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Abstract. Electron backscatter diffraction (EBSD) measurements and data evaluation render the mode of crystal
organization in the scanned sample volume, many crystallographic attributes of the comprising crystals and structural
information of the entire hard tissue. Knowledge is gained on crystal microstructure, crystal texture, degree of misorientation
and/or co-orientation between crystals, crystal-twin-formation, among others. As foraminiferal Ca-carbonate records
chemical and physical parameters of the ambient environment, the shells serve as archives for environmental and climate
change. However, the recorded information is often biased due to the alteration of shell Ca-carbonate by dissolution,
precipitation, recrystallization, and the transformation of the biocrystals into their inorganic analogues.

We demonstrate that the diagenetic overprint of foraminiferal Ca-carbonate can be identified using structural characteristics
measured with EBSD and information obtained from the corresponding data evaluation. We investigated modern/pristine
and fossil Trilobatus sacculifer shells and highlighted an undisturbed shell surface for both. Nevertheless, we demonstrate
that there is an increase in recrystallized calcite in the shells and a decrease in pristine, twinned calcite with increasing
fossilization. We show that crystal microstructure and texture, and the frequency of the 60°-{001 }-twin-misorientation and
other misorientations are modified with an increasing degree of overprint. We propose the use of structural attributes
provided by EBSD to identify recrystallized/overprinted foraminiferal carbonate. Highlighting low degrees of overprint is of
main importance as, in contrast to strong overprint, small structural changes of overprinted shells are easily overlooked with

SEM-imaging, while even a minute change of shell microstructure and texture is easily identified with EBSD measurements.

1 Introduction

Paleoclimatic and paleoenvironmental reconstructions are largely based on biologically secreted Ca-carbonate archives and
the proxies (chemical, physical) that disclose the climate and environment information from archival hard tissue (Akhtar et

al., 2024; Brand et al., 2003; Carpenter and Lohmann, 1995; Fantle et al., 2020; Immenhauser et al., 2016; Kramer et al.,
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2010; Pearson, 2012; Sandberg, 1983; Schone et al., 2011; Stolper et al., 2018; Swart, 2015; Veizer et al., 1999; Ye et al.,
2019; Zachos et al., 1994, 2001). The mineralization of the structural biomaterial environmental signals become incorporated
into the hard tissue in a systematic, biologically controlled way (Brand, 2004; Casella et al., 2018a, b; Ku et al., 1999; Ye et
al., 2018). However, this notion is only valid at the so-called metabolic equilibrium, when the Ca-carbonate producing
organism is alive and is secreting the biomineralized soft and hard tissues (Casella et al., 2018a, b; Simonet Roda et al.,
2019; Ye et al., 2021). After the death of the organism, metabolic equilibrium is not sustained anymore and the
biomineralized tissues transform toward non-biological thermodynamic equilibrium. The biomineralized soft and hard
tissues become subject to changes in organic substance fabric and content, crystal mosaic structure, crystal microstructure
and crystal chemistry. These changes result from decay, dissolution, precipitation and recrystallization (Casella et al., 2017,
2018a, b; Putnis, 2009; Putnis and Austrheim, 2013; Ye et al., 2021). Accordingly, the pristine environmental signatures
recorded by the archival tissue at biomineralization are modified; in some cases, ambient information is only slightly
distorted, in others, it is completely changed.

Benthic and planktonic foraminifera are key producers of pelagic carbonate sediments, and their shells are major archives of
climate and environment information. The latter is disclosed with shell chemistry, acting as geochemical proxies for water
composition, water pollution and ecological characteristics (Chanda et al., 2019; Fantle et al., 2020; Sancho Vaquer et al.,
2025a; Stainbank et al., 2021; Stewart et al., 2015; Veizer et al., 1999). Nonetheless, the fidelity of all geochemical and
shell-related proxies is based on the assumption that there is either minimal or no exchange between secreted shell carbonate
and water chemistry. However, research of the last decades has shown that this is not the case. Numerous studies
demonstrated that geochemical proxies (e.g., Mg/Ca, 8'80) are strongly susceptible to alteration, called forth from the fact
that the archival shell becomes quickly overprinted if not sampled alive (Chanda et al. 2019; Stainbank et al. 2021, and
references therein). Edgar et al. (2013, 2015) described that the structure and chemical composition of foraminifera shells are
modified by three main overprint processes: (i) overgrowth of the shell with abiogenic crystals, (ii) partial dissolution of
shell crystals, and (iii) crystallization of abiogenic crystals into voids and cavities of the shell. Hence, the reliability of
geochemical proxies and of the environmental information that can be obtained from the shells depends on the extent and the
mode of overprint of the archive. Highlighting a low degree of overprint is most important, as is easily overlooked (Forjanes
et al., 2022). In contrast, strong overprint of the shell material is well-observable, either by the absence of the shell-derived
organic substance due to by decay or the marked destruction of the original crystal microstructure and texture (Casella et al.,
2017,2018a, b; Ye et al., 2021).

Analytical techniques used for the recognition of diagenetic overprint of foraminifera shells (see review of Fehrenbacher et
al. (2024)) include shell structure imaging with visible light, SE and BSE electron microscopies (Hansen, 1999; Hottinger,
2006; Lipps, 1973; Nagai et al., 2018a, b; Spero, 1988; Tyszka et al., 2019) and analysis of shell mineralogy with X-ray
diffraction (de Aratjo et al., 2025; Bassinot et al., 2004; Nouet and Bassinot, 2007). They also include the application of
chemical techniques, such as cathodoluminescence imaging (Baumgartner-Mora, 1994; Wendler et al., 2012), energy

dispersive X-ray spectroscopy (Hidayat et al., 2025; Procter et al., 2024) and major and trace element chemistry and isotope
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composition (Akhtar et al., 2024; Bernard et al., 2017; Charrieau et al., 2023; Cisneros-Lazaro et al., 2022; Elderfield et al.,
2002; Gussone et al., 2009; Heuser et al., 2005; Hoogakker et al., 2024; Pearson, 2012; Piasecki et al., 2019; Poirier et al.,
2021; Stewart et al., 2015). In a recent study, Procter et al. (2024) combined microdiffraction and energy dispersive X-ray
spectroscopy techniques for the assessment of overprint of “glassy” and “frosty” planktonic foraminifera shells. They gained
information on shell microstructure and shell chemistry preservation.

It is necessary to perform microdiffraction measurements with a spatial resolution well below 500nm for the detection of
subtle changes in crystal organization. Lastam et al. (2023a,b), Sancho Vaquer et al. (2025a, b,c), Schmahl et al. (2025), and
Yin et al. (2021) utilized high-resolution electron backscatter diffraction (EBSD) to decipher the crystallographic aspects of
modern/pristine rotaliid and robertinid shell calcite and aragonite. Electron backscatter diffraction measures the orientation
of all its crystallographic axes for a given crystal and therefore enables the measurement of crystal-microstructure and
crystal-texture in the scanned sample volume. EBSD measurements not only provide the microstructure and texture of the
crystallized material, but also yield a wealth of further structural information of the hard tissue in question. We also obtain
information on crystal size and morphology, the degree of crystal co- and misorientation, the range of co- and
misorientations between the crystals in the scanned sample volume, and the mode of crystal misorientation distribution. In
particular, we are able to measure the formation of specific misorientations, e. g., crystal twin-related, misorientations (Hoerl
et al., 2024a; Hoerl, 2025; Lastam et al., 2023a, b; Sancho Vaquer et al., 2025b; Schmahl et al., 2025; Schwartz et al., 2000;
Yin et al., 2021). When present, these are a structural attribute specific for the material in question. The above-mentioned
hard tissue-related structure characteristics are gained through EBSD data evaluation and allow an in-depth and full
structural characterization of the material in question (Schwartz et al., 2000).

