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Chapter 1
Introduction and synopsis

1.1

The global silicon cycle

Silicon is the seventh-most-abundant element in the universe, and after oxygen the secondmost-abundant element in the Earth’s crust. Furthermore, biogenic silica (opal) is, after calcium
carbonate, the second most abundant mineral type formed by organisms (Brümmer, 2003). As such,
the global silicon (Si) cycle is an essential component of system Earth. It plays a critical role in
maintaining climatic stability on geological timescales by forming an important sink of atmospheric
CO2 through silicate weathering and carbon sequestration by diatoms (Walker, 1981; Berner et al.,
1983; Siever, 1992; Ragueneau et al., 2000; Frings et al., 2016; Conley et al., 2017). Moreover, the
organic carbon produced by siliceous phytoplankton acts as an important food resource and serves
as a base for marine food webs (Sarthou et al., 2005; Armbrust, 2009).
Silicon pools exist in solid (crystalline & amorphous) or dissolved forms in all reservoirs,
from extra-terrestrial to continental to oceanic. In aqueous environments, silicon often occurs
as dissolved silicic acid (Si(OH)4) (Iler, 1973), an essential nutrient for the production of siliceous
phytoplankton and other forms of biogenic silica (Ragueneau et al., 2000, and references therein).
On geological timescales, the global oceanic Si cycle has evolved mainly due to the appearance and
subsequent uptake of dissolved Si (dSi) for biomineralization of biogenic silica (Siever, 1992). The
first drawdown of dSi occurred with the appearance of sponges and radiolaria in the Cambrian
period (Conley et al., 2017) while diatoms did not appear until the Triassic (Sorhannus, 2007). The
first diatoms in the fossil record appear in the Early Jurassic about 190 Myr ago (Sims et al., 2006
and references therein), but it is their rise to dominance in the Late Cretaceous (Damsté et al., 2004)
that has led to almost ubiquitous depletion of Si(OH)4 observed in the surface and intermediate
depths of the oceans today (Conley et al., 2017; Siever, 1992).
In modern oceans, the total gross biogenic silica (bSiO2) production is estimated to be 240±40
Tmol yr-1 and is dominated by diatoms, unicellular microalgae which are responsible for up to 40%
of marine primary production (Nelson et al., 1995). The contributions of other siliceous protists
(such as silicoflagellates and radiolarians) and siliceous sponges are unknown but these likely play a
more marginal role (Tréguer and De La Rocha, 2013).
Of the biogenic silica produced by diatoms, only about 5-7% is exported from the euphotic
zone and ultimately buried in sediments, because the majority is recycled in the water column
(Tréguer et al., 1995). As seen in Fig. 1.1, burial of diatoms forms the largest bSiO2 sink (6.3±3.6
Tmol Si yr-1; Tréguer and De La Rocha, 2013) followed by the burial of sponges (1.7±1.6 Tmol
11

Si yr-1; Maldonado et al., 2019) and radiolaria (0.09±0.05 TmolSiyr-1; Maldonado et al., 2019).
As efficient exporters of organic matter from the surface oceans, the recycling of bSiO2 directly
influences the efficiency of the biological CO2 pump; hence atmospheric carbon dioxide.

1.2

Biomineralization and structure of biogenic silica

Solid-phase biogenic silica structures are created by several aquatic species such as diatoms,
radiolaria, silicoflagellates and sponges, but also by continental species such as higher plants
(Tréguer and De La Rocha, 2013; Conley, 2002). Biogenic silica is composed of amorphous
silica, a random network mainly composed of interlinked SiO4 tetrahedral units connected
through covalent Si-O-Si bonds of variable bond angle and bond lengths (Mann and Perry, 1986;
Sutton et al., 2018). This structure forms via condensation reactions where two Si-OH groups
of the silicic acid react to form SiO2 + H2O, which subsequently precipitates as solid SiO2. All
the aforementioned organisms form amorphous silica by utilization of silicic acid, but the exact
biomineralization processes involved in this differ per groups and species.

Global ocean silicon cycle
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Figure 1.1: The global silicon cycle based primarily on Tréguer and De La Rocha, 2013; Rahman et al., 2017;
Maldonado et al., 2019; Rahman et al., 2019
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1.3

Biogenic silica as a paleoproxy

Early proxy research concerning biogenic silica focused on fossil diatom frustule species
assemblages. Specifically, in the Southern Ocean these changes were of great importance in
studying, for example, glacial-interglacial transitions (e.g., Crosta et al., 2004). In the last few
decades, the chemical signature of fossil biogenic silica has been receiving increased attention. This
increased interest can be linked to the scarcity or complete absence of carbonates, a traditional
target material for paleoproxy research, in sections of the world’s sediment records (particularly
in high-latitude regions). Fortunately, these records are often dominated by silica microfossils. As
diatom frustules are often an order of magnitude smaller than popular calcareous microfossils
such as foraminiferal tests, the increased interest in frustule chemistry can also be linked to the
development of high spatial resolution analytical techniques. Overall, a variety of geochemical
tools have been developed looking at changes in isotopic signatures, elemental ratios and
organic biomarkers. Proxies relevant to this thesis will be summarized in the next section while
comprehensive overviews of the different diatom proxies can be found in Leng & Swann (2010) and
Sutton et al. (2018).
1.3.1

Isotopic signatures of biogenic silica

Oxygen isotopes
The oxygen isotope composition of diatom frustules has been the subject of study because it is
thought that, similar to the δ18Oforaminifera, the δ18Odiatom reflects the isotopic composition of the
ambient seawater. Degens and Epstein (1962) were the first to expand the δ18O analytical techniques
to silica, by measuring cherts and diatomites. Since then this type of analysis has been under steady
development and has been applied to several diatom records (e.g. Shemesh et al., 1995; Swann et
al., 2006) The δ18O of water is, among others, a reflection of changes in global ice volume, as well
as local changes in evaporation, freshwater inputs and thus salinity, and temperature. Different from
the δ18O of foraminifera, it is generally assumed that the δ18O of diatom frustules found in the
sediment, is representative only of δ18O changes in the euphotic zone of the water column due to
the need for light by diatoms to photosynthesize (Swann and Leng, 2009).
Other forms of biogenic silica are not commonly used for δ18O analysis. Radiolaria have been
shown to undergo extensive isotopic reequilibration (Matheney and Knauth, 1989) and studies have
suggested that the fractionation between sponge spicules and seawater is not systematically reliable,
despite some studies showing clear trends in δ18O (Matheney and Knauth, 1989; Matteuzzo et al.,
13
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Diatoms, for example, are a predominantly planktic species that are represented in the
sediment by their siliceous housing termed frustule. Diatoms form their frustules by creating an
intracellular supersaturated solution of silicic acid (silicon deposition vesicle), supplied through a
passive diffusion across the cell membrane, and depositing the newly formed biosilica structure on
an organic template (Thamatrakoln and Hildebrand, 2008; Hildebrand et al., 2018). Alternatively,
siliceous sponges are benthic species and are commonly represented in the sediments by spicules,
the structural elements which support the skeleton of the animal. For sponge spicules, the
precipitation of solid silicate is governed by an enzyme termed silicatein (Cha et al., 1999). This
enzyme forms an organic filament, called an axial filament, around which concentric layers of
hydrated silica are deposited (Uriz et al., 2003; Uriz, 2006).

2013; Snelling et al., 2014). Instead, the study of sponge spicules as a paleoproxy has focused on
silicon isotope studies (e.g. Hendry et al., 2010; Hendry and Robinson, 2012).
Despite a continued development, there are still significant concerns surrounding the δ18Odiatom
proxy. These concerns arise around the uncertainty associated with the calculated silica-water
fraction factors (Fresh/recent: Brandriss et al., 1998; Dodd and Sharp, 2010; Sedimentary: e.g.,
Juillet-Leclerc and Labeyrie, 1987; Matheney and Knauth, 1989; Shemesh et al., 1992). The
hydrous (Si-OH) layer of the frustule has been identified as a notable problem for the analysis of δ
18
O in diatoms. The oxygen in the silanol groups (Si-OH) are thought to be in continual exchange
with any water the frustule is exposed to both during and after sedimentation. As such the hydrous
layer will reflect a combination of signals from surface water, sediment pore water, laboratory water
and atmospheric moisture (Tyler et al., 2017). Studies indicate that between 7-40% of all oxygen in
a diatom frustule may originate post-depositionally (Swann and Leng, 2009 and reference therein).
Several analytical techniques have been developed to reduce the role of exchangeable oxygen in
silanol groups in the measured δ18O which are reviewed in Chapligin et al. (2011). However, despite
these efforts, there is still much uncertainty surrounding the potential of post-mortem oxygen
exchange on geological timescales (Dodd et al., 2017).
Silicon isotopes
The temporal and spatial variability in the silicon isotope composition of diatom frustules has been
used for paleoreconstructions (De La Rocha et al., 1997; Basile-Doelsch et al., 2005; Brzezinski et
al., 2002; Leng et al., 2009). Diatoms fractionate silicon isotopes during growth uptake (preferring
the incorporation of lighter isotopes), allowing the possibility to trace both the modern marine
biogeochemical cycle of silicon as well as potential changes in the past (De La Rocha et al., 1997).
Due to the close link of the Si and C cycles, information obtained from the δ30Sidiatom marine
records can help study the role of the biological pump in the drawdown and transport of carbon
from the atmosphere to the deep ocean (Brzezinski et al., 2002; Matsumoto et al., 2002). The
study of δ30Si in siliceous sponge spicules was first discussed in De la Rocha (2003) and has since
been developed further by several other studies (e.g. Hendry et al., 2011; Wille et al., 2010). It has
been suggested that δ30Si of spicules is not affected by environmental factors other than Si(OH)4
concentrations and therefore represents a robust proxy for changes in past bottom-water Si(OH)4
levels (Hendry and Robinson, 2012). By combining this with surface water information provided
by δ30Si of diatoms, this is a promising tool to reconstruct silicon levels and surface-to-bottom water
silicon gradients in the past.
A common issue with isotope analysis of solid-phase records is the impact that dissolution (the
removal of lighter isotopes) and potential reprecipitation can have on the acquired signal. Multiple
studies have looked at this; Demarest et al. (2009), for example, found a small silicon isotope
fractionation during dissolution of diatom opal collected from surface waters and sediment traps
(~1000m depth), whereas Wetzel et al. (2014) and Ehlert et al., 2016 present results that indicate
that silicon isotope fractionation during dissolution of sediment core diatoms is absent. It is
suggested that fractionation during dissolution is controlled by the reactivity of the frustule, and
potentially the aluminum content. As reactivity may vary temporally and spatially, this should be
kept in mind when interpreting δ30Si data. And while a constant fractionation factor is assumed for
the interpretation of δ30Si for dSi utilization, this has recently been challenged by a study showing
species-dependent δ30Si fractionation variability (Sutton et al., 2013). Furthermore, a study looking
at secondary exchange and fractionation between aqueous and amorphous Si found that about
50-85% isotope exchange was achieved within ~60 days at room temperature (Zheng et al., 2019).
14

Nitrogen and carbon isotopes
The analysis of δ13C and δ15N in diatom frustules is based on the presence of organic matter
entombed in the silica structure (Sigman et al., 1999; De La Rocha, 2006). The organic matter
from which these isotopes can be measured is thought to originate from several proteins that are
necessary for construction of the silica frustule itself (Kröger et al., 2002; Hecky et al., 1973;
Kröger and Poulsen, 2008; Bridoux and Ingalls, 2010). However, as of yet, it is unknown where
exactly in the frustule this organic matter resides. Despite this, research suggests that frustule-bound
N and C are protected from diagenesis. This assumption is based on indirect observations such
as the similar relative amino acid abundances in the organic matter of fossil frustules and living
diatoms (Shemesh et al., 1993); the apparent absence of diagenetic variability in frustule-bound N
when compared to bulk sediment N content (Sigman et al., 1999); and high diatom-bound amino
acid concentrations in silica rich sediments relative to sediment traps (Ingalls et al., 2003).
The δ15Ndiatom proxy has been used to reconstruct nitrate utilization in surface waters (Sigman et
al., 1999; Brzezinski et al., 2002; Robinson et al., 2004; Schneider-Mor et al., 2005; Des Combes
et al., 2008). During a period of growth, phytoplankton draw down nutrient concentrations,
resulting in an increase of residual nitrate δ15N due to fractionation of N isotopes during nutrient
uptake (through Rayleigh distillation). This rise in nitrate δ15N with nutrient depletion should be
recorded in the opal produced by diatoms (De La Rocha, 2006). As such, high δ15Ndiatom indicate
that a greater fraction of available nutrients (nitrate) has been consumed during the growing season
(Shemesh et al., 1993). The δ13C of diatom frustules is seen as a proxy for CO2 (aq) concentration
and primary production (Singer and Shemesh, 1995; Schneider-Mor et al., 2005; Des Combes
et al., 2008; Rosenthal et al, 2000; Stoll et al., 2016). The signal is predominantly controlled by
the balance between supply and demand for Dissolved Inorganic Carbon (DIC), which in turn is
driven by changes in biological productivity and cellular carbon concentrations. In addition to the
uncertainty surrounding the distribution of organic signals in the frustules, an uncertainty in the
δ15N proxy comes from variability observed in the magnitude of nitrogen isotopic discrimination
by diatoms. These changes may be attributed to several factors including light levels, growth rates
and possible species-specific vital effects (Karsh et al., 2003; Needoba et al., 2003; Needoba and
Harrison, 2004; Des Combes et al., 2008). Similarly, factors such as cell growth rate, size and shape
as well biochemical metabolic pathways can affect δ13Cdiatom (Popp et al., 1998; Schneider-Mor et
al., 2005).
1.3.2

Elemental ratios in diatom frustules

Diatoms frustules contain various trace elements which may be utilized for paleoproxies. This thesis
focuses on Fe and Al.
Fe/Si
A direct correlation between dissolved Fe (dFe) concentrations in surface sea water and frustule Fe/
Si has been observed, leading to the introduction of frustule Fe/Si ratios as a novel proxy to track
iron availability during diatom growth (Pichevin et al., 2014). Frustule-bound iron concentrations
in a sediment core were reported from an upwelling region (the Gulf of California) and used to
link dissolved Fe in surface water with sediment silica burial. By coupling the Fe/Si measurements
to other established diatom-bound geochemical tracers such as silicon isotopes and the bulk
15
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Overall, additional research is needed to constrain the environmental, species and diagenetic effects
on δ30Si of diatom frustules.

biogenic silica (wt%), a more comprehensive picture can be obtained on the role of iron availability
in upwelling regions. Understanding changes in iron-availability is of interest because Fe is a key
nutrient for diatom growth and is closely associated with the presence of other macronutrients such
as N and P as well as Si(OH)4. For example, Fe-replete growth conditions can lead to more heavily
silicified diatom frustules and therefore greater Si burial (Hutchins and Bruland, 1998; Takeda,
1998). Since changes in diatom frustule silicification and Si burial have been shown to impact the
oceanic carbon cycle via changes in the transport of organic carbon (Arellano-Torres et al., 2011;
Pichevin et al., 2012) the study of Fe/Si in frustules may give insights into CO2 uptake changes
in past upwelling regions. While it has been observed that Fe is structurally incorporated into the
frustule during diatom growth (Ingall et al., 2013), frustules may also obtain additional Fe during
post-mortem diagenetic processes. An important marker to check for potential diagenesis is the
concentration of Al present in the frustule.
Al/Si
Al/Si ratios have often been associated with post-depositional alteration of frustules. Fossil diatoms
often have relatively high Al levels, as several studies have suggested that structural incorporation
of Al(III) reduces the solubility of biogenic silica (e.g. van Bennekom et al., 1989), improving the
likeliness of preservation. Diatoms can also take up aluminium during frustule biosynthesis, but
studies have shown that the Al content of the frustule does not exceed 0.8%, even when grown
at high Al concentrations (Van Beusekom et al., 1989; Vrieling et al., 1999; Koning et al., 2007).
Interestingly, studies have shown that Al/Si ratios of open ocean plankton assemblages are at least
an order of magnitude lower than those found in diatoms isolated from sediments (van Bennekom
et al., 1989; Dixit et al., 2001; Koning et al., 2002; Koning et al., 2007). Therefore high Al/Si ratios
in diatom frustules from the sediments would suggest post mortem incorporation of Al. Al can be
taken up quickly at the sediment-water interface by either forming an aluminosilicate coating or
through structural incorporation (Cappellen and Qiu, 1997; Dixit et al., 2001; Koning et al., 2007;
Ren et al., 2013). It is argued in Ren et al. (2013), that the aluminium incorporated secondarily
into the diatom frustules is primarily released from the dissolution of lithogenic minerals in the
sediments. It has further been shown that the formation of cation-rich aluminosilicates on biogenic
silica, due to reverse weathering, can occur on relatively short timescales (<1yr) (Michalopoulos and
Aller, 2004; Michalopoulos et al., 2000). Taken together, Al/Si may not form a traditional proxy
but may instead be used as a marker of preservation and diagenesis.
Other trace elements
Biogenic silica can host a wide array of different trace elements in the silica matrix, many of which
have received much attention for their paleoproxy potential. Germanium, for example, mimics the
behaviour of silica and may thus be incorporated into the frustule matrix of diatoms (Azam et
al., 1973; Shemesh et al., 1988). Furthermore, seawater germanium is derived predominantly from
weathering of silicate minerals and is effectively removed from the surface ocean by diatoms and
deposited into the sediment (Bareille et al., 1998; Tréguer et al., 1995; Froelich et al., 1985). The
Ge/Si in opal should thus reflect changes in relative rates of continental weathering (Shemesh et
al., 1988; Froelich et al., 1992).
The uptake of Zn by diatoms has also been a point of interest as a strong coupling of the Zn
and Si nutrient profiles is observed in the oceans (Bruland et al., 1978). Even though the majority
of Zn in diatoms (>97%) is hosted in the organic matter (Ellwood and Hunter, 2000; Twining and
Baines, 2013) the Zn in opal is thought to reflect Zn2+ availability (Andersen et al., 2011). This
16

1.4

The application of high-resolution imaging techniques to biogenic silica

The size of most diatom frustules (micrometer scale) can complicate measurements with the
traditional bulk techniques, such as inductively coupled plasma mass spectrometry (ICP-MS),
as relatively large amounts of sample are necessary. This can necessitate the use of sediment
size fractions, which can increase the amount of impurities present in the sample and thus lead
to uncertainties. Clay mineral particles, for example, are extremely difficult to remove and
complicate the structural and compositional characterization of diatom frustules (Gehlen et al.,
2002). Being able to differentiate between the original metal content of the frustule, and secondary
signals originating from diagenesis and contamination is an essential development needed for
the advancement of the use of elemental ratios in biogenic silica. Similarly, for determining the
isotopic composition of diatom silica, samples are required that consist of almost pure diatomite
as the analytical techniques used (i.e. Fluorination methods and Isotope ratio mass spectrometry)
will also liberate any contaminants (Leng and Swann, 2010). Studies have shown that even small
contributions of contaminants can have significant influences on the isotope values (Brewer et al.,
2008). Determining what factors influence the produced signals is therefore an important step
forwards for the study of changing isotopic compositions in biogenic silica.
In modern laboratories there is an increasing array of potential techniques that may be
applicable for diatom frustule analysis. Progress has been made with increasingly higher spatial
resolution. For example, on a cell level, the localization and distribution of elements has been
studied with synchrotron-based X-ray fluorescence (SXRF), in order to provide insights into cell
chemistry (Twining et al., 2003). Raman spectroscopy has been applied to fresh diatom detritus
(Kammer et al., 2010; De Tommasi et al., 2017). However, most studies focus on creating spectra
while the imaging capabilities of the Raman have not been utilized as often. High-resolution
studies of fossil frustules are less common but have been attempted. The Secondary Ion Mass
Spectrometer (SIMS), for example, has been applied to cleaned fossil diatom frustules originating
from a sediment in an attempt to exclude potential unwanted influences from clay particles
(Pichevin et al., 2014). In another study, high-resolution imaging was performed using transmission
electron microscopy (TEM) and scanning electron microscopy (SEM) combined with energydispersive X-ray spectroscopy (EDS) mapping analysis (Yuan et al., 2019), this technique allowed
the study of the distribution and sources of minor elements in the frustule structure. The study by
Yuan et al., (2019) is an example of the potential that high-resolution imaging techniques have for
the application to fossil biogenic silica. In this thesis, we utilize this potential to improve existing
paleoproxies using SIMS, nanoSIMS and Raman spectroscopy.
The SIMS and nanoSIMS employ the same basic principles but the nanoSIMS has markedly
improved spatial resolution due to adjustments to the beam column and the source. The nanoSIMS
employs two types of primary beams where the Cs+ source is used for negative ion analysis and Osource is used for positive ion analysis. Under ideal circumstances, beam sizes down to ~50nm can
be achieved with a Cs+ source and ~150nm with a O- duoplasmatron source (Kilburn and Wacey,
2014).
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proxy has been applied, for example, for changes in Zn supply to surface waters due to changes in
mixed-layer salinity (or freshwater input) in coastal Antarctica (Hendry and Rickaby, 2008).
Other trace elements in frustules that have received attention include: B (Mejía et al., 2013); Ag
(Zhang et al., 2004; Chang et al., 2015) and Ni (Twining and Baines, 2013)

primary ions:
e.g. Ar+, Cs+, O-

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

neutrals:
X0, XY0

sample

~ 10 nm

collission cascade, mixing

Figure 1.2: Principle of SIMS (Used with permission from Roepert, 2019) – The basic principles of the SIMS
technique can be summarized as follows: a primary beam of energized ions is focused on a sample surface. The
impact of these primary ions removes the top few atomic layers of sample material in a process referred to as
sputtering. The released material consists of neutral and ionized atoms and molecules of which the ionized species
are diverted by ion optics to the mass spectrometer where they are separated based on their mass-to-charge ratio and
measured.

To achieve high spatial resolution, a significant reduction in beam current is needed
compared to the traditional SIMS measurement (nA range), going down to 0.5 pA in many of the
measurements presented in this thesis. So, while this results in considerably better spatial resolution
than the SIMS, this also implies significantly longer measuring time to obtain sufficient secondary
ion counts.
In this thesis, the Raman technique has proven to be a strong complementary technique to
the high-resolution imaging capabilities of the nanoSIMS. Raman spectroscopy is a relatively nondestructive technique that enables the study of the molecular composition of the target through
the measurement of the vibrational modes of molecules. By being able to structurally fingerprint
the silica samples, we gain additional insights into the nature of the chemical patterns we observe
with the nanoSIMS. Furthermore, where topography changes are a cause of concern in nanoSIMS
analyses (see Chapter 6), the Raman technique is less sensitive to this.
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primary ion sources:
duoplasmatron source
Cs + source

CCD
camera
eGun
sample

SEM
coaxial column
primary ion beam
secondary ion beam
secondary ion detectors:
6x moveable
1x ﬁ xed

magnetic sector
mass ﬁ lter

Figure 1.3: Schematic of the nanoSIMS 50L instrument used with permission from Cameca
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Figure 1.4: Principle of Raman spectroscopy Photons from a narrow-bandwidth light source (e.g., a high
intensity laser) interact with a molecule. The majority of the photons are scattered elastically, i.e., without changing
their energy and thus their wavelength (Rayleigh scattering). Due to the non-linear character of the interaction,
however, the energy of a small fraction of photons (0.0000001%) is increased or decreased by the amount
corresponding to the vibrational energies of the molecule (Raman scattering). Measurement of the scattered light by
the Raman spectrometer thus allows identification of chemical bonds between atoms in a molecule.

