SCIENCE ADVANCES | RESEARCH ARTICLE

W) Check for updates

PALEONTOLOGY

Biogenic origin of secondary eggshell units in dinosaur
eggshells elucidates lost biomineralization process

in maniraptoran dinosaurs

Shukang Zhang"?*, Seung Choi'?t, Noe-Heon Kim>#, Junfang Xie?, Yong Park’,

Oliver Pliimper®, Albert G. Sellés’

Secondary eggshell units, though rarely observed in modern avian eggshells, are marked structures in non-avian
dinosaur eggshells that offer valuable paleobiological insights. Despite their significance, the origins of secondary
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eggshell units remain understudied, leading to debates in paleontology, including the hypothesis of an abiogenic
origin for these structures. Here, we demonstrate that secondary eggshell units in non-avian dinosaur eggshells are
biogenic in nature, based on analyses using advanced microscopic techniques. The structural characteristics of
these units suggest a formation mechanism similar to that of turtle and crocodile eggshells, with matrix fibers
likely initiating their development. Furthermore, a diminishing presence of secondary eggshell units in non-avian
maniraptoran dinosaurs points to the evolution of a more refined physiological process for eggshell formation in
this lineage. These findings shed light on the evolutionary trajectory of eggshell biomineralization in dinosaurs

and their close relatives.

INTRODUCTION

Biominerals are invaluable for natural history because they are easily
fossilized and preserved, so a substantial amount of (paleo)biological
information preserved in biomineral can be used to reconstruct the
biology of extinct organisms (1, 2). For amniotic vertebrates, egg-
shells, bones, and teeth are one of the three representative biominer-
als. Fossil eggshells not only provide morphological data (3-5) but
also paleobiological knowledge, such as paleoproteomics for the
identification of controversial eggshells (6) and paleophysiology re-
garding the body temperature of egg-laying dinosaurs (7-9). Nota-
bly, physiological processes are strongly involved in biomineralization
(10), and thus, fossil eggshells provide rare chances to infer the phys-
iological processes of extinct organisms (5, 11-14).

All archelosaur eggshells share a common formation process:
Eggshell units [specifically, primary eggshell units (PEUs)] (Fig. 1A)
composed of radial calcium carbonate nucleate on organic cores in
shell membranes and grow outward with microstructural transfor-
mation. These are the main type of eggshell units present in all arche-
losaurs, including maniraptoran dinosaurs (3). In rare cases, secondary
eggshell units (SEUs) (Fig. 1, B to D) that nucleate at areas other
than the shell membrane [e.g., superimposed eggshell units (11) and
extra-spherulite (15, 16)] have been observed in modern chelonian,
crocodilian, and (very rarely) avian eggshells (15, 17-19). In the fossil
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record, eggshells of some non-avian dinosaurs, hereafter simply di-
nosaurs, also contain SEUs; however, their evolutionary relationship
has rarely been studied.

The origin of SEUs has not been resolved. SEUs have been widely
documented in East Asian oofamilies with porous eggshell micro-
structures and were regarded as biogenic structures and as intrinsic
characteristics of several oofamilies (5, 11, 20-26). Some of these
oofamilies including Dendroolithidae, Dictyoolithidae, Faveolooli-
thidae, and Youngoolithidae have been interpreted to have a unique
eggshell formation mechanism: The eggshell units and fibers of shell
membrane form simultaneously, rather than sequentially, and new
nucleation centers repeatedly form among the organic fibers, result-
ing in superimposed SEUs (Fig. 1, E to ]) (5, 11, 20). In stalicoolithid
eggshells, new nucleation centers are only formed in the pore canals
and near the outer surface of the eggshell because of the tightly ar-
ranged PEUs (23).

By contrast, an abiogenic origin for SEUs was suggested based
mainly on the SEUs in megaloolithid eggshells laid by titanosaurs
(Sauropoda, Dinosauria) (27, 28). Grellet-Tinner et al. (29) studied
the SEUs of Megaloolithus from Spain and Argentina using a combi-
nation of polarized light microscopy (PLM), scanning electron mi-
croscopy (SEM), and cathodoluminescence (CL). They hypothesized
that SEUs are byproducts of diagenesis and that organic matter trig-
gered the formation of the pseudo-cores of SEUs. Moreno-Azanza
et al. (16) studied SEUs in Spanish Megaloolithus by additionally using
electron backscatter diffraction (EBSD), which provided insightful
results. Namely, despite PEUs and SEUs not being unequivocally
distinguished in CL images (16, 29), Moreno-Azanza et al. (16) pro-
vided a hypothesis for the abiogenic origin of SEUs based on the
following observations: (i) SEUs lack organic cores and have less in-
clusions of organic matter than those of PEUs; (ii) compared with
(truly biogenic) PEUs, SEUs have fewer low-angle grain boundaries;
(iii) most SEUs are restricted to locations more exposed to dissolu-
tion; and (iv) most SEUs grow at an angle to the general growth
direction of PEUs without disturbing the growth of adjacent PEUs.
Recently, in a study of faveoloolithid eggshells, Kim et al. (26)
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Fig. 1. Schematic drawing showing the basic information about the eggshell microstructure. (A to D) PEU and types of SEUs. (E to J) Comparison of the proposed
formation process of avian eggshells and dinosaur eggshells containing SEUs. (A) PEU. (B) SEU superimposed on PEU. (C) SEU growing in pore canal and a smaller SEU
embedded in it. (D) Small SEUs (extra-spherulites) embedded in PEU. (E to G) The formation process of avian eggshells: Shell membrane, cone, columnar, and external
layers formed sequentially in avian eggshells. (H to J) Formation process of dinosaur eggshells containing SEUs that was proposed in previous works (71, 20): Shell mem-
brane and corresponding layers of eggshell units may have formed simultaneously in dinosaur eggshells containing SEUs.

described SEUs with similar characteristics to those of megaloolithid
eggshells, such as dominant high-angle grain boundaries (16). Thereby,
Kim et al. (26) also proposed an abiogenic origin interpretation
for SEUs.

However, the frequent presence of SEUs in eggshells under spa-
tiotemporally diverse taphonomic settings (5, 15, 16, 25, 26, 29-32),
the limited available in-depth research on SEUs, and the still devel-
oping methodologies for testing the biogenicity of calcium carbonate
in fossil eggshells result in skepticism of the abiogenic interpretation
of SEUs. If SEUs were derived from the biomineralization process of
dinosaurs, this supports that the formation of some dinosaur egg-
shells was meaningfully different from that of maniraptoran dino-
saur (including birds) eggshells (5, 11, 20), which are characterized
by the near absence of SEUs (33). Furthermore, considering that
eggshell biomineralization is the outcome of the physiological evo-
lution of egg layers, a biogenic interpretation for the origin of SEUs
indirectly provides a chance to explore the disparate biomineraliza-
tion strategies and reproductive evolutionary experimentation along
reptilian eggshell evolution.