Studies investigating crystal microstructure and crystal texture of modern/pristine benthic and planktonic Rotaliida
and modern/pristine benthic Robertinida with EBSD demonstrated that modern/pristine rotaliid and robertinid shells exhibit
one specific structural feature. The calcite of the Rotaliida and the aragonite of the Robertina are twinned according to the
60° <001> twin law in the case of calcite (Lastam et al., 2023a, b; Sancho Vaquer et al., 2025a, b; Schmahl et al., 2025) and
according to the 64° {110} twin law for aragonite. Twin formation in Ca-carbonate biomaterials is wide-spread and occurs
predominantly in biological aragonites (Almagro et al., 2016; Crippa et al., 2020a, b; Griesshaber et al., 2013; Kogure et al.,
2014; Suzuki et al., 2012). Crystal twin formation has not been reported for other biological calcites far, with the exception
of the rotaliid shells (Sancho Vaquer, 2026) and of coral sclerites (Floquet and Vielzeuf, 2011). Accordingly, secretion of
twinned calcite for shell construction is an intrinsic structural property of the Globothalamea. It is a structural marker for the
shells of Rotaliida and Robertinida (Sancho Vaquer et al., 2025a, b Sancho Vaquer 2026).

In the present study, we discuss the effect of diagenetic overprint on foraminifera shells and constrain overprint with
crystallographic attributes. We not just examine the integrity and/or structural change of the shell surface but use the
crystallographic characteristics of the shell crystals, such as the mode of crystal assembly (crystal-microstructure and crystal-
texture) and, in particular, the frequency of the twin-related misorientation peak and the frequencies of the low-angle

misorientations for the identification of shell structure change. We complement crystallographic attributes of the shell
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crystals with FE-SEM imaging of the shell internal structure. We investigate the effect of diagenesis for the shell of the
planktonic rotaliid species Trilobatus sacculifer (Brady, 1877). T. sacculifer is the main representative of a long-lived
lineage and sacculifer is one of the main species used for environmental reconstruction. Its ecological preference remained
throughout the geological record largely unchanged (Spezzaferri et al., 2015).

To characterise the effect of diagenesis on fossil shell crystal characteristics, we first determined crystallographic attributes
of modern/pristine 7. sacculifer shells, which are used as a reference. The modern/pristine shells were obtained from
sediment traps and from the sediment surface. For identifying shell structure difference between geographical sites, we
investigated modern/pristine 7. sacculifer shells from the East Pacific, the Central and East Atlantic Ocean, and the
Caribbean Sea. Fossil shells were extracted from different Pleistocene and Neogene sediment depths of ODP Site 927,
located on Ceara Rise, Central Atlantic Ocean. The fossil shells were obtained from 6m, 15m, 109m and 308m sediment
depth and represent a gradient in diagenetic overprint induced by a combination of increasing burial depth and increasing
age. The sampling approach used ensures that the modern/pristine as well as the fossil shells were biomineralized under
comparable environmental conditions. Reasons for the latter are the stable ecology of the long-lived species and the tropical
location of the fossil material. Nonetheless, it should be kept in mind that our study does not discriminate between diagenetic
overprint due to age of the organism and diagenetic overprint due to burial depth.

We find a comparable and good preservation of the shell surface structure for the modern/pristine as well as for the fossil
shells. However, we find a strong difference in crystal microstructure, crystal texture, crystal co-orientation strength, the
relative frequency of the 60° <001> calcite twin-related misorientation peak and the relative frequency of all other
misorientations between the modern/pristine and the fossil shells. We highlight two overprint processes for the fossil shells,
namely crystal amalgamation and calcite recrystallization. Amalgamation and recrystallization occur within the shells as
well as at their proximal and distal surface. Based on EBSD measurements, we suggest criteria for tracing structural change
of foraminiferal shell calcite initiated by diagenetic overprint. We propose to utilize EBSD measurements and data
evaluation as an analytical tool for highlighting structural markers, as a distortion of the pristine shell crystal structure

unequivocally discloses diagenesis-related change of fossil Globothalamea calcite and aragonite.

2 Samples and Methods
2.1 Samples

We investigated the shells of modern/pristine and fossil Trilobatus sacculifer (Brady, 1877). The specimens were sampled
from the Central and Eastern Atlantic Ocean, from the Caribbean Sea and from the Eastern Pacific (Figs. Al, A2).

As the structure, microstructure, texture, crystal twinning and crystal misorientation pattern of modern/pristine 7. sacculifer
shells was used as reference for the fossil samples, we investigated modern/pristine specimens from four different localities.
This ensured the assessment of a possible variability of shell microstructure and texture that could be related to a difference

in living environment. We first investigated samples from sediment traps. These are fully mineralized shells sinking through
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the water column after the death of the organism; however, they remaining free from contact with the seafloor sediment. We
investigated shells from the sediment-water interface, thus, from the sediment surface. This enabled to trace a possible effect
of a very ecarly diagenesis. These shells reached the seafloor and were in contact with the surrounding sediment and
porewaters, but remained unaffected from burial diagenesis, increasing temperature, an altered porewater chemistry, and an
increase in lithostatic pressure. The fossil 7. sacculifer samples were sampled at Ceara Rise, Central Atlantic Ocean. The
shells were obtained from 6m, 15m, 109m and 308m sediment depth, corresponding to ages of 0.13, 0.3, 3.1 and 15.9
million years (Cornuault et al., 2023) and an increasing degree of diagenetic overprint (Figs. A1, A2). The fossil shells were
extracted from Pleistocene and Neogene sediments from ODP Site 927. The shells exhibited good surface preservation and
did not show any signs of dissolution.

The investigated samples were divided into seven groups: groups 1 to 3 consisted of modern/pristine specimens, groups 4 to
7 consisted of fossil shells. For each group of shells, one specimen was used for surface imaging. Two specimens were

embedded in EPON resin and sectioned and polished with microtome knives (Figs. Al, A2).

2.2 Sample preparation
2.2.1 Sample preparation for imaging etched and fixed shell cross-section surfaces

To visualize small-scale internal structures and the presence of organic material within the shells, shell cross-sections were
etched. First, flat surfaces were obtained by cutting and polishing the shells with a microtome with glass and trimming
knives. The obtained surfaces were then simultaneously etched and fixed with a 0.1 M HEPES buffer (pH=6.5) and 2.5%
glutaraldehyde solution for 120 seconds. Etching was terminated by rinsing the samples three times in 100% isopropanol for

10 s each. Subsequently, the samples were critical-point dried and then coated with 4—6 nm of Pt/Pd for imaging.

2.2.2 Sample preparation for EBSD measurements

Foraminifera shells were embedded in low-viscosity EPON resin and were cut and polished with an ultramicrotome with
glass, trimming and diamond knives. Specimens were oriented with the primary apertures positioned towards the knife.
Significant care was taken to ensure that the integrity of the shell was retained for the entire sample preparation process. This
ensured the assessment of a possible shell crystal dissolution. The latter might have occurred at diagenetic overprint. For

EBSD measurements, the samples were coated with 4-6 nm of carbon.

2.3 Methods

SE, BSE imaging and EBSD measurements were carried out with a Hitachi SU5000 field emission SEM, equipped with an
Oxford Instruments NordlyNano EBSD detector and an X-Max 80x80 EDS detector. EBSD scans were performed at 20 kV,
with a step size of 200 to 300 nm. EBSD data was evaluated with the Oxford Instruments AZTEC CRYSTAL and
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CHANNEL 5 HKL software. Crystal orientation data are presented with color-coded crystal orientation maps, grey-scaled
EBSD band contrast measurement maps, and corresponding pole figures. Each investigated specimen was scanned with at
least four EBSD scans. For all these scans, we evaluated the microstructure and texture pattern of the calcite and calculated

the 60°-{001}-calcite-twin misorientation as well as all other misorientations between crystals between 5° and 100°.

