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Abstract Calcareous foraminifer shells (tests) represent one of the most important archives for
paleoenvironmental and paleoclimatic reconstruction. To develop a mechanistic understanding of the
relationship between environmental parameters and proxy signals, knowledge of the fundamental processes
operating during foraminiferal biomineralization is essential. Here, we apply microscopic and diffraction-based
methods to address the crystallographic and hierarchical structure of the test wall of different hyaline
foraminifer species. Our results show that the tests are constructed from micrometer-scale oriented mesocrystals
built of nanometer-scale entities. Based on these observations, we propose a mechanistic extension to the
biomineralization model for hyaline foraminifers, centered on the formation and assembly of units of metastable
carbonate phases to the final mesocrystal via a non-classical particle attachment process, possibly facilitated

by organic matter. This implies the presence of metastable precursors such as vaterite or amorphous calcium
carbonate, along with phase transitions to calcite, which is relevant for the mechanistic understanding of proxy
incorporation in the hyaline foraminifers.

Plain Language Summary Foraminifers are single celled marine organisms typically half a
millimeter in size, which form shells made of calcium carbonate. During their life, the chemical composition of
their shells records environmental conditions. By analyzing fossil shells, past conditions can be reconstructed
to understand ancient oceans and climate change. To do that correctly, we need to know exactly how
foraminifers form their shell. We find that foraminifers build micrometer-sized mesocrystals which are made

of smaller building blocks. This means that the smallest building blocks form first and assemble to form a
larger grain, which is oriented in a specific direction. To align all the building blocks, it is possible that they

are first unstable and undergo transformation on assembly, during which their composition may change.

By understanding and quantifying this process, the composition of the final fossil shell may be understood,
ultimately leading to more reliable reconstructions of past environmental change.

1. Introduction

Calcareous foraminifers are an abundant group of planktic and benthic marine unicellular organisms, which
together constitute an important component of the global carbon cycle (Langer, 2008; Schiebel, 2002).
Foraminifer shells (tests) can resist dissolution and diagenesis over millions of years, and hence provide an
outstanding archive for climate reconstruction at high time resolution from sediment cores, which is possible
via empirical calibration of chemical or physical characteristics of the shells of recent species (e.g., Fischer &
Wefer, 1999; Katz et al., 2010). Despite their importance as a paleoclimate archive, the biomineralization of
foraminifers is not mechanistically understood in detail, which leaves the fundamental relationship between envi-
ronmental parameters and proxy data enigmatic. For example, the possible presence of residues of metastable
carbonate phases such as vaterite was only recently discovered (Jacob et al., 2017), and the delivery of ions to
the biomineralization site is an ongoing topic of debate (Bentov & Erez, 2006; Bentov et al., 2009; de Nooijer
et al., 2014; Evans et al., 2018; Nehrke et al., 2013; Toyofuku et al., 2017).

The focus of this study are the hyaline calcareous foraminifers, which includes all planktic and the majority of
benthic species (Loeblich & Tappan, 1984). In contrast to the miliolid foraminifers (discussed elsewhere, see
e.g., Bé et al., 1979; Berthold, 1976; Debenay et al., 2000; Hemleben et al., 1986; Towe & Cifelli, 1967), the
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source of ions in hyaline foraminifer biomineralization is likely derived mainly from vacuolised seawater, which
is transported through the cell cytoplasm towards the newly forming chamber (Bentov et al., 2009; de Nooijer
et al., 2009, 2014; Erez, 2003; Evans et al., 2018; Khalifa et al., 2016). In addition, trans-membrane transport
(TMT) of ions via ion pumps or channels has been suggested to be the major source of ions in some species (Nehrke
et al., 2013). Seawater transport to the biomineralization site is known to occur, as large membrane-impermeable
fluorescent molecules from labeled seawater are incorporated into test calcite (Bentov et al., 2009; Evans
et al., 2018; Khalifa et al., 2016). The seawater chemistry inside the vacuoles or at the calcification site is known
to be adjusted by the organism, which has been shown directly in the case of pH elevation (Bentov et al., 2009; de
Nooijer et al., 2009; Toyofuku et al., 2017), and inferred in the case of some ion concentrations, such as for Mg+
(Bentov & Erez, 2006; de Nooijer et al., 2014; Erez, 2003; Evans et al., 2018). Compositional differences between
the hyaline tests of low-Mg calcite planktic species and high-Mg calcite benthic species suggest differences in
biochemical mechanisms or a different extent of utilization of intracellular ion dispensation pathways in these
groups (Evans et al., 2018; van Dijk et al., 2017).

Based on light-microscopy observations and electron backscatter diffraction (EBSD) measurements, which show
an alignment of test crystallite c-axes towards the outer surface of the chamber in hyaline planktic and benthic
foraminifers, it has been hypothesized that organic layers act as a template for the directed crystallisation of
foraminifer test calcite (Read, 2019; Towe & Cifelli, 1967; Weiner & Lowenstam, 1986; Yin et al., 2021). To date,
investigations in (mostly) benthic foraminifer species reveal that the organic matter occluded in the test calcite
contains sulfonated polysaccharides and a variety of proteins and polypeptides, but neither the exact role nor loca-
tion of these macromolecules in the biomineralization process have yet been identified (Frontalini et al., 2019;
King & Hare, 1972; Nagai, Uematsu, Chen, et al., 2018; Nagai, Uematsu, Wani, et al., 2018; Ni Fhlaithearta
etal., 2013; Robbins & Brew, 1990; Robbins & Donachy, 1991; Sabbatini et al., 2014; Stathoplos & Tuross, 1991;
Tyszka et al., 2021; Weiner & Erez, 1984).

The observation of metastable vaterite in the tests of planktic foraminifers suggests that the formation of the
final Mg-calcite can progress via the transformation of metastable carbonate phases (Jacob et al., 2017). These
may emerge as a remnant intermediate stage from the formation of amorphous CaCO, (ACC) and subsequent
transformation into calcite. Formation and transformation of amorphous precursors as part of the biominerali-
zation mechanism have been observed in a variety of organisms, and can be indicated by the presence of nano-
granular fracture surfaces in the final shell ultrastructure (Addadi et al., 2003; Maclé4s-Sanchez et al., 2017; Raz
et al., 2003; Rodriguez-Navarro et al., 2016; Seto et al., 2012; Wolf et al., 2016; 2021). A connection between
non-classical crystal growth mechanisms of carbonates via attachment of nanoparticles, such as stabilized ACC,
and a nanogranular morphology of the resulting crystal surface has been shown in numerous examples in precipi-
tation experiments (e.g., De Yoreo et al., 2015; Gal et al., 2014; Rodriguez-Navarro et al., 2016; Seto et al., 2012;
Sturm & Colfen, 2016; Wolf et al., 2016). If the nanoparticular building units are crystallographically aligned
within a larger framework, the resulting structure is a mesocrystal, which can result from oriented attachment of
crystalline units or in-situ crystallisation of metastable precursor phases (Colfen & Antonietti, 2005; Jehannin
et al., 2019; Kim et al., 2014; Rao & Colfen, 2017; Seto et al., 2012; Sturm & Colfen, 2016).

