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INTRODUCTION

Electron backscatter diffraction (EBSD) is an analytical technique using diffraction
patterns (called Kikuchi pattern) originated from the back-scattered electrons diffracted by
the lattice plane of the material which satisfies the Bragg’s angle (Baba-Kishi, 2002; Kikuchi,
1928; Nishikawa & Kikuchi, 1928; Prior et al., 1999). The EBSD detector is an apparatus
that attaches to either a scanning electron microscope (SEM) or transmission electron
microscope (TEM). It is used by diverse fields of geology because EBSD data permit
investigation of various mineralogical properties such as phase, grain size, shape, orientation,
and boundary information (Prior et al., 2009). This type of analysis was initially introduced to
paleontology by invertebrate paleontologists because many invertebrate fossils have
mineralized hard parts that are composed of calcium carbonate (CaCOz3) and are relatively
easy to prepare for EBSD analysis (Pérez-Huerta et al., 2007; see Cusack, 2016; Pérez-Huerta
et al., 2018 and references therein).

Invertebrates are, of course, not the only taxa to use calcium carbonate as amniote
vertebrates independently developed a way to synthesize calcium carbonate for reproductive
purposes (Gautron et al., 2021). Among the three polymorphs of calcium carbonate (i.e.,
calcite, aragonite, and vaterite), calcite is most widely used for making eggshells, but turtles
lay aragonitic eggshells and a few birds lay vaterite patches on the outer surface of calcitic
eggshells (Board & Perrott, 1979; Hirsch, 1983). Thus, EBSD analysis already adopted by
invertebrate paleontologists could easily be adopted by vertebrate paleontology to study fossil
eggshells, which are probably the most numerous and widely distributed calcium carbonate
fossils of vertebrates (Carpenter & Alf, 1994; Mikhailov & Zelenkov, 2020). Since the

potential of EBSD analysis to study modern eggshells was introduced by Dalbeck and
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Cusack (2006) and subsequently by the first paleontological study (Grellet-Tinner et al.,
2011), it has become a popular technique for fossil egg research (Table 1).

EBSD mapping can be considered an advanced and complementary version of
conventional histological thin section images of fossil eggshells (Quinn, 1994) because both
techniques provide two-dimensional microstructural images of eggshells. Microstructure is
often used for observation, identification, and classification of fossil eggshells; thus, thin
sectioning has been a pivotal technique for fossil egg research since some of the earliest
analyses (e.g., van Straelen, 1925). EBSD analysis has several clear advantages over the
conventional technique. Firstly, EBSD is based on an electron microscope, which has a more
powerful magnification capability than optical microscopy (producing micron-level
resolution), so more detailed microstructural or even ultrastructural images are available.
Secondly, although crystallographic information (e.g., orientation of mineral) is also available
in optical microscopic images after interpreting cross-polarized light images of eggshells
(e.g., Rodriguez-Navarro et al., 2002), this information is automatically presented as pseudo-
colors in EBSD mappings. In other words, EBSD provides a straightforward way to
understand crystallography of eggshells. Thirdly, diverse quantitative data are available in
EBSD analysis (e.g., grain size, shape, boundary length, and boundary angle), whereas these
are either unavailable or difficult to obtain in the conventional method. There are many more
strengths associated with EBSD analysis compared with thin section imaging, so interested
readers are referred to see published studies cited in Table 1.

In this contribution, we provide a detailed protocol of best practices for EBSD
analysis of fossil eggshells. The steps explained in this work are also applicable to the study
of modern materials such as avian (e.g., Chiang et al., 2021; Choi et al., 2023; Dalbeck &

Cusack, 2006; Grellet-Tinner et al., 2017; Lopez et al., 2023) and squamate eggshells (e.g.,
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Choi et al., 2018; Deering et al., 2024; Wu et al., 2023). In the authors’ experience, applying

the protocols described below to modern eggshells also produces high quality results.

PROTOCOLS/METHODOLOGY

Selecting Eggshells

An eggshell fragment from any part of a fossil egg is acceptable for EBSD analysis.
Nevertheless, considering that sample preparation is a destructive process because the
eggshells will be embedded in non-removable epoxy resin and destroyed to expose the
sections (see below), we recommend using a fragment from a discreet part of the egg.
However, EBSD data acquisition can be considered non-destructive because it will produce
low to no damage to the analyzed surfaces, if beam current is set properly (see below).