2.4 EBSD terminology used in this study

Subsequently, we define terms related to EBSD measurements and EBSD data evaluation, as well as the structural attributes
of the crystals used in this study (Buerger, 1945; Hahn and Klapper, 2006; Richards, 1999; Schmabhl et al., 2025; Schwartz et
al., 2000). For further information concerning the EBSD technique, see Schwartz et al. (2000). For information related to
twin formation, see Buerger (1945), Richards (1999), and Hahn and Klapper (2006).

The microstructure of a crystallized material refers to the sizes, morphologies, co-orientation and misorientations,
and modes of interlinkage of grains. It is shown with coloured EBSD maps. Similar colours reflect similar crystal
orientations, and different colours highlight differences in crystal orientation.

Pole figures are stereographic projections of crystallographic axes or plane-normal orientations measured for all
pixels of an EBSD map or for selected areas (subsets). In the present contribution, the viewing direction of the pole figures is
the same as the viewing direction of the corresponding EBSD maps. All pole figures shown in this study display the lower
hemisphere. This ensures that the pole figures are displayed in the same spatial orientation as the corresponding EBSD map.
With pole figures, we either show individual orientation data points or the density distributions of the orientation data.

The texture or crystallographic preferred orientation of a crystallized substance refers to the distribution of all
crystal orientations within a material and is illustrated using pole figures. When clear-cut maxima are observed in the pole
figures of all crystallographic axes, corresponding to a three-dimensional orientational ordering, we call the texture a “single-
crystal-like” texture, irrespective of the angular spread of the orientation distribution. Accordingly, for calcite, we need to
observe one cluster for the c-axes and three clusters for the a*-axes in the pole figure. An axial/cylindrical texture is
developed in the relevant material when the c-axes show a cluster in one particular direction and the orientation of the a*-
axes scatter on a great circle perpendicular to the c-axis cluster.

Crystal co-orientation statistics are derived from Kikuchi patterns measured at each pixel of an EBSD map. The
degree of calcite co-orientation within individual crystals is determined from measurements of the orientational density
distribution, as reflected in the multiple of uniform (random) distribution (MUD) value.

The MUD value is calculated by the CHANNEL 5 EBSD software and indicates the strength of crystal co-
orientation. A high MUD indicates high crystal co-orientation and low MUD values indicate low to random crystallite and/or
mineral unit co-orientation. The parameters for data contouring in the pole figures were fixed to a half-width of 5 and a
cluster size of 3. While an MUD value of 1 indicates a polycrystalline material with random, uniform orientation

distribution, a single crystal has, for a half-width of 5 and a cluster size of 3, an MUD value of 700 or higher.
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The EBSD band contrast measurement map depicts the signal strength of the Kikuchi pattern at each measurement
point in the EBSD scan. It is displayed as a grey-scale component in the map. White to light grey colors indicate a high
intensity of the Kikuchi signal, corresponding to strong mineralization, while dark grey and black colors point to a weak or
absent Kikuchi signal, e.g., when organic matter, resin, or voids are scanned.

Twinned crystals are entities in which adjacent crystals of the same phase are intergrown in a regularly recurring
orientational relationship. These crystal orientation states are addressed as the twin domains of a twinned crystal. The
orientational relationship between twin domains is referred to as the twin law. Twin laws are characteristic of a mineral and
are symmetry operations that define the orientation between the twin domains. Twin laws include reflection, rotation and
inversion operations. If a twinned crystal contains domains of two orientation states, alternating in succession, then it is
called a polysynthetic twin. In contrast to inorganic materials, in biological materials twins do not show perfectly planar and

parallel composition/twin planes.

3 Results

The results section of this contribution is structured as follows: Figures Al, A2 show shell wall cross-section surfaces that
were scanned with EBSD and/or were chemically etched, fixed, and imaged with SE and BSE. Figures 1 and 2 visualize the
surface quality of modern/pristine and fossil shells and highlight some characteristics of the shell wall internal structure.
Figures 3 and 4 present microstructures using EBSD maps of calcite. Figures 3 to 5 and A3 show the corresponding calcite
texture patterns with pole figures. Figures 3 and 4 present crystal orientation in pole figures with the individual data points.
The pole figures in Figs. 5 and A3 give the density distribution of the crystal orientation data together with the crystal co-
orientation strength, the MUD value, for the corresponding EBSD scan. Figures 6, 7 and A4 present the misorientations
between the crystals of the investigated shells and show the encountered range of crystal misorientation. The latter were
calculated from EBSD measurements and are shown with relative frequency-misorientation angle diagrams. Figures 6 and 7
focus on the 60° misorientation; Figure A4 shows the corresponding low-angle misorientations, thus, the misorientations
between 5° and 59°.

Figure 1 juxtaposes the shell structure characteristics of a modern/pristine and of three fossil 7. sacculifer specimens. The
fossil shells were sampled at 6m, 109m and 308m sediment depth. We present the shell surface appearance and its internal
structure on cross-sections through the shell wall. Even though the investigated shells appeared to be well preserved, we
detected subtle structural differences between the modern/pristine and the three fossil shells in: (i) shell surface structure, (ii)
recognizability of the primary organic sheet (POS), (iii) internal structure of the shell wall and (iv) morphology and size of
the shell wall crystals (Figs. 1A to D, 2). The honeycomb surface structure of the T. sacculifer shell is well observable in
both the modern/pristine and fossil shells. However, the ridges surrounding the pores are more distinct for the
modern/pristine shell (Fig. 1A), compared to what we find for the shells of the fossil specimens. For these, the ridges are

rather rounded down (Fig. 1B, C) and the pores are often filled and fully covered with sediment particles.
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Figure 1. The shells of the investigated 7. sacculifer specimens. A: the shell of modern/pristine 7. sacculifer, sampled at the
sediment-water interface. B to D: shells of fossil 7. sacculifer specimens, sampled from the sediment at 6m, 109m and 308m
sediment depths. We present overviews of the shells, BSE images of the shell surface, cross-section through a chamber and the
internal structure of the shell walls, imaged with SE and BSE. For a better visualization of the internal shell wall structure of the
modern/pristine and the fossil specimen, sampled at 308m sediment depth, see Fig. 2. The white dot in (C) points to a sediment
layer within the chamber. This has often been observed for the fossil samples, see also Figs. A1 and A2. The white arrows in (A) to
(D) point to the seam of calcite crystals that line the outermost section of the shell wall. A to D: BSE micrographs.

The internal structure of the shell wall is different for the modern/pristine and for the fossil shells (Fig. 2). Figure 2
juxtaposes the internal structure of the modern/pristine with that of the most overprinted shell, the shell sampled at 308m