Here, we investigated the microstructure, ultrastructure, and
crystallographic features of SEUs in diverse dinosaur eggshells from
China and Spain using a combination of PLM, SEM, transmission
electron microscopy (TEM), CL, and EBSD, and compared the mi-
cro- and ultrastructures of dinosaur eggshells with those of turtle
and crocodile eggshells (i) to test the biogenicity of SEUs and fur-
ther discuss their functions, (ii) to hypothesize about the formation
process of dinosaur eggshells and their SEUs, and (iii) to discuss the
evolution of SEUs.

Zhang et al., Sci. Adv. 11, eadt1879 (2025) 30 May 2025

RESULTS

Several different Chinese dinosaur eggshells containing SEUs were
used here, including Dictyoolithus hongpoensis (IVPP RV94001),
Faveoloolithus ningxiaensis (IVPP V4709), Multifissoolithus megadermus
(IVPP V2337), Ovaloolithus mixtistriatus (INVPP V736), Parafaveoloolithus
microporus (IVPP V16857), Paraspheroolithus irenensis (IVPP V731),
Stromatoolithus pinglingensis (IVPP V33471), and Youngoolithus
xiaguanensis (IVPP V5783), which are housed at the Institute of
Vertebrate Paleontology and Paleoanthropology (IVPP; Beijing, China);
dictyoolithid (ZMNH M8889) and stalicoolithid (ZMNH M8102 and
M8929) eggshells, which are housed at the Zhejiang Museum of
Natural History (ZMNH; Zhejiang, China); Stalicoolithus shifengensis
(TTM 29), which is housed at the Tiantai Museum (TTM; Zhejiang,
China); and Placoolithus tumiaolingensis (TML 4) collected from
Tumiaoling (TML; Hubei, China). In addition, to conduct a com-
parative study, Megaloolithus siruguei (IVPP V31358) from Pinyes,
Coll de Nargo, Spain was collected and analyzed (see Supplementary
Text for the selection criteria; see table S1 for the localities and hori-
zons of all the fossil eggshells).

Several turtle, crocodile, and avian eggshells were prepared for
comparison. Specimens include a Late Cretaceous fossil turtle egg,
Testudoolithus zelenitskyae (MOR 710), housed at the Museum of
the Rockies (MOR; Montana, USA), and eggshells of modern turtles
(Astrochelys radiata, Chelydra serpentine, and Chelonia mydas from
personal collections), modern crocodile (Caiman crocodilus) that is
part of the egg collection of the Evolution and Optics of Nanostructures
laboratory at Ghent University, and modern birds (Struthio camelus,
IVPP E27; Dromaius novaehollandiae, IVPP E25) housed at IVPP.
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The primary data used in this study include EBSD maps. Figure 2
presents the basic information about the EBSD maps used in
this study.

Comparison of biogenic and abiogenic parts of dinosaur
eggshells using a combination of microscopic techniques
PLM and EBSD

The combined use of PLM images, EBSD band contrast (BC), and
kernel average misorientation (KAM) maps provides an effective
way to test the biogenicity of SEUs (Fig. 3). Here, we define “bio-
genic calcite” as made by biomineralization process of amniotes. All
other mineralization observed in this study (i.e., physicochemical
process without biotically influenced precipitation) is referred to as
“abiogenic calcite”

In PLM images, biogenic calcite is colored due to degraded or-
ganic matter (34, 35), while abiogenic calcite is translucent (Fig. 3, A
and E). In the inverse pole figure (IPF) Y images, the abiogenic cal-
cite that fills the pore canals is usually polygonal in shape and has
various c-axis directions. In contrast, the biogenic calcite has a con-
sistent c-axis direction that is oriented parallel to the main growth
direction of the eggshell (Fig. 3, B and F) (16). On combined band
contrast and grain boundary (BC + GB) maps, the abiogenic calcite
grain is characterized by a plain gray color, while the biogenic parts
have textured gray scales that sometimes accompany small-angle (5°
to 10°) grain boundaries (Fig. 3, C and G). These different features
on the BC + GB map are consistently present on KAM maps. In the
abiogenic parts, there are few high KAM lines, and even if high
KAM lines are present, the lines do not have a dominant orienta-
tion. By contrast, the biogenic parts contain abundant high KAM
lines, the directions of which are very similar to the c-axis direction
of the biogenic calcite (Fig. 3, D and H).

SEM and TEM

The SEUs and abiogenic calcite have different degrees of texture
and porosity on both the microscale and nanoscale levels. In the
backscattered electron image of the focused ion beam (FIB) foil
taken using a FIB-SEM, clear growth lines are visible in the SEUs of
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the Placoolithus eggshell (Fig. 3, I and J). In contrast, the abiogenic
calcite surrounding the SEUs lacks growth lines. In the highly mag-
nified TEM image, the SEUs are more porous than the surrounding
abiogenic calcite (Fig. 3K).

CL

CL analysis has been conventionally used to detect abiogenic calcite
in fossil eggshells (7, 16, 26, 29, 36), but it is worth mentioning that
CL does not always distinguish between biogenic and abiogenic cal-
cite (2, 37). Most of the abiogenic calcite filling the pore canals/cavities
of the Faveoloolithus, Placoolithus, and stalicoolithid eggshells do
not exhibit orange luminescence (fig. S1, A to C), probably due to a
lack of Mn?* (CL reaction activator) or a large amount of Fe’™ (CL
reaction quencher) (37). By contrast, the abiogenic calcite filling the
cavities/pore canals of the dictyoolithid and Youngoolithus eggshells
exhibit bright orange luminescence (fig. S1, D to F). The small vertical
cracks with bright orange luminescence are extensively distributed in
the eggshell units of Youngoolithus, indicating the influence of Mn-
rich fluid (fig. S1F). Some of the growth lines of the Placoolithus and
stalicoolithid eggshells exhibit bright orange luminescence, while oth-
ers exhibit faint luminescence (Fig. 3, L to N, and fig. S1). The SEUs
and PEUs exhibit faint orange luminescence for all the analyzed spec-
imens. The luminescence levels of the SEUs and adjacent biogenic
PEUs are not obviously different (Fig. 3, L to N, and fig. S1), which is
similar to the results of Moreno-Azanza et al. (16).

