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Abstract 

 

Paleontological, neontological, and taphonomic studies for amniote eggshells 

with analytical approaches 

 

Seung Choi  

School of Earth and Environmental Sciences 

Graduate School  

Seoul National University 

 

Eggshells are biominerals that provide reproductive information of vertebrates. In 

paleontology, fossil eggshells offer a unique chance to investigate the reproductive 

paleobiology of extinct taxa because diverse information inscribed in fossil eggshells are 

unavailable from other types of fossils such as fossil bone and trace fossi ls. In addition, 

geologic information has been added to once-purely-biogenic-biomineral because fossil 

eggshells have experienced fossilization process . Being a discipline with biogenic calcite, 

compared to other fields of vertebrate paleontology, fossil eggshell research can share 

diverse methodologies with other fields of geology and biology, which are based on 

analytical approaches (e.g. mineralogy). Hence, it can have broad implications to diverse 

fields including, but not limited to, paleontology per se, neontology, and sedimentology. In 

this dissertation, firstly, I focused on the microstructure and crystallography of fossil and 

modern eggshells using a device called Electron Backscatter Diffraction (EBSD), which has 

been a powerful tool in materials science and structural geology. The results can be 

summarized in the four points. First, the crystallographies of gekkotan and archosaur 

eggshells were completely different from each other, meaning that calcified eggshells of 

those clades are independent and homoplastic in their origin. Secondly, the presence of the 

external zone and squamatic zone in maniraptoran eggshells can be identified by comparing 

the linearity of grain boundaries of the two zones. In addition, the two different 
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misorientation distribution pattern could be found between them. Thirdly, the crystallography 

of „geckoid‟ eggshells from Upper Cretaceous deposits in Europe confirmed that they are, in 

fact, maniraptoran dinosaur eggshells. Fourthly, the microstructural and crystallographic 

evolution of modern paleognath eggshells were investigated, which can be helpful to 

understand the evolution of eggshells in modern maniraptoran clades. Moreover, the dark 

color of fossil eggshells from the Korean Peninsula is mainly attributable to the presence of 

amorphous carbon, which can be detected by Raman spectroscopy. The amorphous carbon 

signal of Raman spectrum records the maximum paleotemperature that the fossil material 

experienced. The deconvolution approach of amorphous carbon in Raman spectrum 

developed by organic geochemist was adopted in this study, which allows estimating the 

maximum paleotemperature of fossil locality. These studies clearly show that EBSD can 

provide more objective results on the microstructure and crystallography of diverse amniotic 

eggshells than conventional techniques do. They are not only useful for correct identification 

and classification for fossil eggshells but also helpful to read latent paleobiological 

information. Notably, crystallographic data might be related to the ethological feature of 

Maniraptora because the strength of eggshells might be related to the microstructure and 

crystallography of eggshells. Raman spectroscopic results imply that fossil eggshells might 

be a useful material to infer the maximum paleotemperature of terrestrial basins. It is because 

the spectroscopic analysis has been usually focused on marine microfossils and kerogen 

organic materials rather than terrestrial macrofossils. If the same logic works in the 

biocarbonate of amniotic eggshells, fossil eggshells can be used as invaluable materials to 

infer the sedimentological and taphonomic setting of the terrestrial fossil-bearing deposits. In 

short, EBSD and Raman spectroscopy are essential tools to get novel information from 

eggshells that we had never acquired before. Along with this new technology, future research 

should be focused on combining statistical and analytical methods to correctly interpret 

hidden information from fossil and modern eggshells.   

 

 

 



iii 

` 

Keywords: Crystallography, Eggshell, Electron backscatter diffraction, Microstructure, 

Raman spectroscopy 

Student number: 2015-20473 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

` 

초록 

 

분석 기법을 활용한 양막류 알들에 대한 고생물학 , 현생생물학 , 화석화과정적 연구  

 

최승 

지구환경과학부 대학원 

서울대학교 

 

알은 척추동물의 번식 관련  정보를 제공하는 생광화 물질이다 . 고생물학에서 , 

화석알에 기록된 정보들은 뼈  화석이나 흔적 화석에서는 얻어질 수  없기 때문에  

화석알은 멸종한  종들의 번식  관련  정보들을 얻기에  최적의 조건을  제공한다 . 

또한 화석알들은 화석화 과정을 거쳤기 때문에 순수한 생광화물질에서는  

기대하기 힘든 지질학적 정보  역시 제공한다 . 생물 기원  Calcite 에  기반한  

화석알 연구는 척추고생물학의  다른 분야와 비교했을 때  분석학적 방법론에  

입각한 인접 지질학, 생물학 분야의  방법론들을 이용하기 용이하다 . 또한  

고생물학 그 자체 , 현생 생물학 , 퇴적학에  걸치는 여러 분야들에  파급력을 미칠  

수 있다 . 결과는  크게  네  가지 점으로  요약된다 . 본  학위  논문에서는  물질  과학과  

구조 지질학에서 널리  사용되는  도구인  Electron Backscatter Diffraction 을 

이용하여 화석과 현생 알들의  미세 구조  및 결정 구조를  분석하였다 . 첫째 , 

도마뱀붙이와 지배파충류의 결정 구조는  완전히 다르며, 이는  그들의 광물화된  

알들은 완전히 독립적으로 나타났고 수렴적 현상임을 의미한다 . 둘째, 

Maniraptora 공룡 계열의 Squamatic Zone 과 External Zone 의 존재성은 결정 

경계면의 선형 정도를 비교함으로써  검증해 볼 수 있음이  밝혀졌다. 또한 , 크게  

두 가지로 구분되는 결정 구조 패턴이 존재함 역시 밝혀졌다 . 셋째, 유럽 상부  

백악기 층의 이른바  „도마뱀붙이알 ‟의 결정 구조를 조사하여  이  알들이 사실은  

Maniraptora 에 속하는 공룡알임을 밝힐 수 있었다 . 넷째, 현생 Palaeognathae 의 

알들의 미세구조와 결정구조  연구가  이루어졌고 , 이는  현생 Maniraptora 에서 

알의 구조들이 어떻게 진화하는지를  볼 수  있는 적절한 현생  사례가 될 수  있을  

것으로 보인다. 한편 , 라만 분광분석을 통하여 한반도 알 화석이  가지는 어두운  
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색깔은 대부분 비정질 탄소의 존재로 인한 것임을 밝혀낼 수 있었다 . 비정질 

탄소의 라만 스펙트럼은 화석 시료가 받은 최대 온도를 기록하고 있다 . 비정질 

탄소의 라만 스펙트럼은  여러 요소들로 분리되어 해석할  수 있음이  

유기지화학자들에 의해 연구되어 왔고 , 이를 이용해 화석지가 받은 최대 온도를  

추정해 볼 수 있었다 . 이 연구들은 EBSD 결과가 다양한 양막류 알들에 대한 좀  

더 객관적인 미세구조, 결정구조적 특징들을 제공함을 보여주며, 이 결과  

대부분은 전통적인 방식에서는  얻기가  힘든  결과들이다 . 화석  알들에 대한  정확한  

동정 및 분류라는 기본적  목적을 넘어  그 안에 담겨있는 숨겨진  고생물학적  

정보들을 읽을 수 있음이 가능함을  보여준다 . 특히 알껍데기의  강도는 미세  

구조와 결정 구조에  직접적으로  관련되어 있기 때문에 , 이  정보들은  

Maniraptora 의 동물 행동학적 양상에 대한 간접적인 증거가 될 수도 있다. 만약  

이 추정이 더 뒷받침된다면 , 화석화된 생물유래 광물을 통해 생물의 행동 양식을 

추정할 수 있는  새로운  접근  방식이 될  수  있을 것이다 . 라만 분광  결과는  육성  

분지가 지질학적 진화 과정에서 겪은 최대  온도 추정에 있어 화석 알이 유용한  

시료가 될 수도 있음을 보여준다 . 이 연구에서 활용된 분광 기법은 주로 해양  

미화석이나 kerogen 유기물에 적용되어  왔으며 , 육상  거화석에는 거의  적용되지  

않았다 . 이후 연구들을 통해 더  뒷받침된다면 , 화석을 함유한 퇴적층들의  

퇴적학적 , 화석화  과정을  연구하기  위한 시료로서의 화석알의  가치는 더  커질  

것으로 전망된다 . 요약하면 , EBSD 와 라만 분광기는 이전에 알지 못했던 새로운 

정보들을 알에서 얻는데 있어 필수적인  도구이다 . 이 기술들과  더불어 후속  

연구들은 이 연구들에서 개척된  결과들을  더 확장해 나가야  할 것이며  특히  

분석적 방법론과 통계적 방법론을  결합하여 화석과 현생 알에  숨어 있는  다양한  

정보들을 얻기 위한 탐구들을 진행해야 할 것이다 . 

 

핵심어: 결정학, 미세 구조 , 라만 분광기 , 알껍데기 , Electron backscatter 

diffraction 

학번: 2015-20473 
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CHAPTER 1: GENERAL INTRODUCTION 

 

 One of the most important advancement in the evolution of vertebrates was the acquisition 

of amniotic egg (Benton 2014). Before acquiring amniotic eggs, vertebrates could not leave 

the water because their egg could not maintain water inside the egg. After vertebrates 

acquired amniotic eggs, they could leave the water and advance to the majority of terrestrial 

environment and could take a dominant role in the ecosystems. Although many amniotes re-

adapted to aquatic environments (e.g. whale), they still maintain amiotic reproductive 

strategies.   

 Modern amniotes are divided into Sauropsida (Reptiles and Aves) and Synapsida 

(Mammals). The Sauropsida is mostly characterized by laying calcified eggs (regardless of 

the extent of mineralization) although many of them also lay live young (Skawinski and 

Talanda 2014; Pyron and Burbrink 2014). In contrast, almost all Synapsida are 

characterized by viviparity but at least one clade, platypus, still lays calcified eggshell 

(Benton 2014). It implies that oviparity would be a p lesiomorphic state for all amniotes and 

viviparity might be independently evolved in both Sauropsida and Synapsida  (Pyron and 

Burbrink 2014).  

 Between the two different reproductive strategies, oviparity has a paleontological merit 

over viviparity: calcified eggshell can be readily fossilized (Hirsch 1996). Accordingly, 

fossil eggshells have been frequently reported in geological record. Although the first 

scientific report of fossilized egg dates back to the 19th century, it was the famous 

Mongolian Expedition by the American Museum of Natural History that b rought fossil eggs 

into attention (Carpenter 1999). Since then, diverse fossil eggs have been found from all 

around the world (Carpenter 1999). The earliest fossil eggs were reported from Lower 

Jurassic deposits in South America, East Asia, and southern Africa (Stein et al. 2019). 
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However, pre-Cretaceous egg fossil records are sparse and most fossil eggs have been 

reported from Cretaceous deposits, especially in Upper Cretaceous deposits (Choi and Lee 

2019). These records clearly show the macroscopic evolution of egg size, shape, and 

volume. Microstructural information is much more informative, such as thickness, shape 

and size of calcite grains, and preferred orientation of calcite (Mikhailov 1997; Moreno-

Azanza et al. 2013).  

 In oviparious Sauropsida, fossil eggshells are known from many of its clades: Squamates 

(Fernandez et al. 2015), Choristodera (Ji et al. 2006); Crocodyliformes (Russo et al. 2017), 

Pterosauria (Grellet-Tinner et al. 2014), and Dinosauria (Carpenter 1999). In Dinosauria, 

the record of fossil eggs are especially richer than any other clades, and among dinosarian 

clades, sauropod (Chiappe et al. 2001), hadrosaur (Horner and Makela 1979), megalosaur 

theropod (Araujo et al. 2013), maniraptoran (Norell et al. 2001; Varricchio et al. 2002; Sato 

et al. 2005; Kurochkin et al. 2013; Yang et al. 2019b) eggs and their layers are especially 

well understood thanks to embryos in ovo. Recently, perinate body fossils of ceratopsian 

dinosaurs were reported (Erickson et al. 2017), and eggshell of these dinosaurs seem to lack 

any well-calcified eggshell, which may imply that some dinosaurs did not have well 

calcified eggshell. Thus, it is probable not all dinosaurs had well calcified eggshells, and 

calcified eggshell might have been independently evolved in the clades of dinosaurs (Stein 

et al. 2019).     

 Fossil eggs offer invaluable knowledge to the science. First, it is unique fossil that 

provides reproductive information of extinct taxa. For a time ago, fossil eggs were 

classified as a trace fossil, but nowadays, it is usually regarded as a type of body fossil 

(Lawver and Jackson 2014) because the eggshell is made by biomineralization process. 

Fossil eggs have diverse information of egg layer, such as the process of biomineralization, 

protein-biomineral interaction, trace of organic material, and microstructural features, all of 

which are not available in fossil bones. Similar to bones, the eggshell records the 
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physiological processes of extinct animals and provides its own unique paleobiological 

information; true trace fossil such as track (Lee et  al. 2018) or other behavioral marks 

(Lockley et al. 2016), are not caused by the biomineralization processes inside a body. 

Secondly, fossil eggs can record paleoenvironmental information overprinted in the 

biogenic calcite (Montanari 2018). For example, because δ
18

O and δ
13

C in the body of 

animal are influenced by freshwater that an animal intake, one can estimate the 

paleoenvironmental setting of the fossil. In addition, during the taphonomic process, 

diagenetic information is also added to the fossil (Grellet-Tinner et al. 2010; Moreno-

Azanza et al. 2016). In many cases, the diagenetic signal has been considered as „noises‟ 

overprinted in the fossil materials, but they provide unique information that was made by 

the geologic processes (Kim et al. 2019), so it has its own taphonomic value. 

 In this dissertation, I focused on diverse fossil eggshell materials that came from 

Cretaceous deposits in East Asia, Europe, and North America. Additionally, diverse 

neontological materials were also studied in order to acquire more comprehensive 

understandings on the structure and crystallography of the eggshells. In Chapter 2, I 

described the methodologies adopted in my studies. Two of the methods (polarized light 

microscopy and scanning electron microscopy) are widely used in fossil eggshell research, 

while other methods were not widely used but are highly promising methods. Those 

methods are usually used in structural geology and mineralogy, so the se techniques show 

that many routine approaches in material-based geology can be easily adopted in fossil 

eggshell research. In Chapter 3, I studied gecko eggshell, which is a unique clade in 

Squamata that lays rigid eggshell, but its detailed structures were poorly kn own. This study 

intended to broaden the understandings on sauropsid eggshells and to provide the basis for 

correct identification of supposed fossil gecko eggshells. In Chapter 4, I reported an 

enigmatic archosaur egg from the Wido Volcanics. This egg is a definite archosaur egg 

based on crystallographic feature, and thus I posed a „choristodera-affinity‟ hypothesis for 
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this specimen. More importantly, I applied Raman spectroscopy and the results showed that 

a peculiar dark-band structure in this material is likely the result from the presence of 

amorphous carbon. The two Raman signal in the amorphous carbon yield ed the maximum 

paleotemperature that the material experienced. Hence, this new finding can have 

significant taphonomical implications when it comes to fossilization of organic matter. In 

Chapter 5, I reported crystallographic patterns of extinct and modern maniraptoran 

eggshells. Before this study, characters and its states were usually derived from qualitative 

observations. Also, there was not a reliable method how to distinguish the true pore canal 

structure from minute cracks in eggshells. In this study, I tried to quantify the structures in 

eggshells and provide an independent approach to distinguish two structures in eggshell s. 

In Chapter 6, I reported a maniraptoran eggshell from the Wido Volcanics. This new 

eggshell is remarkably similar to probable dromaeosaurid eggshells from North America. I 

provided an overview on potential dromaeosaurid eggshells in  the literature, and revised the 

character matrix widely used in fossil eggshell research. In Chapter 7, I re-investigated the 

arguments surrounding the „gecko-like‟ eggshells in Cretaceous deposits in Europe. This 

eggshell is initially interpreted as a dinosaur eggshell, but some researchers claimed to as 

gekkotan affinity. Based on the observation on extant gecko eggshells (Chapter 3) and 

maniraptoran eggshells (Chapter 5) and using a crystallographic approach, I showed that it 

is indeed a maniraptoran dinosaur eggshell. In Chapter 8,  the microstructure and 

crystallography of modern and extinct paleognath eggshells were examnined. As a modern terrestrial 

dinosaur, paleognath eggshells make a good modern analogue for the evolution of non-avian 

maniraptoran dinosaurs. These results show that analytical approaches are very effective in fossil 

eggshell research because they can yield diverse unforeseen data from the fossil eggshells, and the 

results can be useful to other fields of paleontology, biology, and geology.     
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CHAPTER 2: OBSERVATIONAL AND ANALYTICAL METHODS 

 

2.1 INTRODUCTION 

 

In fossil eggshell research, polarized light microscopic and scanning electron microscopic 

observations have been most commonly used. Polarized light microscope (PLM) is a 

convential tool in petrology. When the polarized light passes through a thin section, which 

is usually 30 µ m in thickness, minerals interact with incident light, giving rise to 

mineralogic information on structure and crystallography. Because eggshell is mostly 

composed of calcite (Hincke et al. 2012), a thin section of eggshell also yields useful 

information, such as grain size and crystallographic orientation of each grain (Rodriguez -

Navarro et al. 2002; Ahmed et al. 2005). Scanning electron microscope (SEM) was first 

introduced by Erben (1970), and it became an essential tool in fossil eggshell research. 