The aim of this study is to assess biomineralization mechanisms of hyaline foraminifers based on the relation of
nano-to mesosized structures, and to interpret the resulting structure-to-composition connections. To this end, the
hierarchy and structural organization of the hyaline foraminiferal test calcite ultrastructure was analyzed crystal-
lographically and microscopically at the nano- and mesoscale, including an estimation of the crystallite domain
size, and contrasted to nanoscale aspects of miliolid tests. We discuss the implications of these findings for the
possible involvement of amorphous and metastable crystalline precursor phases in the biomineralization process,
as well as for the possible mechanisms of test formation.

2. Materials and Methods
2.1. Samples

The low-Mg calcite planktic foraminifers Globigerinoides ruber ruber and Globigerinoides ruber albus (sensu
stricto, s.s.; Morard et al., 2019), Trilobatus sacculifer, Globigerina bulloides and the low-Mg calcite benthic Cibi-
cidoides wuellerstorfi were selected from seafloor surface sediments obtained during R/V M.S. Merian Cruise
MSMS58 in the Madeira Basin (MSM58-57-1) at 0—15 cm sediment depth (Repschliger et al., 2018). Specimens
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were picked from the 315-400 pm size fraction and washed with distilled water. From the same sample, speci-
mens of the high-Mg calcite (miliolid or ‘porcelaneous’) Pyrgo sp. were picked to provide a comparison to the
hyaline foraminifer tests. Live specimens of the hyaline low-Mg calcite planktic G. ruber albus were collected in
2019 from the North Atlantic (29.507°N, 15.005°W) from a water depth of 30-40 m with the research vessel S/Y
Eugen Seibold. The samples were stored in hexamine buffered formalin solution at pH 8.2 at 4°C, picked, dried,
and stored in microslides prior to analysis. Live specimens of the high-Mg calcite benthic foraminifer Operculina
ammonoides were collected from a water depth of 20 m at Kepulauan Seribu, Jakarta (see sample SER in Evans
et al., 2013). Tests of the high-Mg calcite benthic foraminifer species Amphistegina lessonii were collected from
the Gulf of Aqaba/Eilat. The living benthic specimens were rinsed with tap water and the tests were stored dry at
room temperature and ambient humidity prior to analysis. For comparison, fossil G. ruber specimens were picked
from the Caribbean ODP Site 999A (10 H 04 35-37) from size fraction 315400 pm. The age of the fossil 999A
sample is 5.6 Ma (Ogretmen et al., 2020).

2.2. Electron Microscopy Assessment of Foraminifer Chamber Walls

Foraminifer tests were imaged by scanning electron microscopy (SEM) at the Max Planck Institute for Chemistry,
using a Zeiss Leo 1530 field emission scanning electron microscope. The samples were sputtered with 15 nm
gold. Maximum magnification was 85000%, and the minimum pixel size was 4 nm. Chambers were mechani-
cally cracked using a preparation needle and placed on a carbon tape-coated sample holder stub with the fracture
surface facing upwards to facilitate inspection of the internal structure of the chamber wall.

2.3. Electron Backscatter Diffraction on Foraminifer Test Walls

Electron Backscatter Diffraction (EBSD) measurements were conducted using a JEOL JSM 6490 SEM
equipped with an HKL Nordlys EBSD detector at the Institute of Geosciences at Goethe University Frankfurt.
A live-collected specimen of G. ruber albus was embedded in low-viscosity vacuum stable epoxy resin, gradu-
ally polished down (3 pm diamond paste, 1 pm diamond paste, 0.25 pm diamond paste, and 15 min of colloidal
silica) and coated with carbon prior to measurement. Measurements were performed nearly perpendicularly to the
chamber wall, enabled by careful polishing. The electron beam was set at an acceleration voltage of 15 kV, a beam
current of ~8 nA, and a working distance of 17-20 mm. Detailed investigations of selected sections were carried
out at 0.2 pm step size. Data processing and indexing was conducted with the Channel5 software (Schmidt &
Olesen, 1989), and included removal of wild spikes, filling of non-indexed pixels using five nearest neighbor
approximation algorithms and autodetection of grains under the assumption of a grain boundary misorientation
of >10°. One point per grain was selected to plot on an upper hemisphere equal area pole figure and contoured
using a halfwidth of 15°. A calcite structure model was used for indexing, with Euler angle coloring used to
display the crystallographic orientation.

2.4. Femtosecond Laser Ablation Inductively Coupled Plasma Mass Spectrometry (fs-LA-ICP-MS)

Laser Ablation Inductively Coupled Plasma Mass spectrometry (LA-ICP-MS) measurements on single foraminifer
chambers were conducted at the Max Planck Institute for Chemistry. Analysis of ’Na, > Mg, *Ca, and 38Sr were
performed using a sector-field Thermo Element2 ICP-MS coupled to a 200 nm femtosecond laser ablation system
(NWRFemto200), which has a pulse width of 130 fs. The laser spot size was set at 45 pm diameter. Ablation
was conducted using a repetition rate of 15 Hz and 45 s ablation time, using He (0.7 1 min~!) as a carrier gas.
The ThO/Th rate was <1%, at an RF power of 1078 W and Ar sample flow rate of 0.6 1 min~!. The synthetic
silicate glass NIST SRM612 (Jochum et al., 2011) and pressed carbonate powder MACS-3 (Jochum et al., 2019)
were used as reference materials and measured repeatedly in the same way as the samples. The foraminifers were
placed in a sandbox containing pure quartz grains >250 pm during laser ablation. The penultimate (F-1) cham-
ber of three specimens per species was targeted for analysis. The signal was limited to the bulk chamber wall to
exclude portions that can be attributed to either encrustation on the outer surface or possible contamination by
sedimentary particles on the inside of the chamber. Data evaluation included gas blank subtraction, normaliza-
tion to an internal standard (**Ca), and external calibration to NIST SRM612, using the NIST values of Jochum
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et al. (2011) and the NIST Mg values of Evans and Miiller (2018), following standard data reduction proce-
dures (Heinrich et al., 2003). Accuracy, determined as measured/reported molar M/Ca values for MACS-3 from
Jochum et al. (2019), was 0.939 for Na/Ca, 1.079 for Mg/Ca, and 0.886 for Sr/Ca. Precision, defined as 2 SD/
mean of repeatedly measured molar M/Ca, ranged between 11.2% and 13.2% for the discussed ratios of MACS-3.

