Additionally, we used beam currents at the sample surface comparable
to the study of Gabitov et al. (2013) (low pA range) but much lower than Sano
et al. (2005) (low nA range). This suggests that calibration parameters reflect
mainly the relative sensitivity due to ionization efficiency and matrix effects,
while additional modulation by instrument settings and sample holder geometry
is of minor importance.

Although the analysis by SF-ICP-MS revealed significant differences between
the ACCa and ACCb powders with respect to the Na/Ca and Ba/Ca ratios
(Table 2.1), the corresponding ion count ratios determined by NanoSIMS did not
significantly differ between the CalUUa and CalUUb (Figure 2.8). Additionally,
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the Al/Ca ratio could only be quantified for the powder ACCa because the Al
concentration in the powder ACCb was below the detection limit of SF-ICP-MS
(Table 2.1). Thus, the geometric mean regression could not be used for these
three elements and we calculated the response factor for these elements for each
sample (Table 2.2).

Table 2.2: Calibration parameters for the synthetic calcites CalUUa and CalUUb.

ratio ratio

response factor†×100 synthetic calcites calcite standards*
element isotope CalUUa and CalUUb (Gabitov et al., 2013)

CalUUa CalUUb slope†×100 R2 p-value slope§×100

Sr/Ca 88Sr/44Ca 3.32± 0.34 3.02± 0.19 3.34± 0.03 0.990 < 0.001 3.1255–3.876
Mg/Ca 24Mg/44Ca 0.83± 0.16 0.54± 0.06 0.84± 0.02 0.960 < 0.001 0.758–1.637
Na/Ca 23Na/44Ca 4.70± 0.08 3.14± 0.04 n.d. n.d. n.d. n.d.
Ba/Ca 138Ba/44Ca 7.1± 1.2 6.6± 0.5 n.d. n.d. n.d. n.d.
Al/Ca 27Al/44Ca 0.96± 0.13 n.d. n.d. n.d. n.d. n.d.
* Slopes determined from several calcite standards mounted in different NanoSIMS holders.
† Values given as mean ± SE, in the unit of (cps/cps) per (mmol/mol), where (cps/cps) corresponds to the ratio of ion
counts of the specific isotopes measured by NanoSIMS, and (mmol/mol) corresponds to the molar ratio that includes
all isotopes of the given element.

§ Slopes reported by Gabitov et al. (2013) were multiplied by the factor 0.31016 (natural abundance ratio of 42Ca/44Ca)
to account for the different Ca isotopes measured by Gabitov et al. (2013) (42Ca) and in this study (44Ca).

2.4 Conclusions

This study aimed to produce homogeneous synthetic calcites suitable for calib-
rating NanoSIMS measurements of trace elements in calcite. Target elements
for which the synthetic calcites were tailor-made included Sr and Mg, but their
heterogeneity was additionally evaluated for Na, K, Ba and Al. With respect
to the target elements, the slopes of the calibration lines fell within the range
of slopes reported previously for a series of calcite standards. However, in most
cases the variability of the El/Ca ratios across the synthetic calcites exceeded,
to a variable degree depending on the element, the analytical precision of the
measurement.

For the target elements and Na, the variability across the entire synthetic
calcites ranged between 6–20%. Much of this variability was, however, due to
differences between individual grains or between measurement sessions. Thus, if
calibration measurements were done on a particular grain and during a continuous
session (e.g., avoiding exchange of sample holders or major retuning of the
instrument), the variability of the measurements could be lowered down to 3.1%
for Sr/Ca, 3.2% for Mg/Ca, and 4.3% for Na/Ca. This level of reproducibility
may be acceptable for some applications.

In contrast, the variability across the synthetic calcites detected for K, Ba
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and Al was much larger, ranging between 55–110%. Here, again, the variability
could be, in some cases, substantially reduced by performing a calibration on
a particular grain (e.g., down to 3.6% for Ba/Ca using grain #3 on sample
CalUUb or down to 25% for Al/Ca using grain #11 on sample CalUUb).

Overall, this study demonstrates that precipitation of amorphous calcium
carbonate nano-powders from solutions spiked with trace elements, followed by
sintering at high pressure and temperature, is a feasible and generic method to
produce synthetic calcite crystals suitable as standards for NanoSIMS analyses.
The possibility to choose target trace elements and their concentrations in
the precursor calcium carbonate solutions offers the possibility to adjust the
composition of the final calcite crystal depending on the target application.
However, the quest towards a calcite standard with heterogeneity below the
analytical precision of NanoSIMS remains ongoing.
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Figure S2.1: Secondary ion yield during pre-sputtering on a 12 × 12 µm2 area on CalUUb.
The secondary ion yield is considered stable after 500 s.
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Figure S2.3: Histograms of the grain size distribution of the amorphous calcium carbonate
powders ACCa and ACCb before and after dehydration determined by SEM on 120 individual
spheres in each sample. The dashed lines indicate the mean sphere size.
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Figure S2.4: Screenshot of XYZ stacks output of Look@NanoSIMS for the log(Na) image
of data set 20170707-CALUU_17 (CalUUb; same area as Figure 2.6). Light and dark pixels
reflect high and low ion count intensities, respectively. The middle panel shows the accumulated
image (accumulated in z-direction is called a z-stack here) indicating with broken lines the
stacks in x-direction (vertical broken lines) and y-direction (horizontal broken lines) that
are displayed in the left and lower panel, respectively. In the left and lower panel, original
z-direction (planes) has been swapped to be displayed on the x-axis and y-axis, respectively.
The area in the center of the image, which is high in Na (middle panel) and Na/Ca (not
shown here) clearly spans the whole depth domain (left and lower panel).
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Figure S2.5: Lateral profiles in secondary ion images over a grain boundary (located at
10 µm on the transect). The profiles are normalized so that their minima and maxima range
from 0–1. The transect over the grain boundary is the same as indicated by the black arrow
in Figure 2.7. Clearly, the Ca and Sr ion intensities are lower at the grain boundary, while
those of Na, Mg, Al, K and Ba are elevated at the grain boundary. Sr and Ba ion intensities
are noisy along the profiles due to the Poisson variability of counts.
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2.B Estimation of the maximum volume fraction of water
vapor in the platinum capsules

The estimates of the maximum fraction within the platinum capsules that could be
occupied by water vapor during the HPT sintering were approximated using two
different methods. It should be noted that these approximations result in maximum
volumes at fully wetted surfaces, and assume that the piston cylinder apparatus was a
perfectly closed system.

Both methods rely on a few key assumptions and quantities. The volume of the
platinum capsule Vcap with a height of 5 mm and an inner diameter of 1.7 mm is
given by Vcap = 5 mm × π × (1.7 mm/2)2 = 11.3 mm3. The average ACC sphere
diameter was assumed to be dACC = 380 nm, thus one sphere having a surface of
AACC = 4π (dACC/2)2 = 4.54× 105 nm2, a volume of VACC = 4π/3 (dACC/2)3 =
2.87× 10−2 nm3, and a surface to volume fraction rA/V = 1.58× 107. Furthermore, it
was assumed that one molecule of water would cover an area of 0.5 nm2 on the surface
of the ACC.1

Method 1: Ideal packing of spheres within a given volume results in a porosity
of 1 − π/

(
3
√

2
)

= 0.26. Dividing the solid fraction of the volume of the capsule
by the volume of an individual ACC sphere yielded the number of ACC spheres
nACC = (0.74× Vcap/VACC) = 2.925× 1011 in a capsule. Multiplying the number
of ACC spheres nACC with the surface area of an ACC sphere AACC, resulted in
the total surface area of the ACC in a capsule: AACCtot = 1.33× 1017 nm2. It was
assumed that one molecule of water would cover an area of 0.5 nm2 on the surface
of the ACC and that the surfaces are fully wetted. This yielded nH2O = 0.5 nm−2 ×
1.33× 1017 nm2 = 2.65× 1017 molecules of water on the total surface. Using the molar
volume of an ideal gas (Videal = 22.4 L mol−1), this water could occupy a maximum
volume of Vmax = 2.65× 1017/6.022 05× 1023 mol−1 × 22.4 L mol−1 = 9.9× 10−6 L as
water vapor. This is a fraction of 87% of the total volume in the capsule.

Method 2: The density of ACC (1.62 g cm−3) is lower than that of crystalline
CaCO3 (2.7 g cm−3; Liu et al., 2010). Using the density of ACC and the surface-
to-volume ratio rA/V , the specific surface area of the ACC can be calculated as
AACCspec = 9.75 m2 g−1. Assuming that an amount of 10 mg of ACC was filled into one
capsule, the total surface area is 9.7× 1016 nm2. Further using the same assumptions
as above, the maximum fraction of water vapor in the capsule amounts to 64%.

Using the density of calcite, 2.7 g cm−3, yielded a fraction of 38% of the capsule
that could be occupied by water vapor.

1If one molecule of water was adsorbed per Ca ion on the surface, a maximum of five
molecules of water could be adsorbed per nm2, assuming ACC exposes the same amount of Ca
ions per surface area as calcite, namely 5 Ca ions/nm2. As the amount of Ca ions per surface
area of ACC is unknown, we assume 0.5H2O nm−2 as an approximation of the surface area of
a flat lying H2O molecule.
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Abstract

Coccoliths are individual plates of calcium carbonate that comprise the shells of
marine calcifying haptophyte algae. Being preserved in many marine sediments,
they provide an excellent archive for the reconstruction of past environmental
parameters. A suite of element and stable isotope ratios have previously been
investigated to develop environmental proxies based on coccolith calcite. In this
study, we determined, for the first time, the Na and K content in individual
coccoliths of Emiliania huxleyi to explore their potential as a paleoproxy. Along
with Na and K, we also determined Mg and Sr in the same coccoliths to compare
our results to literature data. Measurements were done with NanoSIMS using
recent environmental as well as cultured samples. All elements appeared to be
homogeneously distributed within, but highly variable among, the individual
coccoliths. Mg/Ca and Sr/Ca ratios covered a range of 0.06–83 mmol mol−1

and 1.9–3.8 mmol mol−1, respectively, and were in line with the previously de-
termined values. Na/Ca ranged between 1.6–186 mmol mol−1. K/Ca could not
be calibrated, but the measured 39K+/44Ca+ ion count ratios varied between
0.03–2.7. Although the Na/Ca ratios significantly decreased with increasing
total alkalinity and salinity in selected environmental samples, these trends
were not observed in samples collected from cultures where the alkalinity and
salinity varied separately. Similarly, K/Ca ratios showed no clear trends with
total alkalinity and salinity of the culture medium. We conclude that the present
data do not allow us to identify what controls the observed variation in the Na
and K content of individual coccoliths of E. huxleyi.
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3.1 Introduction

Coccolithophores are ubiquitous marine haptophyte algae that evolved in the
Upper Triassic (Gardin et al., 2012). They play a crucial role in the carbon cycle
(Rost and Riebesell, 2004; Monteiro et al., 2016), and because their remains (both
organic and inorganic) are preserved in many sedimentary records, they provide
an excellent archive for the reconstruction of past environmental parameters.

Traditional approaches of paleo-environmental reconstruction involving cocco-
lithophores use species assemblages to reconstruct regional climate based on the
limits of growth conditions of different species (e.g., Andruleit, 1997; Baumann
and Freitag, 2004), or the coccolith size distributions to estimate carbonate
system parameters (e.g., Beaufort et al., 2011). Other approaches are based
on organic proxies such as biomarkers specific to haptophyte algae. Of these,
alkenones are the most studied compounds (Volkman et al., 1980). For example,
the UK

37 index was one of the first organic temperature proxies developed (Brassell
et al., 1986; Prahl and Wakeham, 1987). It is based on the relative extent of
unsaturation in alkenones of haptophyte algae, and has been shown to be related
to average annual mean sea surface temparature (Prahl and Wakeham, 1987;
Müller et al., 1998). Other alkenones-derived proxies are based on their isotopic
signatures, e.g., the carbon isotopic composition can be used to reconstruct past
pCO2 levels (Jasper and Hayes, 1990; Pagani et al., 2005), and the hydrogen
isotopic composition has been shown to relate to salinity (Schouten et al., 2006;
Weiss et al., 2019).

Coccoliths, which are individual plates of calcium carbonate that comprise the
shells of coccolithophores, have a great potential as carriers of inorganic proxies.
However, due to analytical limitations they have been understudied compared
to the shells and skeletons of other marine calcifiers such as foraminifera or
corals. These limitations are largely attributed to their small size. First, picking
individual coccoliths is a tedious task. More important, however, is the high
risk of contamination due to the high surface/volume ratio of coccoliths, which
requires the application of labour intensive cleaning procedures. Nevertheless,
numerous attempts were made to test and develop proxies based on coccolith
calcite, often preceded by those based on foraminiferal calcite. The range of
element and stable isotope ratios that have been investigated to date include
Sr/Ca (Stoll and Schrag, 2000, 2001; Rickaby et al., 2002; Stoll et al., 2002b,
2007b), Mg/Ca (Stoll et al., 2001; Ra et al., 2010), B/Ca (Stoll et al., 2012),
Ba/Ca (Langer et al., 2009), Zn/Ca (Santomauro et al., 2016), δ13C (Ziveri
et al., 2003), δ18O (Dudley et al., 1986; Bolton and Stoll, 2013), δ26/24Mg (e.g.,
Ra et al., 2010; Müller et al., 2011), δ44/40Ca (e.g., Müller et al., 2011; Mejía
et al., 2018), and clumped oxygen isotopes (Drury and John, 2016). Analytically,
studies of the inorganic geochemistry of coccoliths progressed from bulk chemical
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methods applied to coccolith-rich sediments like coccolith oozes (Winter and
Siesser, 2006), coccolith size fractions of marine sediments (Stoll and Ziveri,
2002; Rickaby et al., 2007; Halloran et al., 2009), and coccoliths obtained from
culture pellets of various species (Dudley et al., 1986; Stoll et al., 2002a; Rickaby
et al., 2002; Ziveri et al., 2003; Rickaby et al., 2010; Stevenson et al., 2014),
towards investigations of the chemical composition of initially a few and later
individual coccoliths and/or coccolithophorid cells on a species-specific level
with high spatial resolution techniques such as secondary ion mass spectrometry
(SIMS; Stoll et al., 2007a,b, 2012), nano-scale (Nano)SIMS (Rickaby et al., 2004;
Rickaby and Schrag, 2005; Grovenor et al., 2006), time of flight (TOF)-SIMS
(Prentice et al., 2014), synchrotron X-ray imaging (Suchéras-Marx et al., 2016;
Sviben et al., 2016), and scanning transmission electron microscopy coupled to
energy dispersive X-ray spectroscopy (STEM-EDX; Sviben et al., 2016).

Sodium has been proposed as a candidate for paleo-salinity reconstructions
from foraminiferal calcite (Wit et al., 2013; Allen et al., 2016; Mezger et al.,
2016; Geerken et al., 2018). To the best of our knowledge, the potential of Na
content of coccoliths as a proxy for salinity has not yet been explored. Both
Na and K were found in the Ca-rich body and Ca-P-diluted coccolith precursor
phases inside cells of E. huxleyi, while no measurable amounts of Na and K were
detected in coccolith calcite within the calcification vesicle (Sviben et al., 2016). In
partly overgrown Middle Jurassic Watznaueria britannica heterococcoliths, K/Ca
ratios in the range of 0.1–24.9 mmol mol−1 were found using synchrotron X-ray
fluorescence imaging (Suchéras-Marx et al., 2016); Na/Ca was not measured.

Compared with the commonly determined minor and trace elements in
coccoliths, determination of Na and K faces additional analytical challenges due
to potential contamination with sea salts. Na and K are major conservative
constituents of seawater and the coccolith Na and K content is expected to be
low. Furthermore, due to the high surface/volume ratio linked to the small size
and distinct geometry of the coccoliths, surface adsorption or precipitation of
sea salts onto the coccolith surface is a major challenge for chemical analyses
of coccolith calcite. In addition to sea salt, contamination with trace elements
of non-carbonate sources like organics is an issue, as has been shown for Mg
(Stoll et al., 2001; Blanco-Ameijeiras et al., 2012). Since cytosolic as well as
organic-bound Na and K would likely precipitate as salts or stay bound to organic
cell material during sample preparation, chemical cleaning needs to be applied
to remove salts and organics. Most cleaning protocols, however, have originally
been developed for foraminifera and can be sub-optimal for coccolith calcite due
to extensive dissolution. Furthermore, many of the chemicals typically used in
coccolith cleaning procedures are Na-based, like sodium hypochlorite or mixtures
containing sodium hydroxide (Blanco-Ameijeiras et al., 2012), or alternatively
K-based (respective compounds). Hence, the potential for contamination during
chemical cleaning is high.
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High spatial resolution techniques bear the potential to exclude surface con-
tamination from coccolith analyses. For example, analysis by a conventional SIMS
is conducted in repeated cycles, effectively revealing the depth profile of elements
within an individual coccolith. Thus, the influence of surface contamination can
be identified if the measured signal exceeds a certain threshold or if the depth
profile does not stabilize during the analysis. This approach was successfully
used to determine accurate Mg/Ca and Sr/Ca ratios in coccoliths (Prentice
et al., 2014). Imaging methods such as NanoSIMS or TOF-SIMS provide an
additional advantage as their spatial resolution may be sufficient to laterally
resolve contaminating particles that are smaller than the coccolith. This creates
the possibility to remove influence of particles by data processing even if they
were not removed from the sample before analysis.

Here we used NanoSIMS to image Na and K in individual coccoliths of
E. huxleyi collected from the environment and from culture experiments. Our
aim was to assess the effectiveness of data processing to remove the influence of
surface contamination, and to explore whether there is a relationship between
the Na and K content in the coccolith calcite and the parameters characterizing
the environment where the coccoliths formed. To this end, we measured samples
collected along a West-East transect of the Mediterranean Sea and from one
location in the Black Sea, and samples obtained from E. huxleyi cultures grown
at controlled salinities and alkalinities. Along with the Na and K content, we
also determined Mg/Ca, Sr/Ca and Ba/Ca ratios to allow the comparison of
our data with previous studies.

3.2 Materials and Methods

3.2.1 Field sampling

Samples of Emiliania huxleyi coccoliths were collected during cruises 64PE401,
64PE406, and 64PE407 on R/V Pelagia in September 2015, January 2016, and
February 2016, respectively. At all stations (Figure 3.1) seawater was retrieved
from surface waters (water depth of 25–30 m) using a CTD rosette sampler.
On cruise 64PE401 (Black Sea), volumes of approximately 1 l were filtered
through in-line polycarbonate filters (Millipore; pore size 0.4 µm and diameter
47 mm) that were pre-coated with a 20 nm thick Au layer (see below). The
filters were subsequently stored frozen (−20 ◦C) onboard the ship. Upon arrival
at the laboratory in Utrecht, NL, the filters were transferred in frozen state
to a filtration setup and rinsed three times with a 0.05M NH3HCO3 buffer
(pH 7.8). Subsequently the filters were dried in an oven at 45 ◦C for 24 h and
stored in a desiccator until analysis by NanoSIMS. Sampling on cruises 64PE406
and 64PE407 (Mediterranean Sea) involved similar steps, except the seawater
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volumes (0.1–1 l) were first pre-filtered through 5 µm pore-sized polycarbonate
filters to remove larger plankton, and filters were not pre-coated. The samples
were rinsed with 0.05M NH3HCO3 buffer (pH 7.8) before being stored frozen
(−20 ◦C) during transport, after which they were dried and stored likewise the
others.

Figure 3.1: Sampling stations during cruises 64PE401, 64PE406 and 64PE407 of R/V Pelagia.
Black dots and filled stars indicate sampled and analyzed stations, respectively. Locations
are superimposed on the salinity map of the surface waters in the Mediterranean and Black
Sea. The map was created with Ocean Data View 4.6.5 (Schlitzer, 2016) by extrapolation
(DIVA-gridding) of the MedAtlasII dataset (Group MEDAR, 2002).

In addition to coccolith sampling, the retrieved seawater was sampled for the
analyses of dissolved inorganic carbon (DIC), total alkalinity (TA), and nutrients
(Si, P and N species). DIC and TA were measured onboard ship during cruises
64PE406 and 64PE407 using the Versatile Instrument for the Determination of
Titration Alkalinity (VINDTA) model 3C (Marianda GmbH, Kiel, Germany).
During cruise 64PE401, pH was measured and TA was determined by titration
onboard ship. All water samples for nutrient analyses were sterile-filtered. For
the determination of N and P the samples were stored frozen (−20 ◦C), while
for Si they were stored cooled (4 ◦C) and in the dark until analysis.
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3.2.2 Culturing of E. huxleyi

The culture media were designed in such a way that alkalinity and salinity, which
covary in natural seawater, were decoupled from each other and kept constant
during the growth of E. huxleyi cells. Six culture conditions were chosen at three
salinities and four alkalinities, such that alkalinities varied at the intermediate
salinity and salinities varied at the lower-intermediate alkalinity (Figure S3.1).
Other parameters that may affect element incorporation, such as temperature
and light conditions, were kept constant and the same in all cultures.

Culture media were prepared by diluting aged oligotrophic North Sea water
with ultrapure water to an initial salinity of approximately 30, followed by the
addition of NaCl, KHCO3 and K2CO3 to achieve different salinities and alkalinit-
ies. After addition of NaCl, the media were autoclaved, and the evaporated water
was replaced by autoclaved ultrapure water. TA was determined in each medium,
and the amounts of KHCO3 and K2CO3 required to reach the target alkalinities
were calculated using the R package seacarb (Gattuso et al., 2018). KHCO3 and
K2CO3 were added after autoclaving, since autoclaving can seriously alter the
carbonate chemistry (Gattuso et al., 2010). Finally, the media were purged with
sterile air for 24 h to equilibrate with ambient conditions. Nutrients were added
such that P and N were at K/10, while trace metal and vitamin solutions were
at K/2 concentrations in the final media (following Keller et al., 1987). The
media were sampled for pH, salinity and TA determination at the beginning and
end of the experiments to verify that the conditions remained approximately
constant. Salinity was measured using a VWR CO310 handheld conductivity
meter calibrated to seawater salinity. TA was determined photometrically on
60 ml samples using an automated spectrophotometric alkalinity system (ASAS)
as described in Liu et al. (2015).

Batch cultures were prepared using the calcifying E. huxleyi strain RCC2050
isolated from the Mediterranean Sea (34°8’N, 18°27’E) in 2008. Before culturing,
the stock culture was kept at 15 ◦C with a 16:8h light:dark cycle at a light
intensity of 10–20 µE in the culture collection at NIOZ Texel, NL. Each batch
culture was inoculated such that the starting cell density was about 40 cells ml−1.
A total of 5 transfers into a fresh medium were carried out to ensure adaptation
of the strain to the culture medium and to minimize the carry-over of coccoliths.
The transfers were performed when the cell density approached 50 000 cells ml−1

to ensure stable carbonate system conditions (Fiorini et al., 2010). During the
experiment, the salinity and the carbonate system parameters (TA, pH and pCO2)
of the media were reasonably stable (Figure S3.2 and Table S3.1). Furthermore,
the cultures were monitored daily for cell vitality. Cell density was determined
with flow cytometry, and cells were inspected by light microscopy for coccolith
production. Specific growth rates for each batch culture were calculated by
regression from the log-transformed cell densities (R2 of the regressions generally

53



333

Chapter 3

> 0.99; Table S3.2 and Figure S3.3). Specific growth rates were practically
constant for each batch culture throughout the experiment, and ranged between
0.42–0.5 d−1, which is within the typical range of growth rates for cultured
E. huxleyi.

The cultures were harvested during the exponential growth phase at densities
of 35 000–40 000 cells ml−1. Coccoliths were collected by filtration of a small ali-
quot (1–3 ml) through Au-coated polycarbonate filters (0.4 µm pore-size, 27 mm
diameter) and rinsed extensively with approximately 50 ml of a 0.05MNH3HCO3
buffer (pH 7.8). The filters were dried in an oven at 45 ◦C for 3 h and stored in a
desiccator until NanoSIMS analysis.

3.2.3 NanoSIMS analysis

When possible, the polycarbonate filters were coated with a 10 nm thick Au layer
prior to filtration. For NanoSIMS analysis, circular pieces (either 5 or 10 mm
in diameter) were cut out from the dried filters, and the pieces were coated
with an additional 10 nm thick Au layer. The coatings were applied using a
JEOL JFC-2300HR high resolution sputter coater aided by a JEOL FC-TM20
thickness controller. The coated circular filter pieces were subsequently mounted
in a NanoSIMS sample holder and imaged with a high-resolution table-top SEM
(JEOL JCM-6000PLUS NeoScope) to identify coccoliths suitable for NanoSIMS
analysis. The SEM images were then used to relocate the identified coccoliths
in the NanoSIMS instrument using the built-in CCD camera and real-time
secondary ion images of pre-sputtered fields of view.

The NanoSIMS imaging analyses were carried out with a Cameca NanoSIMS
50L instrument at Utrecht University using a duoplasmatron oxygen source
with an 8 kV primary O– beam and electron multiplier detectors tuned for
23Na, 24Mg, 39K, 44Ca, 88Sr, and 138Ba. The samples were analyzed during
four analytical sessions: August and November/December 2016 (field samples),
June 2018 (culture samples), and January 2019 (selected field and culture
samples). The measurement protocol involved two major steps, which were
carried out in the same way during all sessions. First, a larger field of view (FOV)
was pre-sputtered with the primary ion beam to remove as much of surface
contaminants as possible and to achieve a stable secondary ion yield. This was
then followed by the acquisition of images over a smaller FOV (between 5× 5 µm2

and 20× 20 µm2 in size) that excluded the rim of the pre-sputtered area. During
imaging the primary ion beam size was 350–500 nm and the dwelling time was
1000 µs pixel−1. To increase the secondary ion counts, images were acquired over
1000 cycles (planes). Detailed settings of the NanoSIMS 50L instrument during
pre-sputtering and image acquisition are listed in Table S3.3.
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3.2.4 NanoSIMS data processing

NanoSIMS image stacks were processed with the Matlab-based freeware program
Look@NanoSIMS (Polerecky et al., 2012). A data processing workflow (Figure 3.2)
was developed to optimize the precision and accuracy of the determination of
element-to-calcium (El/Ca) ion count ratios in individual coccoliths.
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Figure 3.2: Scheme of the workflow employed during sample preparation and data processing.
The aim was to obtain accurate and precise El/Ca ratio NanoSIMS measurements in coccolith
calcite placed on polycarbonate filters.

First, the images in the stack were aligned based on the 44Ca ion counts and
accumulated. Using the accumulated images of 44Ca, 23Na and 24Mg, regions
of interest (ROIs) were drawn by hand and identified with coccoliths (regions
rich in 44Ca) or with potential contaminants such as precipitates of sea salts or
remnants of organics (regions rich in 23Na and 24Mg). The remaining areas were
identified as background, and represented the polycarbonate filters.

In the second step, depth profiles of El/Ca ion count ratios were inspected in
each coccolith ROI to assess whether insufficient pre-sputtering, surface-bound
contamination or complete ablation of the coccolith played an important role
during the measurement and thus possibly affected the accuracy of the coccolith’s
El/Ca determination. This was done by quantifying the variation of the El/Ca
ion count ratios with depth by means of a coefficient of variance (CV) corrected
for the variability due to Poisson counting statistics (see Chapter 6). When the
depth variation was high, the depth profile was inspected in detail to identify
the range of planes over which majority of the depth variation occurred. These
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planes were removed from the subsequent analysis (see Chapter 6). Thus, the
El/Ca ratio per coccolith was determined as the ratio of ion counts accumulated
over planes where the measured El/Ca ratios per plane showed minimal variation
with depth.

In some coccolith ROIs, the minor elements were elevated in tiny distinct
locations not spanning the whole depth domain that was analyzed. We interpret
these regions as particulate surface contamination, which can be located atop,
underneath or in between the structural calcite elements of the coccolith (left
panel in Figure 3.2). During a measurement involving 1000 planes, such a particle
would become sputtered away, which manifested itself by a gradual decrease in
ion counts of 23Na, 24Mg or 39K, and a corresponding increase in ion counts of
44Ca, in pixels corresponding to the particle. If those pixels corresponding to
the particle were removed from the analysis in all planes, the remaining amount
of pixels corresponding to the contamination-free coccolith would become less.
This would lead to a decreased precision of the El/Ca ratio determination due to
a lower amount of ions detected per coccolith. To avoid this, the accumulation of
ion counts of a given mass was adapted such that in a given plane the counted
ions were accumulated only in those pixels where 44Ca ions were detected.
Because the 44Ca count rates were low, the probability of detecting zero 44Ca
ions in a given pixel and plane was relatively high. To avoid biased results,
the above condition was therefore applied not on single planes but on stacks
of 5 accumulated consecutive planes (see Chapter 6). Given the limitations
imposed by the sensitivity of the NanoSIMS instrument and the small amount of
material present in an individual coccolith, this approach maximized the amount
of ions detected from the coccolith while minimizing the influence of localized
(particle-like) contamination, thus improving the overall precision and accuracy
of the El/Ca determination in the coccolith.

In the last step, the coccolith El/Ca ion count ratios measured by NanoSIMS
were converted to molar El/Ca ratios based on the calibrations determined for
the synthetic CalUU calcites (see Chapter 2). This was possible for the Na/Ca,
Mg/Ca, Sr/Ca and Ba/Ca ratios, but not for the K/Ca ratio.

Using the instrument settings listed in Table S3.3, all masses measured in this
study could be well resolved except for 88Sr and 138Ba, which overlapped with the
non-resolvable interference with the 44Ca +

2 dimer, and the 40Ca226Mg16O +
2 mul-

timer, respectively. The measured coccolith 88Sr/44Ca ratios were corrected for
the contribution of the 44Ca +

2 dimer, while the influence of the 40Ca226Mg16O +
2

multimer interference on the determination of the 138Ba/44Ca ratio was negligible
(see Chapter 6) and thus not considered during data processing.
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3.2.5 Statistical analyses

Statistical analyses were done in R (R Core Team, 2018; Wei and Simko, 2017;
de Mendiburu, 2019). Because the El/Ca ion count ratios determined by the
NanoSIMS analysis were skewed towards higher values, they were log-transformed
before performing the analyses. Analysis of variance (ANOVA) combined with
post-hoc Tukey tests were performed to test for significant differences among
coccolith samples. Correlation analyses were performed to assess relationships
between the log-transformed El/Ca ion count ratios and environmental paramet-
ers.

3.3 Results

3.3.1 NanoSIMS imaging of individual coccoliths

In most cases, coccoliths of E. huxleyi were easily identified in the NanoSIMS
images as regions with significantly higher counts of 44Ca+, 23Na+, 24Mg+,
39K+ and 88Sr+ compared to the counts on the filter (Figure 3.3, and the top-
right coccolith in Figure 3.4). Given the relatively large size of the primary
ion beam (350–500 nm) compared to the coccolith, the El/Ca ion count images
revealed no conspicuous lateral variability within the coccolith. In some images,
however, we observed regions adjacent to or overlapping with coccoliths, where
the counts of 24Mg+, and often also of 23Na+, 39K+ and 138Ba+, but not of
88Sr+, were elevated relative to the counts of 44Ca+ (Figure 3.4). This indicated
that contamination, probably related to salt precipitates or organics, played
a role during the measurement and needed to be dealt with to minimize its
influence on the accuracy of the measured trace element content in individual
coccoliths.
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Figure 3.3: Example NanoSIMS images of an E. huxleyi coccolith placed on a polycarbonate
filter. The specimen was collected from the Mediterranean Sea, station EM-6. Shown are
images of ion counts accumulated over 1000 planes (upper panels), the corresponding images
of ion count ratios (lower panels), as well as a SEM image. The scale bar is 5 µm. Note that
the intensity of the hue in the ratio images was modulated by the Ca ion count image to
suppress the visibility of the noise on the filter due to low Ca counts. K and Ba were not
measured in this particular sample.

In addition to the variability in the lateral direction, the accuracy of the
El/Ca determination in an individual coccolith was also influenced by the
variation of the El/Ca ion count ratio with depth. This variation could be due
to surface-bound contamination, but also due to an incomplete stabilization of
the secondary ion yields during the pre-sputtering phase of the measurement.
This could be examined because the measurement of each individual coccolith
involved repeated measurements over 1000 cycles (planes). Detailed analysis
revealed that the variability with depth, quantified as a coefficient of variation
(CV), was quite substantial, varied considerably among individual coccoliths,
and also depended on the trace element. For example, it reached up to 60 % for

Figure 3.4 (facing page): Example NanoSIMS images of E. huxleyi coccoliths placed on
a polycarbonate filter. The specimens were collected from culture C6. Shown are images of
ion counts accumulated over 1000 planes (panels in rows 1–2), the corresponding images of
ion count ratios (panels in rows 3–4), as well as an image of ROIs identified as coccoliths (c),
contamination (s) and the filter background (b). ROIs identified as contamination were drawn
based on their conspicuous enrichment in Na, Mg, K and Ba relative to Ca. The scale bar is
5 µm. Note that the intensity of the hue in the ratio images was modulated by the Ca ion
count image to suppress the visibility of the noise on the filter due to low Ca counts.
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Sr/Ca, up to 80 % for Mg/Ca, up to 105 % for Na/Ca, up to 135 % for K/Ca,
and up to 370 % for the Ba/Ca ion count ratios (Chapter 6).

To minimize the influence of the lateral and depth variability on the accuracy
of the El/Ca ion count ratio measured in individual coccoliths, the pixels and
planes in the NanoSIMS image stacks identified with contamination were excluded
from the analysis. Although this exclusion led to a significant decrease in the
variability of the El/Ca ion count ratios with depth, this variability could not
be completely removed (Chapter 6). Specifically, in most coccoliths the residual
variability with depth reached up to 10 % for Sr/Ca, up to 20 % for Na/Ca and
K/Ca, up to 30 % for Mg/Ca, and up to 35 % for the Ba/Ca ion count ratios
(boxplots in Figure 3.5). For Na/Ca and Mg/Ca the residual variability was
typically smaller in the cultured samples compared to the environmental ones,
while it was similar and low for Sr/Ca in both types of samples. Because this
residual variability with depth represented, ultimately, the uncertainty with
which the El/Ca ion count ratio in a given coccolith was measured, hereafter we
refer to it as the measurement precision.
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Figure 3.5: Visualization of the variability in the El/Ca ion count ratios within individual
coccoliths and among coccoliths. The variability is expressed by the coefficient of variation
(CV). The boxplots display the range of depth-related coefficient of variation (CV) within
coccoliths, thus the range of the within-lith variability. The thick horizontal bar indicates the
CV among coccoliths from one sample, thus the within-sample variability. For samples where
no horizontal bar is displayed, the within-sample CV exceeds 1.
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The residual variability in the El/Ca ion count ratios with depth has two
contributions, the “true” variability with depth and the variability due to the
random nature of the secondary ion detection by NanoSIMS (the Poisson error).
In our measurements, the Poisson errors were < 1 % for the Na/Ca, Mg/Ca and
K/Ca ion count ratios, < 4 % for Sr/Ca, and reached up to 27 % for Ba/Ca due to
the generally very low amount of Ba ions detected from the coccoliths (Figure 3.5).
Thus, the Poisson errors had a negligible contribution to the precision of the
El/Ca ion count ratio measurements for Na, Mg and K, while they contributed
more for Sr, and dominated the measurement precision of the Ba/Ca ion count
ratios.

Overall, removal of the pixels and planes identified with contamination led
to significantly lower El/Ca ion count ratios for most coccoliths (Chapter 6).
Additionally, the relative difference between the El/Ca ratios determined with
and without the pixels and planes identified with contamination was, in most
coccoliths, larger than the measurement precision. Together, this highlights the
importance of data processing in obtaining accurate El/Ca ion count ratios in
individual coccoliths.