sediment depth. 7. sacculifer shell wall crystals of the modern/pristine shell are fibrils (Fig. 2A). These are bundled and form
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large crystal units (white stars in Fig. 2A). The crystals in the shell wall of the fossil shells, the ones in the fossil shells
sampled at 109m and 308m sediment depth in particular, do not show any fibril appearance (compare Fig. 2A with Fig. 2B,
C). In the fossil shells, the crystals are blocky and vary strongly in shape and size (e.g., Fig. 2B). The calcite of the most
overprinted shell (sampled at 308m depth) is compact and not as delicate as the fibril-shaped calcite of the modern/pristine
shell (Fig. 2A). We observe voids within the shell for the shell sampled at 308m sediment depth (yellow arrows in Fig. 2B).
These can be filled with carbonate mineral (white arrows in Fig. 2B) but can also be empty (yellow arrows in Fig. 2B). In
addition, along the proximal surface of the most overprinted fossil shell, we find a dense seam of calcite crystals that have
morphologies that resemble inorganic calcite rhombohedra (red arrows in Fig. 2C). The distal surface of modern/pristine 7.
sacculifer shells is seamed by large, platy, crystals (white arrows in Fig. 1A). A seam of platy crystals is also found along the
distal surface of some fossil shells of those that were sampled at 6m and 109m sediment depth (white arrow in Fig. 1B, C).
For the fossil specimen sampled at 109m sediment depth, a rim along the distal surface of the shell is observable. However,
platy crystals cannot be recognized anymore. With an increasing degree of overprint, the platy crystals amalgamate (white
arrows in Fig. 1C, D). In the modern/pristine shell, the POS and its progression in the shell is well visible (Fig. 2A). In the
overprinted shells, in particular in the shells sampled at 109m and 308m sediment depth, the progression of the POS can still
be traced. It is, however, badly observable (Fig. 2B, C).
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Figure 2. Calcite crystallite and crystal unit morphology and internal shell structure of a modern/pristine (A) and an overprinted
(B, C, D) T. sacculifer shell. Note the strong difference in crystallite, crystal size and morphology (A, B, D) and the presence of
fibril-shaped crystallites in the modern/pristine shell. These accumulate to co-oriented crystal units (white stars in (A)) and form
large, irregularly shaped calcite entities with shell growth. The latter often cover the entire shell-wall cross-section (insert in (A)).
The POS in the modern/pristine shell is well-visible. This contrasts with the fossil shell (C, D), where often, only the trace of the
POS is visible. Most interesting is the accumulation of crystals that form the fossil shell proximal to the POS (red arrows in (D)).
These have morphologies that resemble inorganic calcite and develop from the internally structured crystal entities (red stars in
(A)) that generate the shell layer below the POS. White and yellow arrows in (B) point to voids in the fossil shell; these form when
the organic substance in the shell becomes decomposed. Yellow arrows in (B): empty voids; white arrows in (B): voids filled with
carbonate mineral. A to D: BSE micrographs.

Figures 3 to 5 and A3 depict calcite microstructure and texture along cross-sections through the shell wall. We scanned the
entire width of the shell wall and large sections of the chamber wall with EBSD (e.g., Figs. 3B, 4). The organization pattern
of the crystals is illustrated with EBSD maps; we present two EBSD scans for each specimen. We measured at least four
scans per specimen and, in most cases, covered all chambers that were cut. The corresponding texture patterns are presented

with pole figures with individual data points (Figs. 3, 4) or with their density distributions (Fig. 5, A3). We use the term
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‘texture’ in accordance with material science terminology, rather than as it is used in biological sciences. Crystal co-
orientation strength (the MUD value) is given for entire EBSD scans and is presented at the density distributions of the c-
and a*-axes orientation data (Figs. 5, A3). We compare the MUD value of the modern/pristine shell to the MUD value of the
fossil shells. The MUD values are calculated for comparable data volumes; the data volumes used are specified in the

relevant figures (Figs. 5, A3).
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Figure 3. EBSD maps and corresponding pole figures visualizing the microstructure and texture of the 7. sacculifer shells. A: the
shell-wall of a modern/pristine 7. sacculifer specimen, B: the shell-wall of a fossil 7. sacculifer specimen, sampled at 6m sediment
depth. Arrows in (A) indicate c-axis orientation direction in the EBSD maps as well as in the pole figures. For the left-hand side
EBSD map and pole figure, we show the entire measurement as well as subsets (subsets 1, 2, 3) and visualize with these (i) the
orientation of calcite c-axis relative to the surface of the chamber wall and (ii) its rotation with the curvature of the chamber wall.
This characteristic is intrinsic for rotaliid shells (Fig. 3A of this study and e.g., Sancho Vaquer et al. (2025b)). Note the structured
and directed c- and a*-axes orientation pattern of the calcite crystals that form the modern/pristine shell. This characteristic is
best observable in the pole figures. B: For the shell sampled at 6m sediment depth, we observe some characteristics of the
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modern/pristine 7. sacculifer microstructure and texture in the maps and pole figures. Nonetheless, we find also additional crystal

orientations (see the pole figures of subset 1 and 2 for the shell shown left-hand side measurement in (B)). These do not have the

structured distribution of calcite c- and a*-axis orientation (subset 2 in 3B)), but a random pattern in c- and a*-axes orientation
285  distribution. The used color code is given in (B).

(a) Fossil T. sacculifer smpled from 109 m sediment depth

Figure 4. EBSD maps and corresponding pole figures visualizing the microstructure and texture of fossil 7. sacculifer shells. A: the
fossil 7. sacculifer specimen sampled at 109m sediment depth. B: the fossil 7. sacculifer specimen, sampled at 308m sediment

290  depth. The used color code is given in (A) and (B). An increase in patchiness of the colors in the EBSD maps is well observable.
From the pole figures, an increase in randomly oriented crystals can be observed. Compare the pole figures shown in Fig. 3A with
the pole figures shown in Fig. 4A.
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Figure 5. Juxtaposition of texture patterns and crystal co-orientation strengths (expressed with MUD values) for the investigated
modern/pristine and fossil 7. sacculifer specimens. For further measurements, see Fig. A3. We observe an increase in crystal co-
orientation strength for the calcite of the modern/pristine shell (A), relative to the calcite of the fossil shells (B to D). For the
calculation of the MUD values, we used comparable crystal orientation data volumes; the latter are given below the pole figures as
data points. We find traces of the pristine crystal orientation signature for all fossil shells (black arrows in the c-axis pole figures in
Fig. 5B to D). However, as shown in the pole figures, we also find a large volume of randomly oriented calcite crystallites.

The microstructure of the modern/pristine shell and that of the three fossil shells specimens are different (EBSD
maps in Figs. 3 and 4). For all microstructures (modern/pristine, fossil), we see a wide range in color, indicating a wide range
of crystal orientations. For the modern/pristine specimen (Fig. 3A) and, to some degree, for the fossil specimen sampled at

6m sediment depth as, we find a smooth transformation from one color into the other, thus, a smooth change in orientation
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from one crystal to the other. Regarding the microstructure of the fossil specimens sampled at 109m and 308m (Fig. 4), we
still observe a wide range in colour in the EBSD maps, but also an increase in the patchiness of the colors (see, e.g., the
EBSD maps shown in Fig. 4B). A patchiness in color hints to an abrupt change in orientation between adjacent crystals.

The pole figures for the modern/pristine shell (Fig. 3A) highlight the texture pattern that is specific for
modern/pristine 7. sacculifer shells (this study). This texture pattern is also observed for the shells of other modern/pristine
Rotaliida (Lastam et al., 2023a, b; Sancho Vaquer et al., 2025b). We find that calcite c-axis orientation is perpendicular to
the surface of the shell and that it rotates with the curvature of the chamber (see arrows in Fig. 3A, which indicate the
direction of the c-axis orientation). The orientation of calcite crystallites in modern/pristine 7. sacculifer as well as in other
rotaliid shells is strongly directional (see pole figures in Fig. 3A, for the entire measurement). A random scatter in calcite c-
and a*-axis orientation is not (almost not) observed. Hence, the modern/pristine shell comprises very few randomly oriented
crystals.

For the fossil shell sampled at 6m depth we find a comparable texture pattern to the modern/pristine shell (see pole
figures in Fig. 3B, for the entire measurement). We observe the pristine 7. sacculifer texture pattern (pole figures for subset 1
in Fig. 3B) but also some additional crystal orientations (pole figures for subset 2 in Fig. 3B). These are not directional but
rather, random. We also find the aforementioned texture pattern for the fossil shells that were sampled at 109m and 308m
sediment depths (Fig. 4). For the latter shells, we observe some traces of the pristine 7. sacculifer texture but also a marked
addition of, more or less, randomly oriented crystals (Fig. 4).

When summarizing the structural attributes observed for the modern/pristine and for fossil shells with FE-SEM imaging
(Figs. 1 to 5, A3), we see a comparability in quality of shell surface structure. With EBSD maps, we observe some difference
in shell microstructure. However, when the texture patterns are considered (see the pole figures), we find a significant
difference between the calcite texture of the modern/pristine shell and that of the fossil shells (Figs. 5, A3). We detect a
stringent arrangement of calcite c- and a*-axes orientation distributions and the coupling of the latter to an increased crystal
co-orientation strength (MUD value). These two structural characteristics are significantly less well developed in the fossil
shells (compare the pole figures of Fig. 5A to those shown in Fig. 5B to D). For the fossil shells, we observe the presence of
randomly oriented crystals, accompanied by a decrease in crystal co-orientation strength (Figs. 5, A3).