SEUs of dinosaur eggshells

Here, we document the SEUs of dinosaur eggshells to provide infor-
mation for discussing their biogenic or abiogenic origins and growth
patterns of the SEUs. We describe the eggshells based on their porosity
level, especially because the growth patterns of the SEUs are different.
Highly porous eggshells

The highly porous eggshells analyzed in this study are from six ootaxa:
Dictyoolithidae, Faveoloolithus, Multifissoolithus, Parafaveoloolithus,
Placoolithus, and Youngoolithus, whose pore canals or cavities be-
tween eggshell units are numerous and large (see figs. S2 to S6 for
additional images). The SEUs are cone-shaped and originate within
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Fig. 2. Basic information about EBSD images. (A) Inverse pole figure (IPF) Y map of calcite. The colors of the calcite grain represent the c-axis direction, and the black
regions indicate an absence of calcite. Red means that the c axis is perpendicular to the eggshell surface, while green and blue mean that the c axis is parallel to the egg-
shell surface. (B) Grain boundary (GB) map overlying band contrast (BC) map (grayscale). The colored lines mark the calcite grain boundaries. Green lines represent low-
angle grain boundaries, while purple lines represent high-angle grain boundaries. On the BC map, the bright region in a single calcite grain is equivalent to clear Kikuchi
band signals. In contrast, the dark (or textured) region has comparatively poorer Kikuchi band signals. (C) Kernel average misorientation (KAM) map showing the distri-
bution of KAM values. When a pixel is surrounded by neighboring pixels with divergent crystallographic orientations, the central pixel has a high KAM value. Scale bars,

100 pm.
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Fig. 3. PLM, EBSD, SEM, TEM, and CL analyses of biogenic and abiogenic parts of eggshell. (A to H) PLM and EBSD analyses of dictyoolithid (ZMNH M8889) (A to D)
and Youngoolithus (IVPP V5783) (E to H) eggshells. (A and E) Radial thin sections under normal light. The biogenic calcite is colored, while the abiogenic calcite is translu-
cent, and the red lines indicate the boundaries between them. (B and F) IPF Y maps. Note that the abiogenic calcite (marked with white lines) usually exhibits various
orientations. (C and G) BC + GB and (D and H) KAM maps of PEUs. Note that the abiogenic calcite (marked with o) has plain gray colors on the BC + GB map and low KAM
values, while the biogenic calcite () has textured gray scales with small-angle (5° to 10°) grain boundaries on the BC + GB map and high KAM values. (I) Backscattered
electron image of an SEU in a Placoolithus eggshell (TML 4), showing clear growth lines in the biogenic part (arrows). (J) Enlargement of the edge area of the SEU. Note
that the SEU is more porous (right part). The arrows indicate the growth lines. The green rectangle indicates the target area of the TEM analysis. (K) TEM image of the SEU,
showing the porous (white spots) calcite in the SEU (right) and the nonporous abiogenic calcite (left). The dashed lines indicate the boundary between the SEU and abio-
genic calcite. CL images of (L) Placoolithus (TML 4), (M) Faveoloolithus (IVPP V 4709), and (N) stalicoolithid (ZMNH M8102) eggshells. The arrows indicate the SEUs. The
dashed line in (M) indicates the contour of the SEU. Scale bars, 200 pm [(A), (B), (E), and (F)], 100 pm [(C), (D), (G), (H), and (N)], 50 pm (1), 15 pm (J), 500 nm (K), and 150 pm

[(L) and (M)].

the cavities between the PEUs or other SEUs (Fig. 4, A and B), or are
superimposed on the PEUs and other SEUs (Fig. 4, C and D). Some
of the SEUs are grouped in the middle and outer portions of the egg-
shells (Fig. 4A). In contrast, others are occasionally isolated from
each other (Fig. 4B). Under PLM, curved growth lines are visible on
the SEUs of several ootaxa (Fig. 4, A to C, and figs. S2 and $6), and
the growth lines are distributed throughout the eggshells. In the oo-
taxa without clear growth lines in PEUs, the SEUs also do not have
clear growth lines (Fig. 4D and figs. S3 to S5). In the SEM images, the
SEUs are composed of wedges and nucleation centers for the Faveo-
loolithus, Parafaveoloolithus, and Placoolithus eggshells (Fig. 4, E and
E and fig. S3A). Horizontal grooves left by the degradation of or-
ganic fibers are present in the SEUs of the Placoolithus eggshells (Fig.
4F), which are comparable to those of the modern avian eggshells

Zhang et al., Sci. Adv. 11, eadt1879 (2025) 30 May 2025

(fig. S7). The IPF Y maps show that the ¢ axis of the calcite grains of
the SEUs is radially arranged around the nucleation center and is
parallel to the eggshell growth direction in the outer portion (Fig.
4G). The BC 4+ GB map shows that the SEUs have low- to high-angle
grain boundaries and that the SEUs are composed of textured gray-
scales, but the epitaxial outer diagenetic calcite has a plain grayscale
(Fig. 4H). The KAM maps show that the textured grayscale regions
of the BC maps have high KAM values (Fig. 4, Hand I).

In some cases, SEUs are packed together and form a layer. New pore
canals appear above the layer and create a bush-like structure (figs.
S3, B to D, S4B, and S5). There is a gap between the layer of SEUs and
the underlying PEUs. Isolated small spherical SEUs fill this gap (Fig.
4,] to L, and fig. S3D). In other cases, the SEUs fill the pore canals
and extend in every direction because there is no space limitation
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Fig. 4. SEUs of the highly porous eggshells. (A to D) Thin sections under normal light. (A to C) Placoolithus eggshell (TML 4) showing (A) a group of and (B) isolated SEUs
(arrows) growing from the cavities between the PEUs, and (C) superimposed SEUs. Note the growth lines on the SEUs. (D) Parafaveoloolithus eggshell (IVPP V16857). Note
the lack of a clear growth line on the SEUs. (E and F) SEM images. (E) Placoolithus eggshell (TML 4) showing several SEUs (arrows) in the middle part of the eggshell.
(F) Enlargement of an SEU in (E), showing the nucleation center, wedges, and horizontal grooves (arrow). (G to 1) SEUs of Placoolithus eggshell (TML 4). The dashed lines
indicate the boundaries between the eggshell units and abiogenic calcite. (J to L) A layer of SEUs near the outer surface of the Youngoolithus eggshell (IVPP V5783) showing
the numerous small spherical SEUs (arrows). (M to O) A large block of SEUs in the Youngoolithus eggshell (IVPP V5783) showing the circular nucleation center (arrows).
Note that the straight green line in (O) is an artifact made by a scratch. [(G), (J), and (M)] IPF Y, [(H), (K), and (N)] BC + GB, and [(l), (L), and (O)] KAM maps. Scale bars, 200 pm
[(A) and (C)], 100 um [(B), (D), (E), and (G) to (O)], and 25 pum (F).

for growth. An extreme example is the blocky SEU with a circular
nucleation center in the Youngoolithus eggshells (Fig. 4, M to O, and
fig. S5C).