3.3.2 Variability in coccolith El/Ca ion count ratios

El/Ca ion count ratios were highly variable among individual coccoliths in
all samples collected from the different environments and cultures. Smallest
inter-coccolith variability was observed for Sr/Ca (< 10 % for most samples),
while the variability in Na/Ca and Mg/Ca ranged between 20–70 % for most
samples and even exceeded 80 % for some samples (thick horizontal bars in
Figure 3.5). Similarly, inter-coccolith variability in K/Ca and Ba/Ca, which
were only determined in cultured coccoliths, was large (> 50 % for K/Ca and
20–70 % for Ba/Ca). In all samples and for all trace elements except for Ba
the inter-coccolith variability was larger than the precision of the El/Ca ion
count ratio measurement in individual coccoliths (Figure 3.5). Because of the
insufficient precision of the Ba/Ca measurements, Ba data were excluded from
further analysis.

The log-transformed El/Ca ion count ratios were significantly different among
the different samples of E. huxleyi coccoliths (Table S3.4), and a Tukey post-
hoc test identified which pairs of samples were significantly different from each
other (see letters in parantheses in Table 3.1). However, analyses of the log-
transformed El/Ca ion count ratios in the coccoliths versus environmental
parameters did not reveal any clear relationships. On the one hand, the log-
transformed Na/Ca and Mg/Ca ion count ratios in the Mediterranean coccoliths
were significantly negatively correlated with alkalinity and salinity, while the
corresponding correlations were significantly positive for Sr/Ca (Figure 3.6
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Figure 3.6: Log-transformed El/Ca ion count ratios in individual E. huxleyi coccoliths
plotted against total alkalinity and salinity of the environments where they formed. Coccoliths
originated from the Mediterranean and Black Sea (coloured triangles) and from laboratory
cultures (black circles). Colour coding of the field samples corresponds to the colour coding
of the sampling stations shown in Figure 3.1, while codes C1–C6 correspond to the culture
conditions shown in Figure S3.1. Error-bars indicate the precision of the El/Ca ion count
ratio measurement for each individual coccolith.
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and 3.7A). On the other hand, when data for all environmental coccoliths were
tested, the correlation with alkalinity remained significantly negative for Na/Ca
and Mg/Ca, but the correlations with salinity, although remaining significant,
changed from negative to positive (for Na/Ca), or became insignificant (p > 0.05;
for Mg/Ca and Sr/Ca; Figure 3.7B).

Because some of the environmental parameters were, to a variable degree,
inter-correlated, significant correlations were detected also between the log-
transformed Na/Ca, Mg/Ca and Sr/Ca ion count ratios and environmental
parameters such as temperature or nutrient concentrations (Figure 3.7A).
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Figure 3.7: Correlation matrices between the log-transformed El/Ca ion count ratios in
coccoliths and the relevant environmental parameters. Correlation coefficients were calculated
using only the data for the Mediterranean Sea coccoliths (A), using data for all environmental
coccolith samples, i.e., from both the Mediterranean and Black Sea (B), and using data for
the cultured coccoliths (C). Significant (p < 0.05) versus non-significant relationships are
indicated by the absence and presence of a black X, while the ellipse and colour visualize the
correlation coefficient R.

El/Ca ion count ratios measured in the cultured coccoliths varied in a similar
range as those from the environmental samples (Figure 3.6). ANOVA revealed
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significant differences between cultures (Supplementary Table S3.4), and the
Tukey post-hoc test identified which cultures were significantly different from
the other cultures (see letters in parantheses in Table 3.1). However, none of
the log-transformed El/Ca ion count ratios significantly correlated with total
alkalinity or salinity of the culture media (Figure 3.7C).

Table 3.1: Trace content in coccoliths of E. huxleyi. Values are given as averages of n individual
coccoliths per sample ± 1SE.

NanoSIMS ion count ratios
sample ID n 23Na/44Ca* 24Mg/44Ca* 39K/44Ca* 88Sr/44Ca ×1000*138Ba/44Ca ×1000*

C1 43 0.437 ± 0.003 (c) 0.0295 ± 0.0004 (c) 0.307 ± 0.005 (a) 84.2 ± 0.2 (a) 1.68 ± 0.01 (b)
C2 32 0.610 ± 0.006 (b) 0.059 ± 0.003 (a) 0.102 ± 0.006 (c) 78.1 ± 0.2 (b) 0.423 ± 0.009 (e)
C3 18 0.80 ± 0.02 (b) 0.0321 ± 0.0007 (abc) 0.42 ± 0.04 (ab) 81.1 ± 0.3 (ab) 0.96 ± 0.02 (c)
C4 36 0.629 ± 0.005 (b) 0.0298 ± 0.0005 (c) 0.164 ± 0.005 (b) 79.8 ± 0.1 (b) 2.86 ± 0.02 (a)
C5 22 0.676 ± 0.005 (b) 0.0295 ± 0.0003 (bc) 0.117 ± 0.003 (bc) 76.4 ± 0.2 (b) 0.594 ± 0.005 (d)
C6 27 1.34 ± 0.02 (a) 0.045 ± 0.001 (ab) 0.344 ± 0.009 (a) 78.4 ± 0.2 (b) 0.73 ± 0.01 (d)

BS-2 28 0.129 ± 0.002 (q) 0.0068 ± 0.0002 (qr) n.d. 93.6 ± 0.5 (n) n.d.
EM-2 9 1.35 ± 0.04 (o) 0.0252 ± 0.0008 (op) n.d. 112.6 ± 0.4 (m) n.d.
EM-6 11 0.306 ± 0.008 (p) 0.026 ± 0.003 (pq) n.d. 109.4 ± 0.5 (m) n.d.
WM-1 9 0.34 ± 0.01 (p) 0.0044 ± 0.0007 (r) n.d. 107 ± 1 (m) n.d.
WM-7 7 2.7 ± 0.2 (n) 0.049 ± 0.004 (no) n.d. 94.9 ± 0.6 (mn) n.d.
WM-9 9 2.9 ± 0.2 (n) 0.24 ± 0.02 (m) n.d. 91 ± 2 (n) n.d.
WM-10 9 4.4 ± 0.1 (m) 0.132 ± 0.009 (mn) n.d. 91.8 ± 0.9 (n) n.d.

molar ratios [mmol/mol]**– calibrated using calibration relation of synthetic calcites (Chapter 2)
sample ID n Na/Ca Mg/Ca K/Ca Sr/Ca Ba/Ca ×1000

C1 43 11.14 ± 0.09 4.29 ± 0.05 n.d. 2.658 ± 0.005 24.5 ± 0.2
C2 32 15.6 ± 0.1 8.6 ± 0.4 n.d. 2.464 ± 0.005 6.2 ± 0.1
C3 18 20.5 ± 0.6 4.7 ± 0.1 n.d. 2.56 ± 0.01 14.0 ± 0.2
C4 36 16.0 ± 0.1 4.340 ± 0.008 n.d. 2.520 ± 0.003 41.6 ± 0.3
C5 22 17.2 ± 0.1 4.30 ± 0.04 n.d. 2.411 ± 0.007 8.65 ± 0.08
C6 27 34.2 ± 0.5 6.5 ± 0.1 n.d. 2.474 ± 0.006 10.7 ± 0.2

BS-2 28 3.28 ± 0.05 0.99 ± 0.03 n.d. 2.95 ± 0.02 n.d.
EM-2 9 35 ± 1 3.7 ± 0.1 n.d. 3.55 ± 0.01 n.d.
EM-6 11 7.8 ± 0.2 3.8 ± 0.5 n.d. 3.45 ± 0.02 n.d.
WM-1 9 8.6 ± 0.3 0.6 ± 0.1 n.d. 3.37 ± 0.03 n.d.
WM-7 7 69 ± 5 7.2 ± 0.6 n.d. 3.00 ± 0.02 n.d.
WM-9 9 74 ± 6 34 ± 3 n.d. 2.88 ± 0.06 n.d.
WM-10 9 113 ± 3 19 ± 1 n.d. 2.90 ± 0.03 n.d.
* Letters in paratheses indicate groups of significant mean sample difference (p < 0.05) determined using
Tukey’s honest significance test. Culture samples and environmental samples were compared separately, where
cultures are grouped a–e, and environmental samples are grouped m–r, respectively.

** Note that the overall accuracy of the molar ratios is governed by the calibration relation, which is at best
±20 %, ±21 %, ±5 %, and ±4 %, for Na/Ca, Mg/Ca, Sr/Ca, and Ba/Ca, respectively.

3.3.3 Molar El/Ca ratios in E. huxleyi coccoliths

El/Ca ion count ratios in the studied E. huxleyi coccoliths were converted
to molar El/Ca ratios using the calibration relations obtained for the two
synthetic calcites described in Chapter 2. Considering data for all measured
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coccoliths, molar El/Ca ratios varied between 1.9–3.8 mmol mol−1 for Sr, 0.003–
0.077 mmol mol−1 for Ba, 1.6–186 mmol mol−1 for Na, and 0.06–83 mmol mol−1

for Mg. Molar ratios averaged over coccoliths from a specific site or culture
are listed in Table 3.1. Due to the uncertainty of the calibration relations, the
accuracy of the reported values is not better than ±5 % for Sr/Ca, ±4 % for
Ba/Ca, ±20 % for Na/Ca, and ±21 % for Mg/Ca. For Ba/Ca the accuracy is
ultimatively limited by the low measurement precision of single coccoliths in
combination with the number of coccoliths measured per sample. The measured
K/Ca ion count ratios could not be converted to molar ratios due to an unknown
K content of the synthetic calcites used for the calibration. Nevertheless, the
K/Ca ion count ratios varied by 2 orders of magnitude among the measured
cultured coccoliths, which is similar to the variation in the Na/Ca ion count
ratios.

3.4 Discussion

In this study we explored the use of NanoSIMS as a tool to quantify trace
element content in individual coccoliths of E. huxleyi. The overall approach
involved deposition of the coccoliths on a filter substrate, cleaning by extensive
rinsing with a pH buffer, drying, the actual NanoSIMS measurement, extensive
data processing to minimize the influence of contamination on the accuracy
of the measured El/Ca ion count ratios, and finally the conversion of the ion
count ratios to molar ratios using calibration relations obtained for custom-made
synthetic calcites. Our main aim was to assess whether the Na and K content of
E. huxleyi coccoliths, which were measured in this study for the first time, could
be linked to parameters characterizing the environment where the coccoliths
formed.

3.4.1 Variability within and between individual coccoliths

We observed no conspicuous variability in the trace element content within
individual coccoliths. The areas of elevated counts of Mg, Na, K and Ba, which
we often observed overlapping with or next to coccoliths, were interpreted as
contamination. Additionally, we observed a residual variability in El/Ca ion count
ratios with depth in the coccoliths, which reached between 10–30 % depending
on the trace element. However, this variability possibly reflected the progressive
change in the ionization efficiency of the secondary ions during the measurement,
which is known to depend on the element and on the concentration of primary
ions implanted into the sample. This variability could not be avoided, because
of the very small thickness of the coccoliths. The limited amount of available
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material did not allow for longer pre-sputtering of the coccoliths, which could
have improved the stability of the secondary ion yields. Thus, we considered
this residual depth variability as the precision of the measured El/Ca ion count
ratios.

One of the most striking results of this study is the high variability among
coccoliths with respect to their trace element content. The lowest variability
was observed for the Sr content, which varied among the measured coccoliths
by a factor of about 2. This is in line with the narrow range of Sr/Ca ratios
found in other studies (Stoll and Schrag, 2000; Stoll et al., 2007b). However,
the inter-coccolith variability progressively, and dramatically, increased for Ba,
Na, K, and Mg, with differences between the coccoliths with the lowest and
highest trace element contents spanning one (Ba), two (Na and K) and up to
three (Mg) orders of magnitude. The high variability was observed not only
among coccoliths from different samples but also among coccoliths from the
same sample, including culture-grown coccoliths (Figures 3.5 and 3.6).

One possible reason for the high inter-coccolith variability is the influence of
contamination. Contamination in our measurements manifested itself as regions
with conspicuously higher counts of Mg, K, Na and Ba ions relative to the Ca
ions located in areas next to or overlapping with coccoliths, or through variation
of the El/Ca ion count ratios with the measurement cycle, i.e., with depth within
the coccolith. Both of these sources of variation were, however, largely removed
by the extensive data processing. Given the lack of an alternative method to
verify the measurements, the influence of contamination cannot be completely
ruled out. Nevertheless, the fact that the measurement precision of the trace
element content in individual coccoliths was much smaller than the differences
between coccoliths indicates that the influence of contamination was not the
main driver of the observed inter-coccolith variability.

Reproducibility of the NanoSIMS measurements could be another reason
for the observed high inter-coccolith variability. Although we conducted the
measurements during several measurement sessions, we consistently applied
practically the same protocol during all measurements, including the primary
ion current, tuning of diaphragms and slits, pre-sputtering, and dwelling time.
Thus, based on the reproducibility of the measurements in the synthetic calcites
(see Chapter 2), we would expect the variability between coccoliths not to exceed
about 10–20 % if all the coccoliths had the same Na/Ca and Mg/Ca ratio. The
observed variability in the Na/Ca and Mg/Ca ion count ratios was, however, in
most samples well above 20 %, suggesting that reproducibility was not limiting
the analyses of these trace elements. The situation with the variability in the K
content is more complicated because the variability in the K/Ca ion count ratios
within the (presumably homogeneous) synthetic calcite was similarly high as
the variability between individual coccoliths (CV > 50 %). However, most of the
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variability within the synthetic calcites was due to differences between individual
calcite grains (see Chapter 2). Thus, it is unlikely that reproducibility limited the
analyses of K. The amount of Ba ions detected from individual coccoliths was
very low, which severely limited the precision of the measured Ba/Ca ion count
ratios. This low precision was most likely responsible for the high variability
among the individual coccoliths.

Considering that the inter-coccolith variability was higher than the measure-
ment precision, and that the influence of contamination was minimized by data
processing, we conclude that the observed variability among coccoliths was real.

3.4.2 Variability in trace element content with
environmental parameters

Despite the large variability in trace element content among E. huxleyi coccoliths
from the same sample, statistical analysis revealed significant differences between
samples collected from or grown at different conditions. However, plots of the
El/Ca ion count ratios in the coccoliths against environmental parameters did
not reveal any clear relationships. On the one hand, when only the coccoliths
collected from the Mediterranean Sea were considered, Na/Ca and Mg/Ca ion
count ratios showed a decreasing trend with increasing salinity and alkalinity,
while the Sr/Ca ion count ratios increased. However, most of these trends were
not followed by the E. huxleyi coccoliths collected from the Black Sea, except
for the trend of a decreasing Na and Mg content with increasing alkalinity.

It is important to stress that parameters characterizing environmental samples
are often inter-correlated. For instance, seawater salinity, total alkalinity and
temperature increase along the West-East transect of the Mediterranean Sea,
while nutrient concentrations decrease. Thus, the apparent relationships between
the Na/Ca, Mg/Ca and Sr/Ca ion count ratios in the Mediterranean E. huxleyi
coccoliths and the corresponding seawater salinity or total alkalinity may be
a reflection of a relationship with another environmental parameter, e.g., the
concentration of nutrients or a parameter that has not been measured in this
study.

That this is likely so, is supported by the El/Ca ion count ratios measured in
the coccoliths of the cultured E. huxleyi. On the one hand, the El/Ca ion count
ratios measured in the cultured coccoliths varied in a similar range as those
from the environmental samples, and the coccoliths from some of the cultures
did show significant differences in their El/Ca ratios in comparison to the other
cultures. Although the salinities and total alkalinities of the culture media varied
in a similar, or even wider, range than their environmental counterparts, the
El/Ca ion count ratios showed no specific trends with total alkalinity or salinity
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for any of the measured trace elements.

Taken together, the present data suggest that the incorporation of trace
elements Na, Mg, K and Sr into coccoliths of E. huxleyi is, to a large degree,
biologically controlled, and that the variability between coccoliths originating
from different environments is directly or indirectly driven by an environmental
parameter that was not identified in this study.

3.4.3 Trace element content in individual coccoliths

Ion count ratios do not bear information about actual element concentrations.
This is, for instance, due to element- and matrix-dependent ionization efficiency
or due to instrumental fractionation. To enable the comparison of our data with
previous studies, the measured El/Ca ion count ratios were therefore converted
to molar El/Ca ratios. Ideally, the conversion should be done using matrix-
matched calibration standards that were measured during the same analytical
session as the samples. Although commercially available calcite standards do
exist, their trace element concentrations are only characterized for the most
commonly measured trace elements in carbonates (e.g., Mg, Sr and Ba) whereas
the information about their Na and K content is not available. We therefore used
our own synthetic calcites (CalUUa and CalUUb; see Chapter 2) to perform the
conversion. Unfortunately, this was only possible for Na, Mg, Sr and Ba, but not
for K, as the K content in the synthetic calcites was not determined. Because
of the uncertainty in the calibration parameters, the accuracy of the reported
trace element concentrations is not better than ±5 % for Sr, ±4 % for Ba, ±20 %
for Na, and ±21 % for Mg. For Ba/Ca, the accuracy is ultimatively limited by
the low precision in combination with the number of coccoliths in a sample.
Additionally, the overall uncertainty of the molar ratios is likely even higher
because the synthetic inorganic calcites were not completely matrix-matched with
the biogenic calcites formed by coccoliths. Matrix-matching between standards
and samples is, however, extremely difficult, if possible at all.

Strontium content in individual coccoliths ranged between 1.9–3.8 mmol mol−1

(median of 2.8 mmol mol−1), which is consistent with the narrow range of 2.0–
3.3 mmol mol−1 reported in the literature (Stoll and Schrag, 2000; Stoll et al.,
2007b).

Magnesium content averaged over coccoliths from the same sample ranged
between 0.6–34 mmol mol−1 (median 4.3 mmol mol−1; with a range in an indi-
vidual coccolith of 0.06–83 mmol mol−1). Again, this is in line with the large
variability and range of previously reported Mg content in coccoliths (from
0.01 mmol mol−1 up to 98 mmol mol−1; Stoll et al., 2001, 2007b; Ra et al., 2010;
Müller et al., 2011; Cros et al., 2013; Müller et al., 2014; Blanco-Ameijeiras et al.,
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2016; Li et al., 2016). The lowest Mg contents were determined in earlier studies
using extensive cleaning protocols (Stoll et al., 2001, 2007b; Ra et al., 2010). Es-
pecially Mg contamination from organic matter and clays was noted as a serious
problem for accurate Mg determination in coccolith calcite (Blanco-Ameijeiras
et al., 2012; Prentice et al., 2014). The highest reported coccolith Mg/Ca ratios
were obtained from experiments with elevated CO2 concentrations (Müller et al.,
2014). High variability in Mg/Ca was also observed between different strains of
E. huxleyi (Blanco-Ameijeiras et al., 2016).

Barium content averaged over coccoliths from the same sample ranged
between 0.006–0.04 mmol mol−1 (median 0.01 mmol mol−1), which is slightly
lower than the range of 0.02–0.12 mmol mol−1 determined by Langer et al. (2009).
The difference could be caused by the fact that coccoliths measured by Langer
et al. (2009) were grown in a culture medium that was more than 10 times
enriched in Ba with respect to seawater Ba concentrations.

The only data on potassium content in coccoliths reported to date were
measured by synchrotron X-ray fluorescence spectrometry in overgrowth-free
and overgrown regions of two single fossil coccoliths of Watznaueria britannica
(Suchéras-Marx et al., 2016). The reported values for K/Ca ranged between
0.1–24.9 mmol mol−1, and higher values were associated with overgrown regions.
In this study, ion count ratios of K/Ca determined on individual E. huxleyi
coccoliths ranged over 2 orders of magnitude, but could not be calibrated due
to undetermined K content of the synthetic calcites used for calibration. The
absolute values could therefore not be compared.

Sodium content in the studied coccoliths was highly variable, with values av-
eraged over coccoliths from the same sample ranging between 3–113 mmol mol−1

(median 17 mmol mol−1). To the best of our knowledge, these are the first repor-
ted data on Na content in coccoliths. Compared to the other trace elements in
coccoliths and to Na content in other calcifying organisms such as foraminifera
(Wit et al., 2013; Mezger et al., 2016; Geerken et al., 2018), these molar Na/Ca
ratios are rather high. A possible explanation of such high values is that our
extensive sample cleaning combined with data processing failed to completely
remove contamination with sea salt. However, the fact that Na/Ca ratios de-
termined in coccoliths from the Mediterranean Sea were anti-correlated with
seawater salinity argues against this explanation. Other evidence suggesting the
role of contamination with sea salt is the lack of detectable Na or K in coccoliths
using STEM-EDX spectroscopy (Sviben et al., 2016). However, as these authors
did not detect Mg in the coccolith calcite either, it is likely that Na and K were
undetected due to the lower sensitivity of the STEM-EDX method.

Another possible explanation for the rather high Na content in coccoliths is
uneven surface topography, which is known to impact secondary ion yields in
SIMS measurements (Levi-Setti, 1988; Stadermann et al., 2008). The thickness
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of a coccolith, i.e., the distance between the proximal and distal shield elements,
is about 500 nm (Mizukawa et al., 2015), which is comparable to the amplitude
of surface roughness in polished shells of foraminifera studied by Geerken et al.
(2019). The study by Geerken et al. (2019), however, showed that the major
variability in the elemental distribution over foraminiferal shell walls did not
correlate with topography of this amplitude. Furthermore, based on studies that
used NanoSIMS to measure trace element distributions in forams embedded in
a resin (e.g., Geerken et al., 2019; Remmelzwaal et al., 2019b), we would expect
to measure elevated El/Ca ion count ratios at the edges along the inner and
outer perimeter of the coccoliths, which is where the abrupt transition in height
between the coccolith and the underlying substrate (filter) occurs. Although we
have not observed such patterns, at present it is difficult to completely rule out the
role of surface roughness on the measured ion count ratios, especially because of
the peculiar rugged geometry of the E. huxleyi coccoliths. A combined approach
using both NanoSIMS and wet chemical analyses (employing contamination-free
cleaning agents) of coccoliths from the same sample, preferably a cultured one,
is needed to further elucidate the role of surface topography on the trace element
measurements in coccoliths by NanoSIMS. This holds true not only for Na but
also for other minor and trace elements.

3.5 Conclusions

In this study, we used NanoSIMS to determine, for the first time, Na/Ca and
K/Ca ratios in individual coccoliths of Emiliania huxleyi. We developed a
data processing workflow that minimized the influence of contamination on the
measurement accuracy and precision. Along with the Na/Ca and K/Ca ratios,
we also determined Mg/Ca and Sr/Ca ratios in the same coccoliths to be able
to compare our results with published data. The Mg/Ca and Sr/Ca content of
individual E. huxleyi coccoliths ranged between 0.06–83 mmol mol−1 and 1.9–
3.8 mmol mol−1, respectively, which is in line with Mg/Ca and Sr/Ca determined
in previous studies. Both Na and K appear to be homogeneously distributed
within the coccolith calcite and highly variable among individual coccoliths.
Na/Ca ratio ranged between 1.6–186 mmol mol−1 among individual coccoliths.
Molar K/Ca ratios could not be determined due to the lack of a calibration
standard, but the 39K+/44Ca+ ion count ratios ranged from 0.03–2.7. We found
significant differences in the Na and K content among E. huxleyi coccoliths with
different origin (sampled from 6 sites in the Mediterranean Sea and 1 site in
the Black Sea, grown in laboratory cultures under different salinities and total
alkalinities). However, these data did not allow us to identify an empirical or
mechanistic relationship between the Na or K content in coccoliths and the
parameters characterizing the environment where they formed.
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Table S3.1: Culture conditions of the media. Reported are average values ± 1 SD
of measurements before and after conducting the experiments.

culture condition pH alkalinity [µmol kg−1] salinity
1 8.64± 0.06 3537± 9 35.3± 0.1
2 8.54± 0.08 2537± 11 40.0± 0.2
3 8.41± 0.17 2005± 25 35.4± 0.4
4 8.41± 0.06 2260± 7 35.6± 0.1
5 8.63± 0.13 2680± 8 31.6± 0.1
6 8.27± 0.10 3010± 37 36.2± 0.2

Figure S3.3: Crossplot of ln-transformed cell densities of the
culture batches over time during the experiment. Specific growth
rates µ per batch were obtained by regression and are given in
Table S3.2.

Table S3.2: Growth rates of the batch cultures. Specific growth rate
µ [d−1] is the slope of the regression of ln-transformed cell densities
(Figure S3.3).

culture condition specific growth rate µ [d−1] R2 *

C1 0.48 0.994
C2 0.46 0.992
C3 0.43 0.998
C4 0.42 0.997
C5 0.43 0.998
C6 0.5 0.999

* For all culture conditions, p < 0.001.
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Table S3.3: NanoSIMS 50L acquisition settings.

parameter Aug 2016 Nov/Dec 2016 Jun 2018 Jan 2019

sample ID*
field samples:
BS–2, EM–2,
WM–10

field samples:
EM–6, WM–1,
WM–7, WM–9

culture
samples:
C1–C6

C1, C2, C6,
BS–2

Pre-sputtering
beam current
(in FCo)

preset 20 pA
(in D1–3)

preset 10 pA
(in D1–3)

preset 20 pA
(in D1–3)

preset 20 pA
(in D1–3)

diaphragm and
slits D1–1 D1–1 D1–1 D1–1

FOV [µm×µm] 10× 10 to
30× 30

10× 10 to
30× 30 60× 60 60× 60

time [min] 1 2 2–3 5

Image Aquisition
beam current
(in FCo) [pA] 20 10 5 10

diaphragm and
slits D1–3, ES–2 D1–3, ES–2 D1–3, ES–2 D1–3, ES–2

detected masses
23Na, 24Mg,
44Ca, 88Sr

23Na, 24Mg,
44Ca, 88Sr

23Na, 24Mg,
39K, 44Ca,
88Sr, 138Ba

23Na, 24Mg,
39K, 44Ca,
88Sr, 138Ba

dwell time
[µs pixel−1] 1000 1000 1000 1000
image FOV
[µm×µm]

7× 7 to
20× 20 5× 5 to 10× 10 6× 6 to

13× 13
6× 6 to
13× 13

image resolution
[pixel×pixel]

128× 128,
occasionally
64× 64 and
256× 256

64× 64,
occasionally
128× 128

64× 64,
occasionally
128× 128

64× 64

number of planes 1000 1000 1000 1000
* sample ID abbreviations BS–, EM– and WM– denote Black Sea, Eastern Mediterranean and
Western Mediterranean, respectively, followed by the sampling station number, as also indicated
in Figure 3.1. C1–C6 denote the culture samples of conditions 1–6.
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Table S3.4: Results of ANOVA testing for significant differences between
samples.

culture samples field samples
ion count ratio F value p-value F value p-value

23Na/44Ca 36.1 < 0.01 167.1 < 0.01
24Mg/44Ca 6.0 < 0.01 35.9 < 0.01
39K/44Ca 20.1 < 0.01 n.d. n.d.
88Sr/44Ca 8.3 < 0.01 7.1 < 0.01
138Ba/44Ca 171.6 < 0.01 n.d. n.d.
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Abstract

Over the last decades a suite of inorganic proxies based on foraminiferal calcite
have been developed, of which some are now widely used for paleoenvironmental
reconstructions. Studies of foraminiferal shell chemistry have largely focused on
cations and oxyanions, while much less is known about the incorporation of anions.
The halogens fluoride and chloride are conservative in the ocean, which makes
them candidates for reconstructing paleoceanographic parameters. However, their
potential as a paleoproxy has hardly been explored, and fundamental insight
in their incorporation is required. Here we used nano-scale secondary ion mass
spectrometry (NanoSIMS) to investigate, for the first time, the distribution
of Cl and F within shell walls of four benthic species of foraminifera. In the
rotaliid species Ammonia tepida and Amphistegina lessonii Cl and F were highly
heterogeneous and correlated within the shell walls, forming bands that were
co-located with the banded distribution of phosphorus. In the miliolid species
Sorites marginalis and Archaias angulatus the distribution of Cl and F was
much more homogeneous without discernible bands. In these species Cl and
P were correlated, whereas no correlation was observed between Cl and F or
between F and P. Additionally, their F content was about an order of magnitude
higher than in the rotaliid species. The high variance in the Cl and F content in
the studied foraminifera could not be attributed to environmental parameters.
Based on these findings we suggest that in the rotaliid species Cl and F are
predominately associated with organic linings. We further propose that in the
miliolid species Cl may be incorporated as a solid solution of chlorapatite or
associated with organic molecules in the calcite. The high F content together
with the lack of correlation between F and Cl or P in the miliolid foraminifera
suggests a fundamentally different incorporation mechanism. Overall, our data
clearly show that the calcification pathway employed by the studied foraminifera
governs the incorporation and distribution of Cl, F, P and other elements in
their calcite shells.
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4.1 Introduction

Foraminifera are widely used to reconstruct paleoenvironments and climates
based on relative species abundances and the chemical or isotopic composition
of their shells. Apart from the carbon and oxygen isotopic composition, most
inorganic proxies based on foraminiferal calcite involve cations or their isotopes
(Boyle, 1981; Elderfield et al., 1996; Lea et al., 1999; Allen et al., 2016), which
can substitute for calcium in the calcite lattice. While there are also proxies
based on the incorporation of oxyanions such as iodate, sulphate and borate,
and their isotopes (Lu et al., 2010; Paris et al., 2014; Yu et al., 2007; Rae et al.,
2011), much less is known about the incorporation of anions such as the halogens
Cl, F and Br that are less likely to substitute for the carbonate ion (Kitano
et al., 1975; Okumura et al., 1983, 1986).

The halogen anions are conservative in the ocean, which makes them potential
candidates for reconstructing paleoceanographic parameters. Chlorine as a major
constituent of sea salt is the most abundant halogen in seawater, followed by
bromine, while fluorine concentrations are in the ppm range (e.g., Kendrick,
2018, and references therein). However, even though Cl– is the most abundant
(an)ion in seawater, the Cl content of inorganic and biogenic calcites is low as
the Cl– anion does not fit well into the calcite lattice (Tokuyama et al., 1972;
Kitano et al., 1975). In contrast, the F– anion has a much higher compatibility
in many minerals compared to the heavier halogens, which can be attributed to
its much smaller ionic radius (Kendrick, 2018). While seawater is enriched with
the halogens chlorine and bromine with respect to the primary mantle (Kendrick,
2018), fluorine is strongly depleted in seawater with calcium carbonates being
the major sink of dissolved fluoride in the oceans (Carpenter, 1969).

Marine carbonates have F/Ca ratios ranging between 0.1–3.5 mmol mol−1

and 4.0–6.5 mmol mol−1 in calcite and aragonite, respectively (Carpenter, 1969),
while Cl/Ca ratios range between 9–18 µmol mol−1 and 53–71 µmol mol−1 in
inorganically precipitated calcite and aragonite, respectively (Kitano et al.,
1975). The fluorine content of planktic foraminifera co-varies not only with δ18O
(Rosenthal and Boyle, 1993; Opdyke et al., 1993; Rosenthal et al., 1997), but
also with Mg and Sr content (Opdyke et al., 1993), and varies mostly in response
to species-specific biological factors (Rosenthal and Boyle, 1993; Opdyke et al.,
1993; Rosenthal et al., 1997). Furthermore, foraminiferal F content appears to be
highly susceptible to diagenesis. Indeed, the release of F to porewater has been
shown to be a proxy for carbonate dissolution during early diagenesis (Rude
and Aller, 1991). The chlorine content of biogenic calcite has been proposed as a
potential direct salinity proxy (Wit et al., 2013), but there are very few data on
Cl in foraminifera (Szafranek and Erez, 1993; Erez, 2003).

Not much is known about how these anions are incorporated into foraminiferal
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shells. Possible incorporation modes include lattice-bound, interstitial, solid solu-
tion (e.g. fluorite, apatite), or bound to organic templates within the foraminiferal
shell walls. Possible environmental factors playing a role during the incorporation
processes of Cl and F may be related to pH homeostasis in the calcification
fluid as Cl– and F– are the dissociated compounds of a strong and weak acid,
respectively. Tanaka et al. (2013) showed that fluorine incorporation in non-
symbiotic corals was governed by the carbonate ion concentration in solution
because of ion-exchange between fluoride and carbonate. A similar link has been
suggested between foraminiferal fluorine content and carbonate ion concentra-
tion (Rosenthal and Boyle, 1993; Opdyke et al., 1993) as well as the presence of
symbionts (Opdyke et al., 1993).

Furthermore, the spatial distribution of incorporated elements within fo-
raminiferal shells can shed light on the incorporation mechanism. To the best
of our knowledge, the spatial distribution of F has not been investigated yet,
while Cl was previously found at the location of organic linings in shell walls
of A. lobifera (Szafranek and Erez, 1993; Erez, 2003). Recently, also the iodine
micro-distribution in shell walls of U. striata was found to spatially correlate
with organics (Glock et al., 2019). This suggests that halogen incorporation may
be regulated by foraminiferal biomineralization pathways, although biogenic car-
bonate formation is ultimately expected to be governed by the same controlling
factors as inorganic carbonate formation. The biomineralization pathway has
consequences for trace element incorporation, as reflected in the occurrence of
bands of higher and lower concentrations of cations (e.g. Mg, Sr, Ba, Na) in
perforate hyaline foraminiferal shell walls (Eggins et al., 2004; Sadekov et al.,
2005; Kunioka et al., 2006; Branson et al., 2015; Jonkers et al., 2016; Geerken
et al., 2018, 2019). This banding has been attributed to chamber addition in
perforate hyaline foraminifera: an additional high-concentration band appears
each time a new calcite lamella is added to the shell, which also covers previous
chambers (Nehrke et al., 2013). Similarly, spine and the spine attachment zone
of planktic foraminifera are enriched in Na while depleted in Mg, and vice verca,
respectively (Branson et al., 2016; Mezger et al., 2019; Bonnin et al., 2019).

Here we investigated, for the first time, the Cl and F distribution within
foraminiferal shell walls of four benthic species on a sub-micron scale with
NanoSIMS. Two rotaliid benthic species (Ammonia tepida and Amphistegina
lessonii) and two miliolid benthic species (Sorites marginalis and Archaias
angulatus) were investigated to cover benthic foraminifera with fundamentally
different biomineralization pathways. Furthermore, one species is symbiont-barren
(Ammonia tepida), whereas the other three species are bearing photosynthetic
symbionts.
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4.2 Materials and Methods

4.2.1 Specimen selection and basic characterization

Six specimens of four species (two rotaliid and two miliolid species, respectively)
from culturing experiments were investigated in this study (Table 4.1). The use
of laboratory-grown specimens has the advantage that their growth conditions
were controlled and that potential effects of diagenesis on their shell halogen
chemistry can be excluded.

Table 4.1: Studied foraminifera specimens and the corresponding culture conditions.

# species1 salinity T [◦C] DIC
[µmol/kg]

alkalinity
[µmol/kg] pH CO 2–

3
[µmol/kg] Ωcalcite

1† A. tepida (R) 25.2 25 1087 1350 8.32 162 4.22
2‡ A. lessonii (R) 35.2 21.2 2069 2314 8.00 177 4.24
3∗ A. angulatus (M) 40 25 3861 4477 8.10 506 11.67
4∗ A. angulatus (M) 30 25 2644 3153 8.27 399 10.00
5∗ S. marginalis (M) 30 25 2644 3153 8.27 399 10.00
6∗ S. marginalis (M) 40 25 3861 4477 8.10 506 11.67
1 R = rotaliid, M = miliolid.
† Selected from the culture experiment by Geerken et al. (2018).
‡ Selected from the culture experiment by van Dijk et al. (2019).
∗ Selected from an unpublished culture experiment (see Appendix 4.B).