Figure 6 highlights the misorientations between adjacent shell crystals for the modern/pristine and for the fossil shells. This
is also compared in Fig. 7. These are obtained from our EBSD measurements and are given with relative frequency-
misorientation angle diagrams. We show two diagrams for each specimen. Well observable for all shells, whether
modern/pristine or fossil, is the marked peak at 60° misorientation relative to the other misorientations measured with the
EBSD scans. The peak at 60° misorientation is the 60°-<001>-calcite-twin misorientation (Schmabhl et al., 2025). The latter
is most pronounced for the modern/pristine shell (Fig. 6A) and least pronounced for the shell taken at 308m sediment depth
(Fig. 6D). The relative frequency of the 60° misorientation peak for the modern/pristine shell is about 0.7 for a binning of 2.
This value was observed for the modern/pristine specimens sampled from all sampling locations. Thus, almost the entire

modern/pristine 7. sacculifer shell consists of twinned calcite. The relative frequency value of the 60° misorientation peak of
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the fossil shells scatters between 0.5° and 0.3°, for a binning of 2 (Fig. 6). Thus, the fossil shells still contain some twinned
calcite. However, the amount of the twinned crystals is lower relative to the amount of twinned crystals that comprise the
modern/pristine shells. Fig. A4 highlights the misorientations up to 59°. We show two misorientation diagrams per
specimen. For all shells, irrespective of whether these are modern/pristine or fossil, we find, in addition to the 60°
misorientation, further low-angle misorientations. These are low for the modern/pristine shell (Fig. A4A) and increased for

the fossil shells (Fig. A4B to C).
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forms the shell. We observe: (i) a significant difference in the relative frequency of the 60° misorientation peak between the
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the sampling depth.
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Figure 7. Comparison of the frequency of the 60°-<001>-calcite-twin-misorientation between the modern/pristine and the fossil 7.
sacculifer shells. The highest frequency of the 60° misorientation peak is observed for the modern/pristine shell, the lowest for the
most overprinted shell (A, B). Note that the frequency of the 60° misorientation peak for the most overprinted shell is not zero, it

has a relative frequency of about 0.3°.

In summary, the 60°-<001>-calcite-twin misorientation is strongest for the modern/pristine specimen. It is less marked for

the fossil specimens and decreases in frequency with an increase in depth of the sampling site. The low-angle

misorientations are lowest in frequency for the modern/pristine specimen, relative to those of the fossil specimens. These

structural characteristics indicate addition of reprecipitated secondary calcite to the organism-secreted primary shell calcite.
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4 Discussion
4.1 Criteria that document the overprint of the pristine shell

The aim of the present study is to highlight the difference in crystallite/crystal structure (morphology, size, mode of

orientation) between fossil overprinted shells with only minor change of the microstructure and the modern/pristine analogue

at preservation of an intact shell surface for 7. sacculifer shells. We define structural directives, deduced from electron

backscatter diffraction measurements, to demonstrate shell overprint and thus, change in crystallographic aspects of
foraminiferal Ca-carbonate crystals.

Highlighting submicrometer-scale structural change of the shell crystals is of main importance. It has been shown that the
oxygen isotope composition of foraminifera shells changes variably without any observable modification of the shell surface
and/or its internal structure (Bernard et al., 2017; Chanda et al., 2019; Kozdon et al., 2018; Wycech et al., 2018).
Nonetheless, the authors used SE, BSE imaging, EDS measurements and NanoSIMS mapping for demonstrating internal
structural change of foraminifera shells (e.g. Bernard et al. 2017). As described in the introduction, we obtain large volumes
of measured crystallographic axes orientation data with EBSD. EBSD measurements not only enable the determination of
crystal orientation information and thus crystal microstructure, but also many other and different structural attributes of the
crystallized material in question (Schwartz et al., 2000). Hence, we gain the possibility to pinpoint structural modification of
the archival biological hard tissue with EBSD. This can then be used for geochemical proxy determination. Depending on
the space resolution of the EBSD scan, the used acceleration voltage and the mode of data evaluation, we can detect changes
in crystallographic attributes of crystals, routinely, as low as a few hundred nanometers, down to 200 nanometers (Casella et
al., 2018b; Griesshaber et al., 2025; Hoerl et al., 2024b). With this, we obtain an improved structural characterization of the
archive and an increase the accuracy of the selected proxy. We can therefore enhance the accuracy of climate and
environment reconstruction.

Nonetheless, an important requirement of the proposed analytical approach is that the modification of the fossil archive
shell/crystal structure has to be determined relative to the internal shell/crystal structure of a modern/pristine species
analogue. This requirement is fulfilled here. All shells that we investigated in this study were 7. sacculifer shells. We
characterized modern/pristine 7. sacculifer shells from different localities and with many EBSD measurements per species
(Figs. Al, A2). Care was taken that the modern/pristine shells were sampled from the water, in particular from traps. For
comparison, we deliberately used in one case a modern/pristine shell that was sampled from the sediment surface. However,
we observed similar crystallographic attributes for the shell crystals for all investigated modern/pristine specimens,
irrespective if these were sampled from traps or from the sediment surface. The modern/pristine shells analyzed in this study
were never in contact with any diagenetic fluids. In contrast, all investigated fossil shells were sampled from sedimentary
deposits and from different depths, partly from great depths (308m). Thus, it can be assumed that the investigated fossil
shells were overprinted by the fluids that circulate within the sediments and were exposed to temperatures and pressures that

prevailed at the different depths.
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We aim to define criteria that document the modification of the pristine 7. sacculifer shell crystal structure. These are crystal
microstructure, crystal texture, the 60°-<001>-calcite-twin-related misorientation and the low-angle misorientations (Figs. 3,
4, AS). All these criteria are based on crystallographic axes orientation measurements and the evaluation of these. As shell
formation with twinned calcite is an intrinsic structural attribute for modern/pristine benthic and planktonic Rotaliida
(Lastam et al., 2023a, b; Sancho Vaquer et al., 2025b; Schmabhl et al., 2025), the presence and frequency of the 60°-<001>-
calcite-twin misorientation signal is a main criterion not only for indicating the overprint of the shell, but also for a possible
assessment of the degree of overprint (Figs. 6, 7). For all investigated modern/pristine 7. sacculifer shells, the frequency of
the 60°-<001>-misorientation peak scatters between 0.68 to 0.71, at a binning of 2°. In the most overprinted fossil 7.
sacculifer shell, we still find some twinned calcite as the frequency of the 60°-<001>-misorientation signal is about 0.3° at a
binning of 2° (Figs. 6, 7). Our study showed that the frequency of the 60°-<001>-calcite-twin misorientation peak decreases
with an increasing depth of the sampling site (Fig. 6D). This is an indication of an addition of non-biogenic crystals to the
shells and recrystallization of the twinned biogenic calcite to untwinned inorganic calcite. Both latter processes generate
untwinned crystals. These are not systematically misoriented to each other, unlike the twinned crystals (through the 60°-
<001>-misorientation), but are randomly misoriented to each other.