2.5. X-Ray Diffraction Measurements (XRD)
2.5.1. Bulk Foraminifer XRD

X-ray powder diffraction (XRD) measurements of bulk foraminifer samples were conducted on whole-shell
monospecies assemblages, which contained up to 400 tests, depending on size of the specimens. The foraminifer
samples were measured in rotating glass capillaries (¢ = 0.7 mm) for bulk multi-specimen analyses. In the case
of measurements conducted on samples that consisted of a small number of rather large individuals (3—10 tests of
O. ammonoides and A. lessonii), the tests were crushed and filled in a small capillary (¢ = 0.5 mm), which was
placed and adjusted inside the 0.7 mm capillary. The measurements were performed in Debye-Scherrer geometry
on a STOE STADI-P transmission diffractometer, using Mo-K , (4 =0.70930 A)and Cu-K , (4=1.5406 A) radi-
ation at the Institute of Inorganic and Analytical Chemistry, Goethe University Frankfurt. The instruments were
equipped with a curved Ge (111)-monochromator and a Mythen 1K or linear PSD detector. For Mo-radiation,
the measured range was 0—100° 26 in 0.015° steps, at a Mythen 1K step size of 0.49° and an exposure time of
60.0 s per step. For Cu-radiation, the measured range was 2—115° 20 in 0.010° steps, at a PSD step size of 0.2°
and an exposure time of 25.0 s per step. The 20 range was measured repeatedly (2 X 0-100° 20, 2 x 40-100° 20
and 2 x 80-100° 260 for Mo and 2 x 2-115° 26, 2 x 40-115° 20 and 2 x 80-115° 26 for Cu), following which
the single ranges were combined to a high-quality data set suited for pair distribution function (PDF) calcula-
tions. Using the same measurement parameters and instrument geometry, the respective empty capillaries were
measured for background determination. The data were processed with the Stoe WinXPW software (STOE &
Cie GmbH, 2011). For comparison, pieces of a large (~5 cm) translucent birefringent rhombohedral geological
calcite crystal were carefully ground and measured in the same way as the foraminifer samples.

2.5.2. Single Specimen Diffraction Measurements

Qualitative analyses of 1-3 specimens of live and fossil G. ruber were conducted using a Rigaku SmartLab
diffractometer at the Max Planck Institute for Polymer Chemistry, Mainz, equipped with a Mo-K,, source
and a HyPix-3000 2-dimensional semiconductor detector. The measurement time was 120 min and the meas-
ured range for this geometry was 5.5-60° 26. Foraminifer specimens were placed in stationary 0.3 mm glass
capillaries and measured in transmission. An empty capillary and a LaB, standard were measured using the
same setup for background correction and calibration, respectively. The resulting 2D detector images of the
foraminifer samples were calibrated for the instrument geometry using the known reflex positions of the LaB,
standard material, radially integrated, and corrected for background scattering of air and sample holder using
an internal Python script.

2.6. Processing of Diffraction Data

Rietveld refinement of the measurements with Cu-radiation were conducted using TOPAS 6 academic
(Coelho, 2016b). The size of the coherently scattering domain was refined by starting from a structural model of
calcite (Graf, 1961) followed by stepwise release of parameters for scale, zero error, background, instrumental
corrections using a full axial model, unit cell dimensions, and crystallite size and strain to yield a reproducible fit
with a goodness-of-fit value close to 1 (Table S2 in Supporting Information S1). The domain size was determined
from the integral breadth of the strongest reflexes (20-52° 20), using a Gaussian peak shape. The error of the
crystallite size given below is the convolution of errors of the measurement and the refinement procedure, which
is lined out in detail in the TOPAS 6 technical reference (Coelho, 2016a).

The pair distribution function G(r) was calculated for a radius of 1000 A using the program pdfgetX3
(Juhas et al., 2013) from corrected and normalized 1D Mo XRD data (Egami & Billinge, 2003). Back-
ground corrections for detector noise, air scattering and contributions of the empty capillary were either
performed beforehand by 1:1 signal to background reduction, or by using pdfgetX3 for adjustments. The total
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the smallest interatomic distance at which oscillation of constant frequency
allocated to artifacts from the Fourier transformation was observed. As
such, long-range PDF supports crystallite domain size determination by

* 4 . .
* d Rietveld refinement.

T. sacculifer

Figure 1. Composition of bulk test walls for the investigated foraminifer

C. wuellerstorfi O. ammonoides

G. bulloides A. lessonii

3. Results

3.1. Elemental Composition of Foraminifer Tests

species, averaged over all specimens of one species. The error bars indicate
the range of measured values of different specimens of one species. Low-Mg The test metal/Ca (M/Ca) composition of the investigated hyaline planktic

calcite species are highlighted in blue and high-Mg calcite benthic species

in red.

and benthic foraminifers differs between low-Mg calcite and high-Mg calcite
(Figure 1), as observed previously (e.g., Allen et al., 2016; Evans et al., 2018;
Geerken et al., 2019; van Dijk et al., 2019). Planktic foraminifers (all low-Mg
calcite, blue) and the low-Mg calcite benthic C. wuellerstorfi are character-
ized by a Mg/Ca of 2-5 mmol mol~'. The high-Mg calcite producing benthic species (red) range between a
Mg/Ca of 40-50 mmol mol~! (A. lessonii) and 135-145 mmol mol~! (0. ammonoides). Sr/Ca and Na/Ca are
elevated in high-Mg calcite benthic species compared to low-Mg calcite species by a factor of approximately two
(Figure 1).

3.2. Diffraction Measurements
3.2.1. Crystallographic Structure of Foraminifer Test Carbonates

Planktic and benthic foraminifer species consist of low-Mg and high-Mg calcite as primary (ontogenetic) shell
material, as demonstrated by many previous studies (e.g., Berman et al., 1993; Blackmon & Todd, 1959; Debenay
et al., 2000; Read, 2019; Towe & Cifelli, 1967) and confirmed here by XRD analyses (Figure 2a). Additional
reflections and metastable crystalline carbonate phases, if present, were not observable above the detection limit
in XRD measurements for the hyaline species. A faint amorphous background is visible in the XRD of live
collected benthic foraminifers (Figure 2a) but is not resolvable in the live collected G. ruber albus (Figure 2b).
Specimens of both G. ruber subspecies of different preservation stage, that is, live collected/surface sediment/
fossil (sediment core, approx. age 5.6 Ma), consist of low-Mg calcite without resolvable metastable carbonate
or secondary diagenetic crystalline phases (Figures 2a and 2b). Due to uncertainties regarding the exact location
of the specimen in the sample holder and the small sample size and thus low intensities, confident analyses of
live collected and fossil G. ruber albus are limited to qualitative assessment of the crystalline content and do not
extend to the amorphous background.