Parameters of the carbonate system in the culture media, including alkalinity,
carbonate ion concentration and saturation state with respect to calcite, were
calculated from the measured DIC concentration, pH, salinity and temperature
(Table 4.1). This was done in R (R Core Team, 2018) using the package seacarb
(Gattuso et al., 2018). The equilibrium constants for the carbonate system K1
and K2 were taken from Lueker et al. (2000). Because DIC was not measured in
the culture of A. lessonii, we first applied the salinity-alkalinity relationship for
the North Atlantic (Lee et al., 2006) to estimate the culture medium alkalinity,
based on which we then calculated the remaining carbonate system parameters.

Prior to sample preparation for NanoSIMS analyses, each specimen was
characterized with respect to its Na, Mg, Sr and Ba content. This was done by
LA-ICP-MS as previously described (Geerken et al., 2018; van Dijk et al., 2019).
For each specimen El/Ca ratios were determined on two or more chambers and
averaged (Table S4.1).
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4.2.2 Sample preparation and SEM imaging

Resin embedding is a widely used preparation technique for SIMS analyses.
However, all commercially available epoxy resins contain high amounts of chlorine,
which may be a problematic source of contamination when analyzing trace
contents of chlorine. Epoxy resin with about 1500 ppm chlorine is considered
a low-halogen containing resin. This is orders of magnitudes higher than what
is expected in (foraminiferal) calcite (de Nooijer et al., 2014b). To eliminate
potential contamination of the sample with halogens originating from the resin,
which could occur during polishing or during the sputtering process, we first
tried alternative embedding in Wood’s metal. However, this approach was not
successful as the metal was repelled by the calcite surface (Chapter 6). Therefore
we had to embed the samples in epoxy resin. In the end, we are confident that the
halogens measured in the foraminiferal calcite are not due to contamination with
resin nor an artifact of the sputtering process, as the Cl/F ratios in foraminiferal
calcite differ significantly from those in resin (Chapter 6).

The selected specimens of A. tepida, A. lessonii, S. marginalis and A. an-
gulatus were embedded in epoxy resin (Araldite 2020) under vacuum and sub-
sequently polished to expose cross-sections perpendicular to the shell walls (see
Geerken et al. (2019) for details). The first polishing steps used wet grinding
papers of decreasing coarseness (HERMES, WS Flex 18C, 230 mm, P 800 and
219 ATM, SiC wet grinding paper, grain 4000) followed by agglomerated alpha
alumina powder (Struers AP-A powder, grain size 0.3 µm) and SiO2 powder
(Logitech SF1 Polishing Suspension, grain size 0.035 µm). The polished samples
were sputter-coated with 20 nm of Au using a sputter coater (JEOL JFC-2300HR
high resolution fine coater with JEOL FC-TM20 thickness controller), after which
they were imaged using a JEOL Neoscope II JCM-6000 table-top SEM to identify
suitable areas for NanoSIMS analysis (Figure S4.1).

4.2.3 NanoSIMS imaging

NanoSIMS analysis was performed with the Cameca NanoSIMS 50L instru-
ment available at Utrecht University. Using an element standard (SPI Supplies,
02757-AB 59 Metals & Minerals Standard), magnetic field and exact positions
of the electron multiplier detectors were adjusted to enable detection of negative
secondary ions 12C– , 16O– , 19F– , 31P– , 35Cl– , 37Cl– , and 40Ca16O– . The sec-
ondary ions were sputtered from the sample surface using an 8 kV primary Cs+
ion source.

Because the primary ion beam was positive, calcium had to be detected as
40Ca16O– and not as 40Ca+. However, because the Ca:O stoichiometry in calcite
with trace amounts of organics is fixed, we assumed that the measured distribution
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of 40Ca16O well approximated the distribution of Ca. This assumption was
supported by the good correlation between the secondary ions 40Ca16O– and
16O– detected from the calcite (Figure S4.2). 31P was measured as a tracer for
organics in the calcite (Geerken et al., 2019), whereas 12C was measured to help
distinguish between resin and calcite. To ensure that the detection of 35Cl was
not influenced by possible isobaric interferences such as 16O18O1H and 34S1H,
we used sufficiently high mass resolution power (MRP > 5113) and additionally
measured the isotope 37Cl as well. The obtained 37Cl/35Cl ratio differed from
the natural abundance ratio of 0.320 by no more than 0.015, confirming that the
influence of isobaric interferences for the detection of Cl was negligible. Similarly,
separation of 19F from the possible interference by 18O1H was achieved by using
MRP > 2214, whereas interferences from molecules such as 12C7Li, 13C6Li or
16O1H3 are highly unlikely.

Before each analysis the area of interest was pre-sputtered for 10–15 min until
secondary ion counts stabilized. Subsequently, ion count images were acquired by
rastering the primary beam (dwell time of 1 mspixel−1) over the sample surface
using the diaphragm and slit settings listed in Table S4.2. The primary beam
current on the sample surface ranged between 0.5–2 pA depending on the size of
the imaged area. The spatial resolution ranged between 50–100 nm pixel−1. All
analyses employed an eGun to avoid charging of the sample surface. Because
some of the secondary ion counts were very low, the imaged areas were measured
multiple times (250–1000, depending on the sample) and the signals from the
individual planes were aligned and accumulated.

4.2.4 Data processing

NanoSIMS data were processed with the freeware program Look@NanoSIMS
(Polerecky et al., 2012). After alignment and accumulation of the image data,
regions of interest (ROIs) corresponding to foraminiferal calcite were drawn by
hand based on the 40Ca16O– image. With the additional use of the 12C– and
35Cl– images, areas of exposed resin or pores within the foraminiferal walls were
identified and excluded from the final analysis.

Due to the lack of reliable calibration standards, and because Ca was measured
as the molecular ion 40Ca16O– , the El/Ca ratios are reported in this study by the
ratios between the raw data, i.e., the secondary ion counts El– and 40Ca16O– .
Although not fully quantitative, the ratios calculated in this way are comparable
between the different foraminifera specimens and species because the secondary
ion counts detected by NanoSIMS are linearly proportional to the concentration
of the corresponding element, and because all the measurements were done in
a similar biogenic calcite matrix using the same pre-sputtering and measuring
protocol.
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To ensure that the El/Ca ratios were not affected by insufficient pre-sputtering,
depth profiles of the El–/40Ca16O– ion count ratios were inspected for each
ROI, and the planes where the ratios showed a significant trend with depth
were excluded from the final analysis. Lateral profiles of the El–/40Ca16O–

ion count ratios perpendicular to the shell surface were extracted from the
accumulated NanoSIMS images. The width of the profile line, which corresponds
to the amount of averaged lateral profiles, was set to 20 pixels to increase the
signal-to-noise-ratio.

To investigate the spatial correlation of El–/40Ca16O– ion count ratios, ROIs
were drawn on the NanoSIMS images in Look@NanoSIMS in such a way, that
regions of higher and lower ion count ratios on the foraminifera were separated
into different ROIs to separate the spatial variability. That way, 40 to 47 separate
data points (ROIs) per species, grouped per specimen, were extracted from the
NanoSIMS images. Subsequently, correlation matrices were calculated for the
accumulated ion count ratios in those ROIs using the corrplot package (Wei and
Simko, 2017) in R (R Core Team, 2018).

4.3 Results

4.3.1 Spatial distribution of chlorine and fluorine

The halogens Cl and F show distinct banding in the rotaliids, in particular in
A.tepida (Figure 4.1). Moreover, in the rotaliids, maxima of Cl/Ca and F/Ca
are co-located with those of P/Ca, and correlate well in A. tepida, while the
correspondence between P/Ca and F/Ca is moderate in A. lessonii, and spatially
rather complex for Cl/Ca (see lateral profiles in Figure 4.1). Furthermore, the
contrast between the high-intensity and low-intensity bands in F/Ca, Cl/Ca
and P/Ca is higher in A. tepida than in A. lessonii. In the miliolid foraminifers
no banding of neither halogens nor P is visible, with the exception of a slight
elevation in Cl and P in areas of an image that were identified as a suture in
SEM images. Lateral profiles in A. angulatus show a correlation of Cl with P,
and no correlation of F with Cl or P. The lateral profile through the shell wall
of S. marginalis shows similar patterns as the one of A. angulatus. The F/Ca
ion count ratios in the miliolids A. angulatus and S. marginalis are in the same
range and one order of magnitude higher than those in rotaliid A. tepida and
A. lessonii (Figures 4.1 and 4.2). The Cl/Ca and P/Ca ion count ratios are in
the same order of magnitude in all four species (Figures 4.1 and 4.2).

Ion count ratios of F/Ca and Cl/Ca correlate with each other in A. tepida,
while there is no correlation in A. lessonii and the miliolids (Figure 4.2A and S4.3).
Both F/Ca and Cl/Ca are correlated with P/Ca in the rotaliids, while only
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Figure 4.1: Spatial distribution of Cl/Ca, F/Ca, and P/Ca ratios in the calcite shells of the
studied foraminifera species. Shown are representative images as well as lateral profiles along
a line going from the inside to the outside of the shell as depicted by an arrow in the images.
Note that the displayed ratio images are log-transformed, and that the color-scale for the
given ratio is the same for all species. Blacked out areas correspond to resin. The scale bar in
each image is 5 µm.
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Figure 4.2: Variability of the different El/Ca ratios within shells of the studied foraminifera.
Individual data-points represent multiple ROIs drawn on the images as described in Sec-
tion 4.2.4. Symbol shapes depict different specimens.

Cl/Ca is correlated with P/Ca in the miliolids (Figure 4.2B,C). All correlations
described here are significant to a level of p < 0.001; R2 and p-values of the
correlations are reported in Figure S4.3. These correlations are also seen when
the elements F, Cl and P are normalized to O instead being normalized to Ca
(Figure S4.5).

4.3.2 Relation with cation incorporation and culture me-
dia properties

In all four species, the Cl content does not correlate to any of the elemental
ratios measured by LA-ICP-MS (upper panels in Figure 4.3). However, the
elevated F/Ca ratios in the miliolid foraminifera coincide with elevated Mg/Ca
and Ba/Ca, which also are an order of magnitude higher in these species than
in the rotaliid foraminifera (lower panels in Figure 4.3). Our data show no
correlation of Cl/Ca or F/Ca with neither Na/Ca nor Sr/Ca (Figure 4.3).

Our data show no correlation of Cl/Ca or F/Ca with salinity or temperature
(Figure S4.4). Furthermore, crossplots of the NanoSIMS Cl/Ca and F/Ca ion
count ratios show no correlation with carbonate system parameters for Cl/Ca
(Figure 4.4). However, NanoSIMS F/Ca ion count ratios are higher in the
miliolid foraminifera, which were cultured at higher DIC, corresponding to
higher alkalinity and carbonate ion concentration as well (Figure 4.4).
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Figure 4.3: Crossplots of NanoSIMS 35Cl/40Ca16O and 19F/40Ca16O ion count ratios with
LA-ICP-MS El/Ca ratios in the same specimen. The error bars depict one standard error of
the mean NanoSIMS ion count ratios where more than one image was analysed per specimen,
and one standard error of duplicate or triplicate LA-ICP-MS measurements.
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4.4 Discussion

4.4.1 Limited environmental control on Cl and F incor-
poration into foraminiferal shells

The NanoSIMS data presented clearly show that biomineralization pathways
govern the incorporation and distribution of Cl and F within foraminiferal shells:
the rotaliid species show distinct banding in Cl, F and P, while the F-rich miliolid
species do not. Biologic control is known to affect incorporation of most elements
into foraminiferal shells, while at the same time relationships with environmental
conditions have proven robust tools for paleo reconstructions (Eggins et al., 2004;
Kunioka et al., 2006; Paris et al., 2014; Spero et al., 2015; Fehrenbacher et al.,
2017; Geerken et al., 2019). In our data set comprised of a very limited amount
of specimens, we see no overall trend in Cl/Ca ratios in foraminiferal calcite
with chemical properties of the culture media. The high intra-shell variability in
rotaliid foraminifera and the spatial correlation with P on the location of organic
linings suggest that Cl is associated with organic linings in rotaliid foraminiferal
shells. Furthermore, Cl/Ca is highly variable within a single section through a
foraminiferal wall in all the species measured and the range of Cl/Ca ratios is
similar in all investigated specimens.

The overall absence of trends with environmental conditions as well as the
high intra-specimen variability lowers the confidence in potentially using Cl/Ca
for paleo reconstructions. However, as this study does not cover a range of
physicochemical parameters for a single species, but rather presents a collection
of different species that were also grown in different conditions, we cannot exclude
that any of the presented physicochemical parameters may exert an influence on
the Cl content of foraminifera on a species-specific level. A definite conclusion
regarding proxy applicability would require culturing studies including 20–30
specimens per species per environmental condition.

Moreover, there is no discernable trend of Cl/Ca ratios in foraminiferal
calcite with any of the measured trace elements (Figure 4.3). Cl/Ca ratios are
in the same range for species with low-Mg calcite (rotaliid) as they are for
those with high-Mg calcite (miliolid), suggesting that chlorine incorporation is
systematically different from the incorporation of these cations. In inorganically
precipitated calcite, chlorine contents are an order of magnitude lower than
sodium contents (Kitano et al., 1975), suggesting that Cl is incorporated neither
as fluid inclusions (Wit et al., 2013) nor as solid solutions of NaCl into calcite. As
chlorine content seems not to reflect any environmental parameter, and Cl/Ca
correlates well with P/Ca in all the species investigated here, we suspect that
chlorine incorporation into foraminiferal calcite is closely related to organic
molecules involved in calcification or to a solid-solution between calcite and
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chlorapatite (Ca5(PO4)3(OH,Cl)).

The F/Ca ratios in the miliolid species are about an order of magnitude
higher than those in the rotaliid species. The elevated F/Ca ratios in miliolids
coincide with overall higher CO 2–

3 ion concentration in the culture media of
the miliolid species. This might indicate a relation between foraminiferal F/Ca
ratios and carbonate ions, but the relationship is inverse to what one would
expect for inorganic ion exchange (Ichikuni, 1979) and what has been observed
in corals (Tanaka et al., 2013). However, the high intra-shell variability in F/Ca
ratios of single specimens and the co-variation of environmental conditions with
mineralization pathway complicates attributing F/Ca ratios to environmental
parameters. Species-specific culturing studies could provide more insight into
whether F/Ca ratios of benthic foraminifera on a species-specific level correlate
with environmental conditions, as then the effect of different biomineralization
pathways would not hamper interpretation as is the case in our data set.

Opdyke et al. (1993) suggested that the presence of photosynthetic symbionts
in foraminifera impacts their F/Ca ratio. Symbionts influence the intracellular
carbonate chemistry by photosynthesis, which could link to fluoride incorporation
via the intracellular CO 2–

3 ion activity. A. tepida is the only symbiont-barren
species we investigated, and indeed its F/Ca ratios are lower than in the miliolid
symbiont-bearing species. However, the symbiont-bearing rotaliid A. lessonii
exhibits the lowest mean F/Ca ratios, which are in the same order of magnitude
as in A. tepida, but less variable throughout the shell wall. We therefore conclude
that F/Ca ratio is unlikely directly related to the presence of symbionts in
foraminifera.

Notably, F/Ca ratios are higher in specimens with a higher Mg and Ba
content (Figure 4.3). A correlation of trace element content with Mg content
within and between species has been found for several elements, including Sr,
Zn, and Na (Evans et al., 2015; van Dijk et al., 2017b; Geerken et al., 2018), and
also F (Opdyke et al., 1993). The miliolid species have generally a much higher
Mg content than the rotaliid species and their biomineralization mechanisms are
thought to be substantially different (Figure 4.5). The fact that higher F content
corresponds with higher Mg content may point towards a strong biological control
on F incorporation. Fluorine may be incorporated in solid solutions. Fluorite
(CaF2) solid solution has been suggested as the incorporation mechanism for
fluorine in calcite (Carpenter, 1969), but also fluorapatite (Ca5(PO4)3(OH,F))
solid solution would be a possible option.
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4.4.2 Cl and F incorporation in foraminifera is primarily
controlled by biomineralisation pathway

In the two species of rotaliid foraminifera that were investigated here, Cl and
F show strong banding. The Cl and F bands are co-located with P in the
foraminiferal shell walls. Since phosphorus is present in organic molecules like
phospholipids in membranes, P/Ca can be used to image organic linings in
between the lamella in hyaline foraminiferal shell walls, as demonstrated in
Geerken et al. (2019). In A. tepida, the correlation of Cl and F with P is tight,
and we conclude that both elements are primarily associated with the organic
linings. In A. lessonii, the peaks in Cl/Ca and F/Ca lateral profiles are also co-
located with peaks in P/Ca. However, in the specimens we analyzed, there seems
to be substantial additional Cl and F also in some calcite lamella, as can be seen
in the lateral profiles. Moreover, the contrast between high-intensity bands and
low-intensity bands is less prominent in A. lessonii than in A. tepida. We suggest
that also in A. lessonii, association with organic linings is the primary mode
of incorporation of both elements in the foraminiferal shells. Using NanoSIMS
and the very same species and specimens, Geerken et al. (2019) reported co-
occurrence of organic linings and banding of Mg, Na, Sr, K, S, P and N. Moreover,
they showed that elemental incorporation in A. lessonii was overall higher than
in A. tepida, consistent with our observations for the halogens (Figures 4.1, 4.2).

In the miliolids, the distributions of Cl and F are distinctly different from
those of the rotaliids: since miliolids do not calcify by adding subsequent lamella
of calcite (Figure 4.5), no patterns of alternating high and low concentration
banding are visible. Moreover, Cl and F are spatially not correlated throughout
the shell walls of these miliolids, indicating that Cl and F may have different
modes of incorporation. The correlation of Cl and P within the shell wall
supports the hypothesis that Cl is incorporated in the calcite as a solid solution
of chlorapatite, a mineral containing both Cl and P, or associated with organic
molecules as for the rotaliids, but then distributed in a less organized way (no
banding) within the calcite. The type of organics being present in foraminiferal
calcite is determined by the precipitation pathway: rotaliids initiate calcification
around a primary organic sheet (POS) and cover their shell with organic linings,
while miliolid shells comprise of randomly oriented calcite needles held together in
an organic matrix. As these organics may differ in their P content, it is possible to
measure comparable P contents in both rotaliid and miliolid calcite, even though
their absolute organic matter content within the calcite is expected to be different.
Similar Cl content in both rotaliids and miliods may thus be due to differences
in the composition of the organics or may hint to an incorporation via a different
pathway. Alternatively, apatite may form via the adsorption of phosphate to
calcite and amorphous calcium phosphates at low Mg concentrations in solution
(Martens and Harriss, 1970; Millero et al., 2001). The incorporation of Cl via
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chlorapatite could also explain the spatial correlation of Cl and P in the species
we analysed. If F would be incorporated similarly as Cl, we would expect the F
and Cl distribution to be comparable. As this is not the case, we conclude that
F is incorporated primarily in a different way than Cl, e.g. as a solid solution of
fluorite, as suggested before (Rosenthal and Boyle, 1993).
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Figure 4.5: Scheme highlighting differences of the calcification mechanisms in miliolid and
rotaliid foraminifera. Miliolid foraminifera precipitate calcium crystals in intracellular vesicles
prior to arranging them in the shape of the new chamber wall (A). Rotaliid foraminifera
precipitate calcite onto organic templates within an extracellular but confined space, and add
a new lamella to the entire shell each time they produce a new chamber (B, C). In intermediate
Mg-calcite producing rotaliid foraminifera (like A. lessonii), transport of vesicles to the site
of calcification has been observed suggesting controlled biomineralization (at least partly)
from internal Ca and carbonate pools (B). In rotaliid low Mg-calcite producing foraminifera,
selective ion transport to the site of calcification via trans-membrane pumping of elements is
discussed as the biological control on biomineralization (C).

The observed difference between F-rich miliolids lacking organic linings and
clear banding of trace elements on the one hand, and the rotaliids with F, Cl
and P rich bands on the other hand, is consistent with known differences in
calcification mechanisms (Figure 4.5) that have developed during the evolution
of foraminifera (Debenay et al., 1996; Bentov and Erez, 2006). Hyaline (including
the rotaliid) foraminifera precipitate calcite onto organic templates within an
extracellular but confined space, and add a new lamella to the entire shell each
time they produce a new chamber (Hemleben et al., 1986; de Nooijer et al.,
2014b). For some intermediate Mg-calcite producing foraminifera (like A. lobifera
or also A. lessonii), transport of vesicles to the site of calcification has been
observed suggesting controlled biomineralization (at least partly) from internal
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Ca and carbonate pools (e.g., de Nooijer et al., 2009). Furthermore, in hyaline
foraminifera, selective ion transport to the site of calcification via trans-membrane
pumping of elements is discussed as the biological control on biomineralization
(Nehrke et al., 2013; de Nooijer et al., 2014b; Toyofuku et al., 2017). In contrast,
porcelaneous miliolid foraminifera produce a wall of high-Mg calcite with thin
inner and outer layers connected by a thick middle layer of crystal needles
(Hemleben et al., 1986; Debenay et al., 1996), which are glued together by an
organic matrix. Miliolid foraminifera are generally thought to precipitate calcium
crystals in intracellular vesicles prior to arranging them in the shape of the new
chamber wall (Angell, 1980; Hemleben et al., 1986; Debenay et al., 1998, 2000;
Bentov and Erez, 2006). Furthermore, there are species within the suborder of
the miliolids that show features of both biomineralization pathways, such as
A. angulatus, which appears to precipitate calcite at the site of the new chamber
wall, opposed to other miliolid species (Wetmore, 1999).

During calcification, miliolids enclose seawater vesicles (Figure 4.5) and then
produce calcite rich in various cations (van Dijk et al. (2017b), Table S4.1) and F
(Figure 4.1). The rotaliids such as A. tepida may use highly selective ion channels
and organic layers to deposit new calcite. As a consequence, these calcites are
low in Mg, Ba and the halogens (F, Cl) and show distinct banding. The rotaliid
A. lessonii produces calcite with intermediate Mg contents and less distinct
banding for cations (Geerken et al., 2019), indicative of less biological control on
ion transport and calcite deposition than in A. tepida. Our results for P, Cl and
F support this.

4.5 Conclusions

Here we investigated for the first time the spatial distribution of the halogens
Cl and F in foraminiferal shell walls. In the rotaliid benthic species Ammonia
tepida and Amphistegina lessonii, Cl and F are distributed in bands within the
chamber walls, which co-locate with P banding. In the miliolid benthic species
Sorites marginalis and Archaias angulatus Cl and F were not found to occur in
bands. However, the rather homogeneously-distributed Cl was found to correlate
with P content, while F did not correlate with either P or Cl. Based on these
findings we suggest that Cl and F are predominately associated with organic
linings in the rotaliid species. We further propose that Cl may be incorporated in
miliolid species as a solid solution of chlorapatite or be associated with organics.
Our data in the miliolid species suggests that F is incorporated in a different
way than Cl, as F does not correlate with P.
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Appendices

4.A Supplementary figures and tables

#1 #2

#4#3

#5 #6

Figure S4.1: SEM images of the analysed specimens with the areas imaged by NanoSIMS
indicated by white or yellow squares: Ammonia tepida (#1), Amphistegina lessonii (#2),
Archaias angulatus (#3, #4), Sorites marginalis (#5, #6). The specimen numbers correspond
to those in Table 4.1 and S4.1. The yellow squares indicate the locations of the NanoSIMS
images shown in Figure 4.1. SEM images are flipped horizontally to facilitate navigation in
the NanoSIMS instrument, where the secondary ion images are horizontally mirrored.
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Figure S4.2: NanoSIMS 40Ca16O/plane/pixel and 16O/plane/pixel in four foraminifera
species. The NanoSIMS ion count rates of 40Ca160 and 16O highly correlate in calcite
(Figure S4.2), which is why elemental ratios can be normalized to both for display. Since
elemental ratios determined in bulk calcite are normalized to calcium, we present the NanoSIMS
data mostly as element-to-40Ca16O (El/40Ca16O) ratios.
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Table S4.2: NanoSIMS 50L acquisition settings.

NanoSIMS 50L
settings*

Ammonia
tepida

Amphistegina
lessonii

Archaias
angulatus

Sorites
marginalis

Pre-sputtering

beam current
(in FCo) [pA]

∼ 140
(preset 10
in D1–3)

∼ 280
(preset 20
in D1–3)

∼ 280
(preset 20
in D1–3)

∼ 140–280
(preset 10–20
in D1–3)

diaphragm and slits D1–1 D1–1 D1–1 D1–1

FOV [µm2] 8× 8 12× 12 to
23× 23 55× 55 25× 25 to

40× 40
time [min] 10 10 15 10–15
eGun on on on on

Image Aquisition
beam current
(in FCo) [pA]

0.5 1 2 1

diaphragm and slits D1–3, ES–3,
AS–2, EnS–1

D1–3, ES–3,
AS–2, EnS–1

D1–3, ES–3,
AS–2, EnS–1

D1–3, ES–3,
AS–2, EnS–1

Detected masses

12C, 16O,
19F, 31P,
35Cl, 37Cl,
40Ca16O

12C, 16O,
19F, 31P,
35Cl, 37Cl,
40Ca16O

12C, 16O,
19F, 31P,
35Cl, 37Cl,
40Ca16O

12C, 16O,
19F, 31P,
35Cl, 37Cl,
40Ca16O

dwell time
[µs pixel−1] 1000 1000 1000 1000

image FOV [µm2] 6× 6 8× 8 to
20× 20 50× 50 23× 23 to

30× 30

image resolution
[px×px] 128× 128

128× 128,
once

256× 256
256× 256 256× 256

number of planes 1000 1000, once
250 250 250

eGun on on on on
* Abbreviations: objective current (FCo); field of view (FOV); electron flood gun (eGun).
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4.B Culture conditions of the foraminiferal species

The A. angulatus and S. marginalis specimens were collected in Sint Eustatius
(Oranjestad Bay, 17.479 751°N −62.987 273°W). The culture experiments with
A. angulatus and S. marginalis were conducted in the same manner as described
in van Dijk et al. (2017b), with the exception of media preparation. Culture
media of different salinities were prepared by mixing natural 0.2 µm filtered
seawater with deionized water and instant ocean sea salt, to obtain a range in
salinities between 25–45. The A. lessonii specimens are from Burger’s Zoo (van
Dijk et al., 2019); the culture conditions are reported in van Dijk et al. (2019).
The specimens of A. tepida were collected on a tidal flat near Den Oever, the
Wadden Sea, NL (Hayward et al. 2004); the culture conditions are reported in
Geerken et al. (2018).
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Abstract

Trace and minor elements incorporated in foraminiferal shells are among the
most used proxies for reconstructing past environmental conditions. A prominent
issue concerning these proxies is that the inter-specimen variability in element
composition is often considerably larger than the variability associated with
the environmental conditions for which the proxy is used. Within a shell of
an individual specimen the trace and minor elements are distributed in the
form of bands of higher and lower concentrations. It has been hypothesized
that differences in specimen-specific element banding patterns cause the inter-
specimen and inter-species variability observed in average element composition,
thereby reducing the reliability of proxies. To test this hypothesis, we compared
spatial distributions of Mg, Na, Sr, K, S, P and N within chamber walls of two
benthic foraminiferal species (Amphistegina lessonii and Ammonia tepida) with
largely different average Mg content. For both species the selected specimens were
grown at different temperatures and salinities to additionally assess how these
parameters influence the element concentrations within the shell wall. Our results
show that Mg, Na, Sr and K are co-located within shells, and occur in bands
that coincide with organic linings but extend further into the calcite lamella.
Changes in temperature or salinity modulate the element banding pattern as
a whole, with peak and trough heights co-varying rather than independently
affected by these two environmental parameters. This means that independent
changes in peak or trough height do not explain differences in average El/Ca
between specimens. These results are used to evaluate and synthesize models
of underlying mechanisms responsible for trace and minor element partitioning
during calcification in foraminifera.
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5.1 Introduction

Element incorporation into foraminiferal calcite provides a valuable tool for
reconstructing seawater variables. For instance, foraminiferal Mg/Ca is a well-
established proxy for seawater temperature (Nürnberg et al., 1996; Lea et al.,
1999; Elderfield and Ganssen, 2000; Anand et al., 2003), whereas Na/Ca has
recently been shown to reflect seawater salinity (Wit et al., 2013; Mezger et al.,
2016; Allen et al., 2016; Geerken et al., 2018) and Ca-variability (Hauzer et al.,
2018). Foraminiferal calibration studies show that a suite of other trace elements
(e.g. U, Sr, Li and B), as well as fractionation of certain stable isotopes (e.g.
δ11B), are related to parameters of the seawater carbonate system (Hemming
and Hanson, 1992; Sanyal et al., 1996; Russell et al., 2004; Vigier et al., 2009;
Dawber and Tripati, 2012; Keul et al., 2013, 2017), whereas Mn incorporation
has been suggested to increase with decreasing bottom water oxygenation (Glock
et al., 2012; Groeneveld and Filipsson, 2013; Koho et al., 2015, 2017; Petersen
et al., 2018).

Comparison of these foraminiferal calibration studies with inorganic precip-
itation experiments (Pingitore Jr and Eastman, 1984, 1986; Lowenstam and
Weiner, 1989; Weiner and Dove, 2003) shows that element-to-calcium (El/Ca)
ratios and the isotope composition of these elements in foraminiferal shells differ
from those in inorganically precipitated calcite. In addition, there is considerable
inter-species (Bentov and Erez, 2006; Sadekov et al., 2014; van Dijk et al., 2017b;
de Nooijer et al., 2017), inter-specimen (Sadekov et al., 2008; de Nooijer et al.,
2014a), and intra-shell (Eggins et al., 2004; Kunioka et al., 2006; Paris et al.,
2014; Spero et al., 2015; Fehrenbacher et al., 2017) variability in El/Ca ratios.
The underlying biological mechanisms responsible for this variability and for the
offset from inorganic-derived partition coefficients are not fully understood (Erez,
2003; Bentov and Erez, 2006; de Nooijer et al., 2014b; Marchitto et al., 2018).
The proposed mechanisms include selective ion pumping (Bentov and Erez, 2006;
Nehrke et al., 2013), pH regulation (de Nooijer et al., 2009; Glas et al., 2012;
Toyofuku et al., 2017), seawater vacuoles (Bentov and Erez, 2006), involvement
of organic matrices (Branson et al., 2016), varying precipitation rates (Erez,
2003; Evans et al., 2015), and micro-environment effects (Wolf-Gladrow et al.,
1999; Zeebe et al., 2003; Holland et al., 2017).

A key feature of foraminiferal geochemistry is systematic intra-shell chem-
ical heterogeneity, which has the potential to inform us about the underlying
mechanisms of shell formation. This variability is most characteristically mani-
fested in so-called banding, i.e., alternation of high and low concentrations of
a given minor or trace element in the direction parallel to the surface of the
shell wall (Sadekov et al., 2005; Kunioka et al., 2006; Paris et al., 2014; Spero
et al., 2015; Steinhardt et al., 2015). Variability in the patterns of Mg banding,
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which is present in all species studied, has been hypothesized to be responsible
for inter-specimen variability in Mg/Ca (Elderfield et al., 2002; Sadekov et al.,
2005; Spero et al., 2015; Fehrenbacher et al., 2017). Furthermore, Mg banding
is suggested to affect the reliability of the Mg/Ca-based paleo-thermometer, as
differences in cleaning procedures between studies might alter the ratio between
the amount of bands with high and low Mg concentrations and, thereby, the
average Mg/Ca (Sadekov et al., 2005). The biological processes inducing Mg
banding are hypothesized to be caused by temporal changes in the chemistry
of the foraminiferal micro-environment during calcification. For example, Mg
banding has been hypothesized to result from (i) diurnal oscillations in pH in
the foraminiferal micro-environment as a function of symbiont activity, which is
assumed to have a kinetic effect on Mg incorporation (Lea et al., 1999; Eggins
et al., 2004), (ii) day-night patterns due to mitochondrial sequestration of Mg
(Spero et al., 2015), or from (iii) alternating calcification pathways during cham-
ber formation (Erez, 2003; Bentov and Erez, 2006). These factors may well be
interacting and their relative contribution may vary between species, possibly
explaining inter-species differences in Mg banding and average Mg/Ca contents.

In addition to Mg, within-wall banding has also been observed for other
elements, including Ba and Sr (Kunioka et al., 2006), Na (Branson et al., 2016;
Geerken et al., 2018), S (Paris et al., 2014; van Dijk et al., 2017a), and B (Allen
et al., 2011; Branson et al., 2015). Variation in banding patterns for these elements
may explain differences in average El/Ca ratios between specimens and species,
although systematic studies of element banding in foraminiferal shells are scarce.
Investigating how banding patterns differ between species and specimens grown
at different conditions could enhance our understanding of the dependency of
element incorporation on the environmental parameters. Furthermore, comparing
element banding between different species and specimens could provide unique
insights into the biological controls on element partitioning.

Here we systematically study the relationship between banding patterns and
average El/Ca ratios in foraminiferal shells. Specifically, we test the hypothesis
that differences in average El/Ca between specimens or species are due to either
correlated or independent changes in El/Ca banding width or intensity across
the shell wall. To this end, we used NanoSIMS (Nanoscale Secondary Ion Mass
Spectrometry) to image the spatial distribution of Mg, Na, Sr and K in shells
of two foraminiferal species with distinct Mg-content, Amphistegina lessonii
and Ammonia tepida (∼ 33 and ∼ 3 mmol mol−1 Mg/Ca respectively (Geerken
et al., 2018)) grown under a range of salinities and temperatures. Although
these two species are rarely used in paleoceanographic reconstructions, their
Mg/Ca-temperature sensitivities and absolute Mg/Ca span the complete range
of sensitivities and absolute Mg/Ca known for rotaliid species (Toyofuku et al.,
2011; Wit et al., 2012). Investigating species that occupy the lower and upper
ends of the spectrum increases the possibility to translate the results obtained
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here to other, paleoceanographically more relevant, species. However, not all
species may follow the same ontogenetic patterns as the species studied here,
whereby new calcite lamella are added over previous whorls with every new
chamber, yet some (e.g. O. universa, N. dutertrei) do show daily calcite growth
bands, apparently lacking organic linings in between (Fehrenbacher et al., 2017).
Therefore, our additional aim is to investigate the spatial structure of the Primary
Organic Sheet (POS) and of the subsequent organic linings, and specifically
their relationship with the concentrations of Mg, Na, Sr and K across the shell
wall. To this end, we used NanoSIMS to additionally measure the distribution
of elements primarily associated with organic linings (Weiner and Erez, 1984),
including N, S and P.

5.2 Methods

5.2.1 Sample selection and preparation

Specimens of Amphistegina lessonii and Ammonia tepida measured in this study
were selected from previous culturing experiments conducted at different salinities
(Geerken et al., 2018) and temperatures (van Dijk et al., 2019). Their average
Mg/Ca, Na/Ca and Sr/Ca ratios, derived from measurements by laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS) on 1–3 chambers,
are listed in Table 5.1.

