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Abstract. We studied the crystallographic orientation of calcite crystals in benthic foraminifers by electron
backscatter diffraction (EBSD). Individuals of two species, Gyroidinoides soldanii and Cibicidoides grimsdalei,
featuring different test structures, were investigated for a time span covering 43 Myr. The aims of this study
are to visualize test structure differences in foraminifers and to reveal potential changes in crystal orientation
and grain size over time caused by diagenetic reactions such as recrystallization. Such recrystallization effects
over time may aid in the interpretation of time-resolved geochemical data obtained on foraminiferal samples for
paleo-environmental reconstructions. The EBSD patterns clearly resolve the different test structures of the two
species. Cibicidoides grimsdalei has the ¢ axes perpendicular to the test surface. An apparent shift in the preferred
crystal orientation can most likely be attributed to a mismatch between the equatorial plane and cutting plane
of the foraminiferal test, highlighting the importance of reproducible preparation techniques. In Gyroidinoides
soldanii, the c axes of the calcite crystals show a broader distribution of the crystals with no preferred orientation.
The specimens show no change in crystal sizes over time, with a frequency maximum corresponding to the spot
size of the electron beam. Overall, the differences between the two species demonstrate that EBSD is a powerful

tool to visualize and differentiate between foraminiferal test structures.

1 Introduction

Foraminifers belong to the most frequently applied paleo-
environmental archives (e.g. Katz et al., 2010). Conse-
quently, understanding their biomineralization and associ-
ated trace-element and isotope incorporation, as well as the
recognition of possible post-depositional alteration of these
proxy signals by diagenetic effects, is of vital interest (e.g.
Gussone et al., 2009).

Foraminifers are single-celled marine organisms with a
protective shell called test, which consists of one or more
chambers that are subsequently added during growth (Haus-
mann et al., 2003; Pawlowski et al., 2003; Holbourn et
al.,, 2013). The characteristics of the tests are the basis
for the classification of foraminifera. The typical size of
foraminiferal tests ranges from 50 to 500 pm, but exception-
ally large specimens can grow up to ~20cm (Rottger and
Lehmann, 2009). More than 50000 species have been de-
scribed in marine sediments, ~ 40000 fossil and ~ 10000

recent (Adl et al., 2007; Pawlowski et al., 2014). About 30 of
the recent species have a planktic habitat, floating in the wa-
ter column, while the majority of foraminifer species have
a benthic habitat (Ronnfeld, 2008), which are further di-
vided into endobenthic and epibenthic foraminifers, living in
or on the marine sediment, respectively (Sen Gupta, 1999).
Besides the classification according to the preferred habi-
tat, the taxon foraminifera is divided into three main types
based on the material and structure of the test (Armstrong
and Brasier, 2005). First, there are foraminifers with a se-
creted test wall, composed of an organic chitinous material,
second, tests formed from agglutinated and cemented sedi-
mentary particles, and third, tests composed of secreted cal-
careous or siliceous minerals with the calcareous types (arag-
onite and calcite) predominating (Armstrong and Brasier,
2005; Ronnfeld, 2008). Aragonitic foraminifers play only
a subordinate role for paleo-environmental reconstructions,
because aragonite-forming species are less common, and
aragonite is less resistant against dissolution and recrystal-
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Figure 1. Wall structures of polycrystalline hyaline perforate
foraminifers (modified after Armstrong and Brasier, 2005).

lization compared to calcite (Pawlowski et al., 2014; Allaby
and Allaby, 2003). The calcite group is further divided with
respect to chemical composition in low magnesium calcite
(LMC < 4 mol % MgCO3) and high magnesium calcite tests
(HMC > 4 mol % MgCO3) (Stanley et al., 2002) and with re-
spect to test structure in micro-granular, porcelaneous im-
perforate, and lamellar walls. The lamellar walls can be ei-
ther mono-lamellar hyaline perforate or bilamellar hyaline
perforate with radial or granular (Fig. 1) optical properties
(Hansen, 1999; Ronnfeld, 2008).

