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Thefirst dinosaur egg was soft
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Calcified eggshells protect developing embryos against environmental stress and
contribute to reproductive success'. As modern crocodilians and birds lay
hard-shelled eggs, this eggshell type has been inferred for non-avian dinosaurs.
Known dinosaur eggshells are characterized by an innermost membrane, an overlying
protein matrix containing calcite, and an outermost waxy cuticle?”. The calcitic
eggshell consists of one or more ultrastructural layers that differ markedly among the
three major dinosaur clades, as do the configurations of respiratory pores. So far, only

hadrosaurid, afew sauropodomorph and tetanuran eggshells have been discovered;
the paucity of the fossil record and the lack of intermediate eggshell types challenge
efforts to homologize eggshell structures across all dinosaurs® '8, Here we present
mineralogical, organochemical and ultrastructural evidence for an originally
non-biomineralized, soft-shelled nature of exceptionally preserved ornithischian
Protoceratops and basal sauropodomorph Mussaurus eggs. Statistical evaluation of
insitu Raman spectra obtained for arepresentative set of hard- and soft-shelled, fossil
and extant diapsid eggshells clusters the originally organic but secondarily
phosphatized Protoceratops and the organic Mussaurus eggshells with soft,
non-biomineralized eggshells. Histology corroborates the organic composition of
these soft-shelled dinosaur eggs, revealing a stratified arrangement resembling turtle
soft eggshell. Through an ancestral-state reconstruction of composition and
ultrastructure, we compare eggshells from Protoceratops and Mussaurus with those
from other diapsids, revealing that the first dinosaur egg was soft-shelled. The
calcified, hard-shelled dinosaur egg evolved independently at least three times
throughout the Mesozoic era, explaining the bias towards eggshells of derived
dinosaursin the fossil record.

Hard-shelled eggs are an important character defining modern birds
and are thought to have had a key role in their survival through the
Cretaceous—-Palaeogene extinction (approximately 66 million years
ago)™. The calcified avian eggshell stands in contrast to the primitive
amniote eggshell condition: early amniotes and more primitive tet-
rapods?®” laid soft eggshells. Extant archosaurs share assembly-line
oviducts®, corpus luteum morphology® and the embryonic resorption
of eggshell calcite—factors that would seem to suggest homology of
hard, calcitic eggshell among crocodilians and all dinosaurs, non-avian
and avian'®™, However, pterosaurs—the sister group to dinosauro-
morphs—laid soft eggs™ 8.

Non-avian dinosaurs are thought to have shared with crocodil-
ians, extant birds and most turtles an innermost shell membrane®, a
biomineralized protein matrix and an outer cuticle®. Sucharchitecture
is found in most previously described dinosaur eggs, regardless of
shape, size or colour”. Both the shell membrane and the biomineral-
ized protein matrix are arranged in multiple layers of varying internal
patterning. Calcitic dinosaur eggs? are generally considered hard
tissues, and their fossil record is patchy in terms of diversity and age?.
Only eggs of afew taxa—such as ornithopods, sauropodomorphs,

titanosaurs and tetanurans—have been reliably identified® 2. The
vast majority of these eggs are from the Cretaceous period* 2. How-
ever, the diversity of dinosaur taxa from the Triassic period to the
Cretaceous suggests that the apparent biases in the egg fossil record
cannot be explained solely by preferential preservation of certain
nestingsites, as previously hypothesized. Evenin highly fossiliferous
localities, such as the Mongolian Djadoktha®?* and the Tugrugeen
Shirehsite*®, where eggs and embryonic remains are relatively com-
mon, eggshells attributable to more basal dinosaur taxa have not
beenrecovered.