Moderately porous eggshells

The moderately porous eggshells include four ootaxa: Megaloolithus,
Paraspheroolithus, Stalicoolithidae, and Stromatoolithus, whose pore
canals are less developed compared with those of the highly porous
ootaxa (see figs. S8 and S9, A to I, for additional images). The SEUs

Zhang et al., Sci. Adv. 11, eadt1879 (2025) 30 May 2025

are small and usually embedded in PEUs and other larger SEUs or
are distributed in pore canals (Fig. 5, A to D). Many of the pore ca-
nals are blocked by SEUs in the outer portion of the eggshells (Fig.
5D). Under PLM, curved growth lines are visible on the SEUs of all
of these ootaxa (Fig. 5, A to C). The SEM image of the Megaloolithus
eggshell shows that the SEUs are composed of wedges with curved
growth lines and nucleation centers (Fig. 5E), resembling those of
Placoolithus (Fig. 4F). By contrast, the SEUs of the stalicoolithid
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Fig. 5. SEUs of the moderately porous eggshells. (A to D) Radial thin sections under normal light (A and C), cross-polarized light (B), and a tangential section under
normal light (D). The outer portion of the stalicoolithid eggshell (ZMNH M8102) shows SEUs with growth lines (A) in a pore canal (arrows) and (B) embedded in PEUs (ar-
rows). (C) Outer portion of the stalicoolithid eggshell (ZMNH M8929), showing a fan-shaped SEU with growth lines embedded in a PEU (arrow). (D) Stalicoolithid eggshell
(ZMNH M8929) showing the SEUs blocking pore canals (arrows). (E and F) SEM images. (E) Megaloolithus eggshell (IVPP V31358) showing SEUs with a nucleation center,
wedges, and growth lines (arrows). (F) Stalicoolithid eggshell (TTM 29), showing SEUs with acicular calcite crystals near and inside a pore canal (arrows). (G to I) EBSD maps
of (B). Note that the c axis of the SEUs is parallel to the eggshell’s growth direction (arrows), and the low-angle grain boundaries and high KAM values of the SEUs. (J to
L) EBSD maps of the fan-shaped SEU shown in (C). (M to O) EBSD maps of the Megaloolithus eggshell (IVPP V31358). The arrows indicate an SEU growing at an angle to the
eggshell’s main growth direction. The dashed lines in (G) to (I) and (J) to (L) indicate the boundaries between the SEUs and abiogenic calcite, and the contour of the fan-
shaped SEU, respectively. [(G), (J), and (M)] IPF Y, [(H), (K), and (N)] BC + GB, and [(l), (L), and (O)] KAM maps. Scale bars, 200 pm [(A) to (D) and (F)], 100 pm [(E) and (M) to
(0)], 300 um [(G) to (1)], and 50 pm [(J) and (K)].

eggshells are composed of acicular calcite crystals and a round nucle-
ation center (Fig. 5F).

5M). On the BC 4+ GB map, the SEUs, with exposed nucleation cen-
ters, have low- and high-angle grain boundaries (Fig. 5, H, K, and

The IPF Y maps show that the ¢ axis of the calcite grains in most
of the SEUs is radially arranged around the nucleation center and is
parallel to the eggshell growth direction in the outer portion (Fig. 5,
G and J). However, a few of them, especially those near the pore
canals, grow at an angle to the eggshell’s main growth direction (Fig.

Zhang et al., Sci. Adv. 11, eadt1879 (2025) 30 May 2025

N). On the KAM map, the PEUs and SEUs have high KAM values
(Fig. 5,1, L, and O).

Oligo-porous eggshells

The eggshell of Ovaloolithus is composed of an inner layer with pris-
matic microstructures and an outer layer with fan-shaped micro-
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structures, which are generally similar to those of avian eggshells (fig.
S9J). The pore canals are straight and rare and are much less abun-
dant than those in the other dinosaur eggshells analyzed in this study.
In one thin section, SEUs with radially arranged calcite crystals occur
among the fan-shaped microstructures in the middle portion of the
eggshell (fig. S9K), and a group of SEUs is present in a cavity in the
outer portion of the eggshell (fig. SOL).

SEUs in turtle and crocodile eggshells

Eggshells of modern turtles Astrochelys, Chelydra, and Chelonia, fossil
turtle eggshells of Testudoolithus (Fig. 6), and modern crocodile egg-
shells of Caiman (Fig. 7) were analyzed for comparison of the SEUs of
the turtle, crocodile, and dinosaur eggshells. The PLM and SEM im-
ages reveal that the SEUs of turtle eggshells are composed of an or-
ganic core and radially arranged aragonite crystals and are usually

Fig. 6. SEUs of fossil and modern turtle eggshells. (A) SEM image of T. zelenitskyae eggshell (MOR 710) showing the nucleation center (arrow). (B to F) C. serpentine
eggshell. (B) PLM image of the radial thin section. Note that some of the SEUs do not have clear organic cores (arrows). (C) SEM image, showing the SEUs with large or-
ganic cores (arrows). (D) Enlargement of the SEU in (C). The arrow indicates a smaller additional eggshell unit embedded in the SEU (tertiary eggshell unit). (E) Enlargement
of a couple of SEUs, showing the organic cores connected to the membranes between the aragonite crystals. (F) Enlargement of an SEU between two PEUs. Note the cir-
cular membranes surrounding the organic core. (G and H) A. radiata eggshell. (G) PLM image of the radial thin section under normal light. Note the dark layer of SEUs near
the outer surface (black arrows) and the isolated SEUs (white arrows). (H) SEM image, showing the SEUs near the outer surface (arrows). (I) An eggshell unit of C. mydas
eggshell. Note the small SEU embedded in the PEU (arrow). (J to L) EBSD maps of T. zelenitskyae eggshell and (M to O) A. radiata eggshell. The arrows indicate the SEUs.
Note the radially arranged aragonite grains, dominant high-angle boundaries, and high KAM values of the SEUs. [(J) and (M)] Euler, [(K) and (N)] BC + GB, and [(L) and (O)]
KAM maps. Scale bars, 10 pm [(A), (D), (E), and (I)], 50 pm (B), 20 um [(C), (F), (H), and (M) to (O)], and 100 pm [(G) and (J) to (L)].
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Fig. 7. SEUs of modern crocodile eggshells. (A and B) PLM image of C. crocodilus eggshells, showing the SEUs (arrows) embedded in the PEUs. (C) IPF Y map of (B). The
white square indicates the SEU shown in (D) to (G). (D) SEM image of the SEU. Note that the SEU has a clear organic core (arrow) and concentric growth lines. (E) IPFY map
of (D). Note that the c axis of the SEU is perpendicular to the eggshell’s main growth direction. (F) BC + GB and (G) KAM maps of (D), showing the high-angle grain bound-
aries and high KAM values of the SEU, respectively. Scale bars, 100 pm [(A) to (C)] and 20 pm [(D) to (G)].