1.5

Aim and outline of this research

The aim of this research is to apply high-resolution chemical imaging techniques in an attempt to
better understand and thus improve existing paleoproxies based on biogenic silica.
In Chapter 2 we study fossil diatom frustules with the aim to distinguish the original
Fe-content, biologically incorporated into the frustule during diatom growth, from secondary Fe
originating from terrigenous contamination and diagenesis. The Fe/Si proxy has the potential to
provide information on Fe-availability in past upwelling regions, and indirectly on Si burial and
CO2 uptake. However, concerns linked to post-mortem diagenesis of diatom frustules, hampered
the advancement of this proxy. By applying the nanoSIMS technique we were able to study the
distribution of Fe and Al (a marker for diagenesis levels) in cleaned fossil diatom frustules. Despite
the application of a well-established cleaning technique, we observed the presence of Al hotspots
that co-localized with stronger Fe signals. However, it was also observed that the interior of the
frustule had generally lower Al/Si values, suggesting reduced diagenetic influences. Based on these
results, sample preparation and measuring protocols for Fe/Si determination with SIMS were
adjusted by (i) including an additional cleaning step and (ii) targeting of frustule interiors. These
adjustments lowered the Al/Si and Fe/Si of measured frustules significantly, and should therefore
lessen the concerns surrounding diagenetic overprinting of diatom frustules and hence result in a
more robust paleoproxy.
In Chapter 3 we aim to image the presence and distribution of organic signals in thoroughly
cleaned fossil diatom frustules. The application of δ15Ndiatom is based on the assumption that the
20
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organic matter occluded in the silica is protected from diagenesis. However, the location of the
organic matter within the frustule has hitherto not been identified. By combining high spatial
resolution imaging by nanoSIMS (surface technique) and Raman micro-spectroscopy (larger
depth of probing), we were able to, for the first time, image the presence and distribution of the
organics tightly bound to the silica matrix. The nanoSIMS images revealed that the organic signals
were present throughout, but localized concentrations were observed around the pores. Raman
measurements confirmed the heterogenous presence of organics but could not resolve the spatial
patterns observed by nanoSIMS.
Chapter 4 looks at diagenetic overprinting of the δ18O signal in various forms of silica. Both
biogenic amorphous silica (diatom frustules and siliceous sponge spicules) and crystalline silica
samples were incubated in 18O-enriched seawater for various time intervals. The nanoSIMS
results show that, on timescales similar to that of the sinking diatom detritus in marine systems
(days to weeks), the δ18O signal of both diatom frustules and sponge spicules can be homogenously
overprinted. In contrast, crystalline silica does not show any presence of 18O-enrichment, most
likely due to the absence of silanol (Si-OH) groups as observed in Raman measurements. Together
these results confirm that the Si-OH groups can be diagenetically overprinted, and suggest that the
rest of the silica structure is also susceptible. The final measured δ18ObSiO2 will most likely represent
a mixed signal from the original growing stage, water-column settling, sediment-water interface,
and sediment pore waters.
Chapter 5 continues our research on secondary oxygen overprinting but shifts the focus to
diagenetic processes in the sediment. After our results from Chapter 4 showed that diagenesis of
δ18Odiatom already occurs in the water column, the question arose whether this would continue in
the sediment or if this would be inhibited by additional processes. To resolve this, two experiments
were set up. The first 18O-incubation experiment put packages of fresh diatom detritus in a
diatomaceous clay and at the sediment-water interface. From this experiment we could compare
different phases of diagenesis in the sediment. NanoSIMS analysis showed that the fresh diatom
detritus and fossils frustules underwent significant 18O-enrichment. The degree to which this
occurred varied; the fresh frustules placed at the sediment-water interface were most enriched
followed by the fresh diatoms buried in the sediment and finally the fossil frustules. Furthermore,
we observed that surface Al deposits on the fossil frustules did not inhibit the 18O-enrichment of
the silica underneath. In a second experiment, varying concentrations of dissolved Al (dAl) were
added to 18O-enriched seawater. The increase of dAl led to an increase of the Al-content of the
frustules. The distribution of the additional Al appeared to be homogenous throughout the frustule
valve, suggesting an incorporation mechanism where Al replaces Si in the matrix. The addition of
Al significantly lowered the amount of 18O-enrichment. These results led us to hypothesize that,
although the incorporation of Al can slow the exchange of secondary oxygen, it likely continues to
some degree on geological timescales. This confirms our conclusion from Chapter 4 that the δ18O
signal measured in fossil diatom frustules likely reflects a combination of signals originating from
the growth phase to the phase where the frustules interact with the porewaters.
In Chapter 6, I provide an overview of my experiences with the nanoSIMS and other highresolution imaging techniques gained during my work with biogenic silica. There is very little
precedent concerning the application of the nanoSIMS to biogenic silica. This chapter showcases
the many different approaches that were attempted to best utilize the nanoSIMS for biogenic
silica. Both the successful and unsuccessful attempts are evaluated, which will hopefully aid future
researchers interested in unravelling the many mysteries still surrounding the chemistry of diatom
frustules.
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Abstract

The Fe/Si ratio in fossil diatom frustules has the potential to provide information on Fe-availability
in past oceans, and indirectly on Si burial and CO2 uptake. However, concerns have been raised
regarding the possible role of post-mortem diagenesis on the measured frustule Fe/Si. Here, we
study cleaned fossil diatom frustules with the aim to distinguish the original Fe-content, biologically
incorporated into the frustule during diatom growth, from secondary Fe originating from
terrigenous contamination and diagenesis. By applying nanoSIMS imaging we were able to study
the distribution of Fe and Al (a marker for diagenesis) in the frustules. We observed that chemical
contamination signals were present despite the application of established cleaning techniques. It
was further observed that the interior of the frustule had generally lower Al/Si values, suggesting
reduced diagenetic influences. Based on these results, sample preparation and measuring protocols
for Fe/Si determination with SIMS were adjusted by (i) including an additional cleaning step with
diluted HF and (ii) targeting of frustule interiors. These adjustments lowered the Al/Si and Fe/Si
of measured frustules significantly, and should therefore lessen the concerns surrounding diagenetic
overprinting of diatom frustules and hence result in a more robust paleoproxy.
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2.1

Introduction

Reconstructing changes in ocean chemistry from microfossils buried in the sediment is a powerful
tool for understanding past climate changes. Over the last few decades, paleoclimate research has
focused on studying calcareous microfossils. Unfortunately, carbonates are poorly preserved in large
swathes of the ocean floor resulting in significant gaps in the paleoclimate records. To fill these
gaps, researchers have searched for alternatives. One such alternative are frustules of diatoms, a
ubiquitous group of microalgae that evolved during the Triassic (Sorhannus, 2007). Diatom
frustules are constructed from hydrated amorphous silica, which allows them to be preserved in
carbonate-poor areas and thus makes them a valuable asset for paleoclimate reconstructions (e.g.
Hendry & Rickaby, 2008).
Diatom frustules buried in the sediment can be used to infer past water-column conditions by
studying diatom assemblages (e.g., Crosta et al., 2004), diatom-specific biomarkers such as longchain polyamines (Bridoux & Ingalls, 2010), or the isotopic and elemental composition of the
frustules, such as δ30Si (De La Rocha et al., 1997), δ15N (Robinson et al., 2004) and Zn/Si ratios
(Hendry & Rickaby, 2008). Recently, Pichevin et al. (2014) observed a direct correlation between
dissolved Fe concentrations in surface sea water and frustule Fe/Si, leading to the introduction
of frustule Fe/Si ratios as a novel proxy to track iron-availability during past diatom growth.
The authors reported frustule-bound Fe concentrations in a sediment core from an upwelling
region (the Gulf of California), and used these to link dissolved Fe in surface water with sediment
biogenic silica burial. Interestingly, the Fe/Si values measured in summer month diatom traps were
significantly higher than those measured in the sediment, indicating an accumulation bias in the
sediment towards winter conditions. Moreover, by coupling the novel Fe/Si measurements to other
established diatom-bound geochemical tracers such as silicon isotopes and bulk biogenic silica wt%,
Pichevin et al. (2014) obtained information on the role of iron-availability in upwelling regions.
Understanding changes in iron-availability is of interest because Fe is a key nutrient for primary
producers and is closely associated with the presence of several macronutrients such as N and P as
well as Si(OH)4. During winter upwelling events, replete macronutrients can induce Fe limitation
and stress, which can in turn lead to more heavily silicified diatoms and eventually greater Si burial
(Hutchins & Bruland, 1998; Takeda, 1998). Accordingly, climatic periods marked by damped
winter upwelling conditions may maintain Fe-replete conditions and thus exhibit reduced Si burial.
Since changes in diatom frustule silicification and Si-burial have been shown to impact the oceanic
carbon cycle via changes in the transport of organic carbon (Arellano-Torres et al., 2011; Pichevin
et al., 2012), the study of Fe/Si in frustules may give insights into changes in CO2 uptake in past
upwelling regions. This may even be expanded to High Nutrient Low Chlorophyll (HNLC) areas,
which are important for biogenic silica (opal) burial, accounting for as much as two thirds of the
Si sink in modern oceans (DeMaster, 2002). Changes in Si burial in these areas can have large
influences on pCO2 levels (Dymond and Lyle, 1985; Sigman and Boyle, 2000). Today, HNLC areas
are subject to severe Fe-limitation, but it is thought that this has varied over time (Arellano-Torres
et al., 2011). The possibility to reliably monitor Fe-availability in the geological past would greatly
enhance our understanding of these different mechanisms.
Even though the exact physiological mechanisms behind Fe incorporation into diatom frustules
are presently unknown, it has been observed that Fe is structurally incorporated into the frustule
during diatom biosynthesis (Ingall et al., 2013; Yuan et al., 2019). However, frustules may also
obtain additional Fe during post-mortem diagenetic processes (Yuan et al., 2019; Ren et al., 2013).
An important marker to check for potential diagenesis is the concentration of Al present in the
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2.2

Materials & Methods

2.2.1

Materials

The samples in this study were previously studied by Pichevin et al. (2014). They originate from
sediment Core MD-022515 retrieved from the Guaymas Basin (27o29.01N; 112o04.46W; 881 m
water depth) during the MONA (Marges Ouest Nord Américaines) cruise of the R/V Marion
Dufresne (International Marine Global Changes-IMAGES VIII) in June 2002 (Pichevin et al.
2012). The dataset generated by Pichevin et al. (2014) covers the range of 31,347- 6840 years BP
and includes records of diatom Fe/Si, diatom δ30Si, bulk biogenic silica (wt%) and the Si/Corg
ratio of the bulk sediment. For this study we selected a subset of ten samples covering a time
interval of 20,354-8739 years BP.
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frustule. Research has shown that Al, originating from detrital materials, can become structurally
incorporated into the silica framework (van Capellen & Qiu, 1997; Dixit et al., 2001). Thus, Al/
Si ratios in diatom frustules found in the sediments may exceed that of primary uptake during
biosynthesis (Al/Si ratios of 10-4-10-3), as observed in open-ocean assemblages (van Bennekom et
al., 1989; Van Bennekom et al., 1991; Koning et al., 2007; Yuan et al., 2019).
To limit diagenetic biasing of Fe/Si determination in frustules, Pichevin et al. (2014) took
several measures to minimize the role of secondary Fe and Al contaminates. One, they applied
published and well-established cleaning protocols for the removal of clays and other terrigenous
components (Morley et al., 2004; Hendry and Rickaby, 2008). Two, they used scanning electron
microscopy (SEM) to identify and select samples with little detrital contamination. Three, by
using an ion microprobe instead of dissolution techniques, they were better able to differentiate
between terrigenous coatings and biologically-fixed metals inside the siliceous matrix. Despite these
precautions, high concentrations of Al were nevertheless observed in some samples. Although a
lithogenic source for the observed high Al/Si could not be excluded, this was unlikely because of
the rigorous cleaning protocols and SEM checks employed. Instead, the Al enrichment was likely
due to a post-mortem alteration of the silica structure, either by the formation of an aluminosilicate
coating on the surface of the frustule or as a strong alteration of the existing silica framework
(Koning et al., 2007). Determining the most likely source of Al-contamination, and exploring
strategies for its elimination, or at least minimalization of its influence on diatom Fe/Si ratios, is
essential for the advancement of this proxy.
This study aims to distinguish the original Fe-content of the frustule, biologically incorporated
into the frustule during diatom growth, from secondary Fe originating from clay contamination and
diagenesis. The nanoSIMS imaging technique was applied to determine the distribution of Fe and
Al within diatom frustules previously studied by Pichevin et al. (2014). Our results showed that Al,
a marker for diagenetic influences, was still present in the form of ‘hotspots’ despite the application
of established cleaning techniques. These areas were found to strongly colocalize with higher Fe
signals, therefore influencing the final Fe/Si signal. Our data further suggested that the frustule
interiors, specifically those of centric diatoms, generally have lower Al/Si values. Based on these
results, an additional cleaning step with diluted HF was performed to remove the observed surfacebound Al hotspots followed by ion microprobe measurements targeting frustule interiors of centric
diatoms. This approach lowered Al/Si by one order of magnitude, suggesting a reduced influence
of diagenetic overprinting, and resulted in a more robust paleoproxy to study Fe-availability in
upwelling regions and its link to silicon and carbon cycles.

The frustules used for this study were previously cleaned for the Pichevin et al. (2014) study.
This was done by first performing mechanical separation (e.g., sieving), after which the diatom
frustules were cleaned following established and published protocols (Morley et al., 2004; Hendry
and Rickaby 2008) that included both mechanical and chemical cleaning steps (for further details
see Pichevin et al., 2012; Pichevin et al., 2014). For the nanoSIMS measurements in this study, no
additional cleaning steps were taken.
2.2.2

Sample preparation and NanoSIMS imaging

A needle-tip portion of the thoroughly cleaned diatom frustules was pressed on double-sided
conductive carbon tape attached to a SEM pin stub. The sample was subsequently coated with
a 12 nm thick Au layer using a sputter coater (JOEL JFC-2300HR high-resolution fine coater,
JEOL FC-TM20 thickness controller). Finally, the sample was imaged with a table-top SEM (JEOL
JCM-6000PLUS NeoScope Benchtop SEM) operating at a 10-kV accelerating voltage to identify
specimens suitable for nanoSIMS analysis (individual frustules with minimal 3D topography).
Nanoscale secondary ion mass spectrometry was performed with the nanoSIMS 50L instrument
(Cameca) operated at Utrecht University. Electron multiplier detectors were set using a standard
(SPI Supplies, 02757-AB 59 Metals & Minerals Standard) to enable the detection of secondary
ions 24Mg+, 27Al+, 28Si+, 40Ca+, 56Fe+, 64Zn+ and 138Ba+. Of these ions, 27Al+, 28Si+
and 56Fe+ are the main focus of this study, while the other ions were used to aid the identification
of possible contamination by particulate clay and other non-opaline phases (Morley et al., 2004;
Ellwood and Hunter, 1999; Shemesh et al., 1988). Sputtering was done with the O- primary ion
beam generated by the duoplasmatron oxygen source. Prior to the analysis of each target diatom
frustule, the measurement area was pre-sputtered with the primary ion beam (FCo current 20pA)
until stable secondary ion yields were established. Stable ion yields proved difficult to achieve so a
very thorough pre-sputtering protocol was established. During pre-sputtering diaphragm settings
were first set to D1-0, with C4y set to 50 bits to avoid detector overloading, and the pre-sputtering
was monitored until the counts at detector #3 (28Si) reached ~170kcps. This continued with the
diaphragm switched to D1-1 until stable secondary ion counts were reached. After pre-sputtering,
analysis was carried out in the imaging mode by rastering a high-energy O- beam (16 keV, 20pA
FCo, nominal beamsize 300-600 nm) over a target area on the frustule (between 4 x 4 μm and 55 x
55 μm in size) and measuring the sputtered secondary ions at a resolution of either 128x128 or 256
x 256 pixels and with a dwell time of 1ms/pixel The diaphragm and slit settings were D1-3, ES-3,
AS-2, EnS-1. Target areas were measured multiple times (typically over 300 planes) to provide
depth resolution and thus assess potential surface contamination. The combination of the primary
ion current, dwell time and number of measured planes did not allow measurements through the
entire thickness of the frustule.
Since nanoSIMS allowed the analysis of individual frustules, initial measurements targeted
different species of centric or pennate diatoms, radiolaria, and silicoflagellates. In the course of
these initial tests, however, radiolaria and silicoflagellates proved difficult to measure as their
pronounced 3D topography made it difficult to tune the instrument. Pennate frustules were,
at times, successfully measured but the collected data was insufficient to draw conclusions.
Consequently, our analysis focuses on frustules of centric diatoms, which were rather straightforward to measure.
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2.2.3

SIMS analysis

2.3

Results

This study aims to distinguish the original Fe-content, biologically incorporated into the frustule
during diatom growth, from secondary Fe originating from (terrigenous) clay contamination and
diagenesis. To do this, an explorative approach with nanoSIMS imaging was used to identify the
distribution of Fe and Al. Based on these results, additional measurements were performed with the
ion microprobe.
2.3.1

Distribution of Fe and Al in cleaned fossil diatom frustules

NanoSIMS images of individual diatom frustules revealed the presence of Al and Fe-rich
‘hotspots’ (Fig. 2.1). We interpret these areas as contamination. Some of the hotspots could not be
associated with anything in the corresponding SEM images. Some of the smaller areas with highintensity a signals were situated around the pores and could be distinguished in the SEM images
as a narrowing of the pore (Fig. 2.1a), suggesting a deposition of aluminosilicates. Another larger
presence of Al on the frustule appeared to be due to ‘loose’ terrigenous debris stuck to the frustule.
This presence was also most closely associated with high Fe signals (Fig. 2.1b).
2.3.2

Analysis of diatom frustule interiors vs. exteriors

To minimize the influence of the contamination on the Fe/Si ratios in the frustules, we exploited
the high lateral and depth resolution of the nanoSIMS measurements and processed the image
stacks in three steps (see Supplement 1). First, regions of interests (ROIs) corresponding to the Al
and Fe-rich hotspots were removed from the analysis. This generally led to a significantly lower
Fe/Si ratio in the frustule. Second, variation of the Fe/Si ratios with depth was checked in each
individual frustule. Such variation could occur due to insufficient removal of surface contamination
by pre-sputtering, or due to insufficient stability of the secondary ion yields caused by insufficient
implantation of the primary O- ions into the frustule matrix. If the coefficient of variance of this
depth profile exceeded 20%, the frustule was excluded from further analysis. The last step was
based on a purely statistical treatment, and involved removal of outliers based on the Al/Si ratio.
This was performed only on Al/Si as this ratio is seen as a marker for strong diagenetic influences.
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The samples that were previously cleaned for the Pichevin et al. (2014) record, and measured with
the nanoSIMS in this study, received an additional washing with diluted HF to remove the outer
layer of silica and with this any remaining surface contamination. Frustules were then cracked by
ultrasonication and pressed into an indium mount. Measurements of trace metals took place with
the ims-4f Ion Microprobe (Cameca) operated at the NERC (National Environment Research
Council) Microprobe Facility, School of Geosciences, University of Edinburgh. Specifically, samples
2926, 1591, 1160 and 1106 were remeasured. The clean diatom samples were pressed into an
indium foil and 12-14 frustules were analysed for up to 10 cycles with the ion microprobe. Only
frustule interiors were targeted in these measurements. A 10nA primary beam was used with a
25-micron image field and energy filtering (75eV). The metals (23Na, 26Mg, 27Al, 39K, 54Fe, 138Ba)
were normalised over SiO2, mimicking the earlier measurements performed for the Pichevin et
al. (2014) study. The final metal:SiO2 values represent the average of the 12-14 measurements on
centric diatom frustules made for each sample.

a)

b)
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Figure 2.1: Imaging of individual frustules of fossil diatoms. Shown are SEM images (left) and the
corresponding nanoSIMS images (right) of a frustule interior (top) and exterior (bottom). Outline in image (a) marks
narrowing of pores, arrow points to loose particles. NanoSIMS images of the Al, Fe and Si ion counts were overlaid in
a single RGB image. Individual ion count images are shown in Supplement 1.
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2.3.3

SIMS measurements with the novel approach

The presence of Al-rich hotspots observed by nanoSIMS revealed the remaining influence of
diagenetic overprints and contamination despite the application of well-established cleaning
protocols. Therefore, frustules from selected samples were additionally cleaned with diluted HF
and remeasured by conventional SIMS. To account for the apparent differences between frustule
interiors and exteriors, these additional measurements exclusively targeted frustule interiors.
The novel measurement approach significantly reduced Al/Si values by 82 to 90%, suggesting
a strongly reduced diagenetic presence (Table 2.1). A similar decrease for Fe/Si ratios (84 to 88%)
was also observed. These results show that the impact of the cleaning was very substantial. Despite
this, the downcore trend observed in the originally published Fe/Si record remains comparable (see
Fig. 2.3)

Table 2.1: Al and Fe content in fossil diatom frustules obtained by conventional SIMS. Shown are
calibrated molar ratios measured in 10-14 individual frustules by the original approach of Pichevin et al. (2014) and
by our novel approach involving an additional HF cleaning step and targeting of frustule interiors.
Core depth (cm)
1106
1161
1491
2926

Approach

Al:SiO2 ppm
(n=10-14)

±SD

Fe:SiO2 ppm
(n=10-14)

±SD

Original
Novel
Original
Novel
Original
Novel
Original

1561
288
4215
609
437
44
964

454
291
2430
450
155
32
853

441
51
563
88
82
13
206

182
44
191
53
19
6
68

Novel

151

159

31

19
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Out of the total of 140 frustules measured, this procedure resulted in quality-checked Al/Si and
Fe/Si ratios for 75 individual frustules (Fig. 2.2).
This data was analysed by ANOVA with exterior/interior considered as a fixed factor and the
sample set as the random factor (Supplement 2). The analysis revealed that there was a significant
main effect of the exterior/interior factor for Al/Si (p=0.036; Table S2.3), with frustule exteriors
showing significantly higher Al/Si ratios than the frustule interiors. The interaction term was not
significant (p=0.128; Table S2.3), indicating that this difference was consistent among all samples.
For the Fe/Si ratios the main effect of the exterior/interior factor was also significant (p=0.03;
Table S2.4). In this case, however, the interaction term was significant (p=0.003; Table S2.4). A
post-hoc analysis (Table S2.5) revealed that that frustule exteriors had significantly higher Fe/
Si ratios than frustule interiors in 3 out of 11 samples (2926, 1466, 1106), while no significant
differences between exteriors and interiors were found in the remaining 8 samples (primarily
due to insufficient number of replicate measurements). The interpretation of the difference
between frustule interior and exterior for the Fe/Si ratio needs to be done with caution as the
homoscedasticity condition was not met. Comparison of the centric diatoms based on their size
revealed no significant differences (data not shown).
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Figure 2.2: Comparison between frustule interior and exterior metal/Si ratios Data represents values after
data processing steps as discussed in Supplement 1; a) Al/Si means and SD throughout the record; b) Fe/Si means
and SD throughout the record
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2.4

Discussion

The Fe/Si ratio of diatom frustules has great paleoproxy potential, but concerns have been raised
regarding the role of sedimentary post-mortem diagenesis in influencing the measured values. In
this paper we use high-resolution correlative imaging to evaluate these concerns. Based on our
results we propose several steps that can be undertaken to reduce the uncertainty of the proxy.
2.4.1

Aluminium contamination in fossil diatom frustules

2.4.2

Protective nature of the diatom frustule

By using the nanoSIMS imaging approach, it is possible to identify and remove possible
contamination signals and to determine the chemical composition of the residual silica matrix. The
underlying silica shows a statistically significant trend towards lower Al/Si values when studying
the interior of the diatom frustule, compared to the exterior of the frustule, suggesting a reduced
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Research has shown a discrepancy between frustule Al/Si ratios in specimens retrieved from surface
waters and those found in the sediment (Van Bennekom et al., 1989). This discrepancy has been
attributed to aluminium originating from detrital material, which can alter the silica framework
(van Capellen & Qiu, 1997; Dixit et al., 2001). To reduce the impact of this diagenetic overprint on
metal/Si ratios, the samples in this study have been thoroughly cleaned with established protocols
(see Morley et al., 2004; Pichevin et al., 2014) and have been checked with SEM analysis for visible
clay contamination. In addition to this, trap data from Pichevin et al. (2014) showed frustule Fe/Si
values similar or greater than those measured in the sediment, suggesting that the diagenetic effect
in the sediment was not very strong. Despite these extensive precautions, detailed spatially resolved
elemental data produced with the nanoSIMS revealed an undeniable presence of Al-rich areas on
the frustule surface which colocalized with increased Fe-signals. We interpret these enrichments as
residual contamination. The source of many of the Al-rich hotspots could not be identified with
SEM analysis, while others could be associated with a narrowing of the pores or as loose particles
on the surface. The degree to which the removal of these Al-hotspots during data-processing led
to a decrease in the frustule Al/Si differed greatly between frustules (between ~4 and ~70%; Fig.
S2.4).
The irregular presence, placement and magnitude of the Al-hotspots, and their influence on
the frustule Al/Si ratios, suggest that the Al contamination we observe is predominantly present in
the form of aluminosilicate deposits on the frustule surface instead of the structural incorporation
of Al into the silica matrix. This is further supported by the observed differences between the
frustule interior and exterior, as a structural incorporation would most likely lead to a more
homogenous distribution. The suggestion that surface aluminosilicate precipitates are the main
diagenetic product is in agreement with recent research (Koning et al., 2007; Ren et al., 2013).
Evidence suggesting structural incorporation of Al has been presented in the literature (e.g. Dixit
et al., 2001) and cannot be ignored, but it is unlikely that this increases the Fe/Si ratios of frustules.
It should be considered that Al can be incorporated into the frustule during diagenesis because
its properties are similar to Si; as this is not the case for Fe, it is unlikely that this incorporation
mechanism can be linked to the secondary Fe presence. Instead, aluminosilicate precipitates and
terrigenous contamination seem to have a dominant role in increasing the metal/Si ratios of the
fossil diatom frustules above the natural abundance. Considering the observed presence of surface
Al contamination in hard-to-reach areas such as the pores, a more severe cleaning protocol would
be beneficial and was therefore applied to later SIMS measurements.

diagenetic impact for the interior. These observations greatly improve the applicability of the Fe/Si
proxy as this suggests that lower-resolution techniques may be applied for better count yields, and
with fewer contamination concerns, as long as the frustule interior is targeted.
The observed differences between the frustule interior and exterior can likely be linked to the
post-mortem diagenesis susceptibility and contamination. As long as the diatom frustule remains
intact in the sediment, the inside of the centric diatom appears to remain better protected.
However, if the frustule breaks when still in the sediment, the frustule interior may also become
susceptible to diagenesis. Therefore, in order to avoid strongly altered specimens, Al/Si boundary
values should be maintained. Even with this precaution, every imaged diatom frustule contained
at least some Al-hotspots. Thus, even when the frustule remains intact, it cannot be guaranteed
that the inside of the diatom is unaffected by diagenesis. Diagenetic effects may be caused by an
exchange through the pores with surrounding pore waters. This mechanism is supported by the
observed presence of aluminum contaminations (interpreted as aluminosilicates) around the pores.
The results from this study suggest that the influence of this on the interior of the frustule is limited,
but the exact degree to which this may occur is something that needs to be studied further. Until
this is fully understood, an extra cleaning step with diluted HF is recommended in order to remove
any superficial contamination still present on the surface of the silica.
Without additional data, potential alternative drivers of the signal such as a species effect,
frustule size or growing-stage bias cannot be ruled out. With the nanoSIMS it is possible to target
individual diatom frustules, making it certain that only centric diatoms are targeted. With the SIMS
method, it may happen that when targeting clusters, other species such as pennate diatoms and
radiolarians are part of the measurement and may, therefore, influence the data. Even though the
nanoSIMS data did not show a conclusive bias, care should be taken to ensure that only a single
type of diatom is targeted. Moreover, despite not observing a bias, similarly sized diatom frustules
should be targeted to rule out any uncertainty due to species or ontogeny.
2.4.3

SIMS measurements: applying the new approach

We propose that an additional HF cleaning step and the targeting of frustule interiors is sufficient
to remove contamination concerns for the Fe/Si proxy. In order to test the suggested additions,
conventional SIMS measurements were performed, using this approach, on frustules from samples
that were previously measured for both the published SIMS record (Pichevin et al., 2014) as well
as the nanoSIMS record from this study (Fig. S2.12). These measurements showed that the revised
approach yielded significantly lower Al/Si values, showing a strongly reduced diagenetic presence.
On average, the Al/Si ratios decreased by 85% resulting in ratios considerably lower than the
generally accepted contamination levels. With the Al/Si ratios, the Fe/Si ratios were also lowered
considerably (see Table 2.1). Interestingly, while the metal/Si ratios are significantly lower in the
SIMS measurements after the additional HF treatment, the relative changes between samples are
comparable to those in the Pichevin et al. (2014) record (Fig. 2.3).
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Figure 2.3: Comparison between Fe/Si records UU nanoSIMS record (ion count ratio), original ED (Pichevin
et al., 2014) and new ED after HF approach (Calibrated molar ratios). Error bars represent SE. The Heinrich 1 (H1)
and Younger Dryas (YD) cold events are marked

2.4.4

Implications and applications

The results from both the nanoSIMS and the revised SIMS method confirmed, for a large part, the
trends observed in the Pichevin et al. (2014) Fe/Si record (Fig. 2.3). The novel method did however
lower the metal:Si values considerably below accepted contamination levels, suggesting a minimal
diagenetic influence. Thus, the addition of an extra cleaning step, together with the targeting of
frustule interiors, greatly reduced the uncertainty concerning the potential impact of diagenesis in
controlling Fe/Si in fossil diatom frustules. As the original down-core trend perseveres in the ultraclean samples, the original Fe/Si proxy approach (Pichevin et al., 2014) in fossil diatom frustules
can be applied with more confidence. However, considering that nanoSIMS analysis showed a
presence of Al-hotspots on frustules treated with the original approach, and as only four samples
were remeasured with the new approach, the methodology described in this manuscript should be
applied, when possible, to avoid uncertainty.
The importance of the Fe/Si proxy is that we can identify two main modes: Fe-replete (elevated
Fe/Si) and Fe-deplete conditions (base-level Fe/Si). These two modes are likely to be driven
primarily by nutrient availability. Replete macronutrient conditions during upwelling events can
lead to increased productivity, which in turn can create Fe-stress conditions if additional influx
of iron (e.g. from terrestrial sources) does not compensate for the deficiency created by increased
Fe-demand (Hutchins & Bruland, 1998; Pichevin et al., 2014). Instead, diatoms become more
heavily silicified under Fe-stress conditions (Hutchins & Bruland, 1998; Takeda, 1998) and thus
Si(OH)4 uptake relative to other macronutrients is high, resulting in low Fe/Si and high Si:Corg.
Being able to identify Fe-replete and Fe-deplete conditions in paleoceans without major diagenesis
concerns is therefore a useful addition to the proxy toolbox.
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Conclusion

The application of the Fe/Si proxy in fossil diatom frustules has great potential for improving
our understanding of changing ocean dynamics in the past. However, some concerns have
been raised regarding the role of diagenesis in the sediments on measured frustule Fe/Si. The
nanoSIMS technique has, through high-resolution imaging and spot measurements, shown that
possible chemical contamination signals were indeed present despite the application of established
cleaning techniques. This contamination appeared to be predominantly present in the form of
aluminosilicate precipitates on the surface of the frustule exterior and occasionally terrigenous
material. Both of these have the potential to influence measured Fe/Si signals. Therefore, an
additional precautionary cleaning step with diluted HF was applied and this is shown to further
reduce the presence of diagenetic Al. Together, these steps should greatly reduce any bias
originating from diagenetic overprints and improve confidence in the proxy to faithfully reflect
changing Fe-availability conditions of surface waters.
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Supplements
Supplement 2.1

Data quality steps

To ensure the quality of the nanoSIMS data, several data-quality steps were undertaken to reduce
uncertainties from both the sample as well as the analytical techniques. The quality criteria are
summarized in Figure S2.1, and the contribution of each processing step is discussed in the
following sections.