Previous attempts to homologize archosaur eggshell ultrastructures
failed**” because of fundamental differences in the layer organiza-
tion®?%3, Ornithopod eggshells?*®>*>?° have one calcified spherulitic
layer. Basal sauropodomorph eggshell*>™ consists primarily of a
thick membrane covered by a thin, nondescript calcitic layer®**, and
titanosaurid sauropod eggshells*>® possess a single, well-calcified
spheruliticlayer on a thinner membrane?*%¥, The number of calcified
ultrastructural layers in theropod eggshells varies between one and
three?? 242629313839 Cyrrent hypotheses assume a single evolutionary
origin of the dinosaurian calcified egg" ™.
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Fig.1|Photographs, histology and Raman spectroscopy of Protoceratops
and Mussaurussofteggshells. a,b, Clutch assigned to the basal ceratopsian
Protoceratops (a) on the basis of embryonic remains (b). The white outlined
areainacorrespondstob;thearrowinbindicates one of the white, egg-shaped
halos surrounding the embryos. ¢, Egg assigned to the basal sauropodomorph
Mussaurus. The arrow indicates the black egg-shaped halo. Scale bars,

50 mm (a),10 mm (b, ¢).d, Schematic (top) of the microstructures observedina
representative Protoceratops section (bottom; one of six technical replicates),
depictedin normal (bottom left) and cross-polarized (bottomright) light. The
eggshellis multilayered and dark brown; birefringence is observed. The

Here we challenge this idea of a single evolutionary origin of
hard-shelled dinosaur eggs by analysing embryo-bearing, soft-shelled cer-
atopsian and basal sauropodomorpheggshells, and reveal through new
organochemical, ultrastructural and statistical analyses that hard-shelled
eggs evolved at least three times independently in dinosaurs.

We analysed an exceptionally preserved ornithischian egg clutch
(IGM100/1021), attributed to Protoceratops, from the Ukhaa Tolgod
locality (Campanian/Upper Cretaceous) in Mongolia'2 This speci-
men comprises a clutch of at least 12 eggs and embryos (Fig. 1a, b), 6
of which preserve nearly complete skeletons (Fig. 1b). Although all
vertebral elements remain unfused, the pedal phalanges including
unguals are ossified. Nine of the 12 embryos preserve long bone ele-
ments, which differ in size by at most 15%, indicating individuals of
comparable developmental stage.
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maximum eggshell thickness measures 0.3053 mm (0.3353 mmincluding

the phosphatizedlayer). Raman point spectra (right) were acquired at the
positions labelled withbold numbers, each spectrum with ten technical
replicates, at three distinct eggshell positions (the same applies to e). PFPs
areinbrown, and epoxy and sediment arein grey. e, Schematic (top) of
microstructures inthe Mussaurus section (bottom) under normal (bottom left)
and cross-polarized (bottomright) light. Multiple layers are evident within the
eggshell, which lacks birefringence. The maximum eggshell thickness
measures 0.1227 mm.

Associated with most of these embryos is a diffuse black and white
egg-shaped halo (Fig. 1b). This halo surrounds various individuals,
obscuring some skeletal elements. Most of the embryo vertebral
columns and limbs are flexed, consistent with in ovo preservation.
Combined outlines of eggs and embryos suggest an ellipsoidal egg
of approximately 121-125 mm by 60 mm. By contrast, two potentially
hatched neonates rest dorsal side down with their vertebral column
fully extended and limbs oriented out to the sides. These two individu-
als are largely free of the mineral halos that surround the remaining
late-stage embryos.

Histological evaluation of the egg-shaped halos reveals a
305.3-pm-thick (maximum thickness), dark brown, semi-transparent
and multilayered (Fig. 1d, e and Supplementary Fig. 1) carbonaceous
zone on top of a 30-pm-thick (maximum), white crystalline layer. The
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Fig.2|Biomineralizationand
evolution ofhard- and soft-shelled
eggs. a, Discriminant analysis of
informative Ramanbands (n=14) in
fossil eggshells (n=20) and sediments
(n=9).Theblue (eggs) and grey
(sediment) vectors characterize how the
sample groupsdiverge.b, Discriminant
analysis of Ramanbands (n=12; spectra
acquired with 10 technical replicates) of
proteins (and PFPs) in soft-shelled
(n=13) and hard-shelled (n=13) fossil
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dotsindicate soft-shelled and
hard-shelled eggs, respectively, and the
corresponding vectors characterize
how samplesdiverge. Discriminant
factorsarelisted for each cluster.
Chelating ligands are presentonlyin
biomineralized eggshells, and are
absentinsofteggs. ¢, Simplified
phylogeny showing the evolution of
eggshellin Archosauria(n=18taxa
shown, based on n=112 diapsid taxa).
Mechanically soft eggshellis found tobe
ancestral for Archosauria, Ornithodira
and Dinosauria. The schematics of
eggshellstructures distinguish
membrane (blue) and crystalline (pink)
layers. Coloured eggs mark the
appearance of egg colour”.
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absence of birefringence or extinction in the brown eggshell layer, as
well asits irregular arrangement in cross-section and its apparently
pliable nature even when fossilized, suggests an organic composition
(Fig.1d). Insitu Raman spectroscopy corroborates an organic composi-
tion of the brown eggshell layer, and reveals the presence of protein
fossilization products*>* (PFPs) and phosphate (the white layer) in the
Protoceratops eggshell. Neither phosphate nor comparable PFPs are
foundintheassociated sediment. PFPsin the Protoceratops eggshells
containrelatively high amounts of S-heterocycles, which are charac-
teristic of eggshell-derived organic matter**°#,