Any size of fragment is acceptable, but (1 cm x 1 cm) to (5 mm x 5 mm) is
recommended in order to save as much of the specimen as possible. Before preparation, take
a photo or micrograph to record details of the eggshell such as ornamentation, color, and pore
distribution.

If the eggshell is embedded in sediments, or the pore system is infilled with
sediments, it is important to consider that sedimentary and/or diagenetic infillings that are
harder than calcite (Mohs scale > 3) will be difficult to polish and may produce scratches on
the eggshell surface. It is therefore recommended that as much sediment as possible be
removed from the eggshell prior to sectioning by means of mechanical or chemical
preparation. Ultrasonic cleaning with water and hydrogen peroxide (H202) of 15%
concentration is sufficient for the removal of most sediments.

Most EBSD studies are carried out on radial sections (i.e., parallel to the eggshell

growth direction) as they are more informative than tangential sections (Table 1).
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Specimen Preparation

Preparation of eggshells for EBSD does not differ significantly from that of other
carbonate specimens, but we describe it here with the intention of presenting a full procedure.
We highlight the precautions and strategies that are of special importance for eggshell
preparation. Standard EBSD analysis in a SEM requires a highly polished analytical surface.
This can be achieved with either ultra-polished thin sections, or ultra-polished stub samples.
A somewhat thicker section (> 1 mm; stub samples) can be used as an EBSD specimen, but it
cannot be used to get thin section images because light cannot pass through the section. A
thin section (0.25 to 0.60 um) is more versatile because both EBSD data and thin section
images are available from the well-polished section (e.g., study of growth lines, mineralogical
characterization, pore density, see Moreno-Azanza et al., 2016). However, polishing the thin
section specimen enough for EBSD analysis can be relatively laborious and result in both
inappropriate preparation and specimen loss. Thus, depending on the main purpose of the
study, one should consider the thickness of the cut section. To facilitate specimen
preparation, a stub can be prepared for EBSD, and its chip counterpart can be prepared as a
standard thin section for further analysis, providing comparable data. Finally, although recent
studies have shown that EBSD data can be obtained in a TEM (see below), both in
transmission and reflection mode, this technique has yet to be applied to the study of fossil
eggshell, so here we focus on the procedure for sample preparation and EBSD data
acquisition in a SEM equipped with a standard EBSD detector.

Procedure:

(1) Mix epoxy resin with hardener following the manufacturer’s recommended
proportion of epoxy and hardener. Pour the mixture (see Fig. 1A, Day 1 for appropriate

thickness of epoxy) into a disposable cup. We recommend a cup that is 3—4 cm in diameter.



124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

Let the mixture consolidate (see manufacturer’s manual for the recommended time for
consolidation).

(2) Place eggshells on the solidified epoxy surface inside the cup. To prevent bubbles,
put eggshells in a concave up arrangement. Mix epoxy resin with hardener once again and
pour the mixture onto the eggshells (see Fig. 1A, Day 2 for thickness). Let the mixture
consolidate.

(3) Remove the eggshells embedded in solidified epoxy. With a grinding turntable or
very coarse sandpaper (e.g., 200-grit), expose the radial section of eggshells (Fig. 1A). Once
the eggshells are nearly exposed, glue the flattened epoxy surface onto a glass slide. Let the
glue solidify (around one day).

(4) Cut the epoxy chip to expose the radial section of the eggshell. We recommend
using a cutting machine with a circular blade that can fix the glass slide (Fig. 1B). If the
remaining eggshell fragment is large enough, it is useful to cut it in half and save the resulting
chips as a replacement to prepare an accessory standard thin section or for curation purposes.

(5) Lap the exposed rough surface of the eggshells with abrasives (Fig. 1C). Although
our explanation here is based on manual preparations with abrasive powders and their
respective glass plates, sandpapers are also widely used for manual preparations.
Alternatively, one can use turntables for fast and convenient lapping.

Use progressively finer abrasives to acquire a highly polished surface. Use 400-grit
abrasive for one minute to erase scratches made by the circular blade. Use 600-grit abrasive
for three minutes. Use 1000-grit abrasive for seven (or a few more) minutes. Use 3000-grit
abrasives for 15 minutes. After this step, the surface will be smooth even under a microscope.