Chapter 2

Figure S2.1: Overview of the quality criteria process

ROI removal of metal (predominantly 27Al) hotspots was applied in order to remove possible
localized contamination. Next the stability of the measurements was tested. If the coefficient of
variation (COV) with depth of the Fe/Si ion count ratios exceeded 20%, suggesting an unstable
sputtering profile, the data were removed. A species selection was also applied to only include
centric diatom frustules. This species selection limits any variability due to species specific Fe uptake
or susceptibility towards diagenesis. Finally, outliers in the Al/Si data were removed in order to
avoid strongly diagenetically altered frustules. This was determined by first carrying out a squareroot transformation to normalize the data and then identifying outliers with SPSS software. The
measurements for this manuscript took place during several measuring cycles over a time period
of just over a year (late 2017 to early 2019). Over this period a total of 140 measurements were
performed. However, several data-quality checks led to a final dataset of 59 measurements on
centric interiors.
S.2.1.1 – Removal of contamination hotspots
Processing of the nanoSIMS data was done using an updated version of the Look@nanoSIMS
software (Polerecky et al., 2012). Data-analysis was performed in a structural manner through
ROI (region of interest) analysis. By outlining the possible contamination (high-intensity signals
from 27Al, 56Fe, 7Li, 24Mg, 40Ca, 64Zn, 136Ba) with the ROI tool, these signals could be
removed from the frustule’s signal. Furthermore, for images involving the frustule interior, possible
topography influence of the upright edge of the frustule was avoided by not including this is in the
final ROI.
An example showing the different imaged (contamination) ions are presented in Figures S2.2
and S2.3. These are all the measured elements of the frustules shown in section 3.1. There is no
consistent co-localization of the different elements, showing that various forms of contamination
can exist on the frustule surface.

35

Figure S2.2: Ion images and corresponding SEM image for a frustule interior Corresponds with Fig. 1 in
section 3.1; Red hotspots in the metal ion counts are considered contamination.

Figure S2.3: Ion images and corresponding SEM image for a frustule exterior Corresponds with Fig. 1 in
section 3.1; Red hotspots in the metal ion counts are considered contamination.
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Figure S2.4: Datapoints before and after the removal of contamination ROIs; N=140; This data illustrates
the impact of ROI removal on the metal/Si ratios for each measured frustule. This step led to lower metal/Si ratios
but the degree at which this occurred varied per frustule. (a) 56Fe/28Si ion count ratio; (b) 27Al/28Si ion count ratio
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S.2.1.2. Depth profile stability check
This check is necessary to evaluate the stability of the measurement. Relatively stable depth
profiles are indicative of sufficient pre-sputtering. An example of an unstable sputtering profile
(that was removed due to this quality control) is presented in Fig S2.5.
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Figure S2.5: Unstable depth profiles in a diatom ROI. Shown are the depth profiles for (a) 28Si ion counts;
(b) 56Fe ion counts; (c) 56Fe/28Si ion count ratio. The CV for this ratio profile is 31%. This example shows how
an unstable sputtering profile can influence the final ratio of the composite image. The Fe/Si ratio starts at ~12E-4
and reaches ~3E04 after 300 planes. Even though the rate of change decreases as the silica signal stabilizes after
~100, the Fe signal does not stabilize within the 300 planes complicating the interpretation of the ratio profile.
The removal of unstable sputtering profiles should result in a more reliable dataset.
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a)
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b)

Figure S2.6: Datapoints from three different measuring cycles after removal of contamination
hotspots and the depth profile stability check; N=100 In the dataset, the different measuring cycles are shown:
Late 2017 (ED4), Early 2018 (ED5) and Early 2019 (ED6). The removal of unstable depth profiles (set at COV Fe/Si
> 20%) led to these data-sets (a) Fe/Si ion count ratio; (b) Al/Si ion count ratio
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S.2.1.3 Species selection
Measurements of species other than centric diatoms were removed. These included pennate
diatoms, radiolaria and silicoflagellates. Due to this step, 18 measurements were removed.
a)

b)

Figure S2.7: Datapoints from three different measuring cycles (ED4; ED5; ED6) after the removal of
contamination hotspots, depth profile stability check and species correction; N = 82 Shown are the datapoints that represent centric diatom frustules (a) Fe/Si ion count ratio (b) Al/Si ion count ratio
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S.2.1.4 Diagenetic influence check – The removal of outliers

√(Al/Si)

Chapter 2

Figure S2.8: Identifying outliers in the square-root transformed Al/Si data. In order to identify strongly
altered frustules, the outliers in the data were identified. To account for the varying intrinsic Al/Si ion count ratios of
the different samples, a square-root transformation was applied to the data.
Outlier (o) = Upper/Lower Quartile ± (Interquartile range*1.5); Extreme outlier (*) = Upper/Lower Quartile ±
(IQR*3)
a)
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b)

Figure S2.9: Datapoints from three different measuring cycles (ED4; ED5; ED6) after the removal of
contamination hotspots, depth profile stability check, species correction and removal of outliers; N =
75. (a) Fe/Si ion count ratio (b) Al/Si ion count ratio

Supplement 2.2

Statistical evaluation of ‘interior vs. exterior’ metal/Si ratios

a)

b)

Figure S2.10: Histograms of the square-root transformed data after data processing. The ion count
ratio data was square-root transformed to account for the varying intrinsic metal/Si ratios of the different downcore
samples (a) Fe/Si; (b) Al/Si
Table S2.1: Shapiro-Wilk test of normality All data was shown to be normally distributed after square root
transformation.

SQRT(Al/Si)
SQRT(Fe/Si)
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Statistic

df

Sig.

.979
.975

75
75

.242
.139

Table S2.2: Brown-Forsythe test for homoscedasticity This test was used as it is most appropriate when group
sizes are unequal. The assumption was met for Al/Si but not for Fe/Si.
Levene Statistic

df

df2

Sig.

1.422
2.825

75
75

56
56

.183
.004

SQRT(Al/Si)
SQRT(Fe/Si)

Source

Type III Sum
of squares

df

Mean Square

F

Sig.

ω2

Chapter 2

Table S2.3: Two-factor ANOVA (Al/Si) The ‘Exterior/Interior’ factor was set as fixed and the ‘Sample’ factor
was set as random. The measurements on the interior and the exterior were shown to be significantly different. The
interaction term between sample and exterior/interior was not significant.

Intercept

Hypothesis
Error

.598
.044

1
9.746

.598
.005

131.464

.000

0.931

Exterior vs Interior

Hypothesis
Error

.008
.014

1
10.025

.008
.001

5.835

.036

0.368

Sample

Hypothesis
Error

.051
.011

9
7.059

.006
.002

3.727

.048

0.826

Interaction

Hypothesis
Error

.012
.049

8
56

.001
.001

1.662

.128

0.192

Table S2.4: Two-factor ANOVA (Fe/Si) The ‘Exterior/Interior’ factor was set as fixed and the ‘Sample’ factor
was set as random. The measurements on the interior and the exterior were shown to be significantly different. The
interaction term between sample and exterior/interior was also significant. The results for this test should be met with
extreme caution as the homogeneity of variance assumption could not be met.
Source

Type III Sum
of squares

df

Mean
Square

F

Sig.

ω2

Intercept

Hypothesis
Error

.019
.001

1
9.258

.019
.000

123.929

.000

0.930

Exterior vs Interior

Hypothesis
Error

.000
.000

1
8.965

.000
4.769E-5

7.624

.022

0.460

Sample

Hypothesis
Error

.002
.000

9
7.534

.000
5.833E-5

3.359

.056

0.800

Interaction

Hypothesis

.000

8

5.407E-5

3.406

.003

0.327

Error

.001

56

1.587E-5
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√(Al/Si)

a)

√(Fe/Si)

b)

Figure S2.11: Line charts showing the estimated marginal means of the square-root transformed data;
(a) Al/Si; (b) Fe/Si
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Table S2.5: Post-Hoc T-tests for ‘Exterior/Interior’ factor Due to lower sample counts, the Levene’s test for
equal variances could not be completed for most tests. Only samples 1161, 1106 and the Al/Si for sample 301 passed
the test. For all others, equal variances are assumed but this is without confidence
Levene Statistic

t

df

Sig.

SQRT(Al/Si)
SQRT(Fe/Si)

4.084
5.489

5
5

.010
.003

2026

SQRT(Al/Si)
SQRT(Fe/Si)

-0.647
0.716

3
3

.564
.526

1751

SQRT(Al/Si)
SQRT(Fe/Si)

1.953
0.991

4
4

.123
.378

1591

SQRT(Al/Si)
SQRT(Fe/Si)

0.554
1.041

5
5

.610
.346

1466

SQRT(Al/Si)
SQRT(Fe/Si)

3.588
0.464

3
3

.037
.675

1161

SQRT(Al/Si)
SQRT(Fe/Si)

-1.296
-0.602

9
9

.227
.562

1106

SQRT(Al/Si)
SQRT(Fe/Si)

4.998
2.532

12
12

.000
.026

631

SQRT(Al/Si)
SQRT(Fe/Si)

1.226
0.793

4
4

.287
.472

301

SQRT(Al/Si)
SQRT(Fe/Si)

2.051
2.028

7
7

.079
.082
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2926

45

Supplement 2.3 The NanoSIMS record
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Supplementary figure S2.12: Final nanoSIMS Record Shown are the Fe/Si and Al/Si ion count ratios of
all frustule interior nanoSIMS measurements after the data processing steps discussed in supplement 2.1. The final
record has 59 datapoints, which each representing an individual frustule. Sample names in the legend represent the
sample core depth. Means are represented by ‘x’; The two ratios do not appear to be strongly coupled (R2=0.37)
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Chapter 3
Mapping of organic signals in individual fossil
diatom frustules with nanoSIMS and Raman
spectroscopy
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Abstract

The application of δ15Ndiatom for determining past changes in nitrate consumption, is based on the
premise that the organic matter occluded in the silica is protected from diagenesis. However, the
location of the organic matter within the fossil frustule has hitherto not been identified. Here, we
combine high spatial resolution imaging by nanoSIMS and Raman micro-spectroscopy to identify
where the organic material is retained in the cleaned fossil diatom frustule. NanoSIMS imaging
suggested that organic signals were present throughout the frustule but in higher concentrations at
the pore walls. Raman measurements confirmed the heterogenous presence of organics but could
(because of lower resolution) not resolve the spatial patterns observed by nanoSIMS.
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3.1

Introduction

Diatoms, a ubiquitous group of microalgae, construct frustules made of hydrated amorphous silica
that can be preserved in the sediment record. The application of diatom frustule paleoproxies
has increased greatly in the last decade. The nitrogen isotope composition of diatom frustules
has been proposed as a proxy for nitrogen utilization and thus surface nutrient consumption
(i.e., Horn et al., 2011; Robinson et al., 2014). This proxy is based on the presence of different
proteins (mainly pleuralins, silaffins and long chain polyamines) necessary for silica sequestration
that are incorporated into the diatom frustule during growth (Kroger et al., 2002; Hecky et al.,
1973; Kröger and Poulsen, 2008; Bridoux and Ingalls, 2010). During a period of growth,
phytoplankton draw down nutrient concentrations, resulting in an increase of residual nitrate δ15N
due to fractionation of N isotopes during nutrient uptake (through Rayleigh distillation). The rise
in δ15Nnitrate with nutrient depletion is expected to be recorded in the biogenic silica (opal) produced
by diatoms (De La Rocha, 2006). As such, high δ15Ndiatom indicate that a greater fraction of available
nutrients (nitrate) has been consumed during the growing season (Shemesh et al., 1993).
It has been suggested that, in contrast to the bulk sediment, nitrogen encased within the diatom
frustule is protected from diagenetic alteration and thus presents a more robust proxy (Shemesh et
al., 1993; Sigman et al., 1999). These assumptions are based on observations such as similar relative
amino acid abundances in the organic matter of fossil frustules and living diatoms (Shemesh et
al., 1993), the apparent absence of diagenetic variability in frustule-bound N when compared to
bulk sediment N content (Sigman et al., 1999), and high diatom-bound amino acid concentrations
in silica-rich sediments relative to sediment traps (Ingalls et al., 2003). However, as of yet, it is
unknown where exactly in the frustule this organic matter resides.
For δ15Ndiatom analysis, several precautions are generally taken to ensure that only the frustulebound nitrogen is measured, including several harsh cleaning methods to remove any loose
organic matter and diagenetic alteration (Robinson et al., 2004; Horn et al., 2011b). Despite this,
questions remain regarding the nature of the occluded organic matter. The isotope composition of
entombed organic matter may vary, for example, due to species-specific amino acid compositions
(Des Combes et al., 2008) or species-specific fractionation (Horn et al., 2011b). Possible isotopic
alteration of the occluded organic matter during diagenesis remains largely unexplored, but it has
been shown that the diagenetic incorporation of metals does not affect the N isotope values of the
frustule bound organic matter (Ren et al., 2013).
This study aims to identify where in the cleaned fossil diatom frustule the organic material
is retained. Our approach involved combination of nanoSIMS (nanoscale secondary ion mass
spectrometry) and Raman spectroscopy, which are complementary methods suitable for highresolution imaging of signals associated with organics. NanoSIMS allows imaging of elements with
a lateral resolution down to 50 nm, but is limited by its sensitivity to the 3D sample topography due
to the design of the ion optics. Furthermore, NanoSIMS typically probes only the upper few nm
of the sample due to the low primary ion beam currents used to achieve high lateral resolution.
In contrast, the Raman technique integrates signals over larger depths in the sample, but has a
distinctly poorer lateral resolution (µm scale). However, by probing of chemical bonds, Raman
spectroscopy allows identification of the molecular structure of samples. By combining the data
from these two techniques, we confirm the presence of organic matter in the frustules and suggest
patterns of its heterogenous distribution within the frustule.
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3.2

Materials & Methods

3.2.1

Materials

The samples for this study were obtained through collaboration with the University of Edinburgh
and originate from sediment Core MD-022515. This core was retrieved from the Guaymas
Basin (27o29.01N; 112o04.46W; 881 m water depth) during the MONA (Marges Ouest Nord
Américaines) cruise of the R/V Marion Dufresne (International Marine Global Changes-IMAGES
VIII) in June 2002 (Pichevin et al., 2012). The diatom frustules were collected from a core depth of
1161 cm, corresponding to an age of 12450 years BP according to Pichevin et al. (2012). Cleaning
of the samples was performed following published protocols (Morley et al., 2004; Hendry and
Rickaby, 2008), and comprised both mechanical and chemical cleaning steps including the removal
of unwanted organics with 40% H2O2 at 80-90 °C (see Pichevin et al., 2014 and Hendry & Rickaby
(2008) for additional information on the performed steps).
3.2.2

Sample preparation and selection

3.2.3

NanoSIMS imaging

Nanoscale secondary ion mass spectrometry was performed with the nanoSIMS 50L instrument
(Cameca) operated at Utrecht University. Electron multiplier detectors were set using a standard
(SPI Supplies, 02757-AB 59 Metals & Minerals Standard) to enable the detection of secondary ions
12 - 16 - 12 14 - 28 - 31 C , O , C N , Si , P and 32S- with the 133Cs+ primary ion beam. Prior to the analysis of each
target frustule, an area slightly larger than the region of interest was pre-sputtered with the primary
ion beam (FCo current 20pA, ~360s) to remove the gold coating and reach stable secondary ion
yields. After pre-sputtering, the instrument was tuned with diaphragm and slit settings of D1-3,
ES-3, AS-2 and EnS-1. Analysis was carried out in the imaging mode by rastering a high-energy
133
Cs+ ion beam (16 keV, 2pA FCo, nominal beamsize 50-150 nm; electron gun enabled) over a
target area on the frustule (between 4 μm x 4 μm and 55 μm x 55 μm in size) and measuring the
sputtered secondary ions at a resolution of either 128x128 or 256 x 256 pixels and with a dwell
time of 1ms/pixel. Target areas were measured multiple times (typically over 400-600 planes) to
increase signals and provide depth resolution. The combination of the primary ion current, dwell
time and number of measured planes did not allow measurements through the entire thickness
of the frustule. Data processing and analysis were done with an updated version of the Look@
nanoSIMS software (Polerecky et al., 2012).
Initial measurements targeted frustules of different species of centric and pennate diatoms.
However, pennate diatom frustules proved difficult to measure with the NanoSIMS due to their
pronounced 3D topography. Therefore, only data obtained from centric diatom frustules, including
the valve interior and exterior, are presented.
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To prepare the samples for nanoSIMS analysis, a needle-tip portion of the diatom frustules was
pressed onto an ultra-clean indium foil (99.99% indium; Alfa Aesar; 0.05mm thick) attached to an
aluminum stub. The sample was subsequently coated with a 12 nm thick Au layer using a sputter
coater (JOEL JFC-2300HR high resolution fine coater, JEOL FC-TM20 thickness controller).
The sample was then imaged with a table-top SEM (JEOL JCM-6000PLUS NeoScope Benchtop
SEM) operating at a 15-kV accelerating voltage to identify specimens suitable for further analysis
(individual frustules with minimal 3D topography).

3.2.4

Raman spectroscopy and imaging

Raman measurements were performed with the Horiba LabRam spectrometer at the King
Abdullah University for Science and Technology. The sample was excited with a 473 nm laser line
in the back-scattering configuration through an 100X objective. Using a grating with 1800 grooves/
mm, Raman spectra were collected in the range of 150-3300 cm-1 with a spectral resolution of
1.2 cm-1. Initially, the interior of an individual frustule was analysed in three spots to identify the
primary signals present. This was followed by imaging analysis of the interiors and exteriors of
several frustules with the step size varying between 0.5-2 µm and the size of the imaged areas
varying between 8 µm x 8 µm and 15 μm x 15 μm. During imaging with the lower step size (0.5 µm
and 1 µm) only the lower frequency range (up to 1700 cm-1) was recorded, whereas the larger step
size imaging also covered higher frequencies (around 3000 cm-1) to include a prominent organic
peak between 2826-3021 cm-1. Data analyses were performed using the manufacturer’s software
LabSpec (version 6).

3.3

Results

3.3.1

Identification of organics by Raman spectroscopy

The presence of organics in the silica matrix of a cleaned fossil diatom frustule was confirmed by
Raman measurements in multiple spots on the frustule (Fig. 3.1; Table 3.1). Besides Raman peaks
associated with tetrahedral Si-O-Si, Si-O-Si network, Si-OH stretching and aluminium, there was
clear evidence for organics at wavenumbers around 1425 and 2910 cm-1.

Figure 3.1: Single point Raman spectra obtained from a cleaned fossil frustule of a centric diatom. Shown are
spectra measured at three different locations within the same frustule. Peak assignments are summarized in Table 1.
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Table 3.1: Raman band assignments
Band position (cm-1)

Band assignments

a) 768-848
b) 870-952
c) 945-1010
d) 1020-1134
e) 1364-1438
f) 2826-3021

Inter tetrahedral Si-O-Si
Aluminium derivatives
Si-OH stretching
Si-O-Si network
δC-Hx
νC-Hx

Identification was based on (Terpstra et al., 1990; McMillan, 1984; Kammer et al., 2010; De Tommasi et al., 2018).

3.3.2

NanoSIMS imaging of frustules

3.3.3

Mapping of organics by Raman spectroscopy

Although the signal around 2910 cm-1 had a stronger presence in the Raman spectra (Fig. 3.1),
subsequent mapping focused on the peak at 1425 cm-1, which allowed reduction in the frequency
range and thus improved lateral resolution. Images obtained by Raman measurements showed
pronounced heterogeneity in the signals corresponding to both the silica matrix and organics (Fig.
3.3). The intensity of the peaks corresponding to Si-OH and Si-O-Si appeared less variable than
the intensity of the δC-Hx peak. Images of the peak ratio δC-Hx/Si-O-Si were heterogeneous (Fig.
3.3e), but even the lowest step size (0.5 µm step size) did not resolve the spatial patterns detected
by NanoSIMS (compare Fig. 3.2 and 3.3). Raman images of the frustule interior and exterior
appeared similar (Fig. 3.3).
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After establishing the presence of organics with single point Raman analyses, the elemental
distributions were imaged with nanoSIMS. Secondary ions CN- (detected as 12C14N-) and O- were
used as a proxy for organics and silica, respectively. Generally, CN- ions were detected throughout
the frustule but showed significantly higher counts in ring-like structures around the pores and in
hotspots scattered across the frustule or near the edges of the frustule (Fig. 3.2b and 3.2f). The
patterns were similar for both the frustule interior and exterior, although the surface morphology
differed markedly between the two sides (compare Fig. 3.2a-b and 3.2e-f). Similar patterns were
also observed for other elements associated with organics including C and S (Fig. 3.2c-d and 3.2gh). High-resolution SEM images revealed that, on the frustule interior, the ring-like structures were
associated with a clear thickening of the silica matrix around the pore (see inset in Fig. 3.2a). The
difference in contrast in the SEM images suggested that the silica matrix in these structures was
different from the rest of the matrix, consistent with the differences observed by NanoSIMS.

SEM

SEM

Figure 3.2: NanoSIMS imaging of organic signals in cleaned fossil frustules of centric diatoms. Shown are SEM
images of the frustule interior and exterior post NanoSIMS measurement, and the corresponding images of ion count ratios
CN/O, C/O and S/O measured by NanoSIMS. White square in the SEM images indicates the area measured by NanoSIMS.
Inset in panel a) shows a detailed SEM image of the pores, measured on a different frustule than the one shown by the larger
image (contrast slightly enhanced through image processing). Ion count images from which the ratio images were calculated

are shown in Supplementary Fig. S3.1. Note that the intensity of the hue in the ratio images was modulated by the O ion count
image to suppress noise from the background.
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0.5µm

1 µm

0.5µm

1 µm

d) dCHx

d) dCHx

0.5µm

1 µm

e) dC-Hx/SiOSi

e) dC-Hx/SiOSi

Figure 3.3: Raman spectral mapping of cleaned fossil frustules of centric diatoms. Shown are maps of peak
intensities corresponding to silica (Si-OH, Si-O-Si) and organics (δC-Hx), and the corresponding maps of the peak ratio
δC-Hx/Si-O-Si. Maps from the frustule interior and exterior were acquired with the step-size of 0.5 µm and 1 µm, respectively.
The measured areas (diameter of 8 µm and 15 µm) are marked in the corresponding optical image. Note that the images used
an interpolation of values between the individual measured pixels. Lower resolution images are presented in Supplementary
figure S3.2.

0.5µm

1 µm
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3.4

Discussion

By analysing cleaned fossil diatom frustules with two separate techniques, the presence of organics
tightly bound to the silica matrix was confirmed. Furthermore, the chemical mapping capabilities
of the techniques made it possible to resolve, to a variable degree, the patterns in the distribution
of organics in the frustule. This revealed a heterogeneity and it is suggested that this is due to
enrichments around the pores.
3.4.1

Comparison of the nanoSIMS and Raman measurements

NanoSIMS images revealed intensification of organic signals at the pore edges of the (centric)
diatom frustules (Fig. 3.2). The CN signal in particular, but also the signals of C and S, were clearly
higher around the pores, and this spatial pattern remained as more material was sputtered away
during the measurement. On the frustule interior, this signal enrichment is likely linked to the
thickening of the silica matrix, which was often observed at the pore boundaries (Fig. 3.2a). As
similar patterns were also observed on the frustule exterior, it is likely that the entire pore wall is
marked by an increased organic presence (Fig. 3.4).
However, nanoSIMS measurements are known to be sensitive to 3D topography of the sample
surface, leading for instance to higher secondary count rates at or around the edges of the studied
sample. Thus, a degree of caution is required when interpreting nanoSIMS data. Although we
made a thorough and critical assessment of our data, including the analysis of depth profiles of ion
counts and ion count ratios, we cannot exclude that these “edge effects” played a role during the
NanoSIMS measurements. Other techniques without this caveat but with a comparable sensitivity
and spatial resolution are needed to verify our results.
The Raman spectroscopy method was chosen as a possible candidate for resolving this issue.
This technique is also surface-specific, but it integrates the signal over a larger depth interval
(~µm) and is thus less likely affected by the edge effects. On the one hand, Raman measurements
confirmed the presence of organic signals in cleaned fossil frustules, and indicated that they are
heterogeneously distributed within the silica matrix. On the other hand, their lateral resolution
(down to 0.5 µm) was insufficient to confirm or reject the spatial patterns observed by nanoSIMS.
3.4.2

Implications

An increased presence of organics in the pore walls (Fig. 3.4) may be due to a combination of the
biomineralization process and the exchange of nutrients, through the pores, between the diatom
cell and the surrounding water. During silicification, a protein template forms the basis onto which
the silica frame is secreted (Thamatrakoln and Hildebrand, 2008; Hildebrand et al., 2018). An
imaging study of the insoluble organic matrix (Tesson and Hildebrand, 2013) found that the pores
of a diatom valve can be occluded by this material. Based on these observations, it is hypothesised
that, during growth, the pores are not open channels but are instead lined or completely occluded
by the organic material. Remains of this material embedded in the silica may be the source of the
observed patterns and the carrier for proxies such as δ15N.
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b)

Silica walls with
low organic signals
Silica walls with
high organic signals

Figure 3.4: Conceptual schematic illustrating the proposed distribution of organics in fossil frustules
of centric diatoms. Shown is (a) a high-resolution SEM image of a centric diatom frustule, cut with a focused ion
beam (FEI Helios Nanolab G3), and (b) a conceptual diagram of the pore cross-section. Organic signals are present
throughout the silica (grey/striped) but higher concentrations are present at the pore walls (green/crosses).

3.5

Conclusions

With a combination of two high resolution imaging techniques we were able, for the first time,
to image the presence and distribution of organic signals inside the silica matrix of individual
fossil diatom frustules. NanoSIMS imaging suggested that organic signals were present throughout
the frustule but in higher concentrations at the pore walls. Raman measurements confirmed the
presence of organics but could not resolve the spatial patterns observed by nanoSIMS. Additional
research is needed to confirm and better understand the distribution of organics within the frustule
of fossil diatoms.
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Supplementary figures

Supplementary figure S3.1: NanoSIMS ion count images Shown are greyscale ion count images from which the ratio
images in Fig. 3.2 were calculated

58

interior
exterior

Step: 1 µm

Step: 2 µm

2.5 µm

2.5 µm

(870-952 cm-1):
Al-derivatives

(1020-1134 cm-1):
Si-O-Si network

Chapter 3

(945-1010 cm-1):
Si-OH

(768-848 cm-1): Inter
Tetrahedral Si-O-Si

(1364-1438 cm-1):
dC-Hx.