Table 5.1: Culture conditions and the corresponding single-specimen El/Ca ratios (mean±SD)
obtained by LA-ICP-MS in the studied foraminiferal specimens.

specimen species salinity temperature Na/Ca Mg/Ca Sr/Ca ncode [◦C] [mmol mol−1] [mmol mol−1] [mmol mol−1]
1 A. lessonii 35 22 7.70± 1.13 18.23± 1.27 1.42± 0.07 3
2 A. lessonii 35 29 8.12± 0.75 28.07± 3.18 1.73± 0.22 3
3 A. lessonii 35 29 8.45± 1.12 34.57± 2.49 1.75± 0.13 3
4 A. lessonii 30 25 7.69± 0.2 29.5± 0.99 1.86± 0.04 2
5 A. lessonii 40 25 9.56± 0.45 35.93± 4.28 1.67± 0.07 3
6 A. lessonii 40 25 9.8 29.2 1.81 1
7 A. tepida 25 25 2.94± 0.04 2.07± 0.18 1.18± 0.04 3
8 A. tepida 25 25 3.48± 0.03 2.04± 0.12 1.26± 0.05 2
9 A. tepida 35 25 3.90± 0.22 1.50± 0.21 1.45± 0.05 2
10 A. tepida 40 25 4.29± 0.32 3.39± 0.27 1.40± 0.03 2
11 A. tepida 40 25 4.19± 0.13 2.71± 0.27 1.41± 0.06 3

After the LA-ICP-MS measurements, the specimens were embedded in an
epoxy resin (Araldite 2020) in discs of 1 cm in diameter and 5 mm in height. This
was done in a vacuum chamber to minimize entrapment of air bubbles within
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the foraminiferal chambers. After curing for 24 hours at 50 ◦C, specimens were
polished using silicon carbide wet grinding papers with decreasing coarseness
(HERMES, WS Flex 18 C, 230 mm, P 800 and 219 ATM, SIC wet grinding
paper, grain 4000). This resulted in a cross-sectioned sample with chamber
walls exposed perpendicular to the shell walls, as evaluated by light microscopy.
Exposed cross sections were subsequently fine-polished using agglomerated alpha
alumina powder (Struers AP-A powder, grain size 0.3 µm) and SiO2 powder
(Logitech SF1 Polishing Suspension, grain size 0.035 µm). Finally, the polished
samples were ultrasonically cleaned with ethanol, and coated with a 20 nm gold
layer using a sputter coater (JEOL JFC-2300HR high resolution fine coater and
JEOL FC-TM20 thickness controller).

5.2.2 Imaging by SEM, AFM and NanoSIMS

Imaging analyses by scanning electron microscopy (SEM), atomic force micro-
scopy (AFM) and nanometer-scale secondary ion mass spectrometry (NanoSIMS)
were performed at Utrecht University. SEM images were taken to identify areas
suitable for NanoSIMS analysis and to locate organic linings, while AFM was
used to analyze the sample surface topography after the NanoSIMS analysis.

SEM imaging was done with a JEOL Neoscope II JCM-6000 instrument
using a backscattered electron detector. AFM imaging was performed with a
Bruker Multimode III instrument operating in contact mode using a silicon tip
attached to a triangular gold-coated silicon nitride cantilever (spring constant
0.35 N m−1, model SNL-10, Bruker). Both height and deflection images were
collected, and the measurements were done on the same areas as those measured
by NanoSIMS and SEM. Images were taken with a scan rate of 4.15 Hz with
384 lines per image, and the instrument was calibrated prior to imaging using a
standard grid with 200 nm pitch resulting in the precision in measured height of
2 nm.

NanoSIMS analysis was performed with the Cameca NanoSIMS 50L instru-
ment. Using an element standard (SPI Supplies, 02757-AB 59 Metals & Minerals
Standard), magnetic field and exact positions of the electron multiplier detect-
ors were adjusted to enable detection of either positive (23Na+, 24Mg+, 39K+,
44Ca+, 88Sr+) or negative (12C– , 16O– , 12C14N– , 31P– , 32S– ) secondary ions.
The positive and negative secondary ions were detected using an 8 keV primary
O– and Cs+ ion source, respectively. First, areas of interest were pre-sputtered
until secondary ion counts stabilized. The same pre-sputtering protocol was used
on all samples to ensure comparability between different fields of view (FOV)
measured. Subsequently, ion count images were acquired by rastering the primary
beam over the sample surface (areas between 8× 8 µm2 and 40× 40 µm2 in size)
using the following diaphragm and slit settings: D0–2, D1–3, ES–2, AS–0 and
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EnS–0 for the O– beam, and D0–0, D1–3, ES–2, AS–2 and EnS–1 for the Cs+
beam. These settings yielded a primary O– beam at the sample surface of ∼2 pA
with a nominal size of 300–500 nm (defined by Cameca) and a primary Cs+
beam of ∼0.5 pA with a nominal size of ∼100 nm, as certified by Cameca for
the NanoSIMS instrument used. Additionally, the settings gave sufficient mass
resolution to separate isobaric interferences while keeping high transmission.
Secondary ions were detected with a dwell time of 2 ms pixel−1 (positive ions)
and 0.8 ms pixel−1 (negative ions). To increase the overall signal the same FOV
was imaged multiple times (400–1000), and the resulting ion count images were
aligned and accumulated.

5.2.3 Data processing and analysis

Data processing was done using the freeware program Look@NanoSIMS (Pole-
recky et al., 2012) as well as additional custom-made routines in Matlab. First,
effects of sample surface topography on the measured variability of elements
within shells were assessed by inspecting the overlay between the AFM and
NanoSIMS images. Second, the spatial correlations between the organic sheets
and the banding patterns seen in the distribution of elements were verified by
overlaying the SEM and NanoSIMS images. Lateral profiles were drawn from
the aligned SEM and NanoSIMS images to allow comparison of the position of
the organic linings.

The NanoSIMS images were aligned with the corresponding AFM or SEM
images by manually adjusting the relative angle, displacement and magnification
of one image against the other, which was done using a new interactive alignment
tool added to Look@NanoSIMS (Figure S5.1). To ensure unbiased alignment the
adjustments were made based on non-chemical features seen in the images, such
as pores and edges of the calcite shell. Furthermore, this alignment strategy was
compared with alignment of Ca images to SEM images of the square-shaped
crater created by the NanoSIMS analysis, which resulted in an indistinguishable
alignment fundamentally independent from the first approach.

Further analysis involved lateral profiles of El/Ca (for positive ions) and El/O
(for negative ions) ratios along lines oriented perpendicularly to the banding
defined by organic sheets. When defining the lines, pixels close to edges, cracks
or pores within the shells were avoided. Ten lateral profiles along lines parallel
to the defined line were averaged to improve the signal-to-noise ratio.

For each specimen, El/Ca ion count ratios obtained from the lateral profile
were averaged and plotted against the corresponding average molar El/Ca ratio
derived from the LA-ICP-MS analysis. Since the two data sets showed good linear
correlation when all specimens were combined (Table 5.2 and Table 5.3, Fig-
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ure S5.2), the regressions were used as calibration lines to convert the NanoSIMS-
derived ion count ratios to molar El/Ca ratios in every pixel of the image.

Table 5.2: Results of linear regressions between the averaged ion count ratios obtained
from NanoSIMS lateral profiles and the average molar El/Ca ratios obtained by LA-ICP-MS
(Table 5.1). Mg/Ca were log-transformed for both the NanoSIMS and LA-ICP-MS data to
account for the order of magnitude difference in Mg content between the two species. Na/Ca
and Sr/Ca relationships were forced through zero. Note that the regressions are subject to
some uncertainty as the areas analyzed by NanoSIMS were on different chambers than those
ablated and analyzed by LA-ICP-MS.

El/Ca slope SEslope tStat intercept R2

log(Mg/Ca) 0.91 0.06 14.77 -3.39 0.92
Na/Ca 2.34E-01 2.45E-02 9.54 0.80
Sr/Ca 2.38E-02 6.86E-04 34.68 0.005

A typical lateral profile of El/Ca ratios within the foraminiferal shells com-
prised a succession of peaks and troughs. To allow comparison between specimens
or different locations within the same specimen, we converted each profile to a
corresponding density distribution derived from the histogram of the El/Ca ratios
within the profile. Additionally, we reduced each profile to a set of descriptors
that included peak locations, peak width and height, and trough height. This
was done in Matlab using a local peak finder function, which locates peaks for
data points higher than its two neighbors and determines the peak prominence,
i.e. the difference between the peak height and the two lowest neighboring values.
A minimal acceptable peak prominence was set to avoid identification of noise
in the data as false peaks. Peak and trough heights were defined, respectively, as
the average height of the peaks and troughs in the profiles.

The effect of the size of the NanoSIMS primary ion beam on the shape and
width of the peaks in the lateral profiles of El/Ca and El/O ratios was assessed
by calculating the spatial convolution between the Gaussian function, which
represented the shape of the NanoSIMS beam, and an idealized distribution of
the organic elements within the shell represented by a top-hat function (Toyofuku
et al., 2017). The width of the NanoSIMS beam was derived from the nominal
beam size for the given instrument settings (full width half maximum (FWHM)
of 355–640 nm for the O– and 100 nm for the Cs+ beam), whereas the width of
the top-hat function was assumed to be equal to the thickness of the organic
linings derived from the SEM images (270 nm).
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Table 5.3: Orthogonal regression results of lateral profiles for Mg/Ca vs. Na/Ca (Mg–Na),
Mg/Ca vs. Sr/Ca (Mg–Sr), and K/Ca vs. Na/Ca (K–Na) for A. tepida and A. lessonii
specimens grown under different experimental conditions. Sal stands for salinity experi-
ment and Temp for temperature experiment, see Table 5.1 for details. See Figure S5.6
for scatter plots and regression lines.

experimental slope intercept R SDslope SDinterceptcondition

A. lessonii

Mg–Na

Sal 30 0.67 0.34 0.93 4.46 E-02 4.12 E-02
Sal 40 1.56 0.73 0.71 1.43 E-01 8.07 E-02

Temp 22 1.63 1.22 0.79 1.33 E-01 9.09 E-02
Temp 29 1.74 1.04 0.83 1.38 E-01 1.51 E-01

Mg–Sr

Sal 30 0.02 0.03 0.69 2.69 E-03 2.25 E-03
Sal 40 0.03 0.02 0.45 3.96 E-03 2.20 E-03

Temp 22 0.02 0.03 0.56 2.81 E-03 1.83 E-03
Temp 29 0.02 0.02 0.54 2.95 E-03 3.18 E-03

K–Na

Sal 30 36.56 0.31 0.74 3.95 6.70 E-02
Sal 40 14.16 0.95 0.54 1.46 7.09 E-02

Temp 22 23.25 1.15 0.85 2.20 9.68 E-02
Temp 29 11.7 1.57 0.74 1.23 1.26 E-01

A. tepida

Mg–Na
Sal 25 8.4 0.18 0.67 1.36 8.40 E-02
Sal 35 11.87 0.29 0.81 1.41 1.01 E-01
Sal 40 14.08 0.76 0.56 2.28 1.79 E-01

Mg–Sr
Sal 25 0.23 0.02 0.59 4.31 E-02 2.16 E-03
Sal 35 0.27 0.02 0.33 5.39 E-02 3.74 E-03
Sal 40 0.22 0.02 0.47 4.05 E-02 3.55 E-03

K–Na
Sal 25 20.57 0.37 0.65 3.28 5.30 E-02
Sal 35 1.1 0.78 0.88 9.52 E-02 3.08 E-02
Sal 40 2.9 1.27 0.77 3.23 E-01 7.81 E-02
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5.3 Results

5.3.1 Intra-shell element banding and organic linings

All SEM images of A. lessonii and A. tepida shells show thin brighter bands
between calcite lamellae (e.g. Figures 5.1 and 5.2). These bands have been
previously identified as organic linings (Weiner and Erez, 1984; Hemleben et al.,
1986; Ní Fhlaithearta et al., 2013), and our NanoSIMS data corroborate this
interpretation. Specifically, images of elements associated with organics (N and
P) show thin bands at the same positions as the brighter bands in the SEM
images (Figure 5.1). Similar bands are also visible in images of S (Figure 5.1), but
this element can be associated with both organics (Weiner and Erez, 1984) and
calcite (Paris et al., 2014). While S bands are pronounced in shells of both species,
N and P bands are more pronounced in A. tepida (Figure S5.5). This difference
between species is reflected also in the SEM images, which show brighter, thicker
and hence more clearly visible bands for A. tepida (Figure 5.1).

For both species the distributions of Mg, Na and K show clear banding pat-
terns (Figure 5.3). The banding patterns are similar to those observed previously
in samples of the same species by an electron microprobe (van Dijk et al., 2019).
Close inspection of the overlays between the NanoSIMS and SEM images and
of the corresponding lateral profiles shows that the peaks of these metals are
found at the location of the organic linings (Figure 5.1). Thus Mg, Na and K are
spatially linked with the organic linings in the shells of the studied species. Sr is
more homogeneously distributed than the other metals, however it does seem
to show a banding pattern as well (Figure 5.3). Analysis of all available SEM
and NanoSIMS image pairs revealed no apparent systematic differences when
comparing the primary organic sheet (POS) with subsequent organic linings.
Therefore we henceforth refer to them collectively as "organic linings".

AFM measurements show that the NanoSIMS analysis affected the surface
topography of the polished shells. For example, for both species the variability in
the surface height clearly increased around the pores and shell edges (Figure 5.2).
Additionally, organic linings in the shells of A. tepida became more elevated than
the calcite lamellae positioned between them, whereas the linings were not clearly
distinguishable in the AFM images of A. lessonii (Figure 5.2). In NanoSIMS
measurements it is sometimes observed that a variation in the surface topography
(e.g., around edges) affects the intensity of the secondary ion counts. That this
edge effect was relevant in our measurements is illustrated by the pronounced
increase in the El/Ca ratios around the pores and shell edges (Figure S5.3).
However, if it also played a role around the organic linings, which were, for
A. tepida, elevated relative to the surrounding calcite lamellae and thus had
edges on both sides, one would expect to observe elevated El/Ca ratios on both
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Figure 5.1: Comparison of backscattered electron images obtained with SEM and NanoSIMS
RGB images. (A) Backscattered electron images, aligned to the NanoSIMS images, showing
the polished cross-sections of one specimen of Amphistegina lessonii (left column) and two
specimens of Ammonia tepida (middle and right) embedded in resin. (B) NanoSIMS RGB
images showing spatial distributions of El/Ca in A. lessonii (left), A. tepida (middle) and
El/O in A. tepida (right), corresponding to specimens #2, #10, and #11 (Figure 5.3 and
Table 5.1). Dashed white lines indicate the position of the Primary Organic Sheet, which
appear similar in intensity to the other organic linings in the shell. (C) Lateral profiles (white
arrow indicated in panel B) through the aligned SEM and NanoSIMS images, showing the
overlap between the brighter lines of the SEM image and peaks in high El/Ca and El/O.
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Figure 5.2: Overview SEM images of two specimens (A,B) and AFM height images su-
perimposed on a close-up backscattered electron image (C,D), showing more pronounced
topography related to organic linings in a specimen of A. tepida (B,D) compared to that in
A. lessonii (A,C). The underlying SEM images show the lamellae typical of rotaliid species
that are responsible for the topography (E,F) with the outline of the AFM images from C,D.
The color scale bar is the same for both species. Note that there are some distortions in the
AFM image of the A. tepida specimen that do not reflect height.
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sides of the organic linings. Similarly, if the edge effect was important, one
would expect to observe less distinct El/Ca bands around the organic linings of
A. lessonii because of their less pronounced topography variation. Since both of
these expectations are not supported by our data (Figure S5.3), we conclude that
the El/Ca peaks observed around the organic linings are real and not caused by
an analytical artifact.

Although spatially linked, there is a systematic difference between the bands of
the elements associated with organics (N, P and S) and the studied metals. While
the widths of the organic element bands are about (280± 50) nm, the metal bands
are significantly broader ((810± 160) nm for A. tepida and (1160± 280) nm for
A. lessonii). Numerical analysis revealed that this difference cannot be explained
by the larger size of the O– beam used for the measurements of the metals in
comparison to the Cs+ beam used for the measurements of the organic elements
(Figure S5.4). Thus we conclude that the metal peaks in the studied shells are
broader than the organic linings. The widths of the organic element bands are
about 2–3 fold larger than previously reported (100–130 nm (Branson et al.,
2016)), but this difference is likely due to the presence of a nanometer-scale
branched organic 3D-structure surrounding the sheet (Branson et al., 2016),
falling within this width.

5.3.2 Intra-shell element distribution: variability between
species and specimens

Although the two species studied here have about 10-fold different average Mg/Ca
ratios, their element banding patterns are generally similar. In both species, metal
bands are parallel to the inner and outer surface of the chamber walls, following
the lamellar structure of rotaliid chamber formation. The main difference between
A. tepida and A. lessonii is that both peaks and troughs for Mg/Ca are about
10 times higher (Figure 5.3), and peaks are about 1.4 times broader in A. lessonii
compared to A. tepida (Figure S5.5). Furthermore, relationships between Na/Ca
and Sr/Ca versus Mg/Ca along the lateral profiles show steeper slopes in A. tepida
(Table 5.3, Figure S5.6). Additionally, metal peaks in A. lessonii are more
asymmetrical, increasing towards the outside of the lamella in most images
(e.g., specimens #2 and #4) while declining towards the outside in others (e.g.,
specimen #1), especially for Na/Ca (Figure 5.3). In contrast, metal peaks in
A. tepida are more symmetrical and narrower, hence more closely confined to
the organic linings separating the lamellae, especially for K/Ca (Figure 5.3).

Both the NanoSIMS and LA-ICP-MS data (Geerken et al., 2018) show
that there is considerable variability between specimens with respect to their
El/Ca lateral profile and average El/Ca ratios, irrespective of whether they have
been grown in different or the same environmental conditions. Interestingly, an
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increase in the average El/Ca ratio, as measured by LA-ICP-MS, is related to
an increase of both peak and trough height of the lateral profiles, as measured
by NanoSIMS (Figures 5.4 and S5.2). In contrast, peak widths do not show a
significant relationship with the mean El/Ca ratios. In both species the distance
between peaks is determined by the width of the lamella, which increases with
chamber number. Peak distance would therefore systematically affect inter-
specimen differences in El/Ca only if lamellae became thinner with higher El/Ca,
which is not observed. Together, these observations show that inter-specimen
variability, between specimens from the same or different conditions, is not
explained by independent changes of the peak or trough height, but is driven by
a proportional increase of the entire profile (Figures 5.4 and S5.2).

For the A. lessonii specimens studied here, increased average Mg/Ca, Na/Ca
and Sr/Ca in specimens grown at a higher temperature or higher salinity results
from a proportional increase of both peaks and trough heights (Figure 5.4). It
has to be stressed, however, that our study does not reflect the response to
environmental conditions at a population level, and we refer to van Dijk et al.
(2019) for results showing an effect of temperature on Sr/Ca, Mg/Ca and absence
of an effect of temperature on Na/Ca. Our study shows, however, that El/Ca
peak heights are ∼ 2 times higher than El/Ca trough heights (see Table S5.2 for
regression results), and that the entire within-shell element distribution of an
A. lessonii specimen is thus elevated with increasing average-shell El/Ca content
(Figures 5.4 and S5.2). For A. tepida, El/Ca peak height shows a significant
linear relationship with El/Ca trough height, with a slope of 1.4 and intercept of
0.7 (see Table S5.2 for regression results). Both Na/Ca peak and trough height
are increased in specimens grown at higher salinities, however, the trend is not
fully proportional, since the peak height intercept is positive (Figure 5.4).

Figure 5.3 (facing page): Examples of representative NanoSIMS ion count ratio images
of K/Ca, Na/Ca, Mg/Ca and Sr/Ca (left to right) of Amphistegina lessonii specimens #1,
#2, #4 and #5 (panel A) and Ammonia tepida specimens #7, #9 and #10 (panel B) for
the salinity experiment (S = 25, S = 30, S = 35, and S = 40) and temperature experiment
(T = 22 ◦C and T = 29 ◦C). Specimen numbers correspond to specimen ID in Table 5.1. Color
scales of El/Ca images are the same between specimens to facilitate comparison between
images and measured LA-ICP-MS El/Ca contents. Lateral profiles (right panels) show that
El/Ca peaks are generally co-located and asymmetrical in A. lessonii. Profiles of 10 pixels
width are indicated with white arrows showing the direction from the inside to the outside of
the shell wall (Mg/Ca panel).
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5.4 Discussion

5.4.1 The role of organic linings in calcification and the
relationship with element banding

Organic linings play a fundamental role during the first phase of carbonate
precipitation in foraminifera, by providing a template upon which calcification
occurs (Hemleben et al., 1986). However, the organic template of many organisms
(e.g. oysters, mollusks) likely provides more than just structural support (Addadi
and Weiner, 1985; Addadi et al., 2006; Ní Fhlaithearta et al., 2013). Organic
linings in foraminiferal shells have been shown to be spatially (Eggins et al., 2004)
or even mechanistically associated to trace and minor element bands in some
species, where the primary organic sheet (POS) is suggested to adsorb cations
(Toyofuku et al., 2017). This POS is formed by a dense pseudopodial network
prior to calcification, and gives the new chamber its overall shape (Sadekov
et al., 2005; Holland et al., 2017). Furthermore, organic linings are suggested to
have a branched structure in O. universa rather than a laminar sheet structure
(Branson et al., 2016). Organic linings differ in composition and characteristics
between species, with A. tepida showing organic linings that are more resistant
to decalcification compared to those of other species (Ní Fhlaithearta et al.,
2013). This is in line with our SEM and AFM results, showing brighter and
more elevated organic linings in A. tepida than in A. lessonii (Figures 5.1,
and 5.2). Furthermore, this difference in the organic linings of both species is
also reflected in the NanoSIMS images, which show more pronounced P and N
peaks in A. tepida than in A. lessonii (Figure S5.5). Possibly, these different
characteristics of the organic linings are related to the difference in Mg/Ca
content between species, for example, by affecting Mg uptake or by controlling
nucleation (e.g. by determining the CaCO3 phase formed).

Elevated signals of N, P and S in our NanoSIMS images (Figures 5.1, and S5.5)
likely originate from organic compounds such as proteins and sulfated polysac-
charides that are present in organic linings of foraminifera (Weiner and Erez,
1984). Sulfated and acidic groups of these compounds are hypothesized to help
overcome the free energy barrier prohibiting crystal nucleation and guide crystal
growth (Weiner and Erez, 1984; Addadi and Weiner, 1985; Weiner and Dove,
2003). P peaks are broader (∼270 nm) than previous estimations of organic
lining thickness (∼100–130 nm; Branson et al. (2016)), which could be due to
the presence of a small-scale 3D structure within the P peak width. These struc-
tures have been observed in O. universa with transmission electron microscopy
(Branson et al., 2016), yet cannot be resolved within the spatial resolution of our
Cs-source images (∼100 nm). Within the calcite lamellae, P ion counts are low
(0–2 counts, 100 times lower than in the organic linings), suggesting that the
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organic linings and a surrounding small-scale 3D structure around the sheets
of A. tepida and A. lessonii are confined to a small region (∼300 nm) rather
than a substantial branched structure extending into the calcite lamella (∼5 µm).
However, since P ion counts do not entirely decline to zero (1–2 counts), single
organic macromolecules might be present at small concentrations, within the
calcite or between the calcite rods, as we cannot detect how ions are incorporated.
Single organic macromolecules are observed in other biomineralizing species such
as mollusks (Weber and Pokroy, 2015), and have been suggested to increase the
hardness of the carbonate shells (Kim et al., 2016).

Sulfur peaks observed in our NanoSIMS images can be indicative of the
sulfated groups of the organic compounds that form the organic linings (Weiner
and Erez, 1984). Although S peak widths are similar to P peak widths (both
∼270 nm), S counts are ∼ 10 times higher than P counts, and S counts do
not decline to zero in between the peaks (10–15 counts, Figures 5.1, and S5.5).
Furthermore, in some specimens S peaks show shoulders (asymmetrical) within
the lamella between the organic linings (Figures 5.1, and S5.5). This could be
sulfur in the form of calcite-bound SO 2–

4 (Paris et al., 2014), yet our study cannot
resolve between calcite or organic hosted sulfur. Furthermore, organic-bound
elements potentially have different ionization efficiencies, making it difficult to
directly compare relative S/O-ion counts of the organic and calcite fractions.
However, previous studies suggest that the calcite-bound SO 2–

4 fraction is higher
than the organic-bound S fraction (Paris et al., 2014; van Dijk et al., 2017a).

Our finding that El/Ca peaks are co-located with organic linings (Figure 5.1)
is in line with other studies on intra-specimen element distribution in Rotallid
(benthic) foraminifera (Erez, 2003; Kunioka et al., 2006; Nakajima et al., 2016;
van Dijk et al., 2017a; Geerken et al., 2018). An atom probe tomography-time of
flight-secondary ionization mass spectrometry study showed that the interface
of the organic template in O. universa is enriched in Na and Mg (Branson
et al., 2016), suggesting that metals other than Ca2+ might be bound to charged
functional groups, or that incorporation of these elements is increased due
to lattice strain induced by the organic template. It has been suggested that
organic-bound Na contributes significantly to Na-variability within the shell,
and hence may affect the paleo-application of this novel proxy (Branson et al.,
2016). Adsorption to the organic template may well explain part of the observed
El/Ca peaks, especially in A. tepida, showing peaks that are closely positioned
around the organic linings. However, our measurements show that the El/Ca
peaks, particularly in A. lessonii profiles, are significantly broader than the
organic elements peaks (Figure S5.4). Furthermore, a recent study using X-ray
spectroscopy demonstrated that part of the Na is most likely calcite-bound in
foraminifera shells (Yoshimura et al., 2017). This is corroborated by the relatively
high Na/Ca-troughs in our NanoSIMS images (Figure 5.3), suggesting that there
is considerable Na-variability in both A. tepida and A. lessonii calcite, which is
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not associated to high levels of organic compounds. However this study cannot
resolve whether Na is structurally bound in the calcite or present between the
calcite rods. K/Ca peaks appear to be more strictly confined to the organic
template and decline to near zero in the lamella (Figure 5.3), resembling the
spatial distribution of organic elements. Since metal peaks are broader than the
organic element peaks, and peak heights are related to trough heights for all
elements, the calcification mechanism employed by foraminifera might play a
role in the banding patterns, which is discussed in more detail in Section 5.4.3.

5.4.2 Environmental effects on element banding and inter-
specimen variability; implications for proxies

The first reports on intra-shell Mg heterogeneity (Eggins et al., 2003, 2004)
questioned the reliability of the Mg-paleothermometer. More recent studies have
aimed to reconcile this large variability in composition with an overall and
consistent increase in Mg/Ca with temperature, for example, by showing that
both low- and high-Mg concentration bands increase with temperature (Spero
et al., 2015; Fehrenbacher et al., 2017). In our dataset, an increase in average
Mg/Ca, both between species and between specimens, regardless of environmental
condition, is accompanied by a proportional increase in both Mg/Ca peak and
trough height. Mg/Ca peak height is hence systematically related to through
height, whereby the relative intra-shell variability remains similar (Figure 5.4).
NanoSIMS profiles have been used previously to examine Mg/Ca ratios taken
from single specimens transferred to higher temperatures, allowing the authors to
circumvent potential offsets due to inter-specimen variability (Fehrenbacher et al.,
2017). Our increasing Mg/Ca peaks and troughs observed in A. lessonii specimens
grown at higher temperature (Figure 5.4) fit well with the lateral profiles of single
specimens in the previous study, indicating that the proportional increase is
applicable both within and between specimens and is depending on temperature.
However, in contrast to our findings, a study using depth-resolved LA-ICP-MS
measurements shows that a similar, rather than a proportional, increase in
both low- and high-concentration Mg-bands, occurs in specimens of O. universa
grown at increasing temperatures (Spero et al., 2015). This difference may result
from differences between species (or groups: e.g. benthic versus planktic) or
between experimental and methodological treatments (e.g. NanoSIMS in this
study versus LA-ICP-MS profiles (Spero et al., 2015)). Temperature seems hence
to exert an overall effect on the trough as well as peak Mg concentrations
through thermodynamic principles, kinetic effects, affecting the Mg uptake
mechanism by the organism or a combination of these effects (Branson et al.,
2013). Our NanoSIMS analysis and results from previous studies (Spero et al.,
2015; Fehrenbacher et al., 2017) increase confidence in the Mg-paleothermometer,
as the overall element’s spatial distribution is systematically raised (Figure 5.4).
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This appears to justify a working model on foraminiferal Mg/Ca based on the
observation that Mg is incorporated in a uniform crystallization mechanism
(Branson et al., 2013). However, it has to be noted that Branson et al. (2013) did
not capture the primary organic sheet itself, so part of the Mg peak might still be
adsorbed to the organics. Future research should hence look at the incorporation
of elements into the calcite in the vicinity of organic templates, within ∼300 nm.

The incorporation of Na in foraminiferal shells has been shown to depend on
salinity (Wit et al., 2013; Mezger et al., 2016; Geerken et al., 2018) and seawater
Na/Ca (Hauzer et al., 2018). This could be explained by an effect of ionic strength
on the Na activity or partition coefficient (Wit et al., 2013). Na/Ca peaks and
trough heights increase with increasing salinity, proportionally in A. lessonii and
almost proportionally in A. tepida (Figures 5.3, and 5.4), although the limited
number of NanoSIMS images does not allow for robust statistical testing. The
positive peak intercept in A. tepida for Mg and Na (Figure 5.4) may be explained
by a relative large contribution of adsorbed Mg and Na in the organic linings
(Branson et al., 2016). This might influence the paleo-application of Na/Ca to
reconstruct salinity, since degradation of the organic linings and adsorbed Na
might alter the average Na/Ca over time (Branson et al., 2016). Furthermore,
it has been suggested that also structurally bound Na is leached due to burial
diagenesis (Yoshimura et al., 2017), which further complicates the down-core
application of the Na/Ca proxy.

Sr/Ca banding in foraminiferal shell walls is generally less pronounced than
that of Mg/Ca, K/Ca or Na/Ca (Figure 5.3). Subtle changes in Sr/Ca were also
observed within the test wall of Pulleniatina obliquiloculata, with high ion counts
coinciding with the high Mg-bands (Kunioka et al., 2006). The fact that Sr/Ca
banding is (much) less pronounced than that observed for Na/Ca and Mg/Ca
may also be explained by the Sr counts being low in both species. In A. lessonii,
Sr/Ca trough and peak heights increase with temperature (Figure 5.4). This
is in line with van Dijk et al. (2019) showing that, in addition to increasing
Mg partition coefficients, Sr partition coefficients also increase with increasing
temperature. This suggests that in high-Mg species, Sr concentration is not only
affected by a carbonate ion effect (Keul et al., 2017) but also by temperature.
This effect could be direct or indirect, e.g. through Mg induced differences in
lattice strain, which enhances Sr incorporation (Mucci and Morse, 1983; Evans
et al., 2015). This is consistent with our results, showing that Mg/Ca and Sr/Ca
are strongly correlated along the lateral profiles. In A. tepida, Sr/Ca banding is
less clearly pronounced (Figure 5.3).

The K/Ca ion counts within test walls show a strong correlation with Na/Ca
ion counts (Figure S5.6, Table 5.3), and both K/Ca minima and maxima increase
with salinity, although K/Ca peaks are highest at the intermediate salinity (35)
for A. tepida. Since Na/Ca has been shown to correlate with salinity, a similar
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within-shell wall behavior of K/Ca suggests that also this element might have
the potential for constraining past salinities, although application will depend
on a suitable analytical approach to accurately and precisely determine K/Ca.
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Figure 5.5: Illustration of the average element banding patterns with environmental condi-
tions, based on the average El/Ca peak and trough height per condition. A) Mg/Ca peak and
trough heights of both species and among A. lessonii specimens increase proportional with
temperature. B) The effect of salinity on Na banding in A. lessonii and A. tepida is a linear
increase of the trough and peak height, whereby the trough height is increasing relatively
more than the peak height. Error bars indicate ±1SD surrounding the mean peak and mean
trough heights. The position of the error bars is sometimes offset along the x-axis for clarity
and for the Na/Ca of A. lessonii grown at a salinity of 40, the +1SD bar has been partly
removed.

Altogether, these results show that element banding itself, e.g. uncorrelated
changes in peak or trough height, does not explain observed differences in El/Ca
among specimens as a function of e.g. temperature, salinity or inter-specimen
variability (Figures 5.4, 5.5 and S5.2). The simultaneous increase in peak and
trough height across elements (Figure 5.4) hints to a single mechanism responsible
for the intra-shell variability in Mg/Ca, Sr/Ca and Na/Ca, although it remains
to be investigated what this control is. Our results confirm that calibrating El/Ca
to environmental conditions using LA-ICP-MS data requires careful inspection
of the profiles for completeness, e.g. covering the entire thickness of the shell
wall.
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5.4.3 Implications for biomineralization

Element banding in foraminiferal shells most likely reflects processes related
to biomineralization. Banding is most pronounced for elements under tight
biological control such as Mg (Zeebe et al., 2001; de Nooijer et al., 2014b).
Several biomineralization mechanisms have been invoked to explain the element
bands in planktic foraminifera, such as differences in symbiont activity (Eggins
et al., 2004; Sadekov et al., 2005; Hathorne et al., 2009), changes in Mg flux
to control calcite precipitation (Jonkers et al., 2016) or induction by diurnal
light-dark cycles (Spero et al., 2015; Fehrenbacher et al., 2017).

Elevated concentrations of Mg, Na, Sr and K coincide with the position
of organic linings, suggesting that incorporation of these elements is relatively
high during the initial phase of the formation of a calcite layer or that they are
potentially associated with the organic lining. In addition, concentrations of the
metals analyzed here also (gradually) increase towards the outside of an individual
lamella in some specimens (e.g. specimen #2), indicating that also the final stages
of the formation of an individual calcite lamella are accompanied by a weaker
elemental discrimination compared to seawater El/Ca, especially in A. lessonii.
This observation could be explained by Rayleigh fractionation (Elderfield et al.,
1996), whereby elements are incorporated from a biomineralization reservoir with
element-specific organic partition coefficients. With ongoing calcification, the
Ca-fraction in the reservoir is reduced by precipitation of CaCO3 and elements
with an organic partition coefficient < 1 (such as for Sr, Mg and Na) will hence
increase towards the end of calcification (Elderfield et al., 1996). However, recent
studies suggested that Ca is taken up from the seawater during calcification
(Nehrke et al., 2013; Marchitto et al., 2018), either through Ca pumps, channels
or vacuoles enriched in Ca, which would (partially) counter-act the Rayleigh
fractionation effect. Alternatively, changes in element concentrations within a
lamella might also be related to variability in, for instance, the precipitation rate
(Elderfield et al., 1996), Ca influx or pH at the site of calcification. In addition,
the tight control on leakage of trace elements during calcification may decrease
towards the end of a calcification event so that the fluid from which calcite is
precipitated starts to resemble seawater and foraminiferal partition coefficients
are closer to those reported for inorganically precipitated calcite.