located near the outer surface of the eggshell (Fig. 6). A few SEUs that
do not contain organic cores are also present in a radial thin section
(Fig. 6B). Most of the SEUs in the modern turtle eggshells are embed-
ded in PEUs, which is similar to the moderately porous dinosaur egg-
shells. Distinct growth lines can be observed throughout the SEUs of
the Chelydra eggshells under PLM and SEM (Fig. 6, B to F). A small
SEU is present inside a larger SEU (Fig. 6D). The SEUs of the Astro-
chelys eggshells are relatively small and form layers in the outer portion
of the eggshell (Fig. 6, G and H). The SEUs of the Chelonia eggshells
are very small (Fig. 6I). They are similar to the small SEUs in the Che-
lydra eggshell (Fig. 6D). The Euler maps show that the aragonite grains
of the SEUs are radially arranged around the nucleation center (Fig. 6,
J and M). The BC + GB map shows that the SEUs have low- and
high-angle grain boundaries, and are dominated by high-angle grain
boundaries as in adjacent PEUs (Fig. 6, K and N). The KAM map
shows that the SEUs have high KAM values (Fig. 6, L and O) (see Sup-
plementary Text for more details of SEUs in turtle eggshells).

The PLM and SEM images reveal that the SEUs of the crocodile
eggshell are embedded in the PEUs and are composed of an organic
core, circular growth lines, and radially arranged calcite crystals
(Fig. 7, A, B, and D). The IPF Y maps show that the calcite grains of
the SEUs are radially arranged around the nucleation center and the
¢ axis is perpendicular to the eggshell growth direction in the outer
portion (Fig. 7, C and E). The BC + GB and KAM maps show that
the SEU is dominated by high-angle grain boundaries (Fig. 7F) and

Zhang et al., Sci. Adv. 11, eadt1879 (2025) 30 May 2025

high KAM values (Fig. 7G), respectively, consistent with the features
of dinosaurian SEUs.

DISCUSSION
Biogenic origin of SEUs in dinosaur eggshells
The results of the combined approach adopted in this study support
the hypothesis of a biogenic origin of the SEUs in various ways. First, the
SEM images show that the SEUs are composed of wedges or acicular
calcite, which resemble the structures of the PEUs. Some SEUs also have
small and round nucleation centers (organic core) (Figs. 4, B and F, and
5, E and F). In addition, the porous calcite and horizontal grooves of
the SEUs under TEM and SEM, respectively (Figs. 3, I to K, and 4F),
indicate that the SEUs contained organic matter (e.g., matrix fibers).
Second, the horizontal and concave-down growth lines under
PLM are present throughout the eggshells, including the SEUs (22),
suggesting that the SEUs and adjacent PEUs grew simultaneously dur-
ing the biomineralization process. In summary, the SEM, TEM, and
PLM observations provide evidence that contradicts earlier research
results, which argue that the lack of organic cores and fewer inclusions
of organic matter in SEUs suggest a diagenetic origin for the SEUs (16).
Third, under EBSD, there is no major difference between
the SEUs and PEUs, but the SEUs and abiogenic calcite exhibit
considerable differences (Figs. 3 to 5). In the Megaloolithus egg-
shells, as pointed out by Moreno-Azanza et al. (16), the SEUs
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sometimes grow at an angle to the PEU growth direction in the lat-
eral parts of the PEUs. Despite the different growth directions, the
presence of growth lines, nucleation centers, textured grayscale on
the BC + GB map, and high KAM values suggest that the SEUs are
biogenic structures (Fig. 5, N and O, and fig. S8, A, I, and J), and lat-
eral growth toward the empty space between eggshell units is possible
during biomineralization, which can also be seen in the biomineral-
ization of the PEUs (Fig. 2). Moreno-Azanza et al. (16) also pointed
out that the SEUs of the Megaloolithus eggshells have fewer low-angle
grain boundaries compared with the PEUs. However, in contrast to
the low-angle grain boundaries, the areas with a textured grayscale
on the BC + GB map and high KAM values are more consistent with
the areas with growth lines, which are strong signs of the occurrence
of biogenic parts in the eggshells (see Supplementary Text for more
details). All of the SEUs of the Megaloolithus eggshells analyzed in
this study and the Megaloolithus eggshells analyzed by Moreno-
Azanza et al. (16) have a textured grayscale on the BC + GB map and
high KAM values, similar to those of the PEUs (Fig. 5, M to O, and
figs. S8 and S10). Thus, we alternatively suggest that the different
biomineralization mechanisms of the SEUs and PEUs can potentially
explain the dominant high-angle grain boundaries in the SEUs of the
Megaloolithus eggshells.

Fourth, the consistency of the CL luminescence characteristics of
the SEUs and adjacent PEUs suggests that both experienced con-
comitant taphonomic effects (Fig. 3, L to N, and fig. S1), which re-
futes the hypothesis that SEUs were formed as a consequence of
diagenesis. In addition, previously published CL images of SEUs
show that SEUs and PEUs usually have similar brightnesses (16, 29),
which is sensibly explained by a contemporaneous origin of the SEUs
in relation to the PEUs. Notably, a CL image captured by Moreno-
Azanza et al. (16) shows that the SEUs have luminescence character-
istics similar to those of abiogenic calcite, and several abiogenic
calcite grains have different luminescence characteristics. This means
that CL images only show the combined effect of CL activators and
quenchers (37), so it may be difficult to identify biogenic and abio-
genic parts of fossil eggshells via CL analysis alone without analyzing
the element composition. It is worth mentioning that the contents of
the nine elements analyzed by Kim et al. (26) are not different for the
PEUs and SEUg, indicating that the SEUs have a similar origin com-
pared to the PEUs.

