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Triassic sauropodomor ph eggshell might not be soft
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The fossil record of dinosaur eggs is highly biased; dissimilar to the relatively rich egg record for
theropods and sauropodomorphs'?, ceratopsian eggs have remained unknown due to the absence of
embryo-containing eggs. Recently, based on the well preserved Protoceratops (Ceratopsia)
and Mussaurus (Sauropodomorpha) eggs, Norell et al.’ suggested a new hypothesis: first dinosaur
eggs were soft, and thus extremely dissimilar to rigid eggs of Cretaceous dinosaurs and rigid eggshells
were independently acquired by theropods, sauropodomorphs, and ornithopods. While we
acknowledge that this hypothesis is a practical working hypothesis and may be eventually true, the
interpreted ‘soft Mussaurus eggshell’ is doubtful and may undermine their conclusion and mislead
the interpretations of other fossil eggshells. The ‘soft Mussaurus eggshell’ interpretation, therefore,
requires a rigorous verification based on a solid understanding of the biomineralization of Mussaurus

eggshell.
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We have three concerns on the methodologies. First, the Raman spectrum of Mussaurus eggshell is
indicative of rigid eggshell. The Mussaurus eggshell presents a diagnostic peak for calcite (~1080 cm”
") in the Raman spectrum, which is, however, interpreted as exogeneous (abiogenic) calcite since the
surrounding limestone presents an identical signal®’. Besides, the authors report that their spectra were
replicated at three different positions in the eggshell, indicative of widespread calcite throughout the
eggshell. Admittedly, the authors might have targeted, in all cases, exogeneous calcite inside the
eggshell, but point analysis has a limitation for this purpose because no one can assure that the
selected Raman points are optimal sampling set of a ‘population’ (i.e. Mussaurus eggshell). In
addition, it should be emphasized that even a biogenic rigid eggshell can be recrystallized and
substituted by abiogenic calcite®. In this case, differentiating biogenic calcite from abiogenic calcite
by using point analysis of Raman spectroscopy alone is very hard task. A more parsimonious scenario
that should have been falsified is that the eggshell is completely composed of calcite (rigid eggshell).
For instance, rigid eggshell fossils are mostly composed of dense calcite, but sedimentary calcite is
patchily distributed at surrounding siliciclastic matrix® (e.g. Fig. 1a—c). If the calcite in the Mussaurus
eggshell is abiogenic®, the calcite distribution in the eggshell would be as patchier as the surrounding

matrix and not be perfectly consistent with the outline of Mussaurus eggshell.

Diverse analytical techniques, especially those offering line or two-dimensional mapping analyses
that reveal the calcite distribution*”’, could potentially resolve the ‘soft eggshell’? issue because
results from Raman spectroscopy point analysis alone (spectrum) needs cross-validation by an
independent approach. For example, electron backscatter diffraction (EBSD) analysis is a technique
informing on the origin of the calcite by revealing its distribution and crystallographic orientation in
an eggshell. Specifically, if the calcite in Mussaurus eggshell is indeed abiogenic?, then the crystal
orientation would be irregularly arranged as observed in abiogenic calcite and recrystallized
eggshell*’. In contrast, if the calcite indeed came from Mussaurus and has been unaltered, then it
would yield crystallographic configuration of archosaur eggshells**’. Elemental mapping using
electron probe micro-analyzer (EPMA) (e.g. Fig. 1b, ¢) or energy-dispersive X-ray spectroscopy

(EDX) focused on Ca (as a proxy of calcite), or even Raman mapping aimed at calcite (~1080 cm™)
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(see an example of Raman mapping aimed at amorphous carbon (~1580 cm™); Fig. 1f) are also

feasible approaches that enable independent test on our hypothesis of ‘rigid Mussaurus eggshell’.

Secondly, Norell et al.* assigned 1349, 1379, 1565, 1607, and 1700 (cm™") Raman peaks to protein
fossilized products (PFPs), which correspond to N-, S-, O-heterocyclic polymers. Norell et al.’ further
stated that carbonyl, N- and O-heterocycles are potent mineral-coordinating ligands and they represent
markers for biomineralization (see also Wiemann et al.*). However, soot’, amorphous carbon'® (sensu
Ferrari and Robertson'®) and coal', all of which are thermally altered organic matter, would have well
developed disordered band (D band) at ~1350 (cm™") and graphite band (G band) at ~1580 (cm™)'*!".
The D band is attributable to structural defects and heteroatoms whereas the G band is usually
contributed by the in-plane vibration of carbons in graphene sheets with Eag symmetry'!. The spectral
position of D and G bands are very similar to the 1349, 1565, and 1607 (cm™) mentioned by Norell et

al.3.