(945-1010 cm-1):
Si-OH

Ratio map:
dC-Hx/SiOSi

(2826-3021 cm-1):
uC-Hx.

Supplementary figure S3.2: Additional Raman spectral mapping of cleaned fossil frustules of centric diatoms.
Shown are maps of peak intensities corresponding to silica (Si-OH, Si-O-Si) and organics (C-Hx). For the 1 µm step-size the
corresponding map of the peak ratio δC-Hx/Si-O-Si is shown. For the 2 µm step-size an additional map is shown for the Al
presence. Maps were acquired with the step-size of 1 µm and 2 µm, respectively. The measured areas (15 µm) are marked in the
corresponding optical image.
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The oxygen isotope composition of diatom frustules has been the subject of study because it is
thought that, similar to the δ18Oforaminifera, the δ18Odiatom reflects the isotopic composition of the
ambient seawater. However, significant concerns exist surrounding the degree of post-mortem
diagenetic overprinting that might occur. Here, we study diagenetic overprinting of the δ18O signal
in various forms of silica by incubating the tests in 18O-enriched seawater and analysing them with
nanoSIMS and Raman micro-spectroscopy. The nanoSIMS results show that, on timescales similar
to that of the sinking diatom detritus in marine systems (days to weeks), the δ18O signal of both
diatom frustules and sponge spicules can be homogenously overprinted. In contrast, crystalline
silica does not show any indications of 18O-enrichment, most likely due to the absence of silanol (SiOH) groups as observed in Raman measurements. Together these results confirm that the silanols
can be diagenetically overprinted on short timescales, and suggest that the rest of the silica structure
is also susceptible. The final measured δ18ObSiO2 will therefore, most likely, represent a mixed signal
from the original growing stage, water-column settling, sediment-water interface, and sediment pore
waters.

4.1

Introduction

Studying changes in the isotopic composition of oxygen in past waters is considered an important
paleoceanographic tool, as these changes reflect local as well as global changes in characteristic
features of seawater, such as temperature, changes in global ice volume and other regional processes
(e.g., Rohling & Cook, 1999; Swann and Leng, 2009). Measuring δ18O in foraminiferal shells is a
commonly used method to track changes in the δ18O of ambient water during growth (e.g., Zachos
et al., 2001). Unfortunately, foraminifera and other carbonate remains are not always well preserved
on the ocean floor, impeding our knowledge of paleoceanographic conditions in the geological past.
Therefore, in areas where carbonates are absent, other forms of biogenic material are required
to study the changes in seawater δ18O over time. One material that could help fill the gaps in the
record is biogenic silica (opal), which is predominantly represented in the sedimentary record by
diatom frustules and sponge spicules.
As all silicates, diatom silica is composed mainly of interlinked silica (SiO4) tetrahedrons. These
units connect via bridging oxygen atoms forming siloxane (–Si-O-Si–) bonds (Zhuravlev, 2000).
Formation of biogenic silica occurs via condensation reactions where two Si-OH groups on the
silicic acid units condense to form SiO2+H2O. The δ18O of the resulting biogenic SiO2 is assumed
to reflect the δ18O of the water in which it formed. Surrounding the tetrahedrally bonded – Si-O-Si
layer, a less dense hydrous layer consisting of – Si-OH groups (silanols) exists (Gendron-Badou et
al., 2003). Silanol groups can be either present on the surface of the frustule (external) or trapped
in the porous structure as internal silanols (Loucaides et al., 2010; Zhuravlev, 2000). Moreover,
the oxygen atom in these silanol groups is thought to continuously exchange with the oxygen
atom in the surrounding water molecules (Labeyrie and Juillet, 1982; Frölich, 1989). The question
remains whether both external and internal silanols are equally affected by secondary oxygen
signal overprinting, and whether this has consequences for the tetrahedrally bonded oxygen. If this
were the case, δ18Odiatom values would most likely be similar to those in the ambient water during
biosynthesis but might start to deviate from this signal post-mortem.
Siliceous sponges present another form of biogenic silica found in the (paleo)oceans. These
sponges are commonly represented in the sediments by their spicules (structural elements which
support the skeleton of the animals), originating predominantly from the classes Demospongiae and
Hexactinellida. Sponge spicules have an amorphous silica matrix similar to that of diatom frustules
(Sandford, 2003) but differ in their formation processes as well as their physical characteristics.
While diatom frustules are known for their large structural pores, spicules are often observed to
have concentrically layered, needle-like structures with a single hollow central core (axial canal)
(Müller et al., 2007). Additionally, the two groups of organisms represent different environmental
conditions as diatoms live predominantly in the surface waters, while sponges are benthic organisms
and thus live in the bottom waters. This combination of similarities and differences provides the
potential to reconstruct not only surface and bottom water δ18O, but also vertical gradients in δ18O.
In recent decades, the application of oxygen isotopes in fossil diatom frustules has become
an increasingly popular tool for reconstructing past climate and environmental changes, both in
lacustrine and marine settings (see Leng and Barker, 2006; Swann et al., 2006; Swann and Leng,
2009). Despite increasing interest in this proxy, the presence of hydroxyl groups in the silica matrix
and their susceptibility to diagenetic overprinting remain a point of concern. These concerns are
strengthened by observed differences in δ18Odiatom between living diatoms and diatoms taken from
deep-water traps and surface sediments. This disparity is particularly evident in the vast array of
calculated silica-water fractionation factors (Fresh/recent: Brandriss et al., 1998; Dodd and Sharp
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2010; Sedimentary: e.g., Juillet-Leclerc and Labeyrie, 1987; Matheney and Knauth, 1989; Shemesh
et al., 1992). Finding the source of this variability is essential for the future of this proxy, and
studying the variability on a frustule level may aid this search.
Meanwhile, the use of oxygen isotope analysis in spicules is rare, as studies have suggested that
the fractionation between sponge spicules and seawater is not systematically reliable, despite some
studies showing clear trends in δ18O (Matheney and Knauth, 1989; Matteuzzo et al., 2013; Snelling
et al., 2014). Instead, the study of sponge spicules as a paleoproxy has focused on silicon isotopes
(e.g., Hendry et al. 2010; Hendry and Robinson, 2012).
With this knowledge, it becomes clear that, in order to analyse the potential of δ18O in
biogenic silica as a paleoproxy tool, the driving mechanisms behind the observed variability need
to be studied further. Recent studies regarding post-mortem diagenesis in diatom frustules have
focused predominantly on diagenesis occurring in the sediments, assuming that no exchange of
oxygen occurs during the settling of diatom detritus through the water column. This assumption
is based on the presence of an organic membrane surrounding the frustule which protects it from
dissolution (Bidle and Azam, 1999; Bidle et al., 2003) and appears to inhibit post-mortem changes
in δ18O (Moschen et al., 2006). In the sediments, several processes may influence the hydroxyl
groups and may thus induce isotopic re-equilibration. A study on dissolution effects in sedimentary
frustules suggests that small changes in δ18Odiatom can be observed in a state of extreme dissolution
(Smith et al., 2016). Other proposed processes are the precipitation of secondary silica and addition
of silanol groups, and the condensation of silica (Schmidt et al., 2001; Dodd et al., 2012, 2017;
Moschen et al., 2006). The effect of silica condensation on δ18O was studied by ageing cultured
diatoms in a setting mimicking seafloor/sedimentary conditions (Dodd et al., 2017), which revealed
rapid and significant changes in δ18O coinciding with a reduction in the total silanol abundance.
Moreover, the silica-water fractionation relationship factor in the experimentally aged samples
approached equilibrium quartz-water fractionation. Because of this, it was suggested that silicawater fractionation relationships derived from coretops/shallow sedimentary silica may represent a
mixed signal from growth δ18O values and diagenetic hydroxylation. Furthermore, it was suggested
that, despite the decreasing reactivity, this process is likely to continue for about 104-106 years,
possibly resulting in complete isotopic re-equilibration of the oxygen isotopes (Dodd et al., 2017).
To reduce the role that exchangeable oxygen in silanol groups can have in determining the
δ18Odiatom, several analytical methods have been developed. Two main methods have been
established and compared in an inter-laboratory study: the controlled isotope exchange (CIE)
method and the stepwise fluorination (SWF) method (Chapligin et al., 2011). Both analytical
methods were shown to produce comparable and reproducible results demonstrating that the
observed mismatch is not due to the analysis method. Recent studies, however, suggest that sample
preparation and laboratory protocols can have significant effects on the measured δ18Odiatom
(Menicucci et al., 2017; Tyler et al., 2017), reviving concerns about the effectivity of the current
methods in removing post-mortem δ18Odiatom signals.
In this study, we challenge the assumption that water-column diagenesis plays a marginal role in
controlling δ18ObSiO2. A nanoSIMS study of post-mortem 18O enrichment in fresh diatom detritus
and siliceous sponge spicules incubated in 18O-enriched seawater reveals a rapid and homogenous
signal overprinting, which is absent in crystalline silica. When combining the imaging data from
the nanoSIMS with structural data from Raman analysis, the results suggest that oxygen exchange
does not only occur in the readily available silanol groups but also in the denser -Si-O-Si- matrix of
biogenic amorphous silica.

4.2

Materials & Methods

4.2.1

Materials

Two separate diatom batches were cultured (Thalassiosira pseudonana and Thalassiosira weisflogii) at
the Royal Netherlands Institute for Sea Research (NIOZ) by using an f/2 medium. The culture
collection of the NIOZ provided the T. weisflogii strain (CCAP 1085/18) while the T. pseudonana
strain (CCAP 1085/12) was acquired at the Culture Collection of Algae and Protozoans (CCAP)
in Scotland. Cultures were grown in 300 cm3 tissue culture flasks at a temperature of 20 °C under
a 16/8 light/dark cycle. A total of 2 L of medium per diatom species was produced and split into
500 mL containers for harvesting. After harvesting, the diatoms were killed by freeze-drying (Telstar
LyoQuest) and stored at -20 °C. An aliquot of each 500 mL container was taken for cell counts
determination using flow cytometry (data not shown). Before use, frozen dry sample were diluted
with 50 ml of MilliQ (18.2 MΩ·cm at 25 °C).
The sponge spicule sample (Vazella pourtalesi) was obtained from M. C. Bart from the Universiteit
van Amsterdam. The Hexactinellida class sponge specimens were collected attached to their rocky
substrate by the ROPOS ROV at 300 m depth during the Hudson cruise 2016-019 (September
2016) at the Emerald Basin (43°59’49.0” N, 62°46’15.7” W).
The quartz crystals were obtained from A. Roepert from Utrecht University. The crystals were
collected near Al Hajar, Oman (23.340274° N, 58.565833° E) from a quartz vein permeating a
Late Proterozoic phyllite. Age of the crystal has not been determined. The sand grains used in this
study originate from standard construction-grade sand.
Fossil frustules from Chapter 5 of this thesis are also discussed in this manuscript. These
originate from the 40-60 µm size fraction of a diatomaceous clay after a 2-week incubation with
18
O-enriched seawater.
4.2.2

Incubation experiments

Two types of incubation experiments were performed in this study. Most experiments had multiple
time-points to study the exchange dynamics of different materials. One experiment had only one
time-point but was performed at two temperatures.
Similar set-ups were used for the incubation experiments with the biogenic silica (diatom
frustules and sponge spicules) and the crystalline silica (quartz crystals and sand grains) samples.
Incubations were done in 1.5 mL Eppendorf tubes containing 1.1 mL of water. The 18O-labeled
incubation used water prepared by mixing 0.1 mL of 97% H218O (Sigma-Aldrich) with 1 mL of
unlabeled natural seawater, resulting in 9% 18O atom fraction in the incubation water. Control
incubations only used unlabeled natural seawater. At the end, the sample material was added to
each separate tube. In a climate-controlled room, the Eppendorf tubes were put into Greiner tubes
and placed in a horizontal position on a roller-table to keep the water moving and the material in
suspension. Additional experiment-specific details are given below.
For half of the diatom 18O-labeled incubations, the seawater was autoclaved before the
18
O-label was added, whereas for the other half the 18O-label was added to natural seawater. This
was done to assess the role of microbial degradation on the protective organic layer surrounding
the frustule (Bidle & Azam, 1999; Bidle et al., 2003). No autoclaving was done for the control
incubation. Diatoms (mixture of T. pseudonana & T. weisflogii) were added to the incubation seawater
in 0.01 mL aliquots (resulting in ~105 cells per tube). For the time-series study the diatoms were
kept in solution for 0.5 h, 1 h, 24 h, 168 h (1 week), 336 h (2 weeks), 672 h (4 weeks), and 1008 h (6
weeks), and incubated in a climate-controlled room at 15 °C.
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To test for temperature dependence, additional diatom incubations were performed at 4
°C (bottom-water conditions) and 15 °C (surface-water conditions) for 336 h. The same diatom
mixture was used as in the previous experiments. As the frozen diatom samples had been diluted
with MilliQ , these diatoms were suspended in liquid for an extended period. Possibly resulting in
elevated dissolved silica (DSi) concentrations compared to the experiment described above.
The sponge spicules received a similar treatment as the diatoms. However, only spicules
incubated for 24 h and 336 h (2 weeks), and a control sample incubated in natural seawater (NSW)
for less than 1 h, were analyzed. The quartz crystals and sand grain samples were only studied after
336 h (2 weeks) of incubation in the 18O enriched and unlabeled seawater.
At the end of the incubation, the samples were centrifuged for 10 min (RCF = 15411 g, 20
°C) to settle the material. Supernatant (1 mL) was extracted and filtered through a sterile 0.2 μm
syringe-filter (VWR) for dissolved silicate determination. The remaining material was rinsed with
autoclaved MilliQ and filtered onto a 0.2 μm Nuclepore polycarbonate (PC) filter. The filter was
then air-dried and stored in a Petri dish at 15 °C.
To check for potential changes in the δ18O of the water during incubation, the supernatant
for two diatom samples (time-points 1 h and 336 h) was analysed using OA-ICOS (LGR Off-Axis
Integrated Cavity Output Spectroscopy). No significant change in δ18Owater was detected.
4.2.3

NanoSIMS measurements – diatom frustules

4.2.4

NanoSIMS measurements – sponge spicules and crystalline silica

Initially, the sponge spicules were prepared and measured in the same way as the diatom frustules.
However, due to the lack of ‘flat’ areas, surface charging was a major issue. Furthermore, the solid
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To prepare the samples for nanoSIMS analysis, dried PC-filters with the diatom detritus were
coated with a 12 nm Au-layer using a sputter coater (JOEL JFC-2300HR high-resolution fine
coater, JEOL FC-TM20 thickness controller). The frustules received no additional treatment prior
or after this step. Target frustules were identified by imaging with a table-top Secondary Electron
Microscope (JEOL JCM-6000PLUS NeoScope Benchtop SEM) operating at a 10-kV accelerating
voltage.
Nanoscale secondary ion mass spectrometry was performed with the nanoSIMS 50L
instrument (Cameca) operated at Utrecht University. Electron multiplier detectors were set using
a standard (SPI Supplies, 02757-AB 59 Metals & Minerals Standard) to enable the detection of
secondary ions 12C¯, 16O¯, 18O¯, 12C14N¯, 28Si¯ and 32S¯ with the Cs+ primary ion beam. First,
samples were placed in the airlock to reach vacuum levels of 10-8 mbar and heated to ~50 oC
for at least 24 h to remove any adsorbed water. After this, the samples were moved to the vessel
chamber and kept in a vacuum (10-9 mbar) until analysis. For primary ion implantation, the lowenergy (LE) implantation technique was applied to preserve the target material. Initially, tuning
and measurement were both performed on the same diatom frustule; however, this resulted in a
significant loss of material, even with the primary ion current of 0.5 pA. Therefore, it was decided
to perform tuning on a nearby diatom, thus preserving the entire target frustule for measurement.
After the tuning, LE implantation was performed on the target frustule for 300 s after which the
measurement was started. The imaged area varied among the measured specimens but ranged
between 5 x 5 μm and 20 x 20 μm. Images were acquired with a resolution of 128 x 128 pixels. To
achieve the best spatial resolution, imaging was done with the primary ion current of 0.5 pA, the
diaphragm and slit settings of D1-3, ES-3, AS-2, and a dwell time of 1 ms/pixel. Analysis generally
continued until the frustules were largely sputtered away.

structure did not allow the beam to completely sputter away the spicules with the currents used for
the frustule analysis. Some broken spicules did provide cross-sections, but these surfaces were rarely
well placed or sufficiently flat for the nanoSIMS analysis. Therefore, the sample preparation was
adjusted.
Specifically, a circular portion (0.5 cm diameter) was cut from the filter, placed on a 1 cm
conductive carbon tape and surrounded by an aluminum-ring. This ring was then filled with a
resin (Araldite 2020), sonicated to remove air bubbles, and left to dry for at least 24 h at room
temperature. After this, the carbon tape and filter were removed using P4000 silicon carbide paper.
Subsequently, F1 diamond fluid was used to polish the surface. Finally, the polished surface was
coated with a 12 nm thick Au-layer using a sputter coater. SEM analysis revealed that the inner
parts of the spicules were well exposed and flat. Similar preparation steps were employed for the
samples of the quartz crystals and sand grains.
NanoSIMS analysis of the spicules used the same instrument settings as the analysis of
frustules. To prevent possible charging of the sample, the e-gun was used. Contrary to the frustule
measurements, LE-implantation of the primary Cs+ ions was not employed for the spicules as they
appeared to be more robust and contained more material. Instead, pre-sputtering was performed
with D1-1, 2 pA and C4Y:50 until secondary ion yields stabilized. Imaging was performed with
the primary beam current of either 1 pA or 2 pA, resolution of 128 x 128 pixels, dwell time of 1
ms/pixel, and over 300 planes. The analysis of the quartz crystals and sand grains proceeded in a
similar manner.
4.2.5

NanoSIMS data analysis

NanoSIMS data were analyzed with an updated version of the Matlab-based freeware software
Look@nanoSIMS (Polerecky et al., 2012). The general approach involved the analysis of ion count
ratios in manually drawn regions of interest (ROIs), and their variation with depth (measurement
plane) in the sample. Five critical observations guided the final data analysis strategy.
First, the 18O/(16O+18O) ion count ratio measured in diatom frustules increased significantly
over the initial ~50 planes (Supplementary Fig. S4.1d). We attributed this to a combined effect
of the sample preparation and measurement. Specifically, the frustules were enriched in 18O as a
result of their incubation with 18O-labeled seawater (see Results), but during sample preparation
they were rinsed with unlabeled MilliQ. This resulted in a lower 18O atom fraction in the very
top layers of the frustule due to rapid 16O-18O exchange. Because we first used the low-energy
implantation technique to increase the secondary ion yields without sputtering away the frustule
material, the measurement with the high-energy beam made it possible to detect this local decrease.
Unfortunately, due to the lack of calibration between the measurement plane and depth within the
sample, we were unable to estimate the range over which this surface-bound decrease occurred.
Nevertheless, to avoid the influence of this surface effect, the initial ~50 planes were excluded from
the analysis. These trends were not detected in the sponge spicules and crystalline silica materials
because they were initially pre-sputtered with a high-energy beam.
Second, the frustule material was not sputtered uniformly during the analysis, leading to
progressively increasing heterogeneity in the ion count images as the number of imaged planes
increased (Fig. S4.1a-c). Most importantly, material from the underlying filter became detected in
ROIs that corresponded to the frustule at the beginning of the measurement. Because the ions from
the filter could strongly affect the final ion count ratios, only areas on the frustule which persisted
throughout the measurement were used in the analysis. This was determined based on the 28Si ion
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count image (Fig. S4.1e) combined with the depth profiles of the 28Si ion counts and the 18O/16O
ion count ratios in ROIs.
Third, the frustules often contained localized remnants of biomass, as revealed by the detected
12 14
C N ions. These organics had lower 18O fractions than the frustule. To avoid the influence of this,
areas with significant counts of the 12C14N ions were excluded from the analysis.
Fourth, for the embedded sponge spicules and quartz specimens, the imaged area always
targeted both the sample and the resin to facilitate internal referencing of the 18O atom fraction
determination in the target material.
Finally, to rule out edge effects, edges of frustules were usually avoided during ROI definition.
More details about this ROI approach can be found in Chapter 6 of this thesis.
4.2.6

Raman spectroscopy

4.3

Results

4.3.1

18

O-enrichment in biogenic amorphous silica vs. crystalline silica

After two weeks of incubation, there were no significant differences between the 18O-atom fractions
measured in the crystalline silica samples (quartz and sand grains) incubated in 18O-enriched
seawater and the control samples (p > 0.05; Table S4.3). This is in contrast to the biogenic silica
samples, which showed significant enrichment in 18O compared with the controls (Fig. 4.1). Of the
biogenic silica samples, the 18O enrichment was lowest in the sponge spicules (18O atom fractions
around 2.8E-3) while it was quite substantial for the fresh diatom frustules (18O atom fractions
around 3E-2). Fossil diatom frustules presented in Chapter 5 of this thesis also showed significant
enrichment (18O atom fractions around 3.6E-2). No significant differences were observed for
spicules that were remeasured after having spent three months in the vacuum (10-9 mbar) of the
vessel chamber of the NanoSIMS instrument (data not shown). Repeated measurements of the
very same frustules were not possible as the frustules were completely sputtered away during the
nanoSIMS measurement.
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Analysis was performed with the WITec Alpha 300R Raman spectrometer using the 532 nm
line generated by a Nd-YAG laser. The instrument is equipped with an optical microscope and a
100x objective lens (numerical aperture of 0.8) allowing the measurement of lateral profiles across
spicules and quartz crystals with a resolution of ~1 µm and depth profiles with a resolution of
slightly larger than 1 µm. A grating of 600 grooves/mm was used to obtain the entire spectral
region of interest (100-3700 cm-1) in a single spectrum allowing direct comparison of bands
in different regions. Signal to noise was improved by taking each spectrum for five seconds and
averaging over 10 acquisitions. Background removal was performed using the WITec Project Plus
software (version 4), and band fitting was conducted in Fityk (Wojdyr 2010).
For the spicules incubated in 18O-enriched water for two weeks, a 2D intensity map in the x,z
direction was created, as well as depth line scan analyses scanning the same x,y point at increasing
z. For the control spicule and quartz, only depth line scans were generated. A fossil frustule (~50 µm
diameter) with 18O-enrichment from Chapter 5 was also targeted for spectral analysis to determine
water content. Fresh diatom samples were not studied because the depth resolution of the Raman
spectroscopy (~1 µm) exceeds the thickness of the frustule valves, which is for T. pseudonana in the
range 63-150 nm (Hildebrand et al., 2006), and this would not produce sufficient signal.
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Figure 4.1: 18O atom fractions in various forms of silica. Compared are control samples with samples
incubated for 2 weeks in 18O-enriched seawater (18O atom fraction of ~0.09). Mean 18O atom fractions and number
of measured specimens are shown for each sample type. Note the logarithmic scale of the y-axis. The data was
collected over several measuring sessions to confirm reproducibility of the measurements.
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Figure 4.2: Time-evolution of the post-mortem 18O atom fractions in diatom frustules. Dashed line
indicates the 2-week mark. Trend is fitted with a power function. The dataset contains all the measured diatom
samples including control frustules (data-points at T=0), and frustules incubated in 18O-enriched seawater that was or
was not autoclaved. Distinction between the latter two treatments is shown in Fig. S4.3
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4.3.2

Rapid post-mortem 18O-enrichment in diatom frustules

Diatom frustules incubated in 18O-enriched seawater at 15 °C showed rapidly increasing 18O atom
fractions, gradually decreasing in rate with time (Fig. 4.2). No significant differences were observed
between the natural and autoclaved seawater samples at any time point measured (Fig. S4.3).
Images revealed that the 18O atom fractions in the frustule valve (8.3E-3) were significantly
larger than in the girdle (7.1E-3; Fig. 4.3). The 18O atom fraction was generally homogenous within
the valve, both in the lateral and vertical dimensions (Fig. S4.1). Although the studied species have
very similar morphology but slightly different frustule diameters (T. pseudonana: 4-7 μm; T. weisflogii:
7-10 μm), the differences in frustule diameter had no apparent effect on the measured 18O atom
fractions (Fig. S4.4).
Incubations in 18O-enriched seawater for 2 weeks revealed that frustules incubated at 4 °C had
a significantly lower 18O atom fraction than the frustules incubated at 15 °C (Fig. 4.4). However,
both were significantly enriched compared to the control samples (~2E-3). Based on these two
temperature-points, the activation energy could be estimated graphically using the Arrhenius
equation, assuming first-order reaction kinetics. The resulting estimated activation energy was Ea =
30.9±4.6 kJ mol-1 K-1.
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Figure 4.3: Distribution of the 18O enrichment in a diatom frustule. Shown are images of a frustule
incubated in 18O-enriched seawater for 24 h. (a) SEM image of the side view of an intact frustule. (b) Accumulated
28Si ion count image. (c) Image of the 18O atom fraction showing relatively greater enrichment in the valve. White
and black lines in panels (b) and (c) mark the valve and the girdle.
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4.3.3

18

O-enrichment in sponge spicules

Similar to diatom frustules, 18O atom fractions in sponge spicules incubated in 18O-enriched
seawater showed a clear increase over time (Fig. 4.5). The variability among specimens also
increased with time (Fig. 4.5). However, after the same incubation time (2 weeks) the average
18
O atom fraction in the spicules (2.84x10-3) was significantly lower than in the diatom frustules
(2.57x10-2; Fig. 4.1).
The distribution of the 18O atom fractions in the spicules was mostly homogeneous throughout
the silica structure (Fig. 4.6). Occasionally, a locally increased 18O enrichment was observed in areas
of 0.5-1 µm in size along the edges of the spicule (Fig. 4.6a), but these areas could not be identified
based on the SEM and NanoSIMS data available. In several spicules, a depression (axial canal)
running through the spicule was observed (Fig. 4.6d). This axial canal contained markedly higher
amounts of S and was slightly more enriched in 18O than the rest of the spicule silica (Fig. 4.6ef; Supplementary Fig. S4.5). Similar axial canals have previously been observed in hexactinellids
(Sandford, 2003).
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4.3.4

Raman spectroscopy of amorphous and crystalline silica

While nanoSIMS provides information on the distribution of oxygen isotopes, it does not
provide information on the molecular structures in which the oxygen atoms are present. Raman
spectroscopy, however, can distinguish these forms and may provide information about which of the
potential O-bearing pools in the silica may have been contributing to the observed 18O-enrichment.
Table 4.1: Raman band assignments
Band position (cm-1)

Band assignments

a) 460-490
b) 768-848
c) 945-1010
d) 1020-1134
e) 3590-3610
3000-3700

Si-O-Si stretching
Inter tetrahedral Si-O-Si
Si-OH stretching
Si-O-Si network
-OH stretching within a solid Si structure
Water -OH stretching region

Identification was based on (McMillan et al., 1982; Terpstra et al., 1990; Kammer et al., 2010; De Tommasi et al., 2018)
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Figure 4.6: Distributions of 18O atom fractions in sponge spicules incubated in 18O-enriched seawater
for 2 weeks. (a) Image of the 18O/16O ion count ratio. (b) Lateral profile of the 18O/16O ratio along a line shown
in panel (a). (c) Depth profile of the 18O atom fractions in the spicule (black) and in the resin (red) (d) SEM image of
another spicule showing a depression identified as the axial canal. (e) Image of the 18O atom fraction in the spicule
shown in panel (d). (f) Lateral profile of the 18O atom fraction along a line shown in panel (e).

a)

b)

Figure 4.7: Raman spectra from sponge spicules, quartz and fossil diatom frustule. (a) Spicules and
quartz. The spicule (blue line) and quartz (black line) were incubated in 18O-enriched seawater for 2 weeks. Red line
corresponds to the control spicule. Identities of the target peaks are listed in Table 1. (b) Fossil diatom frustule. The
frustule was incubated for two weeks in 18O-enriched seawater, and subsequently stored for five days in a vacuum (10-9
mbar) to remove any residual adsorbed water. Identities of the target peaks are listed in Table 1. Strong signals for
∂C-Hx (1364-1438 cm-1) and υC-Hx (2826-3021 cm-1) are visible in the spectrum but are not marked for this study.
The 18O atom fraction for this frustule was 3.57E-3.
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A distinct feature in the Raman spectra of the sponge spicules (amorphous structure) is the peak
around 975 cm-1, which is absent in the Raman spectra of quartz (crystalline structure) (Fig. 4.7a).
This peak was attributed to the stretching of Si-OH groups (De Tommasi et al., 2018 and references
therein). The presence of this group was further confirmed by the sharp band in the water region
around 3610 cm-1, which is characteristic in vibrational spectroscopy for O-H stretching within a
solid Si structure rather than liquid water (Kammer et al. 2010). The [Si-O-Si790cm-1/Si-OH975cm-1]
peak ratio did not vary between the control spicule and the spicule incubated in 18O-enriched water.
The presence of -OH is one of the distinguishing characteristics of amorphous silica, as these
groups cannot be present in crystalline silica due to the orderly and tightly packed atomic structure.
The distribution of the -OH group within sponge spicules was also studied, but no spatial patterns
were detected due to the low spatial resolution of the Raman measurements (Fig. S4.6).
Another distinctive feature in the Raman spectra of the sponge spicules was the broad water
band around 3400 cm-1. Both the spicules and quartz used for measurements shown in Fig.
4.7a did not spend time in a vacuum. In order to check if water signals were the source of the
18
O-enrichment observed in the nanoSIMS measurements, measurements were performed on
samples that had spent five days in a vacuum (10-8 mbar). The measurements showed that the
spectrum for spicule did not change (data not shown), meaning that the water signal was still
present. However, we also analyzed a fossil diatom frustule that had been incubated in 18O-seawater,
and here the water signals were absent (Fig. 4.7b), despite showing significant enrichment in 18O.
4.3.5

Influence of heating on the 18O atom fraction of sponge spicules

18O/(16O+18O) ion count ratio
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After heating
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Figure 4.8: 18O atom fractions of spicules before and after heating under vacuum. Data represents
measurements from the same individual spicules (N=7).
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Since the Raman measurements showed the presence of water in the silica structure after five
days in a vacuum, the spicules previously measured by nanoSIMS were heated for an additional 7
hours in a vacuum of the NanoSIMS airlock (10-8 mbar) and remeasured. The exact temperature
could not be determined but was estimated to be higher than 80 °C (M. Kienhuis, personal
communication). This treatment increased the mean 18O atom fraction from 2.83E-3 to 2.93E-3,
but the increase was not statistically significant (p = 0.391; Supplementary table S4.5).