Our sample also includes eggs attributed to the basal sauropodo-
morph Mussaurus (Fig.1c) fromthe Laguna Colorada Formation (Late
Triassic/Early]Jurassic). These eggs were found at the same locality and
stratigraphic level as the type material of Mussaurus patagonicus*.
Several eggs preserve embryonic and juvenile specimens, and pre-
served mandibles bear apomorphic features of M. patagonicus®. The
thineggshell stands out from the grey-whitish micritic limestone sedi-
mentowingtoits dark-brown colour. Histological evaluation reveals a
122.7-pm-thick (maximum thickness), dark brown, semi-transparent,
apparently multilayered carbonaceous film (Fig. 1d, e and Supple-
mentary Fig. 1), comparable to the Protoceratops soft eggshell. The
dark brown layer shows no birefringence under cross-polarized light,
consistent with an organic composition (Fig. 1e). In situ Raman spectro-
scopicassessment identifies peroxidized PFPsin the eggshell organic
layers'*°*! (Fig.1e; see Supplementary Table 2 for band assignments).
A calcite signal associated with the Mussaurus eggshell is identical in
crystallinity and Raman shift to the surrounding limestone sediment
(Fig.1e), and given that we identified no eggshell minerals through
polarized light microscopy (Fig. 1e), we attribute this signal to sedi-
mentary calcite (Supplementary Fig. 2).

We used Raman spectroscopy to fingerprint the chemical composi-
tion of Protoceratops, Mussaurus and other extant and extinct diapsid
eggshells (n=26), as well as associated sediment samples (n=9) (Sup-
plementary Table 2). For each sample, we extracted relative intensities
atn=12Raman band signals characterizing the organic phase in fossil
eggshells and sediments (Fig.2a and Supplementary Table 1). In addi-
tion, for alleggshell samples we compiled relative intensities of n =14
Raman bands characteristic of proteins (extant samples) and PFPs
(fossilsamples) (Fig. 2b), and converted the intensities to ataxon-char-
acter matrix. We used the dataset on the eggshell and sediment organic
phase in a discriminant analysis, and used the protein/PFP dataset to
discriminate biomineralized and non-biomineralized componentsin
both fossil and extant eggshells.

The eggshell-sediment discriminant analysis revealed that the key
compositional difference between fossil eggshells and sedimentsis the
presence ofincreased quantities of PFPs (N-, O- and S-heterocycles) and
unaltered peptide bonds in the hard- and soft-shelled eggs (Fig. 2a).
The peptide bonds and abundant PFPs in fossil eggshells are therefore
identified as endogenous, whereas sediment organics are mostly per-
oxidized aliphatics* (Fig. 2a).

Analysing the protein/PFP data for fossil and extant soft
(non-biomineralized) and hard (biomineralized) eggs revealed that
non-biomineralized eggshell proteins/PFPs are characteristically
enriched in thiols, thioethers and S-heterocycles and appear rather
degraded* (Fig. 2a). Hard eggshells preserve PFPs withstill-intact pep-
tide bonds and contain abundant chelating ligands—that is, organic
groups that engage with the mineral phase*. We identify carbonyls,
N-heterocycles and O-heterocycles as potent mineral-coordinating
ligandsin eggshell proteins (extant samples) and PFPs (fossil samples);
they represent suitable markers for assessing biomineralization in
fossils*.