Here, we are looking at bilamellar hyaline perforate tests
with radial (Cibicidoides grimsdalei) and granular (Gyroidi-
noides soldanii) structures. Foraminifer tests are important
biostratigraphic tools for age determination of marine sedi-
mentary rocks and archives for paleo-environmental recon-
structions. For instance, trace elements and isotope ratios in-
corporated in foraminifer tests serve as proxies in paleocli-
matology and paleoceanography for surface and bottom wa-
ter temperatures, salinity, pH values, and global oceanic ele-
ment budgets (e.g. Haug and Tiedemann, 1998; Raitzsch and
Honisch, 2013; Heuser et al., 2005; Gussone et al., 2004;
Coskun Tunaboylu et al., 2014). Furthermore, 5180 and
Mg / Ca paleothermometry of deep-sea benthic foraminifers
provided evidence for a ~2.5°C ocean cooling associated
with the ice growth during the Eocene—Oligocene transi-
tion (~33-34 Ma; Lear et al., 2008). Besides empirical geo-
chemical calibrations, understanding foraminiferal biomin-
eralization is important to evaluate and predict the response
of proxy signals to environmental changes. In particular,
recent findings showed the involvement of vaterite as pre-
cursor for some planktic foraminifer species (Jacob et al.,
2017). This finding is consistent with observations on the
benthic foraminifer Hoeglundina elegans, suggesting vaterite
as precursor for the aragonitic test (Gussone et al., 2016).
Paleo-environmental archives, such as foraminifers, can be
altered by diagenetic processes like partial dissolution and
recrystallization, which may modify the test structure as
well as the geochemical proxy signals (e.g. Elderfield et al.,
2000). Consequently, besides gaining a solid understanding
of biomineralization-related element and isotope partitioning
in response to environmental changes, the assessment of the
preservation state of used foraminifers is an important part of
obtaining reliable paleoceanographic reconstructions.

Patterns of crystallographic orientations and changes of
crystal sizes in foraminifer tests can provide information
on preservation and possible diagenetic effects. Electron
backscatter diffraction (EBSD) analysis has been proven to
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be a useful tool to study crystal orientation in biominerals.
For instance, EBSD analyses on brachiopods showed that the
calcite crystals of the fibrous shell layers have a preferred
shape orientation and a preferred crystallographic lattice ori-
entation (Schmahl et al., 2008). The crystallographic (001)
axis was mainly approximately parallel to the radius of the
curvature of the brachiopod shell, and the morphological fi-
bre axis was therefore on average perpendicular to (001). For
pulsed Sr-labelling experiments, Otter et al. (2019) used bi-
valve Katelysia rhytiphora to visualize shell growth at micro-
to nanoscale. Their areas of interest were the innermost outer
shell layer and the outermost outer shell layer. Using EBSD,
the authors were able to reveal a strong preferred orienta-
tion of the aragonite ¢ axis perpendicular to the growth layers
while a and b axes were scattered within a plane normal to
the local growth direction. They also identified > 46 % twin
grain boundaries. EBSD was also used for detection of dia-
genetic effects in modern and fossil coralline skeletons to de-
termine alteration to secondary cement phases (Cusack et al.,
2008). The authors were able to detect calcite cement replac-
ing aragonite in endolithic borings in the modern skeletons
and whole dissepiments of the fossil skeleton, even though
the calcite was not detectable in X-ray diffraction analyses.
Furthermore, Jacob et al. (2019) studied the biomineral ar-
chitecture of Anoteropora latirostris (Bryozoa) via EBSD
and grain size analysis and showed that grain sizes, orienta-
tion, and locations differ significantly for aragonite and cal-
cite present within the colony walls of this species. These ob-
servations demonstrate that EBSD is a powerful tool for the
investigation of biomineralization as well as even very early
stages of coral diagenesis with a spatial resolution at micro-
to nanometre scales.

The aim of the present study was to analyse crystal orien-
tation and crystallite sizes in foraminifer tests to investigate
their preservation state and visualize possible alteration or di-
agenetic effects. We focused on benthic foraminifers because
their relatively slow evolution and comparatively strong re-
sistivity to dissolution and diagenesis make them particu-
larly suited for long-term paleo-environmental reconstruc-
tions (e.g. Edgar et al., 2013; Drury et al., 2014; Voigt et al.,
2016). The low-magnesium calcite-test-forming species G.
soldanii and C. grimsdalei were chosen, because of their fre-
quent occurrence in sediment cores, wide stratigraphic distri-
bution and different test structures.