The addition of misoriented crystals to the fossil shells is also evident from other EBSD results. We find differences
in the frequency of the low-angle misorientations between the modern/pristine and the three fossil samples (Fig. A4). In the
fossil shells, the frequency of the low-angle misorientations is increased relative to the frequency of the low-angle
misorientations in the modern/pristine shell. The calcite that is generated at shell secretion is the primary calcite, while the
calcite that forms through the diagenetic overprint processes is the secondary calcite (e.g., Forjanes et al. 2022). Laboratory-
based experiments simulating overprint of Ca-carbonate shell material demonstrated that, in the course of the overprint
process, the organic substance, present in the shells is destroyed first (Casella et al., 2017, 2018a; Casella, 2019; Forjanes et
al., 2022). Herewith, space is generated in the hard tissue and allows for the circulation of diagenetic fluids within the shells
(Casella et al., 2017, 2018a, b; Casella, 2019; Forjanes et al., 2022). Depending on constrains, such as Ca-carbonate

microstructure, organic substance fabric, overprint-fluid composition, temperature and pressure at the overprint process

(Casella et al., 2018a; Casella, 2019), the circulating fluids dissolve to different degrees and speeds the primary shell Ca-
carbonate. At a later stage of the overprint process, the dissolved Ca-carbonate becomes reprecipitated in voids and cavities

within the shells and at its proximal and distal surface as secondary Ca-carbonate. The aforementioned overprint process is

known as coupled dissolution-reprecipitation and is active in the Earth crust on many length and time scales (Putnis, 2002,
2009). Thus, an increase of low-angle misorientations in fossil 7. sacculifer shells relative to the frequency of the low-angle
misorientations in the modern/pristine shell is an indication for formation of secondary calcite through coupled dissolution-
reprecipitation.

While the microstructure of the primary 7. sacculifer-secreted calcite is organism-controlled and has a characteristic texture
(Figs. 5A, A3A), the microstructure and texture of the secondary calcite is not organism-regulated; it is controlled by

inorganic precipitation and recrystallization. For these, the orientation direction of the secondary calcite crystals is not
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directed. It is random (see the difference in texture pattern for subsets 1 and 2 in Fig. 3B). It has been shown in laboratory
experiments for mollusk shell Ca-carbonate that at shell dissolution and carbonate reprecipitation, there is no structural
epitaxy between the primary shell crystals and the secondary precipitates (Casella et al., 2018a, b; Forjanes et al., 2022).
Thus, there is no epitaxy between the orientation of the calcite crystals of the pristine foraminiferal shell and the orientation
of the calcite crystals that form at overprint within the shell and at the surface of the shell. The increased patchiness of the
colors in the EBSD maps of the fossil shells (e.g., EBSD maps shown in Fig. 4) is an indication for the latter.

We see formation of secondary calcite with an increase of low-angle misorientations in the fossil shells and, in
particular, with the difference in texture patterns between the modern/pristine and the fossil shells. The texture pattern of
modern/pristine 7. sacculifer shells is constrained by the 7. sacculifer microstructure. As described in the results section, in
the modern/pristine T. sacculifer shells calcite c-axis orientation is perpendicular to chamber surface and rotates stringently
with the curvature of the chamber wall. Thus, in the modern/pristine 7. sacculifer shell the mode of calcite crystal orientation
is far from random. It cannot be random, it has to be directed. In the fossil shells we find a large abundance of randomly
oriented calcite crystals (e.g., subset 2 in Fig. 3B, Fig. 4A). These crystals are not secreted by the organism but are produced
and deposited via the coupled dissolution-reprecipitation overprint process.

In essence, the 60°-<001>-calcite-twin misorientation signal, the low-angle misorientations and the texture patterns
demonstrate that in the fossil shells we find calcite generated by two processes:

@) primary calcite formed and deposited through secretion and

(i) secondary calcite formed through dissolution and deposited through precipitation.

The 60°-<001>-calcite-twin misorientation signal is a very important structural criterion for demonstrating
disturbance of the rotaliid calcite microstructure. It is metabolism-produced and is intrinsic for the Rotaliida. Sancho Vaquer
et al. 2025a showed that the frequency of the 60°-<001>-calcite-twin misorientation peak of Amphistegina lesonii
(d’Orbigny, 1830) and Amphistegina lobifera (Larsen, 1976) is reduced when the ambient water is polluted with Cd*" or
Pb?*. In the most overprinted 7. sacculifer shell the 60°-<001> misorientation peak has a frequency of about 0.3°, for the
used histogram binning of 2°. Thus, the degree of overprint was not strong enough to erase all primary, metabolism-related,
calcite. We still find twinned calcite in the most overprinted 7. sacculifer shell.

In summary, our study shows that at more or less intact shell surface and a not too strongly disturbed crystal
microstructure, shell overprint can still be pin pointed. The evaluation of crystallographic axes orientations allows for the
determination of a plethora of structural attributes of the crystallized material in question. In this study, we use and discuss
three structural attributes in addition to shell calcite microstructure: the 60° misorientation, the low-angle misorientations,
and the crystal texture. These are structural markers, not just for identifying diagenetic overprint in shells, but also for the

assessment of the strength of the overprint.
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4.2 Shell crystal morphology, size, microstructure and texture

In the section above, we discussed the application of EBSD measurements and data evaluation for identifying criteria that
demonstrate a modification in shell structure at external influence. However, for a comprehensive characterization of the
lack of overprint or for the determination of the strength of the overprint, it is beneficial to substantiate the findings of crystal
orientation measurements with results obtained from submicrometer scale imaging. We aim to integrate results obtained

from measurements with results obtained from imaging. The latter is discussed in the subsequent sections.

4.2.1 The modern/pristine shells

Crystal shape, size, and mode of interlinkage of modern/pristine Rotaliida shells is specific and distinct to the crystals that
form the hard tissues of other Ca-carbonate producing marine invertebrates. While brachiopod and mollusk shell crystals
have regular morphologies and consistent sizes and forms for a particular microstructure such as spicules, folia, laths, fibers,
tablets, prisms or columns (Checa et al., 2025; Hoerl et al., 2024a, b; Sancho Vaquer et al., 2025c; Simonet Roda et al.,
2021), rotaliid foraminiferal shell crystals have fractal-dendritic morphologies and varying sizes. The crystals of rotaliid
shells are fibrillary to platy (Fig. 8 this study, Fig. 3B in Lastam et al. (2023a) and Fig. 2C, E in Sancho Vaquer et al.
(2025b)). Foraminiferal shell crystal formation starts with the secretion of nanometer-sized fibrils within the organic network
of the POS. This is observed in Pulleniatina obliquiloculata (Parker and Jones 1865), Neogloboquadrina dutertrei
(d’Orbigny 1839), Globigerina glutinata (Egger 1893), Candeina nitida (d’Orbigny 1839), and T. sacculifer (Fig. 8E this
study, Fig. 2E in Sancho Vaquer et al. (2025b)). With continued shell growth these nanofibrils agglomerate and generate
sheaf-shaped, elongated, crystal entities (Fig. 8A, D, E this study, Fig. 4C in Lastam et al. (2023a), Fig. SA, B in Lastam et
al. (2023Db), Fig. 2C, E in Sancho Vaquer (2025b)). With further growth, the sheaf-shaped crystal units as well as the
comprising fibrillary crystallites increase in size. Towards distal outer surface, a change in crystal morphology takes place.
The nanofibrils that prevail at the POS develop to large and platy crystals (Fig. 8A to C this study and Fig. 4A, B in Lastam
et al. (2023a). An array of platy crystals seams the distal rim of the shell (this study; Lastam et al. 2023a, b; Sancho Vaquer
et al. 2025b). In modern/pristine foraminifera shells, the platy crystals are convoluted and interlaced and are arranged more
or less in parallel (Fig. 8A, B, C). In modern/pristine foraminifera shells the platy crystals can be discriminated from each
other (Fig. 8B, C this study, Fig. 4B in Lastam et al. (2023a)). For modern/pristine T. sacculifer shells, we find that fibrillary
crystal units seam both sides of the POS (Fig. 8D, E) and that an array of sheaf-shaped crystals forms the shell layer
proximal to the POS (black dots in Fig. 8D). This is not always the case. The crystals that form the shell layer proximal to
the POS in P. obliquiloculata are blocky and have euhedral morphologies (Figs. 2C in Lastam et al. (2023a)).
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(b)