(6) Polish the exposed eggshells with diamond paste. Diamond grain size of either 1

um or 0.5 um works well (20 minutes by hand).
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(7) Polish the exposed eggshells with 0.04-0.06 um colloidal silica for 20 minutes
(Fig. 1D). Check the final status of polished eggshells with reflection mode of an optical
microscope (Fig. 1E). If the eggshells show very a clear reflection without any obvious
scratch marks, the specimen is ready for EBSD analysis (see Pitfalls to Avoid below).

(8) Coat the prepared specimen (e.g., carbon) to make it conductive (Fig. 1F; see
Pérez-Huerta & Cusack, 2009 for detailed information).

(9) Put carbon tape near the exposed eggshells and link the epoxy and glass slide to
minimize the potential electrical charging effect during SEM observations and EBSD

analysis (see Pitfalls to Avoid below).

Data Acquisition

(1) Attach the EBSD specimen onto a holder with carbon tapes. It should be firmly
atttached because the EBSD specimen will be significantly tilted during the analysis (see
below) and should not move during this time. If the analysis is expected to last several hours
(i.e., large surface or old detectors), consider gluing the specimen to the holder using
cyanoacrylate glue.

(2) Insert the EBSD specimen into an SEM equipped with an EBSD detector (Fig.
2A,B). Because the optimal setting for SEM and EBSD might be diverse depending on
equipment, pay special attention to the EBSD model and equipment geometry. We
recommend that researchers follow the recommendation of previous users or technicians in
the laboratory. Published EBSD works (Table 1) usually provide their settings, so consider
adopting those settings if necessary.

We recommend taking microscopic images under SEM (both secondary electron and
backscattered electron images) before and after the data acquisition to track any resulting

damage and to avoid loss of data.
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(3) Turn on the infrared camera within the specimen chamber and tilt the stage and
specimen to 70° (Fig. 2C). If using the pre-tilted holder, this step can be skipped. Find the
best focus by adjusting the distance between the specimen and the electron gun (Fig. 2C) as
well as fine-tuning the focus and stigmator functions. Be particularly careful about the
distance between the specimen holder and electron gun as they must not touch each other.

(4) Insert the EBSD detector. Be careful about the distance between the specimen
holder and the EBSD detector (Fig. 2C). When the detector is too far from the specimen, the
detector cannot capture the Kikuchi pattern, but when they are too close to each other, the
electron signal saturates the detection limit of the detector. Thus, find the appropriate distance
between the detector and the specimen.

(5) At this step, we strongly recommend following the established protocols of the
EBSD software manufacturers. Here, we will explain based on a software AZtec (Oxford
Instruments), which is widely used.

Include the phase of calcite (most fossil eggs), aragonite (fossil turtle eggs) or any
other minerals of interest. Consider adding additional calcite phases, such as high magnesium
calcite (up to a 3% of Mg) that may be useful in certain specimens. Calcite, aragonite and
other carbonate mineral crystal structure files are available in most EBSD pattern libraries,
but they can also be constructed using data from public databases, such as the American
Mineralogist Crystal Structure Database (Downs & Hall-Wallace, 2003). The software will
identify the main crystallographic planes and axes by using Kikuchi pattern and index
minerals based on the candidates of minerals that the researcher has included.

Make sure to capture the image of the specimen with ‘tilting corrections’ function
activated. This way, one can see the corrected sectional image as if the specimen is not tilted

(Fig. 2D).
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Set the analysis speed and Kikuchi pattern indexing quality by selecting the analysis
time and number of overlapping Kikuchi pattern images per each indexing (Fig. 2E). With
increased analysis time and overlapping images, it is possible to get better Kikuchi pattern
(with less false-negative pixels in EBSD maps), but it takes more time—thus, there is a
compromise between the quality of results and analysis time.

Set the number of reflectors to make the threshold for Kikuchi pattern indexing (Fig.
2F). With fewer reflectors, the Kikuchi pattern indexing becomes more rigorous, but it may
increase ‘false-negative’ in overall results. With more reflectors, the software will index more
Kikuchi pattern signals, but it may contain some ‘false-positive’ results.

Set a targeted mapping area and step size for each pixel (Fig. 2G). The smaller a pixel
is, the better the result will be. However, smaller step size increases the mapping time, so
there is a tradeoff between the time and quality of results. A ratio of at least 1:10 between the
step size and grain size (mostly calcite in case of eggshells) is recommended to achieve well-
defined grain boundaries in EBSD analysis (Fig. 2H).