2 Material and methods
2.1 Sample material

Benthic foraminifer tests were obtained by wet sieving of
sediments from IODP drill sites U1338 (~0-17 Ma), U1334
(~25-38Ma) and U1333 (~37-45Ma) of IODP Expedi-
tions 320 and 321 to the Eastern Equatorial Pacific. Cibi-
cidoides grimsdalei appears in sediments of all three drill
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Figure 2. Comparison of Cibicidoides grimsdalei and Gyroidi-
noides soldanii tests. Line drawings of different views in the centre.
SEM images of spiral and umbilical site, equatorial sections and
a close-up showing test structures. Dashed line = plane of largest
diameter (equatorial plane).

sites, whereas Gyroidinoides soldanii only appears in drill
sites U1334 and U1338 (Lyle et al., 2010). Both C. grims-
dalei and G. soldanii display a flat, evolute (all chambers
visible) spiral side and a strongly convex, involute (only final
curl visible) umbilical side with gradually increasing cham-
bers (Fig. 2). While the tests of C. grimsdalei form a small,
compact trochospire (helical spirals that widen in each turn)
and thick, calcareous and coarsely perforated chamber walls
(Figs. 2,4), G. soldanii forms a planoconvex trochospire with
calcareous, smooth and finely perforated tests (Figs. 2, 3;
Holbourn et al., 2013).

The analysed time interval ranges from 1.6 to 43 Ma with
five specimens of G. soldanii and six specimens of C. grims-
dalei. The samples were mounted in Epoxy resin (EpoThin
2™ Buehler, ITW Test & Measurement GmbH, Esslingen)
with the spiral side pointing to the upper surface of the mount
and polished down with silicon carbide (SiC) and a diamond
suspension from the outer shell surface of the spiral side to
the plane of largest diameter (dashed line, Fig. 2). Finally,
to reduce the thickness of amorphous layers on the sample
surface and to allow for high-quality crystallographic infor-
mation, the mounts were finished in an ultrasonic polisher
for several hours using 20 nm sized colloidal silica particles
in suspension.

2.2 Electron backscatter diffraction analysis

Electron backscatter diffraction (EBSD) analysis is a tech-
nique to detect the crystallographic orientation of a crys-
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talline sample in a scanning electron microscope (SEM) with
respect to a reference system, for example, the sample sur-
face (Engler and Randle, 2010; Zaefferer, 2007). By these
investigations, the crystallographic orientation of the sample
relative to the flat surface at each point can be determined
(e.g. Maitland and Sitzman, 2007; Pérez-Huerta et al., 2008;
Schmahl et al., 2008).

Electron backscatter diffraction analyses were performed
on a JEOL 6610-LV SEM equipped with a LaB¢ filament
and an Oxford Nordlys EBSD detector running the Oxford
HKL Channel5 software (version 5.10.50315). The measure-
ments were operated in low vacuum mode without the use of
a conductive carbon coat to enhance Kikuchi pattern quality
at the expense of a slightly worse spatial resolution (50 Pa
partial pressure at the sample surface). The accelerating volt-
age was set to 20 kV, the working distance was 20 mm and the
beam current was around 1.5 nA, measured on a retractable
Faraday cup within the SEM column. Electron backscatter
diffraction patterns were recorded with the Oxford Flamenco
acquisition software and evaluated with the Oxford Tango
and Mambo software packages. The size of sampling grids
and step sizes (measuring points, 1 to 4 um) for EBSD maps
varied, depending on the size of the specimen and test wall.
This was done to map a representative area of each specimen
in a reasonable time. The measurements were performed au-
tomatically and lasted between ~2.5 and ~22h depending
on step size and mapped areas. The maximum spatial reso-
lution, i.e. the penetration depth from which electrons con-
tributing to Kikuchi patterns were generated in our experi-
mental setting, is about 2 um, but likely smaller. Point dwell
times were around 1-2 s per pixel. The mean angular devia-
tion, a standard parameter to check for the indexing quality,
was usually below 1.5°, and most EBSD patterns were in-
dexed utilizing six to eight Kikuchi bands. The EBSD band
contrast reflects the pattern quality and can be obtained in the
Hough transform, but pattern quality usually becomes lower
at the grain boundaries due to overlapping patterns. This ef-
fect reduced the indexing rate especially for samples with
small grain sizes. Therefore, in those areas with a low in-
dexing rate, either the polishing quality of the sample was
too poor, or the grain sizes of measured crystallites were be-
low our spatial resolution of about 2 um. Grain orientations
are plotted on lower-hemisphere equal-area plots, applying a
half-width of 10° and a cluster size of 5°. Points that were
not indexed are left blank in the maps. It cannot fully be ex-
cluded that some damage of calcite crystals occurred due to
heating and amorphization by the electron beam. However,
such damages would result in a pejoration of the indexing
rate and certainly not to recrystallization. To check for a po-
tential sampling bias of our analyses, we performed a second
EBSD map on one test, and this new map confirmed the ini-
tial conclusions. We therefore assume that no severe damage
occurred to foraminifer tests during our analyses.
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Figure 3. EBSD analysis of Gyroidinoides soldanii tests from
the Pacific equatorial region. Left: SEM images of the analysed
specimens. Middle: EBSD maps displaying crystal orientations in
colour-coded Euler angles. Right: pole plot figures showing cluster
density of the ¢ axes in contouring pole figures, half-width: 10°,
Cluster size: 5°. The ¢ axes show a relatively strong dispersion
within the pole figures and no apparent crystallographic preference.
The distribution is indicating a broad clustering and patches with
similarly oriented crystals. No apparent change in the size of the
clusters with increasing age is observed.