4.4

Discussion

This study revealed that biogenic silica undergoes a rapid resetting of the O-isotope signature
when incubated in 18O-enriched water. Moreover, the exchange appears to take place not only at
the surface hydroxyl groups but also in the rest of the silica matrix without an apparent alteration
of the structure. This confirms concerns that have been raised regarding the role of diagenesis in
influencing δ18O of fossil diatom frustules. While previous research has focused on diagenesis in
the sediment, this study shows that oxygen isotope exchange can already take place rapidly in the
water column. By comparing different forms of biogenic amorphous silica and crystalline silica, the
significance of the isotope exchange in biogenic silica becomes clear.
4.4.1

Post-mortem oxygen exchange in amorphous biogenic silica

In the case of diatom frustules, their susceptibility to post-mortem oxygen exchange becomes
evident from the rapid changes in 18O atom fractions with time. After spending only 24 hours
in the 18O-enriched seawater, we already observed significant changes, while after one week in
18
O-enriched water, the frustules displayed 18O atom fractions that are an order of magnitude
higher compared to the natural abundance values of the control frustules. After six weeks, the rate
of change slowed and the measured 18O atom fraction of the frustules stabilized around 2.9E-2,
which was about a third of the water signal. This study confirms an earlier study which also shows
similar alterations on the timescale of days to weeks (Tyler et al., 2017). Considering that diatoms
may spend around 2-4 weeks in the water column before reaching the seafloor, a considerable
part of the original 18O oxygen signal will have been overprinted before the frustule reaches the
sediments.
In this study, the rate of change decreases over time, likely in part due to the decreasing
difference between the 18O atom fraction of the water and the frustule. Over longer timescales a
decrease in reactivity is also expected due to other processes. In sediment samples decreasing
reactivity is often attributed to the diminishing number of silanol groups by silica maturation (Dodd
et al., 2012; Schmidt et al., 2001; Moschen et al., 2006; Lewin, 1961; Brandriss et al., 1998 among
others). Despite the decreasing reactivity, the impact over geological timescales can be substantial.
This decreasing but persistent reactivity was also acknowledged by Dodd et al. (2017), who
mentioned that “the dehydroxylation process has the potential to continue to alter δ18O values for
~104-106 years.”
A potential inhibitor of post-mortem oxygen transfer in the water column is the presence of a
protective organic membrane surrounding the frustule (Moschen et al., 2006). Indeed, the presence
of the organic membrane has been shown to strongly reduce silicon dissolution rates, confirming
its protective nature when not strongly altered by the presence of bacteria (Bidle and Azam,
1999, 2001). Observations of varying δ18O in settling diatom detritus in a lacustrine environment
are instead attributed to resuspended sedimentary frustules affecting the deep trap rather than
rapid frustule diagenesis in the water column (Moschen et al., 2006). In an attempt to assess the
role of the protective organic membrane in inhibiting secondary oxygen exchange in this study,
experiments were performed with both natural seawater (biotic) as well as autoclaved seawater
(abiotic). By autoclaving the water, the bacterial population should be minimized, preventing attacks
on the organic membrane, leaving it intact. The ensuing data showed no significant differences in
dissolution (Fig. S4.2) or 18O-exchange (Fig. S4.3) between the two environments, suggesting that
the NSW experiment likely also had very little bacterial activity. The observed 18O-enrichment in

74

1 = Akse (2019); Tyler (2017)
2 = Dodd (2012); Smith (2016)
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Figure 4.9: Schematic diagram putting this study in a context of different studies looking at diagenetic
overprinting of frustule δ18O.
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the frustules incubated in autoclaved water suggests that post-mortem oxygen exchange is possible
despite the potential presence of a protective membrane.
Instead of dissolution, the hydrous Si-OH layer is seen as the main contributor to the
differences observed in δ18Ofrustule of surface diatoms and those found in the sediment (e.g. Brandriss
et al., 1998; Moschen et al., 2005; Dodd & Sharp 2010). Though the diatom data in this study
clearly confirms the post-mortem interaction of diatom frustules with their surrounding waters,
the porous and relatively thin morphology of the frustules makes it challenging to determine if
only surface silanol groups were affected or if the tetrahedrally bonded silica was similarly altered.
Therefore, the experiment was repeated with siliceous sponge spicules, which have a comparable
amorphous silica matrix but a thicker and larger physical structure, providing more material for
nanoSIMS measurements.
Similar to the diatom samples, spicules incubated in 18O-enriched seawater displayed increased
18
O atom fractions. The 2-week incubated spicules showed an increase in 18O atom fraction
from ~2E-3 to ~3E-3 (Fig. 4.5). Some spicules were remeasured after spending three months in
a vacuum at 20 ˚C while others were remeasured after spending seven hours in a vacuum under
increased temperatures (>80˚C). These spicules showed reproducible values, suggesting that
adsorbed water was sufficiently removed for all measurements and did not play a role in the
observed 18O-enrichment. Instead, it appears that entire spicule can become enriched with 18O in
a matter of several days. Compared to diatom frustules, the rate of exchange is lower in spicules,
probably due to the reduced surface area. Unfortunately, the exact rate cannot be obtained from
this experiment. To determine this, unknowns such as surface area and silanol abundance need to
be constrained, which is outside the scope of this manuscript. The increasing variability of values as
time progresses further demonstrates the need to constrain these uncertainties for future work.

4.4.2

Oxygen exchange in crystalline silica

By measuring additional forms of silica, it became clear that, unlike the biogenic amorphous silica
of sponge spicules and diatom frustules, crystalline silica was not affected by oxygen overprinting.
Both quartz crystals and sand grains did not show changes in their 18O atom fractions after
spending time in the 18O-enriched water. This is an important observation for multiple reasons.
First, these results confirm that the elevated 18O atom fractions in the embedded and polished
spicules cannot be attributed to sample preparation, as the same methodology was used for the
crystalline silica. Second, this means that the secondary exchange of oxygen on the timescale of
weeks is a phenomenon reserved for biogenic amorphous silica.
4.4.3

Distribution of 18O in biogenic amorphous silica

For the δ18O proxy in biogenic silica, it is vital that we further understand the effect of diagenetic
processes. Therefore, the chemistry of the individual tests was studied at a sub-micron level. In this
way, it was possible to determine whether the oxygen exchange only took place at local hotspots, as
a surface deposit or throughout the entire silica structure.
Diatom frustules
Our analyses showed that the 18O atom fraction was affected uniformly throughout the silica matrix
of the diatom valve. This was clear from both the homogenous lateral distribution in the 18O atom
fraction image as well as from the stable 18O/16O ratios with depth for the frustule silica (Fig. S4.1).
In the depth profiles, the high 18O values persisted for as long as the frustule silica was detected. The
detected 18O atom fraction started to decrease not because the frustule material was less enriched
in 18O, but because of increasing interference from the underlying substrate as the thin frustule was
sputtered away (Fig. S4.1). Laterally, the diatom girdles were less enriched in 18O than the valves
(Fig. 4.3), but as valves are commonly represented in the sediment archive, these were the focus
of this study. Our NanoSIMS data from the diatom frustules could not conclusively distinguish
between the enrichment of the hydroxyl groups and a possible enrichment of the tetrahedrally
bonded oxygen. What they do tell us, however, is that the oxygen in the ambient water molecules
can similarly affect both the external silanols as well as the internal silanols (Loucaides et al., 2010).
This is of importance as studies have shown that internal silanol groups may be more abundant
than external silanols, as well as more difficult to remove with the current dehydroxylation
techniques (e.g., Dodd et al. 2017). Furthermore, as studies have suggested that the condensation
of Si-OH groups might be responsible for δ18Odiatom changes during maturation (e.g., Dodd et al.,
2017; Schmidt et al., 2001), infiltrating secondary oxygen could become part of the silica matrix
throughout the frustule. So even though the presence of an organic membrane encompassing
the frustule prevents rapid dissolution (Bidle & Azam, 1999), a small amount of infiltrating water
can start this reaction. This suggests that current dehydroxylation techniques are not sufficient to
remove the entire secondary oxygen signal.
Sponge spicules
Generally, the measured spicules showed relatively homogenous 18O atom fractions throughout.
Variations only occurred in the axial canal and as small hotspots at the edge between the spicule
and the resin. The source of the hotspots could not be determined, but these were not consistently
present throughout the measurements. The presence of enriched surface silanol groups seemed to
be confirmed by the elevated 18O atom fractions observed in the axial canals. The labeled water
was likely able to invade the axial canal and exchange oxygen with the -OH groups. Similar to
76

Si-OH

HO-Si Si-OH

Si-OH

HO-Si

HO-Si

Si-O-Si

Si-OH

Si-O-Si Si-OH

Si-O-Si Si-OH

H218O

the 18O signal, the 32S signal was also elevated in the axial canal (See Fig. 4.6 and Fig. S4.5). A
similar observation was previously made in calcareous sponge spicules (Kopp et al., 2011) where
the detected S was attributed to the presence of sulphated polysaccharides embedded in the
organic matrix of the biomineral. It is possible that the presence of proteins enhanced the uptake
of secondary oxygen. However, it is more likely that the observed 18O enrichment was a result of
the presence of surface silanols. These observations imply two active processes: the swift oxygen
exchange and condensation of labile hydroxyl groups followed by a slower diffusion of oxygen into
the rest of the opal matrix.
4.4.4

Raman measurements on amorphous and crystalline silica

A significant result from the Raman measurements was the reproducibility of the data among
the different spicules, meaning that the observed isotope exchange was not related to a physical
phase change such as recrystallisation. Moreover, according to the Raman measurements, the
main distinguishing feature of the spicule relative to the quartz was the presence of Si-OH, which
suggests that the presence of silanol groups in biogenic silica is indeed an enabler of oxygen isotope
exchange. Moreover, the more open nature of the amorphous silica structure enables more facile
diffusion of water and consequently oxygen. Thus, the availability of reactive silanol groups and
the open amorphous structure of biogenic silica allow the diagenetic overprinting of oxygen signal
in the entire silica matrix.
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Figure 4.10: Schematic diagram of oxygen exchange between the diatom frustule and ambient water.
Despite the presence of an organic membrane surrounding the frustule, 18O enriched water infiltrates into the frustule
pores leading to exchange of oxygen with internal silanols.

4.4.5

The potential sources of oxygen signal

The nanoSIMS results show a homogenous distribution of 18O through the amorphous silica
structures of the diatom frustules and sponge spicules. However, the nanoSIMS does not provide
information on the structural site in which the oxygen atom is located. Within the silica, there are
four potential O-bearing pools: (1) water adsorbed to the silica, (2) water trapped within the silica
architecture, (3) silanol (Si-OH) units (Knauth and Epstein, 1982) and (4) siloxane (Si-O-Si) within
the silica structure.
The first pool, loosely adsorbed water, is removed before measurement by initial drying of
the samples in air as well as by degassing in the vacuum chambers of the nanoSIMS instrument.
Therefore, this pool should not contribute to the measured signal. Determining the relative
contribution of the other three pools (crystalline water, siloxane and silanol) is more challenging as
the Raman measurements of the spicules show that all three are present within the structure (Fig.
4.7) even after exposure to the nanoSIMS vacuum for five days. It is likely that water entered the
structure as the activation energy of 18O exchange in diatoms was estimated (~31 kJ mol-1 K-1) to
be higher than the activation energy of self-diffusion of free liquid water (~19 kJ mol-1 K-1; Mills,
1973; Fripiat et al., 1984). Water might be present in the ultramicropores (size <1 nm) and in the
OH groups that are located at the walls of these pores, classified as internal silanols (Zhuravlev,
2000; Sato et al., 2011). Together with external silanol groups, these pools account for 7-12% of the
total oxygen presence (Knauth et al., 1973). The remaining ~90% can be attributed to oxygen in
siloxane groups (Si-O-Si).
Considering the magnitude of the 18O atom fraction observed in the diatom frustules (reaching
~30% of the 18O atom fraction of the incubation seawater), and the small contribution of silanol
groups to the total O pool, our results suggest that oxygen in the siloxane groups of the frustules
must also be altered due to the secondary oxygen exchange with the surrounding water.
In the spicules the presence of internal oxygen-bearing water in the silica matrix (even
after having spent several days in the vacuum) is undeniable and this could contribute to
the 18O-enrichment. However, it is unlikely that this pool contributed significantly to the
18
O-enrichment observed by nanoSIMS. Firstly, fossil diatom frustules incubated in 18O-enriched
water for 2 weeks showed higher 18O enrichment than spicules, but Raman spectroscopy did not
detect any water in these samples (Fig. 4.7b).
Secondly, 18O atom fraction measured by nanoSIMS increased with the exposure time of the
samples to the 18O-enriched water (Fig. 4.2 & 4.5). The lack of a diffusion profile across the spicule
samples indicates that diffusion into the pores was efficient on the timescale of the experiments.
In fact, in the depth profiles of fresh frustules, an indication of a very rapid diffusion found that
is likely due to a very brief (minutes) exposure to MilliQ. This hints at the efficiency to which the
water diffuses into the structure. Therefore, if water in the pores had a significant contribution in
the nanoSIMS measurements, the 18O atom fractions would be stable, rather than increasing with
time.
Lastly, volatilization of water through heating to ~100 °C has been found previously to occur
without isotopic exchange with silica-bound oxygen (Labeyrie, 1974). Therefore, it is unlikely
that the water signature can give rise to the 18O/16O signatures through exchange during sample
pretreatment for nanoSIMS analysis. Indeed, even additional heating of the spicules under vacuum
in the nanoSIMS airlock did not result in significantly lower 18O atom fractions (Fig. 4.8).
Water within the diatoms appears to be removed easier than from the spicules, most likely due
to the thinner and more open architecture of the frustules. If water was indeed removed from
the frustules, only the hydroxyl and siloxane groups would remain. Moreover, the presence of
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structurally bound water may actually aid the diffusion processes of oxygen into the silica structure
by providing an internal pool directly influenced by the external water signature with which internal
silanols can exchange. If condensation of the internal silanols occurs due to maturation (Dodd et
al., 2017) or sample preparation (Tyler et al., 2017), then the 18O signal of the intrinsic water would
become part of the silica structure.

4.5

Conclusion
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Our data show that the oxygen signal in biogenic amorphous silica can become rapidly overprinted
post-mortem, supporting recent concerns in the literature about early diagenetic effects on
δ18Odiatom. While these concerns have focused predominantly on sediment diagenesis, we show that
post-mortem diagenesis can already start playing a major role in the water column. This hypothesis
is based on the observation that two forms of biogenic silica (diatom frustules and sponge spicules),
when placed in 18O-enriched seawater, become rapidly enriched in 18O. NanoSIMS analysis of
individual frustules showed that this enrichment occurred throughout the structure. This means
that, at the very least, both external and internal silanol groups are similarly affected. Additional
mapping of sponge spicules revealed that, despite the more solid structure of the spicules, the
entire silica matrix was enriched in 18O, albeit to a lesser degree than the porous diatom frustules.
Moreover, a similar experiment with crystalline silica (which lack hydroxyl groups) did not show
enrichment in the 18O atom fraction. These experiments confirm that the presence of surface
silanol groups can lead to a rapid exchange of oxygen between biogenic silica and the ambient
water. However, as the entire silica matrix appears to be altered, these experiments suggest that
siloxane groups are also affected by secondary oxygen overprinting. This implies that despite the
current dehydroxylation methods (see Chapligin et al., 2011 for a comparative study), the final
measured δ18Odiatom from the frustule will most likely represent a mixed signal from the original
growing stage, water-column settling, sediment-water interface, and sediment pore waters. As
reactivity has been shown to decrease with time (Fig. 4.9), the oxygen signal may be dominated by
early conditions, but continued reactivity on geological timescales cannot be ruled out. Therefore,
records may still show large-scale trends, but detailed interferences about environmental conditions
should be avoided.
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Figure S4.1: NanoSIMS imaging of 18O/16O in a diatom frustule. (a-c) Variation in the 16O ion counts with
the measurement plane. (a) Initially, ion counts are low due to insufficient implantation of the primary Cs+ ions into
the frustule matrix by the low-energy implantation procedure performed before the measurement. (b) As more highenergy Cs+ ions are implanted into the matrix during the measurement, the secondary ion yield increases leading to
higher ion counts. (c) However, sputtering of the frustule material is uneven, leading to increasing heterogeneity of the
ion count image. Dark pixels correspond to areas where the frustule was completely sputtered away. (d) 18O/16O ratio
as a function of the measurement plane (i.e., depth), shown for two areas on the frustule (red and blue data points
correspond to areas pointed to by the red and blue arrow in panel f). Following an initial increase (planes 0-50), the
18

O/16O ratio stabilizes (planes 50-150), but then starts to decrease towards the value corresponding to the underlying
substrate (carbon-tape) as the frustule matrix becomes sputtered away (planes 150-250). The final mean was calculated
using planes where the 18O/16O ratio was stable (see interval bound by the dotted lines). (e) Composite RGB image
showing the distribution of the 16O (red), 28Si (green) and 12C (blue) ion counts accumulated over planes 50-150. The
frustule lying on top of the carbon-tape substrate (blue) is clearly visible. (f) 18O/16O image obtained from the ion
count images accumulated over planes 50-150. Only pixels with sufficiently high 16O ion counts are displayed. Pixels
where the 12C ion counts were significant (areas corresponding to the carbon-tape) are shown as dark.
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Figure S4.2: DSi changes over time during incubation experiments in 18O-enriched seawater. Shown
are the influences of three different treatments on the DSi of the water. Diatom frustules were incubated either in
natural seawater, 18O-enriched seawater or autoclaved 18O-enriched seawater. Each datapoint represents the DSi
concentration in the supernatant of an individual experiment vial. The DSi concentrations displayed a linearly
increasing trend with slopes (0.062±0.010) that did not significantly differ among the three treatments (p=0.794;
Supplementary table S8). This indicates that diatom frustule dissolution rates were similar in all treatments. Starting
conditions of the natural seawater samples were lower than those containing the H218O label due to the glass vial in
which the label was stored by the manufacturer before it was used for this study.
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Figure S4.3: Post-mortem 18O enrichment under different experimental conditions. Shown are the 18O
atom fractions for the three different incubation treatments: Natural seawater, 18O-enriched natural seawater and
18
O-enriched autoclaved seawater. Each datapoint represents an individual frustule. No differences are observed
between the labelled incubations. The 12C14N/28Si ratio did also not show differences between the treatments (data
not shown)
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Figure S4.4: Influence of the frustule valve diameter on the 18O atom fraction. Shown are the 18O atom
ratios at different timepoints. Each datapoint represents an individual frustule. Smaller valves are often associated
with T. pseudonana while the larger valves are associated with T. weisflogii. A statistical test could not be performed
with confidence on this data due to the uneven distribution of the data over the different valve diameters, with some
treatments showing a complete absence of data points for certain vale diameters.
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Figure S4.5: Sponge spicule with visible axial canal Shown are the 32S ion count ratio image and lateral profile
of an incubated spicule with visible organic enrichment in the axial canal. In contrast to the resin, in which high
counts of secondary ions 12C-, 12C14N- and 32S- were detected, only 32S ion counts were detected in the axial
canal of the sponge spicule. Thus, infill of axial canal with the resin is an unlikely explanation of the high S signal
detected in the axial canal.

82

a)

b)

c)

d)

Figure S4.6: Raman 2D intensity maps of a spicule (a) Si-rings intensity (b) Si-O-Si/Si-OH (c) Inter
tetrahedral Si-O-Si/Si-OH (d) Si-OH/OH water; The composite images show that, at this resolution, there are no
clear patterns concerning the Si-OH distribution within the spicule. The maps show fairly homogenous ratio maps.

Table S4.1: Shapiro-Wilk test of normality – Crystalline silica incubations For these tests only the quartz
crystals were compared as we did not measure a control for the sand grains. The assumption of normality could
not be met for the incubated group. Transformation of the data did not change this. This is likely due to the low
measurement number. A test over all the data does give a normal distribution
df

Sig.

0.935
0.718
.902

5
7
15

.629
.006
.102

Control quartz
O-incubate quartz
All quartz
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Statistic

Table S4.2: Brown-Forsythe test for homoscedasticity

18O/(16O+18O))
SQRT(Fe/Si)

Levene Statistic

df

df2

Sig.

1.422
2.825

2
75

12
56

.258
.004

Table S4.3: Independent sample T-Test The difference between the control quartz and the quartz incubated in
O-enriched seawater is not significant

18

18O/(16O+18O))

t

df

Sig.

-2.103

10

.062
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Table S4.4: Descriptive statistics – Spicule heating influence In section 3.5 we study the effect of heating on
the 18O atom fractions of spicules. Here we perform a test to see if this resulted in significant changes.
18O/(16O+18O)
Pre-heating
Post-heating

Mean

Std. Deviation

N

2.84E-03
2.93E-03

1.30E-04
3.13E-04

7
7

Table S4.5: Pillai’s Trace – Spicule heating influence
Value

F

Hypothesis df

Error df

Sig.

Partial Eta Squared

0.125

.856b

1

6

0.391

0.125

Table S4.6: Shapiro-Wilk test of normality – DSi Three different treatments were maintained for the diatom
incubation in the first three weeks. The supernatants of these tests were analysed for DSi content. The assumption of
normality was met for the measurements of only one of the three treatments. However, this assumption was met for
the total-dataset. Transformation did improve the normality significantly. The final result should be met with caution.
Statistic

df

Sig.

18

0.887

10

0.156

18

0.759

12

0.003

Natural Seawater

0.844

12

0.031

All treatments

0.939

34

0.059

O-labelled natural SW
O-labelled autoclaved SW

Table S4.7: Levene’s test of equality of error variances – DSi (µmol/L)

All groups

F

df

df2

Sig.

0.992

2

31

0.382

Table S4.8: ANCOVA analysis – DSi This analysis yields a non-significant interaction factor, indicating that the
slopes are statistically the same. The treatment type was taken as a fixed factor and the time as a covariate. Note the
results from the normality test in Table S6.
Source

Type III Sum
of Squares

df

Mean Square

F

Sig.

h2

Corrected Model
Intercept
Type
Time
Type * Time
Error
Total
Corrected Total

22185.533a
15734.8
5764.193
12473.101
18.875
1138.251
79154.671
23323.784

5
1
2
1
2
28
34
33

4437.107
15734.8
2882.097
12473.101
9.438
40.652

109.149
387.063
70.897
306.828
0.232

0.000
0.000
0.000
0.000
0.794

0.951
0.933
0.835
0.916
0.016

*R2 = 0.951 (Adjusted R2 =.942)
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Chapter 5
The influence of sediment diagenesis and
aluminium-content on the secondary oxygen
isotope exchange of diatom frustules
Shaun P. Akse; Lubos Polerecky; Michiel V.M. Kienhuis and Jack J. Middelburg
Department of Earth Sciences, Utrecht University, PO Box 80021, 3508 TA Utrecht, The Netherlands

Abstract
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The results from Chapter 4 of this thesis showed that diagenesis of δ18Odiatom already occurs in
the water-column. Here we investigate whether overprinting of the δ18O signal in diatom frustules
continues during different diagenetic phases in the sediment. A diatomaceous clay was incubated
with 18O-enriched seawater during which fresh diatom detritus was placed at the sediment-water
interface and at depth in the sediment. NanoSIMS analysis showed that the fresh diatom detritus
and fossils frustules underwent significant 18O-enrichment. The degree to which this occurred
varied; the fresh frustules placed at the sediment-water interface were most enriched followed by the
fresh diatoms buried in the sediment and finally the fossil frustules. The potential role of Al as an
inhibitor of secondary oxygen exchange was also studied. Concentrations of Al on the surface of
the fossil frustules originating from the sediment did not reduce the extent of 18O-enrichment in the
underlying silica. Incubations with various concentrations of dissolved Al showed that the addition
of Al led to a significant increase in frustule Al/Si, homogenously distributed in the frustule valve,
and significantly lowered the amount of 18O-enrichment. It is hypothesized that Al incorporated
into the silica structure can slow down 18O exchange while Al present as surface contaminants (clays
or other aluminosilicates) has no inhibitory role.