(6) At this point the acquired patterns can be stored as bitmap images or discarded.
Storing patterns has the advantage of being able to re-index saved patterns with different
phase minerals without the need for a new acquisition. This is of particular use in case there
is uncertainty on the mineral phase composition of the eggshell (e.g., pure calcite was used,
but high magnesium calcite may be better for the mineralogy of the sample). Nevertheless,
keep in mind that a 1 mm? area of an eggshell analyzed with a 1 um step size, will produce
10° patterns. Even with the best compression algorithm, stored pattern files quickly reach tens
of gigabytes, which can be difficult to manipulate and curate. It is typically recommended not
to store patterns unless one has a good reason to do so.

(7) Take a backscattered electron picture of the analyzer area. An identical picture

should be taken once the map is finished in order to check for drift caused by beam drift or by
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physical movement of the sample, in addition to possible damages in the sample. If no or
minimal drift is observed between both pictures, the data is ready for the next phase.

(8) After the analysis, return the EBSD detector and specimen stage to their original
places in the SEM. The EBSD detector must be moved first to prevent collision between the

detector and specimen holder. Remove the EBSD specimen from the SEM.

Data Enhancement and Extraction

(1) Improve acquired EBSD maps with wild spike elimination and zero solution
extrapolation (Fig. 3A). Wild spike is an inconsistent pixel surrounded by consistent
background pixels. Apply wild spike elimination once. Zero solution is an unindexed pixel. It
is usually caused by either a weak EBSD signal caused by a rough surface (incomplete
polishing) or two overlapping Kikuchi bands in a single pixel that makes identification
ambiguous. We recommend that when a zero solution is surrounded by six or more consistent
pixels, it is treated as the same signal with the surrounding pixels. Apply up to three
consecutive zero solution corrections. Going further than this can result in artificial growth of
crystals.

(2) Extract diverse types of EBSD maps (e.g., inverse pole figure maps, Euler maps,
and grain boundary maps) depending on the purpose of study (Fig. 3B; see Data Curation
below).

Extract numerical data at the grain analysis tab, such as grain size, aspect ratio, and
misorientation histogram (Fig. 3C).

Consider using other kinds of software for EBSD data processing (Fig. 3D-F). One
can extract EBSD data of AZtec as “*.cpr/crc” or “*.ctf” file, which is universally available
in other EBSD software such as MTEX (MATLAB) or HKL Channel 5 (Oxford

Instruments).
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Data Curation and Interpretation

The final products of these protocols are EBSD maps of eggshells, which show
detailed structural and crystallographic information. For the interpretation of EBSD results,
basic understanding for commonly-used EBSD maps is useful, so we provide an overview of
mapping techniques.

Inverse Pole Figure Y Map—Inverse pole figure (IPF) Y maps show the orientation
of the c-axis of calcite. A reddish color indicates that the c-axis lies perpendicular to eggshell
surface, and bluish and greenish colors indicate it is parallel to the eggshell surface (Fig. 4A).
The distribution of c-axis orientation can be summarized by {001} pole figures. The c-axis
orientations of ‘reddish’ calcite grains are plotted on the polar regions whereas that of
‘bluish’ and ‘greenish’ calcite grains are the equatorial regions (Fig. 4A). This way, the c-axis
distribution of analyzed surfaces can be compared among fossil eggshells (both intra- and
inter-oospecific variations).

All Euler Map—Euler maps color calcite grains based on their crystallographic
orientation, so similarly oriented pixels/grains share similar colors (Fig. 4B). Specifically,
three Euler angles @1, ¢, and @2 represent the rotation about the (original) z-axis, rotated x-
axis, and rotated z-axis, respectively (Fig. 4B). The values of @1, @, and ¢ are assigned to
red, green, and blue (RGB) color gradients, respectively, and the composite color of RGB
gradients make the Euler color of each grain. Thus, Euler maps are useful to differentiate
different grains inside eggshells.

Aspect Ratio Map—Aspect ratio maps represent grain shapes of eggshells (Fig. 4C).
A calcite grain is mathematically approximated to an ellipse. If the ellipse is relatively round,

it is colored blue but if it is acute, it is colored green or even reddish colors. Shape of grains
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inside fossil eggshells is variable (both intra- and inter-oospecific variations), and aspect ratio
maps provide a quantitative way to show grain shapes.