Co-location of element bands (this study; Kunioka et al., 2006; Hathorne et al.,
2009; Paris et al., 2014) likely relates to the reported inter-element correlations
between species (Evans et al., 2015; van Dijk et al., 2017b; de Nooijer et al., 2017)
and between specimens (Mewes et al., 2015; Geerken et al., 2018). There are
several hypotheses that provide an explanation for co-located element banding
that will be discussed to first test their applicability to our and previously
published results and, second, to evaluate potential environmental controls (i.e.
temperature and salinity) on element incorporation and banding therein.
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5.4.3.1 Dual-phase calcification

It was proposed that the formation of every individual lamella is a two-step
process: an initial high Mg-phase is precipitated close to the organic lining,
followed by an additional low-Mg phase (Erez, 2003). These two phases are
thought to be formed by smaller and larger spherulites, consisting of high- and low-
Mg calcite, respectively, as observed in decalcified specimens of A. lobifera (Erez,
2003). Changes in the relative contribution of these high Mg-phases (for instance
due to a higher temperature) could be responsible for the observed increase in
average Mg/Ca with temperature (Bentov and Erez, 2006). Formation of the
high-Mg spherulites was further hypothesized to invoke secondary calcification by
reducing the Mg concentration within the site of calcification (SOC). These first
smaller spherulites would also be enriched in P, which together with Mg2+ is the
major inhibitor for calcite nucleation and growth in seawater (Morse et al., 2007).
Such a different crystallographic phase may affect the incorporation of other
elements as well, which is in line with the general correlation between all elements
observed in our study. Our NanoSIMS data showing El/Ca peaks around the
organic linings and troughs in between (Figure 5.3) appears to confirm the
existence of the suggested different phases (Bentov and Erez, 2006). However, we
also show that the entire intra-shell El/Ca lateral profiles distribution (both peak
and trough height) shifts towards higher El/Ca ion counts for specimens (and
species) with higher mean El/Ca content (Figure 5.4). This is in contrast to the
suggested increase in the relative contribution of the high-Mg phase explaining
variability in Mg/Ca between specimens (Erez, 2003; Bentov and Erez, 2006).
Furthermore, a uniform crystallographic Mg coordination in both high- and
low-concentration bands (Branson et al., 2013) suggests that the two types of
bands only differ in their Mg-content, but are otherwise crystallographically
similar. Together, this questions the dual-phase crystallization pathway as the
primary mechanism for the observed inter-species variability in Mg/Ca and other
El/Ca ratios.

5.4.3.2 Adsorption to organic molecules

Surface adsorption of cations to negatively charged functional groups at the
interface of the organic matrix (Branson et al., 2016) could explain the observed
coupled increase of cations near the organic linings. Observed banding for P
and N, which most likely reflects the actual organic material, is confined to
the organic linings as observed with SEM, other than the broader bands of
the metals measured here (Figure 5.1 and S5.5). As these smaller metal ions
can be accommodated in the calcite structurally, this could explain the gradual
decline away from the organic lining (Figure 5.3) versus the sharp peaks of
organic elements (Figure S5.5), probably incorporated as PO 3–

4 and NO –
3 or
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amino acids, that are incompatible with the calcite structure. Note that we
cannot distinguish between organic and calcite-bound ions, and that there could
be a matrix effect, which could produce apparently higher counts during the
NanoSIMS analysis. Some of the metals that produce the observed peaks might
hence be adsorbed to organic compounds, which for Na might compromise its
use as a salinity proxy (Mezger et al., 2016). In A. tepida, Na adsorption at the
interface of the organic lining could explain the relative increase of the trough
compared to peak height with increasing salinity. Still, Na/Ca troughs appear
unrelated to large organic structures (>100 nm) and future studies should focus
on the structural position and crystallographic coordination of Na.

Organic linings can also introduce lattice strain, which could explain enhanced
and coupled element incorporation around the organic linings. Recent studies
have suggested that the partition coefficient of Sr (DSr) increases with increasing
Mg content due to the effect of Mg-induced lattice strain, between species (Evans
et al., 2015) and between specimens of A. lessonii (Mewes et al., 2015). The
relationship between Mg/Ca and DSr in hyaline species (Evans et al., 2015; van
Dijk et al., 2017b) and in A. lessonii specimens (Mewes et al., 2015; Geerken
et al., 2018) closely resembles the relationship for inorganically precipitated
calcite (Mucci and Morse, 1983). As Mg disrupts the calcite crystal structure
by introducing lattice strain, its incorporation should also affect the partition
coefficients of other elements incorporated into the calcite structure, such as
Na (Yoshimura et al., 2017) and Sr (Finch and Allison, 2007). A Mg-induced
lattice strain effect could hence also explain co-varying Sr and Na with Mg
bands in A. lessonii similar to inorganic precipitation studies. At low Mg levels
it is unlikely that Sr and Na will be significantly impacted by Mg-induced
lattice strain. Hence, the 8–10 times steeper inter-element slope for A. tepida, at
the intra-shell and inter-specimen level, hints at a higher partition coefficient.
However, inorganic precipitation experiments are required to quantify the effect
of increasing Mg-content on Na incorporation, as well as how coupled effects on
DEl by lattice strain may be altered by the formation of precursor phases such
as vaterite and ACC.

5.4.3.3 Modes of ion transport to the site of calcification

Abiotic precipitation experiments from artificial seawater result in calcites with
high Mg/Ca ratios compared to those in foraminifera. The organism hence
must be able to lower Mg/Ca ratios relative to seawater Mg/Ca. Currently, the
mechanisms by which Mg and Ca (and other ions) reach the site of calcification in
foraminifera is heavily debated. Below, we discuss how the proposed mechanisms
could or could not explain our observations.

The two transport models that have gained relatively high attention are
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the trans-membrane transport (TMT) model (Nehrke et al., 2013) and the
seawater vacuolization model (Erez, 2003). Both models rely on selective ion
transport to create the low-Mg/Ca solution from which calcification commences
in foraminifera (de Nooijer et al., 2014b). In the TMT model, selective Ca
transport to the site of calcification (SOC) occurs in combination with "passive
transport" of seawater leaking from the environment into the SOC. Alternatively,
in the second model vacuolized seawater undergoes selective ion (i.e. Mg2+)
removal before the release of a low-Mg/Ca fluid into the SOC (Erez, 2003;
Bentov and Erez, 2006). In addition to these two biomineralization models, ions
(and their isotopes) may undergo additional partitioning and fractionation due
to processes operating during calcite precipitation (e.g. Rayleigh fractionation
(Elderfield et al., 1996) and lattice strain effects (Evans et al., 2018)), which will
be discussed later. Our results cannot distinguish between these types of ion
transport, but both TMT and vacuolization are used to describe the change in
ion supply over time and its potential in explaining element banding.

In both biomineralization models based on ion transport, variation of El/Ca
within the shell wall could result from changes in the elemental composition
of the SOC (e.g. the El/Ca ratio) and/or changes in the inorganic partition
coefficients (e.g. DEl), as expressed by the following equation:

El/Ca(t) = DEl ×
ElSOC
CaSOC

(5.1)

DEl is often estimated from inorganic precipitation experiments in which
precipitation usually proceeds through classical crystal growth (Mucci and Morse,
1983; Tesoriero and Pankow, 1996). Element incorporation in these studies is
shown to be affected by pH of the seawater, which should therefore be taken
into account when translating inorganic partition coefficients to partitioning in
the SOC during calcification (Elderfield et al., 1996; Erez, 2003; Nehrke et al.,
2013; Evans et al., 2015; Marchitto et al., 2018).

Species with very low average Mg/Ca, like A. tepida, but also planktic species
often used in paleo-applications, may be characterized by a SOC that is well-
separated from the surrounding seawater (Nagai et al., 2018). Ions necessary
for calcification may enter the calcifying fluid by selective inward Ca2+ trans-
membrane transport (TMT) enclosing the site of calcification (Erez, 2003; Bentov
and Erez, 2006; Nehrke et al., 2013; Toyofuku et al., 2017) or as Ca2+ from
vacuolized seawater (Erez, 2003). Both the increase of the pH (due to proton
pumping) and the higher Ca2+ concentration at the SOC will facilitate CaCO3
nucleation and growth by increasing the saturation of the fluid with respect
to calcite. Inward Ca2+-transport is then assumed to be the dominant source
of Ca in the SOC and hence determines (the low) El/Ca of the fluid from
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which the calcite precipitates. Foraminiferal species precipitating their calcite
from an open, more seawater-like, SOC, or often replenished biomineralization
space (Elderfield et al., 1996), will show El/Ca content close to ratios reported
in inorganic precipitation experiments from seawater. A fluid with a El/Ca
resembling seawater might derive ions from seawater vacuoles, which have been
observed in higher Mg species such as Amphistegina lobifera (Evans et al., 2018).
Higher fractions of unmodified seawater and less Ca2+ transport (both increasing
the El/Ca ratio towards seawater El/Ca) could both explain why all El/Ca ratios
measured here are higher in the intermediate Mg species A. lessonii compared
to low-Mg species A. tepida.

Variability in the relative contributions of selectively transported Ca2+ and
seawater/modified vacuoles might hence not only explain differences in El/Ca
(co-)variability at the inter-species level (Nehrke et al., 2013), but also explain
differences in El/Ca between specimens. Variable Ca2+ transport during cham-
ber calcification could explain intra-specimen El/Ca variability (e.g. element
banding) if Ca2+ levels were increasing and decreasing during chamber formation.
Alternatively, hypothesized outward Mg2+ transport (Bentov and Erez, 2006)
would also be reflected in El/Ca banding perpendicular to the growth direction
of the shell. As selective removal of Mg2+ (Erez, 2003; Bentov and Erez, 2006)
would have a dominant effect on Mg banding and only a limited effect on banding
of other elements (with possibly the exception of Sr and Na in high-Mg species)
it is more likely that Ca pumping or passive transport variability is responsible
for the synchronous banding in all investigated metals.

Ca-transport models may thus explain the observed inter-elemental correl-
ations within the shell (Table 5.3, Figure S5.6), between specimens (Geerken
et al., 2018) and between hyaline foraminifera (Evans et al., 2015; van Dijk
et al., 2017a,b; de Nooijer et al., 2017). This is further corroborated by the ob-
servation that the inter-element trend for A. lessonii specimens and for hyaline
foraminiferal species approximately falls into the line between El/Ca = zero and
El/Ca seawater ratios times the inorganic DEl (albeit that the intercept for Na
and Sr is > 0, which could be explained by the additional impact of adsorbed
cations at the organic linings).

The slopes of the intra-shell Mg/Ca–Na/Ca and Mg/Ca–Sr/Ca relation-
ships are respectively 8 and 10 times higher for A. tepida than for A. lessonii
(Figure S5.6; Table 5.3). The same increase in slopes is observed for the inter-
specimen relationship between these elements (Geerken et al., 2018). Hence,
our NanoSIMS observations on intra-specimen combined with inter-specimen
inter-element correlations (Geerken et al., 2018) suggest that there must be a
parameter affecting element incorporation that differs between the two species
studied here. This could be related to changes in the partition coefficient DNa,
between species (and potentially, over time), which then should be about 8 times
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higher in A. tepida compared to A. lessonii. The partition coefficient, in turn,
could be affected by calcite growth rates, which is likely affected by the pH and
[Ca2+] at the SOC (Mucci and Morse, 1983; Tesoriero and Pankow, 1996). A
difference in precipitation rates between species could, for example, explain a
higher DNa in A. tepida compared to A. lessonii (Busenberg and Plummer, 1985),
although this hypothesis requires future testing. Additionally, a higher Mg2+
concentration in A. lessonii could slow down precipitation rates by increasing
mineral solubility (Davis et al., 2000).

Phase transformations during calcite precipitation are another variable affect-
ing element partitioning. Recently, a vaterite precursor phase has been identified
in several foraminiferal species (Jacob et al., 2017), implying inorganic partition
coefficients might have to be reassessed since the partition coefficients in step-wise
calcite growth may differ from partitioning through a vaterite precursor. This
process has been suggested to also allow for low Mg contents without the need
of complex ion-transport models, by means of (double) fractionation against Mg
through phase-transitions from ACC to vaterite (not yet observed but hypothes-
ized) and vaterite to calcite (Jacob et al., 2017). It could be imagined that in
species with higher Mg content, such as A. lessonii, a direct phase transformation
from ACC to calcite, due to the presence of Mg, explains the difference between
low and slightly elevated Mg levels (hence through a single or double fractiona-
tion step). Irrespective of the CaCO3 phase(s) involved, ion incorporation may
also be affected by Rayleigh fractionation during the formation of a chamber,
which could explain the increase in El/Ca towards the end of the lamellae as
observed in A. lessonii specimens (Figure 5.3).

If calcite precipitation takes place in a (semi-)enclosed environment, differ-
ences in the incorporation rates of ions result in a change in the ratios of these
ions in the SOC due to Rayleigh fractionation effects (Erez, 2003; Bentov and
Erez, 2006; Allen et al., 2011; de Nooijer et al., 2014b; Toyofuku et al., 2017;
Nagai et al., 2018). This, in turn, increasingly affects the element composition of
the layers precipitated subsequently, resulting in increasing or decreasing element
concentrations over time (Elderfield et al., 1996; Evans et al., 2018; Marchitto
et al., 2018). Such a process could additionally affect element concentrations, and
if the mode of ion transport into the SOC (either by TMT or vacuoles) changed
over time, would give rise to a pattern of alternating high and low El/Ca bands.
In theory, the combination of all processes mentioned above operate in concert
and are likely required to fully explain element banding and its variability across
species.
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5.5 Conclusions

Despite their different average El/Ca ratios, specimens of both the benthic
foraminifers Amphistegina lessonii and Ammonia tepida have chamber walls that
show clear element banding patterns for Mg, Na, Sr, K, S, P and N. Peak locations
overlap for all elements measured here and coincide with the location of the
organic linings separating the calcite lamellae of the shell walls. Peak widths of S
and P, associated to the organic linings, are significantly smaller than the metal-
to-calcium peak widths, especially in A. lessonii. The 10-fold difference in average
Mg/Ca (∼ 33 mmol mol−1 in A. lessonii versus ∼ 3 mmol mol−1 in A. tepida)
corresponds to a ∼ 10 fold increase in peak and trough height of Mg/Ca in
A. lessonii compared to A. tepida. Furthermore, we show that the entire within-
shell wall El/Ca-distribution is raised in specimens with higher average El/Ca
content. Hence, peak and trough heights show a proportional (in A. lessonii) or
linear (in A. tepida) relationship between specimens, whether grown in different
or the same conditions and reflecting inter-specimen variability in El/Ca. This
observation enhances confidence in proxies based on element incorporation in
foraminiferal calcite, as the ratio between low- and high-concentration bands
is not affected by the environmental condition. The observed 8-fold increase in
Mg/Ca–Na/Ca slopes between A. tepida and A. lessonii intra-specimen trends
in our NanoSIMS images and at the inter-specimen level (Geerken et al., 2018)
hint at a difference in the calcification pathway between these species.
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Supplementary Material

Figure S5.1: Alignment of an external and NanoSIMS image using a new interactive tool in
Look@NanoSIMS. First, the external image (here a SEM image; panel A) and the NanoSIMS
image (here the accumulated image of Ca+ ion counts; panel B) are loaded into the tool and
their overlay is displayed (here the external image in red and the NanoSIMS image in green;
panel C). Subsequently, the keyboard is used to change, in small increments, the relative
angle, displacement and magnification of one image against the other while observing their
overlay. These interactive steps are repeated until a visually satisfactory alignment is achieved
(panel D; colours as in C).
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and Sr/Ca based on NanoSIMS images obtained for A. tepida and A. lessonii (in red the
95th percentile, in green the mean and in blue the 5th percentile of the ion count ratios of the
lateral profiles), versus individual average LA-ICP-MS El/Ca contents. The 95 % confidence
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density distributions of different images on the same specimen are similar.
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Figure S5.3: Comparison of AFM and NanoSIMS images showing that much of the observed
topography is not reflected in the ion count ratios. The organic linings in A. tepidia occasionally
appear to be elevated in the AFM profiles, whereas those in A. lessonii are not detectable.
Since most topography due to undulations in the surface within the lamella is not reflected in
the NanoSIMS images, we assume this is co-variation rather than a causal relationship.
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Figure S5.4: Influence of NanoSIMS beam size on the measured width of sharp peaks.
A) Convolutions (blue) of a top-hat function (red) of 270 nm (average "organic" El/O peak
width as measured with the Cs+ source) and Gaussian functions (green) with different FWHM
(full width at half maximum) based on adjusted Python script by Branson et al. (2016). The
Gaussian FWHM is based on the nominal O– beam size, which is expected to be ∼300 nm
with a maximum of 500 nm with our settings, as measured and defined by Cameca (width of
the 16–84% increase over a sharp transitional boundary). This corresponds to a Gaussian
FWHM of 355 nm (solid lines) and 640 nm (dashed lines). B) Boxplots showing the FWHM
peak width distributions of A. lessonii and A. tepida El/Ca ratios (Sr/Ca, Mg/Ca and Na/Ca)
measured with the O– source, as well as the P/O peak width distributions measured with
the Cs– source (with a smaller nominal beam size of 100 nm). Also shown are the theoretical
widths of the P/O peaks, adjusted for the effect of the larger O– beam. The shaded area
depicts the range in peak width that would be measured with an O– beam of a nominal
size between 300–500 nm if the peak was actually 270 nm wide. Letters above the boxplots
show whether distributions are significantly different. For the expected beam size of 355 nm,
both A. lessonii and A. tepida peak width distributions are significantly different from the
beam-size corrected P/O peak widths distributions. For the maximum beam size of 640 nm,
only A. lessonii peak widths are significantly different from the beam-size corrected P/O
peak widths distribution.
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Figure S5.5: Examples of representative NanoSIMS images of P/O, CN/O, and S/O for
specimens of A. lessonii (panel A) and A. tepida (panel B). Lateral profiles in the direction
from the inside to the outside of the shell, indicated by a white arrow in the S/O images, show
clear peaks at the position of the organic linings separating the calcite lamellae (Figure 5.1).
Color bars are the same for each element to facilitate the comparison of the images. The scale
bars are 3 µm.
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Figure S5.6: Scatterplots of the lateral profiles drawn from NanoSIMS ion count ratio
images, with orthogonal regression lines showing the relationship between elements within the
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A. lessonii (middle and right), grouped per experiment type: salinity (left and middle) and
temperature (right). See Table 5.3 for regression results.
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Table S5.1: Linear regression results (El/Caioncounts = slope×El/CaLA−ICP−MS+intercept)
for the maximum (95th percentile) and minimum (5th percentile) of the NanoSIMS lateral
profiles versus individual LA-ICP-MS El/Ca contents. To account for the order of magnitude
difference in the average Mg/Ca between A. tepida and A. lessonii, both the NanoSIMS ion
counts and the LA-ICP-MS-derived concentrations were log-transformed. Regression analysis
for the concentrations and ion/ion counts of Na/Ca and Sr/Ca were forced through zero.

El/Ca percentile slope SEslope tStat intercept R2 p-value

log(Mg/Ca) 95% 0.94 0.06 15.34 -1.29 0.93 8.87E-12
5% 0.89 0.06 14.18 -1.65 0.92 3.28E-11

Na/Ca 95% 3.16E-01 3.21E-02 9.85 NA 0.28 6.67E-09
5% 1.82E-01 1.97E-02 9.20 NA 0.26 1.99E-08

Sr/Ca 95% 2.91E-02 8.30E-04 35.08 NA 0.46 9.72E-19
5% 1.91E-02 6.84E-04 27.89 NA 0.35 7.03E-17

Table S5.2: Linear regression results (peakheight = slope × troughheight + intercept) for
the relationships between peak and trough heights of the lateral profiles. For A. lessonii, the
linear regression model on the log-transformed peak and trough heights gives the best fit. For
A. tepida, both regressions result in a similar R2.

El/Ca data type SEslope tStat intercept R2 p-value

A. lessonii normal 2.17 15.21 -0.05 0.87 9.87E-17
log-log 1.12 32.58 0.19 0.97 3.18E-27

A. tepida normal 1.40 10.29 0.72 0.83 7.22E-10
log-log 0.96 11.02 0.09 0.85 2.01E-10

138



55555

Element Banding in Benthic Foraminifera

139





666666

Chapter 6

Analytical challenges and
data processing routines of
NanoSIMS imaging
analyses of carbonates

Anne Roepert, Michiel V.M. Kienhuis, Jack J. Middelburg,
and Lubos Polerecky

141



666666

Chapter 6

Abstract

In the last decades, NanoSIMS has evolved into a powerful analytical technique
in the biogeosciences, which has opened doors to groundbreaking research.
This chapter provides an overview over analytical challenges and possibilities
when working with carbonate samples, in particular foraminifera and coccoliths.
Unsuccesfull trials, succesfull pioneering studies and data processing routines
are presented. The chapter deals with three major topics, which are 1) sample
preparation, 2) analytical procedures, and 3) data processing routines.

Sample preparation is a crucial step when analyzing samples with imaging
techniques such as NanoSIMS, which can have major consequences for data
quality and interpretation. Topography of sample surfaces is a major challenge
for NanoSIMS analyses as the surface angle, edges and height steps influence
the secondary ion yield. Section 6.1 discusses epoxy resin embedding and trials
with alternative metal embedding, as well as abrasive techniques to expose and
polish sample cross sections. Furthermore, preparing samples by placing them on
polycarbonate filters is discussed as an alternative for embedding of tiny samples
like coccoliths.

Acquisition of NanoSIMS image data requires selection and tuning of a
number of instrument settings. Section 6.2 outlines what should be considered
before trying to analyze different minor and trace elements in carbonates with
NanoSIMS. Examples of pilot studies are shown, such as imaging the Si and Cl
distribution in individual coccoliths, as well as the Cr distribution in foraminifera.
Furthermore, this section deals with resolving interferences, the determination
of the spatial resolution of the primary beam, sputter rates in carbonates, and
long-term performance of the instrument.

Finally, the processing of NanoSIMS image data is not straightforward. In
Section 6.3 data processing routines that have evolved and have been implemented
into the Matlab-based freeware software Look@NanoSIMS during the course of
this PhD project are described in detail. This involves procedures on selecting
regions of interest from images, but to a great extent focuses on the need to
investigate variability with depth through images. The latter is presented with
the example of measuring tiny samples like coccoliths, which can be ablated
completely during a single image analysis. A procedure to extract data from
the images while accounting for the loss of sample with time is presented.
Lastly, calibration of NanoSIMS El/Ca image data to molar elemental content
is described.
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6.1 Sample Preparation

Sample preparation is a crucial step when analyzing samples with imaging
techniques such as NanoSIMS, which can have major consequences for analyses
and data interpretation. During this PhD project, we have tested multiple sample
preparation techniques for foraminifera and coccoliths, which are elaborated on
in the following sections.

Topography is a known issue for SIMS, as the secondary ion yield can
depend on the incident angle of the primary beam on the sample surface. For
geological samples, and especially for those with distinct micro-architectures
like foraminiferal shells and coccoliths, or soil particles, topography can pose
serious analytical challenges (Müller et al., 2013). Non-flat samples sometimes
cannot be measured, and in case they can, the interpretation of what the data
mean, is a challenge of its own. In general, SIMS data are internally normalized
(preferably to an element of major composition), to account for variability in
secondary ion yield and transmission efficiency, e.g. due to fluctuations of the
primary ion beam source. However, as different elements can have individual
responses to surface topography, normalization may not completely eliminate
the effects of topography. Therefore, one commonly accepted prerequisite for
SIMS analyses is sample surface flatness. This is especially true for NanoSIMS
as the close proximity of the extraction ion optics (coaxial lens stack) to the
sample makes the instrument very susceptible to surface topography.

For the preparation of flat samples, a suite of techniques is available, ran-
ging from embedding in different materials (epoxy resin, metals) and sub-
sequent sample surface exposure by means of either sectioning (microtomy,
cryo-sectioning), abrasive techniques (sanding/polishing) or cryo-fracturing; push-
ing the sample into soft matter (e.g. indium), which will hold it in place during
analysis; filtering and measuring on the filter, deposition onto charged flat sur-
faces (silicon wafers, coated glass disks, carbon tape), to focused ion beam (FIB)
sectioning. All techniques have their pros and cons and are more or less suited
for different types and sizes of samples.

Once a flat sample surface is achieved, samples need to be coated with a
thin conductive layer (e.g. 2–20 nm gold) to prevent the sample from charging
up with the polarity of the primary ion beam. For non-conductive samples like
carbonates, we found the conductive Au-coating to be optimally 10–20 nm thick,
rather than thinner. For samples on filters, we recognized less charging effects
and higher secondary ion yield when filters were not only coated after deposition
of the sample, but also pre-coated. For the area that is imaged, this conductive
coating will be removed during pre-sputtering, while the contact at the rims
of the imaged area will facilitate discharging during analysis as long as the
sputtering crater does not get too deep.
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6.1.1 Topography and sample preparation strategy

To enable high spatial resolution imaging, the NanoSIMS ion optics are designed
with a very short distance between the sample and the focusing and extraction
lenses (coaxial lens stack). A drawback of this high spatial resolution is therefore
the high sensitivity of the secondary ion extraction to the sample surface angle.
Edges and steps within a sample surface can have an effect on the ion yield with
SIMS (Levi-Setti, 1988; Moore et al., 2012). This effect depends on the element:
for instance, nitrogen, detected as the CN– dimer, seems to be particularly
susceptible to topography (Stadermann et al., 2008; Moore et al., 2012). Therefore,
sample surfaces should ideally be flat during measurement. Regions on the sample
that exhibit sub-micron scale cracks should be avoided for NanoSIMS analyses to
prevent potential beam distortion at the edges. Apart from the inherent sample
topography, additional topography can be created by the sputtering process
itself as some elements or materials are preferentially sputtered away (Moon and
Kim, 1996; Ahmed et al., 2006). However, this seems to be less when analyses
are rastered, opposed to when spot measurements are conducted (Sugiura et al.,
2010). In a structurally homogeneous (in contrast to a composite) material,
sputtering is expected to produce flat-bottom sputtering areas when the beam
is rastered (e.g., Gust et al., 1983).

Electron imaging can give insight into the topography of a sample. The
NanoSIMS is equipped with a detector to acquire a secondary electron image of
the sample simultaneously to ion probing. However, secondary electron imaging
is only possible when positive primary ions are used (Cs+ source) and negative
secondary ions are extracted and measured from the sample. As carbonates are
non-conductive, charging up the sample surface can hamper analyses. In case
the sample is bombarded with positive primary ions (Cs+ source), a so-called
eGun can be turned on, which applies a cloud of low-energy electrons onto the
sample surface during the sputtering process to compensate for the positive
charge of the implanted primary ions. The use of the eGun, however, impedes
the detection of secondary electron images. Thus, for the analyses that were
conducted during this project, we either could not obtain secondary electron
images due to measuring secondary ions with positive charge, or we chose to use
the electron gun (eGun) for charge compensation, thus also making it impossible
to image electrons simultaneously.

Another way to gain insight into the topography of a sample is atomic force
microscopy (AFM), which was used in Chapter 5 (Geerken et al., 2019) to evalu-
ate whether structural sample topography (preferential sputtering, preferential
abrasion during polishing or a combination of the two) was causing the observed
banding patterns in foraminifera. We could show this was not the case.
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6.1.2 Epoxy resin embedding: foraminifera

Epoxy resin embedding is commonly applied to stabilize samples, which are
too small and too fragile to apply polishing techniques to obtain a flat sample
surface or cross section in a non-embedded state. The great majority of electron
probe and ion probe studies on foraminifera used epoxy embedded samples.
Also for SIMS on coccoliths, a protocol to resin-embed hand-picked samples was
developed (Stoll and Shimizu, 2009).

Epoxy resin embedding has the advantage of being cheap and easy, at
least in case foraminifera are to be embedded. However, we experienced two
major challenges when preparing samples by epoxy resin embedding: 1) the
hardness contrast between carbonate sample (foraminifera) and resin results
in height differences during the polishing process, as the softer material is
preferentially abraded, and 2) commercial epoxy resins can contain trace elements
in concentrations higher than in our sample, which poses a contamination
potential in case small abraded resin particles "get stuck" in nano-cracks in the
sample.

In particular, all commercially available epoxy resins contain high amounts
of halogens. This is due to the chlorinated substance epichlorohydrine, from
which a constituent of epoxy resin is manufactured. Epoxy resin with about
1500 ppm chlorine is considered a low-halogen containing resin. This is orders of
magnitudes more than what is expected in foraminiferal calcite. Indeed, when
imaging resin-embedded foraminifera, the secondary ion yields for Cl in the resin
were two orders of magnitude higher than in the foraminiferal calcite (Figure 6.1).
Contrasting, F secondary ion yield was comparable in both materials.

Due to the high Cl content in epoxy resin, the Cl measured in the foraminiferal
calcite could potentially originate from contamination with resin, either by re-
measuring Cl that got dispensed by the sputtering process, or by measuring
tiny particles of resin that got distributed onto the foraminiferal calcite during
polishing. In case we ablated re-distributed resin particles on the foraminiferal
calcite, we would expect the Cl/F ratios in the foraminifera ROIs of an image
to resemble those in resin ROIs. As the Cl/F ratios in foraminiferal calcite
are significantly different than the one in resin (Figure 6.2), we are confident
that the halogens measured in the foraminiferal calcite are not contaminations
from the resin. One could argue that this could also be caused by differences in
ionization efficiency. Differences in ionization efficiency of Cl and F from either
resin or calcite are possible due to the different matrices. Different ionization
efficiencies in the two materials could cause the Cl/F ratios to differ even if their
composition with respect to Cl/F would be the same. However, we do not expect
a difference in the efficiency of ionizing Cl and F from resin particles no matter
whether they are located on resin or on calcite.
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Figure 6.1: Accumulated NanoSIMS ion count images in an Amphistegina lessonii specimen
including the boundary between calcite and epoxy resin. The upper half of the field of view
shows epoxy resin, while in the lower half, the shell wall is seen with the typical banding as
well as pores perpendicular to the shell surface, which are filled with resin.
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Figure 6.2: NanoSIMS 35Cl/19F ion count
ratios in foraminifera (coloured circles) and
resin (black boxplot). Note the logarithmic
scale.

6.1.3 Metal embedding

As an alternative to epoxy resin embedding, we have tested whether foraminifera
can be embedded in metal. Wood’s metal is an alloy with a low melting point
(70 ◦C), which ensures samples are not thermally damaged during the embedding
procedure. Embedding in metal is a promising alternative when interested in
halogens, as we do not expect Wood’s metal to contain as high traces of halogens
as do all the commercially available epoxy resins. We thus tried alternative
embedding in Wood’s metal. As the alloy is toxic, the work was carried out
under a fume cabinet equipped with filters to clean the exhaust air from toxic
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fumes. A small volume of woods metal was molten in a ceramic pot on a hot
plate and applied onto foraminifera, which were held in place on a sticky tape in
a metal ring of 10 mm diameter and 5 mm height. However, foram embedding in
Wood’s metal was not successful due to surface repellence of the metal by the
calcite (Figure 6.3). This surface repellence could not be prevented by coating the
foraminifera with a 10 nm gold layer with a sputter coater before the application
of the Wood’s metal. Similarly, a repetition of the heating step to re-melt the
Wood’s metal in the hope that it would enclose the foraminifera shell more
tightly, was not successful. We therefore conclude that embedding in Wood’s
metal is not suitable for calcite samples under air. Potentially, embedding under
vacuum may improve the contact between foraminifera and metal, as air bubbles
are avoided. This would require the design of an apparatus in which toxic alloys
can be molten and handled under vacuum.

Figure 6.3: Light-microscopic image of foraminifers surrounded
by Wood’s metal: repellence of the metal by the foraminifera
shells prevented embedding.

6.1.4 Polishing samples to achieve flat sample surfaces

Flat sample surfaces can be achieved by sectioning or using abrasive techniques.
The following sections provide an overview and evaluate pros and cons of abrasive
techniques used during this project.

6.1.4.1 Wet techniques

Abrasive techniques to expose cross-sections of embedded samples include wetted
grinding papers of differing coarseness and composition, diamond disks used
commonly for preparation of rock thin sections, and a number of polishing powder
suspensions in combination with polishing cloths on turning tables or vibratory
polishers. All those have in common, that the abrasive procedure is carried out
using wetted surfaces (grinding papers) or suspensions of polishing powders.
The polishing steps during sample preparation need to be carefully adapted
to the scope of the analyses to avoid preparation artifacts. For instance, when
preparing foraminifera for NanoSIMS chromium, iron and manganese mapping,
we had used diamond disks (Struers MD Piano 1200) of differing coarseness
to abrade the embedded foraminifera so that the desired cross-sections of the
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shell walls were exposed. The samples were subsequently fine polished using
agglomerated alpha alumina powder of grain size 0.3 µm (Struers AP-A powder)
and 0.05 µm (Buehler MasterPrep Polishing suspension) and cleaned in ethanol
in an ultrasonic bath for one minute. In the end, loose particles were removed
with pressured air. When performing first pilot analyses, suspiciously high iron
intensities were detected at the boundary between foram and resin, and a close
up of the resin revealed higher Fe in areas of the image that could be identified
as scratches in the resin under SEM and in the CCD camera of the NanoSIMS
(Figure 6.4). We traced potential sources of Fe during our sample preparation
steps back to the diamond disks, which are fabricated such that the disks are
magnetic on the back side to stick to the turning tables. These metal disks
are covered with diamond powders glued to the top side, but we assume that
during the wet polishing step using slightly acidic de-ionized water, some Fe
got mobilized and was distributed over our sample’s surfaces, accumulating in
cracks and scratches. After preparing additional specimens without making use
of the diamond disks, no areas with elevated Fe were detected on the resin. We
therefore conclude that abrasion with diamond disks should be avoided if metal
ions that may be associated with Fe-containing alloys are the target elements
to be analyzed. However, diamond disks are not completely out of the game: in
the case that Si is an element of interest, diamond disks may well be a suitable
alternative to avoid the use of silicium carbide grinding papers.

55Mn+ 56Fe+ scratches

27Al+ 44Ca+ 52Cr+

Figure 6.4: Image of a 50 × 50 µm2 area imaged on epoxy resin
(Araldite 2020) that was abraded using diamond disks and fine polished
using agglomerated alpha alumina powder of different grain sizes. The ana-
lyzed secondary ions are higher along lines that were identified as scratches
using SEM images (indicated with dashed white lines).
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For the fine polishing steps, polishing suspensions of aluminium oxide or
silica powders are the options. To remove remainders of polishing suspension
from the sample surfaces, we applied ethanol rinses in an ultrasonic bath. For
fragile foraminifera however, ultrasonic treatment may lead to fractures of the
shells and should not be applied extensively. Regardless of ultrasonic cleaning,
it is possible that the small grained particles of the polishing suspensions get
stuck in cracks at the sample surface and may be subsequently detected by
NanoSIMS. Apart from particulate contamination, also adsorption of dissolved
constituents to the sample surfaces is conceivable. The manufacturers of the
suspensions we used (Struers and Logitech) could not provide statements on
the minor and trace chemical composition of their products. We expect that
we eliminated artifacts due to potentially adsorbed dissolved constituents of
polishing suspensions during pre-sputtering before the analyses.

6.1.4.2 Dry techniques

Abrasive techniques that do not require the use of suspensions are dry-sanding
with grinding papers, ion polishing, or advanced milling techniques like focused
ion beam (FIB) SEM. Dry sanding with grinding papers can be done by hand,
but only coarse abrasive steps to expose the desired sample cross section can be
achieved with it. For ion polishing, an Ar ion beam of a few kV is applied to the
rotating sample surface under an angle. Alternatively, focused ion beam milling
can be used to polish a sample surface on a small-scale area. A piece of sample
can be milled out from the sample and mounted onto a transmission electron
microscopy (TEM)-grid, on which it can be introduced into the NanoSIMS. FIB-
SEM is a time consuming procedure and only suitable to prepare pre-selected
small areas of a sample and by no means the cross section of a whole foraminifera
shell. Moreover, coccoliths are too small and fragile for FIB milling.