As a final note, we emphasize that the SEUs of the dinosaur, tur-
tle, and crocodile eggshells are similar in terms of the presence of an
organic core, growth lines, and high KAM values, supporting a bio-
genic origin for the SEUs in the dinosaur eggshells. However, the
different mineral compositions of dinosaur and turtle eggshells (ara-
gonite in turtle eggshells) and independent acquisition of fully calcified
eggshells of dinosaurs, turtles, and crocodiles (38, 39) indicate that
their SEUs are not homologous compared with each other. Dinosaurs,
turtles, and crocodiles may have been exposed to similar reproductive
selection pressure, which yielded convergent biomineralization
processes for the deposition of eggshells. See also Supplementary
Text for the additional comparison between the SEUs and the bioti-
cally influenced spherulites.

Possible functions of SEUs

Although double-layered eggshells were considered pathological in
previous studies (13, 30, 32), the SEUs in dinosaur, turtle, and crocodile
eggshells do not form an additional layer on the outer surface of the
original eggshell layer. The universal existence of the SEUs in the
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eggshells with normal thicknesses indicates that they are probably
normal structures in archelosaur eggshells. Because of the prevalent
qualitative and quantitative diversity of SEUs among dinosaurs, tur-
tles, and crocodiles, it is reasonable to assume that these structures
evolved functions to increase evolutionary fitness. We hypothesize
that (i) fully developed SEUs, sizes and shapes similar to those of
PEUs, could strengthen the eggshell’s mechanical properties and
prevent an embryo from external damage and (ii) SEUs in the pore
canals could reduce the gas conductance of the eggshells, thus
preventing an embryo from drying out. However, the small SEUs
embedded in the PEUs or other SEUs probably had little function be-
cause other eggshell units replaced them.

In addition, the SEUs may compensate for abnormally halted PEU
growth. The layers of numerous small SEUs indicate that there was an
organic matrix containing nucleation centers above the PEUs, and the
underlying PEUs stopped growing before the formation of the layer of
SEUs (Fig. 4, ] to L, and fig. S3D). When the PEUs stopped growing for
unknown reasons, the SEUs resumed mineralization, forming layers
or blocks inside the eggshells (Fig. 4, M to O). Compared with the mod-
erately porous and oligo-porous eggshells, this possible pathological
phenomenon was more common in the highly porous eggshells, sug-
gesting that the control capacity of the biomineralization in the highly
porous eggshells may have been weaker than that in the other egg-
shells. Thus, the formation of PEUs could be replaced by the formation
of SEUs during the growth of the highly porous eggshells.

Organic control of c-axis orientation in porous dinosaur
eggshells challenges the competition hypothesis

The crystallography of porous dinosaur eggshells provides a chance
to broaden the understanding of eggshell deposition, which has mainly
been studied in modern avian eggshells. The consistent outward c-
axis orientation of the columnar layer of avian eggshells has been sug-
gested to result from a competition between adjacent eggshell units:
The crystals radiate from the organic cores in the cone layer and then
compete for growth space. Only the crystals with a ¢ axis perpen-
dicular to the surface of the eggshell survive and form a columnar
layer (10, 40, 41). However, the highly porous dinosaur eggshells do
not support this mode of formation (figs. S2 to S6 and S11). For ex-
ample, the PEUs of the dictyoolithid eggshells are isolated from each
other, and there are large cavities between the PEUs (Fig. 3, A to D,
and fig. S11A). Thus, there is no need for competition for space between
the PEUs. The SEUs are superimposed on the PEUs or are entirely
present inside the cavities, and thus, there is also little competition
between the SEUs. However, the IPF Y maps show that the ¢ axes of
both the PEUs and SEUs of the dictyoolithid eggshell were perpen-
dicular to the surface of the eggshell even in the early stage of their
development (Fig. 3B and fig. $4, E and H), suggesting that the con-
sistent c-axis direction of the highly porous dinosaur eggshells is
probably due to the control of organic matter, rather than competi-
tion between the eggshell units. This implies that the competition
hypothesis used to explain the crystallography of modern avian egg-
shells (42) may not be successfully applicable to the case of dinosaur
eggshells.

By contrast, most of the SEUs of moderately porous dinosaur
eggshells are embedded in the PEUs, and they are not restricted to
the locations more exposed to dissolution (contra 16). The fully de-
veloped SEUs are only present near the outer surface of the eggshell
(Fig. 5, B, C, and G to L, and fig. S8, A, B, and E to G). A similar
phenomenon was also observed in the turtle eggshells (Fig. 6, C and
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D). Thus, it appears that competition existed between the PEUs and
SEUs of the moderately porous dinosaur eggshells due to the limited
growth space. The c-axis direction of the SEUs deep inside the PEUs
or other SEUs is oriented parallel to those of the surrounding PEUs
or SEUs. The transverse growth of the crystals in such SEUs was hin-
dered (Fig. 5G and figs. S8K and S9D). Concerning the SEUs in the
lateral portion of the PEUs, only the crystals growing toward the cen-
ter of the PEUs were terminated (Fig. 5M and fig. S8H). Hence, the
c-axis direction of these two SEUs reflects the growth direction of
the surrounding PEUs or SEUs.

Formation mechanism of SEUs

The documented SEUs are explained by potential growing mecha-
nisms to elucidate the dinosaur paleobiology further. On the basis of
the microstructure of the highly porous eggshells and the SEUs in-
side the pore canals of the moderately porous eggshells, it is reason-
able to infer that the pore canal system and the cavities between the
eggshell units (fig. S11) were filled with uterine fluid containing or-
ganic matter (Fig. 8), which controlled the biomineralization (42).
We hypothesize that the organic matter in the highly and moder-
ately porous eggshells can be divided into two types: One is related
to the formation of the eggshell units (biomineralization) (10, 43, 44),
and the other is related to the formation of the pore canals and cavi-
ties (non-biomineralization). When the two types of organic matter
were secreted simultaneously systematically, the eggshell units, pore
canals, and cavities could be organized relative to one another. In
some cases, the pore canals and cavities could be partially filled with
organic matter related to the biomineralization, and thus, the SEUs

Shell membrane

Organic matter filling between

formed inside the pore canals and cavities (Fig. 8, A to C). When the
growth of the PEUs was interrupted for unknown reasons, the or-
ganic matter related to the biomineralization was secreted above the
PEUs that had stopped growing, forming numerous nucleation cen-
ters and resulting in the formation of a new layer or group of SEUs
(Fig. 8, D to F).