Grain Boundary and Band Contrast Map—Although it is not mandatory, grain
boundary and band contrast maps are often presented together because detailed grain
boundary features are effectively shown above a band contrast background (Fig. 4D).
Usually, grain boundary angles of 5°~10°, 10°-20°, and >20° are colored green, blue, and
purple, respectively (note that the boundary thresholds and colors can be arbitrary selected).
The grain boundary information can be summarized in misorientation histograms (Fig. 4D).
The histogram is composed of neighbor-pair and random-pair angles. The angles between the
two selected grains (either neighbor- or random-pair) are calculated, and then, the summed
results of those numerous pairs are presented in the histogram. When the low-angle grain
boundaries (i.e., green lines) are dominant in the grain boundary map, the neighbor-pair result
in the 5°-10° region of the histogram becomes dominant (and vice versa; see the example in
Fig. 4D).

Within a single grain in band contrast maps (Fig. 4E), the region with high
crystallinity yields clear Kikuchi bands, which contribute to the bright part of the map. In
contrast, the region with poor crystallinity (e.g., inclusion of former organic matters, subgrain
boundaries) or imperfect polishing yield obscure Kikuchi bands, which make part of the
indexed grain comparatively dark. However, because intensity of Kikuchi bands is variable
depending on crystallographic orientation of different grains, investigating the difference of
band contrast is meaningful only inside a single grain.

See literature cited in Table 1 for more vivid examples of EBSD results of fossil eggs.

Pitfalls to Avoid
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Specimen Preparation—(1) If available, use a vacuum chamber to eliminate air
bubbles inside the epoxy mixture during consolidation. Bubbles near eggshells may cause
electrical charging under SEM investigation and negatively affect EBSD analysis.

(2) We recommend investing sufficient time for each lapping/polishing step (the time
taken may depend on experience of preparators). If the surface of the sample is inadequately
lapped and polished, the final EBSD maps may show significant non-indexed regions (Fig.
5C) compared with well-prepared EBSD maps (Fig. SA, B). In addition, pay attention to the
pressure being applied to the specimen (onto the lapping/polishing plate) during preparation.
If the pressure to the EBSD specimen is too low, the lapping/polishing will not be effective.
In addition, some samples may be too sensitive to colloidal silica, which results in etching of
the surface. Adjust this step of the polishing time accordingly.

(3) We recommend carefully cleaning the surface of the sample and glass plates using
running water before moving to the next step. It is extremely important that polishing cloths
and glasses are clean through the entire process, as any small particle, even coming from the
specimen, may scratch the surface. If abrasive powders are not completely removed during
earlier steps, they can potentially leave scratch marks on the surface of the sample. If, for
example, 400-grit abrasives remain in the EBSD specimen while one laps the specimen with
3000-grit abrasives, particles of 400-grit abrasive can make scratch marks, which are hard to
remove with 3000-grit abrasives. Thus, the final EBSD image may show a few scratch marks
when the EBSD map is acquired (Fig. 5SD).

We also recommend frequently checking for the presence of scratch marks or
completeness of polishing with a reflection mode of an optical microscope (Fig. 1E). This
way, significant time can be saved before running an unsuccessful EBSD analyses.
Depending on the depth and width of the scratches, preparation steps 5, 6, and 7 may need to

be repeated in order to remove the damage on the eggshell surface.
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(4) Coat the surface of the sample with electrical conductor (such as carbon or gold)
using an appropriate thickness. If the thickness of conductor is too thin or thick, a researcher
may fail to get signals due to absence or weak Kikuchi bands despite using appropriate EBSD
settings. When the coating is too thin, it can cause electrical charging even before the EBSD
analysis. In this case, a bit more coating can resolve the problem. When the coating is too
thick, Kikuchi patterns become invisible (Pérez-Huerta & Cusack, 2009). In this case, a
researcher should return to the colloidal silica polishing stage and repeat step for
approximately five minutes to peel off the coating. Then, recoat the EBSD specimen with an
appropriate thickness.

(5) After the coating, place the carbon tapes to link the epoxy surrounding the
eggshells and the glass slide to minimize the electrical charging. When it is not adequately
done, the electrons do not effectively flow out from the eggshells and their surrounding
epoxy, and it can cause poor EBSD images (Fig. 6).