5.1

Introduction

Studying changes in the oxygen isotope composition of various carbonate and silica remains
is a common tool in paleoceanography as these changes are thought to reflect changes in the
temperature and the isotope composition of the water in which they were formed (e.g. Rohling
& Cook, 1999; Zachos, 2001; Swann & Leng, 2009). One of the potential targets of δ18O studies
is diatomaceous silica which has been receiving increasing attention over the last few decades.
This is due to the fact that the most commonly used material for oxygen isotope analysis, calcium
carbonate, is absent in large parts of the ocean, hampering our understanding of changing
climates. In order to complement the foraminiferal studies, isotopic signature studies in diatom
frustules have been performed in both marine and lacustrine settings (see Leng and Barker, 2006;
Swann and Leng, 2009). However, despite increasing interest, compared to the oxygen isotope
proxy in for example foraminifera, the proxy in diatom frustules is still largely underdeveloped. This
is in part due to persisting worries about possible diagenesis (DeMaster et al., 2003).
Concerns surrounding diagenetic influences exist due to the nature of the amorphous silica
structure. While the structure of frustules (as well as other silicates) is composed predominantly
of silica tetrahedrons, a less dense hydrous layer consisting of loosely bonded -Si-OH molecules
(silanol groups) surround it (Gendron-Badou et al., 2003). This layer poses a problem for the
proxy as the oxygen in the -Si-OH molecules is known to rapidly exchange with oxygen in the
surrounding water. As such, the oxygen signal of the layer is thought to represent a combination
of signals, including the formation signal but also pore-water signals. Studies suggest that between
7% and 40% of the entire oxygen signal may originate post-deposition (Knauth, 1973; Labeyrie,
1979; Labeyrie and Juillet, 1982; Leng et al., 2001; Leng and Sloane, 2008; Swann et al., 2008).
These concerns have been strengthened by observed differences in δ18Odiatom between surface-water
diatoms and diatoms taken from deep-water traps and surface sediments (Schmidt et al., 2001).
This disparity is particularly evident in the wide array of calculated silica-water fractionation
factors (Fresh/recent diatom frustules: Brandriss et al., 1998; Dodd and Sharp 2010; Sedimentary
diatomaceous silica: e.g. Juillet-Leclerc and Labeyrie 1987; Matheney and Knauth, 1989; Shemesh
et al., 1992).
Studies looking at post-mortem diagenesis have suggested several active processes that may
influence the δ18O signal of diatom frustules. These include post-depositional partial dissolution
(Smith et al. 2016), the precipitation of secondary silica and addition of silanol groups and the
condensation of silanol groups to siloxane (Schmidt et al., 2001; Dodd et al., 2012, 2017; Moschen
et al., 2006, Rickert et al., 2002; Louciades et al., 2010). A result of these diagenetic processes is
the decreasing reactivity of the frustules during maturation (Lewin, 1961). Silica condensation and
subsequent reduction in silanol abundance has been suggested to be a main contributor of the
observed decreasing reactivity, a process that is suggested to continue for about 104-106 years (Dodd
et al., 2017). This would mean that isotopic re-equilibration of oxygen could continue on geological
time-scales.
Based on this research, it appears that the amount of available reactive sites (e.g., silanol
groups) is a predominant factor controlling potential oxygen exchange. Next to the proposed
maturation processes, studies have shown that the incorporation of metals can also strongly
reduce the reactivity of frustules. In particular the presence and incorporation of aluminium
(Al) in the silica structure has been linked to reducing reactivity and solubility (Van Bennekom et
al., 1991; Dixit et al., 2001). This incorporation is driven by the presence of the reactive silanol
groups which are excellent ligands for metals (Dixit & Van Cappellen, 2002). The Al taken up
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during secondary processes, has been shown to originate from detrital materials and can become
structurally incorporated into the silica framework by forming a new surface phase on the frustule
(aluminosilicate coating) or by altering the existing mineral structure by replacing Si atoms (van
Capellen & Qiu, 1997; Dixit et al., 2001; Koning et al., 2007; Ren et al., 2013; Michalopoulos
and Aller, 2004). The resulting deposition and incorporation of Al appears to take place rapidly
on the time-scales of mere days or weeks (Koning et al., 2007). The formation of aluminosilicate
anions can result in a negative charge, which repels the hydroxyl ions responsible for dissolution
of the silica (Iler, 1973, 1979), thus protecting the frustule from dissolution and possibly also from
secondary oxygen entering the structure.
In Chapter 4 of this thesis, we found that overprinting of the δ18O signal in diatom frustules
can already take place in the water column on short time-scales (days to weeks). We observed such
overprinting not only in diatom frustules but also in siliceous sponge spicules, another form of
biogenic amorphous silica. These results showed that the final δ18O signal of fossil biogenic silica is
at least a combination of different signals including the original surface water signal, the signal of
the water column during sinking, and the signal of the sediment-water interface.
This study aims to investigate whether overprinting of the δ18O signal in diatom frustules
continues similarly during the different diagenetic phases in the sediment: sediment-water interface,
after burial and after maturation. In this study, fresh diatom detritus was folded into polycarbonate
filters to create packets and placed on top of and in a siliceous ooze, after which natural or
18
O-enriched seawater was added under anoxic conditions. The frustules from these packets, as well
as the fossil frustules from the 40-60 µm fraction of the surrounding sediment, were extracted after
two weeks and studied with nanoSIMS (Nanometer Secondary Ion Mass Spectrometer) analysis.
In this way we were able to study oxygen exchange in diatom frustules at the sediment-water
interface, after burial and after maturation. The potential influence of decreasing reactivity, due to
metal incorporation, on secondary oxygen exchange was further studied by adding 18O-label and
varying aluminium concentrations to natural seawater. With the nanoSIMS, we were able to study
individual frustules and determine the relationships between Al-concentrations and the exchange of
oxygen.

Materials & Methods

5.2.1

Materials

Two separate diatoms batches were cultured (Thalassiosira pseudonana and Thalassiosira weisflogii) at
the Royal Netherlands Institute for Sea Research (NIOZ) by using an f/2 medium. The T.weisflogii
strain (CCAP 1085/18) was provided by the culture collection of the NIOZ while the T.pseudonana
strain (CCAP 1085/12) was acquired at the Culture Collection of Algae and Protozoans (CCAP).
Cultures were grown in 300 cm3 tissue culture flasks at a temperature of 20 °C under a 16/8 light/
dark cycle. A total of 2 L of medium per diatom species was produced and split into 500 mL
containers for harvesting. After harvesting the frustules were freeze-dried (Telstar LyoQuest) and
stored at -20 °C. An aliquot of each 500 mL container was taken for cell count determination using
flow cytometry. Before use, the frozen dry sample was diluted with 50ml of MilliQ (18.2 MΩ· cm at
25 °C).
The sediment for this study was provided by Henko de Stigter (Netherlands Institute for Sea
Research). This sediment is a diatomaceous clay originally collected in the Peru basin (07°04.4’S
088°27.8’W) at 4150 m during the summer of 2015. This sediment was the remainder of a boxcore
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5.2

after the top 20 cm had been removed. After collection the sediment was stored at 5 °C. After being
used for the sediment incubation experiment, the fossil diatom frustules from the 40-60 µm size
fraction of the sediment were also analysed with the nanoSIMS.
5.2.2

Sediment incubation experiment

For this experiment, a batch of the acquired sediment (see materials) and a beaker of natural
seawater were placed in a glovebox for over 24 hours, in order to simulate anoxic bottom water
conditions, and then mixed. For the mixing, the sediment-water ratio was kept at a 1:1 volume ratio.
After the diatom pellets from the cultures were diluted with MilliQ , 0.1 mL of each diatom solution
was pipetted onto a Nuclepore polycarbonate (PC) filter (3 µm pore size). These filters were folded
several times to enclose the diatoms in the packet. A 1.5 mL Eppendorf vial was filled with 0.25 mL
of the sediment-water mixture. One of the filter packets was placed in the tube and topped with
another 0.25 mL of the sediment-water mixture, placing the packet at ~1cm depth. After another
diatom packet was placed on the sediment, each sample tube was topped with a seawater mixture
(1 mL natural seawater (NSW) + 0.1mL 97% H218O resulting in 18O atom fraction of 9%). It was
approximated that it took three days for the 18O-enriched water to diffuse through the sediment.
The tightly closed vials were placed in an upright position in a water bath (to avoid potential rapid
changes in the environment) and incubated for 336 hr. When ready to extract, the vials were
removed from the glovebox. After this, the filters were removed and, using a filtration set-up, the
contents of the filters were rinsed onto clean 0.2 µm PC filters and left to dry in air. Finally, the
remaining sediments were washed and sieved with 100, 60 & 40 µm sieves. The 40-60 µm size
fraction was dried in a Petri dish for nanoSIMS analysis while the other fractions were disposed.
5.2.3

Incubation experiment with added dissolved Al

For this experiment, three seawater mixtures were prepared. For the control no additional Al
was added to the natural seawater. For the other two seawater mixtures, 150 nM and 500 nM Al
were added (Inorganic ventures; 10032 ± 32 µg/mL aluminium; 99.9981% material purity; 7%
HNO3 matrix). For each experiment, 1mL of the seawater solution was mixed with 0.1mL of 97%
H218O in a 1.5 mL Eppendorf tube (resulting in 18O atom fraction of 9%). Diatoms (mixture of
T.pseudonana & T.weisflogii) were added to the incubation seawater in 0.01 mL aliquots. In a climatecontrolled room, the sample-containing Eppendorf tubes were put into Greiner tubes and placed,
in a horizontal position, on a roller-table to keep the water moving and the material in suspension.
At the end of the incubation, the samples were centrifuged for 10 min (RCF = 15411 g, 20 °C).
The material was rinsed with MilliQ and filtered unto a 0.2 μm PC filter. The filter was then airdried and stored in a Petri dish at 15 °C.
5.2.4

Sample preparation and NanoSIMS imaging

To prepare the samples for nanoSIMS analysis, dried PC-filters with the diatom detritus were
coated with a 12 nm Au-layer using a sputter coater (JOEL JFC-2300HR high-resolution fine
coater, JEOL FC-TM20 thickness controller). The frustules received no additional treatment prior
or after this step. The samples were then imaged with table-top SEM (JEOL JCM-6000PLUS
NeoScope Benchtop SEM) operating at a 10-kV accelerating voltage for target identification.
Nanoscale secondary ion mass spectrometry was performed with the nanoSIMS 50L
instrument (Cameca) operated at Utrecht University. Electron multiplier detectors were set using
a standard (SPI Supplies, 02757-AB 59 Metals & Minerals Standard) to enable the detection of
secondary ions 12C-, 16O-, 18O-, 12C14N-, 28Si- and 27Al16O- with the Cs+ primary ion beam. The
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oxygen isotopes and 27Al16O are the main focus of research. The siliceous nature of the frustules
can be identified with 28Si and the organic signals (12C and 12C14N) are used to identify the
background filter and any remaining organic matter on the frustules. First, samples were placed in
the airlock to reach vacuum levels of 10-8 mbar and heated to ~50ºC for at least 24 hours in order
to remove any adsorbed water. After this the samples were moved to the vessel chamber and kept in
vacuum (10-9 mbar) until analysis.
Prior to the analysis of each target diatom frustule, the measurement area was pre-sputtered
with the primary ion beam (FCo current 20pA). For the fresh diatom frustules, low-energy
implantation was used to implant Cs+ ions into the surface of the frustules for better secondary ion
yields without eroding the structure of the sample. For the fossil frustules, to reach stable secondary
ion yields, pre-sputtering diaphragm settings were first set to D1-0, with C4y set to 50 bits to avoid
detector overloading, and the pre-sputtering was monitored until the counts at detector #3 (28Si)
reached ~170kcps. This continued with the diaphragm switched to D1-1 until stable secondary
ion counts were reached. After pre-sputtering, analysis was carried out in the imaging mode by
rastering a high-energy Cs+ beam (16 keV, current at the sample surface of 0.5 pA, nominal beam
size 50-150 nm) over a targeted area on the frustule (between 7 x 7 μm and 20 x 20 μm in size)
and measuring the sputtered secondary ions at a resolution of 128x128 pixels and with dwell time
of 1ms/pixel. The diaphragm and slit settings were D1-3, ES-3, AS-2, EnS-1. Analysis generally
continued until the integrity of the frustules was lost as observed by strong mutations to the physical
structural.
5.2.5

NanoSIMS data processing
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NanoSIMS data were analysed with an updated version of the Matlab-based freeware software
Look@NanoSIMS (Polerecky et al., 2012). An important step included the analysis of depth
profiles. Specifically, in fresh frustules the depth profiles showed an increase in the 18O atom fraction
and a decrease in the 27Al16O/28Si ion count ratios during the first 50-200 planes (Supplementary
Fig. S5.1). The initial increase in the 18O atom fraction was attributed to sample preparation
(rinsing with MilliQ), whereas the decrease in the 27Al16O/28Si ion count ratio was likely due to
secondary ion yields not being completely stable after the initial low-energy implantation step of
the measurement (additional details in Fig. S5.1). For the final dataset in Fig. 5.4, the initial 50-200
planes were therefore disregarded, and the data-points represent the mean and standard error over
the planes where the ratios were stable. Furthermore, only the frustule valves were considered as
these are commonly represented in the sedimentary archive.
Similar variation with depth was observed in fossil frustules for the 27Al16O-/28Si ion count ratios
but not for the 18O atom fractions (Fig. S5.2). In contrast to fresh frustules, the fossil frustules were
thoroughly pre-sputtered before each measurement, which was expected to stabilize the secondary
ion yields (section 5.2.4). Thus, it is likely that the observed decline in the 27Al16O/28Si ion count
ratio represented true variation of Al/Si with depth in the silica frustule. The final dataset in
Fig. 5.3 therefore shows statistics obtained from all planes measured in the individual frustules.
Specifically, the data-points correspond to the median, while the error bars indicate the range
between the 17-83 percentiles (i.e., encompassing 66% of values) divided by √N, where N is the
number of planes measured. The error bars therefore represent the uncertainty with which the
frustule-specific 18O atom fractions and Al/Si ratios were determined. Because the depth-variation
in the 18O atom fractions was only determined by the ion counts (Poisson statistics), the uncertainty
is equal to the Poisson error, i.e., the analytical precision of the NanoSIMS measurement. In

contrast, the uncertainty of the Al/Si determination was mostly due to the variation of the ratio
with depth while the Poisson error was negligible.

5.3

Results

5.3.1

Post-mortem 18O-enrichment of diatom frustules in the sediment

Representative images of 18O atom fractions in diatom frustules clearly show that frustules
incubated in 18O-enriched seawater had a significantly higher 18O atom fraction than the control
frustules (Fig. 5.1). Thus, placement of the frustules at or in the sediment did not stop secondary
O-exchange. The fresh frustules placed at the sediment-water interface (Fig. 5.1b) were more
enriched than those buried in the sediment (Fig. 5.1c), but this difference may have been partly
due to the different exposure to 18O-enriched water linked to limited diffusive transport of the label
through the sediment. Fossil frustules showed the lowest 18O-enrichment (Fig. 5.1d). In all frustules
the 18O enrichment was homogeneously distributed across the valve. However, in fresh frustules,
where we could additionally observe the girdle (proteinaceous silica bands connecting the valves),
the 18O enrichment in the girdle was significantly lower than in the valve (Fig. 5.1b).
5.3.2. Presence and influence of clay and other aluminosilicate contaminants on fossil frustules

NanoSIMS measurements of fossil frustules revealed highly heterogeneous distribution of Al signals
(measured as 27Al16O-) on the frustule surface. In the SEM images (Fig. 5.2a) the larger Al-rich
areas could be identified as particulate material blocking the pores or as pore narrowing. Thus, we
attribute these Al-rich signals to surface-bound or pore-bound contamination, possibly clay particles
or aluminosilicates.
The Al-rich contaminants did not appear to be enriched in 18O. Although pixels near the
contaminants showed slightly higher 18O atom fractions (~2.4E-3), this was likely the result of
mixing of signals from the 18O-enriched silica and the 18O-unenriched contaminant. Importantly,
the 18O atom fraction in the Al-rich areas increased with the measurement plane (i.e., depth) and
reached the same level as in the surrounding silica when the Al-rich contaminant was sputtered
away (Fig. 5.2c-f). This showed that the surface-bound particulate contamination did not prevent
the underlying silica matrix from becoming enriched in 18O during the incubation.
To ensure that the silica-specific 18O atom fractions and Al/Si ratios were not affected by the
particulate contamination, the Al-rich areas were excluded from the final analysis of fossil frustules.
The results showed that the fossil frustules incubated in 18O-enriched seawater had significantly
greater 18O atom fractions than the control frustules (Fig. 5.3). The 18O atom fractions and Al/Si
ratios differed among individual frustules, but their correlation was not significant (p =.602; Table
S5.2). The sediment incubated in 18O-enriched seawater contained some foraminiferal shells, and
these were not enriched in 18O (Supplementary Fig. S5.3).
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Figure 5.1: Imaging of 18O atom fraction in diatom frustules incubated with 18O-enriched water. Shown
are representative images of (a) a fresh control frustule incubated in natural seawater, (b) fresh frustule placed at
the sediment-water interface and incubated in 18O-enriched seawater, (c) fresh frustule placed at ~1 cm depth in
the sediment and incubated in 18O enriched seawater, and (d) a fossil frustule from the 40-60 µm size fraction of the
surrounding sediment and incubated in 18O enriched seawater. ROI outlines mark the frustule valve and girdle.
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Figure 5.2: The presence and removal of Al on a fossil diatom frustule incubated in an 18O-enriched
seawater. (a, b) SEM and 27Al16O ion count image with white square showing the field-of-view for c-d; (c, d) Ion
count maps of the 18O atom fraction. The hue of the image was modulated by the 16O intensity image to suppress
noise in the background (c) Planes 1-300; (d) Planes 1700-2000; Outlines mark the ROIs used for (e,f); (e, f) Shown
are ratios as a function of the measurement plane (i.e. depth) accumulated in blocks of 10 planes. The lines represent
the Al-contaminant (black line) and the surrounding silica (red line) from (c,d). A decreasing Al/Si trend is observed
for the black line as the contaminant is sputtered away. As the contaminant is sputtered away, the 18O atom fraction
increases (black line) until the ratios are similar to the surrounding silica (red line). A very slight decline is observed in
the 18O-enrichment of the silica, while a slow increase is observed in the 27Al/28Si. Imaging showed that this pattern
was present predominantly around the pores, suggesting that an Al-presence from the pores may be influencing the
silica data as more of the frustule is sputtered away.
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Figure 5.3: Graph showing 27Al16O/28Si ion count ratios (a proxy for molar Al/Si ratio) vs 18O atom
fraction for fossil diatom frustules. Each datapoint corresponds to an individual frustule. See Methods for the
meaning of error-bars.

5.3.3

Influence of dissolved Al on 18O-enrichment in fresh frustules
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The influence of secondary Al-incorporation into the silica matrix on the rate of oxygen exchange
between the frustule and seawater was studied in two ways. In the first approach, focusing on the
impact of dissolved Al in the porewater (originating from the surrounding lithogenic particles),
packets with fresh diatom detritus were placed at the sediment-water interface and at 1cm depth in
sediment and incubated in 18O-enriched seawater. Measurements of individual frustules revealed
that the frustules at the sediment-water interface had significantly lower Al-content (F=24.7;
p<0.01; Table S5.5) and significantly elevated 18O atom fractions (F=23.0; p<0.01; Table S5.6)
when compared with their counterparts that were buried in the sediment (Fig. 5.4a; Table 5.1).
In the second approach, fresh diatom frustules were incubated in the 18O-enriched natural
seawater amended with dissolved Al (dAl; final concentrations of 0, 150, and 500 nM). The
addition of dAl to the seawater was reflected in the Al/Si values of the fresh frustules (Fig. 5.4b;
Table 5.1), similar to results found in the literature (e.g., Koning et al., 2007). The addition of 500
nM dAl led to significantly higher 27Al16O/28Si ion count ratios in the frustules (p<0.05; Table
S5.10). NanoSIMS images showed that Al was distributed more homogenously through the frustule
valve (Fig. S5.1), in contrast to the hotspots observed in the fossil frustules (Fig. 5.2). The high dAl
treatment also significantly lowered the 18O atom fractions of the frustules (p<0.05; Table S5.12).
The addition of 150 nM also led to an increased Al-content and reduced 18O-enrichment in the
frustules, but the differences were not statistically significant (Tables S5.10 & S5.12).
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Figure 5.4: Silica-specific 27Al16O/28Si ion count ratios (a proxy for molar Al/Si ratio) vs 18O atom
fractions in fresh diatom frustules. Shown are data from two incubation experiments in 18O-enriched
seawater. (a) Frustules were placed at the sediment-water interface (SWI) or buried in the sediment for 2 weeks. The
data for control frustules are also included. (b) Frustules were incubated for 1 week with different concentrations of
dissolved Al (dAl). Additional data from the same incubation after 2 weeks are shown in Fig. S5.4.

96

In addition to differences between the mean values, the comparison of individual frustules
from the two incubation experiments revealed significant negative correlations between the Al/Si
ratios and the 18O atom fractions (Fig. 5.4; p<0.05; Table S5.15). The slopes of these correlations
were not significantly different when comparing the incubations performed in the natural sediment
and in the amended seawater (ANCOVA; Finteraction = 0.714; p = 0.402; Table S5.16), indicating
similar mechanisms. Furthermore, the coefficient of determination was greater for the sediment
experiment (R2 = .644; Table S5.15) than the dAl experiment (R2 = .226; Table S5.15).

Table 5.1: Comparison of the chemistry of fresh diatom frustules incubated under different
experimental settings. Shown are the means of 27Al16O/28Si ion count ratio (a proxy for molar Al/Si ratio) and
18
O atom fraction. The ‘Sediment’ experiment compares the frustules placed at the sediment-water interface (SWI)
and buried in the sediment for 2 weeks. The ‘dAl’ experiment compares the frustules incubated for 1-week with
different concentrations of dissolved Al (dAl).
Experiment

N

27Al16O/28Si ± SD

18O/(16O+18O) ± SD

‘Sediment’

Control
SWI (18O-enriched seawater)
Buried (18O-enriched seawater)

6
10
8

5.84E-02 ± 1.34E-02
3.41E-02 ± 1.53E-02
11.0E-02 ± 4.67E-02

2.11E-03 ± 0.03E-03
14.3E-03 ± 0.81E-03
12.4E -03 ± 0.96E-03

‘dAl’

0nM
150nM
500nM

11
14
16

1.51E-02 ± 0.69E-02
2.64E-02 ± 2.03E-02
3.44E-02 ± 2.16E-02

9.38E-03 ± 0.69E-03
8.66E-03 ± 0.72E-03
8.59E -03 ± 1.15E-03

5.4

Discussion
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In Chapter 4, it was shown that biogenic silica undergoes a rapid resetting of the O-isotope
signature when incubated in 18O-enriched seawater (Fig. 5.5). This led to the question if these
post-mortem processes would continue when diatom detritus moves from the water column into
the sediment, as studies have shown that the reactivity of the frustules decreases dramatically as
a consequence of maturation during ageing (Dixit et al., 2001; Lewin, 1961 and others). In this
chapter, we continued our study of early diagenetic processes on the O-isotope signature of
frustules. More specifically, we looked at oxygen exchange during different stages of diagenesis and
the role of Al as a potential inhibitor.
All the measured diatom frustules showed significant 18O enrichment after having been
incubated in 18O-enriched seawater, meaning that even in the sediments the oxygen signal
of the frustules can be quickly altered by the oxygen signal of the surrounding water. However,
the degree to which this occurred, differed. The strongest enrichment of 18O, in this study, was
observed in the frustules placed at the sediment-water interface. These generally also had lower
Al-content than their counterparts that were buried in the sediment. In addition to the study of
fresh diatom detritus, fossil frustules from the surrounding diatomaceous clay were also studied.
Proof of frustule maturation is found in the higher Al-content when compared to the fresh frustules
(Fig. S5.5; Gehlen et al., 2002; Van Capellen et al., 2002; Moschen et al., 2006) and the lack of
hydroxyl groups during Raman measurements on these frustules in Chapter 4. Despite this more
mature structure, the fossil frustules also showed an enrichment in 18O albeit less strong than

the fresh frustules. The absence of a water signal in the frustules after having spent time in the
vacuum, rules out water in the frustule as a potential source of the oxygen signal. Instead, observed
18
O-enrichment of fossil frustules together with the absence of -OH in the Raman signal (Chapter
4, Figure 4.7b) suggests that even with limited reaction sites, the silica of the fossil frustules is
susceptible to diagenetic overprinting of the oxygen signal.
As mentioned, decreasing 18O-enrichment is likely linked to increasing maturation. In this
study, we studied whether this corresponded with Al-content of the frustule; a common marker for
biogenic silica diagenesis. The distribution of Al was different in the fossil frustules than the fresh
frustules. In the valves of the fresh frustules, the increased Al-content was generally homogenously
distributed (Fig. S5.1) whilst the fossil frustules showed an abundance of Al-hotpots (Fig. 5.2). The
observed high Al-content in the frustules buried in the sediment is in correspondence with the
literature. It has been shown that dAl in the porewaters, originating from lithogenic particles, is
higher and can be readily deposited on frustules post-mortem as aluminosilicates or can become
structurally incorporated into the silica framework (van Capellen & Qiu, 1997; Dixit et al., 2001;
Koning et al., 2007; Ren et al., 2013; Michalopolous & Aller, 2003).

Susceptibility to O-exchange

Water column

Sediment-water
interface
Buried

Fossil
Quartz crystal
Crystalline silica

Fresh

Diatom frustules

Sponge spicules

Biogenic silica

Figure 5.5: Conceptualization of the potential of different silica forms to become enriched in 18O
After being transported through the water column, diatom detritus will reach the sediment-water interface. Here the
frustule will remain until they are buried and preserved over geological timescales. These processes lead to increasing
maturity of the frustules.
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Some of the larger Al-hotspots on the fossil frustules could be identified in the SEM image by a
narrowing or blocking of the pores suggesting either clay or other aluminosilicate deposits. Detailed
spatial analysis of these Al contaminants allowed us to sputter some of them away, exposing the
silica underneath. The silica underneath this surface contaminant had identical 18O-enrichment as
the other areas of the ‘clean’ silica structure, unlike the contaminant itself which did not display
18
O-enrichment. These results show that aluminosilicate presence does not inhibit post-mortem
alterations to the isotopic oxygen signature of diatom frustules. Moreover, these results show how
the application of imaging techniques such as the nanoSIMS can be advantageous, as even small
contributions of the contaminants can have significant influences on the isotope values (Brewer et
al., 2008).
The fresh diatom detritus showed a more homogenous distribution of Al and 18O through the
frustule valves (Fig. S5.1). The lower Al-content and higher 18O atom ratios of the frustules placed
at the sediment-water interface relative to the buried frustules may due to the higher availability of
Al in the sediment and the diffusion gradient (estimated to be three days) of the 18O-enriched water
into the sediment. However, it may also be that the reduced 18O-enrichment in the buried frustules
confirms earlier observations that the transition of diatom detritus from the water column into the
sediment results in decreasing reactivity due to interactions with metals in the pore water (Dodd et
al., 2017, Rickert et al., 2002; Loucaides et al., 2010; Zhuravlev et al., 2000).
To further investigate the role of metals, an additional experiment was performed by placing
frustules in 18O-enriched seawater with varying concentrations of dAl. In this approach, other
potential contributing factors are removed and only the effect of Al is studied. As the presence of Al
was homogenously distributed over the frustule valve, the increasing Al/Si with increasing dAl most
likely reflected the structural incorporation of Al (when a silicon atom is substituted by an Al(III) ion
(Ren et al., 2013)). Increasing the Al-content of the water resulted in significantly reduced 18O atom
fractions, suggesting an inhibitory role of diagenetically incorporated Al. The interaction between
Al-content and 18O-enrichment was statistically the same, suggesting similar mechanisms. However,
the low to moderate coefficients of determination between Al-content and 18O-enrichment suggest
that the metal-content cannot be the only factor controlling the exchange of 18O.