Compared to polarized light microscopic observation, SEM has many advantages: simple 

preparation and more powerful magnification that made detecting ultrastructures possible. 

In addition, SEM can have additional analytical devices such as Energy-Dispersive X-ray 

Spectroscopy (EDS) and Electron Backscatter Diffraction (EBSD), which are proved to be 

very useful in fossil eggshell reseach (Grellet-Tinner et al. 2011, 2016).  

 In this chapter, I introduce the methodologies used in the subsequent chapters. 

Microscopic images by PLM and SEM images were presented for all fossil specimen, which 

were reported for the first time. In other paleobiological studies that used previously known 

materials, I focused on advanced techniques. Finally, in one study that focused on the 

thermal maturation of the fossil, I used Raman spectroscopy because the Raman signal of 

amorphous carbon can be used in inferring the maximum paleotemperature that the 

materials experienced (Henry et al. 2019b).   



６ 

` 

 

2.2 POLARIZED LIGHT MICROSCOPE  

 

The thin sections were prepared following the standard thin section preparation method of 

eggshell fossils (Quinn 1994). The eggshells were embedded in epoxy resin and were cut to 

expose the radial sections of the eggshells. The rough section was hand lapped on a glass 

plate with 600-, 1000-, and 3000-grit aluminum compound and glued to a slide glass. The 

opposite sides were cut using a circular blade to approximately 90 μm and were hand 

lapped to a final thickness of 30 μm. After lapping, thin sections  were polished with 0.5 μm 

diamond paste. These prepared thin sections were examined and photographed using a 

polarized light microscope (Nikon Eclipse LV100N POL), housed at the School of Earth 

and Environmental Sciences (SEES) of Seoul National Universit y (SNU). 

 

2.3 FE-SEM  

 

For Field Emission Scanning Electron Microscope (FE-SEM; JEOL JSM-7100F) 

observation, eggshells were fractured using the tweezers, coated with carbon and were 

mounted on an aluminum stub with carbon tape. Fresh radial section, inner, and outer 

surfaces were examined in Secondary Electron (SE) mode. When necessary, we lapped an 

eggshell cross section embedded in epoxy resin with 600-, 1000-, and 3000-grit aluminum 

compound, polished with 0.5 μm diamond paste, coated with carbon, and mounted on an 

aluminum stub with carbon tape. These materials were observed using Backscattered 

Electron (BSE) mode of SEM to see the distribution of calcareous materials and the 

proteins (Waddell et al. 1991; England et al. 2007). The setting of the SEM was as follows; 
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accelerating voltage 15.0 kV and working distance 10 mm. The FE-SEM is housed at the 

SEES, SNU. 

 

2.4 FE-EPMA AND EDS 

 

Eggshell chemical compositions of eggshells were analyzed using Field Emission Electron 

Probe Microanalyser (FE-EPMA; JEOL JXA-8530F) housed at the National Center for 

Inter-University Research Facilities of SNU. The materials were prepared as for BSE 

observation, coated with platinum, and mounted on an aluminum stub. The elemental 

mapping and line profile analyses were conducted. The distribution of five elements (Na, 

Mg, P, S, and Ca) which are known to function in avian eggshell formation (Na, Mg, and P; 

(Board and Scott 1980; Cusack et al. 2003; Dalbeck and Cusack 2006)  or at least present in 

the avian or lizard eggshells (Mg, S, and Ca;  (Board and Love 1980; Osborne and 

Thompson 2005; Pérez-Huerta and Dauphin 2016)) were analyzed). The analyzed data of 

line profile analyses were calibrated using mineral standards: Na (Jadite, NaAlSi 2O6), Mg 

(Periclase, MgO), P (Potassium titanium phosphate, KTiOPO 4), S (Pyrite, FeS2), and Ca 

(Scheelite, CaWO4). Elemental profiles were created by averaging several individual line 

profiles for which the shells were approximately the same thickness. This selection was 

necessary in order to avoid the profile distortion caused by the difference in thickness. The 

setting of element mapping and line profile analysis was as follows; accelerating voltage 

15.0 kV, emission current 20 nA, dwell time 30.00 ms, pixel 256 X 256.  

Energy-Dispersive X-ray Spectroscopy (EDS) analyses were conducted. EDS (X-Max, 

Oxford Instruments) is attached to the FE-SEM (JEOL JSM-7100F), which is housed at the 

SEES, SNU. The setting of EDS analysis was as follows; accelerating voltage 10.0 kV and 

working distance 10 mm.  
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2.5 EBSD 

 

For EBSD analysis, I followed the method of Moreno-Azanza et al. (2013). The eggshell 

fragments were embedded in epoxy resin and cut using a circular blade to expose the radi al 

section. The rough section was lapped by hand on a glass plate using 600, 1000 and 3000 -

grit aluminum compound. They were then polished with 0.5  μm diamond paste and finally 

with colloidal silica (0.06 μm) for 20 min for each sample. The resulting surfaces were 

coated with carbon. EBSD analysis was performed by using a Symmetry detector (Oxford 

Instruments), which is an attached accessory of FE-SEM (JEOL JSM-7100F), housed in the 

School of Earth and Environmental Sciences, SNU. The Kikuchi lines were automatically 

indexed using AZtecSynergy software (Oxford Instruments) with a step size of 0.25 –3.0 μm 

depending on the thickness of the eggshell. Noise reduction steps were applied after EBSD 

map acquisition: wild spike elimination and three iterative zero s olution correction (if a 

zero solution is surrounded by at least six consistent pixels, the zero solution is treated as 

the same signal). The indexing ratio of raw data to corrected data is provided in Appendix 

Table 5-1). The settings of the EBSD analysis were as follows; accelerating voltage 

15.0 kV, working distance 25.0 mm, and 70° tilting of the specimen.  

The EBSD data are mainly presented in the inverse pole figure (IPF) maps, Euler maps, 

grain boundary maps, and misorientation histograms in the text.  In IPF maps, red colours 

represent regions where the c-axis of the calcite crystal lies perpendicular to the eggshell 

surface. In contrast, blue and green colours indicate that the calcite crystals have a 

horizontally aligned c-axis, that is to say, parallel to the eggshell surface. The Euler map 

shows the relative orientation of calcite grains so that similarly oriented grains have the 

same colour (see Mason and Schuh 2009 for further information). In the construction of 

grain boundary map, we chose boundary thresholds of 20, 10, and 5° to make our results 

https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0096
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0086


９ 

` 

comparable to other grain boundary maps of dinosaur eggshells (Moreno-

Azanza et al. 2013, 2017); values less than 5° are known to be inappropriate, as such low 

angles are prone to error in misorientation calculations (Prior  1999; Sharma and 

Shekhar 2018). 

The grain boundary information is also expressed in a histogram to provide the 

quantitative distribution of misorientation angles  (angular difference between the grains) 

using two methods: neighbor-pair and random-pair distributions (Moreno-

Azanza et al. 2013, 2017). The random-pair misorientation distribution is constructed by 

„relating every grain to every other grain‟ (Wheeler  et al. 2001, p. 111) whereas the 

neighbor-pair distribution is „calculated from all the pairs of adjacent grains in the dataset‟ 

(Wheeler et al. 2001, p. 113). The difference between the two distributions tells us whether 

„neighbouring lattices know about each other in a way that distant lattices do not‟ 

(Wheeler et al. 2001, p. 113). To test whether there are statistically significant differences 

between the two distributions, and to avoid loss of information, I applied the Kolmogorov-

Smirnov test rather than the usual χ
2
 test following the suggestion of Wheeler  et al. (2001). 

Based on the histogram, we constructed the cumulative frequency diagram of both 

neighbor-pair and random-pair distributions. After that, I obtained D values (= maximum 

difference between two cumulative frequency distribution) using the cumulative frequency 

diagrams of both distributions. Finally, I calculated d values (the larger d is, the more likely 

the two distributions are statistically to be different) derived from D values and sample 

sizes of neighbor-pair and random-pair histograms (see appendix of Wheeler et al. 2001 for 

details). 

 

2.6 RAMAN SPECTROSCOPY 

 

https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0096
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0100
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0110
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0124
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0096
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0100
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0146
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0146
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0146
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0146
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0146
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Raman spectroscopic analyses were performed in two steps. First, we applied Raman 

point-analysis in a radial section to get the spectra of eggshell. In this step, we used a 

home-built micro Raman spectrometer (SEES, SNU) used in Kim E.J. et al. (2016) and Lee 

S.K. et al. (2017). The Raman spectra were collected using a laser wavelength of 488 nm, 

the laser power of 11 mW, and the exposure time of 2 s. The accumulation numbers of 60 

and a grating groove density of 1800/500 lines mm–1 were used with 20X microscope 

objectives, and the estimated beam size is approximately 7.8 μm.  

Secondly, we performed Raman mapping analysis using DXR 2xi Raman Imaging 

Microscope (Thermo Fisher; NCIRF, SNU). The 2D Raman image of the specimen was 

constructed by measuring the intensity of the amorphous carbon peak at 1600 cm
–1

. The 

Raman signal was collected with beam size of ≥ 2.0 μm, a laser wavelength of 532 nm, and 

the laser power of 2.0 mW. Exposure time of 0.00625 s (160 Hz) with the number of scans 

of 50 were used. The image pixel size of 3.0 μm × 3.0 μm were used for capturing the total 

view of 300 μm × 300 μm.  

As the Raman spectrum for the amorphous carbon consists typically of two peaks (i.e., 

graphite „G‟ and disordered „D‟ bands), the fraction of each band was obtained from 

deconvolution of the spectrum using Origin v.9.0. Note that these amorphous carbon peaks 

can be further deconvoluted (or decomposed) into several components. The consensus on 

numbers and types of the components is not conclusively made among the researchers 

(Henry et al. 2019b), but Sadezky et al. (2005) used four Lorentzian bands (G, D1, D2, and 

D4) at ∼1580, ∼1350, ∼1620, and ∼1200 cm
–1

, respectively and a Gaussian band to 

G3 at ∼1500 cm–1 to simulate the Raman spectrum of amorphous carbon with good fit. 

The position of each band may shift with varying degree of thermal maturation  of original 

carbonaceous precursor (Schito et al. 2017; Khatibi et al. 2019). In the current 

deconvolution similar peak positions for G, D1, D2, and D3 bands were used. We found 

https://www.frontiersin.org/articles/10.3389/feart.2019.00349/full#B56
https://www.frontiersin.org/articles/10.3389/feart.2019.00349/full#B69
https://www.frontiersin.org/articles/10.3389/feart.2019.00349/full#B69
https://www.frontiersin.org/articles/10.3389/feart.2019.00349/full#B44
https://www.frontiersin.org/articles/10.3389/feart.2019.00349/full#B105
https://www.frontiersin.org/articles/10.3389/feart.2019.00349/full#B112
https://www.frontiersin.org/articles/10.3389/feart.2019.00349/full#B55
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that the D4 peak position of ∼1160 cm
–1

 can simulate the overall pattern of the spectrum 

better. As in Lahfid et al. (2010), the widths and positions were allowed to vary upon 

deconvolution.  

The deconvolution of amorphous carbon peak yields full width at half maximum ( FWHM), 

area (peak intensity), and height of each band. The relative peak intensity between these 

bands allowed us to roughly estimate the paleotemperature. For example,  Beyssac et al. 

(2002) showed that the parameter named R2 [= D1 area/(G area + D1 area + D2 area)] can 

be used as a geothermometer in a higher metamorphic grade (paleotemperature range of 

330–650°C). Likewise, Lahfid et al. (2010) proposed that another parameters RA1 and RA2 

[RA1 = (D1 area + D4 area)/(G area + D1 area + D2 area + D3 area + D4 area)]; [RA2 = 

(D1 area + D4 area)/(G area + D2 area + D3 area)] may constrain temperature conditions 

relevant to advanced diagenesis to low-grade metamorphism (∼200–320°C). We note that 

the types of bands used in the earlier studies are somewhat different from those used in the 

current study (e.g., Voigt function,  Beyssac et al. 2002; Lorentzian function, Lahfid et al. 

2010). Therefore, the estimated temperature in the current dissertation may provide 

a rough guide to the paleotemperature inscribed in our specimen.  
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CHAPTER 3: COMPARATIVE STUDY OF EGGSHELLS OF GEKKOTA 

 

This chapter was published in a peer reviewed journal. 

Choi, S., Han, S., Kim, N.-H. and Lee, Y.-N. 2018. A comparative study of eggshells of 

Gekkota with morphological, chemical compositional and crystallographic approaches 

and its evolutionary implications. PLoS ONE 13, e0199496.  

 

3.1 INTRODUCTION 

 

The Squamata is the most diverse living clade of reptiles (nearly 9,200 species) (Vitt and 

Caldwell 2014). Among them, the Gekkota is unique in egg formation because three 

families (Gekkonidae, Phyllodactylidae, and Sphaerodactylidae) lay rigid eggshells w hile 

the others (Carphodactylidae, Diplodactylidae, Eublepharidae, and Pygopodidae) lay soft 

eggshells like all other squamates except for the Dibamidae (legless lizard) ( Figure 3-1; 

Schleich and Kästle 1988; Pike et al. 2012; Vitt and Caldwell 2014; Skawiński and Tałanda 

2015). It has been argued that rigid gekkotan eggshells evolved from soft eggshells in the 

lineage of amniotes as with the case of Testudines, Crocodyliformes, and Dinosauria 

including birds (Carpenter 1999; Sander 2012; Skawiński and Tałanda 2015). However, 

except for the Gekkota and the Dibamidae, all Sauropsida that lay rigid eggshells are 

archosaurs (a group that includes the most recent common ancestor of living crocodiles and 

birds and all its descendants) or closely related to archosaurs (Sander 2012; Field et al. 

2014). In this regard, except for the Dibamidae, while all non-gekkotan rigid egg-layers 

form a natural (= monophyletic) group (i.e. Archosauria), the Gekkota lies phylogenetically 

outside of this group (Sander 2012; Skawiński and Tałanda 2015). Hence, the 

understanding of morphology, chemical composition, and crystallography of the extant 

gekkotan eggshells would be crucial when it comes to the investigation of the hypothesis on 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g001
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the common mechanisms of eggshell formation within the Gekkota and the Archosauria 

(Packard and DeMarco 1991). 

All rigid eggshells of the Archosauria and the Testudines have the same mechanism of 

formation (Silyn-Roberts and Sharp 1986; Packard and DeMarco 1991; Dalbeck and Cusack 

2006; Moreno-Azanza et al. 2013). Eggshell formation initiates at the nucleation site of the 

external margin of the shell membrane, then crystals fan out externally to form a wedge -

like (Crocodylia) or bump-like (Dinosauria including Aves) structure known as the 

mammillary layer in dinosaur eggshells (Figure 3-2A). After the initial radiating crystals 

are joined together at certain height, the crystallographically well -aligned crystals grow 

perpendicular to the eggshell surface and constitute a majority of the eggshell thickness. 

This layer is called a continuous (or palisade) layer (Packard and DeMarco 1991; Mikhailov 

1997; Dalbeck and Cusack 2006; Moreno-Azanza et al. 2013). On the other hand, the 

eggshell formation of Lepidosauria is poorly understood. The tuatara (basalmost 

Lepidosauria; Figure 3-1) eggshell formation mechanism was hypothesized to be 

completely different from that of archosaurs due to the fact that the shell unit of tuatara 

eggshell has a calcite “stem” deeply extended into the shell membrane ( Figure 3-2B; 

(Packard et al. 1988; Packard and DeMarco 1991). This odd configuration of the shell 

membrane and calcite stem was unexplainable unless assuming the simultaneous deposition 

of shell membranes and calcite crystals partly growing to the inner direction  (Packard et al. 

1988). It was once assumed that the rigid gekkotan eggs may have the same mechanism of 

eggshell formation as archosaur eggs (Packard and DeMarco 1991). In fact, however, the 

mechanism of eggshell formation has never been seriously studied for members of the 

Gekkota. They are crucial to understand how the rigid eggshell evolved in the Lepidosauria 

because the Gekkota is the only clade to lay both rigid and soft eggshells in the Squamata. 

In addition, the hypothetical convergent evolution (Sander 2012; Skawiński and Tałanda 
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2015) of rigid eggshells among the distantly related sauropsids (i.e., Gekkota and 

Archosauria) can be tested through this approach.  

Diverse scientific approaches have been applied to gekkotan eggshells during the past two 

decades: measuring the relative amount of amino acids in eggshells (Sexton et al. 2005), 

water vapor permeability (Andrews 2012, 2015, 2017), and evolutionary implications for 

egg shape and size (Kratochvíl and Frynta 2006; Pike et al. 2012). However, fundamental 

studies for microstructural features of gekkotan eggshells have not been done exhaustively. 