Hierarchical clustering of selected protein/PFP Raman bands from
24 diapsid samples grouped Protoceratops and Mussaurus eggshells
withnon-biomineralized, soft eggs separately from a cluster of biomin-
eralized, hard eggs (Extended DataFig. 1; see details in Supplementary
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Information, section 2). Weincluded extracted shellmembranes from
modern eggshells to prevent phylogenetic attraction of proteins/
PFPs in the cluster analysis* (Supplementary Information, section 2).
The extracted eggshell membranes clustered with soft eggshells as
non-biomineralized proteins/PFPs.

Using these biomineralization data and available eggshell mechani-
cal properties in the literature (Methods and Supplementary Infor-
mation sections 2, 7), we ran an ancestral-state reconstruction with
both parsimony and likelihood algorithms to elucidate the nature of
the eggshell at the divergence of the three major clades of dinosaurs
(Fig. 2c, Supplementary Figs. 3-8 and Supplementary Tables 3, 4).
We found that the first dinosaur egg was soft-shelled and that rigid,
calcified eggshell evolved independently in the three major lineages
of dinosaurs. This convergent acquisition of eggshell calcificationin
dinosaursis paralleled by that in other reptiles®” and resolves previous
problems inhomologizing ultrastructural layers in dinosaur eggs®: the
calcitic eggshells of ornithopods, sauropods and theropods are not
homologous. Theseindependent origins explain the increased number
of eggshells found at different localities towards the Late Cretaceous
asadvanced ornithopods, titanosaurs and tetanurans diversified?”.

Mussaurus and Protoceratops laid, as with many other dinosaurs,
soft eggs that placed entirely different demands on the nesting envi-
ronment. Soft eggshells are more sensitive to water loss (and there-
fore cannot be stored in the open®), and offer little protection against
mechanical stressors, such as a brooding parent. Dinosaurs laying
soft-shelled eggs probably buried them in moist sand or soil, where the
developingembryosrelied on external incubation (such as heat result-
ing from decomposing vegetation) and parental nest careincluded, at
most, nest guarding.

In conclusion, the non-biomineralized, soft nature of both Protocera-
tops and Mussaurus eggs provides direct evidence for theindependent
evolution of calcified eggs in dinosaurs. This discovery ties in with
recent findings of several reproductive traits, such as egg colour’®**,
paternal nest care'?**and open nest structures'?, that are confined to
theropod dinosaurs, representing an independent lineage of eggshell
evolution. Thereproductive physiology of theropods differs consider-
ably fromthat of derived ornithischians and sauropods, and may have
played akey partinthe Cretaceous-Palaeogene survival and radiation
of modern birds.
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Methods

Small fragments of egg-shaped halos and surrounding sediments
in the Protoceratops (IGM 100/1021) and Mussaurus samples were
thin-sectioned, photographed and redrawn. Eggshells of extant taxa
(Supplementary Table 2) were decalcified in 2 M hydrochloric acid,
rinsed in deionized water, and dried onto microscope glass slides.
Raman microspectroscopy was performed on modern and fossil egg-
shells and membranes (n =26 eggshells and n =9 sediments), using a
HoribaLabRam HR800 (Department of Geology and Geophysics, Yale
University, CT) with 532 nm excitation (20 mW, 20 s, 10 technical repli-
cates). The spectrawere obtained over the range from100-2,000 cm™
and processed in LabSpec 5 (Supplementary Information, section 2).
Intensities in eggshell and sediment spectra were selected for two
band sets (Supplementary Tables 1, 2): a dataset covering signals of
organicsinboth eggshellsand sediments, and adataset covering egg-
shell protein and PFPs (listed in Fig. 2a, b). These datasets (Fig. 2a, b)
were converted into variance-covariance matrices, and subjected to
discriminant analyses in PAST 3.0.