Data Acquisition—(1) When acquiring Kikuchi pattern, a researcher may fail to get
signals due to invisible Kikuchi bands under inappropriate EBSD setting. SEM equipment is
sensitive and analytical conditions depend on the construction of individual instruments. In
addition, EBSD detectors in different laboratories will have diverse optimal setting under
respective SEM settings. Thus, when available, follow the instructions of technicians in the
laboratory to find the appropriate setting for the EBSD analysis.

(2) We recommend selecting the area to be analyzed on the specimen carefully and
using the weakest intensity of electron beam current/voltage possible without compromising
the quality of the analysis especially when analyzing a small part of eggshell section. If the
intensity of beam current/voltage is too strong and/or a small region of eggshell is mapped for
a long time, the exposed polished surface may be damaged by the electron beam (Fig. 7).

This means that the analyzed eggshell surface cannot be re-analyzed in future studies, which
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could have negative repercussions for the reproducibility of the study as well as for any
future works that should be based on the same specimen.

For thick eggshells, or when the area to be analyzed is relatively large, it may be
recommendable to stitch together several overlapping maps across the eggshell thickness
(e.g., Moreno-Azanza et al., 2016). This strategy will reduce the pattern distortions caused by
the angle of incidence of the electron beam, and beam and/or sample drift during this time-
consuming analysis. When using AZtec software, large area mapping and montage function
easily allow for this step. If an EBSD map is obtained by separate duration, map-stitching can
be done using ad hoc software, such as Map Stitcher, available in the Channel 5 software.
New detectors have considerably reduced the acquisition time of EBSD patterns, especially

in large areas, so this problem may be minimal with updated setups.

CONCLUSIONS/FUTURE DIRECTIONS

EBSD has become a useful tool in fossil egg research due to its ability to provide a
wide array of quantitative and qualitative data. The advent of new detectors makes this
technique fast, convenient, and relatively inexpensive. Although the initial preparation of
eggshell specimens can be time consuming, following the steps described here should result
in publishable EBSD data similar to those presented in the studies cited in Table 1. A new
EBSD researcher may further develop her/his own innovative methodologies as well after
becoming familiar with the basic protocol explained above.

Although we primarily explain the usefulness of EBSD analysis for fossil egg
research, EBSD analysis appears promising for more fields of vertebrate paleontology. In our
experience, fresh bone is very difficult to index due to its low crystallinity and high portion of

amorphous calcium phosphate (Dorozhkin, 2010; Termine & Posner, 1967), characteristics



370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

16

negative to successful EBSD analysis. However, fossil bone, which has been exposed to a
degree of diagenesis (e.g. water exposure increases crystalline apatite portion in bone;
Termine & Posner, 1967) may be more suitable for acquiring EBSD patterns. A few
promising examples of other vertebrate tissues analyzed with EBSD can be found in the
literature. For example, otoliths are also composed of calcium carbonate (CaCOs3; mostly
aragonite). Microstructure and crystallography of modern fish otoliths were investigated with
EBSD analysis (Parmentier et al., 2007; Schulz-Mirbach et al., 2013), and a recent study
pioneered the analysis of fossil fish otoliths (Stolarski et al., 2023). In addition, conodont
fossils are composed of bioapatite, but exposed and polished sections of conodonts have been
analyzed by EBSD analysis to investigate microstructure and crystallography (Atakul-
Ozdemir et al., 2021; Pérez-Huerta et al., 2012). Thanks to the recent EBSD results, the
controversial interpretations of conodont white matter (microcrystalline, macrocrystalline,
and non-crystalline) was resolved as macrocrystalline (Atakul-Ozdemir et al., 2021). This
may mean that bioapatite fossils such as bones and teeth could also become the targets of
EBSD analysis. In fact, even though it was done by EBSD attached to a TEM (as opposed to
an SEM), one study showed that enamel of human teeth also can be analyzed (Koblischka-
Veneva et al., 2018).