For instance, several studies on eggshell morphology were conducted in the 1980s  

(Schleich and Kästle 1988; Deeming 1988; Packard and Hirsch 1989), but they mainly 

focused on the ultrastructural Scanning Electron Microscope imaging. Hirsch (1996) 

pointed out that microstructural images observed in thin sections are crucial for 

herpetological and paleontological comparative studies of eggshells.  

Recently, diverse scientific instruments have been used for understanding chemical 

composition or crystallographic characteristics in non-avian dinosaurs and extant avian 

eggshells (e.g., Cusack et al. 2003; Dalbeck and Cusack 2006; Dauphin et al. 2006; Trimby 

and Grellet-Tinner 2011; Grellet-Tinner et al. 2012, 2016; Moreno-Azanza et al. 2013, 2016, 

2017; Pérez-Huerta and Dauphin 2016). The results showed that the mechanism of eggshell 

formation is well-represented in the crystallographic information of the eggshell. Therefore, 

the application of combined classical and advanced methods to gekkotan eggshells would 

be helpful for comprehensive understanding of their morphology, rigid calcareous eggshell 

evolution among the sauropsids, and identification of gekkotan egg fossil in paleontology 

with certainty.  

In this study, we conducted morphological, compositional, and crystallographic analyses 

using eggshells of seven extant gecko species within three families (Figure 3-1; Appendix 

Table 3-1; see Chapter 2 above). Morphological features attained by a Polarized Light 

Microscope and a Field Emission Scanning Electron Microscope (FE-SEM) are described in 
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detail to provide specific characters of gecko eggs. The spatial variation of four crucial 

elements (Mg, P, S, and Ca) in the eggshells are demonstrated by using a Field Emission 

Electron Probe Microanalyser (FE-EPMA). Finally, the c-axis alignment of calcite crystals 

in the eggshells are represented with inverse pole figure (IPF) maps and lower hemisphere 

pole figures by using an Electron Backscatter Diffraction (EBSD) system. All the results 

showed unique characteristics of gekkotan eggshells, which are definitely different from 

archosaur eggshells. Finally, the evolutionary implications of this study are discussed with 

special emphasis on symplesiomorphy of basal lepidosaurian eggshells, convergence 

between the archosaur and gekkotan eggshells, and possible parallel evolution among the 

several clades in squamates.  

 

3.2 MATERIALS  

 

3.2.1 Eggshells of seven species of extant Gekkota  

 

The rigid eggshells of four species (Gekkonidae: Gekko gecko, Paroedura 

pictus, Paroedura stumpffi, and Phelsuma grandis) and soft eggshells of three species 

(Diplodactylidae: Correlophus ciliatus and Rhacodactylus leachianus; Eublepharidae: 

Eublepharis macularius) of geckos were used in this study (Figure 3-1; Appendix Table 3-

1). The eggs of Gekko gecko were provided by the National Institute of Ecology in South 

Korea. The eggs of Paroedura pictus, Paroedura stumpffi, Phelsuma grandis, Correlophus 

ciliatus, Rhacodactylus leachianus , and Eublepharis macularius were provided from a pet 

shop in Seoul. Except for eggshells of Phelsuma grandis, all specimens were hatched eggs 

so that calcite portions of these eggshells were probably affected during the embryogenesis 

(Packard and DeMarco 1991; Stewart and Ecay 2010; Jee et al. 2016) . In addition, the 
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micro- and ultra-structural characters of soft eggshells might have been affected by water 

intake during the incubation (Packard and DeMarco 1991; Andrews 2017). All studied 

samples are stored in the Paleontological Laboratory in Seoul National University.  

 

3.2.2 Terminology  

 

Terminologies used in the text are summarized in eight schematic diagrams of different 

eggshells (Figure 3-3). The rigid gekkotan eggshells are generally composed of a covering 

layer, a calcareous layer (which may be „columnar‟ or „plain‟, or have the „porous layer‟), 

and a shell membrane. The covering layer is composed of proteins  (Carpenter 1999) and 

occupies the outermost surface of the rigid gekkotan eggshells. The columnar layer is 

composed of jagged columns of calcite crystallites, which was usually considered for 

diagnostic character of rigid gekkotan eggshell (Hirsch 1996). However, the calcareous part 

of the eggshell is not always composed of columnar structure. Thus, a new term „plain layer‟ 

is assigned to the calcareous layer without columnar structure. The Paroedura 

stumpfii eggshell has unique structure characterized by irregular pores, thus given the term 

„porous layer‟. There is a blocky layer below the columnar layer in  Phelsuma 

grandis eggshell but it may be also present in other unhatched rigid eggshells 

because Phelsuma grandis eggshell is the only unhatched eggshell in this study. The shell 

membrane is composed of protein fibers and it occupies the inner surface of the rigid 

gekkotan eggshells and inner portion of the soft gekkotan eggshells.  

The soft gekkotan eggshells consist of the calcareous layer containing cap -like structure 

and stem-like structure, the shell membrane, and the boundary layer (Schleich and Kästle 

1988; Packard et al. 1988). The terms cap-like and stem-like structures followed Packard et 

al. (1988) and they are collectively called “calcareous layer” in the main text. The boundary 
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layer makes the innermost surface of the soft gekkotan eggshells. In  Rhacodactylus 

leachianus eggshell (Figure 3-3F), the columnar shell unit does not exist so we used the 

term “mixed layer” for the main calcareous layer where proteins and calcites coexist and 

“crystalline layer” for an external portion where massive calcites are dominant. However, it 

is probable that they are homologous to the calcareous layer containing stem-like structure 

and cap-like structure, respectively.  

 

3.3 RESULTS  

 

We provide eggshell description of seven species of Gekkota using five different methods: 

microstructural images using polarized light microscope; ultrastru ctural SE and BSE images 

using FE-SEM; chemical composition description using FE-EPMA; crystallographic images 

using EBSD. The most important characters are provided in the main text. Refer 

to Appendix Text 3-1 for the detailed description of each eggshell by five different methods. 

All sections below are arranged in a consistent fashion: the common features of rigid 

eggshells; the unique features of each rigid eggshell; the common features of soft eggshells; 

the unique features of each soft eggshell.  

 

3.3.1 Microstructural features under polarized light microscope  

 

There are several common characters among the rigid gekkotan eggshells ( Figure 3-4A–

4D): columnar or sub-triangular to polygonal extinction patterns that become wider to the 

inner surface; node-like (sensu Schleich and Kästle 1988; Packard and Hirsch 1989) or 

ridge-like ornamentations; and the existence of dark band (Packard and Hirsch 1989) in the 

middle of the eggshells of Gekko gecko and Phelsuma grandis. The extinction pattern 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g003
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g004
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g004
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reflects crystallographic orientation of calcite grains in eggshell (Figure 3-4A–4D; 

Rodríguez-Navarro et al. 2015; see below). 

However, the microstructural features are more remarkable for their diversity than for 

their similarity in rigid gekkotan eggshells. Contrary to the other rigid eggshells, t he 

columnar extinction pattern of Gekko gecko eggshell does not extend to the external surface. 

Also, it has the most conspicuous ornamentation and “pore -like” structure (sensu Packard 

and DeMarco 1991); Figure 3-4A; Appendix Figure 3-1) within it. Paroedura 

pictus eggshell is relatively homogenous with few distinct characters (Figure 3-4B). 

In Paroedura stumpfii eggshell, protruding calcite concretions (Figure 3-4C; Appendix 

Figure 3-1) are observed in inner surface and the external portion of the eggshell is 

characterized by the porous layer.  Phelsuma grandis eggshell has P-rich blocky layer 

(Figure 3-4D; see FE-EPMA analysis below), which are not conspicuous under cross -

polarized light. In addition, its ornamentation is unique in that calcite granules lie on the 

top of the main eggshell (i.e., a surface layer in Figure 3-3D) and are overlain by the 

covering layer as Phelsuma madagascariensis  eggshell (Schleich and Kästle 1988). 

In contrast, the microstructures of soft gekkotan eggshells are similar to one another 

(Figure 3-4E–4G). They are all composed of a shell membrane in the inner portion of the 

eggshell and calcareous stem-like (a loose mixture of protein and calcite) and cap-like 

structures. They also have similar extinction patterns as those of rigid gekkotan eggshells in 

that triangular to polygonal ones with same configuration were observed. 

Notable differences among soft gekkotan eggshells are that  Rhacodactylus 

leachianus eggshell (Figure 3-4F) has the deepest calcareous layer with longitudinally 

extended extinction pattern while Eublepharis macularius eggshell (Figure 3-4G; Appendix 

Figure 1) does not have a clear extinction pattern and the cap-like structure is hardly 

observable. The latter phenomenon may be, however, the result of extreme thinness of 

the Eublepharis macularius  eggshell.  

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g004
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g004
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g004
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g004
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g004
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g003
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g004
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g004
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g004
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3.3.2 Ultrastructural features in SEM images  

 

3.3.2.1 Secondary electron imaging 

 

Several known characters of rigid gekkotan eggshells are confirmed using secondary 

electron imaging: needle-like structures in the inner surface of the eggshell  (Deeming 1988; 

Packard and Hirsch 1989; Packard and DeMarco 1991); jagged columnar structure (Packard 

and Hirsch 1989; Hirsch 1996); spherical shell elements (sensu Schleich and Kästle 1988) 

in the outer surface; and a protein layer (= covering layer) on the outer surface (Carpenter 

1999) (Figure 3-5A–5D). However, it is evident that the spherical shell elements (= circular 

structure in BSE images below) are not only present on the outer surface, but also widely 

distributed in the radial section of both rigid and soft gekkotan eggshells (e.g.,  Appendix 

Figures 3-3B, 3-4D, and 3-8B). The jagged columnar structure, a diagnostic character of 

rigid gekkotan eggshell (Hirsch 1996), is composed of stacked calcite plates with 

intermittent horizontal fissures (Appendix Figures 3-2,3,5). However, in Paroedura 

stumpfii eggshell, columnar structure is not clear compared to others. Vesicles are 

distributed in the eggshell and are occasionally associated with the protein fibers ( Appendix 

Figure 3-2). It should be emphasized that the tips of the needle-like structure on the inner 

surface of rigid gekkotan eggshells (Appendix Figures 3-2M–2O, 3O, 4H–4I and 5I) are 

composed of stacked plate structure and their structure is completely different from the 

radiating mammillary layer of extant bird and non-avian maniraptoran dinosaur eggshells  

(Zelenitsky et al. 2002; Zelenitsky and Modesto 2003) . 

Gekko gecko eggshell has unique dome-shaped ornamentation (Appendix Figures 3-2A–

2C). In radial view, the jagged columnar layer occurs in the two-fifths of the eggshell 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g005
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s004
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s005
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s006
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s007
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s004
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s004
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(Figures 3-3A and 5A2). Paroedura pictus eggshell has reticular ornamentation (Figure 3-

5B1). The most conspicuous feature of Paroedura pictus eggshell is its chamber-like 

structure in radial view (Appendix Figures 3-3G–3I). It looks like a pit in inner view 

(Figure 3-5B3) and is frequently filled with calcareous material (Appendix Figures 3-3M,N) 

of which function is unknown. Paroedura stumpfii eggshell has reticulate ornamentation 

but it is more flattened than that of Paroedura pictus eggshell (Figure 3-5C1). In radial 

view, it lacks jagged columnar structure unlike other rigid gekkotan eggshell. It has also a 

characteristic porous layer that has vertically irregular porosity with popcorn -like 

calcification (Appendix Figures 3-4A–4E). A few protruding calcite concretions exist in 

inner surface (Figures 3-5C3; Appendix Figure 3-4G). Phelsuma grandis eggshell also has 

reticulate ornamentation but it is not as clear as that of  Paroedura eggshells (Figure 3-5D1). 

In particular, there is a blocky layer underneath the needle-like structure in the bottom of 

the columnar layer (Appendix Figure 3-5B). It might be caused by failure of embryonic 

development of the studying material because all other hatched rigid eggshells do not have 

this layer (Packard and Hirsch 1989; but see Appendix Figures 3-16, 17 for EDS analysis). 

It also has spherical calcite granules which are interwoven with fibrous proteins in the outer 

surface of eggshell (= surface layer) (Appendix Figure 3-5D). 

The soft gekkotan eggshells have similar structure to one another (Figure 3-5E–5G). 

Contrary to the conventional knowledge (e.g. Schleich and Kästle 1988; Deeming 1988; 

Fernandez et al. 2015), the calcareous layer with both stem-like and cap-like structures does 

not simply lie on the external surface of the shell membrane but it extends deeply into the 

shell membrane as tuatara eggshell (Packard et al. 1989). The transition between the shell 

membrane and calcareous layer is gradual. The protein fibers and calcite grains coexist to 

nearly external end of the eggshell (= stem-like structure). At the external surface of the 

eggshell, cap-like structure without protein fibers overlies the stem-like structure. The 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g003
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g005
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s005
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g005
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s006
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g005
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s006
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s007
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g005
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innermost boundary layer is differentiated from the shell membrane as a layer composed of 

tough protein fibers.  

In Correlophus ciliatus eggshell, there is ripple-like ornamentation in the external surface 

(Figure 3-5E1). The top of each shell unit is mushroom-like or volcano-like in shape (cap-

like structure) (Appendix Figure 3-6A–6D) and the shell unit itself shows a typical column 

configuration (stem-like structure) (Appendix Figure 3-6F–6M). Rhacodactylus 

leachianus eggshell has no ornamentation on the outer surface (Figure 3-5F1) nor column- 

or wedge-like structure in a shell unit (Figure 3-5F2; Appendix Figure 3-7F). However, the 

calcareous layer is thicker than that of other soft eggshells.  Eublepharis macularius  has 

closely packed calcareous blocks on the outer surface as scincid 

lizard Lampropholis eggshell (Figure 3-5G1; (Osborne and Thompson 2005). The 

calcareous portion of the eggshell is the smallest among three soft eggshells. A unique 

character of Eublepharis macularius  eggshell is that its fibrous proteins in the shell 

membrane show a complex undulating pattern (Figure 3-5G2). 

 

3.3.3 Chemical compositional analysis using FE-EPMA and EDS 

Five elements were analyzed (Na, Mg, P, S, and Ca) using FE-EPMA but Na did not show 

any discernable pattern compared to background level. Hence, the result of four selected 

elements is presented here.  

The rigid gekkotan eggshells showed similar compositional profiles (Figures 3-7A–

7D and 3-8A–8D). Mg was highly deposited near the outside surface of the eggshell 

immediately below the covering layer. The concentration of P was highest in the inner 

portion of the eggshell and it gradually decreased towards the outside of the eggshell. S was 

highly concentrated on the covering layer while a considerable quantity of S was also 

detected where Mg level was high. The level of Ca was highest among all the elements, 

showing monotonous profiles.  

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g005
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s008
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s008
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g005
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g005
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g005
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g005
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g007
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g007
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g008
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In Gekko gecko eggshell, the level of Mg appears to be higher than that of other rigid 

eggshells and it occurred in the outer half of the eggshell (Figures 3-7A1 and 3-8A1-2). It 

should be noted that there was an additional Mg peak at the bottom of the nodular 

ornamentation (Figure 3-8A2). The P concentration at the ornamentation was also 

characteristic that it became higher to the external end of the ornamentation. A similar 

phenomenon was also detected in Paroedura stumpfii eggshell that P concentration 

increased near the external end of the eggshell (Figure 3-8C). The profiles of Phelsuma 

grandis were unique in that exceptionally high concentration of P was detected in the 

blocky layer although general P behavior (increasing to the inner surface) was observed in 

the columnar layer (Figure 3-8D). However, it should be also noted that it was the only 

unhatched eggshell in this study. The Ca profiles of  Paroedura stumpfii and Phelsuma 

grandis eggshells were dropped at the empty spaces of porous external end of the eggshell. 

Additional elemental analyses using EDS were conducted for putative residual materials of 

the blocky layers of hatched Paroedura pictus and Paroedura stumpfii eggshells (Appendix 

Figures 3-16, 17). From them, a high concentration of P (more than 4.0 wt%) was detected 

in both specimens. In addition, the presence of F (more than 1.5 wt%) was also detected in 

residual blocky layer of Paroedura stumpfii eggshells as well as rare occurrence of Cl. The 

F and Cl were also detected from the inner edge of the blocky layer of Phelsuma 

grandis eggshell (Appendix Figure 3-18). 

The soft gekkotan eggshells showed similar compositional profiles to one another 

(Figures 3-7E–7G and 3-8E–8G) but they are different from those of rigid gekkotan 

eggshells. In general, significant Mg and P were first detected at the boundary between the 

shell membrane and calcareous layer and their concentration increased towards t he outer 

surface. Unlike the Mg profile, however, a little P was also detected in the shell membrane. 