33.0 Ma

3 Results

The distribution of crystal orientations determined by EBSD
mapping of 11 benthic foraminifer specimens (5 specimens
of G. soldanii, 6 specimens of C. grimsdalei) covering the
time period from 1 to 43 Ma are presented in Figs. 3 and 4.
The crystal size distribution within the foraminifer tests
shows relatively small crystallites (at least 1 up to 16 um?).
A non-negligible portion of the analysed spots could not be
indexed, as they are most likely located on grain boundaries,
resulting in interfering Kikuchi patterns. Nevertheless, with
the applied settings, a sufficiently large indexing rate was
obtained to reveal a systematic and consistent pattern in the
foraminiferal tests. The data sets are shown in colour-coded
Euler maps (orientation maps) and corresponding contour-
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Figure 4. EBSD analysis of Cibicidoides grimsdalei tests from
the Pacific equatorial region. Left: SEM images of the analysed
specimens. Middle: EBSD maps displaying crystal orientations in
colour-coded Euler angles. Right: pole plot figures showing cluster
density of the ¢ axes in contouring pole figures, half-width: 10°,
Cluster size: 5°. The figure displays a clear distribution of the ¢ axis
within the x—y plane at 10.5 and 15.5Ma. At 33 and 33.5 Ma, the
preferred orientation of the ¢ axis broadens but is still centred on the
x—y plane. At 35 and 43 Ma, orientation apparently shifts towards
the z axis.

ing pole figures showing the density of the crystallographic
(001) ¢ axis of calcite (Figs. 3 and 4). Both maps and pole
figures clearly show differences between the two species with
respect to the orientation of the calcite crystals. The analysis
of G. soldanii revealed that calcite ¢ axes show a relatively
strong dispersion within the pole figures with no apparent
crystallographic preference and apparently random orienta-
tion. However, the distribution is not completely random but
demonstrates a broad clustering and patches with similarly
oriented crystals (Fig. 3). There is no apparent change in the
size of the clusters with increasing age. Electron backscatter
diffraction analysis of C. grimsdalei (Fig. 4) revealed a clear
distribution of the ¢ axis within the x—y plane in the younger
specimens (10.5 and 15.5 Ma). This is related to the preferred
orientation of the ¢ axis perpendicular to the test chamber
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Figure 5. Grain size distribution of Cibicidoides grimsdalei and Gyroidinoides soldanii. The maximum is at the lowest value for each
specimen. Crystallite sizes are at 1 um scale. The step sizes are marked as grey dashed boxes.
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Figure 6. Crystal orientation (c-axis pole plots (001)) of Cibicidoides grimsdalei and Gyroidinoides soldanii tests as a function of age.

surface. In the 33 and 33.5 Ma specimens, the preferred ori-
entation of the ¢ axis broadens but is still centred on the x—y
plane. After 35 Ma, orientation of the ¢ axis apparently shifts
towards the z axis of the sample surface. The EBSD map
shows clear patches of similarly oriented crystals within the
chamber walls whose ¢ axes are perpendicular to the cham-
ber surface. The size of these patches does not change with
increasing age.