Zhao (11, 20) suggested that the eggshell formation mechanism
of the eggshells with superimposed SEUs is comparable to that of
tuatara (Sphenodon punctatus) (45, 46): The eggshell units and the
fibers of the shell membrane form simultaneously (Fig. 1, H to J).
Nucleation centers form repeatedly on the outer surface of the shell
membrane and produce SEUs. However, the shell membrane of the
archosaur eggshell is located on the inner surface of the calcareous
layer. The fossilized shell membranes preserved in the Youngoolithus
and Megaloolithus eggshells show that the nucleation centers of the
PEUs are located on the outer surface of the shell membrane, and
the shell membrane did not grow into the calcareous layer (fig. S12,
A to E), which is similar to the case of the avian eggshell (fig. S12F).
By contrast, growth lines are distributed throughout SEUs, including
the calcite crystals radiating inward (fig. S8, C and D). This indicates
that the growth of SEUs is controlled by matrix fibers (aforemen-
tioned organic matter related to biomineralization), rather than the
shell membrane fibers. The limited inward growth of the SEUs also
indicates that the formation of the matrix fibers may slightly precede
the growth of the eggshell units (Fig. 8). The SEUs of the turtle
and crocodile eggshells also suggest that an organic core could
occasionally form in the calcareous layer (Figs. 6 and 7). In partic-
ular, some of them are connected to the matrix between the calcium

eggshell units

| — || Organic matter related to
biomineralization

‘ @ Newly forming SEU

@ PEU
J | seu

Fig. 8. Formation mechanism of dinosaur eggshells containing SEUs. (A) PEUs growing from the organic cores on the shell membrane. (B and C) Typical case of
highly porous eggshells. (B) SEUs growing above the PEUs (left) or from the spaces between the PEUs (right). (C) SEUs continue growing and superimpose on PEUs (left)
or occupying the space between the PEUs (right). (D to F) Possible pathological case of highly porous eggshells. (D) PEUs stop growing. (E) Organic matter related to
biomineralization is secreted above the PEUs, and small spherical SEUs form within the organic matter. (F) Some of the small spherical SEUs continue growing, forming a
layer of SEUs. (G to ) Moderately porous eggshells. (G) Because of the limited space between the PEUs, the SEUs grow above the PEUs. (H) Both the PEUs and SEUs con-
tinue growing. The PEUs encase the overlying SEUs. The SEUs in the middle portion of the PEU grow outward with the PEU (left). Some of the SEUs are fully developed and
replace the underlying PEU (middle). The SEUs in the peripheral portion of the PEU grow toward the lateral edges of the PEU (right). New SEUs form above the SEU (mid-
dle) and PEU (right). (I) The PEUs and SEUs continue growing. New SEUs are encased by the SEU (middle) and PEU (right) below them.
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carbonate crystals, rather than to the fibers of the shell membrane
(Fig. 6, E and F).

In summary, the shell membrane fibers of the dinosaur eggshells
are restricted to the inner surface of the calcareous layer and do not
form simultaneously with the eggshell units. The similarities between
the SEUs of dinosaur, turtle, and crocodile eggshells reveal that the
formation mechanism of the dinosaur eggshells containing SEUs is
comparable to those of turtle and crocodile eggshells, rather than that
of S. punctatus eggshells.

Evolution and loss of SEUs in dinosaur eggshells

The biogenic origin of SEUs provides an unexplored opportunity to
trace the evolution of the SEUs. The recent findings regarding dino-
saur eggshells with minimal mineralization provide additional support
for the hypothesis that suggests that the most recent common ancestor
of all dinosaurs laid poorly mineralized eggs, and well-mineralized
eggs were independently developed by theropods, sauropods, and
ornithischian dinosaurs (47-49). In addition to Dinosauria, some turtles
and all crocodiles also independently developed highly calcified
eggshells (38, 39). SEUs can form only after eggshells acquire sufficient

- -

Testudines

Crocodyliformes Hadrosauria  Titanosauria

mineralization, so it is reasonable to infer that SEUs were indepen-
dently developed by turtles, crocodiles, and dinosaur clades with
fully calcified eggshells (Fig. 9A).

The current understanding of egg layers of dinosaur eggshells
containing SEUs is very limited. The only definite clades are ti-
tanosaurs and hadrosaurs, which laid Megaloolithidae (27, 28) and
Stromatoolithus (50), respectively. Moreover, highly porous eggshells
similar to the materials analyzed in this study have been either in-
ferred to be sauropods (51, 52) or confirmed to be basal tetanuran
eggshells (53), while the moderately porous eggshells have been in-
ferred to be hadrosaurs (50). Thus, in a conservative view, only or-
nithischian and sauropod eggshells had SEUs, but if at least one
eggshell analyzed in this study was laid by basal tetanuran dinosaurs
(53), then the tetanuran dinosaurs can be included as an additional
clade that had SEUs. Consequently, it can be inferred that the SEUs
of eggshells laid by turtles, crocodiles, ornithischians, sauropods,
and tetanurans have independent origins and thus are not homolo-
gous with one another (i.e., homoplasy) (Fig. 9A). Furthermore,
considering the near absence of SEUs in maniraptoran (including
modern bird) eggshells (30), it appears that the biomineralization

Sauropoda?
Basal Tetanurae?

Aves

Oviraptorosauria Troodontidae

»

/g xtinctio 4

% 1

LI |
pepe— |
s | 17
auropoda )
p 1 Maniraptora
k==
Lo 4 ®
@ @] «— > (@ | Omithischia I Saurischia @ @ Appearance of SEU
IDinosauria

| Archosauria

] Archelosauria

F ol g

Testudines Crocodyliformes Hadrosauria Titanosauria

® weakening of SEU
<+ Homoplasies

Sauropoda?
Basal Tetanurae?

Aves

Oviraptorosauria Troodontidae

e

Sauropoda

vl

L

Ornithischia

I Saurischia

IDino

| Archosauria

ArArcheIosauria

sauria (7 Appearance of SEU

@ Weakening of SEU

Fig. 9. The evolution of the SEUs. (A) The SEUs present in eggshells of turtles, crocodiles, ornithischian, titanosaurian, and potentially in basal tetanuran dinosaurs are

homoplastic to one another but became very rare among the maniraptoran eggshell

s, which may have been influenced by their physiological changes. (B) The alternative

(parsimonious) scenario based on the assumption that the appearance of SEUs is related to a deep homology (54) among archelosaurs and the common presence of SEUs
indicate parallel evolution. The question marks and dashed lines indicate the uncertainty of the egg layer information of the highly porous eggshells. The silhouettes of

the Troodontidae and Oviraptorosauria are from Phylopic (http://phylopic.org; by S.
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Hartman and E. Willoughby, respectively).

110f 14

GZ0Z ‘20 8unt uo BI0"80UB 195" MMM/:SAIY WO} PaPE0 JUMO(]


http://phylopic.org

SCIENCE ADVANCES | RESEARCH ARTICLE

mechanism (or control) of dinosaur eggshells changed near the clado-
genesis of Maniraptora (Fig. 9A).