To summarize, although calcium carbonate is more amenable to EBSD analysis,
calcium carbonates and highly crystalline bioapatite are open to this approach. Thus, it is
worth trying EBSD analysis for any vertebrate fossils, which are composed of these
biominerals. Although it is already a wonderful scientific tool for eggshells, EBSD has the
potential to be a much more powerful tool for broader applications in vertebrate

paleontology.
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FIGURE CAPTIONS

FIGURE 1. EBSD specimen preparation. A, a good example of exposed eggshells embedded
in epoxy resin. Note the appropriate thickness of epoxy resin surrounding the eggshells (~1
cm total) and the size of cup (~3 cm); B, cutting process with a circular blade; C, lapping

process with abrasive powders on a glass plate; D, polishing by colloidal silica; E,
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occasionally check the quality of lapping/polishing with reflection mode of a light

microscope; F, carbon coating. [planned for 2/3 page width]

FIGURE 2. Data acquisition by EBSD analysis. A, inserting EBSD specimen (circle) into the
SEM; B, EBSD detector (arrow) attached to the SEM; C, inside view of the specimen
chamber of SEM. Note that EBSD specimen holder is tilted at 70° to the normal direction of
the screen of detector to get strongest diffracted electron signal, which is a key factor of
EBSD analysis. The dashed arrows mark the projection of electron beam; D—H, step-by-step
EBSD analysis by AZtec (v. 4.3; Oxford Instruments). The arrows in E and F mark the high-

quality Kikuchi bands and their automatic indexing. [planned for page width]

FIGURE 3. EBSD data enhancement and extraction. A, wild spike elimination and zero
solution correction; B, extracting diverse EBSD maps; C, extracting grain measurements and
other numerical variables; D, screenshot of ATEX (Beausir & Fundenberger, 2017); E,

PFch5; F, MTEX. [planned for page width]

FIGURE 4. Examples of expected outcomes (based on an eggshell of the Cenozoic
paleoganth Lithornis; Table 1). A, an inverse pole figure (IPF) Y map and pole figures. The
dominant reddish grains (e.g., a, B, and y) contribute to the polar regions of the {001} pole
figure, but the minor bluish grains (e.g., 6) contribute to the equatorial region. The polar
regions show the stronger signal. The color bar shows the range of multiple of uniform
density (MUD). B, an all-Euler map. In the right image, the three points x, y, and z move to
the x', y', and 7', respectively, after doing @i (red arrow), ¢ (green), and @2 (blue) rotations in
order. C, an aspect ratio map. D, a grain boundary map overlying a band contrast map,

misorientation histogram, and a schematic figure of two types of misorientations. A
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misorientation histogram shows the distribution of both neighbor-pair (blue) and random pair
(red) misorientations in the eggshell. The numbers in the x- and y-axis of the histogram
indicate frequency and angle (degree), respectively. E, an example of different band
contrasts. A black scale bar equals 250 um (A) and all whole-eggshell-size EBSD maps (A—

D) share the same scale. [planned for page width]

FIGURE 5. Successful and unsuccessful examples of EBSD analysis. A, a good EBSD map
of fossil (Lithornis) eggshells. The hatch-mark structure (arrows) is calcite twinning, which is
called herringbone pattern in some literature (e.g., He et al., 2019:fig. 4A, B; Hirsch &
Quinn, 1990:fig. 10F, 11E; Uematsu et al., 2023:fig. 2B). It is caused by diagenetic processes
(Choi et al., 2021; Ferrill et al., 2004) common in fossil eggs but not present in modern
eggshells; B, a good EBDS map of modern bird eggshell (cuckoo). There are many empty
spaces (arrows), but it is a biogenic feature of most modern avian eggshells (see Mikhailov,
1997); C, a poorly prepared modern avian eggshell. If the lapping and polishing are not
adequate, there can be poorly indexed regions, which are characterized by significant area of
zero solutions (arrows); D, scratch marks. If abrasives of earlier lapping steps (with coarse
abrasives) remain during the next step (with fine abrasives), the coarse abrasives can make
scratch marks (arrows). Scale bars equal 250 um (A); 50 pm (B-D). [planned for 2/3 page

width]

FIGURE 6. An example of electrical charging. A, due to the lack of carbon tapes that link the
epoxy and glass slide, there exist significant electrical charging that spoils the quality of the
image; B, the same region of eggshell after putting carbon tapes and making linkage between

the two parts. Scale bars equal 50 um (A, B). [planned for column width]
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FIGURE 7. An example of a damaged map. A, full image of the eggshell. Two subsequent
analyses were done at regions B and C (in order); B, a small region was analyzed; C, after
analyzing B, one more map was acquired at C. Due to the damage caused by the strong
electron beam applied to the small area in B, the damaged region made the specimen
unsuitable for further analysis (arrow). Scale bars equal 50 um (A); 25 pm (C); 10 pm (B).

[planned for page width]