The level of S was highest in the shell membrane, then diminished towards the outer 

surface. In the outer calcareous layer, S became nearly absent. Ca was  absent in the shell 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g007
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g008
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g008
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g008
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g008
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s018
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s019
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s020
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g007
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g008
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membrane but appeared in the calcareous layer. The level of Ca increased to the outer 

surface of the eggshell, probably caused by calcite “stems”, resembling tuatara eggshells 

(Packard et al. 1988). Ca profiles of soft gekkotan eggshell confirm that Ca is more deeply 

extended into the shell membrane than derived squamate eggshells (Figures 3-8E–

8G). Rhacodactylus leachianus  eggshell showed a slightly different profile compared to 

other soft eggshells. The levels of Mg and P were higher at the boundary between the shell 

membrane and calcareous layer unlike other soft eggshells (Figures 3-7F1–2 and 3-8F). 

Then, their levels slightly decreased to the middle portion and increased again to the outer 

surface of the eggshell.  

 

3.3.4 Crystallographic analysis using EBSD  

 

In general, all rigid gekkotan eggshells showed the same crystallographic framework: fine 

and randomly oriented calcite grains were distributed in the external end of the eggshell 

whereas large fan-shaped and vertically aligned calcite grains were present in the main part 

of the eggshell (Figures 3-9A–9D). The intensity of alignment became stronger towards the 

inner surface of the eggshell.  Gekko gecko eggshell had several unique characters among 

rigid eggshells: the presence of “middle layer” with very fine and randomly oriented grains  

(Appendix Figure 3-19A); the odd crystallographic alignment of calcites surrounding a 

pore-like structure under the nodular ornamentation. The position of “middle layer” is well-

matched with a faint dark band seen in the microstructural thin section image ( Figure 3-4A).  

The soft gekkotan eggshells also had similar crystallographic arrangement as rigid 

eggshells (Figure 3-9E–9G). The c-axis of the calcite grains in the external portion of the 

eggshell (including cap-like structure and outer part of the stem-like structure) were 

horizontally aligned whereas those in the internal part of the stem-like structure were 

perpendicular to the eggshell surface. In addition, the grains in inner stem-like structure 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g008
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g008
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g007
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g008
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g009
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s021
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g004
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g009
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became larger towards the inner surface. This crystallographic arrangement is very similar 

to that of rigid gekkotan eggshells, which is well matched with the growth mechanism 

proposed for the tuatara eggshell (Packard et al. 1988). 

 

3.4 DISCUSSION 

 

3.4.1 Morphological similarities between soft eggshells of Gekkota and Tuatara  

 

It is notable that the soft gekkotan eggshells have morphological similarity with the 

eggshell of tuatara. The soft eggshell of the tuatara consists of a shell membrane and a 

calcareous layer (Figure 3-2B). The inner part of the calcareous layer (= stem-like structure) 

is loosely organized with intertangled protein fibers. The stem-like structure is deeply 

extended into the shell membrane with its apex covered by a cap-like or cup-like structure 

(Packard and DeMarco 1991; Sexton et al. 2005). This pattern is also observed in eggshells 

of derived squamates such as Amphibolurus barbatus (Agamidae) and Varanus 

gouldii (Varanidae) (Packard and DeMarco 1991). On the other hand, soft eggshells laid by 

most squamates have a thin calcareous layer on the thick shell membrane without a 

calcareous column (Figure 3-3H; (Schleich and Kästle 1988; Packard and DeMarco 1991)). 

It was known that the eggshell structure of Eublepharis macularius is also similar to that of 

derived squamates (Schleich and Kästle 1988; Deeming 1988). However, this study clearly 

showed that the eggshell of Eublepharis macularius  has a loose calcareous column (= stem-

like structure) below a dense part of calcareous layer (= cap-like structure) like a tuatara 

eggshell (Figures 3-4G2, 5G2, 6G, 7G4 and 8G). In addition, the same arrangement of 

calcite and proteins is also observed in eggshells of  Correlophus ciliatus (Figures 3-4E2, 

5E2, 6E, 7E4 and 8E) and Rhacodactylus leachianus  (Figures 3-4F2, 5F2, 6F, 7F4 and 8F) 

(although Rhacodactylus leachianus  eggshell does not have a columnar structure). Hence, 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g002
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g003
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g004
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g005
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g006
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g007
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g008
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g004
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g005
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g006
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g007
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g008
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soft gekkotan eggshells are morphologically more similar to those of the tuatara than 

derived squamates (contra (Schleich and Kästle 1988; Deeming 1988; Fernandez et al. 

2015)). 

 

3.4.2 The absence of a true mammillary layer of Gekkota eggshells supported by 

the spatial variation of Mg and P 

 

The Mg profile of rigid gekkotan eggshells confirms that a true mammillary layer (at least 

avian-like) does not exist in rigid gekkotan eggshells (Figures 3-8A–8D). In avian eggshells, 

Mg concentration begins to decrease from a certain concentration at the nucleation site (= 

crystallites originating center) located in the inner end of the eggshell and reaches its 

minimum at the outer margin of the mammillary layer. After that, it shows gradual recovery 

to the outer end of the eggshell or maintains its concentration (Board and Love 1980; 

Waddell et al. 1991; Cusack et al. 2003; Dalbeck and Cusack 2006; Dauphin et al. 2006) . 

This pattern is absent in rigid gekkotan eggshells, indicating that the inner surface of the 

rigid gekkotan eggshell is chemically different from the mammillary layer of avian 

eggshells. Moreover, P element is enriched in the inner surface of rigid gekkotan eggshells 

(Figure 3-8A–8D), while it is minimal in the mammillary layer of chicken (Cusack et al. 

2003), ostrich, and emu eggshells (Dauphin et al. 2006). These two lines of evidence 

support that rigid gekkotan eggshells do not have a true mammillary layer. Likewise, Mg 

and P element analyses could be used to prove the existence of t he true mammillary layer in 

crocodile and turtle eggshells which were known to have nucleation sites in the inner end of 

the calcareous eggshell (Silyn-Roberts and Sharp 1986; Schleich and Kästle 1988; 

Mikhailov 1997; Marzola et al. 2015). 

 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g008
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g008
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3.4.3 The correlation between the Mg and organic matter in rigid gekkotan 

eggshells 

 

It has been stated that Mg is associated with organic matter in avian eggshells (Waddell et 

al. 1991; Cusack et al. 2003; Dalbeck and Cusack 2006). Among the elements analyzed in 

this study, S can be also used as a proxy of organic matter content. It is a component of two 

amino acids (i.e., cysteine and methionine), which have a powerful redox chemistry  (Jacob 

et al. 2003), and sulfated polysaccharides that are mainly associated with mineralized layers 

in avian eggshell (Dauphin et al. 2006). Thus, it is a biologically crucial component (Jacob 

et al. 2003) and commonly found in keratin associated proteins, especially in cysteine 

(Rogers et al. 2006; Wu et al. 2008). Moreover, cysteine and methionine are present in soft 

and rigid gekkotan eggshells (Sexton et al. 2005). 

The association between sulfur and protein is also apparent from this study (Figures 3-7E–

7G and 3-8E–8G). In rigid gekkotan eggshells, the highest level of sulfur is in the covering 

layer where protein exists. In purely calcareous layers of Gekko gecko, Paroedura pictus, 

and Phelsuma grandis eggshells, the highest peak of sulfur is located in the outer surface 

just below the covering layer. The sulfur profile is well correlated with Mg profile in  all 

rigid gekkotan eggshells (Figures 3-8A, 8B and 8D) except for Paroedura stumpfii eggshell 

which has a peculiar porous layer. In addition, vesicles of Gekko gecko eggshell are mainly 

distributed in the outer end of the plain layer (Figure 3-6A; Appendix Figure 3-9). 

Considering the fact that vesicles reflect the position of protein fibers ( Appendix Figure 3-

2J), the distribution of vesicles in Gekko gecko eggshell supports that Mg is more 

concentrated in the protein-rich region of the eggshell (Figure 3-8A). 

 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g007
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g007
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g008
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g008
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g006
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s011
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s004
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s004
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g008
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3.4.4 The relationship between the dark band and the organic matter in rigid 

gekkotan eggshells 

 

The dark bands exist in thin section images of some rigid gekkotan eggshells ( Gekko 

gecko, Paroedura stumpfii, and Phelsuma grandis) (Figures 3-4A, 4C and 4D). The dark 

band was interpreted to be an organic-rich region in Gekko gecko eggshell (Packard and 

Hirsch 1989). The dark band in Phelsuma grandis eggshell is also well correlated with the 

region where many vesicles and circular structures with a central hole are present (the dark 

area in BSE images stands for where light elements exist, such as organic matters  (England 

et al. 2007) (Figure 3-6D; Appendix Figure 3-12)). In addition, the concentration of sulfur 

in Phelsuma grandis eggshell is slightly higher in the dark band than other regions (Figure 

3-8D). However, no organic-related signal to the dark band region is found in Gekko 

gecko eggshell. Instead, the shape and location of a dark band in the middle portion of the 

eggshell (Figure 3-4A) is well correlated with the “middle layer” in the IPF map of the 

eggshell (Figure 3-9A; Appendix Figure 3-19). It means that the “darkness” in the middle 

of Gekko gecko eggshell may be related to crystallographic features of the eggshell such as 

smaller grain size and/or chaotic c-axis orientation of the calcite grains rather than the 

presence of organic matter.  

 

3.4.5 A possibility of the functional role of rigid gekkotan eggshells as a mineral 

reservoir for P and F 

 

The rigid eggshell is known as a mineral reservoir for a developing embryo (Packard and 

DeMarco 1991). For instance, diverse squamates supply embryos with calcium from 

eggshells (Steward and Ecay 2010). Furthermore, our results imply that rigid eggshells also 
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function as a reservoir for phosphorus and fluorine along with calcium. P is an essential 

element in bone development and growth (Shapiro and Heaney 2003) and F enhances the 

growth of embryonic bone (Farley et al. 1983; Hall 1987). In an unhatched eggshell 

of Phelsuma grandis, a very high concentration of P (around 15 wt%) is present in the 

blocky layer (Figures 3-7D2 and 3-8D). In addition, the high concentration of P (more than 

5.0 wt%) is also observed in the putative residual materials of the blocky layer of 

hatched Paroedura pictus and Paroedura stumpfii eggshells (Appendix Figures 3-16 and 3-

17). A large quantity of F is also detected in hatched eggshells of  Paroedura stumpfii and 

unhatched eggshells of Phelsuma grandis (Appendix Figures 3-17 and 3-18). Considering 

the abnormally high P and F concentration in the blocky layer and its residuals compared to 

the main eggshell in unhatched and hatched eggshells, the P and F enriched layer may 

represent a mineral reservoir for a developing embryo. This hypothesis could be rigorously 

testified in future by using unhatched and hatched eggshells from the same clutch.  

 

3.4.6 The unique crystallography feature of rigid gekkotan eggshells and its 

potential application in paleontology  

Among all rigid eggshells of sauropsids, a unique trait of rigid gekkotan eggshells is the c -

axis orientation of calcite grains. All examined archosaur eggshells have the same 

crystallographic structure (Silyn-Robers and Sharp 1986). The eggshell formation begins at 

the organic cores in the innermost end of the eggshell (Figure 3-2A). The calcareous 

crystals radiate externally from the organic cores and meet each other at a certain height to 

form the mammillary layer, then continue to grow outward to form the main body of the 

eggshell (Board 1982; Packard and DeMarco 1991). This growth pattern can be visualized 

in lower hemisphere pole figures made by EBSD analysis: the c-axis orientations of the 

mammillary layer are somewhat irregular but they become strongly aligned in the 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g007
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g008
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s018
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s019
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s019
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s019
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s020
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g002
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continuous layer perpendicular to the outer surface. This pattern was observed in avian 

(Dalbeck and Cusack 2006; Trimby and Grellet-Tinner 2011; Grellet-Tinner et al. 2012, 

2016; Perez-Huerta and Dauphin 2016) and non-avian dinosaur eggshells (Trimby and 

Grellet-Tinner 2011; Moreno-Azanza et al. 2013, 2016, 2017; Eagle et al. 2015). On the 

other hand, the c-axis orientations of rigid gekkotan eggshells are definitely different from 

those of archosaur eggshells. The c-axis orientations of the inner part of the eggshell are 

perpendicular to the eggshell surface, indicating that no true mammillary layer exists in 

rigid gekkotan eggshells. This upright c-axis orientation retains up to the outer surface, but 

the intensity of its alignment becomes weaker while it becomes stronger in dinosaur 

eggshells (Moreno-Azanza et al. 2013, 2017). This crystallographic disparity between 

gekkotan and archosaur eggshells casts doubt on the hypothesis that all rigid sauropsid 

eggshells have the same mechanism of eggshell formation (Packard and DeMarco 1991). 

Moreover, if these features are autapomorphies of gekkotan eggshells, they can be used for 

verification of several “gecko-like” egg fossils from the Cretaceous deposits in Europe  

(Kohring 1991; Vianey-Liaud and Lopez-Martinez 1997; Selles 2012; Csiki-Sava et al. 

2016; Moreno-Azanza et al. 2016; Prondvai et al. 2017) and North America (Hirsch and 

Quinn 1990), the Eocene deposits in North America (Hirsch 1996), the Oligocene deposit in 

Europe (Schleich and Kästle 1988), and the Miocene deposit in Kenya (Hirsch and Harris 

1989). 

 

3.4.7 The crystallographic features of soft gekkotan eggshells and a possible 

homologous character of all gekkotan and tuatara eggshells  

 

In soft gekkotan eggshells, the c-axis orientation of calcites differs considerably between 

the porous calcareous layer (the inner part of the stem-like structure) and dense calcareous 



３０ 

` 

layer (the external part of the stem-like structure and cap-like structure) (Figure 3-9E–9F). 

It lies mainly perpendicular to the egg surface in the inner porous calcareous layer while it 

is mainly parallel in the outer dense one. Interestingly, a similar eggshell crystallographic 

arrangement was reported in tuatara eggshells in the way that vertical to sub -vertical calcite 

growth in the inner part of the calcareous layer becomes changed by the horizontal calcite 

growth in the outer part as a “cap-like” region (Figure 3-2B; Packard et al. 1988). The 

crystallographic data of Correlophus ciliatus and Rhacodactylus leachianus  eggshells imply 

that soft gekkotan eggshells do not only resemble tuatara eggshells morphologically but 

also share a similar growth mechanism. In addition, it is notable that the horizontal calcite 

growth in soft gekkotan eggshells is also observed near the outer surface of rigid gekkotan 

eggshells (Figure 3-9A–9D). Moreover, calcite grains in the main part of the rigid gekkotan 

eggshells are much larger than those of the outer surface and their c -axis orientations are 

perpendicular to the egg surface, which are exactly the same pattern as the calcareous layer 

of soft gekkotan eggshells. Thus, judging from the grain size distribution and 

crystallographic features of calcite grains, all gekkotan eggshells (rigid and soft) show a 

very similar pattern of developmental framework with tuatara eggshells. If rigid gekko tan 

eggshells were derived from soft eggshells as suggested (Sander 2012; Skawinski and 

Talanda 2015), upright calcite grains of rigid gekkotan eggshells may be a homology of the 

calcite grains forming “stem-like structure” (sensu Packard et al. 1988) of soft gekkotan 

and tuatara eggshells.  

 

3.4.8 Growth direction in gekkotan eggshells may be opposite to archosaur 

eggshells  

 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g009
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g002
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g009
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In archosaur eggshells, the growth begins at the organic core situated in the innermost end 

of the eggshell, then continues to the outer surface (Figure 3-2A). This pattern was 

demonstrated by EBSD analysis in that calcite grains in the mammillary layer (where 

organic cores exist) are radiating outward in the early stage of the eggshell growth while 

continuous layer of the late stage of eggshell growth has well -oriented c-axes and fan-

shaped (arc towards the outer surface) calcite grains (Dalbeck and Cusack 2006; Trimby 

and Grellet-Tinner 2011; Moreno-Azanza et al. 2013, 2016, 2017; Eagle et al. 2015; 

Grellet-Tinner et al. 2016). On the other hand, the outer part of the gekkotan eggshells is 

filled with small calcite grains of irregular c-axis orientations (Figure 3-9A–9G) while the 

inner layer has much bigger and well-oriented reverse fan-like (arc towards the inner 

surface) calcite grains without a mammillary layer. This implies that eggshell formation 

begins at the outer surface and grows down to the inner surface of the eggshell, which is 

opposite to the growth direction of archosaur eggshells if we admit that the eggshell 

formation mechanism of archosaurs is also applicable to the Gekkota. In fact, this 

hypothesis was already proposed for the eggshell formation of tuatara ( Figure 3-2B; 

Packard et al. 1988). If we accept this hypothesis, several unique characteristics of rigid 

gekkotan eggshells can be understood in a logical manner. They are less well -defined shell 

units (Carpenter 1999; Packard and DeMarco 1991) and a high concentration of P on the 

inner surface (Figure 3-8) without organic cores (nucleation sites) (Carpenter 1999; Hirsch 

1996). The reason for less well-defined shell units and the absence of nucleation site on the 

inner surface are due to the absence of the mammillary layer. On the other hand, the 

irregular c-axis orientations are present in the outer part rather than the inner one in rigid 

gekkotan eggshells, implying that the nucleation site is located in the outer part (i.e., 

eggshell formation begins from the outside). In addition, it is known that the concentration 

of P increases from the mammillary layer of avian eggshell a nd reaches a critical 

concentration to terminate the eggshell formation (Cusack et al. 2003; Dauphin et al. 2006). 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g002
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g009
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g002
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g008
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In contrast, P concentration increases from the outer surface to the inner surface in rigid 

gekkotan eggshells (Figure 3-8A–8D), suggesting the eggshell formation was ended in the 

inner surface because P is known as a terminator in calcite (eggshell) crystallization  

(Bachra et al. 1963). All lines of evidence strongly support that the direction of gekkotan 

eggshell formation is opposite to that of archosaur eggshells. New research using 

anatomical and physiological approaches (e.g., see Board and Sparks 1991) are necessary to 

understand this counterintuitive growth of gekkotan eggshells in future.  