For the samples prepared during this PhD project, we have occasionally used
dry polishing techniques on resin embedded samples. Polishing dry (or wet) on
grinding papers by hand can provide the analyst with more control compared to
using turning tables (always wet), as the abrasion is slower. This can be useful
when a desired cross-section of a sample is almost reached. A regular check under
a binocular or stereo microscope is advised. Moreover, when polishing the mineral
surfaces of our in-house CalUU synthetic calcites, we investigated whether we
can achieve a smooth flat sample surface by means of ion polishing instead of
applying finest-step polishing suspensions. The ion polishing step was applied
to the synthetic CalUU calcites after sanding with wetted grinding papers and
two rounds of polishing suspensions (9 µm and 1 µm grains). Ion polishing was
carried out for 4 h under a 2° angle with a 2 kV argon beam using a fischione
instruments model 1060 SEM mill. However, the sample surface appeared broken
and not flat at all after ion polishing (Figure 6.5A). Thus, the samples were
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re-polished using 0.035 µm SiO2 polishing suspension (Logitech SF1 polishing
suspension) on Struers Microtex polishing cloth (Microtex 525 H Ovio), with
much better results concerning flatness (Figure 6.5B).

Figure 6.5: Comparison of the finest step of polishing procedures on a detail of synthetic
calcite CalUUb. SEM images (A) after ion polishing, and (B) after applying polishing
suspension.

6.1.5 Samples on polycarbonate filters: coccoliths

Sample preparation of coccoliths is technically challenging, because coccoliths are
tiny and thin (Shimizu, 2019): coccoliths of E. huxleyi are about 3 µm in length
and the approximate thickness spanning both the proximal and distal shield
elements is 500 nm (Mizukawa et al., 2015). SIMS analyses of coccoliths have only
been possible since the development of a epoxy embedding preparation protocol of
hand-picked individual coccoliths (Stoll and Shimizu, 2009). Due to the large spot
sizes of SIMS in comparison to the size of a coccolith, reasonable secondary ion
yields could at first be achieved only by analyzing multiple coccoliths embedded
in close proximity to each other. Recently, Prentice et al. (2014) succeeded in
analyzing single, but rather large coccoliths (∼ 12 µm), which were obtained
from size-fractions of sediments as well as cultures and pressed into indium, with
SIMS.

In this project, we have chosen to sample the coccoliths from seawater or from
cultures by filtration over a polycarbonate filter, followed by extensive rinsing
with a Na-free buffer (0.05M NH3HCO3, pH 7.8) and analyzing the coccoliths
directly on the polycarbonate filter. To prepare samples on polycarbonate filters
for NanoSIMS analyses is a standard routine in microbiology. Polycarbonate
filters have the advantage of being very flat, compared to, for instance, glass
microfiber filters, where the randomly oriented fibers result in topography (Zhang
et al., 2010). We chose for measuring coccoliths on polycarbonate filters, being
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aware of the topography within the coccolith itself and the height difference
between the coccolith and the filter surface. The height differences of around
500 nm are comparable to those of thoroughly polished foraminifera, which
were successfully analysed by NanoSIMS (Chapter 5, Geerken et al., 2019).
Furthermore, we assume that a topography with roughly 500 nm height differences
is also comparable to that of dried microbes, or other particles like aerosols,
which are usually analysed with NanoSIMS on the surface of polycarbonate
filters (Musat et al., 2012; Winterholler et al., 2008). The results of imaging
E. huxleyi coccoliths on polycarbonate filters are presented in Chapter 3.

The preparation technique of picking individual coccoliths and embedding
them in resin as described by Stoll and Shimizu (2009) is a relatively time
consuming procedure compared to filtering. Furthermore, when micro-picking
individual coccoliths, the application of epoxy resin could be an additional source
of potential contamination, e.g. with halogens (Section 6.1.2). Cryo-fixation
and resin-embedding can result in dislocation (leaching) of certain elements, as
has been shown for Ca in embedded coccolithophores (Grovenor et al., 2006).
Alternatively, freeze-fracture techniques could be applied with the disadvantage
that a rough sample surface is created (Grovenor et al., 2006).

6.2 NanoSIMS analyses: data acquisition

Acquisition of NanoSIMS data requires selecting and tuning of a number of
instrument settings. As a good starting point, the interested reader is referred
to the overview of common practices by Kilburn and Clode (2014). Some basic
points to consider are expected yield of the target elements/isotopes, required
lateral resolution, and necessary mass resolution to resolve isobaric interferences.
Increasing lateral resolution by lowering primary ion beam currents comes at
the expense of decreasing secondary ion yield. Therefore, each trade-off needs to
be carefully considered. Similarly, the increase of mass resolving power (MRP)
by use of additional or narrower slit settings (aperture slit, AS; and energy slit,
EnS) in order to resolve isobaric interferences decreases transmission, or in other
words, implies that acquisition time needs to be increased to obtain comparative
cumulative secondary ion yields.

6.2.1 Which elements are feasible?

In principle, all elements except for noble gases can be analysed in solids with
NanoSIMS. However, the sensitivity of an element to get sputtered and ionized,
together with its concentration, and – in the case of very small samples – also the
available volume of the sample, determine whether an element can be analyzed
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with satisfying precision. Relative sensitivity factors have been systematically
determined on glass reference materials (Wilson, 1995). However, the relative
sensitivity is variable for different materials due to matrix effects and has not
been systematically investigated on carbonates to date, with the exception of
Mn and Cr in synthetic carbonates (Sugiura et al., 2010). When selecting an
isotope of a certain element, its relative abundance in the target material should
be considered. During this PhD project, we mainly measured Ca as 44Ca+ and
40Ca16O– when using the O– and Cs+ source, respectively. We chose for these
isotopes, as 40Ca+ would have overloaded the electron multiplier detectors using
settings which, at the same time, allowed to detect minor and trace elements;
while oxygen dimers of Ca isotopes other than 40Ca would have not resulted in
sufficient secondary ion yield. It often remains trial and error to test 1) whether
non-commonly measured elements can be detected, 2) whether molecular ions
including the target element result in higher yields, and 3) how to optimize the
instrument settings.

To give an example, determination of rare earth elements (as positive ions
under O– bombardment) in single coccoliths is not feasible even though relative
sensitivity is moderate in silicates (Wilson, 1995) as the small mass of a single
coccolith and low concentrations of REEs in coccolith calcite limit the total
amount of potentially ionized atoms. We therefore chose to focus during this
project, on 1) minor instead of true trace elements in coccoliths, and 2) elements,
which are understudied to date mainly due to analytical challenges with other
techniques, i.e. rather light metals elements like Na (Chapter 3), or the halogens
F and Cl (Chapter 4).

The halogens bromine and iodine could potentially be investigated with
NanoSIMS in carbonates as well. However, Br concentrations are in the low ppb
range in the oceans (Kendrick, 2018) and are expected to be low in biogenic
calcites, as bromine is known to be mainly associated with organic matter in
marine particles and sediments (Behne, 1953; Okumura et al., 1986; Ziegler
et al., 2008). We have not tried detecting Br in carbonates with NanoSIMS. The
iodine content of carbonates is in the low ppm range, and has received recent
attention as use of a paleo-redox proxy (Lu et al., 2010). Iodine measurements
in carbonates using NanoSIMS have recently been demonstrated by Glock et al.
(2019), who determined 127I/40Ca16O in foraminifera using a NanoSIMS 50L
(Cs+ source).

During SIMS, ion bombardment-induced segregation (IBIS) can result in
trace element re-locations on the scale of micrometers towards and away from
the sputtering area (Vriezema and Zalm, 1991). This has been found a particular
problem for light singularly charged positive ions like the alkali metals, which
are known to potentially be mobilized with other techniques involving electric
fields (Nielsen and Sigurdsson, 1981). The effects of segregation seemed to be
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largest when charging could built up on insulating sample materials and only
when the surface layer of the sample got oxidized by the primary oxygen beam.
Hereby, the primary ion beam species seems to be critical, as no Na mobility
in silicon dioxide was found when using an O– primary ion beam opposed to
when O +

2 primary ion beams were used (Vriezema and Zalm, 1991; Krivec
et al., 2010). The implantation of primary ions enhances secondary ion yield,
but it comes with the drawback of promoting ion migration. However, with
the low O– primary ion beam currents in combination with low pre-sputtering
doses we used in our studies, severe ion migration is not expected (pers. comm.
François Hillion, 2017). Ion bombardment-induced segregation has also been
hypothesized for the halogens. To the best of our knowledge, experiments with a
cesium source testing for the mobility of halogens in insulating samples have not
been conducted to date. We are confident that by applying low-energy electrons
(eGun) to the sample surface while imaging negative secondary ions (Chapter 4),
we have prevented the charging of the sample surface, thus making halogen
mobility unlikely to occur.

In the following sections, a few example NanoSIMS images of marine carbon-
ate samples are provided to illustrate the possibilities to investigate elemental
ratios other than those discussed in the preceding chapters of this thesis.

6.2.1.1 Silicon in coccoliths

Recently, traces of Si have been found in coccolith calcite of Scyphosphaera
apsteinii (Drescher et al., 2012). The authors exclude contamination and hypo-
thesize that Si may be involved in biomineralization of coccoliths acting as an
interface between organic and inorganic components during early calcification,
as has been shown, for instance, in calcifying cyanobacteria (Matsko et al., 2011).
Furthermore, various coccolithophores possess genes for Si transporters, and
in those coccolithophores that do, Si is required for calcification (Durak et al.,
2016).

When testing different NanoSIMS settings for imaging calcareous materials,
we have worked with a random chalk sample (approx. 6 Ma, from Greece). A
few crumbles of the sample were ultra-sonicated in a drop of ethanol, placed on
a polycarbonate filter, dried, and coated with 20 nm of Au. Coincidentally, one
detector was set to Si when we imaged an unidentified coccolith in the sample,
showing that the Si image spatially corresponds to the CaO image (Figure 6.6).
This suggests that traces of Si are present in that respective coccolith. We thus
show that Si can be detected in coccolith calcite using NanoSIMS, corroborating
the findings of Drescher et al. (2012).
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Figure 6.6: Silicon in a coccolith (unidentified species from Miocene chalk sample on a
polycarbonate filter), determined by NanoSIMS using a primary Cs+ ion source. The outline
of the coccolith is given by the 40Ca16O– image. The scale bar is 3 µm. The hue of the
28Si–/40Ca16O– image was modulated by the 40Ca16O– intensity image to suppress noise
in the background.
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Figure 6.7: Examples of imaged Cl distribution in E. huxleyi coccoliths on polycarbonate
filter. Upper panels: example of an image without intensive overlap of Cl-rich particles. Lower
panels: example of an image including contamination. White arrows indicate coccoliths. The
scale bar is 5 µm.
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6.2.1.2 Chlorine in coccoliths

Similarly to the study of Na and K in coccoliths (Chapter 3), we have imaged
Cl in coccoliths of E. huxleyi in three environmental samples (Mediterranean
and Black Sea). Figure 6.7 shows that the same care is required concerning ROI
selection as described for measuring Na and K (Section 6.3.2, and Chapter 3). Our
pilot measurements revealed large variability between individual coccoliths in
each sample, as well as differences in Cl/Ca ratios between samples. A larger data
set (than our analyzed three samples) would be required to investigate possible
relationships of Cl/Ca ratios of coccoliths with environmental parameters or
with incorporation of other elements such as Na.

6.2.1.3 Imaging Cr distribution in foraminifera

The chromium isotope ratios of carbonates are thought to reflect seawater
chromium isotope ratios (Tang et al., 2007), because the CrO 2–

4 ion substitutes
for the carbonate ion in the calcite lattice. The chromium speciation in the
water column of the oceans is redox dependent. As there is isotopic fractionation
between the soluble Cr(VI)-oxyanions (CrO 2–

4 ) and the rather insoluble Cr(III),
the chromium isotope ratio of carbonates has been suggested as a proxy for the
oxygenation of the ocean (Frei et al., 2011). However, concerns arose whether
foraminiferal Cr isotopes are conserved during biomineralization of the shells
or whether they are diagenetically overprinted. By imaging the Cr distribution
within shells walls of planktic foraminifera we contributed to elucidate the
dominant source of Cr in foraminiferal calcite (Figure 6.8), which is proposed to
be post-depositional (Remmelzwaal et al., 2019b).

52Cr+ / 44Ca+ 24Mg+ / 44Ca+ 55Mn+ / 44Ca+ 56Fe+ / 44Ca+

low

high

Figure 6.8: NanoSIMS images of a core-top T. sacculifer specimen from the Caribbean
(Caromel et al., 2014); Figure adapted from Remmelzwaal et al. (2019b). The panels show
52Cr, 24Mg, 55Mn, and 56Fe to 44Ca ratios in a cross section of the shell wall. The scale bar
is 3 µm. All trace elements were enriched in a layer associated with the POS. The apparent
increase in Cr/Ca ratios at the rim of the foraminiferal shell is an analytical artifact of the
transition from higher Cr and lower Ca counts in the resin to lower Cr and higher Ca counts
in the shell, caused by the limited spatial resolution of the NanoSIMS beam used in this study
(400–600 nm). This artifact occurs to a variable degree for all element/Ca ratios. The hue of
the images is modulated based on the intensity of the Ca image to suppress noise in the resin.
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Imaging Cr in foraminiferal calcite on a spatial resolution high enough to
reveal the intra-shell distribution (beam size was 400–600 nm) required long
acquisition times of up to 14 hours per imaged area, due to the sub-ppm
concentration of Cr in foraminiferal calcite. More details on the settings used to
acquire the images are given in Remmelzwaal et al. (2019b).

6.2.2 Mass resolution and interferences

Unlike with most other mass spectrometer applications, doubly charged atoms
(e.g. 48Ca2+ on m/z = 24 or 88Sr2+ on m/z = 44) are usually negligible
in the NanoSIMS (Gagnon, 2010; Jacobsen et al., 2011; Hori et al., 2018).
Molecular ions, in contrast, can form and need to be resolved. The likelihood
that molecular interferences occur in a given material is largely dependent on
its major composition and the nature of the interfering molecules: the more
atoms are in a multi-atomic molecular ion, the less likely it is formed under
dynamic SIMS conditions. Whether or not molecular interferences can be resolved,
depends on the mass resolving power of the instrument and its settings. Mass
resolving power (MRP) can be defined in different ways (e.g. peak edge definition,
10 %-valley definition, peak width definition), where the NanoSIMS software uses
the 10–90 % peak width definition. Care should be taken when comparing MRP
to what can be achieved with different instruments. As the NanoSIMS achieves
flat-top mass peaks, it is possible to resolve isobaric interferences even in cases
that the peaks are not completely separated, by setting the deflection voltage on
the detectors in such a way that the non-overlapping part of the interfering peaks
(often in the shape of a "shoulder") is selected (Figure 6.9). Table 6.1 provides an
overview of the masses that were acquired in carbonate materials throughout this
PhD project, together with information which material is suitable to calibrate
the magnet and detector trolley positions, and possible isobaric interferences
that may be encountered in carbonates. Most molecular interferences could be
resolved with the mass resolution achieved for the different studies of this PhD
project (MRP was generally > 3500, occasionally up to ∼ 6200).
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Figure 6.9: Shapes of mass peaks recorded during tuning of the NanoSIMS 50L on fo-
raminiferal calcite embedded in epoxy resin. A, B: Examples of the mass peaks of 23Na and
24Mg, which did not suffer from interferences in foraminiferal calcite. C: The interference
of the 12C16O2 multimer is clearly resolved from 44Ca. D: The interference of the 18O1H–

dimer on the 19F mass peak can be resolved by setting the deflection voltage of the detector
on the left side of the 19F mass peak. The black and yellow mass peaks in C and D were
retrieved from different fields of view (FOV), where, next to foraminiferal calcite, a small and
large fraction of the image showed epoxy resin, respectively.
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Table 6.1: Overview of selected secondary ions acquired in this PhD project, material to
calibrate the magnet and detector trolley positions with, and possible isobaric interferences
that can be encountered in carbonates.

secondary m/z material to calibrate magnet possible isobaric interferences
ion and detector positions* in carbonates**
12C– 12 organic matter 11B1H– (701), 10B1H –

2 (420)
16O– 16 e.g. organic matter
19F– 19 barium fluoride (SPI) 16O1H –

3 (951), 18O1H– (2214)
23Na+ 23 tugtupite (SPI) 12C11B+ (1177)
24Mg+ 24 magnesium (SPI) 12C +

2 (1603)
12C14N– 26 organic matter 26Mg– (1269)
27Al+ 27 aluminium (SPI) 24Mg1H +

3 (1000), 26Mg1H+ (3039)
28Si– 28 silicon (SPI) 12C16O– (1555)
31P– 31 indium phosphide (SPI)
32S– 32 celestite (SPI) 16O –

2 (1800), 31P1H– (3359)
35Cl– 35 tugtupite (SPI)
37Cl– 37 tugtupite (SPI) 35Cl1H –

2 (1988)
39K+ 39 orthoclase (SPI)
40Ca+ 40 calcite (SPI) 16O12C +

2 (1236)
24Mg16O– 40 olivine (SPI) 40Ca– (2301), 16O12C –

2 (2673)
42Ca+ 42 calcite (SPI) 40Ca1H +

2 (2139)
44Ca+ 44 calcite (SPI) 12C16O +

2 (1280), 40Ca1H +
4 (1144)

52Cr+ 52 Cr-diopside (SPI) 40Ca12C+ (2352)
55Mn+ 55 manganese (SPI)
56Fe+ 56 iron (SPI) 40Ca16O+ (2479), 12C2

16O +
2 (1019)

40Ca16O– 56 apatite (SPI) 12C2
16O –

2 (1731)
86Sr+ 86 celestite (SPI) 44Ca42Ca+ (17750)
88Sr+ 88 celestite (SPI) 44Ca +

2 (16428), 86Sr1H +
2 (4555)

127I– 127 I-containing resin***
138Ba+ 138 barium fluoride (SPI) 40Ca226Mg16O +

2 (18081), 137Ba1H+ (16408)
* SPI refers to the 02757-AB 59 Metals & Minerals Standard (SPI Supplies).
** The minimum MRP (M/∆M, Cameca’s 10–90 % peak width definition) to be able to separate is given in
parantheses; this list does not claim to be complete.

*** A drop of potassium iodide solution mixed into Araldite 2020, filled in 1cm diameter stainless steel ring,
cured, polished and Au-coated.

159



666666

Chapter 6

6.2.3 Spatial resolution: beam size determination

Throughout this thesis, samples were investigated on a sub-micron scale. For
the interpretation of the data, it is important to know the beam size of the
instrument during the measurements. The beam size of the NanoSIMS 50L
instrument relates, as for all SIMS instruments, to the primary ion current
density on the sample surface, i.e. the weaker the primary ion beam, the smaller
the beam size. The beam size of a NanoSIMS instrument is defined by Cameca
as the width of the 16–84 % signal increase along a transect across a sharp
compositional boundary. The beam size for the Utrecht University NanoSIMS
instrument was determined by Cameca upon installation and during maintenance
visits, where minimum beam sizes of 30 nm and 156 nm were reached for the Cs+
source and O– source, respectively. As these tests revealed beam sizes smaller
than the nominal beam sizes of the instrument (50 nm and 200 nm for the Cs+
and duoplasmatron O– source, respectively), for those sessions where we have
not determined it ourselves, we assumed the nominal beam size. Figure 6.10
illustrates the lateral image resolution that was achieved using the two primary
ion sources on the example of an individual E. huxleyi coccolith.

high

low

40Ca16O- 44Ca+

A B C

Figure 6.10: Illustration of the lateral resolution of the NanoSIMS: SEM image of single
E. huxleyi coccolith (A) and secondary ion images obtained with NanoSIMS using the Cs+
source (B) and the duoplasmatron O– source (C). The images do not show the same specimens.
The scale bar is 1 µm.

On two occasions, we determined the beam size of the O- source from lateral
profiles over a presumably sharp compositional boundary. Images over sharp
boundaries were acquired using different primary ion beam currents, and several
transects orthogonal to the phase boundary were extracted from the images.
As sharp compositional boundaries, we used the contact of ceramics and resin
enveloping the CalUU synthetic calcite samples (Chapter 2), as well as the
contact of foraminiferal shells and resin. The area of the sharp compositional
boundary was carefully selected based on SEM images as to not contain visible
cracks between the two materials. In the lateral profiles of the accumulated
major ion intensity (Al in ceramics and Ca in foraminiferal shells), the width of
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the 16–84 % signal increase over the phase boundary was determined.
Average beam sizes were determined on the ceramics/resin boundary on

sample CalUUb based on five to six lateral profiles of 5 pixels width on the
accumulated 27Al images and were found to be 538 ± 17 nm, 446 ± 11 nm,
443 ± 25 nm, and 407 ± 20 nm using beam currents of 20 pA, 10 pA, 5 pA,
and 2 pA, respectively. These beam size determinations need to be considered
conservative estimates, as the boundary may not be as sharp as the one of the
reference boundary Cameca uses to determine beam sizes. This could explain
why beam sizes determined with beams of 5 pA or 2 pA are comparable to the
size with 10 pA – if the boundary between the materials is not sharp enough,
one will not determine a beam size smaller than the width of 16–84 % of the
true increase over the boundary.

The average beam size determined on the "sharp boundary" between resin
and foraminifera based on four and seven lateral profiles of 5 pixels width
on accumulated 44Ca images determined with a 10 pA and 2 pA beam were
369±67 nm (1 SE) and 357±59 nm (1 SE), respectively. This suggests that
choosing beam currents below 10 pA with the duoplasmatron source and the
chosen aperture settings (D1–3 for higher transmission instead of the optimum D1–
5 for very high spatial resolution) does not result in higher spatial resolution but
only in lower accumulated secondary ion yield. This conclusion is not completely
independent of the question whether the determined spatial resolution reflects
the actual spatial resolution; our presumably sharp boundary may not have been
perfectly sharp, thereby limiting accurate determination of the spatial resolution.

6.2.4 NanoSIMS sputter rate in coccolith calcite

Generally, dynamic SIMS involves ablating the top few nanometers of a sample
surface. Sputter rates are of interest when the aim of an analysis is depth profiling.
It is possible to determine sputter rates from the time it takes to sputter through
a sample of known thickness, or by means of conducting atomic force microscopic
height measurements of the sample surface before and after NanoSIMS analyses.

When working with the Cs+ source of the NanoSIMS, we happened to
completely ablate E. huxleyi coccoliths prepared on polycarbonate filters. Com-
plete ablation of a coccoliths occurred when using objective currents of 2 pA
after 3.5 hours (Figure 6.11). In terms of charge deposition, this corresponds
to ∼ 0.26 nC µm−2 during the measurement, plus ∼ 1 pC µm−2 during pre-
sputtering. In contrast, when measuring coccoliths with the duoplasmatron O–

source, we have not observed complete ablation of coccoliths when measuring
less than 5 hours with beam currents of less than 20 pA at the sample surface.
In terms of charge deposition, this corresponds to less than 7 nC µm−2 during
the measurement, plus ∼ 1 nC µm−2 during pre-sputtering.
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Figure 6.11: Illustration of burning through a coccolith with the Cs+ beam of the NanoSIMS.
A: Accumulated ion count images of E. huxleyi coccoliths on a polycarbonate filter. The white
lines outline the ROIs drawn on the image. The scale bar is 3 µm. B: Single plane 16O images
of selected planes of the image analyses. 16O was chosen to show single plane images, as it’s
spatial distribution correlates with 40Ca16O, but the counts are considerably higher. The
distal and proximal shield elements of the coccolith have vanished after around 200 planes,
while the complete coccolith is ablated at around 800 planes.

The differences in sputtering depth progression into the sample when using
the Cs+ source opposed to the duoplasmatron O– source can be attributed to the
different properties of the two sources. Generally, to obtain comparable secondary
ion yields, higher objective currents are required using the duoplasmatron O–

source compared to the Cs+ source. This is also reflected in differences of achieved
sputter rates. For instance, in organic material (individual Bacillus spores),
sputter rates differ depending on the primary ion source, with 2.5 nm · µm2 pC−1

and 0.1 nm · µm2 pC−1 for the Cs+ and duoplasmatron O– source, respectively
(Ghosal et al., 2008). The distal shield elements of E. huxleyi coccoliths are
about 100 nm thick and separated from the proximal shield elements by a void
of 300 nm (Mizukawa et al., 2015). At the tube, where the distal and proximal
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shield elements are connected, the calcite height of an E. huxleyi coccolith is
approximately 400 nm thick (Figure 6.12). Calculating sputter rates from the
currents applied with the Cs+ source and the required time until complete
disappearance of the coccoliths in Figure 6.11, we can estimate sputter rate
for coccolith calcite using the Cs+ source to be ∼ 1.5 nm · µm2 pC−1, which is
thus lower than in organics. This rate may be used to approximate the depth of
sputtering craters in calcites.

rim rim
central
area

tubetube

shield elements
distal and proximal

5 µm

300 nm
100 nm

2000--5000 nm

Figure 6.12: Secondary electron microscopy (SEM) image of E. huxleyi coccospheres and
coccoliths, as well as schematic cross section through a coccolith, based on Young et al. (1999)
and Mizukawa et al. (2015).

6.2.5 Consistency of NanoSIMS 50L analyses

For several chapters of this thesis, samples were measured over the course of
more than one analytical session. To ensure the consistency of the data obtained
during more than one session, we have tested whether instrumental settings
influence the obtained secondary ion count ratios.

Since pre-sputtering time, probe current and spot size seem to also have an
effect on calibration slopes (Gabitov et al., 2013), our approach is to come up
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with one ideal pre-sputtering as well as measurement protocol for each study that
is consistently used. We have explored an extensive data set of more than 100
area measurements on synthetic calcites for a relation between probe current and
secondary ion count ratios. The objective currents (FCo) ranged from 5–68 pA.
Based on our data, there seems to be no relation in the range we have investigated
(Figure 6.13). We have not tested systematically for other instrumental tuning
parameters like settings of the coaxial lens stack or using different slits.
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Figure 6.13: NanoSIMS secondary ion count ratios vs. mean primary beam current at the
sample surface (FCo) during measurements on synthetic calcite samples. Note that the two
samples differ significantly in their Mg and Sr content. There seems to be no relationship
between FCo and NanoSIMS ion count ratios.

Also sample holder geometry may have an effect on elemental fractionation
due to the very short distance between the sample surface and the extraction
lenses in NanoSIMS. Gabitov et al. (2013) could show that analyzing the same
samples in different sample holders has an effect on the accuracy of the calibration
(thus resulting in slight differences in slopes). We therefore always mounted
samples and standards into the same sample holder for analyses.
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6.2.5.1 Stability of the duoplasmatron oxygen source over the course
of a day to an analytical session

The primary duoplasmatron O– beam current (FCP) was observed to decrease
substantially, e.g. from 429 nA to 296 nA, throughout an operating day (from
startup to shutdown). However, the primary beam current FCP and the objective
beam current FCo are linearly related (Fletcher et al., 2008). As FCP is recorded
automatically prior and immediately after data acquisition, the corresponding
FCo can be calculated. From time to time, the current in FCo was checked to
validate the relationship between FCP and FCo.

Thus, in order to be able to calculate the beam current on the sample surface
during any measurement in retrospect, it seems sufficient to note FCP and FCo
when tuning the primary column for the first time during a measurement session
(ideally when tuning lens L1 to save preset settings for different beam currents
at the sample surface, as then both values can be read from the instrument
simultaneously). From the relationship between FCP and FCo, the current on
the sample surface can be determined. Using different diaphragms (e.g. during
pre-sputtering and analysis) will result in an increase or decrease of the resulting
current on the sample surface proportional to the diaphragm geometry change
(larger or smaller diameter of the aperture of the diaphragm). Making use
of the relationship between FCP and FCo to calculate FCo, decreases sample
holder movements (and thus also saves time), as the holder does not need to be
moved between analyses to determine FCo. We have not tested how sensitive
the relationship between FCP and FCo is to tuning of the primary beam column.
We therefore recommend to determine the FCP to FCo relation each time the
primary beam column is centered.

6.2.5.2 Assessment of NanoSIMS long-term performance

The long-term performance of instruments is commonly assessed by repeated
measurements of reference materials along with the samples. Carbonate reference
materials have been shown to be heterogeneous on a small scale (Ishimura et al.,
2008; Gabitov et al., 2013). A large standard deviations of the mean of repeated
measurements on a heterogeneous material hamper "quick checks" of performance,
as one would need to measure several areas to achieve a low standard error of
the mean. This boils down to the same issue as with calibrations – from the
large standard deviation follows that one (seemingly very precise) measurement
cannot be used to evaluate (long-term) performance.

For those chapters of this thesis, in which data was acquired during several
analytical sessions, masses were not necessarily measured in the very same
electron multiplier detectors each session. This can pose a problem to the
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consistency of secondary ion count ratios, as the detector gain can differ 1.5-
fold from one detector to another (Gabitov et al., 2013). The detector gain is
dependent on the fluence of the ion current on the first dynode of a electron
multiplier detector (ageing effect), and will lead to a gradually decreasing pulse
height distribution (PHD) as the detector ages over time. It can be tested by
focusing a stable secondary ion beam (e.g. Si from a silicon wafer) in each
detector, one after the other. To minimize effects of different detector gain, the
pulse height distributions (PHD) of the detectors were tuned at the start of each
measurement session. Some authors apply PHD tuning every half day (Ito and
Messenger, 2008). However, as we worked with generally low secondary ion count
rates (< 10000 cps), ageing of the detectors within a measurement session can be
assumed negligible. Tuning the PHDs of all detectors at the start of each session,
together with reproducible tuning procedures and applying the same settings to
the measurements, resulted in secondary ion count ratios to be consistent over
several analytical sessions, covering a period of three years.

As we have characterized the multigranular synthetic calcites CalUUa and
CalUUb (Chapter 2) thoroughly throughout three analytical sessions spread
over 2017, 2018 and 2019, we aim to assess long-term performance based on
this data set. On most grains of both synthetic calcites, analyses of different
areas were carried out over the course of two of the three measurements sessions.
Figure 6.14 shows the results of the ANOVA for the synthetic calcites CalUUa and
CalUUb testing for the contribution of different grains and different analytical
sessions to the total variability across each sample. The residuals of the ANOVA
correspond to the remaining within-grain variability. The contribution of the
analytical session to the total variability across the synthetic calcites CalUUa
and CalUUb was quantitatively assessed by analysis of variance (ANOVA) and
is between 0.9 % and 74 % in CalUUa (Na/Ca and Sr/Ca, respectively), and
between 2.2 % and 45 % in CalUUb (Ba/Ca and Mg/Ca, respectively). The
results of the ANOVA should be assessed with care, as the numbers of areas
measured per grain are rather low for a statistical analysis of this kind (5–12
areas per grain). As the areas that were measured during the different sessions
are from different locations and thus not identical (they were not even identical
if the same areas were remeasured because SIMS is a destructive technique), it
remains questionable to what extent the differences between sessions reflect also
the within-grain variability.

Since it is unlikely that long-term performance differs per element while the
instrument was tuned the same way each time and analyses were conducted using
the same settings, we conclude that long-term performance is good, because
close to no variability can be attributed to analytical session for those elements
where the overall variability is low (Na, Mg, Sr). Those elements (K, Ba), for
which analytical session contributed largely to overall variability, have a higher
overall variability. Consequently, we cannot exclude that the spread over the
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Figure 6.14: Variability across the synthetic calcite samples CalUUa and CalUUb per
elemental ratio visualized as stacked barplots of the coefficients of variation (CV) determined
by ANOVA. The residuals can be regarded as an approximation of within-grain variability.
The yellow ranges depict the mean contribution of variability due to Poisson statistics of the
respective ion count ratio per measurement area, lowering the approximated within-grain
variability.

different analytical sessions was not caused by the heterogeneity of the samples
across different scales. Ideally, an even larger data set with more sessions, and
repeated analyses of areas in close vicinity to each other on the very same grain
of a sample could shed further light on long-term performance.

Furthermore, we have also analyzed single coccoliths from the same sample
during several analytical sessions (Chapter 3). Also here, we found that the El/Ca
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Figure 6.15: 23Na/44Ca ion count ratios in four samples as
an example to visualize consistency between NanoSIMS sessions:
coloured dots resemble individual coccoliths, where purple, green,
yellow depict the NanoSIMS analytical sessions in August 2016,
June 2018 and January 2019. For more info on the samples, see
Chapter 3.

ratios of coccoliths are reproducible between different sessions. The variability
within a sample obtained in a single session can be larger than the variability
within a sample between sessions (Figure 6.15).
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6.3 Data processing

Processing of NanoSIMS image data can be done with the Cameca software
WinImage II or third-party software. Throughout this PhD project, we used the
Matlab-based freeware software Look@NanoSIMS (Polerecky et al., 2012), as
its open source format allowed us to implement and adapt processing routines
specifically to our needs.

6.3.1 Corrections of the detected ion count ratios

Corrections of the detected ion count ratios can be necessary for different reasons.
It may be that instrumental limitations biased the detection (dead time of
detectors and quasi simultaneous arrivals (QSA)) or mass resolution limited the
separation of isobaric interferences.

Dead-time and QSA corrections are necessary when working with electron
multiplier detectors at high secondary ion count rates (Slodzian et al., 2003; Ito
and Messenger, 2008). When secondary ion count rates are high, the processing
time of a single impact on an electron multiplier detector (dead-time) can limit
the detection of subsequently arriving ions. Figuratively, the detector is still
busy processing the last signal, while the next ion arrives and thus, in total, the
detected ion count rate underestimates the true secondary ion signal. Similarly,
the quasi simultaneous arrival of ions in the detector can lead to only one impact
being detected and will also underestimate the true secondary ion signal. Both
effects become important when secondary ion count rates are high. During
this project, as high-spatial resolution was generally given preference over high
secondary ion yield, the secondary ion count rates are low enough (in the order
of 1–1000 counts per second) that dead-time and QSA corrections would be
minor.

As outlined in Section 6.2.2, isobaric interferences occur in the NanoSIMS
and need to be resolved or corrected for. We could resolve isobaric interferences
on most masses we were interested in during this project. However, for 88Sr
and 138Ba, interferences can occur in carbonates which are not resolvable with
NanoSIMS (Table 6.1). In case molecular interferences cannot be resolved, the
detected ion count rates are biased and should be corrected.

Mass/charge 88: The strontium isotopes suffer from molecular interferences
of dimers of calcium isotopes (Weber et al., 2005). Assuming that the Ca dimer
formation rate is similar in all our samples (synthetic calcites in Chapter 2,
coccoliths in Chapter 3, and foraminifera in Chapter 5), we can treat the
contribution of 44Ca +

2 to the 88Sr/44Ca ratios as a constant background present
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in all samples, as suggested by Gabitov et al. (2013). The contribution of 44Ca +
2

to 88Sr/44Ca can therefore be calculated using:

44Ca +
2

44Ca+ =
40Ca +

2
40Ca+

( 44Ca+

40Ca+

)−1

×
44Ca +

2
40Ca +

2
= 3.4× 10−4 , (6.1)

where 40Ca +
2 /40Ca+ (1.7× 10−3) is the ratio of the count rates of mass 80 and

40 determined on several calcite standards by Gabitov et al. (2013), 44Ca+/40Ca+
(2.15× 10−2) is the natural abundance ratio, and 44Ca +

2 /40Ca +
2 (4.32× 10−3)

is the dimer formation ratio determined by Weber et al. (2005).