The Raman spectra of ‘soft Mussaurus eggshell’ in the spectral region of 1000-1650 (cm™) is
remarkably similar to Raman spectra reported from fully-calcified archosaur eggshells from the Upper
Cretaceous of South Korea™'? (Fig. 1a,b,d—f) that were inferred to have experienced 200-300 °C
during their taphonomic history and other thermally altered organic matter that have reached around
250-300 °C in their burial history''. This is unsurprising considering the fact that the fossil locality of
Mussaurus eggs (Laguna Colorada Formation) was deposited in a post-rift thermally induced basin'.
Therefore, the interpretation of two broad bands in 1000-1650 (cm™) of Mussaurus eggshell as a sign
of PFPs (N-, S, O-heterocyclic polymers) is doubtful based on the works of organic (geo)chemists’ .
The assignment of the peaks of 1349, 1565, and 1607 (cm™) to PFPs® would be convincing only after

excluding the possibility of D and G bands of amorphous carbon™'2,

Thirdly, the absence of birefringence in Mussaurus eggshell may not be completely indicative of an
absence of biogenic calcite. Norell et al.* reported that Mussaurus eggshell lacks birefringence and
thus claimed the absence of calcite. However, such an absence of birefringence could be a result of

the excessive thickness of the thin section. Norell et al.® indicated that the Protoceratops egg thin
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section was made to 30-pum-thick, yet the thickness of the thin section of Mussaurus egg was not
reported. In addition, in a 12-pum-thick thin section of fully-calcified, rigid passerine eggshell, the high
amount of organic matters in the squamatic zone hinders the calcite birefringence, which is
significantly different from the mammillary layer with a less amount of organic matters and clear
birefringence (Fig. 1g; see also Fig. 1h). It thus suggests that an absence (or at least weakness) of
birefringence in Mussaurus eggshell may be attributable to other reasons such as amorphous
carbon™'? or calcite grain size'* instead of the absence of calcite. Moreover, a distinctive cone-shaped
shell unit with faint curved accretion outline appears at inner surface of the Mussaurus eggshell
(Norell et al.%, fig. e, bottom left), although the thin section appears to be too thick to show the
detailed microstructure. A more adequately prepared thin section in combination with an observation
under scanning electron microscope (SEM) are required for revealing the detailed micro- and ultra-

structure of the Mussaurus eggshell.

In summary, there are methodological flaws in Norell et al.’, especially in the interpretation of
Mussaurus eggshell, and it may influence the conclusion of study. Correctly addressing the
mechanical properties of Mussaurus eggshell is fundamental in discussion of the ancestral condition
of dinosaur eggshell. We tentatively changed the character state of Mussaurus eggshell into ‘rigid’
and reran the dataset of Norell et al.®. The results show that the ancestral state of the eggshell
mechanical property of the first dinosaur changes from soft (92% likelihood proportion in the Norell
et al.’) to probably rigid with somewhat equivocal likelihood (52% likelihood proportion) (Fig. 2).
The working hypothesis of Norell et al.’ (see also Stein et al."”), although exciting, needs to be

supported by additional analysis and maybe additional specimens.
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Fig. 1 Analytical data from modern and fossil eggshells. a,b, Aenigmaoolithus vesicularis, an
eggshell type from the Wido Volcanics of South Korea. A thin section image of eggshell bounded by
two white bars (a). Raman spectra were acquired from two red dots and mapping from a dashed
square. Distribution of Ca in the eggshell and surrounding sediments detected by EPMA (b). Note that
the rigid calcified eggshell is completely composed of calcite while sedimentary calcite shows patchy
distribution, which we expect from the Mussaurus eggshell. The red part in the scale bar corresponds
to a higher amount of Ca. Modified from Choi et al.’. ¢, Rigid eggshell of Gekko gecko (Squamata)
shows similar Ca distribution with that of A. vesicularis. Modified from Choi et al.'*. d,e, The Raman
spectrum targeted at the transparent part of A. vesicularis only shows the presence of calcite (d) while

the Raman spectrum at the dark part (e) shows clear signals of calcite, D and G bands. Modified from
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Choi et al.”. f, A Raman mapping showing the distribution of amorphous carbon detected by G band
position (~1580 cm™). The distribution of amorphous carbon (f) is consistent with dark part of the
eggshell section (a). Modified from Choi et al.”. g, A 12-um-thick thin section image of Serinus
canaria (passerine) eggshell. Note that the birefringence is not clear in the squamatic zone despite the
presence of calcite. ML, mammillary layer; SM, shell membrane; SqZ, squamatic zone. h, A 50-um-
thick thin section image of Dendroolithus wangdianensis (dinosaur eggshell). Note that birefringence

is not observed in the area marked by white arrows despite the presence of calcite.
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Fig. 2 Likelihood based ancestral character reconstruction for eggshell mechanical propertiesin
Diapsida. The methodology used to obtain this reconstruction is identical to the one used by Norell et
al.?, but with Mussaurus state coded as *2’, rigid-shelled. Red, soft eggshell; blue, rigid eggshell; grey

stripes, unknown character state.

Data availability

No new data were generated in this study.
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