On the basis of the eggshell data and the published literature, we
carried outboth parsimony- and likelihood-based ancestral-state recon-
structions (n =112 extinct and extant diapsid taxa). As the published
literature did not assess biomineralization, but rather mechanical
eggshell properties, coding distinguished between soft, semi-rigid
and rigid eggshells on the basis of the relative thickness of eggshell
membrane and crystalline layer (soft, less than 50%; semi-rigid, 50-67%;
rigid, more than 67%). Sample randomization and blinding do not apply
to this study (see Supplementary Information, section 2 for details).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Allrelevant Raman spectra and eggshell codings are available within
this paper andits Supplementary Information. Materials are available
fromthe corresponding authors upon reasonable request.
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Extended DataFig.1|Hierarchical cluster analysis of biomineralization
signatures preservedin eggshell proteins (extant samples) and their
fossilization products (fossil samples). The topology represents a cluster
analysis of n=24 selected eggshell protein and PFP bands (Methods). Sampling
of both biomineralized proteins (in situ analysis) from hard-shelled eggs and
extracted, non-biomineralized membranes from soft and decalcified
hard-shelled (Caiman, Alligator, Emys, Mesoclemmys, Phrynops and Gallus)
eggs avoids phylogeneticattraction of the included fossil samples, and thereby
allows eggshell clustering on the basis of the protein and PFP biomineralization
signal. Two separate clusters of biomineralized and non-biomineralized
eggshell proteins/PFPsarerecovered. Pink nodesillustrate biomineralized egg
proteins/PFPs, and blue nodes represent non-biomineralized eggshell
proteins/PFPs. The eggiconsillustrate whether samples represent originally
hard or softeggshell. One spectrum only was used for Mussaurus, as there is
not much compositional variation across the eggshell (Fig. 1e), whereas all
threeeggshell spectrawere sampled for Protoceratops, owingto the
differencesin composition across the eggsection (Fig.1d). Hard-shelled
Alligatorand turtle eggshells were excluded from this biomineralization
analysis, as they do not produce any substantial organic signal with the
spectroscopy protocol used (Supplementary Information and ref. **). Both
Protoceratops and Mussaurus eggshells are nested within the cluster of
originally non-biomineralized eggshell proteins/PFPs.
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Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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OXO O OXK X XK

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X [ X

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection No customised computer code was used to collect data for this study. All Raman data were collected using the LabSpec 5 software, and
all histological sections were imaged using Leica LAS Core Software.

Data analysis Acquired Raman spectra were standard-processed in SpectraGryph 1.2 spectroscopic software (freeware). Spectral data were stored as
taxon-character matrices in Microsoft Excel (Office 365). The DA and Cluster Analysis were run in the PAST 3 software (freeware). An
ancestral state reconstruction was run in Mesquite 3.40. Compound figures were created in Photoshop CS5.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The authors declare that all relevant Raman spectra and eggshell codings are available within the manuscript and its Supplementary Information. Materials can be
made available upon request to the corresponding author.
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[ ] Life sciences
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

We present mineralogical, organochemical, and ultrastructural evidence for an originally non-biomineralized, soft-shelled nature of
exceptionally preserved ornithischian Protoceratops (n=1, spectra with 3 replicates throughout thickness) and basal
sauropodomorph Mussaurus eggs (n=1, spectra with 3 replicates throughout thickness). Statistical evaluation (Discriminant Analysis +
Hierarchical Cluster Analysis) of in situ organic phase Raman spectra (10 accumulation = technical replicates for each eggshell
spectrum) obtained for a representative set of hard- and soft-shelled, fossil and extant diapsid eggshells (total n=24 + n=1
Protoceratops + n=1 Mussaurus), clusters the originally organic, but secondarily phosphatized Protoceratops and the carbonaceous
Mussaurus eggshells with soft eggshells. Histology corroborates the organic composition of these two soft-shelled dinosaur eggs,
revealing a stratified arrangement resembling soft turtle eggshell. An ancestral state reconstruction (maximum parsimony &
maximum likelihood, total n=112 specimens) of composition and ultrastructure compared eggshells from Protoceratops and
Mussaurus to those from other archosaurs, and revealed that the first dinosaur egg was soft-shelled. The calcified dinosaur egg
evolved at least three times independently throughout the Mesozoic, explaining the bias towards eggshells of highly derived
dinosaurs in the fossil record.