Unit cell dimensions, as determined by Rietveld refinement, are similar for all low-Mg calcite species (Table 1,
Figure 2c). In the case of the hyaline benthic species C. wuellerstorfi, the refined a dimension of the test calcite
is significantly larger (|ageorog.-@foram.| > 5 SD, Table 1) than that of geological calcite (Graf, 1961). For G. ruber
albus, the same is observed, albeit non-significantly (Table 1). The high-Mg calcite species show considerably
smaller lattice parameters caused by the smaller size of the Mg?* ion incorporated in the structure. Refined
average crystallite domain sizes of the foraminiferal calcites range between 70 and 85 nm for all investigated
species, except for C. wuellerstorfi with crystallite domains of approximately 145 nm (Table 1, Figures 2c
and 2d).
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Figure 2. (a) X-ray powder diffraction

(XRD) measurements (Mo-K , radiation) of hyaline bulk foraminifer samples consisting of up to ~400 specimens. Intensities

are normalized for comparison. (b) Detail of Mo-K , radiation XRD measurement of single specimens of fresh and fossil G. ruber albus. Geological calcite is shown
for comparison, along with a reference pattern for amorphous CaCO, (ACC) precipitated from seawater (transformed to Mo-radiation from Evans et al., 2019), as well
as tick marks of the most intense reflections of aragonite (De Villiers, 1971) and vaterite (Wang & Becker, 2009). (c) Example Rietveld refinement of Cu-K , radiation
XRD of G. ruber albus with measured and calculated pattern as well as difference curve. (d) Crystallite domain size of hyaline foraminiferal calcite as determined by
Rietveld refinement. Error bars represents 1 SD and are smaller than the symbol size in most cases.

3.2.2. Pair Distribution Function Analysis

The pair distribution function (PDF) describes the probability of finding two atoms with an atom-atom distance .
The PDF is weighted with the scattering power of the two atoms and summed over all atom-atom pairs. The signal
position and shape of short- and mid-range atomic distances (<20 A) in the PDF of hyaline planktic low-Mg
calcite foraminifers are similar, without visible deviations of the peak geometry within one data set (Figure 3a).
In C. wuellerstorfi and T. sacculifer, individual signals differ from each other in shape, and signal broadening is
observed, for example, for signals at 4.1, 9.5, and 12.9 A (Figure 3a). In the high-Mg calcite species, peak shape
and center of gravity differ to signals observed in low-Mg foraminiferal calcite, for example, for interactions at
3.1-3.5 (Ca-C), and 4-4.5 A (incl. Ca-Ca, Figure 3a). An additional signal is present at 1.6 A in both A. lessonii
and O. ammonoides, which is not present in the other samples (Figure 3a).
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Table 1

Lattice Parameters and Crystallite Domain Sizes as Derived From Rietveld
Refinement for Foraminiferal Test Calcite

Mg/Cal Crystallite

mmol . . domain
Species mol~! alA c/A size/nm
T. sacculifer 3.11 4.9874(5)  17.0567(14) 76(2)
G. ruber albus 2.81 4.9912(5) 17.0679(13)  81.5(19)
G. ruber ruber 3.85 4.9854(5) 17.0505(16)  74.7(12)
C. wuellerstorfi 1.95 4.99193)  17.0647(10) 145(7)
A. lessonii 45.0 4.9842(7)  17.033(2) 71.7(15)
0. ammonoides 141.8 4.9289(17) 16.776(5) 72(3)
Geological calcite 4.9900 17.0615

Note. The Mg/Ca data represent a species-specific average calculated from
the LA-ICP-MS data (Table S1 in Supporting Information S1). Errors in
parentheses are given as 1 SD of the refinement with respect to the last digit.

Geological calcite structure from Graf (1961).

The long-range PDF signals decay strongly in intensity for all hyaline
foraminifers between 50 and 400 A, with the presence of structure-related
signal terminating at approximately 300-500 A (30-50 nm, Figure 3b).

3.3. Scanning Electron Microscopic Imaging of Fractured Foraminifer
Tests

Optical assessment of the foraminifer test walls shows distinct shell archi-
tectures for porcelaneous and hyaline foraminifers, as well as differences
between high-Mg calcite benthic species and low-Mg calcite planktic
foraminifers (Figure 4). The bulk test walls of the hyaline low-Mg planktic
species are characterized by irregularly shaped entities ranging between
50 and 150 nm in size, which are predominantly spherical, and partly
elliptical (Figure 4). No crystal facets, that is, edges or distinct surfaces
are visible on these building blocks in the freshly fractured test wall.
Residues of spines, which are embedded in the wall of spinose species,
exhibit a smooth surface and distinct crystal facets at the tips (Figure
S1 in Supporting Information S1). In 7. sacculifer, the outer 0.5 pm of
the test wall at a region close to the aperture shows planar surfaces and
edges resembling crystal features, and no identifiable nanogranular inter-
nal morphology (Figure S1 in Supporting Information S1). In the inves-

tigated hyaline benthic species, two types of irregularly shaped entities are observed, which either range in
size between 50 and 150 nm or several hundreds of nanometers in diameter (Figure 4). They appear to be
either rounded or show faces and edges (Figure 4). The test wall of the miliolid Pyrgo sp. is made of elon-
gated crystals of approximately 3002000 nm length and 100 nm diameter. Distinct crystal facets are visible
both at the rims and ends of the crystals (Figure 4).

3.4. Electron Backscatter Diffraction (EBSD) of Polished Foraminifer Chamber Walls

An EBSD map of the test wall of the hyaline G. ruber albus shows differently sized grains of mostly elongated
and partly irregular shape, ~3—10 pm in diameter (gray areas in the band contrast image, Figure 5a). A defined
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Figure 3. Pair distribution function (PDF) calculations from bulk X-ray powder diffraction measurements for (a) short- and mid-range and (b) long-range interatomic
distances of different foraminifer species, indicated in different colors. A geological calcite is displayed for comparison. In panel a, signals at 3.0-3.5 A (Ca-C) and
3.9-4.4 A (Ca-Ca) are highlighted by gray bars. PDFs are normalized to 1 for comparison.
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Figure 4. Scanning electron microscopy images of the freshly fractured test walls of different benthic and planktic
foraminifer species. Nanogranular morphologies are clearly visible as the predominant building unit in all hyaline planktic
species and as part of the internal architecture in hyaline benthic species (blue arrows), in contrast to the miliolid species
(Pyrgo sp.). Yellow arrows highlight larger structures present in hyaline benthic foraminifers. Scale bar (upper left corner)
applies to all micrographs and is 1 pm.

orientation towards the outer surface of the chamber wall is present for the crystallographic c-axis {0001} of
the calcite grains, as indicated by uncolored regions of similar coloration and in the upper hemisphere plot,
whereas the a-axis {11-20} is randomly oriented (Figures 5b and 5c). The orientation of the analyzed speci-
men with respect to the polished surface is slightly tilted such that the map is not exactly perpendicular to the
shell surface. Large parts of the test wall were not recognized as calcite by the automated indexing protocol
(Figure 5).