Alternatively, the appearance of SEUs might have been deeply
rooted in archelosaur evolution [i.e., deep homology sensu (54)], so
the seemingly homoplastic appearance of SEUs in archelosaur egg-
shells may be interpreted as parallel evolution (54, 55) (Fig. 9B). Al-
though this scenario is less likely, it provides a more parsimonious
explanation for the appearance and disappearance of SEUs in arche-
losaur eggshells (Fig. 9B).

Regardless of which of the two scenarios is closer to the truth, the
evolution of SEUs offers a glimpse of the physiological evolution of di-
nosaurs. The presence of SEUs in a wide taxonomic range of Archelo-
sauria (Fig. 9) implies that starting a new mineralization (SEUs) during
the ongoing mineralization process was prevalent and the controlled
secretion of an organic matrix during biomineralization may not have
been strict enough to prevent the formation of SEUs. By contrast,
modern avian eggshells are characterized by precise temporal and
spatial control of the sequential secretion of matrix proteins, result-
ing in the formation of at least two different eggshell layers (41).
Experimental studies have demonstrated that the types of dominant
matrix proteins formed during the initial (cone layer deposition)
and mature (columnar layer deposition) stages of avian eggshell
biomineralization are different (10, 43, 44). In addition, the quantity
and diversity of these matrix proteins notably increase toward the
mature stage of biomineralization (43, 44), meaning that the effects
of the biomineralization initiator, which may cause SEUs to form
during the ongoing biomineralization process, may be very minimal
in the case of maniraptoran dinosaur eggshells containing multiple
sublayers. Most non-maniraptoran dinosaur eggshells characterized
by the presence of SEUs are composed of a single layer. In this case,
the secretion of an initiator may have been more frequent and not
interrupted by a much more dominant matrix protein, which is un-
favorable for the formation of SEUs (as in the case of maniraptoran
eggshells). Thus, the deposition of new SEUs may have been more
feasible in non-maniraptoran dinosaur eggshells.

In summary, the biomineralization of maniraptoran eggshells
would have been more organized not only regarding the fossilizable
microstructure but also for non-fossilizable physiological mecha-
nisms such as matrix protein secretions. The synapomorphic micro-
structure of maniraptoran eggshells and its underlying physiological
process would have affected the disappearance of SEUs (Fig. 9),
which is still the status quo for modern avian eggshells (33).

MATERIALS AND METHODS

Histology

All of the eggshell fragments were embedded in EXAKT Technovit
7200 one-component resin. Radial and tangential thin sections were
prepared using an EXAKT 300CP and EXAKT 400CS cutting and
grinding system (housed at IVPP). The thickness of the thin sec-
tions was about 40 pm. The thin sections were viewed and photo-
graphed under PLM using a Zeiss Axio Imager A2 (housed at IVPP).

SEM analysis

The radial thin sections of the Faveoloolithus, Megaloolithus,
Parafaveoloolithus, Stalicoolithus, Testudoolithus, and Astrochelys egg-
shells were polished using P4000 sandpaper and etched using acetic
acid (5%) for 8 min, 3 min, 7 min, 7 min, 2 min, and 30 s, respectively.
The radial sections of the Chelydra, Chelonia, and Dromaius eggshells

Zhang et al., Sci. Adv. 11, eadt1879 (2025) 30 May 2025

were polished and etched using hydrochloric acid (1%) for 45,4 s, and
40 s, respectively. All of the specimens were coated with gold. The
Faveoloolithus eggshell thin section was viewed under an FEI FEG
650 SEM [housed at Peking University (PKU)]. The Megaloolithus,
stalicoolithid, Testudoolithus, Chelydra, Chelonia, and Dromaius
eggshell thin sections were viewed under a Zeiss MA EVO25 SEM
(housed at IVPP). The Astrochelys eggshell thin section was viewed
under a TESCAN Vega 3 SBH SEM [housed at the SEM Laboratory;,
School of Earth Sciences, China University of Geosciences (CUG,
Wuhan)]. The radially fractured section of the Placoolithus and
Struthio eggshells was etched using hydrochloric acid (1%) for 15s
and 5 s, respectively, and then coated with gold and viewed under a
Hitachi S-3700N SEM (housed at IVPP) (see Supplementary Text
for more details).

The Caiman eggshell was not etched but very well-polished as in
usual EBSD specimens. The sample was carbon-coated, and the
fore-scattered image was captured by the EBSD detector (Oxford
Instruments Symmetry), housed at the School of Earth and Envi-
ronmental Sciences, Seoul National University (SNU).

FIB-SEM and TEM analyses

The sample for TEM analysis was collected from a radial thin section
of the Placoolithus eggshell. The thin section was polished using a
0.05-pm colloidal silica compound and then observed using a Helios
Nanolab G3 FIB-SEM [housed at Utrecht University (UU)]. After
choosing the target SEU, the FIB-SEM was used to prepare electron-
transparent thin foils (final thickness of <100 nm), and the Pt-coated
specimen was analyzed in the secondary electron and backscattered
electron modes under high vacuum. The analytical conditions were
an accelerating voltage of 2 to 15 kV, a low current of 0.1 nA, and a
working distance of 4 mm. Subsequently, the thin foils were analyzed
using an FEI Talos F200X STEM (housed at UU) operated at 200 kV.

EBSD analysis

The radial thin sections of the Faveoloolithus, Megaloolithus,
Multifissoolithus, Paraspheroolithus, Placoolithus, Stromatoolithus,
Youngoolithus, dictyoolithid, stalicoolithid, Testudoolithus, Astrochelys
eggshells, and Caiman eggshells were further polished using a 0.5-pm
diamond compound and then a 0.05-pm colloidal silica. The fossil
eggshells were analyzed using the Symmetry detector attached to a
JEOL JSM-7100F FE-SEM (housed at SNU) after carbon coating.
All of the specimens were analyzed using the Aztec 4.3 software un-
der an acceleration voltage of 15.0 kV and a working distance of 15.0
or 25.0 mm (56).

CL analysis

The radial thin sections of the Faveoloolithus, Placoolithus, Youngoolithus,
dictyoolithid, and stalicoolithid eggshells were viewed under a Leica
DM2700P optical microscope (housed at the Cathodoluminescence
and Scanning Microscopy Laboratory, CUG, Wuhan). The CL im-
ages were taken using an attached CITL MK5-2 CL instrument. The
working conditions were as follows: accelerating voltage of 10 kV,
beam current of 250 pA, and low-vacuum mode of 0.003 mbar.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S12

Table S1
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