Following equation 6.1, the 88Sr+/44Ca+ ratios can be corrected using:( 88Sr+

44Ca+

)
corr

=
( 88Sr+

44Ca+

)
obs
−

44Ca +
2

44Ca+ =
( 88Sr+

44Ca+

)
obs
−3.4× 10−4 . (6.2)

In our coccolith samples, measured Sr/Ca ion count ratios ranged from
0.067 68–0.332 22. Thus, this correction lead to a drop in the ratio of 0.1–0.5 %.
Hence, the contribution of 44Ca +

2 to our 88Sr/44Ca data is insignificant compared
to the intra-sample variability in coccoliths (CV of 4–18 %). The same holds for
the synthetic CalUU calcites. In coccoliths, the low contribution of the 44Ca +

2
dimer to mass 88 is additionally apparent from the fact that the coccolith 86/88
mass ratio resembled, within error, the natural abundance ratio of 86Sr/88Sr
(0.12) and not the one of 43Ca/44Ca (0.06).

Mass/charge 138: Potential interferences on mass 138 occur due to 137BaH+

and 40Ca226Mg16O +
2 . For the contribution of 137BaH+, a correction is not

necessary as long as elemental ratios are of interest (opposed to Ba isotope ratios
in labeling experiments). For the contribution of 40Ca226Mg16O +

2 to the 138Ba+
peak in carbonates, a correction method was first described in Sano et al. (2005),
and applied in a few more studies (Sano et al., 2012; Hori et al., 2015, 2018).
The necessity to correct for the Mg multimers was based on the observation
that the 136/137 mass ratio in carbonate samples more closely resembled the
natural abundance ratio of 24Mg/25Mg instead of the natural abundance ratio of
136Ba/137Ba (Sano et al., 2005). However, when tuning 138Ba, we have monitored
the ion count ratio of masses 136/138 in barium fluoride (SPI Supplies, 02757-
AB 59 Metals & Minerals Standard) and our synthetic calcite samples (CalUU,
Chapter 2) and found it to be ∼ 0.11, the expected natural abundance ratio of
136Ba/138Ba. In the case of a serious contribution of Mg multimers, the 136/138
mass ratio is expected to be higher, to wit: up to 7.17, the natural abundance
ratio of 24Mg/26Mg. As our CalUU samples are low-Mg calcite samples and the
monitored 136/138 mass ratio was close to what is expected for the Ba isotopes,
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we chose to not apply the interference corrections as previously described (Sano
et al., 2012; Hori et al., 2015, 2018). Such a check was not possible for coccolith
samples (Chapter 3), as these are too tiny to tune with a larger current beam
(necessary to yield sufficient counts to compare isotopic abundance ratios). Since
coccoliths are low-Mg calcite as well, we assumed the interference to be negligible
and applied no correction. Hypothetically, the 24Mg/44Ca ion count ratios in
coccoliths were in the order of 30 times higher than the 138Ba/44Ca ion count
ratios, which would have lead to a lowering of the Ba/Ca ion count ratios in the
order of 0.8 % had we applied the correction (the formulae for the interference
correction of 138Ba/44Ca ion count ratios are given in Hori et al. (2015)). This is
a small potential bias given the observed variability and low precision for Ba/Ca
in our coccolith samples (Chapter 3).

6.3.2 Selection of regions of interest within NanoSIMS
images

In many NanoSIMS imaging applications, it is the goal to extract a certain
isotope or element ratio from a region of interest (ROI) of an image. The selection
of ROIs within images may seem trivial: an outline is drawn on the image and
data points (pixels) falling within the ROI are summed up to represent that
individual ROI’s ion count ratio. The way how the ROI boundaries are chosen,
however, can have a large effect on the final number representing all spatial
data within the ROI. The general advice is to avoid including the area in close
vicinity to physical boundaries. How close to such physical boundaries one can go,
often remains a subjective decision. A more objective approach by conditionally
selecting ROIs based on thresholds in selected ion count images is implemented
in the Look@NanoSIMS software in the so-called interactive ROIs definition tool.
This, however, is based on the accumulated ion count (ratio) images, which carry
no depth information. As we will see in the following sections, it is essential to
not only select ROIs with lateral dimensions, but also in the depth-dimension
of the image data. For Chapter 3, conditional selection of pixels plane by plane
was implemented in the software to account for chemical changes with depth in
thin samples like coccoliths.

The following sections discuss some data of previous chapters to illustrate
the importance of ROI selection. Selection of ROIs in the lateral dimension and
the influence of the distance to physical boundaries is illustrated using image
data of synthetic calcites of Chapter 2, where rims towards the image boundaries
were removed (Section 6.3.2.1). Subsequently, we highlight the importance of
considering the depth information of NanoSIMS image data for the selection of a
range of image planes, using image data of E. huxleyi coccoliths (Section 6.3.3).
Finally, we offer a solution on what to do if the lateral extent of a ROI changes
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with depth, e.g., when thin structures of a sample are ablated completely before
thicker structures are. In such a case, contamination (also from underneath
the sample) can be excluded via plane-by-plane conditional pixel selection
(Section 6.3.4).

6.3.2.1 Reducing an image to a number: removal of rims from
rastered image measurements

In Chapter 2, synthetic calcites were produced and investigated for their homo-
geneity by conducting image analyses of 10× 10 µm2 frames across cross-sections
of the samples. These data will serve as an example here to illustrate the in-
fluence of the lateral extent of ROIs on the precision of NanoSIMS data. The
measurements on the synthetic calcites were carried out as imaging analyses,
because this enabled us to exclude potential contamination, identified as spot-like
regions of elevated Al intensity, by means of data processing. Additional to those
regions identified as contamination, we observed deviating ion count intensities
and ratios at the rims of most images (Figure 6.16). Such deviations at the rims
of secondary ion images are also visible on corals (Gagnon, 2010).

0 5 10 15 20 25 0 0.002 0.004 0.006 0.008 0.01700 800 900 1000

K+ K+/Ca+Ca+

Figure 6.16: Example of a typical 10 × 10 µm2 NanoSIMS image (on grain #11 of CalUUb),
which was generated by accumulating the ion counts of 1000 planes. Shown are the secondary
ion images of K, Ca and K/Ca, which exhibit deviating intensities at the left rim of the images.
Images of Na, Mg, Al, Sr, Ba, and their respective El/Ca ratios are shown in Chapter 2.

The deviations at the rims of images could either be artifacts of the sputtering
process, or be a result of an accidentally off-centered primary ion beam. Two
instrumental settings that may cause the primary ion beam to be imperfectly
centered, are lens L1 and diaphragm D1 (the interested reader is referred to Fig-
ure S6.1 showing the scheme of the ion optics of the NanoSIMS 50L instrument).
Lens L1 was centered during primary ion beam column tuning, and is thus not
the cause of the deviations at the image rims. Also the diaphragm D1–3 was
regularly checked for centering, and can thus be excluded as the cause of lateral
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trends in secondary ion intensities. We therefore conclude that the observed
deviations in secondary ion intensities and ion count ratios at the rims of the
images are an artifact of the sputtering process.

Such lateral trends add variability to the image data, which lower the precision
of the ion count ratio extracted from the image. By removing the obviously
deviating rim from the image by means of data processing, the lateral variability
in single images is decreased, which improves the precision (Figure 6.17).

Figure 6.17: Illustration of removing a rim from rastered
image measurements during data processing. A central
region of interest (ROI) was created by removing a rim r
of variable width from the area of each image. The image
data were considered for further analyses in the central
ROI only.

The extensive data set collected on the CalUU synthetic calcites was used
to test the effects of removing rims from single images. We assume the CalUU
synthetic calcites to be homogeneous. Therefore, the variability among measured
images in different locations across those samples should be lower when the
precision of the single areas is high, and vice versa. In case the rim removal
indeed increases the precision of the measurements, we expect a decrease in
variability between single area measurements across the samples.

We have found that removing a rim of 5 pixels width (corresponding to 0.8 µm)
not only lead to a decrease in x-y-variability within single area measurements,
but also to a significant change in the accumulated El/Ca ratios for Na/Ca,
Mg/Ca and K/Ca. Furthermore, it resulted in a decrease of the variability
between the single area measurements on larger scales for K/Ca. We have varied
the width of the rim and found that, in this case of the synthetic calcites, the
width of 5 pixels (corresponding to 0.8 µm) best served the purpose of decreasing
the x-y-variability to the extent observed in the central region of the image,
while, at the same time, ensuring that a maximum of pixels remain to be further
considered for analysis. This resulted in low Poisson errors and thus a high
internal precision of the remaining data extracted from the central ROIs.

Hence, this procedure improved precision and accuracy of single area meas-
urements. Furthermore, it emphasizes that ROI selection needs to be carefully
evaluated to obtain precise and accurate data.

6.3.3 Variability with depth in NanoSIMS images

During NanoSIMS analyses, we often measure a certain field of view numerous
times, i.e. several cycles of the same area are measured (for illustration see
Figure 1.6). In non-homogeneous samples, depth profiling can give insight into
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the chemical variability with depth (e.g. Ahmed et al., 2006; Salasi et al., 2013).
In a homogeneous sample, depth profiles of ion count ratios are supposed to be
flat and the data are accumulated pixel by pixel over all image planes (cycles).
This integration of the signal over depth enhances counting statistics and thereby
the precision of each pixel in the image.

However, drift of intensity ratios with depth can occur even in homogeneous
materials, for instance as a result of insufficient pre-sputtering. Ideally, pre-
sputtering is carried out long enough to 1) ensure enhanced yield by implantation
of the primary ion species, and 2) ensure quasi-stable ion count rates of the
material under investigation, which goes hand in hand with removal of surface
contamination. Commonly in SIMS, only the range of measurement cycles that
reveals a stable depth profile is considered (e.g. Prentice et al., 2014). Therefore,
depth profiles of the measured masses and ratios should be investigated as a
matter of assessing the quality of the obtained data.

In carbonate samples, Gagnon (2010) and Gabitov et al. (2013) reported
depth patterns for certain element ratios (Mg/Ca, Sr/Ca and Ba/Ca) and
proposed that those are caused by the sputtering process itself. Deviating trends
at the start of an analyses lead to removal of those cycles from the data. We have
recognized similar patterns to those of Gabitov et al. (2013) in depth profiles of
sufficiently pre-sputtered E. huxleyi coccoliths as well, e.g. Mg/Ca is generally
decreasing at the start of an analyses and leveling off with depth, while Sr/Ca
is slightly but seemingly linearly increasing with depth. In synthetic calcite
samples (Chapter 2), we generally found the El/Ca ratio depth profiles to be
flat in the center of the images. It can thus be questioned whether depth profiles
give insight in the chemical distribution of elements with depth in supposedly
homogeneous materials or whether they are artifacts of the sputtering process.
In the second case, the measured variability could or should maybe better serve
as an estimate of the precision of the data. This concept is discussed in more
detail in Section 6.3.3.3.

In the following subsections, the importance of investigating NanoSIMS image
data not only in the lateral dimension, but also in the depth-dimension, is illus-
trated making use of data obtained from E. huxleyi coccoliths on polycarbonate
filters. When analyzing thin samples like coccoliths, it is possible to ablate, i.e.
to burn through, a whole coccolith within one imaging analysis (Figure 6.11). As
coccoliths have a very delicate micro-architecture (Figure 6.12), it happens that
thin parts like the distal and proximal shield elements are completely ablated
at an earlier point in time than thicker parts such as the tube connecting the
two shields (Figure 6.11). This poses a problem to accumulating data within
ROIs outlining the coccolith: such a ROI would need to change with depth so
that only those areas of the image are considered for accumulation, in which
coccolith calcite still exists.
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To deal with this problem, we developed two approaches: 1) we investigate the
depth profiles of coccoliths and select a plane range representing a stable plateau,
and 2) we selectively only consider those pixels of each plane within a ROI, in
which Ca could be detected. The first approach is described in Section 6.3.3.1
and 6.3.3.2, while the second approach is described in Section 6.3.4. Both
approaches together yield the data which are presented in Chapter 3. These data
demonstrate nicely that measuring tiny samples like coccoliths is challenging,
but achievable, as long as the data are carefully processed.

6.3.3.1 Identifying a stable plateau in depth profiles of coccoliths

Stable plateaus in depth profiles of SIMS measurements are considered the prime
spot for analysis. In samples with sufficient thickness, such as, for instance,
the synthetic CalUU calcites or foraminifera, the secondary ion yield stabilizes
after a short time of pre-sputtering and stays flat during analyses. However,
the identification of a stable plateau in the depth profiles of coccoliths can be
challenging. This is illustrated using the depth profile through an E. huxleyi
coccolith, which was ablated completely during a single image analysis using the
Cs+ source with objective currents of 2 pA after 3.5 hours (Figure 6.18).

With coccoliths, the ablation of thin structures (like the distal and proximal
shield elements) decreases the actual physical mass of the coccolith. Therefore,
the ion count rates in a ROI representing the initial size of the coccolith will
also necessarily decrease with depth as will the lateral spatial extent of coccolith
calcite in the ROI. The progressing ablation of the coccolith resulted in the
elemental ratio profiles (e.g. the 35Cl/40Ca16O profile) becoming more and more
noisy as the analysis advanced in depth (Figure 6.18). An ion count ratio of two
elements, which are both detected in the coccolith ROI (thus presumably in the
coccolith calcite) can nevertheless be stable in parts of the profile (Figure 6.18).
Thus the investigation of possible trends in ion count ratios with depth is crucial.
If significant trends are found with depth, one needs to question which part
of the measured ion count ratio profile represents the true ratio. During the
start of the measurement, the ion count ratios can theoretically be influenced by
insufficient pre-sputtering, while, towards the end of the measurement, the ion
count ratios may be affected by the disappearance due to ablation. Ideally, a
flat profile section of several hundred planes can be chosen in between the two
extremes.

6.3.3.2 Removing trends from depth profiles of coccoliths

In some of our coccolith imaging analyses, the NanoSIMS ion count ratios
show strong trends with depth (z), i.e. along image planes (Figure 6.19C). As a
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measure for the variability of an elemental ratio along z for each coccolith ROI
the depth-related standard deviation of the ratio was determined (Figure 6.19A).
As such, the variability in the coccolith ROIs was large in those samples, where
pre-sputtering times were short (e.g. analytical session of August 2016; samples
EM–2 and WM–10). After removing planes where the ratios were showing strong
trends along z, the depth-related variability in the coccolith ROIs along z as well
as the mean ratios decreased (Figure 6.19B). In most data sets that showed depth
trends, insufficient pre-sputtering was the presumable cause of the trend along
depth. The removed trend within the first 200 planes was always a decreasing
trend, thus higher values were removed, which explains an overall decrease of
the mean ion count ratios after removal of selected planes.

The relative standard deviation (coefficient of variation, CV) for the Na/Ca
variability along z (CVz) in individual environmental coccolith ROIs after removal
of depth trends was found to be 2.6–17.5 % with a median of 8.6 % and no
significant differences between the samples (Figure 6.19D). The variability along
z expressed as CVz was up to 105 %, 80 %, 135 %, 60 %, and 370 % before plane
selection, and mostly less than 20 %, 30 %, 20 %, 10 %, and 40 % after plane
selection for Na/Ca, Mg/Ca, K/Ca, Sr/Ca, and Ba/Ca, respectively. In some of
the coccoliths from culture samples, trends with depth could even be completely
eliminated (Figure 6.20, and Figure 3.5). In case there is remaining variability
with depth in a ROI, this can be regarded as a measure of the uncertainty of
the obtained ion count ratio. This implies that the precision of the obtained
ratio is less than what counting statistics suggest (the Poisson error for the
23Na/44Ca ion count ratio in coccoliths is generally < 1 %). Nevertheless, the
precision of the El/Ca ratios in terms of variability along z is sufficient to
demonstrate high variability between individual coccoliths within and between
samples (Figure 6.19).

6.3.3.3 Variability with depth as a measure of the precision of
NanoSIMS data

The precision of NanoSIMS analyses is often reported as standard deviations of
repeated spot measurements. To achieve high confidence in the individual spot
measurements, currents are chosen large enough to obtain high accumulated
secondary ion yield (ideally millions of counts, as the higher the counts, the
lower the Poisson error, equation 6.3).

Ion count ratios, e.g. El/Ca ratios, are generally calculated as the ratio
between the total ion counts accumulated over all pixels in a ROI, i.e., NEl/NCa.
To account for the fact that the ion counts detected by NanoSIMS are random
numbers that follow Poisson distribution, the relative uncertainty of the El/Ca
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ion count ratio is given by the Poission error, i.e.,

δ(El/Ca) =
√

1/NEl + 1/NCa. (6.3)

This error represents the analytical precision with which the El/Ca ion count
ratio is determined by NanoSIMS. That is, the standard error (SE) of the
estimated mean ratio is calculated as

SE(El/Ca) = (NEl/NCa)× δ(El/Ca), (6.4)

and is thus governed by the total accumulated counts of the minor element in
the ratio.

As the mass of single coccoliths is small, both repeated spot measurements,
and high currents (coinciding with a large beam diameter) are not an option.
To ensure a certain data quality, Poisson errors for the ion count ratios were
determined during data processing. They increase when the secondary ion yield of
an element is low due to low content, often in combination with a low ionization
potential (e.g. Ba). As seen in Sections 6.3.3.1 and 6.3.3.2, depth profiles of
coccolith ROIs do not necessarily become stable. We therefore additionally
calculated the standard deviation of the ion count ratios of the depth profiles
within ROIs as a second measure for the precision next to the Poisson error.
Hereby, we correct for the fact that the standard deviation of the depth profiles
can be governed by Poisson distributed values when counts are low (details
in Section 6.3.3.4). The Poisson-corrected standard deviation of elemental ion
count ratios with depth is a useful descriptor of whether or not the measurement
reached a stable plateau–the prime spot for analysis–as well as a quality-control
whether surface-contaminants were successfully removed during pre-sputtering.

In case this measure for depth variability is larger than the Poisson error of a
ROI, we propose to express the uncertainty of a ROI’s ion count ratio with this
depth-related uncertainty, rather than assigning the uncertainty due to counting
statistics (Poisson error). Following this reasoning, two data points with the
same mean ratio, one without a depth trend (only variability due to the nature
of Poisson distributed counts) and one with a depth trend (variability due to
true changes with depth plus variability due to the nature of Poisson distributed
counts), will get different uncertainties assigned. Hence, the assigned uncertainty
provides a measure of the quality of the depth profile of the ROI.

6.3.3.4 Addition of a depth profile batch processing routine to
Look@NanoSIMS

Throughout this project, many NanoSIMS images had to be investigated for
their quality concerning stability of ion count ratios with depth. To quickly
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and consistently evaluate whether ion count ratio depth profiles were stable, we
implemented depth profile batch processing in the Look@NanoSIMS software.
This routine enables the identification of ROIs or complete images that exhibit
trends in ion count ratios with depth. Sometimes, however, ion count rates of an
element are so low that its depth profile is governed by Poisson statistics, which
mask possible variability with depth. For that reason, the variability along the
depth profile is split in components due to Poisson statistics and due to depth
trends. The depth profile batch processing routine can also be applied to stacks
of n planes to decrease the noise due to the Poisson-distributed counts. This may
be necessary when single pixels need to be selected based on criteria such as a
certain element being present (see Section 6.3.4). Based on the displayed depth
profiles, an ideal plane range to consider for further analyses can be specified per
image. Batch processing allows to subsequently re-accumulate a large data set
consisting of numerous images, based on a selected plane range for each image.

Calculation of the Poisson-related standard deviation in a depth pro-
file Depth profiles of any measured ion count ratio will exhibit variability due
to two different sources: 1) variability due to the Poisson nature of the measured
masses in each plane and 2) variability due to depth, which can be due to
compositional differences or sputtering artifacts.

If ion count rates are high, the variability within a depth profile will mainly
reflect true depth variability. However, if ion count rates are low, the variability
of a depth profile can be governed by the Poisson error of the measured mass
in each plane. In that case, the CV of an ion count ratio over depth is inflated
and a high CV will not necessarily reflect trends with depth. To separate the
variability due to trends with depth from that due to the Poisson nature of the
counts, the following should be considered.

The variance of a ratio R
S is defined as the following:

var
(
R

S

)
=
(
R̄

S̄

)2 (var(R)
R̄2 + var(S)

S̄2 − 2cov(R,S)
R̄ S̄

)
. (6.5)

The covariance of two variables is related to their variance via the correlation
coefficient ρ,

ρ = cov(R,S)√
var(R)

√
var(S)

, (6.6)

thus equation (6.5) becomes

var
(
R

S

)
=
(
R̄

S̄

)2 (var(R)
R̄2 + var(S)

S̄2 − 2ρ
√

var(R)
R̄2

√
var(S)
S̄2

)
. (6.7)
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For Poisson distributed values the mean equals the variance, thus R̄ = var(R)
and S̄ = var(S). Therefore, equation (6.7) can be simplified to:

var
(
R

S

)
=
(
R̄

S̄

)2 ( 1
R̄

+ 1
S̄
− 2ρ√

R̄ S̄

)
. (6.8)

The coefficient of variation (CV) of a ratio r̄ = R̄
S̄
, where the standard

deviation SD =
√

var is denoted as ∆r is therefore defined as the following:

CV (r̄) = ∆r
r̄

=

√
1
R̄

+ 1
S̄
− 2ρ√

R̄ S̄
(6.9)

Implementation into Look@NanoSIMS During depth profile batch pro-
cessing in Look@NanoSIMS, the theoretical variability of each mass due to
Poisson distribution is calculated for an average plane. This is done by apply-
ing the above formulae to the mean ion count ratio per ROI per plane. The
subtraction of the resulting theoretical Poisson-related variance varPoisson from
the observed total variance vartot in the depth profile yields the remaining
variance due to variability with depth varz. The Look@NanoSIMS depth profile
batch processing routine generates output in the form of a table in which these
variances are presented as the respective standard deviations, SDtot, SDPoisson,
and SDz.

Furthermore, Look@NanoSIMS generates graphical output in the form of
depth profile plots and a summary plot. In the generated depth profile plots,
the depth profiles of two elements and their ratio are displayed for the first
maximum 9 ROIs defined in an image (Figure 6.20). Instead of the first 9 ROIs,
also a max of 9 ROIs of a certain ROI class can be selected. The coefficient of
variance (CV) of the depth profile and the relative contribution of the variance
due to depth to the total variance are displayed in the graph title for each
displayed ROI (Figure 6.20). Note that the total coefficient of variation is
linked to the depth-related coefficient of variation via a squared relationship:
SDz

2 = SDtot
2 − SDPoisson

2. Thus take care that, taken as an example the lower
most left panel of Figure 6.20, it cannot be deducted that 7 % of the coefficient
of variation (5.9 %) is due to depth. Rather, when the percentage in parenthesis
(z: x%) is small, variation due to depth is small and the majority of the variability
expressed by CV is due to Poisson statistics.

The generated summary plot contains two rows of panels for each elemental
ratio (Figure 6.21). In the upper row, the panels show the mean of each ROI
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Figure 6.20: Graphical output of the depth profile batch processing routine in the
Look@NanoSIMS software. Depth profiles for 23Na (green dots), 44Ca (blue dots) and
23Na/44Ca ratio (red lines) in the coccolith ROIs of file 2018-06-15-COCCOS_6 (sample C1,
see Chapter 3). The title of each panel indicates the ROI number, ROI classification in para-
theses (in this case c for coccolith), as well as the coefficient of variance (CVtot) and the relative
variance due to depth (varz/vartot).

with whiskers extending ±
(
SDtot = √vartot

)
, while the rectangles around the

mean display ±SDz. In the lower row, the panels show the coefficient of variation
due to depth, i.e. the CV over the depth profile, corrected for the theoretical
variability due to the Poisson-distribution of the counts.

In the example above (Figures 6.20 and 6.21), the coccolith with ROI num-
ber 17 (lower right panel in Figure 6.20) was rejected from further analyses. In
comparison with the other coccolith ROIs of that particular image, this one exib-
ited a total CV of 16.7 %, higher than those of the other coccoliths (5.9–9.7 %).
Furthermore, in the coccolith with ROI number 17, the contribution of the
Poisson-corrected variability with depth to the total variability with depth was
36 %, opposed to 0–9 % in the other coccoliths. A larger overall variability along
depth (CVtot) in ROI number 17 is also apparent in the other ion count ratios
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Figure 6.21: Screenshot of the graphical output of the depth profile batch processing routine
in the Look@NanoSIMS software. Upper panels: mean of El/Ca in coccolith ROIs of file
2018-06-15-COCCOS_6 with error bars depicting ±SDtot and rectangles depicting ±SDz .
Lower panels: coefficient of variation due to variance with depth CVz . The ROIs displayed in
Figure 6.20 are given continuous indices along the x-axis here, i.e. the 6th point corresponds
to the 6th ROI displayed in Figure 6.20, which is in this particular case ROI number 17 of
the respective image file (2018-06-15-COCCOS_6).

(upper panels in Figure 6.21). Hence, using the depth profile batch processing
routine, a criterion for rejection of certain image regions can be based on one or
several elemental ratios. The output tables and graphs presented here by way of
example for the Na/Ca ratio, are generated by the software for each specified
ion count ratio.

6.3.4 Conditional selection of pixels for accumulation

When imaging small and thin samples, it is possible that thin structures of a
sample are ablated completely before thicker structures are (Figure 6.18). As a
result, the lateral extent of a ROI within an image changes with depth. In such
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a case, contamination from surfaces of the sample and also from underneath the
sample can contribute to the ion count ratio data obtained within a ROI, which
is based on the lateral extent of the sample at the start of the measurement.
This is of particular interest when analyzing coccoliths, because of their distinct
micro-architecture. On coccoliths, contamination in the form of precipitated or
adsorbed salts as well as organics can be located in locations, such as in between
the distal and proximal shield elements (for illustration, see Figure 3.2), where it
cannot easily be excluded by conventional drawing of ROIs. Such a contribution
of contamination from sample surfaces and also from underneath the sample can
be excluded via plane-by-plane conditional pixel selection, a procedure explained
in this section.

As an example, data obtained on E. huxleyi coccoliths on polycarbonate
filters with the O– source are presented, where Na, K, Mg, Ca, Sr and Ba
were determined. Measuring Na and K in coccoliths is a challenge because both
elements are present in seawater in much higher concentrations than expected
in coccolith calcite. Potential contamination can be located 1) adjacent to the
coccolith, 2) on top or underneath the coccolith, or 3) in spatially distinct
locatios in between structures of the coccolith itself, for instance, between the
distal and proximal shield elements. For the first case, contamination is excluded
from the data by means of chosing the lateral dimensions of the ROI based on
visual inhomogeneities observed on the accumulated images (Section 6.3.2). In
the example, this would be mean excluding areas with higher Mg, Na, and Ba
intensities from coccolith ROIs. For the second case, contamination is excluded
by removing those planes from the data analysis, which exhibit strong depth
trends (Section 6.3.3). Finally, for the last case, conditional selection of pixels
has been developed and implemented into Look@NanoSIMS.

Conditional selection of individual pixels plane by plane is based on the
following considerations. First, the contaminant needs to differ from the sample
in its major composition concerning at least one chemical element. This is
required to be able to distinguish between locations containing the sample,
and such locations not containing sample. Second, it is assumed, that in a
location where the contaminant is detected, we do not measure the chemical
element representing the sample in relevant amounts. The processing scheme is
implemented in such a way, that each pixel falling within a defined ROI, which is
part of a plane being selected for accumulation, is accepted or rejected from the
data anlysis based on pre-defined conditions. The complete workflow is visualized
in Figure 6.22.

In our example of contamination on coccoliths, we assume that we detect Ca
in those pixels, where calcite is located, while Ca is not detected in locations of
contamination. Therefore, the pre-defined condition for the selection or rejection
of individual pixels is the detection of Ca–yes or no. This way, for instance,
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Figure 6.22: Scheme of NanoSIMS image data consisting of a stack of image planes. Illus-
tration of data processing steps including conditional selection of individual pixels in each
plane or stack of n planes.

sub-regions within a ROI where the sample has already been sputtered away
(Figure 6.18), can be excluded from data analysis, while those sub-regions, where
the sample is still present, are taken into account.

However, as we deal with very low mean 44Ca count rates in coccolith ROIs
of e.g. 2 plane−1 pixel−1, there is a significant chance that pixels in which Ca
counts were zero, are falsely removed due to the inherent Poisson distribution of
counts. The probability to count zero is 13.5 % for a mean of 2, and decreases
to <1 % for a mean > 4 (Figure 6.23 for illustration). Hence the ion counts
per pixel need to be increased to prevent the removal of false-0 pixels. The
ion counts per pixel could in principle be increased by applying a higher beam
current to enhance secondary ion yield. However, this is not an option as it
results in a loss of spatial resolution. Another way to increase the ion counts per
pixel is to process image planes in stacks of several planes at once. For instance,
from an image consisting of 15 measurement planes, three stacks of five planes
each can be made (Figure 6.22). In each stack, the mean per pixel has thus
increased five-fold, with loss of spatial resolution with depth, but no loss in
lateral direction. The data set of stacked planes can subsequently be treated
as if it was an image consisting of three planes. As stacking planes results in
partial loss of the depth information, the number of planes to be stacked should
be carefully chosen. Ideally, the number of stacked planes is as low as possible to
decrease the probability of false decisions in the condition to a negligible extent.

For the coccolith measurements, the data were processed in stacks of five
planes at a time to increase the mean ion count rates in ROIs per plane to a
level, where the probability of falsely counting zero in a pixel becomes negligible.
From the resulting stacked data depth profiles, conditional selection of pixels for
accumulation was applied. Using the condition of Ca being present or absent,
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Figure 6.23: Density plot of Poisson distributed values for different means (λ).

only those pixels were selected for accumulation of the total counts within a ROI,
where Ca counts were above 0. Selectively only accumulating those pixels within
coccolith ROIs, in which Ca was detected, lead to lower El/Ca ratios, while
the relative differences in El/Ca between samples of coccoliths, thus the overall
pattern of El/Ca ratios remained the same. The coefficient of variation (CV) of
the El/Ca ratios in coccoliths per sample (i.e. the within-sample variability) was
slightly reduced, while the overall pattern remained. This means that samples
where a certain El/Ca ratio had a relatively high coefficient of variation before
the conditional pixel selection also had a high CV after conditional pixel selection,
compared to other samples.

As this procedure reduces the variability within samples, it improves the
precision of measuring El/Ca ratios in coccoliths. Since we also observed a shift
in El/Ca ratios towards lower values, we propose that conditional selection of
pixels succeeds in removing potential contamination from locations where we did
not detect coccolith calcite. Thus, also the accuracy of the obtained ion count
ratios is improved.

6.3.5 Going quantitative

Ion count ratios do not bear information about actual concentrations, due to, for
instance, differences in ionization efficiency and matrix-dependent and instrument-
dependent elemental fractionation. Therefore, quantitative measurements with
SIMS require homogeneous and well characterized reference materials (e.g., Dyar
et al., 2001). This prerequisite is one of the major challenges in quantitative SIMS
analyses in general (Boxer et al., 2009; Shimizu, 2019). It has been shown that
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reference materials that are certified homogeneous for bulk analytical techniques
show element-specific and isotopic heterogeneities on the micron to sub-micron-
scale (Ishimura et al., 2008; Dyar et al., 2001; Kane et al., 2003; Gabitov et al.,
2013).

Ideally, NanoSIMS ion count ratios are calibrated with matrix-matched
standards that are measured along with the samples in each session. For the
most commonly determined minor and trace elements in carbonates, Mg/Ca,
Sr/Ca and Ba/Ca, standards with well-known El/Ca content are available.
Often, NanoSIMS El/Ca ratios in carbonates are reported as calibrated values
(Sano et al., 2005; Kunioka et al., 2006; Meibom et al., 2007; Hori et al., 2015,
2018). The heterogeneity of the available standards is thereby propagated to the
calibrated El/Ca ratios.

During this PhD project, minor elements were investigated for which com-
mercially available carbonate standards are not certified in the elemental content,
such as Na, K and Cl. The attempt to produce homogeneous synthetic calcites
of known elemental composition resulted in Chapter 2 of this thesis. The multi-
granular synthetic calcites CalUUa and CalUUb were extensively characterized
across different scales, and were homogeneous within analytical precision on
a sub-micron scale within single grains with respect to Mg/Ca and Ba/Ca
(Chapter 2). Subsequently, we used these synthetic calcites to calibrate coccolith
NanoSIMS ion count ratios to molar El/Ca ratios (Chapter 3).

6.3.5.1 Internal calibration of foraminiferal El/Ca ratios

When working with foraminifera, it is possible to calibrate NanoSIMS ion count
ratio data directly with the LA-ICP-MS data of the same individual specimens
(Geerken et al., 2019). This requires to perform the LA-ICP-MS analyses on the
specimen before preparation for NanoSIMS analyses, i.e. before embedding. The
rotaliid foraminifera (A. lessonii and A. tepida) investigated in Chapter 5 had
been analysed with LA-ICP-MS prior to embedding. Calibration relations were
obtained by regressing the NanoSIMS data of representative areas of cross-sected
shell walls onto the LA-ICP-MS data (Figure 6.24). These calibration slopes are
one to two orders of magnitude different from those obtained on the synthetic
calcites CalUUa and CalUUb (Table 6.2, and Table 2.2).
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Figure 6.24: Calibration curves for NanoSIMS El/Ca ratios in individual foraminifera. The
black solid line is the geometric mean functional relationship (GMFR), calculated from the
ordinary least squares (OLS) regression of NanoSIMS on LA-ICP-MS data and the reciprocal
of the OLS regression of LA-ICP-MS on NanoSIMS data. The two OLS regression lines are
depicted in gray dotted lines and are only visibly different from the GMFR for the Na/Ca
and Mg/Ca calibration. Statistical significance is given for all three relations (p < 0.01).

These differences may be explained by analytical fractionation, caused by
different instrument settings, analytical sessions, pre-sputtering times, even by
differences of the sample holder geometry, i.e. the extraction lens–sample distance,
which all are known to affect calibrations of NanoSIMS data (Gabitov et al.,
2013). However, these variations are reported to cause a much smaller change
than the observed differences in calibration paramters between foraminifera and
synthetic CalUU calcites. For instance, the influence of sample holder geometry
on the calibration slope of Mg/Ca in inorganic calcites is in the range of ±20 %
(Gabitov et al., 2013). Furthermore, the calibration relations obtained on the
synthetic CalUU calcites are in the same order of magnitude as calibration
relations reported in the literature, when translated to the same ion count ratio.
This is rather remarkable, as instrument settings have been different in terms
of spot versus area measurements and objective currents in the nA-range vs.
pA-range (see Chapter 2).

Table 6.2: Calibration parameters obtained from geometric mean
regression of LA-ICP-MS molar ratio data and NanoSIMS ion count
ratios on individual foraminifera (specimen of Chapter 5).

element ratio isotope ratio slope* R2**

Na/Ca 23Na/44Ca 0.28± 0.03 0.83
Mg/Ca 24Mg/44Ca 0.026± 0.002 0.90
Sr/Ca 88Sr/44Ca 0.0241± 0.0007 0.99

* Values are given as the slope ± 1 SE of the slope.
** For all relations, p < 0.01.
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Another factor influencing secondary ion yield, and thereby also calibration
relations, are matrix effects. We can only speculate to this date, that the differ-
ences of the calibration parameters of synthetic calcites and foraminifera may
be influenced by the different matrices of the materials: the synthetic calcites
are structurally and chemically calcite crystals, while biogenic calcite like fo-
raminiferal shells contain organic molecules, which serve as nucleation sites for
the organisms to precipitate their shells (rotaliid foraminifera) or hold together
an assembly of individual miniscule calcite needles that make up the shells
(miliolid foraminifera). The observed difference in calibration slopes poses the
question whether inorganic calcites should be used as standards to calibrate
NanoSIMS data of biogenic calcites.
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Summary

Climate change is one of the major challenges of our time. Human induced
increase in atmospheric CO2 will, without the effort to decrease carbon emissions
world-wide, likely lead to a global mean surface temperature rise exceeding 1.5 ◦C
by the end of the 21st century compared to pre-industrial times. The impact
of climate change is global in scope and unprecedented in human history: the
rising sea level increases the risk of catastrophic flooding, while changing weather
patterns threaten food security, and a warming and acidifying ocean challenges
marine life and ultimately all life depending on it.