 

3.4.9 Symplesiomorphy of basal lepidosaurid eggshells  

 

The soft eggshell of Correlophus ciliatus has been recently suggested as a transitional 

state between the universal soft-shelled eggs of squamates and rigid eggshells of Gekkota 

(Andrews 2015). According to our study, however, the eggshell of  Correlophus ciliatus and 

other soft gekkotan eggshells are more similar to tuatara eggshells rather than derived 

squamate eggshells (Figure 3-10). The tuatara-styled eggshell may be more widespread in 

basal squamates (Packard and DeMarco 1991). The Tuatara is the sister clade to the 

Squamata and together comprise Lepidosauria (Figure 3-1; Vitt and Caldwell 2014). The 

Gekkota is one of the most basal clades within the Squamata (Pyron et al. 2013). Hence, 

tuatara-styled eggshells would be a primitive (= symplesiomorphic) character compared to 

the rigid gekkotan eggshells and soft eggshells of derived squamates. In addition, 

crystallographic data presented above suggest t hat soft and rigid gekkotan eggshells have 

basically the same mechanism of eggshell formation, implying that they possess the same 

developmental pathway. If this hypothesis is true, soft gekkotan eggshells (i.e . tuatara-

styled eggshells) would represent the basal character state of lepidosaurian eggshells.  

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g008
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g010
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g001
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Soft eggshells of derived squamates lack the loosely organized columnar structure unlike 

the tuatara-styled eggshell but have very thin calcareous layer (Figure 3-10; Schleich and 

Kästle 1988), representing the more derived character state of lepidosaurian eggshells.  

 

3.4.10 Convergent and parallel evolution of calcified eggshells in sauropsids  

 

Gekkotan eggshells can be used to test convergence and parallelism in the evolution of 

calcified eggshells in Sauropsida (Figures 3-1 and 3-10). In evolutionary biology, 

convergence can be defined as “independent evolution based on different developmental 

pathway” from distantly related clades, while parallelism is defined as “discontinuous 

presence of a character because of reuse of similar developmental mechanisms” between 

the closely related clades (Hall 2003, 2007; Wake et al. 2011). On one hand, it is evident 

that the rigid eggshells of the Gekkota and the Archosauria would be an example of 

convergent evolution, for these groups are distantly related and it is shown that their 

developmental mechanisms are completely different. On the other hand, rigid eggshells of 

the Gekkota may have a parallel evolutionary relationship with those of the Dibamidae. 

Excluding the Gekkota from squamates, family Dibamidae is the only clade that lays rigid 

eggshells (Vitt and Caldwell 2014; Skawinski and Talanda 2015) . Interestingly, the 

Dibamidae lies between the tuatara and Gekkota in a phylogenetic analysis  (Pyron et al. 

2013) such that they are the most primitive clade in the Squamata (Figures 3-1 and 3-10). 

In addition, we can infer that the ancestor of dibamids had a soft and tuatara -styled eggshell 

based on the tuatara and soft gekkotan eggshells and the phylogenetic position of the 

Dibamidae (Bryant and Russell 1992). 

Nevertheless, it is evident that rigid eggshells of dibamids are not a homologous character 

of those of the Gekkota (i.e., not derived from a common ancestry) because the eggshell 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g010
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g001
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g010
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g001
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g010
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rigidity of the Gekkota is phylogenetically clustered within the Gekkota ( Figure 3-1), which 

means that it was generated after the cladogenesis of the Gekkota. Therefore, it is probable 

that rigid eggshells of the Gekkota and the Dibamidae may have similar developmental 

pathways due to their phylogenetic closeness and structural constraints originated from the 

ancestors, but this similarity is, obviously, not the result of common ancestry. To support 

this hypothesis, we need morphological, chemical, and crystallographic data for dibamid 

eggshells but, unfortunately, they were not available in this study.  Lastly, the Phu Phok 

eggs that were reported to small theropod dinosaur eggs from the Early Cretaceous deposit 

in Thailand (Buffetaut et al. 2005) are, in fact, the only non-gekkotan squamate 

(anguimorph) egg fossils that have embryos in ovo and rigid eggshells (Fernandez et al. 

2015). The pattern of optical extinction pattern of these fossil anguimorph eggshells is 

similar to those of extant rigid gekkotan eggshells in terms of shape and configuration of 

calcite grains (Fernandez et al. 2015), implying the similarity of crystallographic characters. 

Assuming the similar crystallographic characters derive from a similar developmental 

pattern, and considering that rigid eggshells of the Anguimorpha and the Gekkota must not 

have been a homologous character, we further conclude that  the parallel evolution for rigid 

eggshells already occurred in the Early Cretaceous within the Squamata based on the age of 

Phu Phok eggs and the skeletal and eggshell fossil records of the Gekkota  (Fernandez et al. 

2015; Daza et al. 2014). 

 

3.4.11 Further research suggestions  

This study used the eggshells of captive gekkotan individuals. In some herpetological 

studies, it was reported that eggshells of captive individuals sometimes have unusual 

features although these abnormalities are mostly compositional ones rather than structural 

ones (see discussion in Osborne and Thompson 2005). That being said, in order to acquire 

more solid results on the microstructure and crystallography of gekkotan eggshells, 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g001
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gekkotan eggshells from natural individuals should be analyzed with the EBSD analysis. 

Only when both eggshells from natural and captive individuals show the similar outcome, 

the results of this study can be fully generalized as the biology of Gekkota. More 

importantly, the crystallography of the Phu Phok eggs (Fernandez et al. 2015) should be 

acquired in order to test the view of this study. That is because Phu Phok eggs are the only 

confirmed squamate eggshell in vertebrate paleontology, and if the result  of this study can 

be fully applicable to the eggshell crystallography of Squamata, then Phu Phok eggs would 

be gecko-like crystallography. Thus, the Phu Phok eggs provide the perfect chance to test 

the view of this study.  

With further information from confirmed fossil squamate eggshells and modern natural 

gekkotan eggshell, the results of this study can have stronger generality, and the dichotomy 

between the eggshells of archosaur and lepidosaur can be further supported.      

 

 

 

 

 

 

 

 

 

 

 

 

 

 



３６ 

` 

 

 

 

 

 

 

 

 

Figure 3-1. Phylogenetic relationship of the Gekkota and related major clades in the 

Sauropsida modified from Pike et al. 2012; Gamble et al. 2011; Pyron et al. 2013 . The blue 

branches represent soft-shelled egg-layers while red branches rigid-shelled ones. The 

gekkotan genera used in this study are in parentheses.  
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Figure 3-2. Two different eggshell growths in the Sauropsida.  (A) In archosaur eggshells 

(represented by avian eggshell), eggshell formation begins at the organic core with 

radiating calcite grains (first step). At the end of the mammillary layer, the c -axis of calcite 

grains are aligned perpendicular to the eggshell surface and grow vertically (second step) 

(Dalbeck and Cusack 2006; Moreno-Azanza et al. 2013). (B) It was hypothesized that the 
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mineralization of tuatara eggshell begins at the certain point of the stem-like structure, then 

proceeds to two opposite directions (both externally and internally; first step). When the 

formation of stem-like structure is completed, the formation of cap-like structure follows 

(second step). In the cap-like structure, the calcite grains grow horizontally (Packard et al. 

1988). Terminology followed for avian eggshell (Mikhailov 1997), and for tuatara eggshell 

(Schleich and Kästle 1988; Packard et al. 1988). Courtesy of Noe-Heon Kim. 
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Figure 3-3. Schematic views of the seven different gekkotan and representative derived 

squamate eggshells. Most of the terminology followed (Schleich and Kästle 1988; Packard 

et al. 1988) and otherwise new terms are proposed in this study. The light gray areas 

in Gekko gecko (A), Paroedura stumpfii (C), and Phelsuma grandis (D) eggshells show the 

location and shape of “dark bands”. The dark gray areas in rigid gecko eggshells (A–D) 

signify the shape of extinction pattern under polarized light. The jargon “calcareous layer” 

is used in soft gekkotan eggshell to refer to stem-like and cap-like structures, collectively. 

The figures are not drawn to scale. In Gekko gecko eggshell (A), a pore-like and bulbous 

structures are associated with the ornamentation. The eggshell of  Paroedura stumpfii has a 

peculiar porous layer (C). The mixed layer of  Rhacodactylus leachianus eggshell (F) can be 

further differentiated into two sub-layers. The protein fibers in Eublepharis 

macularius eggshell (G) are undulated unlike other soft eggshells (E, F). Note that soft 

eggshells of derived squamates do not have stem-like structure that extends to the shell 

membrane (H).  
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Figure 3-4. Thin section images of gekkotan eggshells.  A1–G1 were taken under plane-

polarized light and A2–G2 cross-polarized light. White bars on the left side of the figures 

represent the boundary between the layers mentioned in the text and Appendix Text-1. 

Outside of eggshell is up, consistent with Figure 3-3. (A) Gekko gecko. White arrows point 

to the inner thick faint and outer thin dark bands, respectively. Black arrows mark the pore -

like structures. (B) Paroedura pictus. White arrows point to the polygonal extinction 

patterns. Black arrows mark the location of ridge-like ornamentations. (C) Paroedura 

stumpfii. A white arrow in C1 marks a calcite concretion extending toward the interior of 

the eggshell. White arrows in C2 mark the triangular extinction pattern. (D) Phelsuma 

grandis. White arrows in D1 and D2 point a dark band and calcite granules, respectively. 

(E) Correlophus ciliatus. Extinction patterns are polygonal to triangular in shape (white 

arrows in E2). (F) Rhacodactylus leachianus. Extinction patterns are longitudinally thick, 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s001
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone-0199496-g003
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compared to those of Correlophus ciliatus eggshell (white arrows). The pore-like structure 

is marked by a black arrow. (G) Eublepharis macularius . Extinction pattern is not 

prominent, compared to other soft gekkotan eggshells but similar in shape (white arrows).  
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Figure 3-5. Secondary electron images of gekkotan eggshells.  Each column is outer, radial, 

and inner views, respectively. White and black bars on the side of a central column 

represent the boundary between the layers mentioned in the text and Appendix Text 3-1. 

Outside of eggshell is up. See Appendix Figures 2–8 for details. (A) Gekko gecko. Ribbon-

like structures in A3 are remnants of the shell membrane. (B)  Paroedura pictus. White 

arrows in B1 point pore-like structures. Note columnar structure (white arrows) and ridge-

like ornamentations (black arrows) in B2. The inner surface is characterized by a lot of pits. 

(C) Paroedura stumpfii. White arrows in C1 mark the fragments of sawdust so that they 

should be neglected. Note the absence of columnar structure in the plain layer and the 

presence of ornamentation (a white arrow) in C2. Protruding calci te concretions are 

distributed in C3 (white arrows). (D) Phelsuma grandis. Note that the boundary between 

the blocky and columnar layers in D2 is very similar to the inner surface of other rigid 

gekkotan eggshells where needle-like structure exists (a white arrow). (E) Correlophus 

ciliatus. The calcareous layer is weakly columnar in shape and morphologically different 

from the very thin calcareous layer of derived squamate eggshells. A white arrow in E3 

marks the margin of the boundary layer. (F)  Rhacodactylus leachianus. The gradual 

boundary between the capsule-like and flattened granules is marked in F1 (a white arrow) 

in the outer surface. Note the convex mounds in the boundary layer (white arrows) in F3. 

(G) Eublepharis macularius . Note that protein fibers near the calcareous layer have wave-

like undulation in G2 (white arrows). The outline of eggshell is similar to those of scincid 

lizard eggshells (Osborne and Thompson 2005).   

 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s001
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s004
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s010
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Figure 3-6. Backscattered electron (BSE) images of gekkotan eggshells.  White bars on the 

side represent the certain boundary mentioned in the text and Appendix Text 3-1. Outside 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s001
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of eggshell is up. See Appendix Figures 9–15 for details. (A) Gekko gecko. White arrows 

point to the circular structures with a central hole, whereas black arrows mark the vesicles. 

Note the enigmatic bulbous structure in ornamentation (a white arrowhead) covered with a 

very thin layer consisting of polygonal structure in the outermost part of the eggshell (a 

black arrowhead). (B) Paroedura pictus. Note the circular structures with a central hole 

(white arrows) and abundant vesicles (black arrows). The ridge-like ornamentation is 

marked by a black arrowhead. (C) Paroedura stumpfii. Circular structures with a central 

hole (white arrows) are distributed in the eggshell except the inner portion of the plain 

layer. Vesicles are marked by black arrows. Note the highly irregular pores in the porous 

layer and a pore-like orifice (a black arrowhead). (D) Phelsuma grandis. Abundant circular 

structures (white arrows) and a few vesicles are present (black arrows). Note needle -like 

structures between the blocky and columnar layers (two lower white arrowheads). Spherical 

granular ornamentations are connected to the main eggshell (two upper white arrowheads) 

covered with a very thin covering layer (a black arrowhead). (E)  Correlophus ciliatus. The 

boundary layer is marked by a dashed line. Note that calcareous layer occupies one-half of 

the eggshell although they coexist with protein fibers (fibers are represented by black dots 

and lines; white arrows). Pore-like and small chamber-like structures are pointed by black 

and white arrowheads, respectively. (F) Rhacodactylus leachianus . The boundary layer of 

the eggshell is marked by a dashed line. It has deeper mixed layer with a more compact 

outer portion than Correlophus ciliatus eggshell. The protein fibers are marked by white 

arrows. Note pore-like structure (a black arrowhead). (G) Eublepharis macularius. 

Columnar structure is clearly observable with pore-like structures between columns (black 

arrowheads). The stem-like structure of each columns consists of calcite and protein fibers 

(white arrows). 

 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s011
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0199496#pone.0199496.s017
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Figure 3-7. Elemental mapping images of gekkotan eggshells. The panels in the same row 

are on the same scale. A colored bar on A1 shows the intensity of signal with red stands for 

higher concentration. Outside of eggshell is up. (A)  Gekko gecko. (B) Paroedura pictus. 

(C) Paroedura stumpfii. (D) Phelsuma grandis. (E) Correlophus ciliatus. (F) Rhacodactylus 

leachianus. (G) Eublepharis macularius . 
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Figure 3-8. Line profile analyses of gekkotan eggshells.  Vertical yellow bars represent the 

locations where analyses were conducted. Horizontal red bars on the graph are auxiliary 
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lines that mark the same position in the eggshell. The boundaries of the eggshell are marked 

by black bars. The units are in weight percent. Outside of eggshell is up. (A1 –A2) Gekko 

gecko. A1 shows the elemental profile of the main eggshell, while A2 represents the result 

of ornamentation area. Note the correlation between the level of Mg and S (white arrows). 

A black arrow points a small Ca peak caused by a very thin layer consisting of polygonal 

structure of the covering layer. (B) Paroedura pictus. Note the correlation between the 

level of Mg and S (white arrows). (C) Paroedura stumpfii. A drop of Ca level reflects the 

empty spaces in the porous layer rather than low concentration of Ca in the porous layer (a 

white arrow). (D) Phelsuma grandis. Note the correlation between the level of Mg and S in 

the main eggshell (white arrows). The level of P gradually decreases from the inner surface 

of the columnar layer, but it increases near the outer surface of the eggshell. 

(E) Correlophus ciliatus. The hatched rectangle marks the crack. The level of Mg, P, and 

Ca begins to change at the same position (i.e., the boundary between the shell membrane 

and calcareous layer). (F) Rhacodactylus leachianus . Note the level of Mg and P changes  

more abruptly at the boundary between the shell membrane and calcareous layer compared 

to Correlophus ciliatus eggshell. (G) Eublepharis macularius. Note that Eublepharis 

macularius eggshell has a relatively short calcareous layer.  
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Figure 3-9. Inverse pole figure (IPF) maps and lower hemisphere pole figures of gekkotan 

eggshells. Each row of lower hemisphere pole figures in right columns is corresponding to 

the area bounded by the white bars on the IPF map. The hexagonal columns in the IPF map 

show the direction of c-axis orientation. The big columns represent the main direction and 

small columns represent the subordinate direction (i.e., correspond to a strong signal and 

weak signal marked by white arrows in the pole figures, respectively). Note that a - and b-

axes were not considered in the construction of hexagonal columns. The numbers above the 
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color scale represent the number of data points used in pole figure construction. The 

numbers on the side of the color scale are the intensity of the signal. Ou tside of eggshell is 

up. Dashed lines indicate the boundary layer (E–G). (A) Gekko gecko. Note that lower 

hemisphere pole figures were constructed only for the area to the left of a dashed line in 

order to avoid any disturbance caused by ornamentation and pore-like structure in the right 

area. (B) Paroedura pictus. (C) Paroedura stumpfii. (D) Phelsuma grandis. 