4. Discussion
4.1. Metastable and Amorphous Carbonates in Foraminifer Tests

The presence of crystalline metastable carbonate phases is not observed with the setup utilized here for hyaline
species, even in specimens that were collected live (Figures 2a and 2b), that is, G. ruber albus, A. lessonii, and O.
ammonoides. The specimens were stored under normal atmospheric conditions in plastic containers in the case
of the high-Mg benthic foraminifers, and in formalin solution at 4°C in the case of G. ruber albus. As such, unin-
tended initiation of a phase transition of metastable carbonates to calcite after collection is considered unlikely
for the high-Mg benthic species, but possible in the case of G. ruber albus. Phase transformations in the CaCO,
system can be initiated by, e.g., heating, application of mechanical energy, or placement in solution (e.g., Bots
et al., 2012; Konrad et al., 2018; Ogino et al., 1987; Rodriguez-Blanco et al., 2011; Spanos & Koutsoukos, 1998).
With the XRD setups used in this study the detection limit for crystalline phases is normally <1% such that
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Figure 5. Electron backscatter diffraction image of G. ruber albus. (a) Band contrast image and (b) indexed calcite, colored according to the crystallographic
orientation using the Euler angle coloring. Those that are not colored could not be successfully indexed as calcite. Grain boundaries are assigned for a misorientation
>10°. (c) Crystallographic orientations are indicated in upper hemisphere pole figures, for the c-axis (upper pole figure, {0001}) and a-axis (lower pole figure,
{11-20}), for one point per grain, showing a strong alignment of the c-axis and random orientation of the a-axis perpendicular to the c-axis. The scale bar is 10 pm in

both images.

crystalline accessory phases such as vaterite at amounts of >3% as reported by Jacob et al. (2017), are expected
to be detectable. The lack of vaterite in samples of the low-Mg calcite species G. ruber albus could be attributed
(a) to possible recrystallization in cold formalin solution before picking, (b) vaterite not always being formed
and/or retained in hyaline low-Mg calcite foraminifer tests, or (c) the presence of vaterite as a nanocrystalline
phase, which would not easily be detectable with laboratory XRD setups at the small sample size used in this
study. In contrast, a general absence of vaterite in the high-Mg calcite species A. lessonii and O. ammonoides
may be expected, as the formation of vaterite in seawater has only been observed in solutions with low Mg/Ca
(Bots et al., 2011). This is valid under the assumption that the Mg/Ca of the ion pool present at their calcifica-
tion site is generally higher than for low-Mg calcite forming species (Evans et al., 2018), and that Mg/Ca does
exhibit influence on polymorph selection in foraminiferal biomineralization. While the absence of metastable
vaterite in freshly collected planktic foraminifers disagrees with the results of Jacob et al. (2017), our findings
do not preclude the presence of metastable carbonates as precursor or transitional phases, which may be directly
involved in the biomineralization process of the shell on short time scales.

In freshly sampled A. lessonii and O. ammonoides, an amorphous background is observed, which could either
be caused by amorphous or nanocrystalline CaCO, phases, or residues of organic cell material, which cannot be
distinguished based on the present data (Figure 2a). For the freshly collected specimens of G. ruber albus, the
presence or absence of amorphous content cannot be confirmed based on the present analyses. An amorphous
background signal that could be attributed to amorphous or nanocrystalline material is not present in samples
collected from sediment surfaces. While we were unable to unambiguously detect vaterite or ACC in these
foraminifers, this may not be surprising. As calcite is substantially more stable than stabilized amorphous mate-
rial, a biologically controlled mechanism allowing for fast transformation of an amorphous precursor material
means that the preservation of large quantities of ACC in the shell is unlikely.

4.2. Crystallographic Structure of Foraminiferal Test Calcite

The crystallographic structure of foraminifer test calcite is similar for the investigated species within the cate-
gories of hyaline low-Mg calcite and hyaline high-Mg calcite, corresponding to likely broadly similar biomin-
eralization mechanisms present within these groups (Bentov & Erez, 2006; de Nooijer et al., 2014; Evans
et al., 2018). Among the investigated cations, Mg?+ and Sr?* are expected to notably impact the crystal structure
due to a difference in the M?*-CO,2~ bond distances, as they are known to be incorporated in the calcite lattice as
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substituents of Ca?* (Nielsen et al., 2013; Paquette & Reeder, 1990; Yoshimura et al., 2017). From a comparison
of the measured changes in unit cell parameters with the measured Mg/Ca of the shells of 3—150 mmol mol~!
(Table 1), it becomes apparent that the foraminifer test Mg/Ca is the dominant controlling parameter of crystal-
lographic changes.

Sodium is present at approximately 6-8 mmol mol~! in all shells of the low-Mg foraminifers (Figure 1), and
could contribute to the crystallographic structure of foraminiferal calcite due to the necessity of creating defects
along with the incorporation of monovalent ions (Ishikawa & Ichikuni, 1984; Yoshimura et al., 2017). However,
as Na* and Ca?* have similar bond lengths in carbonates, a deviation of lattice parameters other than a reduction
of symmetry is not expected with Na* incorporation (Yoshimura et al., 2017). Moreover, preferred leaching of
Nat from foraminiferal calcite indicates a chemical environment resembling organic-rich and disordered phases
in planktic foraminifers (Yoshimura et al., 2017), which means that some of the measured sodium is likely to
be located in inter-crystallite rims or associated with organics rather than in crystalline calcite. Hence, coupled
with its low concentration, the contribution of Na* to the crystallographic structure of foraminifers is negligible.

For C. wuellerstorfi, the foraminiferal calcite is observed to exhibit significantly larger unit cell dimensions than
geological calcite (Table 1), which can be attributed to lattice distortions caused by strain and defects. Lattice
distortions are likely introduced to the crystal lattice by occluded organic material, which has been observed
for other biominerals and reproduced in experimentally precipitated carbonates (Borukhin et al., 2012; Kim
et al., 2011; Kontrec et al., 2004; Lang et al., 2020; Pokroy et al., 2004, 2006; Rae Cho et al., 2016; Seknazi &
Pokroy, 2018; Zolotoyabko, 2017). The generation of internal strain and stress due to the presence of impurities
seems to be a widespread mechanism in biominerals, as the organism benefits from mechanical advantages
such as enhanced toughness and fracture-resistance (Pokroy et al., 2004; Polishchuk et al., 2017; Seknazi &
Pokroy, 2018; Wolf et al., 2016; Wolf, 2021). Our observations indicate that this is the case in some foraminifer
species as well, which should be confirmed by systematic high-resolution synchrotron studies.