Opverall, the grain size distribution of G. soldanii and C.
grimsdalei does not change with increasing age (Fig. 5).
Generally, G. soldanii specimens are relatively small
(~200 um) in comparison to C. grimsdalei, which led to a
more equal step size. The latter species varies in size from
about 300 to 700 pum.

4 Discussion

Electron backscatter diffraction maps of the two species
clearly distinguish primary differences of crystal orienta-
tion patterns of the two benthic foraminifer species. De-
spite the challenging samples featuring small crystal sizes
within the foraminifer tests, leading to a reduced indexing
rate, the EBSD analyses provided systematic results. The
method used is able to visualize different test structures of
foraminifera in a resolvable and reproducible way, namely
hyaline perforate test walls with radial (C. grimsdalei) and
granular (G. soldanii) textural properties. A special feature
of these shells is a lamellar construction of individual cal-
cite layers, which are applied to an organic matrix. The
c axes of radially oriented crystals are usually perpendicular
to the test surface, while ¢ axes of granular or compound-
like calcite crystals are often in a variable angle, frequently
45°, to the test surface (e.g. Ronnfeld, 2008; Armstrong and
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Brasier, 2005). The suitability of EBSD analyses to visual-
ize structures related to biomineralization processes revealed
by the foraminifer tests studied is in agreement with pre-
vious studies on shells and skeletons of several taxa. For
instance, Perez-Huerta et al. (2008) could show that in re-
cent brachiopod species Novocrania anomala and Novocra-
nia huttoni the c axis of calcite crystals is parallel to the
laminae that define the ultrastructure of the secondary layer,
whereas the ¢ axis of rhynchonelliform calcitic brachiopods
(e.g. Mergelia truncate, Terebratulina retusa) is perpendic-
ular to the length of morphological fibres and shell exte-
rior (Schmahl et al., 2004). In a further study, Griesshaber
et al. (2012) used low-kilovolt EBSD (15 and 5kV) for the
highest spatial resolution possible and observed a strongly
interlocking microstructure of concave and convex grains on
the skeleton of the modern brachiopod Gryphus vitreus, also
showing nanoscale internal structures and micro-textures of
carbonate biomaterials for the first time. Besides macro-
fossils, EBSD analyses have also been successfully applied
on microfossils, determining crystallographic orientations of
different coccolith compounds (V and R units) of the coccol-
ithophore Pleurochrysis carterae (Saruwatari et al., 2006).
In concert with previous studies, the EBSD maps of
foraminifers obtained in the present study show primary
differences in crystal orientation between the two species
(Fig. 6). The observation of c-axis clustering within the x—
y plane of the sample surface of C. grimsdalei is in agree-
ment with the c-axis orientation perpendicular to the surface
of the test wall, if the cutting plane is near the equator of the
shell sphere. The c axis in G. soldanii is more randomly ori-
ented, forming clusters, which are not related to the morpho-
logical features of the test of this species. This systematics
is in agreement with the compound-like distribution of crys-
tals in the test. The apparent change of the c-axis orientation

https://doi.org/10.5194/ejm-32-613-2020
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G. soldanii

chamber wall

Figure 7. Effect of cutting position on the distribution of ¢ axes. (a) Cutting in plane of largest diameter (equatorial plane, dashed line).
(b) Off-equator cutting position. Cutaway image of foraminifer test modified after Evans et al. (2013). Black arrows visualize direction of
¢ axes in the equatorial plane (a), while grey arrows indicate ¢ axes in the off-equatorial surface (b).