(E) Correlophus ciliatus. (F) Rhacodactylus leachianus . (G) Eublepharis macularius. (H) 

An arrow in hexagonal column points to the direction of c-axis (upper left). An IPF legend 

shows the relationship between the color and c-axis orientation (lower left). A cylinder on 

the right shows c-axis orientation schematically. Red-colored parts of the IPF map show the 

region where c-axis of calcite crystal is aligned perpendicular to the eggshell surface. In 

contrast, blue- and green-colored parts are equivalent to the calcite crystals that have 

horizontally aligned c-axis (i.e., parallel to the eggshell surface). 
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Figure 3-10. A hypothetical cladogram of rigid eggshells evolution in sauropsids.  The red 

branches represent the rigid calcified eggshells, the blue represent the “tuatara -styled” 

eggshells, and the black represents the derived squamate eggshell. The archosaur eggshells 

are characterized by the nucleation sites at their inner margin. The tuatara and soft 

gekkotan eggshells are morphologically similar to each other and characterized by the 

“stem-like” and “cap-like” structure in the inner and outer regions, respectively. The 

derived squamate eggshells have a shallow calcareous layer on the surface without calcite 

“stem-like” structure into the shell membrane. The eggshell microstructure of the 

Dibamidae is unknown.  
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CHAPTER 4: A POTENTIAL BASAL ARCHOSAUR EGG FROM THE UPPER 

CRETACEOUS WIDO VOLCANICS OF SOUTH KOREA 

 

This chapter was published in a peer reviewed journal.  

Choi, S., Lee, S. K., Kim, N.-H., Kim, S. and Lee, Y.-N. 2020. Raman spectroscopy detects 

amorphous carbon in an enigmatic egg from the Upper Cretaceous Wido Volcanics of 

South Korea. Frontiers in Earth Science 7, 349. 

 

4.1 INTRODUCTION  

 

Along with diverse invertebrate fossils, vertebrate egg fossils are calcium carbonate-based 

biominerals (Mikhailov 1997; Cusack and Freer 2008; Pérez -Huerta et al. 2018). Calcium 

carbonate of fossil eggs not only provide reproductive paleobiological information of 

amniotes (Grellet-Tinner et al. 2006; Tanaka et al. 2015; Varricchio and Jackson 2016 and 

references therein; Choi et al. 2019; Yang et al. 2019a) but also afford paleoenvironmental 

and taphonomic information overprinted in the eggs (Grellet -Tinner et al. 2010; Montanari 

et al. 2013; Angst et al. 2015; Moreno-Azanza et al. 2016; Graf et al. 2018; Kim et al. 2019; 

see also Montanari 2018 and references therein). Modern avian eggshells are mostly 

composed of calcite (96%) with a rare amount of organic matrix (2%) and trace elements 

such as Mg, P, and S (Hincke et al. 2012; Dauphin et al. 2018). Likewise, modern 

crocodylian and (rigid) gecko eggshells are mostly composed of calcium carbonate in the 

form of calcite (Ferguson 1982; Schleich and Kästle 1988; Marzola  et al. 2015; Choi et al. 

2018) unlike turtle eggshells, which are mainly composed of aragonite (Lawver and Jackson 

2014). In all rigid eggshells of modern amniotes, organic materials are certainly a minor 

and easily degradable component so that they are rarely preserved in the fossil record 
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(Hirsch 1996, table 2; Smith and Hayward 2010). Accordingly, the majority of the fossil 

eggshell studies have focused on biominerals rather than preserved carbonaceous (potential 

organic) matters.  

The reports on the potential preserved organic material of fossil eggs are, however, 

accumulating ever since the 1990s. For example, preserved shell membrane (membrana 

testacea; see Grellet-Tinner 2005, figure 1) was reported even from the Early Jurassic 

dinosaur eggs (e.g. Kohring and Hirsch 1996; Kohring 1999; Grellet -Tinner 2005; 

Schweitzer et al. 2005; Stein et al. 2019). Unfortunately, many of the reports were merely 

based on the morphology of putative biological structure, thereby another line of evidence 

should be applied to guarantee the biogenicity of those structures (e.g. Schidlowski 2001; 

Gupta et al. 2007; Stein et al. 2019; see also discussion of Schopf et al. 2005). On the other 

hand, Schweitzer et al. (2005) showed the presence of organic materials in the radial 

section of a titanosaur eggshell using an immunohistochemical approach, which is a superb 

tool to see a distribution of in situ organic materials and can identify the type of organic 

material using antigen-antibody reaction (but see also Saitta et al. 2018). Nevertheless, this 

approach requires rather complicated preparation steps and laboratory resources (see 

electronic appendix of Schweitzer et al. 2005) that are not easily available to most 

paleontologists. In this respect, Raman spectroscopy used in Wie mann et al. (2018) and 

Yang et al. (2018) to detect preserved cuticle (an outermost proteinous layer of an eggshell) 

or pigments in the fossil eggshell is a promising technique because it is nondestructive and 

provides high spatial and spectral resolution without complicated preparation steps (Smith 

and Clark 2004; Schweitzer et al. 2008; Olcott Marshall and Marshall 2015).  

In addition, Raman spectroscopy is useful in appraising the thermal maturity of preserved 

organic materials (or at least carbonaceous material) in fossils (Hartkopf -Fröder et al. 2015; 

Olcott Marshall and Marshall 2015 and references therein). By using the  parameters derived 

from the Raman spectra of thermally matured carbonaceous materials, the preserved 
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carbonaceous matter in metasedimentary rock samples (Beyssac et al. 2002; Rahl et al. 

2005; Lahfid et al. 2010) or fossil fuels (Schito et al. 2017; Henry  et al. 2019a) could be 

used as a „thermometer‟ because the parameters are affected mainly by heat, but little 

affected by other variables such as pressure at least in higher metamorphic grade (T > 

350◦C) (Lahfid et al. 2010). The Raman spectroscopy, therefore, has been widely used by 

micropaleontologists and applied to diverse fossils including, but not limited to, acritarch 

(Marshall et al. 2005; Schiffbauer et al. 2012), conodont (Marshall et al. 2001; McMillan 

and Golding 2019), foraminifera (McNeil et al. 2015), kerogenous microfossils (Schopf et 

al. 2005), plant spores (Bernard et al. 2007), and protist (Ferralis et al. 2016) to investigate 

the thermal maturity of those fossils. Although Raman spectroscopy does not fully prove 

the biogenicity of preserved carbonaceous matter in fossil and needs further confirmation 

by independent approaches (Pasteris and Wopenka 2003; Marshall et al. 2010), Raman 

spectroscopy is the simplest tool to detect carbonaceous material in fossils, thus make 

further biogenicity test possible (Marshall et al. 2010). In fossil eggshells and vertebrate 

fossils in general, Raman spectroscopy has not been widely used except for a few 

pioneering studies (e.g., Piga et al. 2011; Thomas et al. 2011; Lee et al. 2017), but as 

shown in Wiemann et al. (2018), Yang et al. (2018), and Stein et al. (2019), it has a great 

potential in vertebrate paleontology as it is in archeology (Smith and Clark 2004).  

 In the fieldwork in 2016, a solitary partial egg had been found in the Wido Volcanics of 

South Korea where two types of dinosaur egg fossils were reported (Choi and Lee 2019; 

Kim et al. 2019). The most peculiar microstructural feature of this egg is several parallel 

dark bands, which is reminiscent of the dark band structure in modern and fossil  

crocodyliform eggshells (e.g. Marzola et al. 2015; Russo et al. 2017). We hypothesized that 

the dark bands, which were observed in all eggshells, of this eggshell are attributed to the 

composition, mainly due to the preserved carbonaceous (probably organic) matter. Hence, 

the aim of this study is to provide a detailed description of a new egg using diverse 
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analytical methods including Raman spectroscopy and to investigate the origin of the dark 

bands. Based on circumstantial evidence surrounding this fossi l material and comparisons 

to modern crocodylian eggshells, we also deduced a possible egg-layer of this enigmatic 

egg. 

 

4.2 GEOLOGICAL SETTING  

 

The Wi Island is located in the Yellow Sea and a part of the successive Upper Cretaceous 

volcanic-influenced deposits in southwestern Korean Peninsula (Figure 4-1A; Chough et al. 

2000; Kim S.W. et al. 2016; Choi and Lee 2017; Kwon et al. 2017). The island is composed 

of the Wido Volcanics and can be further divided into four conformable subunits: Daeri 

Andesite, Mangryeongbong Tuff, Beolgeumri Formation, and Ttandallae Tuff in ascending 

order (Figure 4-1B; Koh et al. 2013; Ko et al. 2017). The Daeri Andesite is mostly 

composed of andesite but a reddish mudstone layer with calcareous nodules lies at the 

bottom. This fossiliferous lithofacies was interpreted to be deposited in a floodplain under 

semi-arid paleoclimate (Gihm et al. 2017). The Mangryeongbong Tuff is mostly composed 

of massive lapilli tuff (Gihm and Hwang 2014) and U-Pb radiometric age dating yielded 

86.63 ± 0.83 Ma, which is the youngest age limit of the fossiliferous layer (Ko et al. 2017). 

The Beolgeumri Formation is composed of tuffaceous conglomerate,  coarse sandstone, very 

fine sandstone, and black shale (Koh et al. 2013; Ko et al. 2017). The Beolge umri 

Formation was deposited in lacustrine environment that was highly influenced by the 

pyroclastic density currents triggered by earthquakes (Gihm and Hwang 2014, 2016; Ko et 

al. 2017). The Ttandallae Tuff is the uppermost unit and composed of breccias a nd lapilli 

tuff, deposited from pyroclastic density currents (Ko et al. 2017).  

 

4.3 MATERIAL   
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Only one incomplete egg of Aenigmaoolithus vesicularis  oogen. et oosp. nov. (SNUVP 

201701; Figures 4-2B–D) was found, but other ootaxa such as faveoloolithid 

Propagoolithus widoensis  (Kim et al. 2019) and possible dromaeosaurid eggshell 

Reticuloolithus acicularis (Choi and Lee 2019) were relatively abundant in the fossil 

locality. An incomplete egg was excavated in the field (Figure 4-2D). The four fragments 

were situated no more than 5 cm from the egg. The nearby eggshell fragments have dark 

bands exactly the same as those of the holotype egg, thus we used nearby fragments for 

physico-chemical analyses detailed below (Figure 4-3A) in order not to damage the 

holotype. The main microstructural features of holotype eggshell and nearby fragments are 

summarized in Figure 4-3B. See Appendix Figure 4-1 for further information. Because the 

material is a definite archosaur egg (see EBSD observation below) but its microst ructure is 

not similar to that of any known dinosaur (including Aves) eggshells (see section 

“Comparative Study” below), we analyzed eggshells of modern crocodile ( Caiman 

latirostris, provided by Dr. Kohei Tanaka, University of Tsukuba, Japan) using select ive 

methods for comparisons.  

 

4.4 SYSTEMATIC PALEONTOLOGY  

 

Oofamily Incertae sedis.  

Oogenus Aenigmaoolithus oogen. nov.  

Type oospecies Aenigmaoolithus vesicularis  oogen. et oosp. nov.  

Diagnosis. As for the type and only oospecies.  

Etymology. „Aenigma,‟ Latin word of „Enigma,‟ indicates unidentifiable affinity of an egg -

layer and its peculiar microstructure compared to other known ootaxa; „oo‟ and „lithos‟ 
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mean egg and stone in Greek, respectively. Type locality and horizon. As for t he type and 

only oospecies.  

Oospecies Aenigmaoolithus vesicularis  oogen. et oosp. nov.  

Etymology. The specific name derived from abundant vesicles distributed in the eggshell.  

Holotype. One partial egg (SNUVP 201701).  

Referred specimens. One thin section for polarized light microscopy (PLM) and Raman 

spectroscopy investigation (SNUVP 201702), one fresh radial section for SE mode (SEM) 

observation (SNUVP 201703), and one polished section for FE-EPMA, EBSD, and BSE 

mode (SEM) observation (SNUVP 201704).  

Type locality and age. Sedimentary deposits of the Daeri Andesite, Wido Volcanics, Wi 

Island of Buan County, North Jeolla Province, South Korea. Late Cretaceous [not younger 

than Santonian; older than 86.63 ± 0.83 Ma (Ko et al., 2017)].  

Diagnosis. The outer surface is usually smooth but rarely nodular flat -topped ornamentation 

exists; thickness ranges from 178 to 214 µ m (average 200 µ m); shell units are wedgeshaped; 

large vesicles occupy outer half of the eggshell; dark bands composed of amorphous carbon 

exist mainly in the inner end of the eggshell (1/7–1/8 of the whole thickness of the eggshell) 

but also weakly exist in the middle part of the eggshell (see Figure 4-3B). 

 

4.5 RESULTS  

 

4.5.1 Taphonomic consideration for mineralized part 

 

Before detailed morphological description, we firstly present distribution of Mg in the 

eggshell because Mg might be related to potential disruption of original microstructure. In 

the experimental setting, Mg included „artificial burial flu id (100 mM NaCl + 10 mM 
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MgCl2 aqueous solution)‟ combined with thermal treatment would effectively disrupt the 

original calcite grain shape in modern invertebrate shells compared to its control groups 

treated with thermal effects only or thermal effects wi th „artificial meteoric fluid (10 mM 

NaCl aqueous solution)‟ (Casella et al.  2018). In A. vesicularis, Mg showed characteristic 

bilaminar structure in that its concentration is lower in the inner part of the eggshell whilst 

the outer half (roughly equivalent to a vesicular layer in SEM observation; see below) is 

comparatively enriched with Mg (Figure 4-4). The sedimentary matrix also contains a high 

concentration of Mg. It is not certain whether detected Mg in the eggshell is endogenous or 

exogenous, but in the case of sympatric Propagoolithus, pore canals were filled with calcite 

enriched with Mg (Kim et al. 2019). Considering the porosity caused by the vesicles in the 

outer half of the eggshell (see SEM observation below), the outer half of A. vesicularis 

might be influenced by exogenous Mg. Although the extent of thermal effect during the 

taphonomic history of the Wido Volcanics is unknown (but it is highly likely that thermal 

effect per se indeed existed; see below), the potential exogenous Mg (Figure 4-4; Kim et al. 

2019) and extensive thermal effects that may be related to the volcanic activities or 

magmatism of the Wido Volcanics (Gihm and Hwang 2014; Gihm et al. 2017) might have 

caused the favorable setting for the degradation of calcite grains (Casella et al. 2018) at the 

outer half of the eggshell. Thus, the preservation of horizontal layering in the inner part of 

the eggshell and its weakening toward the outer surface (see SEM observation below) may 

be affected by taphonomic process so that they should be considered in observation. See 

also Appendix Figure 4-2 for the distribution of P and S.   

 

4.5.2 Macroscopic  
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A cross-section of an egg is exposed (Figures 4-5A,B). Its diameter ranges from 21 to 23 

mm. There are many eggshell fragments inside the only fragmentary egg. Almost all 

fragments are cut to expose their radial section but only one fragment exposes its inner 

surface. The external surface of the egg is not exposed. In general, accumulated fragments 

of a crushed egg are usually located at the bottom of an egg (Mueller-Töwe et al. 2002; 

Grigorescu 2017), thereby the specimen may represent a bottom cross -section of an egg. 

Eggshell fragments juxtaposed within the outline of the egg are parallel to the curvature but 

those inside are randomly arranged and concentrated in one part of the section. The 

eggshell is very thin (200 µ m in average thickness; see PLM observation below), 

suggesting a small egg size because the eggshell thickness and egg mass have a positive 

correlation (Ar et al. 1979) and it is also certain that the egg mass is positively correlated 

with the egg size. Among the fossil eggs of which intact size and thickness are reported, 

Sankofa pyrenaica (theropod egg) is 270 µ m in average thickness and is 7 cm ×  4 cm in 

size (López-Martínez and Vicens 2012), which is comparable to A. vesicularis on its 

thinness. Thus, the original size of A. vesicularis would be smaller than that of Sankofa 

pyrenaica.  