Modern T. sacculTer

Figure 8. Cross-sections depicting the internal structure of the modern/pristine 7. sacculifer shell wall along the distal and
proximal side of the POS (A, D, E). See the fibrous nature of the crystallites and highly irregular morphology of the calcite crystals

490 that comprise modern/pristine 7. sacculifer shells (e.g., (D), (E)). The POS is well observable (D). In 7. sacculifer shells, the
crystallites proximal to the POS have also a fibrous morphology, just as the crystallites distal to the POS (E). These fibrous
crystallites accumulate to crystal units along both sides of the POS (D, E). White arrows in (A), (B) and (C) point to an assembly of
platy calcite crystals that seam the outer surface of the shell wall. Note, in the modern/pristine shell these crystals are detached
from each other. A to E: BSE micrographs.
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4.2.2 The fossil shells

The shell sampled at 109m sediment depth

Even though the 60°-<001>-calcite-twin misorientation peak and the texture motif indicate that the shell sampled at 109m
sediment depth experienced some diagenetic overprint, we find also well-developed signs for the preservation of the pristine
shell structure (Fig. 9). We see well the distribution of the organic substance within the shell (white arrows in Fig. 9A, C, D,
F, G). Hence, the organic substance is not yet decomposed by diagenesis. We can also discriminate quite well the course of
the POS in the shell (Fig. 9B). Nonetheless, we find a first sign of overprint, namely the amalgamation of the platy crystals at
the distal rim of the shell (white arrows in Fig. 9E) and hence, the elimination of small-angle grain boundaries by
recrystallization and/or dissolution/reprecipitation. For the platy crystals to amalgamate, secondary calcite needs to
precipitate. Thus, the rim along the distal surface of the shell sampled at 109m sediment depth consists of the primary calcite
of the platy crystals and the secondary calcite that compacts the latter.

The shell sampled at 308m depth

SE and BSE imaging of the internal structure and of the crystals that comprise the shell sampled at 308m sediment depth
(Figs. 10-13) demonstrates significant structural change of the shell wall crystals: the addition of secondary calcite to both
shell surfaces as well as the deposition of secondary calcite within the shell. The platy crystals are not only amalgamated at
the distal shell rim (yellow arrows in Fig. 10B) but are also covered by inorganic calcite overgrowth (white arrows in Fig.
10A to C). Figures 11 and 12B highlight shell structure change at the proximal surface of the shell. We find deposition of
secondary calcite within the POS and at the amalgamation of the fibrils. The latter causes the compaction of the shell (Figs.
11, 12B). In addition, we see recrystallization of the sheaf-shaped entities proximal to the POS by rhombohedral calcite
crystals (see yellow and black stars in Fig. 12) and the more or less complete loss of the original POS structure (yellow and
white dots in Fig. 12). While the POS is well observable in modern/pristine 7. sacculifer shells and to some degree, even in
the shell sampled at 109m sediment depth (Figs. 8, 9), its structure is lost through secondary calcite deposition and
recrystallization in the shell sampled at 308m depth (Fig. 11, 12B).

In addition to secondary calcite deposition at the distal and proximal surface of the shell, we observe secondary calcite
deposition within the shell sampled at 308m sediment depth (Figs. 2B, C, 13B, C). BSE images highlight the sites where the
organic substance in the shell became decomposed (yellow arrows in Figs. 2B, 13C) and the sites where newly-formed
mineral precipitated in the newly-created voids (white arrows in Figs. 2B, 13C). In essence, we find a profound difference in
crystal size, morphology and appearance in the internal structure of the most overprinted shell compared to that of the

modern/pristine shell (Figs. 2, 13).
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Fossil 7. sacculifer sampled from 109 m sediment depth

@ sediment
within

20 um

Figure 9. SE micrographs of cross-sections of the fossil 7. sacculifer shell sampled at 109m sediment depths. Well visible is the
presence of organic substance within the shell (white arrows in (A), (C), (D), (F), (G)). The course of the POS is quite well visible
(A). Reprecipitated crystal formation is not observed proximal to the POS (B). Nonetheless, we find the amalgamation of the platy

530 crystals that seam the outer rim of the modern/pristine shells (white arrows in (E)). At the latter process, the small-angle grain
boundaries become eliminated by dissolution and recrystallization. A to F: SE micrographs.
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Fossil T. sacculifer sampled from 308 m sediment depth

Fossil 7. sacculifer
sampled from
109 m sediment depth

v Q,‘;_

Figure 10. Recrystallization of calcite at distal shell wall surface (white arrows in A to C). The shell was sampled at 308m sediment
depth. The array of platy crystals that seam the pristine shell wall surface (D) is destroyed through amalgamation (yellow arrows
in (B)) and a cap, consisting of reprecipitated, inorganic calcite (white arrows in A to C). The latter crystals are deposited on top of
the amalgamated platy crystals (white arrows in (C)). D: the modern/pristine 7. sacculifer shell with the seam of platy crystals. E:
the fossil 7. sacculifer shell sampled at 109m sediment depth. Note the already amalgamated platy crystals at distal shell surface.
A, B: BSE micrographs: C to E: SE micrographs.
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Fossil 7. sacculifer
sampled from 308 m sediment depth

possible trace
of the POS
5 pm

X inner shell surface

10 um

at inner shell surface

540 Figure 11. SE micrographs of cross-sections visualizing the proximal shell wall surface and slight traces of the POS of a fossil 7.
sacculifer specimen sampled at 308m sediment depth. White arrows in (A) to (C) point to a thin layer of calcite crystals that
blanket the inner, proximal, shell surface of the fossil shell. Note the difference in calcite crystal morphology and size between
these calcite crystals (white arrows in A to C) and the fibrous crystallites and crystals that form the proximal surface of the
modern/pristine shell (Fig. 8A, D, E). The seam of calcite crystals along the proximal surface of the fossil shell is recrystallized

545  calcite. These develop of the crystal units that, in the pristine shell, have a fibrous microstructure (Figs. 2A, 8D). Yellow arrows in
(B) indicate the trace of the POS that was present in the unaltered shell. (A) to (C): SE micrographs.
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Figure 12. Juxtaposition of crystal/crystallite morphology, size and organization between the pristine (A) and the fossil 7.
sacculifer shell (B). A: BSE, B: SE micrograph. We find: (i) a striking difference in crystal morphology, (ii) a striking difference in
550 the appearance of the POS, (iii) in particular, a striking difference in crystal morphology along the proximal surface of the shell
and (iv) an absence of organic substance in the overprinted shell (B), relative to the presence of organic substance within the
modern/pristine shell (A). In BSE micrographs mineralized substance is light-colored, organic substance is dark colored.
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Figure 13. Juxtaposition of internal shell wall structure between the pristine (A) and the fossil 7. sacculifer shell (B, C). A: BSE
micrograph; B: SE micrograph. See the line of horizontal cavities (yellow arrows in (B) and (C)). These are in part empty (yellow
arrows). They are, however, often filled with secondary, reprecipitated, calcite (white arrows in (B), (C)).