5.5

Conclusion
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After previously having observed that the oxygen signal in biogenic silica can be rapidly overprinted
post-mortem in the water column (Fig. 5.5), this study shows that this process continues in the
sediment. Frustules placed at the sediment-water interface and buried in the sediment both
underwent significant 18O-enrichment. Fossil diatom frustules were also significantly influenced
by secondary oxygen presence albeit to a lesser degree. This confirms previous studies reporting
a decreasing reactivity of the frustules during maturation. However, this study also shows that
despite the absence of silanol groups, the oxygen signal of fossil frustules may still be influenced
over geological time scales. The role of Al in this process was also studied and the results show
that Al can reduce 18O-exchange, but this depends on the form in which the Al is present. The
Al seemingly incorporated into the silica structure appears to slow 18O-exchange while surface
contaminants (clays or other aluminosilicates) do not.
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Figure S5.2: Depth profiles of an 18O-enriched fossil frustule Shown are depth profiles of three different
ROIs on a single frustule. All ROIs were placed on ‘clean’ silica between pores. In the fossil frustules, we observed
stable 18O/(16O+18O) values but unstable sputtering profiles for Al/Si. However, the rate of change does decrease
as the measurement progresses. The Al/Si profile appears to differ from Fig. S5.1d as the decrease is less rapid. The
sputtering profiles suggest that the Al/Si signal is a combination of true signals and analytical bias due to unstable
sputtering profile. As all measured frustules received the same thorough pre-sputtering treatment, we decided to
maintain the ratios of the whole measurement. In this way we do not exclude data which may be representative of a
true decreasing Al/Si ratio. To account for the unstable profiles, the error bars in Fig. 5.3 represent the error due to
depth.
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Supplementary figure S5.4: 18O-enrichment
of fresh diatoms incubated with varying
additions of dAl for 2 weeks The results for the
one-week incubation are presented in the main
text. The same experiment was also performed for
a two-week incubation. This two-week experiment
confirmed the patterns of the one-week incubation
but included less data points. For the total dataset
the correlation between 18O atom fractions and
Al-content was significant (Table S5.13).
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Supplementary figure S5.3: Degree of
oxygen exchange between fossil frustules
and foraminifera in a 18O-enriched sample
Despite the dominance of siliciclastic fossil tests,
several isolated foraminifera were also spotted in the
18
O-enriched sample. The foraminifera did not show
signs of 18O-enrichment. The contrast is particularly
clear in the measurement that encompassed both.
This lack of enrichment is fully consistent
with common use of foraminiferal δ18O in
paleoceanography.

1.00E+00
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The data shown is from the sediment-incubation
experiment. Each datapoint is an individual specimen;
For the frustules incubated in 18O-enriched water,
the fresh frustules showed a significantly greater
enrichment than the fossil frustules. The Al/Si ratios
were lower for the fresh samples compared to the fossil
samples. Also, the Al/Si ratios of the fossil samples
showed significantly greater variability. Note that for
the fresh frustules, unstable planes were removed.
This did not strongly alter the mean but did reduce
the error.

Supplementary Table S5.1: Ion count ratios after two weeks in 18O enriched seawater and various
dAl treatments Shown are the means and SD for the various treatments. With increased dAl input, the Al/Si ratio
increases in the frustules. The addition of Al also decreases the 18O enrichment, although there is very little difference
between the 150nM and 500nM treatments.
Treatment

N

27Al16O/28Si

± SD

18O/(16O+18O)

± SD

0nM
150nM
500nM

11
14
16

2.20E-02
3.78E-02
4.69E-02

0.58E-02
2.12E-02
1.73E-02

8.36E-03
7.68E-03
7.89E-03

0.75E-03
0.97E-03
0.58E-03

Supplementary Table S5.2: Bivariate analysis for fossil frustules incubated in 18O-enriched seawater
This analysis shows that the correlation between 18O atom fraction and Al-content in the fossil frustules (Fig. 5.4). No
significant correlation is detected.

Fossil frustules

N

Pearson
correlation

Sig.

Slope

R2

7

.241

.602

1.7E-4

.058

Supplementary Table S5.3: Shapiro-Wilk test of normality for fresh frustules in the sedimentincubation experiment The results from frustules placed at the sediment-water interface were compared with
frustules placed at a depth of 1 cm in the sediment. In order to comply with the assumptions of normality and
homoscedasticity, the data was transformed with a natural log function.
Statistic

df

Sig.

Ln(Al/Si)

Sediment-water interface
Buried

.950
.941

10
8

.671
.621

Ln(18O/[16O+18O])

Sediment-water interface
Buried

.881
.898

10
8

.135
.275

Ln(Al/Si)
Ln(18O/[16O+18O])

Levene Statistic

df

df2

Sig.

0.152
0.967

1
1

16
16

.702
.340
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Supplementary Table S5.4: Brown-Forsythe test for homoscedasticity. Test for fresh frustules in the
sediment-incubation experiment. Assumption is met.
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Supplementary Table S5.5: ANOVA analysis Ln(Al/Si) Test for fresh frustules in the sediment-incubation
experiment. There are significant differences between the samples at the sediment-water interface and buried at 1 cm
in the sediment.
Source

Type III Sum of
Squares

df

Mean Square

F

Sig.

2

5.104a
152.74
5.104
3.365
169.465
8.469

1
1
1
16
18
17

5.104
152.74
5.104
0.21

24.273
726.336
24.273

0.000
0.000
0.000

0.603
0.978
0.603

Corrected Model
Intercept
Type
Error
Total
Corrected total
*R2 = 0.603 (Adjusted R2 =.578)

Supplementary Table S5.6: ANOVA analysis Ln(18O/[16O+18O]) Test for fresh frustules in the sedimentincubation experiment There are significant differences between the samples at the sediment-water interface and
buried at 1 cm in the sediment.
Source

Type III Sum of
Squares

df

Mean Square

F

Sig.

2

.101a
331.994
0.101
0.07
335.015
0.171

1
1
1
16
18
17

0.101
331.994
0.101
0.004

23.018
75880.982
23.018

0.000
0.000
0.000

0.59
1
0.59

Corrected Model
Intercept
Type
Error
Total
Corrected total
*R2 = 0.590 (Adjusted R2 =.564)

Supplementary Table S5.7: Shapiro-Wilk test of normality for the incubation experiment with varying
dAl addition The results from the different treatments were compared. In order to comply with the assumptions of
normality and homoscedasticity, the data was transformed with a natural log function.
Statistic

df

Sig.

Ln(Al/Si)

No Al addition
150nM
500nM

.921
.943
.912

11
14
16

.325
.463
.132

Ln(18O/[16O+18O])

No Al addition
150nM
500nM

.927
.957
.889

11
14
16

.377
.678
.054
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Supplementary Table S5.8: Brown-Forsythe test for homoscedasticity. Test for fresh frustules in the dAl
incubation experiment. Assumption is met
Levene Statistic

df

df2

Sig.

0.369
1.985

2
2

38
38

0.694
0.151

Ln(Al/Si)
Ln(18O/[16O+18O])

Supplementary Table S5.9: ANOVA analysis Ln(Al/Si) Test for fresh frustules in the dAl incubation experiment.
There are significant differences between the different treatments with varying dAl
Source
Corrected Model
Intercept
Type
Error
Total
Corrected total

Type III Sum
of Squares

df

Mean Square

F

Sig.

2

3.545a
614.209
3.545
16.713
634.879
20.258

2
1
2
38
41
40

1.773
614.209
1.773
0.44

4.03
1396.494
4.03

0.000
0.000
0.000

0.175
0.974
0.175

*R2 = 0.175 (Adjusted R2 =.132)

Supplementary Table S5.10: Tukey HSD Post-HOC test Ln(Al/Si) Test for fresh frustules in the dAl incubation
experiment. The tests showed that only the 500 nM treatment led to significantly increased Al-content in the frustules
(I) dAl content

(J) dAl content

Std. Error

Sig.

No Al addition

95% Confidence Interval
Lower Upper

150nM

-0.4202

0.26721

0.27

-1.0719

0.2315

500nM

-.7372

0.25976

0.019

-1.3707

-0.1037

150nM

No Al addition
500nM

0.4202
-0.317

0.26721
0.2427

0.27
0.401

-0.2315
-0.9089

1.0719
0.2749

500nM

No Al addition
150nM

.7372
0.317

0.25976
0.2427

0.019
0.401

0.1037
-0.2749

1.3707
0.9089
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Mean Difference
(I-J)
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Supplementary Table S5.11: ANOVA analysis Ln(18O/[16O+18O]) Test for fresh frustules in the dAl
incubation experiment. There are significant differences between the different treatments with varying dAl
Type III Sum
of Squares

df

Mean Square

F

Sig.

h2

Corrected Model

.002a

2

0.001

3.596

0.037

0.159

Intercept
Type
Error
Total
Corrected total

0.026
0.002
0.013
0.044
0.015

1
2
38
41
40

0.026
0.001
0

75.881
3.596

0
0.037

0.666
0.159

Source

*R2 = 0.159 (Adjusted R2 =.115)

Supplementary Table S5.12: Tukey HSD Post-HOC test Ln(18O/[16O+18O]) Test for fresh frustules in the
dAl incubation experiment. The tests showed that only the 500 nM treatment led to significantly reduced 18O atom
ratios in the frustules
(I) dAl content

(J) dAl content

Mean Difference
(I-J)

Std. Error

Sig.

No Al addition

150nM

-1.12E-02

7.40E-03

0.294

500nM

-1.9293E-02

7.19E-03

95% Confidence Interval
Lower Upper

0.028

-2.93E-02

6.81E-03

-3.68E-02

-1.75E-03

150nM

No Al addition
500nM

1.12E-02
-8.05E-03

7.40E-03
6.72E-03

0.294
0.462

-6.81E-03
-2.44E-02

2.93E-02
8.34E-03

500nM

No Al addition
150nM

1.9293E-02
8.05E-03

7.19E-03
6.72E-03

0.028
0.462

1.75E-03
-8.34E-03

3.68E-02
2.44E-02

Supplementary Table S5.13: Shapiro-Wilk test of normality for the comparison between the slopes of
the two experiments. This test was performed to see if the data, from the two experimental setups, have a common
relationship between 18O atom fraction and Al-content. Possibly indicating similar driving factors. In order to comply
with the assumptions of normality and homoscedasticity, the data was transformed with a natural log function.
Unfortunately, for the dAl experiment this could not be met. However, this test was met for the individual treatments
(Table S5.6).
Statistic

df

Sig.

Ln(Al/Si)

Sediment experiment
dAl experiment

.965
.972

18
41

.696
.398

Ln(18O/[16O+18O])

Sediment experiment
dAl experiment

.928
.915

18
41

.176
.005
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Supplementary Table S5.14: Levene’s test of equality of error variances For comparison between slopes.

All groups

F

df

df2

Sig.

2.579

1

57

0.113

Supplementary Table S5.15: Bivariate analysis for slopes of two incubations experiments with fresh
frustules. This analysis shows that the correlation between 18O atom fraction and Al-content is significant in both
experiments. Note that the test was performed on natural-log transformed data
Experiment

N

Pearson
correlation

Sig.

Slope

R2

Sediment
dAl (1 week)
dAl (2 week)

18
41
25

-.802
-.516
-.494

0.000
0.001
0.012

-.11
-.08
-.09

.644
.226
0.244

Supplementary Table S5.16: ANCOVA analysis for the two experimental set-ups The slope of the
sediment experiment was compared with that of the dAl (1 week). The 1-week experiment was chosen due to the
higher measurement count. The test shows that while the intercepts vary, the slopes of the two groups are statistically
the same. A cautionary note is that the test for normality was not met for one group (Table S5.12).
Source
Corrected Model
Intercept
Type
Time
Type * Time
Error
Total
Corrected Total

Type III Sum
of Squares

df

Mean Square

F

Sig.

h2

2.485a
50.26
0.086
0.231
0.006
0.445
1255.089
2.929

3
1
1
1
1
55
59
58

0.828
50.26
0.086
0.231
0.006
0.008

102.431
6216.089
10.694
28.589
0.714

0.000
0.000
0.002
0.000
0.402

.848
.991
.163
.342
.013

Chapter 5

*R2 = 0.848 (Adjusted R2 =.840)
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Chapter 6
The application of high-resolution imaging
techniques to biogenic silica – Evaluation of
sample preparation methods and analytical
approaches
Shaun P. Akse, Michiel V.M. Kienhuis, Jack J. Middelburg and Lubos Polerecky
Department of Earth Sciences, Utrecht University, PO Box 80021, 3508 TA Utrecht, The Netherlands

Abstract

The elemental and isotopic composition of biogenic silica has tremendous paleoproxy potential,
and in the last few decades, the chemical compositions of, in particular, diatom frustules and sponge
spicules have been receiving increased attention. As diatom frustules are an order of magnitude
smaller than popular proxy targets such as foraminiferal tests, the increased interest in frustule
chemistry can also be linked to the development of high spatial resolution analytical techniques.
Here, we evaluate the application of high-resolution techniques to biogenic silica and discuss
the various sample preparation techniques, analytical and data processing steps that we have
undertaken to obtain the data presented in this thesis. Both the successful and unsuccessful attempts
are evaluated, which will hopefully aid future researchers interested in unravelling the many
mysteries still surrounding the chemistry of diatom frustules.
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6.1

Introduction

At the start of this thesis, not much was known on the use of nanoSIMS to image and analyse
biogenic silicates. Moreover, the nanoSIMS at Utrecht University was rarely used with the
duoplasmatron O- source. Because of this lack of experience and expertise, some pioneering
method development and testing was needed. A variety of different analytical approaches have
been attempted, some were successful and some not. The successful approaches led, eventually,
to the results presented in this thesis, but behind these results lies a treasure trove of failure.
Ultimately, however, these failures can also be considered successes as they have helped us to
further our understanding of biogenic silica. We continue the study on biogenic silica because
it has tremendous paleoproxy potential. In areas where the traditional material for chemical
paleoproxies (carbonate) is absent, biogenic silica is often abundant. Due to this, diatom frustule
and sponge spicule chemistry has been receiving increased attention in recent decades. So far, most
diatom frustule proxies have focused on bulk methods such as ICP-MS (Osterholz et al., 2014) and
GC-IRMS (Robinson et al., 2004) in order to get sufficient precision. The application of highresolution imaging techniques to diatom frustules and other forms of biogenic silica for proxy use
has been limited but can aid us in understanding the signals originating from the frustules.
In this chapter, we will discuss the various sample preparation techniques, analytical and
data processing steps that we have undertaken to obtain the data presented in this thesis. First,
we evaluate different techniques applied to prepare samples for nanoSIMS analysis. Next we
discuss the application of nanoSIMS analysis to biogenic silica. In this section considerations
for different sample types are examined, and we provide a number of suggestions that might be
helpful for a reader interested in the study of biogenic silica by NanoSIMS. This is followed by
recommendations surrounding nanoSIMS data processing of diatom frustules analyses. Finally, the
application of other analytical imaging methods to frustules including Raman spectroscopy and
transmission electron microscopy are discussed.

6.2

Sample preparation

Sample preparation is key to successful analytical imaging techniques such as nanoSIMS. How a
sample is optimally prepared for analysis depends on several factors including the type and goals of
the analysis, the type of sample (e.g., diatom frustule or sponge spicule), the source of the sample
(e.g. sediment or water column), and the degree of fossilization. In this section we will discuss these
different parameters and evaluate which sample preparation methods are best suited for nanoSIMS
analysis of biogenic silica.
6.2.1

Requirements for analysis

Every analytical method has some requirements concerning the nature of the sample. For
nanoSIMS, the most important sample requirements are vacuum compatibility and a flat surface.
Vacuum compatibility was not an issue for any of the sample preparation methods used in this
thesis. The flat surface requirement has proven more difficult to tackle. Due to the design of the
ion optics, the nanoSIMS is known to be sensitive to sample topography, which can strongly
influence the secondary ion yield. Internal normalization to a major element is often applied to
account for changes in secondary ion yields throughout the measurement, but this does not solve
individual element-specific responses to topography. There are several approaches that may be
applied to reduce the potential role of topography. These can be sought in sample preparation and
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data processing; both are discussed in the succeeding sections. Another prerequisite for reliable
nanoSIMS measurements is good conductivity of the sample surface in order to avoid charging
effects from the polarity of the primary ion beam. At the nanoSIMS facility in Utrecht this is
facilitated by sputter-coating a thin conductive layer of gold (e.g. 2-20 nm) onto the sample. Finally,
it is also important to keep in mind, during sample preparation, what signals may be coming from
the background and how these may interfere with the signal from the sample target. For Raman
spectroscopy, topography is not an issue. Instead, it is mostly important to avoid interfering signals.
To this effect it is best to leave the samples untreated, without any resins or coatings.
6.2.2

Upper water column and cultured samples

The extraction of diatom frustules from the water column can be done by filtering seawater and
depositing the frustules on polycarbonate filters. During this PhD. project, the filtration of water
column samples was performed during expeditions in the Mediterranean (winter of 2016) and Red
Sea (spring of 2017). By creating various size fractions, an effort was made to separate the diatom
frustules from other particles. However, depending on the analytical technique of choice and goal
of the analysis, additional steps were needed to isolate the frustules further and remove potential
contamination. Three different approaches were tested:
1. Low-temperature ashing – At the Netherlands Institute for Sea Research (NIOZ), filters with
diatom detritus were ‘fired’ with plasma in an attempt to remove organics and dirt. The filters
were placed in both Petri dishes and small vials to experiment with different storing options.
The samples spent around 6 hours in the ‘oven’. The results were mixed as not all the filters
were completely ashed, especially those placed in the vials. Also, in cases where the filter
was successfully removed by ashing, some residual ash remained present and was not easily
removed. However, at times where the filter was removed the frustules appeared to be well
preserved and could be separated quite successfully from the container by rinsing or with the
micromanipulator.
Pros: Removes unwanted organics; releases frustules from filter.
Cons: Ash-remains not easily removed; slow process.
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2. Micromanipulator – Foraminifera are often picked by hand, using a fine brush, in order to isolate
a single species for analysis. As diatom frustules are an order of magnitude smaller, this same
setup is not possible. However, in the literature, an alternative has been presented for smaller
organisms such as coccoliths and diatoms using a micromanipulator setup (Stoll and Shimizu,
2009; Snelling et al., 2013). During this PhD, the micromanipulator was used in combination
with the previously mentioned ashing procedure. With the micromanipulator small movements
can be made with a joystick, allowing for extreme precision (<1 µm). Different tools can be
fixed to the micromanipulator to fit the needs of the user. Initially, an attempt was made
using an injector needle. This method uses drops of ethanol to improve the extraction of the
particles. However, the size of the particles (diatoms, coccoliths ashes, dust) together with the
unequal distribution of the particles in the sample complicated the targeting of individual
diatom specimens. Instead, fine single brush hairs were attached. After considerable practice it
was possible to pick individual frustules and deposit them in the preferred orientation. However,
while it was possible to move the specimens within the sample, depositing them in a preferred
orientation on a nanoSIMS holder was more difficult, as this moves away from the microscope.

The slow but precise nature of this approach makes it predominantly suitable for studies
interested in a specific species.
Pros: Individual frustules can be targeted; orientation of frustule can be altered.
Cons: Deposition on a nano-SIMS holder can lead to sample loss; Time-consuming.
3. Polycarbonate filter – The simplest way of measuring water column samples is directly measuring
material on the polycarbonate filter as this requires very little preparation. However, this
method does have a few caveats. Filtration does not always evenly distribute the diatom targets,
potentially creating piles of frustules which are not suitable for nanoSIMS measurement.
It should be noted that, as nanoSIMS analysis does not require a lot of sample, there are
generally too many rather than too few individuals. Another potential caveat is the difficulty of
performing cleaning procedures. Potentially, some simple cleaning steps can be performed with
the original filtration setup, but for harsher cleaning steps the particles will have to be removed
from the filter.
Pros: Quick and easy to use, relatively flat surface.
Cons: Limited cleaning possible; not always an even distribution.
6.2.3

Sediment and sponge samples

Sediment samples require very different sample preparation procedures. First of all, it is important
to separate the frustules from the rest of the sediment. This includes, at minimum, sieving in
order to isolate the size fraction with the frustules from other fossilized remains and the majority
of clay minerals (10-75 µm; Morley et al., 2004). After this additional mechanical and chemical
cleaning steps can be performed to remove any remaining contamination (see Morley et al.,
2004). After reaching the wanted levels of cleanliness, the next step is nanoSIMS preparation.
For sediment frustules, the degree of fossilization should be kept in mind. As fossilization leads to
sturdier frustules, the frustules should be broken before measurement if the aim is to target the
frustule interior. The siliceous sponge spicules used in this thesis were not fossilized, but appear to
have similar hardness to the fossil diatom frustules. So, for spicules, as with fossil frustules, it should
be considered that it is not easy to burn through the entire structure with the typical primary ion
currents used for nanoSIMS analysis (pA range). Considering these aspects of sediment and sponge
samples, the following nanoSIMS preparation approaches were tested.
1. Pressing onto a carbon tape – This has been the method of choice in this thesis for the majority of
the analyses looking at fossil diatom frustules. The prime benefits are the low cost and relative
simplicity. This method consists of sticking a conductive carbon tape (PELCO Tabs™; #16084)
onto an aluminum stub after which the diatom detritus is pressed onto the tape. This could be
done by running a sterile needle through a sample, causing the frustules to stick to the needle,
and rolling the needle onto the tape. The force at which this application occurs determines
whether the frustules are kept intact or are broken. The combination of gold coating on top
and the conductive carbon tape on the bottom ensures conductivity of the samples. Something
to be considered with this sample preparation method is that strong organic signals can
originate from the carbon tape. Therefore, this approach should be avoided when targeting
organic signals (i.e. 12C, 12C14N).
Pros: Easy to use; cheap; possibility to break frustules.
Cons: Not useful when interested in organic signals; no control on orientation.
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2. Pressing onto an indium foil – When interested in the organic signals of frustules, a better approach
is the use of a 99.99% indium foil (Alfa Aesar, 0.05mm thick). The foil provides an ultra-clean
background and by using a press, pressure can be dosed, and the grains can be securely located
in the foil. For frustules it is not recommended to use a press, as this crushes the frustules to
dust. Instead, we attached the foil to a stub with either glue or a carbon tape, and then
pressed this stub onto the cleaned frustules manually. If the aim is to fracture the frustules,
it is recommended to apply significant pressure, but otherwise a short press is sufficient.
Determining suitable pressure is a matter of trial and error.
Pros: Ultra-clean background limits interfering signals, relatively simple method.
Cons: More expensive than carbon tape, difficult to create flat surface, no control on distribution.
3. Epoxy resin embedding – Embedding samples is a common practice for nanoSIMS measurements.
This process can create a smooth cross-section ideal for measuring, for example, elemental ratio
distribution within a foraminiferal shell (e.g. Geerken et al., 2019). Unfortunately, this technique
is not compatible with diatom frustules. This is due to the smaller size and more porous
structure of the frustules. However, in this thesis this approach has been applied with success
to siliceous sponge spicules and quartz crystals. There are various ways to polish the embedded
samples, these are discussed in detail in Chapter 6 of Roepert (2019). For the spicules we
initially attempted a wet-polishing technique with diamond disks on turning tables, but this did
not give sufficient control resulting in the complete abrasion of the spicule. Thus, we applied
a manual approach for slower polishing. This approach included initial dry polishing with
P4000 siliconcarbide grinding paper (Struers). This was followed by a fine polishing step using
F1 diamond fluid on a polishing cloth. After final ethanol rinses and an ultrasonic bath, the
resulting spicules proved sufficiently flat under the SEM and nanoSIMS.
Pros: Smooth surface; ability to create cross-sections.
Cons: Suitable only for larger physical structures, potential signals from resin and polishing suspensions.

6.3

NanoSIMS data acquisition

Most of the data in this thesis was acquired using the nanoSIMS 50L instrument at Utrecht
University. Some background on how the nanoSIMS works is found in the introduction of this
thesis and further information can be found in the literature (Roepert, 2019; Hoppe et al., 2013;
Nuñez et al., 2018). In the following section, we will discuss specifically the application of the
nanoSIMS technique to the measurement of biogenic silica.
6.3.1

Elements and interferences
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With the nanoSIMS it is in principle possible to measure every element with the exception of
noble gases. The ability to distinguish between all these different elements can be attributed to the
high mass resolving power (MRP; defined as M/∆M) that can be achieved with the nanoSIMS
instrument. Even in the case of not completely separated peaks, the high MRP (generally 35008500) of the nanoSIMS allows us to resolve most isobaric interferences. An overview of the
different secondary ions targeted during this study and the possible interferences are presented
below. For the studies presented in this thesis, the isobaric interferences did not pose a problem.

Secondary ion

m/z

Material to calibrate magnet
and detector positions*

Possible isobaric interferences in silica**

7

7
11
12
13
16
18
24
26
27
27
28
28
31
32
40
43
56
60
64
72
138

Spodumene (SPI)
Boron Nitride (SPI)
Graphite
Graphite
Graphite
Graphite
Magnesium (SPI)
Graphite
Graphite
Aluminum (SPI)
Silicon (SPI)
Silicon (SPI)
Indium phosphide (SPI)
Galena (SPI)
Calcite (SPI)
Aluminum (SPI)
Iron (SPI)
Silicon (SPI)
Zinc (SPI)
Iron (SPI)
Barium fluoride (SPI)

-

Li+
B
12 C
13 C
16 O
18 O
24
Mg+
12 14 C N
12 15 C N
27 +
Al
28 +
Si
28 Si
31 P
32 S
40
Ca27 16 Al O
56 +
Fe
28 16
Si O264
Zn+
56 16 Fe O
138
Ba+
11 -

11 1

B H- (701); 10B1H2- (420)
C H- (2909); 11B1H2-

12 1

1
H216O (1578); 17O1H- (2309)
12 +
C2 (1603); 23Na1H+ (1911)
26
Mg+ (1269)
27 +
Al (1454); 13C14N- (4271); 11B16O- (6566)
12 15 C N (1453); 11B16O- (1190); 26Mg1H +(3039)
27 1 +
Al H (2249); 12C16O+ (1555)
16
O2+(1800)
40 +
K (28383) 16O12C2+ (1236)
32 11 S B (8737); 31P12C+ (15953)
40
Ca16O+ (2479); 28Si2 (2957); 24Mg16O2- (1401)
32 28 S Si (3377); 14N216O2- (2052)
48 16 Ti O (4661); 27Al37Cl+ (3439); 32S2 (4263)
72
Ge+ (9251); 28Si216O+ (3803)
137
Ba1H+ (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 parentheses; this list does not claim to be complete.