 

4.5.3 Polarized light microscopy  

 

The outer surface of the eggshell is smooth wit hout noticeable ornamentation in radial 

view (but see SEM observation below). The thickness of eggshell ranges from 178 to 214 

µ m with an average of 200 µ m. Under normal light, at least four layers stand out based on 

color variation: darkest inner band; translucent band; a pale dark band that has intermittent 

translucent bands within it; translucent band in the remaining external part of the eggshell 

(Figure 4-5C). The eggshell shows columnar to wedge-like extinction pattern under the 
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polarized light (Figure 4-5D). In some parts, however, the extinction pattern is irregular. It 

should be noted that the extinction pattern is similar to the grain shape of calcite detected 

by EBSD analysis (Athanasiadou et al. 2018; see EBSD observation below) that was also 

reported in nonavian dinosaur eggshell fossils (e.g.  see Moreno-Azanza et al. 2013, figures 

1, 3 for cases of Trigonoolithus amoae and cf. Maiasaura eggshell) and extant gecko 

eggshells (Choi et al. 2018, figures 4, 9). 

 

4.5.4 Scanning electron microscopy  

 

We present SEM imaging with two approaches: secondary electron (SE) imaging using 

freshly fractured eggshell and BSE imaging using lapped and polished eggshell. Under SE 

mode, the overall morphology is not very characteristic, but columnar structures are of ten 

observed in the inner part of the eggshell (Figures 4-6A,B). The length of the preserved 

columns varies but the width is uniform (9.43–12.4 µ m with an average of 11.1 µ m). Each 

column and the inner half of the entire eggshell show horizontally stacked crystalline layers. 

The layering becomes weaker toward the outer surface, but it may be an artifact caused by 

taphonomic influences (see Taphonomic consideration above). In some cases, exposed 

section of a calcite layer shows numerous vesicle -like structures with varying sizes (Figure 

4-6C). In a few cases, horizontal or slightly inclined gully-like structures are seen (Figure 

4-6D), which might be the trace of dissolved organic fiber (e.g. see Choi et al. 2018). The 

width of this structure is consistent with that of large vesicles. In BSE imaging, two 

sublayers are prominent. The inner half (compact layer; CL in Figures 4-6E,F,H) is filled 

with very minute vesicles. The bigger vesicles are very rare in this layer. In outer half 

(vesicular layer; VL in Figures 4-6E,G,H) of the eggshell, larger vesicles are abundant , but 

minute vesicles are also present between the larger vesicles. The length ranges of larger and 
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very minute vesicles are 0.910–4.520 µ m (2.108 µ m in average) and 0.110–0.454 µ m 

(0.304 µ m in average), respectively. On the other hand, the ornamentation -like structure 

was observed at one point on the external surface (Figure 4-6H). The ornamentation-like 

structure was morphologically similar to that reported in authentic choristoderan eggshell 

that is nodular and flat-topped in shape (Hou et al. 2009). It contains larger vesicles as in 

the vesicular layer lying below, supporting the biogenicity of this structure. Therefore, we 

interpret it as a genuine ornamentation rather than a taphonomic artifact (e.g. epitaxial 

diagenetic calcite growth). Except for this ornamentation, the external surface is smooth 

(see PLM observation above) and uniform in thickness. Considering the fact that non -

ornamented plain parts of the eggshell have consistent thickness (e.g. Choi et al. 2018, 

2020), it also supports the non-taphonomic origin of ornamentation structure described 

herein.  

 

4.5.5 Electron backscatter diffraction  

 

Electron backscatter diffraction imaging shows that the calcite grains with horizontal c -

axis are present in the inner part of eggshell whereas c-axis align vertically toward the 

outer surface (Figure 4-7A). As seen from the extinction pattern (see PLM observation 

above), the shell units are usually wedge-like (Figures 4-7A–C), a feature also known in 

modern and fossil crocodyliform eggshells (see Hirsch and Quinn 1990; Tanaka et al. 2011; 

Moreno-Azanza et al. 2014a, 2015; Marzola et al. 2015; Srivastava et al. 2015; Jackson and 

Varricchio 2016; Russo et al. 2017). One may think that the calcite grains with horizontal 

c-axis are diagenetic calcites, but the extant crocodyliform eggshells also show calcite with 

horizontal c-axis to the middle part of the eggshell (see “Comparative Study” below). 

Furthermore, in case when diagenetic calcites grow in the empty space in the eggshell, they 
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are usually chaotic in their crystallographic orientation or epitaxial to adjacent calcites 

(Moreno-Azanza et al. 2016; Kim et al. 2019). Moreover, the diagenetic calcite growth 

could be differentiated by the high concentration of Mg compared to that of the eggshells in 

Wi Island eggshell fossils (Kim et al. 2019), but this phenomenon was not observed in A. 

vesicularis (Figure 4-4B). Hence, the calcite with horizontal c-axis in A. vesicularis would 

be a biological trait. The grain boundaries are usually high-angled (>20◦; Figures 4-7C,F).  

 

4.5.6 Raman spectroscopy 

 

The eggshell is embedded in the siltstone matrix that consists mainly of quartz grains 

(Figure 4-8A). Raman spectra were acquired at the dark band and plain part of the eggshell. 

The plain part shows the peaks at 1087, 713, 282, and 156 cm
−1

 (Figure 4-8B and Appendix 

Figure 4-3), correspond to the characteristic vibrational modes of calcite (Yang et al. 2018; 

Stein et al. 2019). The Raman spectrum collected at the dark band (with label “C” in Figure 

4-8A) near the inner edge of the eggshell revealed the broad peaks at 1340 –1360 cm
−1

 (D 

band) and 1580–1620 cm
−1

 (G band), along with the 1087 cm
−1 calcite peak, respectively 

(Figure 4-8C and Appendix Figure 4-3). The doublet-like feature corresponds uniquely to 

disordered amorphous carbon (e.g. Tuinstra and Koenig 1970; Ferrari and Robertson 2000; 

Sadezky et al. 2005 and references therein). The results confirm that the dark band at the 

inner edge of the eggshell consists mainly of amorphous carbon. While the dark band is 

prevalent near the inner edge of the eggshell, it also exits throughout the eggshell as 

evidenced from the distribution of dark spots (Figure 4-8A).  

We further acquired the distribution of amorphous carbon throughout the selected area of 

eggshell by measuring the peak intensity of the G band (1600 cm
−1

) (Figures 4-8A,D). The 

resulting 2D image shows that the inner dark band is indeed rich in amorphous carbon 
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compared to the other parts of the eggshell (Figure 4-8D). The image also confirmed the 

non-negligible presence of amorphous carbon throughout the eggshell, while the intensity is 

much less. The distribution patterns confirm that dark bands in the eggshell are attributable 

to amorphous carbon (Figures 4-5B, 8D). The matrix outside the eggshell composed of 

siliciclastic sediments (Kim et al. 2019) shows very low amorphous carbon signal (Figure 

4-8D). The fractions of G and D peaks were obtained based on the deconvolution metho d of 

Sadezky et al. (2005). The deconvolution result indeed confirmed that the experimental 

Raman spectrum can be well-described with five (G, D1, D2, D3, and D4) Raman bands 

(Figure 4-9A). We also obtained the fraction of each band using the deconvolution protocol 

by Lahfid et al. (2010; All Lorentzian) but this result was not as good as the former (Figure 

4-9B). While the difference in the fractions of each band is not significant, we used the 

former method to estimate the fractions of 5 bands. The parameters acquired by the 

deconvolution are presented in Table 4-1. The estimated Raman parameters (Table 4-1) 

were used to infer the paleotemperature using the band-based geothermeters (e.g. for higher 

metamorphic grade, T > 350
◦
C; Beyssac et al. 2002; and lower metamorphic grade 

temperature conditions, 200
◦
C < T < 320

◦
C; Lahfid et al. 2010). Table 4-2 summarizes the 

estimated paleotemperature. Based on the geothermometer for high temperature conditions 

(Beyssac et al. 2002), the estimated paleotemperature is ∼320
◦
C, which is lower than the 

lower limit of the system (350
◦
C). Based on another geothermometer (Lahfid et al. 2010), 

the estimated paleotempertuare is ∼360
◦
C, which is higher than the higher limit of the 

system (320
◦
C). It may be caused by the different deconvolution methods adopted in 

Beyssac et al. (2002) and Lahfid et al. (2010) compared to ours (Sadezky et al. 2005), or 

the lower estimation power at the margin of each system. Nevertheless, the values obtained 

from both estimations are roughly similar. Therefore, the paleotemperature inscribed in A. 

vesicularis from the Wido Volcanics would be roughly 340 ± 30
◦
C. This temperature is 

sufficient to burn avian feathers into a complete black ash (Saitta et al. 2018).  
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4.6 COMPARATIVE STUDY 

 

4.6.1 With a modern crocodylian eggshell 

 

Because A. vesicularis shows Crocodylia-eggshell-like shell unit structure under EBSD 

analysis and dark banded structure, but it is no similar to any known EBSD mapping images 

of dinosaur eggshells (Choi et al. 2019), we further analyzed a modern  crocodylian eggshell 

(Caiman latirostris) using EBSD, BSE mode of SEM, and Raman spectroscopy (Figure 4-

10). We found several similarities between the modern crocodylian eggshell and A. 

vesicularis, but at the same time, we could find notable differences.  

 

4.6.1.1 Crystallography of Caiman latirostris eggshell 

 

The crystallography of Caiman latirostris eggshell revealed by EBSD analysis shows that, 

to some extent, it is composed of calcite with horizontal c -axis at the inner part of the 

eggshell, whereas the outer part is mainly composed of vertically aligned larger calcite 

grains (Figures 4-10A,B). This overall configuration is consistent with that of other 

archosaur eggshells (Silyn-Roberts and Sharp 1986; Packard and DeMarco 1991; Lawver 

and Jackson 2014; Choi et al. 2019) but completely different from that of gekkotan 

(Squamata) eggshells (Choi et al. 2018). However, compared with dinosaur eggshells, each 

calcite grain composing Caiman latirostris eggshell has a relatively larger portion in the 

whole thickness of an eggshell. In addition, Caiman latirostris eggshell unit is usually 

wedge-shaped in radial view and the grains with horizontal c-axis occupy to the middle of 

the eggshell (Figure 4-10B) as in A. vesicularis. The latter trait has never been observed in 
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non-neognath dinosaur eggshells (Choi et al. 2019 and references therein). Although 

modern neognath eggshells have a large portion of calcite with horizontally laid c-axis, 

they are often extended to the external surface of the eggshell (Choi et al. 2019). Thus, the 

pattern of neognath eggshells is different from that of modern crocodylian eggshells of 

which the grains with horizontal c-axis is usually confined to the middle of the eggshells 

(Figure 4-10B). These observations support that, to our knowledge, A. vesicularis has a 

crystallographic similarity with crocodyliform eggshells among the known archosaur 

eggshells.  

 

4.6.1.2 Raman spectroscopy of Caiman latirostris eggshell 

 

In contrast, the dark band of Caiman latirostris eggshells does not show clear evidence for 

the presence of amorphous carbon, which is observed in A. vesicularis. Some earlier studies 

have shown that modern crocodylian eggshells are characterized by the ex istence of dark 

bands at the inner end and the middle of thin section images (e.g. Fernández et al.  2013; 

Marzola et al. 2015). They were usually explained as the existence of organic matter (e.g. 

Marzola et al. 2015). To test whether amorphous carbon detected in A. vesicularis is 

observed in modern crocodylian eggshells, we applied Raman spectroscopy at the inner end 

of the Caiman latirostris eggshell where the eggshell is usually dark in thin section imaging 

(Figure 4-10E). The result showed that the Raman spectrum only shows the calcite peak 

(Figure 4-10G) similar to the plain part of the eggshell lying above (Figure 4-10F). It 

means that the dark band at the inner end of the modern crocodylian eggshell is not caused 

by the amorphous carbon unlike A. vesicularis. Alternatively, some pristine organic matter 

(i.e. not thermally matured ones) may be present here as suggested in Marzola et al. (2015) 

that may be detected by Fourier -transform infrared spectroscopy (FTIR), useful to detect 
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functional groups of pristine organic matter (Olcott Marshall and Marshall 2015). Potential 

pristine organic matter may cause the dark tint present in modern crocodyliform eggshells, 

but testing this hypothesis was out of scope of the present study.  

 

4.6.1.3 BSE mode observation of Caiman latirostris eggshell 

 

On the other hand, the BSE imaging shows that the inner end of the Caiman latirostris 

eggshell is composed of porous calcite (Figures 4-10C,D), which is well-consistent with the 

inner dark part in thin section images (compare Figures 4-10C,E). We think, therefore, that 

the inner dark part of the modern crocodylian eggshell is mostly caused by the porosity of 

the calcified eggshell. In the case of the dark band at the middle of crocodylian eggshell, 

unfortunately, the material of this study (Caiman latirostris) does not show the one (Figure 

4-10E) such as those figured in Marzola et al. (2015). Thus, we could not investigate the 

reason behind the middle dark band of the modern crocodylian eggshells (Table 4-3) that 

should be further clarified by future studies. In summary, although similar in their position, 

the inner dark bands of A. vesicularis and extant Caiman latirostris (Crocodylia) eggshell 

have completely different backgrounds in their origin: dark ba nds of A. vesicularis is 

attributable to amorphous carbon (Figures 4-8, 4-9), while those of (at least inner one) 

modern crocodylian eggshell would be caused by porous calcite (Figure 4-10 and Table 4-

3). It implies that the morphological or optical simila rity alone should not be used as a 

diagnostic character before the reason behind the phenomenon is resolved by independent 

approach (e.g. Choi et al. 2020). For these reasons, despite crystallographic similarity, A. 

vesicularis cannot be safely ascribed to crocodyliform eggshell before an organic-matter-

derived dark band is reported from crocodyliform eggshell fossil.  
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4.6.2 With fossil eggshells 

 

4.6.2.1 Gekkoolithus columnaris  

 

Among the known fossil eggshells, A. vesicularis shows remarkable similarity with 

Gekkoolithus columnaris  (Hirsch 1996). Both ootaxa show a continuous dark band near the 

surface of the eggshell and have jagged columnar structure (Figure 4-6; Hirsch 1996). 

Unfortunately, Hirsch (1996) did not mention where the outer surface of the eggshell is in 

his Figure 4 thereby an accurate comparison when it comes to the location of the dark band 

is not possible. The average thickness of A. vesicularis (200 µ m) is matched with an 

oogeneric diagnosis of Gekkoolithus (40–200 µ m). Thus, the radial thin section images of 

both ootaxa have a significant degree of similarity. Although Hirsch (1996) suggested the 

gekkotan affinity for G. columnaris, as admitted in his paper, the diagnosis of the G. 

columnaris was provisional and based on a morphological similarity with extant gekkotan 

eggshells. Recently, Choi et al. (2018) provided a more rigorous criterion to diagnose 

gekkotan eggshells in fossil record using the crystallographic configuration of eggshells 

(see also Choi et al. 2020). When the crystallography of G. columnaris is examined using 

EBSD and if it shows strong crystallographic similarity to modern gekkotan eggshells, G. 

columnaris can be concretely identified as a fossil squamate ootaxon. Otherwise (i.e. G. 

columnaris turns out to be an archosaur eggshell), the ootaxonomic affinity of A. 

vesicularis would be more strongly inclined to G. columnaris, and in this case, ironically, 

archosaurian „Aenigmaoolithus‟ might be synonymized with Gekkoolithus even though 

Gekkoolithus will not be a gekkotan ootaxon anymore.  

 

4.6.2.2 Choristoderan eggshell 
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The ornamentation of A. vesicularis is nodular with the flat top in radial view (Figures 4-

6H, 7D–F), similar to dispersituberculate ornamentation, which is reminiscent of 

choristoderan eggshell reported by Hou et al. (2009). See Potential egg-layer below for 

further discussion. 

 

4.6.2.3 Maniraptoran eggshells 

 

Even though there have been many reports on eggshells with dispersituberculate 

ornamentation, these eggshells are usually thicker than 200 µ m (Choi et al. 2020; Table 4-1) 

and many of them would be highly probable maniraptoran eggshells because at least two -

layered crystallographic microstructure of maniraptoran dinosaur eggshells are observed 

(Choi et al. 2020) that is absent in A. vesicularis (Figure 4-7). 

 

4.7 DISCUSSION 

 

4.7.1 Dark bands and thermal maturity  

 

4.7.1.1 Dark bands  

 

It appears that fossil eggshells frequently preserve organic materials within the calcite. 

The presence of organic growth line in fossil eggshell has been frequently reported (see 

Grellet-Tinner et al. 2006; Jackson et al. 2010; Moreno-Azanza et al. 2014b for well-

preserved growth lines). Those organic remnants may originate from structural proteins (e.g. 

Nys et al., 2004). Thermal alteration of these remnants may lead to form amorphous carbon. 
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This interpretation can be further supported by the report that  an antibody made from a 

chicken eggshell is also reactive to a sauropod eggshell, implying that the preserved 

organic matter in the sauropod eggshell is highly likely endogenous protein that survived 

more than 70 Myr (Schweitzer et al. 2005; but see also Saitta et al. 2018 for criticism). In 

addition, in some subfossil avian eggshells, easily degradable ancient DNA (aDNA) was 

preserved even from the warmer paleoenvironment suboptimal for aDNA preservation, 

meaning that the eggshell is effective in preserving fragile organic materials (Oskam et al. 

2010; Demarchi et al. 2016; Grealy et al. 2017).  