From the structural results obtained in this study, we can conclude that the fossil shells sampled at 6m and 109m
sediment depth are little to moderately overprinted, while the fossil shell sampled at 308m sediment depth is substantially
overprinted. For the latter, we find a change in shell crystal shape, size, and morphology, and the addition of secondary
calcite to the primary calcite at shell surfaces and to inner shell sections. We find decomposition of shell-derived organic
substance and recrystallization of the primary calcite. It should be kept in mind that all these structural changes are observed

for a shell that has a well-preserved, intact shell surface (Fig. 1D).
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5 Conclusion

Carbonates, irrespective of whether these are biogenic or abiogenic, are reactive minerals and undergo change between the
time of their formation and their analysis (Arvidson and Morse, 2014). These changes are of chemical or structural nature
and induce the modification of the information that becomes incorporated into the carbonates at their secretion and/or
deposition (Arvidson and Morse, 2014; Fantle et al., 2020; Immenhauser et al., 2016; Swart, 2015). The incorporated
information reflects the environmental conditions at the time of carbonate formation and is acquired with proxies. However,
the problem is that the fidelity of the proxies strongly depends on the preservation state of the archive. Depending on the
quality of the latter, the environmental information can be just slightly modified or completely distorted.
In this contribution, we highlight the application of a microdiffraction technique (EBSD), associated data evaluation and
complemented with submicrometer scale SE and BSE imaging for tracing the change of Ca-carbonate hard tissue structure
with an increasing degree of diagenetic overprint. As foraminifera shells are major archives for paleoclimate and
paleoenvironment reconstruction, we chose to examine the shells of the rotaliid species 7. sacculifer. We investigated the
microstructure, texture, and crystallographic properties of shell calcite of overprinted fossil shells, in comparison to the shell
of modern/pristine analogues. We draw the following conclusions from the gained results:

1. Shell surface appearance does not indicate any overprint.

2. Shell microstructure of the fossil shells is not significantly different to the shell microstructure of the

pristine/modern analogue.

3. Diagenetic overprint can be traced with other structural and additional crystallographic attributes:

1. The texture pattern of shell calcite. There is not only a strong difference in crystal texture between the
modern/pristine and the fossil shells, but also a change in calcite texture with an increasing degree of
diagenesis. As the pole figures show (Figs. 3, 4), we see more or less random crystal orientations with
an increasing degree of diagenesis formation relative to the modern/pristine shell.

ii. The 60°-<001>-calcite-twin misorientation peak. 60°-<001>-calcite-twin formation is strongly
developed in modern/pristine 7. sacculifer shells (Figs. 5A, A3A). The -calcite-twin-related
misorientation signal decreases with an increasing degree of diagenetic overprint (Figs. 5B to D, A3B
to D). This indicates that abiogenic calcite is deposited within the shell and at the shell surface with an
increasing degree of overprint.

ii. The low-angle misorientations. The difference in the frequency of low-angle misorientations between
the modern/pristine and the fossil shells shows that inorganic calcite becomes deposited at/within the
shells with diagenetic overprint.

iv. Secondary calcite deposition.

a. Crystal amalgamation. Elimination of small-angle grain boundaries by recrystallization or

dissolution/reprecipitation. The fossil shell, sampled at 109m depth shows the amalgamation of
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the platy crystals at its distal surface. In modern/pristine shells the platy crystals are detached from
each other. In the fossil shell, the array of platy crystals forms a conglomerate. The conglomerate
consists of the platy crystals and secondary calcite.

Amalgamation also takes place of fibrils and of the sheaf-shaped crystals. The latter happens for
the crystals below the POS, at the proximal surface of the fossil shells. For the shell sampled at a
depth of 308m, there is also a transformation of calcite crystal morphology from fibril-comprising
units to blocky-euhedral crystal and a development of angles between calcite faces that are
representative of inorganic calcite.

Abiogenic crystal deposition in voids within the shells. With ongoing diagenesis, the organic
substance decays and voids form within the shells. These permit diagenetic fluid circulation and

deposition of non-biogenic calcite.

Based on the set of applied analytical tools we can conclude that all investigated fossil shells show signs of
overprint. The overprint-derived change is minor for the shell sampled at a depth of 6m. It is severe for the shell
sampled at 308m depth. For the latter, we observe a change in calcite texture, a significant alteration in crystal

morphology, and the crystallization of secondary calcite within the shell.

Our study shows that minor to moderate diagenetic overprint of foraminifera shells can unequivocally be traced and proved

with the combination of: (i) EBSD measurements, (ii) in-depth EBSD data evaluation and (iii) submicrometer-scale imaging

of shell crystal structure and organic substance prevalence of chemically etched and chemically fixed shell surfaces. These

can be used even for specimens with intact surfaces. For tracing diagenetic overprint in an archive, it is necessary to combine

imaging with measurement techniques. The EBSD technique is perfectly suited for the latter, as the conveyed information is

solely based on measurements. These allow the calculation of criteria and parameters that can be used for identifying

diagenetic overprint. With this study, we suggest to develop the EBSD technique for the definition of structural markers that

allow the detection of shell structure change by diagenesis.
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6 Appendix

Analytical technique
Provenance used for shell structure BSE Image
characterization

Modern T. sacculifer
Eastern Atlantic Ocean EBSD
sediment trap

Modern T. sacculifer
Honjo, East Pacitic EBSD
sediment trap

Modern T. sacculifer
Honjo, East Pacific EBSD
sediment trap

Modern T. sacculifer
Carribbean Sca EBSD
sediment surface

Modern T. sacculifer
Honjo, East Pacific Etching
sediment trap

Fossil T. sacculifer
Ceara Rise
Central Atlantic Ocean Etching
109 m burial depth
burial age: 3.1 Ma

Fossil T. sacculifer
Ceara Rise
Central Atlantic Ocean Etching
308 m butial depth
burial age: 15.9 Ma

625 TFigure Al. Table listing the provenance of the investigated modern/pristine and fossil 7. sacculifer specimens, the applied
characterization technique and the surfaces of the cut and investigated shell cross-sections depicted with BSE micrographs. The
white dots in some of the micrographs point to sediment accumulations in the shell chambers.
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Analytical technique
Provenance used for shell structure BSE Image
characterization

Fossil T. sacculifer
Ceara Rise EBSD
Central Atlantic Ocean
6m burial depth
burial age: 0.127 Ma

Fossil T. sacculifer
Ceara Rise EBSD
Central Atlantic Ocean
6 m burial depth
burial age: 0.127 Ma

Fossil T. sacculifer
Ceara Rise
Central Atlantic Ocean EBSD
15 m burial depth
burail age: 0.329 Ma

Fossil T. sacculifer
Ceara Rise
Central Atlantic Ocean EBSD
109 m burial depth
Burial age: 3.1 Ma

Fossil T. sacculifer
Ceara Rise
Central Atlantic Ocean EBSD
308 m burial depth
burial age: 15.9 Ma

O Sediment within shell chamber

Figure A2. Table listing the provenance of the investigated modern/pristine and fossil 7. sacculifer specimens, the applied
630 characterization technique and depicting with BSE micrographs the surfaces of the cut and investigated shell cross-sections. The
white dots in some of the micrographs point to sediment accummulations in the shell chambers.
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635 Figure A3. The difference in texture pattern and crystal co-orientation strength between modern/pristine and fossil 7. sacculifer
shells.
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Figure A4. Compilation of low-angle misorientations for the modern/pristine and for the fossil 7. saccullifer shells. We show the
frequencies of the misorientations between 5° and 59°, thus, without the 60° misorientation. We find that: (i) the frequencies of the
low-angle misorientations for the modern/pristine, on the one hand, and the frequencies of the low-angle misorientations for the
fossil shells, on the other, differ (compare the frequencies shown in (A) with the frequencies shown in (B to D)). ii. We do not find a
marked difference in the relative frequency of the low-angle misorientations between the fossil shells.
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Figure AS. Structural criteria, obtained from EBSD measurements, for the modern/pristine and the fossil 7. sacculifer shells, that
indicate structural change of the shell-wall crystals. The structural state of the modern/pristine shell wall crystals is used as
reference for the structural state of the fossil shell crystals. Prime indicators for overprint are the misorientations between the
crystals and the crystallites that comprise the shells ((A) to (H)) and the motif of the texture patterns ((I) to (L)). As pristine
650 rotaliid shells have a very specific microstructure and texture pattern (this study; Lastam et al. 2023a, b,; Sancho Vaquer et al.
2025b), change of the latter by external perturbance is easily detected (e.g., Sancho Vaquer et al. 2025a) and can well be
demonstrated with EBSD measurements. The investigated modern/pristine 7. sacculifer shells are from the sediment-water

interface and were not in contact with the seafloor sediment.

Data availability

655 Data is available upon request.
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