We used exceptionally preserved ornithischian Protoceratops (n=1, spectra with 3 replicates throughout thickness) and basal
sauropodomorph Mussaurus eggs (n=1, spectra with 3 replicates throughout thickness).This material complemented with a total of
n=24 hard- and soft-shelled, fossil and extant diapsid eggshells, and eventually contextualised in an Ancestral State Reconstruction
covering a total of n=112 specimens (literature-based).

No sample size calculation was performed, and Protoceratops and Mussaurus present the only currently known soft dinosaur
eggshells. Other hard- and soft-shelled, fossil and extant diapsid eggshells were selected for a representative coverage of the diapsid
phylogeny, and the Ancestral State Reconstruction includes all fossil eggshell types published to our knowledge.

Mark Norell collected the Protoceratops eggshell specimen, and Diego Pol collected the Mussaurus eggshell specimen. The
Protoceratops thin sections were prepared by David Varricchio and Anita Moore-Nall. The Mussaurus thin sections were prepared by
Jasmina Wiemann. Jasmina Wiemann designed the Raman spectrscopy protocol, developed the biomineralisation proxy, collected,
processed and analysed all Raman and histological data. Matteo Fabbri collected all literature data for the ancestral state
reconstruction, and ran the analysis.

Specimens are housed at the AMNH New York and the Yale Peabody Museum. All data were collected in 2019, at Yale University in
New Haven, CT.

In the cluster analysis shown of hard- and soft-shelled eggs, the organic phase was used to characterise if fossil samples were
biomineralised or not. With the requirement of organic spectral signatures, hard-shelled Alligator and turtle eggshells had to be
excluded, as they did not produce a significant organic signal with the Raman surface assessment (these are hypercrystalline
eggshells). When mapping out Raman signatures of protein fossilisation products, amides, and S-heterocycles across polished egg
sections, one of the two soft-shelled dinosaur eggs, the Protoceratops sample, had to be excluded from Raman mapping due to the
crumbly nature of the phosphatized organic eggshell. Texture effects resulting from a crumbly surface in a polished section affect
Raman signatures, especially in mapping procedures. Signal quality is a pre-determined criterion when analysing fossil organic
matter.

All spectra were acquired with 10 accumulations = technical replicates, and replication of the biomineralisation proxy has been
successfull

Randomization cannot be applied to this study, because Raman spectra are characteristic for every sample, and can be taxonomically
assigned at a glance based on their unique and distinctive taphonomic and compositional signatures. Also, we do not use any
statistics that would require randomization. Samples were grouped together based on their identity (eggshell versus sediment), and
their degree of biomineralisation (biomineralised versus non-biomineralised). The Principal Component Analysis and Discriminant
Analysis shown in the Figs. 3, 4 suggests that samples group based on their organic phase as eggshell or sediment, and as
biomineralised or non-biomineralised.

Spectral data were analysed 'blinded' for the hierarchical cluster analysis, and sample identity was only revealed in the result of the
analysis. Otherwise, blinding did not apply for our study, since Raman spectra of different eggshells contain characteristic spectral
features, and are readily identifyable even without associated specimen information.

Did the study involve field work? [ ] Yes X No
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology |Z| |:| MRI-based neuroimaging

Animals and other organisms
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Palaeontology

Specimen provenance We analyzed a well-preserved ornithischian egg clutch (IGM 100/1021) attributed to Protoceratops from the Ukhaa Tolgod
locality (Campanian), Mongolia. Our sample also includes eggs attributed to the basal sauropodomorph Mussaurus (Fig. 1c) from
the Laguna Colorada Formation (Late Triassic/Early Jurassic). These were found in the same locality and stratigraphic level as the
type material of Mussaurus patagonicus. Several eggs preserve embryonic and juvenile, including elements of the mandible.
These elements bear apomorphic features of Mussaurus patagonicus, including a dentary with anterodorsal peg at the
symphyseal anterior end

Specimen deposition The Protoceratops clutch is housed at the AMNH in New York, and the Mussaurus eggshells are housed at the CONICET, Museo
Paleontoldgico Egidio Feruglio, Trelew, Argentina.

Dating methods No new dates are provided in our study.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.
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