6.3.2

Performance over time

The strength of the nanoSIMS lies predominantly in the ability to image the distribution of
different isotopes of a given element on a submicron scale. Quantification of the ratios between
different elements is more challenging. One of the uncertainties that may possibly arise when
measuring isotope or element ratios comes from the sensitivity of the detectors. Electron multiplier
detectors, commonly used in this thesis, can become less sensitive over time as a result of ageing
due to the incoming ion current. Furthermore, the degree of ageing can vary among detectors as
they receive different ion flows (Gabitov et al., 2013). We have taken several measures to minimalize
the effect this may have on the results.
1. Tuning of the pulse height distributions (PHD) of the detectors at the start of each analytical
session. In this way, the starting conditions were comparable among sessions. Ageing during
a session was assumed to be negligible as the incoming secondary ion currents were kept low
during imaging (by reducing the primary ion current, when necessary).
2. Preferably detecting, in each session, the same masses on the same detectors.
3. Alternating between samples of different treatments within an experiment, and repeating
measurements for a selected subset of samples during different analytical sessions.
With these precautions we are confident about the interpretation of relative variations in the ratios
among samples. In contrast we are less confident about the interpretation of the absolute values,
especially due to the lack of standards compatible with nanoSIMS analysis (see next).
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6.3.3

Standards in nanoSIMS

In order to quantify and compare ratios between measurements, methods and samples, a reliable
standard is necessary. A suitable standard for nanoSIMS analysis needs to be spatially homogenous
at the submicron scale to ensure measurement reproducibility. Preferably, the standard should have
a similar matrix to the sample to avoid the influence of matrix-dependent differences in ionization
efficiency and elemental fractionation (Dyar et al., 2001; Fayek, 2009; Shimizu, 2019). Roepert
(2019) studied the possibility of creating a homogenous (carbonate) standard for nanoSIMS
analysis, but this has proven difficult. For silica, standards with the necessary homogeneity for
nanoSIMS analysis have also not yet been developed. Because of this, we attempted to calibrate
our measurements in Chapter 2 (Fe/Si) by using three NIST (National Institute of Standards and
Technology) glasses, which are standards with a SiO2 matrix that are used in a broad range of
analytical methods. Our measurements showed that the range of Fe/Si ion count ratios determined
by nanoSIMS is not comparable to the certified error in the NIST standards (Fig. 6.1). On the
one hand, nanoSIMS measurements run for sufficiently long periods of time showed very good
precision (0.7% Poisson error) and reproducibility when comparing adjacent measurement spots
(15 x 15 µm in size). On the other hand, a comparison of more distant measurement spots (>100
µm) showed pronounced variability (Fig. 6.1). Without sufficient homogeneity of standards,
it is unrealistic to quantify element ratios to absolute values. Instead, we suggest that at present
nanoSIMS studies can only tackle relative variability in element ratios within and between samples.
NIST 610

0.0014

NIST 612

NIST 614

0.0012

Fe/Si ion counts

0.001

0.0008

0.0006

0.0004

0.0002

0

y = 2E-06x + 0.0001
R² = 0.8759
0

50

100
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Figure 6.1: Fe content of certified NIST glass standards against Fe/Si ion count ratios determined by
nanoSIMS. Horizontal error bars represent NIST certified error and the vertical error bars show nanoSIMS Poisson
error, the latter determined by the amount of detected ions.
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6.3.4

Primary ion implantation and pre-sputtering protocols

During the course of this nanoSIMS research, one aspect has proven difficult to master: adequate
primary ion implantation and pre-sputtering. When the sample is bombarded by primary ions,
the primary ions become “implanted” into the sample matrix which leads to an increase in the
secondary ion yields. This can be done by using either low energy primary ions (the so-called lowenergy implantation procedure) or high energy primary ions (the so-called pre-sputtering). While
the ion yields can be (approximately) monitored during the pre-sputtering procedure, this is not
possible during the low-energy implantation procedure as it does not lead to the erosion of the
sample material. Either way, primary ion implantation and pre-sputtering are essential components
of a nanoSIMS measurement that determine the secondary ion yields and thus have the potential
to strongly influence the final element-to-element ratios. Achieving stable secondary ion yields is,
however, not as straightforward as it might seem, as each measurement has different needs. This
depends on the material, ion of interest, incoming current, measuring time, etc. During this
research, we targeted different types of material, and below we discuss the successful protocols that
we applied consistently for the given type of material.
Cultured diatom frustules
Of all the nanoSIMS targets studied during this research, frustules of cultured diatom have
proven to be most fragile and challenging to analyse. Due to this, very conservative protocols
were applied to preserve frustule integrity. Specifically, we used the low-energy primary ion
implantation technique to increase the secondary ion yields and thus improve the measurement
precision (i.e., minimize the Poisson error). An additional precaution was taken by performing the
instrument tuning on a nearby frustule. This was decided as the tuning procedure often resulted in
strongly altered frustules. With this approach it was possible to preserve the target frustule for the
measurement while obtaining sufficient ion counts in each pixel of the imaged area.
However, during data processing, considerable attention had to be paid to the depth variation
of the ion count ratios. This variation was observed during both the initial and final stages of the
measurement (Fig. 6.2). For isotope ratios such as 18O/16O the initial variation (first~50 planes)
likely represented the actual variation within the sample. However, for element ratios such as Al/Si
the initial variation was more likely associated with the unequal rates at which secondary ion yields
for different elements stabilize during the LE-implantation procedure. The variation during the
final stages of the measurement was largely due to uneven erosion of the sample material, whereby
signals in some areas still originated from the frustule while signals in other areas originated from
the underlying substrate (Fig. 6.2). Together, these observations highlight the need to carefully select
the pixels and planes over which the ion counts are accumulated when obtaining the final frustulespecific ion count ratio. Our approach for frustules targeted with the LE-implantation therefore
included the removal of the initial unstable planes when these were judged to be an artifact (dotted
lines in Fig. 6.2d-f). For this determination, the coefficient of variance due to depth, and not the
Poisson error derived from total accumulated ion counts, served as a measure of the precision of
the El/Si ratio.
Fossil diatom frustules
Compared to the cultured diatom frustules, the fossilized frustules were significantly more robust.
This means that the pre-sputtering protocol with high-energy primary Cs+ ions could be used
to obtain stable ion yields earlier while maintaining sufficient material for measurement. Initially,
we used commonly applied pre-sputtering settings (D1-1; FCO = 20pA) with the assumption that
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Figure 6.2: NanoSIMS imaging of 18O/16O in a diatom frustule. (a-c) Variation in the 16O ion counts with
the measurement plane. (a) Initially, ion counts are low due to insufficient implantation of the primary Cs+ ions into
the frustule matrix by the low-energy implantation procedure performed before the measurement. (b) As more highenergy Cs+ ions are implanted into the matrix during the measurement, the secondary ion yield increases leading to
higher ion counts. (c) However, sputtering of the frustule material is uneven, leading to increasing heterogeneity of the
ion count image. Dark pixels correspond to areas where the frustule was completely sputtered away. (d-f) Ratios as a
function of the measurement plane (i.e., depth), shown for two areas on the frustule. Dotted line marks potential start
of the accumulation if unstable planes are removed (Green and blue data points correspond to areas pointed to by the
green and blue arrow in panel b). (d) 18O atom fraction; Following an initial increase (planes 0-50), the 18O/16O ratio
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stabilizes for the blue profile (planes 50-300), but the red profile starts to decrease towards the value corresponding
to the underlying carbon-tape substrate as the frustule matrix becomes sputtered away (planes 150-300). (e) 12C/28Si;
The green depth profile increases greatly as the underlying substrate becomes visible (planes 150-300). (f) 27Al/28Si;
The profile is dominated by a rapid decrease in the first 50 planes. This is attributed to the LE-implantation approach
which led to initial unequal sputtering rates.

this pre-sputtering, followed by tuning, would eventually result in stable secondary ion yields and
thus no variation of the secondary ion count ratios with depth. However, preliminary data analysis
showed that this was not sufficient. Therefore, the final protocol that we used consistently for all
measurements of fossilized frustules included the following steps. First, we applied D1-0 with FCO
= 20 until detector #3 (tuned to 28Si) reached the count rate of 170 kcps. By setting C4y to 50
bits, which deflects large part of the secondary ions away from the detector, we were able to heavily
bombard the area of interest while monitoring the secondary ion yield without overloading the
detector. Once the 170 kcps count rate was reached, we switched to D1-1 for a more focused beam,
and continued pre-sputtering until the 28Si counts stabilized. During data processing we analyzed
the variation of the El/Si ion count ratio with depth, and deemed the measurement acceptable
if, and only if, the coefficient of variation with depth was below a pre-determined threshold. We
decided on the threshold of 20% based on a thorough analysis of all measured frustules.
Sponge spicules
The sponge spicules appeared to be even more robust than the fossil diatom frustules. Therefore,
the same rigorous pre-sputtering protocol could be applied. However, a difference arose in the
susceptibility to charging. For the spicules, the electron gun (e-gun) was an absolute must; without
it, charging became an issue already during pre-sputtering. The electrons from the e-gun helped
compensate for the positive charge buildup from the implanted primary ions.

6.4

NanoSIMS data processing

There are several software packages suitable for the processing of nanoSIMS data including the
Cameca software WinImage, the program L’Image developed by L. Nittler, the ImageJ plugin
OpenMIMS, or the Matlab-based freeware Look@nanoSIMS. Because in this thesis we needed to
quickly develop and apply new image processing routines, we decided to use the updated version of
the program Look@NanoSIMS (Polerecky et al., 2012). In the next section we describe some points
to consider when dealing with diatom frustules during data-processing.
6.4.1

Avoiding edge effects

The strength of nanoSIMS lies in its high-resolution imaging capabilities. This allowed us to
target specific areas using the Region of Interest (ROI) tool. As mentioned earlier in this chapter,
sample topography can form a problem for the interpretation of nanoSIMS data. For centric
diatom frustules, much of the topography comes from the edges of the frustule, in particular when
targeting the interior of the frustule. By applying the ROI tool, we could target areas away from
the edges during the data processing step (Fig. 6.3a-b). At times, we attempted to choose a field of
view in the center of the frustule already during the measurement, to keep the edges out of view.
However, this often resulted in greater charging effects (Fig. 6.3c) and was therefore rarely pursued.
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Figure 6.3: Imaging of centric diatom frustules by NanoSIMS. (a-b) RGB overlay of the secondary ion count
images Al+, Si+ and Fe+ measured from the interior of a diatom frustule. White lines represent ROI outlines, panel
(b) shows the corresponding SEM image. (c) Image of the secondary ions 28Si- measured from an exterior of another
frustule of a centric diatom. If the charge deposited onto the sample surface during the measurement is not removed
or compensated, e.g., due to insufficient conductivity of the sample or ineffective application of the e-gun, primary
ions can no longer “illuminate” the sample surface homogeneously. This leads to ‘shadows’ in the images of the
secondary ions, as marked by the arrow.

6.4.2

The influence of pores

Another feature specific for diatom frustules that needs to be considered during data analysis is
the presence of pores. The impact that pores can have on the accumulated El/Si ion count ratio
of the frustule ROI depends on several factors, including the relative size of the frustule ROI
covered by the pores, and the type of substrate. Potentially, the substrate material may produce
signals that can interfere with the signals from the frustule. For example, when studying an
18
O-enriched fossil frustule, the natural abundance 18O signals originating from the underlying
filter are clearly seen through the pores in the ion count ratio image (Fig. 6.4a-c). The impact on
the final 18O atom fraction in this example is limited, but this might increase as the difference in
18
O atom fraction between the substrate and the silica increases. When studying Fe/Si ratios, ion
counts for both elements were low in the pores. Thus, exclusion of pores from the final analysis did
not lead to significant differences between the frustule-specific Fe/Si ratio, provided that the areas
corresponding to Fe-rich hot-spots were already excluded (Fig. 6.4d-f).
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Figure 6.4: Illustrating the influence of the pores on ion count ratio. (a-c) Influence pores on the 18O atom
ratio (a) Accumulated secondary ion count image of 28Si with white lines indicating ROI definition. (b) Accumulated
secondary ion count ratio image of the 18O atom fraction with blue lines indicating ROI definition. Large green area
in center represents an Al contamination, not a pore (c) Bar chart illustrating the influence of removing the pores
from the final ROI on the 18O atom ratio. Error bars indicate Poisson error (0.15%). An increase does occur (1.84%),
greater than the Poisson error, but significantly smaller than the variability between samples (d-f) Influence pores on
the Fe/Si ion count ratio (d-e) Accumulated secondary ion count image with white lines indicating ROI definition. d)
28Si e) 56Fe; (f) Bar chart illustrating the influence of removing the pores from the final ROI on the 56Fe/28Si ion count
ratio. Error bars indicate Poisson error (0.15%). A reduction does occur (1.84%), greater than the Poisson error, but
significantly smaller than the variability between samples.
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6.5

Which other methods are suitable for the analysis of diatom frustules and
other forms of biogenic silica?

In addition to NanoSIMS, which was the main method applied in this thesis, we also used several
other analytical methods to study biogenic silica. The experiences with each method are evaluated
below.
6.5.1

Secondary Ion Mass Spectrometry (SIMS)

The SIMS technique utilizes the same basic principles as the nanoSIMS but differs in the
achievable spatial resolution (not better than ~500 nm), the primary ion currents used (nA), and
the relationship between transmission and mass resolution power. Due to this SIMS does not allow
imaging of diatom frustules in the way nanoSIMS does. However, this technique has proven to
be a valuable partner to the nanoSIMS in Chapter 2 where we measured Fe/Si values in fossil
diatom frustules. While the nanoSIMS provided detailed spatial information on the frustules, the
conventional SIMS method allowed more robust quantification of the differences between samples.
This was predominantly due to the high currents employed by SIMS (typically in the nA range,
compared to the pA range typically employed in nanoSIMS), which increased the overall ion counts
and hence also the measurement throughput. The SIMS can perform spot analyses for determining
El/Si ratios of (large) individual frustules or groups of fossils, but without imaging capabilities. The
problem of insufficiently homogeneous standards, as discussed in section 6.3.3, is less important for
SIMS because higher volumes are sputtered, smoothing out the heterogeneity of the standard.
6.5.2

Raman micro-spectroscopy

121

Chapter 6

Raman micro-spectroscopy has proven to be an important complementary method to NanoSIMS
in two chapters of this thesis. In Chapter 3, we used it to confirm the spatial patterns observed
in the nanoSIMS data. With the nanoSIMS we were able to image organics in frustules with a
submicron resolution, but our confidence in the nanoSIMS data interpretation was lower due
to the effects of surface topography on the secondary ion yield (“edge effects”). Raman microspectroscopy is also a surface technique, but it is rather insensitive to surface topography as it
integrates the signal over a relatively large vertical interval (down to ~ 1 µm). However, a downside
of the Raman technique, compared to the nanoSIMS, is the lower lateral resolution (µm scale).
Overall, our Raman micro-spectroscopy measurements confirmed the large-scale spatial patterns
observed in the nanoSIMS data, but not the finer details. On its own, Raman micro-spectroscopy is
of limited value for the analysis of submicron variability in diatom frustules, but together with the
nanoSIMS it provides a powerful verification method.
In Chapter 4, we used Raman micro-spectroscopy to assess in more detail the chemical
structures (e.g., bonds) in which the target element – oxygen – participated within the different silica
targets. This information is inaccessible to nanoSIMS, which only provides information on the
distribution of the target element itself. In this way, we were able to identify the different O-pools
present in the silica of 18O-enriched sponge spicules and diatom frustules, in an attempt to discern
where the nanoSIMS signals originated from.

6.5.3

Electron Probe Microanalyser

The latest state-of-the-art JEOL JXA-8530F Hyperprobe Field Emission Electron probe
microanalyser (EPMA) was tested as a ‘scouting’ technique in support of the nanoSIMS, primarily
to create a ‘snapshot’ of the different trace elements present in the diatom frustules. This seemed a
suitable technique as it is quicker, simpler and cheaper than the nanoSIMS, but still has a sufficient
spatial resolution to target individual specimens. If this were successful, it could make nanoSIMS
measurements more efficient by providing the relative abundance of elements to be targeted.
Unfortunately, the initial experiments done in November 2016 showed that the EPMA was not
effective for the analysis of diatom frustules. The small thickness of the valves (~200 nm) was
limiting the acquisition of data that could be reliably interpreted. Therefore, the use of EPMA was
not pursued any further.
6.5.4

Transmission electron microscope (TEM)

In November 2018, measurements were performed using the FEI Titan-TEM facilities at the
King Abdullah University of Science and Technology. As this technique has an even higher spatial
resolution (down to 0.2 nm) than the nanoSIMS, it was aimed to image the distribution of organic
signals around the pores as observed earlier with the nanoSIMS (in Chapter 3). While it was
possible to get high-resolution images of the pores, we were unable to extract any organic signals.
Apparently, the relatively low abundance of organics in diatom frustules was beyond the sensitivity
of Titan-TEM.

Silica walls

Silica walls
Figure 6.5: TEM imaging of fossil centric diatom frustule pores showing the silica structure. TEM
image looking down on a pore in the frustule. Dark areas indicate areas of silica thickening. The silica walls are
particularly evident.
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Achtergrond
Silicium is het zevende meest voorkomende element in het universum en, na zuurstof, het tweede
meest voorkomende element in de aardkorst. De biogene vorm (biologische oorsprong) van silica
(siliciumoxide, ook wel opaal) is, na calciumcarbonaat, het tweede meest voorkomende type
mineraal dat wordt gevormd door organismen. Als zodanig is de wereldwijde silicium (Si) cyclus
een essentiële component van systeem Aarde en speelt deze bijvoorbeeld een cruciale rol bij het
handhaven van de klimaatstabiliteit op geologische tijdschalen. De wereldwijde oceanische Si-cyclus
is, op geologische tijdschalen, voornamelijk geëvolueerd tot de hedendaagse cyclus vanwege
het verschijnen van biogene silica, en dan met name de opkomst van diatomeeën in de late
Krijtperiode.
Diatomeeën (ook wel kiezelwieren genoemd) zijn eencellige microalgen die wijdverspreid in het
oppervlaktewater leven. Ze worden in het sediment vertegenwoordigd door hun kiezelhoudende
(siliciumdioxide; SiO2) exoskeletten. Hoewel de exoskeletten (behuizingen) van diatomeeën de
dominante vorm van biogene silica zijn, worden silicastructuren ook gemaakt door verschillende
andere aquatische soorten zoals radiolaria, silicoflaggelaten en sponzen.
Het bestuderen van de chemische kenmerken van biogeen fossiel materiaal is van groot belang
voor het verschaffen van informatie over het klimaat van vroeger. Dit komt omdat het biogene
materiaal, tijdens de groei, de chemie van het omringende water gaat weerspiegelen. Door
methodes (genaamd paleoproxies) te ontwikkelen om fossiel materiaal met verschillende leeftijden
te analyseren, kunnen we de veranderende waterchemie (en dus het veranderende klimaat) door de
tijd heen bestuderen. De laatste decennia krijgt de chemische samenstelling van fossiel biogene silica
steeds meer aandacht. Deze toegenomen interesse is deels te wijten aan de schaarste of volledige
afwezigheid van carbonaten, een traditioneel doelwitmateriaal voor paleoproxyonderzoek, in delen
van het sedimentaire archief (vooral in regio’s met een hoge breedtegraad). Gelukkig domineren
silica microfossielen, in het bijzonder de overblijfselen van diatomeeën, vaak deze sedimentaire
archieven. Vanwege hun relatief kleine omvang (micrometerschaal), houdt de toegenomen interesse
ook verband met de voortdurende ontwikkeling van analytische technieken met hoge resolutie zoals
de Nanometer Secondary Ion Mass Spectrometer (NanoSIMS).

Overzicht van dit proefschrift
Het onderzoek in dit proefschrift heeft als doel hoge-resolutie chemische beeldvormingstechnieken
toe te passen in een poging om bestaande paleoproxies op basis van biogene silica beter te begrijpen
en te verbeteren. We hebben ons vooral gericht op het gebruik van de NanoSIMS, waarmee we
chemische kaarten op nanometerschaal kunnen maken. We hebben ook andere complementaire
hoge-resolutietechnieken gebruikt, zoals de SIMS en Raman microspectroscopie.

141

In hoofdstuk 2 van dit proefschrift bestuderen we fossiele behuizingen van diatomeeën om
het oorspronkelijke ijzer(Fe)gehalte, biologisch ingebouwd in het exoskelet tijdens diatomeeëngroei,
te onderscheiden van secundaire Fe afkomstig van monsterverontreiniging en diagenese (postmortem fysische en chemische veranderingen die een sediment ondergaat nadat het is afgezet). De
Fe/Si-proxy heeft het potentieel om informatie te verschaffen over de beschikbaarheid van Fe in
vroegere kust regio’s, en indirect over Si-begraving en CO2-opname door oceanen. Vraagtekens
omtrent de mogelijke invloed van postmortale diagenese op de monsters belemmerden echter
de ontwikkeling van deze methode. Door de nanoSIMS-techniek toe te passen, konden wij de
verdeling van Fe en Al (Aluminium; een indicatie voor diagenese) in grondig schoongemaakte
fossiele exoskeletten bestuderen. Ondanks de toepassing van een gevestigde reinigingstechniek,
hebben we de aanwezigheid van Al-concentraties waargenomen die co-lokaliseerden met
sterkere Fe-signalen. We hebben echter ook gevonden dat de binnenkant van de behuizing over
het algemeen lagere Al/Si-waarden had, wat duidt op verminderde post-mortem diagenetische
invloeden. Op basis van deze resultaten werden monstervoorbereiding en meetprotocollen voor Fe/
Si-bepalingen met SIMS aangepast door (i) het toevoegen van een extra reinigingsstap en (ii) het
richten op de binnenkant van de behuizingen. Deze aanpassingen verlaagden de Al/Si en Fe/Si
ratio’s van de gemeten monsters aanzienlijk, waardoor de zorgen rond diagenese worden beperkt
en derhalve moeten resulteren in een robuustere paleoproxy.
In hoofdstuk 3 willen we de aanwezigheid en verdeling van organische signalen in grondig
gereinigde fossiele behuizingen van diatomeeën in beeld brengen. De toepassing van δ15N
metingen in deze behuizingen (een proxy voor het gebruik van nitraat vroegere oppervlaktewateren)
gaat ervan uit dat de silicastructuur de interne organische materie beschermt tegen diagenese. De
exacte locatie van de organische materie in het exoskelet is echter tot nu toe niet geïdentificeerd.
Door het combineren van oppervlaktemetingen met hoge ruimtelijke resolutie (nanoSIMS) en
Raman micro-spectroscopie (lagere resolutie maar met grotere sondediepte), konden wij voor het
eerst de aanwezigheid en verdeling van de silica-gebonden organische materie in beeld brengen.
De nanoSIMS-afbeeldingen onthulden dat de organische signalen over het hele exoskelet aanwezig
waren, maar met gelokaliseerde concentraties rond de poriën. Raman-metingen bevestigden de
heterogene aanwezigheid van organische stoffen, maar konden de door nanoSIMS waargenomen
ruimtelijke patronen niet dupliceren.
Hoofdstuk 4 kijkt naar post-mortem chemische veranderingen in het δ18O-signaal in
verschillende vormen van silica. De δ18O van water is onder andere een weerspiegeling van
veranderingen in het wereldwijde ijsvolume, evenals lokale veranderingen in verdamping,
zoetwaterinput (en dus zoutgehalte) en temperatuur. Zowel biogene amorfe silica (exoskeletten van
diatomeeën en spons stekels) en kristallijne silica monsters (kwartskristallen) werden geïncubeerd
in, met 18O verrijkt, zeewater gedurende verschillende tijdsintervallen. De nanoSIMS-resultaten
laten zien dat, op tijdschalen die vergelijkbaar zijn met die van zinkende diatomeeën in de
mariene waterkolom (dagen tot weken), het δ18O-signaal van de biogene monsters homogeen
kan worden verrijkt. Kristallijn silica daarentegen vertoont geen aanwezigheid van 18O-verrijking,
Dit komt hoogstwaarschijnlijk vanwege een verschil in de structuur, namelijk de afwezigheid
van silanol-groepen (Si-OH) in de kristallijne silica zoals waargenomen in de Raman-metingen.
Samen bevestigen deze resultaten dat de gehele biogene silicastructuur gevoelig is voor diagenese.
De uiteindelijk gemeten δ18Odiatom zal daarom, hoogstwaarschijnlijk, een gemengd signaal
vertegenwoordigen van de initiële groeifase, het zakken door de waterkolom, het sedimentwatergrensvlak en het sedimentporiewater.
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Hoofdstuk 5 zet ons onderzoek naar secundaire zuurstofuitwisseling voort, maar verschuift
de focus naar diagenetische post-mortem processen in het sediment. Nadat onze resultaten uit
hoofdstuk 4 hebben aangetoond dat diagenese van het δ18Odiatom signaal al in de waterkolom
voorkomt, rijst de vraag of dit in het sediment zou doorgaan of dat extra processen dit zouden
remmen. We hebben twee experimenten opgezet om deze vraag te beantwoorden. In het eerste
18
O-incubatie-experiment werden pakketjes met verse diatomeeën neergelegd in een diatomeeënklei
en op het grensvlak van sediment en water. Uit dit experiment konden we verschillende fasen
van diagenese in het sediment vergelijken. NanoSIMS-analyse toonde aan dat de verse en
fossielen diatomeeën beide significante 18O-verrijking ondergingen. De mate waarin dit gebeurde
varieerde; het meest verrijkt waren de behuizingen van verse diatomeeën die op het grensvlak
van het sediment werden geplaatst, gevolgd door de verse diatomeeën die in het sediment werden
begraven en tenslotte de fossiele diatomeeën. Verder hebben we waargenomen dat concentraties
van Al op de oppervlakte van de fossiele behuizingen, de 18O-verrijking van het onderliggende
siliciumoxide niet remden. In een tweede experiment hebben we variërende concentraties
opgelost Al (dAl) toegevoegd aan met 18O verrijkt zeewater. De toename van dAl leidde tot een
toename van het Al-gehalte van de monsters. De verdeling van het extra Al bleek homogeen te
zijn door de behuizing heen, hetgeen een opnemingsmechanisme suggereert waarbij Al de Si in de
matrix vervangt. De toevoeging van Al verlaagde de hoeveelheid 18O-verrijking aanzienlijk. Deze
resultaten brachten ons ertoe om te veronderstellen dat, hoewel de opname van Al de uitwisseling
van secundaire zuurstof kan vertragen, dit waarschijnlijk tot op zekere hoogte op geologische
tijdschalen doorgaat. Dit bevestigt onze conclusie uit hoofdstuk 4 dat het gemeten δ18O-signaal in
fossiele diatomeeën waarschijnlijk een combinatie van signalen weerspiegelt die afkomstig zijn van
de groeifase tot poriewateren.
In hoofdstuk 6 geef ik een overzicht van mijn ervaringen met de nanoSIMS en andere hoge
resolutie analytische technieken, die ik heb opgedaan tijdens mijn werk met biogene silica. Er is
weinig precedent wat betreft de toepassing van de nanoSIMS op biogene silica. In dit hoofdstuk
worden de vele verschillende benaderingen beschreven die zijn geprobeerd om de nanoSIMS het
beste te gebruiken voor deze monsters. We evalueren zowel de succesvolle als de mislukte pogingen.
Dit om toekomstige onderzoekers, die geïnteresseerd zijn in het ontrafelen van de vele mysteries
rond de chemie van diatomeeën en andere vormen van biogene silica, te informeren over alle
onderzoeksbevindingen en te helpen met toekomstig onderzoek.
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