In the pair distribution function (PDF), calculated from 1D bulk XRD measurements, different shapes and inten-
sities are observed for individual signals at small interatomic distances <20 A between low-Mg and high-Mg
calcite forming species (Figure 3a). The difference in shape is present, for example, in signals at 3.1-3.2 A (Ca-0)
and 3.9-4.4 (Ca-Ca), which is consistent with a contraction of the lattice due to the partial replacement of Ca?*
for Mg?*. This is in agreement with the coordination environment of Mg?* in foraminiferal calcite by Near-Edge
X-ray Absorption Fine Structure as uniformly octahedrally coordinated, and hence substituting for Ca>* in the
calcite lattice (Branson et al., 2013). The difference observed for high-Mg calcite species in the 4.0-4.2 A signal
(Figure 3a), which includes Ca-Ca interactions in direction of the c-axis, might indicate a preferential incorpo-
ration of Mg?* in direction of the c-axis of foraminifer test calcite, as also observed in other biogenic calcites
(Graf, 1961; Zolotoyabko et al., 2010). The additional signal at 1.6 A present for the high-Mg calcite benthic
species (Figure 3a) is likely caused by Mg-O distances as well as artifacts of the Fourier transformation.

4.3. Crystallite Size Determination by Rietveld and PDF

The crystallite size determination for hyaline low-Mg planktic and high-Mg benthic foraminifers based on Riet-
veld refinement yields values between 70 and 85 nm (Table 1, Figure 2d), which is in agreement with the ordering
length (300-500 A; 30-50 nm) we observed in the PDF (Table 1, Figure 3b). The refined crystallite domain sizes
of the different hyaline foraminifer species are similar, except for C. wuellerstorfi, which exhibits an average
crystallite size that is approximately two times that of the other investigated species (Table 1, Figure 2). This
indicates that the general construction of the test might be similar within low-Mg planktic and high-Mg benthic
foraminifers, but cannot be assumed to be identical for all hyaline species. For crystalline materials with domain
sizes as large as tens of nanometers, laboratory-based PDF analysis can serve as an unequivocal measure only
for the minimum ordering length, due to instrumental dampening and artifacts of the Fourier transformation
(Egami & Billinge, 2003), which is why this discrepancy is not resolved here. Our findings are consistent with
crystallite dimension of 20-50 nm found in TEM studies of few investigated planktic and benthic foraminifers
(Jacob et al., 2017; Oaki et al., 2006), and are within a similar range as a coherence length of 110-160 nm for the
benthic foraminifer Patellina, as determined by high-resolution synchrotron-based XRD (Berman et al., 1993).

The XRD measurements in this study were conducted on assemblages of whole foraminifer tests, which
contain different materials such as ontogenetic calcite, encrustations, residues of spines, and possibly partially
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recrystallized material (cf. Figure S1 in Supporting Information S1). These different calcite phases exhibit differ-
ent morphologies, are formed by different mechanisms, result in different M/Ca compositions, and are hence
expected to differ in crystallographic aspects (Izumida et al., 2022; Schiebel & Hemleben, 2017). However,
only one dominant crystalline Mg-calcite phase is visible in the diffraction patterns of the hyaline foraminifers
(Figures 2a and 2b). Hence, the relative volume of alternative phases can be concluded to be small in comparison
to the bulk wall material, and may qualitatively not interfere with results from refinements and PDF calcula-
tions (i.e., only the spine base remains present in the test wall, see Figure S1 in Supporting Information S1, and
additional nanoparticulate phases are not resolved). In addition, element concentrations are highly heterogene-
ous in the bulk shell material on a micrometer scale (e.g., in bandings in some species, possibly in association
with organic material), may differ between chambers, and vary with the ontogenetic stages of the individuals as
shown for several species (Branson et al., 2015, 2016; Eggins et al., 2003; Erez, 2003; Fehrenbacher et al., 2017;
Geerken et al., 2019, 2022; Khanolkar et al., 2021; Schiebel & Hemleben, 2017; Yoshimura et al., 2017). As
heterogeneous element concentrations are likely to cause heterogeneous levels of incorporation of impurities into
the foraminifer test calcite lattice, it is possible that different grains experience different concentrations of defects.
Considering all of the above, our determination of foraminifer test calcite structural parameters and crystallite
dimensions represent a good estimate of the dominant shell wall component.

4.4. Nanogranular Fracture Surfaces

Scanning electron microscopy images of fractured hyaline foraminifer tests show a nanogranular substructure of
the chamber walls in both planktic and benthic species (50-150 nm rounded entities, Figure 4). This is different
from the smooth cleavage planes that would be expected when fracturing a single crystal, and also different from
an apparently random assemblage of crystal needles of the miliolid species (Figure 4). As the chambers were
fractured mechanically and without any chemical treatment, the observed morphology may be created by fracture
propagation along the weakest part of the material, which are nanometer sized grain boundaries (Seto et al., 2012;
Wolf et al., 2016). This implies that hyaline foraminifer bulk chamber walls are composed of at least two distinct
materials, that are calcite nanocrystallites and a separate inter-crystallite material, which may differ in composi-
tion and/or chemical properties.

Nanogranular features in fracture surfaces of foraminifer chamber walls are observed in this study for hyaline
foraminifers, which were either live-collected, or selected from surface sediment assemblages (Figure 4, approx.
age 0-3 ka). The similarity of the texture of live (plankton tow), core-top, and fossil planktic foraminifers, as
observed in this and many studies (e.g., Debenay et al., 1996; Dubicka et al., 2018; Edgar et al., 2015; Nagai,
Uematsu, Chen, et al., 2018; Nagai, Uematsu, Wani, et al., 2018; Pearson et al., 2001; Schiebel & Hemleben, 2017,
Sexton et al., 2006), demonstrates that the nanogranular texture can be readily preserved in empty tests. Disin-
tegration of an energetically stabilized crystal, which may have been produced by dissolution/recrystallization
during diagenesis, into densely packed nanometer-sized crystallites under conditions present in marine surface
sediments is considered unlikely. For example, in some cases, fossil foraminifers known to have undergone partial
recrystallization have been shown to be partly composed of much larger (rather than smaller) crystallites than
the pristine modern samples utilized here (Kozdon et al., 2011). Hence, we argue that the nanogranular features
observed here are representative of the original test structure. In other cases, it has been observed that nanogranu-
lar structures can be present in fossils where geochemical data suggests diagenetic recrystallization has occurred
(Edgar et al., 2015; Sexton et al., 2006). We suggest that this implies a highly localized diagenetic dissolution/
recrystallization reaction of the crystallites, or their surface, rather than complete dissolution/recrystallization of
the whole chamber wall. This could, for example, be facilitated by a confinement of the crystallites by a rim of
organic and/or impurity rich material (Bergstrom et al., 2015; Brunner et al., 2020; Sommerdijk & de With, 2008;
Wolf et al., 2016), supporting our inferences on shell microstructure given above.