The Earth System is a complex interplay of the biosphere, atmosphere,
hydrosphere, cryosphere and lithosphere, where perturbations cause interactions
and feedbacks that can span timescales much longer than a human’s lifetime.
In order to mitigate climate change, we rely on model simulations of the Earth
System. Climate models integrate our understanding of the physical, chemical
and biological processes driving the Earth System, and observations of past
climate variations are critical in validating and extending these models further.
As the historical record of direct observations goes back only a short amount of
time, climate modelers largely depend on indirect observations of the climate
further back in time. Such indirect observations can be made by making use of
proxies: chemical or isotopic signatures of old materials we can measure today,
of which a relationship with environmental parameters has been established.

Marine sediments provide long and largely undisturbed archives of the past.
Therefore, a large part of the reconstructions of past climate are based on proxies
recorded in marine sediments. These proxies make use of fossil species assemblages,
biomarkers (organic molecules), and, in many cases, inorganic chemical signatures
such as the bulk trace element content of marine sediments or of fossil shells
of marine calcifiers. Marine carbonate-rich sediments are abundant in today’s
oceans. They are made up for a large part of the shells of pelagic calcifiers. Of
these, foraminifera and coccolithophores, unicellular plankton ubiquitous in the
oceans, are responsible for the largest carbonate export from the surface ocean
to the sea floor.
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A suite of inorganic chemical proxies based on marine carbonates has been
developed and applied throughout the last decades. Next to foraminiferal calcite,
which most of these proxies are based on, also coral skeletons and coccoliths, the
calcite scales of coccolithophores, are used. The proxies are based on empirical
relationships determined from core-top or culture calibrations. However, all
estimates based on proxies are burdened with uncertainties, not in the least
because interactions between multiple environmental factors and biological
processes, the so-called vital effects, influence the proxy signal. Besides differences
between species, there is also large variability among specimens of the same
species. Furthermore, within the skeletons of single specimens, there is variability
in the distribution of elements on a sub-micron scale. This variability, and in
particular the micro-scale variability in the distribution of minor and trace
elements within the calcite shells of foraminifera and skeletons of corals, gave rise
to critical questions about how and why proxies work. Answering these questions,
i.e., understanding of the fundamental controls of biomineralization and thereby
the underlying mechanisms of proxies, thus the how and why proxies actually
work, is presently of large interest in the scientific community.

There are numerous analytical techniques to investigate the minor and trace
element composition of carbonates, and each type of analysis comes with certain
advantages and disadvantages. Sample size can be a major criterion to select
one or another technique. Marine carbonate sample sizes range over scales from
millimeter to centimeter-sized parts of organisms such as corals or bivalves, via
hand-picked sets of (mostly) micrometer-sized individual shells of foraminifera,
to typically < 25 µm sized coccoliths. When it comes to small sample sizes
as is the case for coccoliths, solution-based techniques, such as inductively-
coupled plasma optic emission spectroscopy (ICP-OES), are at their limits: in
the case of environmental samples, the large sample requirements of solution-
based techniques are often unrealistic. Therefore, sediment size fractions (from
cores as well as sediment traps) are used, which often also contain other minerals
or organics that are difficult to separate. Another issue of using small-sized
samples in bulk techniques is the high surface-to-volume ratio, which results in a
high potential surface contamination and requires substantial chemical cleaning.

A possible alternative method that can overcome these issues is NanoSIMS,
which provides several important advantages: (1) high spatial resolution, which
is sufficient to resolve small samples, such as coccoliths, in considerable detail;
(2) high mass resolution, which is sufficient to gain data largely free of isobaric
interferences; and (3) the capability to collect data as images, which enables one
to selectively choose uncontaminated sample areas for investigation. Therefore,
NanoSIMS is the analytical technique of choice in this thesis. As this technique
is expensive in both time and money, we use it in this thesis not to establish
analytical routines to construct proxy records, but rather to investigate, with
a sub-micrometer resolution, the distribution of minor and trace elements in
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marine carbonates to enhance our understanding of paleoceanographic proxies
based on coccoliths and foraminiferal calcite.

Chapter 1 provides the background and motivation of this thesis. Further-
more, it introduces the analytical technique of choice in this thesis: NanoSIMS.

Chapter 2 describes our attempt to produce homogeneous synthetic calcites
that could be used as standards for the calibration of NanoSIMS measurements
in calcites. Synthetic calcites were produced by sintering at high temperature
and pressure, using dehydrated nano-powders of amorphous calcium carbonate
precipitated from solutions spiked with Mg and Sr as precursors. This enabled
us to achieve minor and trace element contents in the range relevant for biogenic
calcites used in paleoceanographic proxy studies. We present NanoSIMS data
showing the spatial variability of Na, Al, K, Mg, Sr and Ba in these synthetic
calcites, and assess their applicability as standards for calibrating NanoSIMS
measurements of calcites.

In Chapter 3, we took up the challenge to image single coccoliths for their
minor and trace element distribution with NanoSIMS. Na, K, Mg, Sr and Ba
were imaged in a series of recent individual Emiliania huxleyi coccoliths from
the field as well as from culturing experiments, where we varied salinity and
alkalinity separately while keeping other environmental parameters constant. We
found large within sample variability of the El/Ca ratios as well as significant
differences in Na/Ca and K/Ca in different samples of E. huxleyi coccoliths
from the field and from culture experiments. However, a causal or mechanistic
relationship between environmental parameters and coccolith Na/Ca or K/Ca is
presently unclear.

In Chapter 4, we used NanoSIMS to investigate, for the first time, the
distribution of Cl and F within shell walls of four benthic species of foraminifera.
In the rotaliid species Ammonia tepida and Amphistegina lessonii Cl and F
were highly heterogeneous and correlated within the shell walls, forming bands
that were co-located with the banded distribution of phosphorus. In the miliolid
species Sorites marginalis and Archaias angulatus the distribution of Cl and F
was much more homogeneous with no discernible bands. We suggest that in the
rotaliid species Cl and F are predominately associated with organic linings, as
both elements correlate spatially with P. We further propose that in the miliolid
species Cl may be incorporated as a solid solution of chlorapatite or associated
with organic molecules in the calcite, as Cl is co-located with P. The high F
content together with the lack of correlation between F and Cl or P in the
miliolid foraminifera suggests a different incorporation mechanism for F. Overall,
our data clearly show that the calcification pathway employed by the studied
foraminifera governs the incorporation and distribution of Cl, F, P and other
elements in their calcite shells.
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Chapter 5 investigates the spatial distributions of Mg, Sr, Na, K, S, P
and N within chamber walls of two benthic foraminiferal species (Amphistegina
lessonii and Ammonia tepida), which were cultured at different salinities and
temperatures. The elements Mg, Sr, Na and K are co-located within shells,
and occur in bands that coincide with organic linings but extend further into
the calcite lamella. Variability between specimen is not explained by specimen-
specific element banding patterns (i.e., independent changes in peak and trough
height) within the shell walls. Rather, peak and trough heights in the elemental
banding pattern co-vary while changes in temperature and salinity influence
the absolute element content as a whole. These results are used to evaluate and
synthesize models of underlying mechanisms responsible for trace and minor
element partitioning during calcification in foraminifera.

Chapter 6 provides a summary of our experience gained during the course
of this PhD project when working with different types of carbonate samples
including inorganic calcites, foraminifera and coccoliths. It is an informal collec-
tion of practical recommendations covering diverse topics ranging from sample
preparation to NanoSIMS measurements and data processing.

Overall, this thesis emphasizes the importance of micro-scale measurements
for gaining insights into the mechanisms involved in marine calcification and the
concomitant incorporation of minor and trace elements into marine carbonates.
Getting a handle on the underlying mechanisms of calcification improves the
reliability of paleoceanographic proxies and will thus potentially help to advance
our understanding of the climate system as a whole. Not only have we conducted
pilot studies whether additional, not yet investigated elements such as Na in
coccoliths, or Cl in foraminifera, may potentially serve as new paleo proxies, this
thesis also highlights the necessity in scrutinizing analytical procedures with
highly-sensitive instruments such as the NanoSIMS.
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Samenvatting

Klimaatverandering is een van de grootste uitdagingen van onze tijd. De door de
mens veroorzaakte toename van de atmosferische CO2 zal, zonder inspanningen
om de koolstofuitstoot wereldwijd te verminderen, waarschijnlijk leiden tot een
gemiddelde stijging van de mondiale oppervlaktetemperatuur van meer dan
1.5 ◦C aan het einde van de 21ste eeuw in vergelijking met de pre-industriële tijd.
De impact van de klimaatverandering is mondiaal van omvang en ongekend in
de menselijke geschiedenis. De stijging van de zeespiegel verhoogt het risico van
catastrofale overstromingen, terwijl veranderende weerspatronen de voedselze-
kerheid bedreigen. Bovendien wordt de oceaan zowel warmer als zuurder en dit
bedreigt zowel het leven in zee als al het leven dat hiervan afhankelijk is.

Het systeem Aarde is een complex samenspel van de biosfeer, de atmosfeer,
de hydrosfeer, de cryosfeer en de lithosfeer, waar verstoringen interacties en te-
rugkoppelingen veroorzaken waarvan de effecten veel langer dan een mensenleven
kunnen voortduren. Om maatregelen te kunnen nemen die de gevolgen van de
klimaatverandering beperken, vertrouwen we op modelsimulaties. Klimaatmodel-
len integreren ons begrip van de fysische, chemische en biologische processen die
het systeem Aarde bepalen. Daarbij zijn observaties van klimaatveranderingen
uit het verleden van cruciaal belang om deze modellen te valideren en uit te
breiden. Aangezien de historische registratie van directe waarnemingen slechts
een korte tijd teruggaat, zijn klimaatmodellen grotendeels afhankelijk van indi-
recte waarnemingen van het klimaat verder terug in de tijd. Dergelijke indirecte
waarnemingen kunnen worden gedaan door gebruik te maken van proxies: de
chemische of isotopische samenstelling van oude materialen die we vandaag de
dag kunnen meten en waarvan een verband met milieuparameters is vastgesteld.

De zeebodem levert lange en grotendeels ongestoorde archieven uit het verle-
den op. Daarom is een groot deel van de reconstructies van het klimaat in het
verleden gebaseerd op proxies die in mariene sedimenten bewaard zijn. Deze
proxies maken gebruik van verzamelingen van fossiele soorten, biomarkers (orga-
nische moleculen) en, in veel gevallen, de anorganische chemische samenstelling
zoals het gehalte aan sporenelementen van mariene sedimenten of van fossiele
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schelpen van mariene kalkvormers. Mariene carbonaatrijke sedimenten zijn over-
vloedig aanwezig in de huidige oceanen. Ze bestaan voor een groot deel uit de
schelpen van pelagische kalkvormers. Foraminiferen en coccolithoforen, eencellig
plankton dat alomtegenwoordig is in de oceanen, zijn verantwoordelijk voor
het grootste gedeelte van de export van carbonaten van de oppervlakte van de
oceaan naar de zeebodem.

In de laatste decennia is een reeks anorganische chemische proxies op basis van
mariene carbonaten ontwikkeld en toegepast. Naast schelpen van foraminiferen,
waarop de meeste van deze proxies gebaseerd zijn, worden ook koraalskeletten
en coccolieten, de kalkplaatjes van coccolithoforen, gebruikt. De proxies zijn
gebaseerd op empirische relaties die bepaald worden op basis van kalibraties met
recente zeebodems uit boorkernen of gekweekte kalkvormers. Alle schattingen op
basis van proxies zijn echter belast met onzekerheden, niet in de laatste plaats
omdat interacties tussen meerdere omgevingsfactoren en biologische processen,
de zogenaamde vitale effecten, het proxysignaal beïnvloeden. Naast verschillen
tussen soorten zijn er ook grote verschillen tussen individuen van dezelfde soort.
Bovendien is er binnen de schelpen of skeletten van individuen variabiliteit in
de verdeling van elementen op een schaal kleiner dan een duizendste millimeter
(microschaal). Deze variabiliteit, en in het bijzonder de variabiliteit op microschaal
in de verdeling van weinig voorkomende en sporenelementen in de calcietschelpen
van foraminiferen en in de skeletten van koralen, gaf aanleiding tot kritische
vragen over hoe en waarom proxies eigenlijk werken. Voor het beantwoorden
van deze vragen, d.w.z. het begrijpen van de fundamentele mechanismen van
biomineralisatie en het effect hiervan op proxies, en dus de context hoe en
waarom proxies daadwerkelijk werken, is momenteel veel belangstelling in de
wetenschappelijke gemeenschap.

Er bestaan tal van analysetechnieken om de weinig voorkomende en spo-
renelementensamenstelling van carbonaten te onderzoeken, waarbij elk type
analyse bepaalde voor- en nadelen met zich mee brengt. De grootte van het
monster kan een belangrijk criterium zijn om een bepaalde techniek te gebrui-
ken. De grootte van de mariene carbonaatmonsters variëert van millimeter- tot
centimetergrote stukken van organismen zoals koralen of tweekleppigen, via
met de hand verzamelde (meestal) micrometergrote individuele schelpen van
foraminiferen, tot coccolieten met een typisch formaat van < 25 µm. Als het
gaat om kleine monsters zoals het geval is voor coccolieten, zijn technieken
waarbij het monster volledig wordt opgelost, zoals inductief gekoppelde optische
plasmaspectroscopie (ICP-OES), gelimiteerd: in het geval van milieumonsters
zijn de grote monstervereisten van deze technieken vaak onrealistisch. Daarom
worden sedimentgroottefracties (zowel van boorkernen als van sedimentvallen)
gebruikt. Helaas bevatten deze vaak ook andere mineralen of organische stoffen
die moeilijk van elkaar te scheiden zijn. Een ander probleem van het gebruik van
kleine monsters in bulktechnieken is de hoge oppervlakte-tot-volume verhouding,
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die resulteert in een hoge potentiële oppervlaktebesmetting, wat wederom een
aanzienlijke chemische reiniging vereist.

Een mogelijke alternatieve analytische techniek die deze problemen kan
oplossen is secundaire ionen massaspektrometrie op nanoschaal (NanoSIMS),
wat een aantal belangrijke voordelen biedt: (1) een hoge ruimtelijke resolutie, die
voldoende is om, bijvoorbeeld, één coccoliet voldoende af te beelden; (2) een hoge
massaresolutie, die voldoende is om gegevens te verkrijgen die grotendeels vrij zijn
van isobarische interferenties; en (3) de mogelijkheid om gegevens te verzamelen
in de vorm van beelden, die het mogelijk maken om niet-verontreinigde gebieden
van een monster voor het onderzoek te kiezen. Om deze redenen is NanoSIMS dé
analysetechniek bij uitstek in dit proefschrift. Aangezien deze techniek duur is in
zowel tijd als aanschaf en onderhoud, gebruiken we het in dit proefschrift niet om
analytische routines te ontwikkelen om proxy reeksen te construeren, maar om,
met een resolutie van minder dan een duizendste millimeter, de verdeling van
weinig voorkomende en sporenelementen in mariene carbonaten te onderzoeken.
Op deze manier verbeteren we ons begrip van paleoklimaatproxies gebaseerd op
kalk van coccolieten en foraminiferen.

In hoofdstuk 1 komt de achtergrond en motivatie van dit proefschrift aan
bod. Verder wordt NanoSIMS, de analysetechniek die in dit proefschrift de
voorkeur geniet, geïntroduceerd.

Hoofdstuk 2 beschrijft onze poging om homogene synthetische calcieten te
produceren die kunnen worden gebruikt als standaard voor de kalibratie van Na-
noSIMS metingen in calcieten. Synthetische calcieten werden geproduceerd door
gedehydrateerde nanopoeders van amorf calciumcarbonaat bij hoge temperatuur
en druk te sinteren. Het amorfe calciumcarbonaat was gemaakt door het laten
neerslaan uit verzadigde oplossingen met verschillende hoeveelheden toegevoegd
Mg en Sr. Dit stelde ons in staat om calcieten te produceren met gehaltes
van weinig voorkomende en sporenelementen die vergelijkbaar zijn met die van
biogene calcieten die in paleoceanografische proxy studies gebruikt worden. We
presenteren NanoSIMS data die de ruimtelijke variabiliteit van Na, Al, K, Mg, Sr
en Ba in deze synthetische calcieten laat zien, en beoordelen hun toepasbaarheid
als standaarden voor het kalibreren van NanoSIMS metingen van calcieten.

In hoofdstuk 3 gingen we de uitdaging aan om de verdeling van weinig
voorkomende en sporenelementen in individuële coccolieten met NanoSIMS in
beeld te brengen. Na, K, Mg, Sr en Ba werden afgebeeld in een reeks van recente
individuële Emiliania huxleyi coccolieten. Deze coccolieten waren zowel afkomstig
uit het veld als uit kweek-experimenten, waar het zoutgehalte en de alkaliteit
onafhankelijk van elkaar variëerd werd, terwijl andere parameters constant werden
gehouden. We vonden grote variabiliteit van de element-tot-calcium verhouding
(El/Ca) tussen individuële coccolithen binnen monsters, en significante verschillen
in de Na/Ca ratio en de K/Ca ratio tussen verschillende monsters van E. huxleyi
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coccolieten, zowel uit het veld als uit de kweek-experimenten. Een causaal of
mechanistisch verband tussen omgevingsparameters en de Na/Ca ratio of K/Ca
ratio van coccolieten werd echter niet gevonden.

In hoofdstuk 4 gebruikten we NanoSIMS om, voor het eerst, de verspreiding
van Cl en F binnen de schelpwanden van vier benthische soorten foraminiferen te
onderzoeken. In de rotaliide soorten Ammonia tepida en Amphistegina lessonii
was de verdeling van Cl en F zeer heterogeen in de vorm van banden met
een afwisselend hoger en lager gehalte. Deze verdeling binnen de schelpwanden
correleerde met de verdeling van fosfor. In de miliolide soorten Sorites marginalis
en Archaias angulatus was de verdeling van Cl en F veel homogener en waren er
geen banden te onderscheiden. We suggereren dat in de rotaliide soorten Cl en
F voornamelijk geassocieerd zijn met organische lagen, omdat beide elementen
ruimtelijk correleren met P. Daarnaast vermoeden wij dat in de miliolide soorten
Cl zou kunnen voorkomen als een solid solution van chloorapatiet in het calciet,
of geassocieerd zou kunnen zijn met organische moleculen in het calciet, omdat
Cl op dezelfde locaties voorkomt als P. Het hoge F-gehalte samen met het gebrek
aan correlatie tussen F en Cl of P in de miliolide foraminiferen suggereren een
ander mechanisme voor de inbouw van F. Over het geheel genomen tonen onze
data duidelijk aan dat de biomineralisatie van de bestudeerde foraminiferen de
inbouw en verdeling van Cl, F, P en andere elementen in hun calcietschelpen
bepaald.

Hoofdstuk 5 onderzoekt de ruimtelijke verdeling van Mg, Sr, Na, K, S, P
en N binnen de wanden van de kamers van twee soorten benthische foraminiferen
(Amphistegina lessonii en Ammonia tepida). Deze foraminiferen werden gekweekt
onder verschillende zoutgehaltes en temperaturen. De elementen Mg, Sr, Na en
K bevinden zich op dezelfde locaties in de schelpen, en vormen banden die qua
locatie samenvallen met organische lagen, maar die zich ook verder uitstrekken tot
in de kalklamellen. De variabiliteit tussen de monsters wordt niet verklaard door
veranderingen in de patronen van de elementverdeling (d.w.z., onafhankelijke
veranderingen in piek en dalhoogte) binnen de schelpwanden. De piekhoogte
en dalhoogte in het elementaire bandenpatroon zijn eerder bepaald door het
absolute elementgehalte, terwijl veranderingen in temperatuur en zoutgehalte
van invloed zijn op het absolute elementgehalte. Deze resultaten worden gebruikt
om modellen te evalueren en op te bouwen over de onderliggende mechanismen
die verantwoordelijk zijn voor de verdeling van sporen- en weinig voorkomende
elementen tijdens de kalkvorming in foraminiferen.

Hoofdstuk 6 geeft een samenvatting van de ervaringen opgedaan tijdens dit
doctoraatsproject betreffende het werken met verschillende soorten carbonaten,
waaronder anorganische calcieten, foraminiferen en coccolieten. Het is een infor-
mele verzameling van praktische aanbevelingen over uiteenlopende onderwerpen,
variërend van monstervoorbereiding tot NanoSIMS metingen en dataverwerking.
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Dit proefschrift benadrukt het belang van microschaalmetingen voor het
verkrijgen van inzicht in de mechanismen die betrokken zijn bij mariene kalk-
vorming en de daarmee gepaard gaande inbouw van weinig voorkomende en
sporenelementen in mariene carbonaten. Het beter begrijpen van de onderlig-
gende mechanismen van biomineralisatie verbetert de betrouwbaarheid van de
paleoklimatologische proxies en zal mogelijk bijdragen tot een beter begrip van
het klimaatsysteem in zijn geheel. Niet alleen werden er proefstudies uitgevoerd
om na te gaan of aanvullende, nog niet onderzochte elementen, zoals Na in coc-
colieten, of Cl in foraminiferen, mogelijk kunnen dienen als nieuwe paleoproxies,
maar deze dissertatie benadrukt ook de noodzaak om analytische procedures
met zeer gevoelige instrumenten zoals de NanoSIMS nauw te doorgronden en
door te ontwikkelen.
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Zusammenfassung

Der Klimawandel ist eine der größten Herausforderungen unserer Zeit. Der vom
Menschen induzierte Anstieg des atmosphärischen CO2 wird, ohne gemeinsame
Bemühungen die Kohlenstoffdioxidemissionen weltweit zu verringern, voraus-
sichtlich zu einem globalen Anstieg der Durchschnittstemperatur der erdnahen
Atmosphäre führen, der bis zum Ende des 21. Jahrhunderts im Vergleich zu
vorindustriellen Zeiten über 1.5 ◦C hinausgeht. Die Auswirkungen des Klimawan-
dels sind global und beispiellos in der Geschichte der Menschheit: Der steigende
Meeresspiegel erhöht das Risiko katastrophaler Überschwemmungen, während
veränderte Wetterbedingungen die Ernährungssicherheit gefährden, und ein wär-
merer und versauernder Ozean das Meeresleben und letztlich alles Leben, das
davon abhängt, vor große Herausforderungen stellt.

Das System Erde ist ein komplexes Zusammenspiel von Biosphäre, Atmo-
sphäre, Hydrosphäre, Kryosphäre und Lithosphäre, in dem Störungen Wechsel-
wirkungen und Rückkopplungen verursachen, die auf Zeitskalen stattfinden, die
viel länger als ein Menschenleben dauern können. Um geeignete Maßnahmen zu
finden, die die Folgen des Klimawandels erfolgreich abschwächen, sind möglichst
zuverlässige Modellsimulationen des Systems Erde erforderlich. Klimamodelle
integrieren unser Verständnis der physikalischen, chemischen und biologischen
Prozesse, die das Erdsystem antreiben. Hierbei sind Beobachtungen vergangener
Klimaschwankungen entscheidend für die Validierung und Erweiterung dieser
Modelle. Da die historische Aufzeichnung der direkten Beobachtungen nur kurze
Zeit zurückreicht, sind die Klimamodellierer weitgehend auf indirekte Beobach-
tungen des Klimas in der weiter zurückliegenden Vergangenheit angewiesen.
Solche indirekten Beobachtungen können unter Verwendung von Proxies gemacht
werden: chemische oder isotopische Signaturen von alten Materialien, die wir
heute messen können und von denen ein Zusammenhang mit Umweltparametern
bekannt ist.

Marine Sedimente bieten lange und weitgehend ungestörte Archive der Ver-
gangenheit. Daher basiert ein großer Teil der Rekonstruktionen des vergangenen
Klimas auf Proxies, die in marinen Sedimenten erfasst wurden. Diese Proxies
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basieren auf relativen Anteilen von Fossilien, Biomarkern (organischen Molekü-
len) und in vielen Fällen anorganischen chemischen Signaturen wie etwa dem
Gehalt an Neben- und Spurenelementen in marinen Sedimenten oder in fossilen
Schalen von marinen Kalkbildnern. Marine karbonatreiche Sedimente kommen
in den heutigen Ozeanen in weiten Teilen vor. Zu einem großen Teil bestehen
sie aus den Skeletten und Schalen von pelagischen Kalkbildnern. Von diesen
sind Foraminiferen und Coccolithophoren, einzelliges Plankton, die in den Ozea-
nen allgegenwärtig sind, für den größten Karbonat-Transport von den obersten
Wasserschichten zum Ozeanboden verantwortlich.

In den letzten Jahrzehnten wurde eine Reihe von anorganisch-chemischen
Proxies auf Basis mariner Karbonate entwickelt und angewendet. Neben dem
Foraminiferenkalzit, auf dem die meisten dieser Proxies basieren, werden auch
Korallenskelette und Coccolithen, die Kalzitschuppen von Coccolithophoren,
verwendet. Die Proxies basieren auf empirischen Beziehungen, die mittels Ka-
librierungen von Proben oberflächlichen Seebodens aus Bohrkernen oder von
kultivierten Kalkbildnern ermittelt wurden. Allerdings sind alle Rekonstruktio-
nen, die auf Proxies basieren, mit Unsicherheiten behaftet, nicht zuletzt deshalb,
weil Wechselwirkungen zwischen mehreren Umweltfaktoren und biologischen
Prozessen, die sogenannten vital effects, das Proxy-Signal beeinflussen. Neben
Unterschieden zwischen verschiedenen Arten gibt es auch große Unterschiede
zwischen Individuen derselben Art. Darüber hinaus ist die Verteilung der Elemen-
te innerhalb der Skelette von Einzelproben im Submikrometerbereich variabel.
Diese Variabilität, insbesondere die mikroskalige Variabilität der Verteilung von
Neben- und Spurenelementen innerhalb der Kalkschalen von Foraminiferen und
Korallenskeletten, wirft Fragen auf, wie und warum Proxies funktionieren. Die
Beantwortung dieser Fragen, d.h. das Verständnis welche Umstände die Kalkbil-
dung und damit die zugrunde liegenden Mechanismen von Proxies beeinflussen,
also das wie und warum Proxies tatsächlich funktionieren, ist derzeit von großem
Interesse innerhalb der wissenschaftlichen Gemeinschaft.

Es gibt zahlreiche analytische Techniken, um den Gehalt der Neben- und
Spurenelemente von Karbonaten zu untersuchen. Hierbei bringt jede Art der
Analyse gewisse Vor- und Nachteile mit sich. Die mögliche Größe oder Masse
einer Probe kann ein wesentliches Kriterium für die Auswahl einer bestimmten
Technik sein. Die Probengrößen von Meereskarbonaten reichen über Skalen von
millimeter- bis zentimetergroßen Stücken von Organismen wie Korallen oder
Muscheln, über handverlesene Sätze von (meist) mikrometergroßen einzelnen
Schalen von Foraminiferen bis hin zu Coccolithen, die typischerweise kleiner
als 25 µm sind. Bei kleinen Probengrößen wie bei Coccolithen stoßen Techni-
ken, bei denen Feststoffe komplett aufgeschlossen werden, wie zum Beispiel die
Massenspektrometrie mit induktiv gekoppeltem Plasma (ICP-OES), an ihre
Grenzen: Bei Umweltproben sind die großen Probenanforderungen dieser Tech-
niken oft unrealistisch. Daher werden Sedimentgrößenfraktionen (sowohl aus
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Bohrkernen als auch aus Sedimentfallen) verwendet. Allerdings enhalten diese oft
auch andere schwer zu scheidende Mineralien oder organische Stoffe. Ein weiteres
Problem bei der Analyse kleiner Proben bei lösungsbasierten Anwendungen
ist das hohe Oberflächen-Volumen-Verhältnis, das mit einer potenziell hohen
Oberflächenkontamination einhergeht und eine erhebliche chemische Reinigung
erfordert.

Eine mögliche alternative Methode, die diese Probleme überwinden kann,
ist NanoSIMS, das mehrere wichtige Vorteile bietet: (1) eine hohe räumliche
Auflösung, die ausreicht, um ein Coccolith ausreichend detailgetreu abzubilden;
(2) eine hohe Massenauflösung, die ausreicht, um Daten zu gewinnen, die weitge-
hend frei von isobaren Interferenzen sind; und (3) die Fähigkeit, Daten in Form
von Abbildungen zu sammeln, die es ermöglichen selektiv nicht-verunreinigte
Probenbereiche auszuwählen. Daher ist NanoSIMS die analytische Technik der
Wahl in dieser Arbeit. Da diese Technik zeit- und kostenintensiv ist, verwen-
den wir sie in dieser Arbeit nicht, um analytische Routinen zur Erstellung von
Proxy-Records zu etablieren, sondern um mit einer Submikrometer-Auflösung
die Verteilung von Neben- und Spurenelementen in marinen Karbonaten zu
untersuchen, um unser Verständnis von paläoozeanographischen Proxies auf der
Basis von Coccolithen und Foraminiferen zu verbessern.

Kapitel 1 beinhaltet den Hintergrund und die Motivation dieser Dissertation.
Darüber hinaus wird NanoSIMS, die analytische Technik der Wahl in dieser
Arbeit, vorgestellt und erläutert.

Kapitel 2 beschreibt den Versuch, homogene synthetische Kalzite herzustel-
len, die als Standards für die Kalibrierung von NanoSIMS-Messungen in Kalziten
verwendet werden können. Synthetische Kalzite wurden durch Sintern bei hoher
Temperatur und hohem Druck unter Verwendung von dehydrierten Nanopulvern
aus amorphem Kalziumkarbonat als Vorläufer hergestellt, das aus mit Mg und
Sr versetzten Lösungen ausgefällt wurde. Dadurch konnten wir Gehalte von
Neben- und Spurenelementen im für biogene Kalzite relevanten Bereich erreichen.
Wir präsentieren NanoSIMS-Daten, die die räumliche Variabilität von Na, Al,
K, Mg, Sr und Ba in diesen synthetischen Kalziten zeigen, und bewerten ihre
Anwendbarkeit als Standards für die Kalibrierung von NanoSIMS-Messungen
von Kalziten.

In Kapitel 3 haben wir uns der Herausforderung gestellt, die Verteilung von
Neben- und Spurenelementen in einzelnen Coccolithen mit NanoSIMS abzubilden.
Na, K, Mg, Sr und Ba wurden in einer Reihe von rezenten individuellen Emiliania
huxleyi Coccolithen analysiert, welche sowohl aus Umweltproben, als auch von
Kultivierungsexperimenten stammten. In den Kulturexperimenten wurden der
Salzgehalt und die Alkalität des Mediums getrennt voneinander variiert und dabei
andere Umgebungsparameter konstant gehalten. Wir fanden große Unterschiede
in der Variabilität der Element-zu-Kalzium-Verhältnisse innerhalb der Proben,
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sowie signifikante Unterschiede in Na/Ca und K/Ca in verschiedenen Proben
von E. huxleyi Coccolithen aus dem Feld und aus Kulturexperimenten. Ein
kausaler oder mechanistischer Zusammenhang zwischen Umweltparametern und
Coccolith Na/Ca oder K/Ca ist jedoch derzeit unklar.

In Kapitel 4 haben wir mit NanoSIMS erstmals die Verteilung von Cl
und F innerhalb der Kammerwände von vier benthischen Foraminiferenarten
untersucht. In den Rotaliidenarten Ammonia tepida und Amphistegina lessonii
waren sowohl Cl und F innerhalb der Kammerwände sehr heterogen verteilt
und bildeten Bänder aus, die räumlich mit der gebänderten Verteilung des
Phosphors übereinstimmten. In den milioliden Arten Sorites marginalis und
Archaias angulatus war die Verteilung von Cl und F viel homogener und ohne
erkennbare Bänderung. Wir nehmen an, dass Cl und F in den Rotaliidarten
überwiegend mit organischen Lagen assoziiert sind, da beide Elemente räumlich
mit P korrelieren. Wir nehmen weiterhin an, dass in den milioliden Arten Cl
als Mischkristall von Chlorapatit in Kalzit oder mit organischen Molekülen im
Kalzit assoziiert werden kann, da Cl mit P co-lokalisiert ist. Der hohe F-Gehalt
zusammen mit der Abwesenheit einer Korrelation zwischen F und Cl oder P in
den milioliden Foraminiferen deutet auf einen anderen Einbaumechanismus für
F hin. Insgesamt zeigen unsere Daten deutlich, dass der von den untersuchten
Foraminiferen verwendete Kalkbildungsmechanismus die Verteilung von Cl, F, P
und anderen Elementen in ihren Kalzitschalen steuert.

Kapitel 5 untersucht die räumlichen Verteilungen von Mg, Sr, Na, K, S, P
und N innerhalb der Kammerwände von zwei benthischen Foraminiferenarten
(Amphistegina lessonii und Ammonia tepida), die bei unterschiedlichen Salz-
gehalten und Temperaturen kultiviert wurden. Die Elemente Mg, Sr, Na und
K sind innerhalb der Schalen co-lokalisiert und treten in Bändern auf, die mit
organischen Lagen übereinstimmen, sich aber weiter in die Kalzitlamellen erstre-
cken. Die Variabilität zwischen den Proben kann nicht durch probenspezifische
Änderung der Muster der Elementbänder (d.h. unabhängige Änderungen der
Höhe der Berge und Täler des Bandmusters) innerhalb der Kammerwände erklärt
werden. Vielmehr variieren Berg- und Talhöhen des Bandmusters der Elemente
miteinander, während Temperatur- und Salzgehaltsänderungen den absoluten
Elementgehalt insgesamt beeinflussen. Anhand diese Ergebnisse werden verschie-
dene Modelle der zugrunde liegenden Mechanismen bewertet, welche versuchen
die Verteilung von Spuren- und Nebenelementen während der Kalkbildung in
Foraminiferen zu erklären.

Kapitel 6 fasst unsere Erfahrungen zusammen, die im Rahmen dieses Dis-
sertationsprojekts bei der Arbeit mit verschiedenen Arten von Karbonatproben
einschließlich anorganischer Kalzite, Foraminiferen und Coccolithen gesammelt
wurden. Es handelt sich um eine informelle Sammlung von praktischen Emp-
fehlungen zu verschiedenen Themen, die sich von Probenvorbereitung über
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NanoSIMS-Messungen bis hin zur Datenverarbeitung erstrecken.

Insgesamt betont diese Arbeit die Bedeutung von Messungen im Mikrome-
terbereich für die Gewinnung von Erkenntnissen über die Mechanismen der
marinen Kalkbildung und den damit einhergehenden Einbau von Neben- und
Spurenelementen in marine Karbonate. Das Verständnis der zugrunde liegenden
Mechanismen der Kalkbildung verbessert die Zuverlässigkeit paläoozeanogra-
phischer Proxies und wird so möglicherweise dazu beitragen, das Klimasystem
als Ganzes besser zu verstehen. Es wurden nicht nur Pilotstudien durchgeführt,
ob zusätzliche, noch nicht untersuchte Elemente wie etwa Na in Coccolithen
oder Cl in Foraminiferen potenziell als neue Paläoproxies dienen könnten; diese
Arbeit unterstreicht vielmehr auch die Notwendigkeit, analytische Verfahren mit
hochempfindlichen Instrumenten wie NanoSIMS kritisch zu hinterfragen und
weiter zu entwickeln.
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