of C. grimsdalei at around 35 Ma may suggest at first sight
an age effect. On the other hand, this change of orientation
pattern could also be the result of the cutting position, with
samples from 33, 33.5 and 35 Ma indicating off-equator sec-
tions. Especially at 35 Ma, the very thick test wall and small
chambers, as well as the not-visible initial chamber, can be
considered as indicators for a mismatch between the equato-
rial test plane and polished sample surface. Considering the
overall appearance of the tests and good preservation, this is
the most likely explanation for the shift of the calcite ¢ axis
towards the z axis of the sample surface. Consequently, the
crystal orientation is still perpendicular to the test wall, but
the test surface is not perpendicular to the mount surface.
For the foraminifer sample at 35 Ma its test and mount sur-
face are almost parallel, with the ¢ axis being almost per-
pendicular to the surface of the sample mount. The effect of
the cutting position on the apparent c-axis distribution pat-
tern of the foraminifer species is illustrated in Fig. 7. Plane
(a) represents a sample surface in the equatorial plane, while
plane (b) is off the equatorial plane. The foraminifer test re-
trieved from the 43 Ma old sediment shows chamber walls
that are not overly thick, but the cutting position seems to be
off-equator as well because the initial chamber of the test is
not truncated. Following this line of evidence, it can be as-
sumed that the cutting position is the more likely mechanism
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responsible for the observed shift in c-axis orientation rather
than recrystallization or other diagenetic effects. Because of
granular test walls in G. soldanii, there is no preferred orien-
tation of the calcite crystals visible. Additionally, the crystal
size is about 1 um showing no indication of recrystallization-
related grain size coarsening over time. In this case, the cut-
ting position has less impact on the visualization of the crys-
tal orientation. Also, the invariantly small grain sizes in sam-
ples of all ages and the absence of cement argues against
recrystallization effects. As mentioned earlier, depending on
the diameter of specimens, different step sizes had to be ap-
plied to obtain a representatively large area for each speci-
men in an adequate time frame. Thus, comparability of grain
sizes between the specimens is limited. Four specimens of G.
soldanii with step sizes of 1 ym at 1.6, 15, 30 and 33 Ma are
eligible for comparison (Fig. 8, Table 1). These foraminifer
tests all show small grain sizes with a maximum at the step
size and consequently do not provide evidence for a grain
coarsening in the foraminifers studied from the last 33 Myr.
Because of the small size of the crystals forming a
foraminifer test, it can be suggested that for EBSD analy-
ses of foraminifers, mapping smaller areas with smaller step
sizes is recommended instead of lowering the resolution and
mapping the entire test, if a grain size analysis is aimed for.

Eur. J. Mineral., 32, 613-622, 2020
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Figure 8. Average detectable grain sizes of four Gyroidinoides sol-
danii specimens with 1 yum sampling resolution. Error bar indicates
2 SE (standard error).

Table 1. Average detectable grain size of four Gyroidinoides sol-
danii specimens, 1 um step size. SE stands for standard error.

Average
Age detectable grain

Species (Ma) size (pmz) 2SE
G. soldanii 1.6 2.8 0.3
G. soldanii 25 2.3 0.5
G. soldanii 30 3.9 0.2
G. soldanii 33 2.8 0.2

5 Conclusions

— EBSD analysis visualizes structures of foraminifer tests
and provides a powerful tool to differentiate between
foraminifer test structures and to quantify changes in
crystal sizes and grain orientations over time.

— Cibicides grimsdalei has the ¢ axes perpendicular to
the test surface. An apparent shift in the preferred
crystal orientation is most likely attributed to a mis-
match between equatorial plane and cutting plane of the
foraminifer test, highlighting the importance of repro-
ducible preparation techniques. In Gyroidinoides sol-
danii, the ¢ axes of the calcite crystals show a broader
distribution of the crystals with no preferred orienta-
tion. The specimens show no detectable change in crys-
tal sizes over time, with a frequency maximum corre-
sponding to the spot size of the electron beam (1 um).
The differences in the test wall structure of G. soldanii
and C. grimsdalei are traceable in the geological record
and preserved over many millions of years.

— The lack of evidence for recrystallization suggests
that the benthic foraminifers retrieved during IODP
Expeditions 320 and 321 are well suited for paleo-
environmental reconstructions.

— The EBSD analysis visualized that foraminifer tests are
composed of small crystals. Consequently, for the inves-
tigation of grain size distribution in larger specimens, it
is more feasible to map one or several small areas of
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a specimen with high spatial resolution instead of low-
resolution mapping of the whole test, to resolve changes
of the small grain sizes.
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