4.5. Micrometer Sized Regions of Coherent Scattering

The EBSD map of the hyaline planktic foraminifer G. ruber albus shows 3—10 pm sized regions of coherent
crystallographic orientation to be strongly aligned with the c-axis oriented perpendicular to the chamber surface
(Figure 5). This organization seems to be a common principle observed in a variety of planktic and benthic
foraminifers, with similar reports of grain sizes for planktic (~10 pm) and benthic (~20 pm) species (Pabich
et al., 2020; Read, 2019; Yin et al., 2021). The strict crystallographic orientation of the test calcite c-axes is
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thought to reflect the presence of a tightly controlled, biochemically-governed mechanism in hyaline foramini-
fers, which is facilitated by epitaxial crystallisation on organic templates (Ni Fhlaithearta et al., 2013; Towe &
Cifelli, 1967; Weiner & Erez, 1984). The presence of distinct crystals rather than one continuously aligned entity
is indicated by randomly oriented a-axes (Figure 5), which suggests that foraminiferal test formation is a discon-
tinuous process, that directs crystallisation into different compartments, possibly by the presence of separating
organic sheets (Nagai, Uematsu, Chen, et al., 2018; Nakajima et al., 2016; Tyszka et al., 2019). A strict direction
of the crystallographic c-axis perpendicular to the shell surface has also been observed in other biominerals
and has been suggested to serve mechanical as well as optical purposes (Gim et al., 2019; Harding et al., 2014;
Jacob et al., 2017; Merkel et al., 2009; Sommerdijk & de With, 2008; Towe & Cifelli, 1967; Wolf, 2021; Wolf
et al., 2016).

4.6. Mesocrystals and Non-Classical Crystal Growth in Hyaline Foraminifer Tests

A grain size of several micrometers observed via EBSD, together with a crystallite domain size of up to ~100 nm
as determined from diffraction experiments and SEM images, indicates that hyaline foraminifer chamber walls
are mostly made of micrometer scale mesocrystals (Figures 2-5). Mesocrystals are constituted of distinguishable
nanometer scale entities, which are crystallographically aligned in a superlattice, and hence display crystallo-
graphic properties similar to single crystals at the larger scale (Bergstrom et al., 2015; Colfen & Antonietti, 2005;
Kim et al., 2014; Seto et al., 2012; Sturm & Colfen, 2016). As we show in this study, these criteria are met by
hyaline foraminiferal test calcites, which entails the necessity of considering chemical principles of mesocrystal
formation for foraminiferal biomineralization models.

In biominerals as well as in experimental studies, mesocrystallisation has been proposed to be realized via
a non-classical crystal growth mechanism, that is, attachment of nanoparticles to a growing crystal surface,
in contrast to classical growth by single ions (Bergstrom et al., 2015; Colfen & Antonietti, 2005; De Yoreo
et al., 2015; Floquet & Vielzeuf, 2012; Gal et al., 2014; Jehannin et al., 2019; Rao & Colfen, 2017; Sturm &
Colfen, 2016). These nanoparticles can either be nanocrystals, which attach in an oriented manner (oriented
attachment), or metastable (amorphous, colloidal or liquid) phases, which crystallize upon interaction with the
mineral surface (Bergstrom et al., 2015; De Yoreo et al., 2015; Gal et al., 2014; Huang et al., 2018; Rao &
Colfen, 2018; Rodriguez-Navarro et al., 2016; Seto et al., 2012; Sturm & Colfen, 2016; Wolf, 2021). The presence
of a non-classical mechanism resulting in a mesocrystal can mean that the final average crystallite domain size
does not exceed the size of the attaching unit, which we confirm for hyaline foraminiferal test calcite by XRD
methods (crystallite domain sizes range nanometer dimensions, Table 1, Figures 2 and 3; as well as Berman
et al., 1993). At the same time, the lattice orientation remains the same between different nanocrystallites of the
same mesocrystal, which results in diffraction patterns similar to single crystals for each distinct mesocrystal,
visible as, for example, spots instead of rings in XRD (Bergstrom et al., 2015; Colfen & Antonietti, 2005; Gal
et al., 2014; Jehannin et al., 2019; Sturm & Colfen, 2016). This is confirmed for hyaline foraminiferal calcite
by EBSD (micrometer-sized regions of coherent crystallographic orientation, Figure 5; and Pabich et al., 2020;
Read, 2019; Yin et al., 2021).

Crystallographic orientation and/or formation of the nanoparticles within the mesocrystals has been suggested
to be achieved (a) by epitaxial crystallisation through mineral bridging, (b) with the guidance of a meshwork of
organics, (c) by nucleation of ACC within an organic network and in situ crystallisation, (d) by oriented attach-
ment of a previously formed nanocrystal, (e) by interface-driven nucleation, (f) via a polymer-induced liquid
precursor (PILP), or (g) by accretion and crystallisation of amorphous colloids (Bergstrom et al., 2015; Colfen
& Antonietti, 2005; De Yoreo et al., 2015; Jehannin et al., 2019; Oaki et al., 2006; Pouget et al., 2009; Rao &
Colfen, 2017; Rao et al., 2019; Rodriguez-Navarro et al., 2016; Seto et al., 2012; Sommerdijk & de With, 2008;
Sturm & Colfen, 2016; Wolf, 2021; Wolf et al., 2016, 2012; Zhu et al., 2021). Either of these mechanisms
may have different implications for the formation of geochemical signals in foraminiferal shell calcite, as they
might employ transitional carbonate phases such as ACC and phase transformations to thermodynamically stable
calcite, which have the potential to exert control over the evolution of element distributions during test formation
(Dietzel et al., 2020; Evans et al., 2020; Mavromatis et al., 2017).

In order to stabilize nanoparticles against growth and prevent the fusion of mesocrystals into a single crystal
(devoid of distinguishable building units), organic matter can act as a surfactant or confining matrix, which
separates nucleating nanoparticles and prevents coalescence (Bergstrom et al., 2015; Colfen & Antonietti, 2005;
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Jehannin et al., 2019; Oaki et al., 2006; Rao & Colfen, 2017; Sturm & Colfen, 2016). This is consistent with a
spherical and irregular shape of the nanocrystals devoid of crystal facets observed in hyaline foraminiferal calcite
(Figure 4), which suggests preservation of the initial nanoparticle dimension upon crystallisation. Further confine-
ment of the nanocrystallite might be provided by the formation of a grain boundary of organic matter and/or inor-
ganic impurities during propagation of a crystallisation front within the nanogranule, as observed or proposed for
abiogenic and biogenic calcites in the presence and absence of organic matter (Colfen & Antonietti, 2005; Huang
et al., 2018; Jehannin et al., 2019; Oaki et al., 2006; Rao & Colfen, 2017; Sommerdijk & de With, 2008; Wolf
et al., 2016; Wolf, 2021). A distinct inter-crystallite amorphous phase has been observed at grain boundaries in
different hyaline foraminifer species in TEM studies from focused ion beam milled wedges of foraminifer shells
(Jacob et al., 2017), which could possibly be a stabilized amorphous carbonate-organic composite material (Seto
et al., 2012; Wolf et al., 2012, 2016).

Organic matter comprising different proteins and polysaccharides is known to be present at the site of biominer-
alization and within foraminifer test calcite in both hyaline benthic and planktic species (Cuif et al., 2008; Nagai,
Uematsu, Chen, et al., 2018; Ni Fhlaithearta et al., 2013; Robbins & Brew, 1990; Robbins & Donachy, 1991;
Sabbatini et al., 2014; Weiner & Erez, 1984). While the spatial distribution of this organic matter with respect to
the mesocrystals is unclear, it is known from investigation of (e.g.) the §'°N proxy that a share of N-containing
matter is present in fossil shells even after rigorous cleaning protocols (e.g., Knapp et al., 2005). This implies that
a portion of the organic matter is strongly protected within the shell, for which the interior of the mesocrystal is a
plausible environment, both in between and within the nanocrystallites (cf. Section 4.2). Hence, it is hypothesized
that occlusion of organic matter necessarily happens before or at crystallisation, which would consequently be
either during formation of a carbonate phase in contact with organic matter or during nanoparticle attachment
and final assembly of the mesocrystal.

Further, it is plausible that the processes outlined above take place in a delimited biomineralization space of a
few micrometers width (Erez, 2003; Nagai, Uematsu, Chen, et al., 2018; Tyszka et al., 2019). Confinement of
a crystallizing system to a small volume profoundly impacts critical properties such as nucleation dynamics,
polymorph selection, and can dictate shape and crystallographic orientation, which is relevant for foraminiferal
biomineralization at both the nano- and mesoscale (see Meldrum and O’Shaughnessy (2020) and references
within). As such, the three-dimensional structure of the growing mesocrystals as well as their geochemistry are
likely to be influenced by this aspect as well.

4.7. Model Extension of Foraminifer Chamber Crystallisation Including Non-Classical Formation
Mechanisms

Based on the similarity of features observed for different planktic and benthic species in this study, which cover a
wide range of symbiont-barren and symbiont-bearing species consisting of low-Mg and high-Mg calcite (Schiebel
& Hemleben, 2017), we hypothesize that the presence of mesocrystalline chamber walls is a common feature of
the hyaline foraminifers. Following the evidence given above, we extend the existing hyaline foraminifer biomin-
eralization models (e.g., Bentov & Erez, 2006; Bentov et al., 2009; de Nooijer et al., 2014; Erez, 2003; Evans
et al., 2018; Nehrke et al., 2013) by including a step of tightly controlled non-classical mesocrystallisation. We
theorize that during formation of the test wall, growth of the mesocrystal can be facilitated by non-classical addi-
tion of either a previously formed nanoparticulate metastable carbonate phase, or by in situ formation of such a
phase in the vicinity of a previously existing growth front. This model and its implications tie into the following
existing key observations for foraminiferal biomineralization:

1. The preservation of a nanogranular fracture surface and nanocrystalline coherence lengths suggest that the
nanocrystalline entities generally reflect the dimensions of the units which initially contributed to the growth
of the mesocrystal. These dimensions are consistent with ACC precipitated in seawater-like inorganic experi-
mental model solutions, which could serve as an initial precursor phase (Evans et al., 2019).

2. The alignment of the mesocrystal c-axis toward the chamber surface suggests that the final crystallisation of
the nanoparticular units happens at or after a step of attachment, possibly in direct interaction with an organic
template.

3. The presence of organic material within the mesocrystals implies that either formation of a distinct carbonate
phase or nanoparticle assembly to the mesocrystal happens within, or in contact with, an organic matrix which
possibly plays a role in guiding the final stage of crystallisation (Sturm & Colfen, 2016; Wolf et al., 2016).
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This is consistent with a chamber precipitation template or delimited biomineralization space formed by a
meshwork of organic linings (Cuif et al., 2008; Erez, 2003; Frontalini et al., 2019; Nagai, Uematsu, Chen,
et al., 2018; Tyszka et al., 2019; Weiner & Erez, 1984).

4. As non-membrane-permeable dyes from labeled seawater are included into the ontogenetic calcite, either
formation of the solid nanoparticulate (metastable) carbonate phase or mesocrystal assembly must happen in
direct contact with endocytosed seawater (Erez, 2003; Bentov et al., 2009; Evans et al., 2018).

5. Conclusions

Here, we infer aspects of the biomineralization mechanisms of hyaline foraminifers from data generated using
diffraction-based methods and electron microscopy, targeting the morphological and crystallographic structure of
the foraminiferal test. We find that hyaline foraminifer tests are characterized by the presence of nanocrystallites
with a diameter of ~100 nm, which build mesocrystals of approximately 3—10 pm strictly oriented with their crys-
tallographic c-axis perpendicular to the outer test surface. The presence of mesocrystals may imply test formation
via non-classical attachment of nanoparticular units in the hyaline foraminifer species analyzed here. Conse-
quently, we propose an extension of existing models of hyaline foraminifer biomineralization, which includes
formation of metastable nanoparticular carbonate phases in a delimited biomineralization space, construction of
a mesocrystal by non-classical attachment, and directed in situ crystallisation of the mesocrystal. Together with
observational evidence on organic linings in foraminifer biomineralization (Branson et al., 2016; Nagai, Uematsu,
Chen, et al., 2018; Tyszka et al., 2019), these processes are likely supported or directed by organic compounds
and/or templates.

As evidence for such mechanisms have been observed in different hyaline foraminifers in this and previous stud-
ies, including planktic and benthic species, symbiont-barren and symbiont bearing species consisting of low-Mg
and high-Mg calcite phases, non-classical mesocrystal growth mechanism of tests may be a general feature of
hyaline foraminifer test formation. Further understanding of the impact of such a mechanism in foraminiferal
biomineralization on proxy formation has the potential to decrease uncertainties arising from “vital effects”, and
hence contribute to more accurate and precise paleoenvironmental information.
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