In this study, the presence of amorphous carbon in A. vesicularis was clearly observed 

(Figure 4-8). We see three potential hypotheses for the origin of the dark bands in A. 

vesicularis. Firstly, it may be the organic material of vertebrate preserved in situ as in 

Schweitzer et al. (2005). The systematic (linear) distribution of carbonaceous matter 

(Figure 4-8D), which is reminiscent of that of modern avian eggshell  (e.g. Fraser et al., 

1998) supports this view. Secondly, the carbonaceous materials may be mainly derived 

from the microbial activity after the egg was buried in earth. In this case, although potential 

in situ original distribution of carbonaceous matter may cause the pattern seen in Figure 4-8 

(as in first hypothesis), because the proteins would be a main target of microbe, the 

detected carbonaceous matter may be mainly derived from microbe, not from the 

endogenous protein of the eggshell. The second hypothesis can be supported by the 

omnipresence of microbe in the crust of earth (even if A. vesicularis experienced heat effect 

and deep burial; Edwards et al. 2007; Magnabosco et al. 2018), the ancient and relatively 

modern microbial activity in the fossil materials (Kremer et al. 2012; Owocki et al. 2016; 

Saitta et al. 2019b), and experimental evidences (Smith and Hayward 2010). Thirdly, the 

carbonaceous material may be derived from inorganic carbonaceous material. We think that 

the third hypothesis is less likely considering the scarcity of amorphous carbon signal in the 

surrounding matrix (Figure 4-8D). Despite the aforementioned utility, we note that Raman 
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spectroscopy alone does not provide full details of the origin of carbonaceous matters 

preserved in geological materials (i.e. biogenic or not) (Pasteris and Wopenka 2003; 

Marshall et al. 2010). Other analytical techniques may reveal whether  the carbonaceous 

material is biogenic or not (see Figure 4 of Pasteris and Wopenka 2003). For example, these 

techniques include Gas-Chromatography/Mass-Spectrometry (Gupta et al. 2007; Saitta et al. 

2019b) and/or stable isotope analysis concentrated on the δ
13

C value (Schidlowski 2001; 

Bell et al. 2015). Because the available specimen of A. vesicularis was not sufficient, 

currently, it is impossible to try further independent analysis with this sample. Taking the 

distribution of amorphous carbon into consideration (Figure 4-8), the precursor of 

amorphous carbon in A. vesicularis would be most likely from intercrystalline protein 

(Schweitzer et al. 2005) and its biogenic contamination derived from Late Cretaceous or 

relatively modern (but geologic past such as Cenozoic) microbes (Kremer et al. 2012; Saitta 

et al. 2019b). If the latter is the case, the thermal estima tion (Table 4-2) should not be used 

as Late Cretaceous paleotemperatural state of the Daeri Andesite. Nevertheless, it would 

still show the taphonomic history that A. vesicularis experienced. Extant microbes (e.g. 

Saitta et al. 2019b) would not be source of the dark band because what we detected is 

thermally matured carbonaceous matter, not pristine organic matter.  

Finally, in thin section images of extant gecko (Gekko gecko) eggshell, a faint dark band is 

present in the middle of the eggshell (Choi et al. 2018, 2020). The reason behind the dark 

band in this material is most probably caused by the peculiar crystallographic feature of 

eggshell of Gekko gecko. The crystallography of Gekko gecko eggshell shows that the 

position of dark band is nearly the same as the location of randomly-oriented minute calcite 

grains (Choi et al. 2018). In contrast, the dark band of A. vesicularis does not show any 

peculiar crystallographic feature, but the presence of amorphous carbon effectively shows 

the location of the dark band. Therefore, the dark band structures in modern and fossil 

eggshells cannot be attributable to a single reason, but ca n have diverse physico-chemical 
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reasons. In order to test a potential homologic or homoplastic origin of the dark band -like 

structures, one should investigate the reason behind the phenomena in the eggshells.  

 

4.7.1.2 Thermal maturity  

 

The presence of carbonaceous matter (in our case, the dark bands) in the fossil materials 

can be used in estimating the thermal maturity of the fossil through Raman spectroscopy. 

The amorphous carbon in the dark band of A. vesicularis shows characteristic G and D 

bands in the Raman spectrum (Figures 4-8, 4-9). In pure graphite, only G band exists 

(Tuinstra and Koenig 1970), but the intense heat effect disrupts the structure, causing D 

band (Ferrari and Robertson 2000). Numerous studies  have shown that the peak shape and 

the relative intensities of G and D bands depend on thermal maturity of preserved 

carbonaceous matter (e.g. Schopf et al. 2005; Schiffbauer et al. 2012; Hartkopf -Fröder et al. 

2015; McNeil et al. 2015; Olcott Marshall and Marshall 2015; Schito et al. 2017; Henry et 

al. 2019a,b). The spectral information, therefore, can be used for reconstructing the thermal 

history of the fossil materials (Schopf et al. 2005). Aenigmaoolithus vesicularis shows G 

and D bands and yields Raman parameters (Table 4-1) that may provide the opportunity to 

systematically (and quantitatively) compare the carbonaceous thermal maturity among the 

spatiotemporally diverse fossil eggshell materials around the globe (especially where near 

the convergent margin of plates).  

Korean fossil eggshell materials would be ideal ones to investigate the thermal effect on 

the carbonaceous matter because Cretaceous deposits in the Korean Peninsula were heavily 

influenced by volcanic activity and magmatism during the Cretaceous and Paleogene 

(Chough and Sohn 2010; Zhang et al. 2012; Kim S.W. et al. 2016; Zhai et al. 2016; Kwon 

et al. 2017; Hwang et al. 2019). Wi Island is not an exception and it is also highly 
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influenced by the Late Cretaceous volcanism (Gihm and Hwang 2014; Gihm et al. 2017; Ko 

et al. 2017). However, most studies did not pay attention to the extent of heat effect, but 

just mentioned the presence of it. In other words, the quantitative approaches have been 

uncommon. Thus, the approach attempted in this s tudy may provide a way to estimate the 

thermal history of terrestrial basin using macrofossil (= fossil egg). The thermally matured 

organic matter (i.e., blackened amorphous carbon) would be, at least partially, responsible 

for usual dark-color of Korean fossil eggshells (e.g. Janssen et al. 2011; Collins and Steele 

2017) along with blackening chamosite, a mineral that is widespread in Korean Cretaceous 

vertebrate bones and invertebrate shells (Kim et al. 2018). In fact, palynomorphs from the 

Cretaceous deposits in Korea are heavily altered by igneous activities as well (Choi 1985, 

1989; Yi et al. 1998, 2004), supporting that thermal maturation of the carbonaceous 

material was a universal phenomenon for Cretaceous fossils in the Korean Peninsula. We 

suggest that comparing the Raman spectra of fossil eggshells (or any other type of fossil 

that preserve carbonaceous matter) from where Cretaceous volcanism and magmatism were 

intense (e.g. northeastern and southern China, Korea, and Japan; Chough and Sohn 2010; 

Pan et al. 2013; Song et al. 2015; Zhai et al. 2016; Ryu and Lee 2017) to those from 

relatively stable regions (e.g. inland China and Mongolia; Eberth et al. 2009; Zhang et al. 

2014; Eberth 2018) in East Asia would make it possible to assess the potential r elationship 

between the thermal maturity of fossils and the tectonic setting in a more systematic way 

(see also Choi and Lee 2011 and Song et al. 2015 for the thermal history of northeastern 

China, Korea, and Japan where are relevant to the continental mar gin tectonism). 

Although it is not presented herein, we observed well developed amorphous carbon peaks 

from the Reticuloolithus acicularis , sympatric to A. vesicularis (Choi and Lee 2019). The 

accuracy of the estimated paleotemperature would be a potential  future research avenue 

because thermal maturity assessment has been mostly focused on the marine microfossil 

(see section “Introduction” above), but to our knowledge, few study has focused on thermal 



７４ 

` 

maturity of terrestrial macrofossil. A systematic taphonomic experiment that controls 

temperature and/or pressure would be also helpful for such an approach (e.g. Saitta et al. 

2019a).  

Finally, we note that the amorphous carbon signal of A. vesicularis is not the first report 

of amorphous carbon from fossil eggshells. Stein et al. (2019) recently reported that the 

Raman spectroscopy detected the presence of amorphous carbon peaks (i.e. G and D bands) 

from the eggshell of Massospondylus from the Lower Jurassic Elliot Formation of South 

Africa. However, Stein et al. (2019) interpreted the signal as an artifact due to laser 

ablation triggered by the long exposure time of Raman analysis. We would not like to 

negate such a possibility because the laser powers  used in Stein et al. (2019) (2.5–25 mW) 

and this study were not controlled (~11 mA) and the preservation of carbonaceous matter of 

both fossil specimens might have affected the volatility when exposed to laser. 

Nevertheless, 2D Raman mapping (e.g. Figure 4-8) will make it possible to test whether the 

signal in Stein et al. (2019) is indeed an artifact or is a part of the potential biogenic 

structure of the eggshell. Although further investigation is necessary, the observed 

amorphous carbon in Massospondylus eggshell may originate from organic materials inside 

an eggshell (and/or its accompanying microbiome), providing potential insight into the 

thermal evolution of the Elliot Formation (e.g. Schopf et al. 2005; McNeil et al . 2015; this 

study). 

 

4.7.2 Shade of fossil eggshells and its potential geologic implication  

 

 The color variation in spatiotemporally diverse fossil eggshells might be related to 

thermal maturity of respective fossil-bearing sedimentary basins (Schiffbauer et al. 2012; 

Hartkopf-Fröder et al. 2015). Thin sections of modern eggshells are usually creamy-white 

but those of fossil eggshell are yellowish to dark brown. Including the A. vesicularis  
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presented herein, Cretaceous eggshells from the Korean Peninsula are mostly dark brown in 

color (Huh et al. 2006, 2014; Lee 2008; Kim et al. 2011) and Cretaceous eggshells from 

Japan have similar shade (Tanaka et al. 2016, 2020; Imai et al. 2020). Considering the fact 

that Korea and Japan were connected landmass before Miocene and shared similar 

geotectonic history characterized by intensive volcanism and magmatism during 

Cretaceous–Paleogene (Chough and Sohn 2010), the similar shade of fossil eggshells near 

the Izanagi and Pacific plates (see Maruyama et al. 1997) might be the result of heavy 

volcanism and magmatism in these regions. In contrast, shade of inland Chinese Cretaceous 

eggshells is relatively light (e.g. Wang et al. 2016; Lawver et al. 2016; Pu et al. 2017; 

Zhang et al. 2018; Bailleul et al. 2019; Zhu et al. 2019; Yang et al. 2019 b) as well as 

Mongolian (e.g. Varricchio and Barta 2015; Pei et al. 2017; Graf et al. 2018) and western 

Siberian Cretaceous eggshells (Skutschas et al. 2017). These regions were comparatively 

far from the plate margins and had less volcanic/magmatic activity especiall y in Late 

Cretaceous (Zhai et al. 2016). 

Admittedly, both natural factors (e.g. depositional age of fossil; potential darkening 

mineral) and artificial ones (e.g. thickness of thin section; light setting of microscopy) 

might have influenced the shade varia tion in the thin section images cited above. Therefore, 

we propose that Raman spectroscopic analysis aiming for detecting AC in East Asian fossil 

eggshells is necessary to test whether the shade variation is attributable to thermal maturity 

of respective sedimentary basins in East Asia.  

 

4.7.3 Potential egg-layer 

 

The egg layer of A. vesicularis is enigmatic because there is no significantly similar egg 

fossil in the literature except for an affinity unknown ootaxon Gekkoolithus (Hirsch 1996). 
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Nevertheless, the available evidence confines it to unequivocal archosaur affinity (see 

EBSD observation above). We propose that non-dinosaur archosaurs such as 

Crocodyliformes or Choristodera may be a potential egg layer. Considering the small size 

of egg, extreme thinness, and peculiar microstructure of A. vesicularis that is dissimilar to 

those of eggshell of Maniraptora (Choi et al. 2020) which is the only known dinosaur clade 

that laid small (comparable to the estimated size of A. vesicularis) eggs, it is unlikely that A. 

vesularis is a dinosaur egg. As discussed above, the crocodyliform affinity cannot be ruled 

out. However, we would not support the crocodyliform affinity until the middle dark band 

of fossil and modern crocodyliform eggshell turns out to have an organic origin.  

 Although detailed direct evidence should be gathered, we speculate (or hypothesize) that 

another potential egg-layer may be Choristodera. Firstly, Choristodera was one of the major 

clades of paleoecosystem in the Early Cretaceous of East Asia. The reported choristoderan 

genera outnumber that of crocodyliforms at that time only in Asia (Matsumoto and Evans 

2010). Interestingly, Choristodera was reported from the Lower Cretaceous deposits of 

China and Japan (Matsumoto and Evans 2010, table 4), thereby it is highly probable that 

they also existed in the Early Cretaceous of Korea considering that China, Korea, and Japan 

were connected landmasses before Miocene (Taira 2001; Chough and Sohn 2010; Van 

Horne et al. 2017). Admittedly, the record of Choristodera from the Upper Cretaceous 

deposits in Asia is nearly absent (Matsumoto et al. 2019a), but a preliminary report of 

Choristodera from the Upper Cretaceous deposits (Kuji Group) of northeast Japan implies 

that the lack of record may be attributable to the taphonomic bias (Matsumoto et al. 2019b). 

Secondly, the surface ornamentation composed of the circular flat -topped node was 

reported in Hyphalosaurus baitaigouensis  (Choristodera) eggshell (Hou et al. 2009). This 

structure is similar to that of Korean specimen in this study (Figures 4-6H, 4-7D–F). If both 

structures are homologous to each other (i.e. not an outcome of independent homoplastic 

evolution), this character can be used to support the choristoderan affinity of A. vesicularis 
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among the non-dinosaur archosaurs because there is no report of flat -topped nodular 

ornamentation in extant and fossil crocodyliform eggshells.  

 However, „choristoderan affinity‟ hypothesis is not without weakness. All known 

Choristodera laid soft eggshells unlike A. vesicularis (Ji et al. 2006; Hou et al. 2009) or are 

suggested to be viviparous (Ji et al. 2010; Blackburn and Sidor 2014). There is no report of 

rigid eggshells in Choristodera so far (Sander 2012; Skawiñski and Tałanda 2014). 

However, Stein et al. (2019) opened a discussion that well -mineralized rigid eggshells 

might have been independently evolved from very thin calcified eggshells in different 

dinosaur clades. In addition, a crystallographic approach for the rigid and soft eggshells of 

Gekkota showed a similar framework in their configuration, despite difference in their 

degree of mineralization, having a homologous blueprint in their eggshells (Choi et al. 

2018). These cases demonstrate that the rigid eggshell can be readily evolved from the soft 

eggshell that can be further supported by the independent evolution of rigid eggshells in 

non-gekkotan squamates (i.e. Early Cretaceous anguimorph eggshells; Fernandez et al. 

2015).  

 That being said, this hypothesis should be tested. When the crystal lography of an 

authentic choristoderan eggshell (e.g. Ji et al. 2006; Hou et al. 2009) is analyzed and 

compared with A. vesicularis, the „choristoderan affinity‟ hypothesis of A. vesicularis can 

be solved with firm data. More importantly, the correct ident ification of Choristodera 

eggshell through crystallographic approach (e.g. Choi et al. 2020) would help to clarify 

exact taxonomic status of Choristodera. That is because choristoderan eggshell affinity to 

either archosaur- or lepidosaurian-type eggshell through crystallographic approach (e.g. 

Choi et al. 2020) will provide an indirect evidence to the true affinity (either archosaur or 

lepidosaurian) of choristodera that is still a controversial issue in vertebrate paleontology 

(see Matsumoto and Evans 2010, p. 254).  
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 In summary, A. vesicularis is most comparable to the crocodyliform eggshell among the 

known well-studied archosaur eggshells. Nevertheless, considering the very conservative 

nature of crocodyliform eggshells (or basal archosaur in general) (Moreno-Azanza et al. 

2015), observed common characters in crocodilyform eggshell and A. vesicularis may not 

be unique to crocodyliform eggshells but may be present in other primitive archosaur 

eggshells (e.g. Choristodera or other noncrocodyliform basal Crur otarsi). 

 

4.8. Further research suggestion 

Janssen et al. (2011) and Collins and Steele (2017) reported that the color of modern avian 

eggshells can be experimentally changed with thermal treatment. The alteration mostly took 

place at the outer surface of eggshell where proteinous cuticle exist (Samiullah and Roberts, 

2014) and color of mineralized eggshell body little changed (Janssen et al. 2011). Janssen 

et al. (2011) heated eggshells at most one hour in 200–800 ℃ and Collins and Steele (2017) 

heated eggshells for at most three hours in 200–427 ℃. However, Schiffbauer et al. (2012) 

experimentally treated acritarch fossils in 500 ℃ for 14 days in oxic condition, and for 250 

days in anoxic condition, and could observe the thermal maturation in both settings , 

confirming that time plays an important role in maturation experiment. Experimental 

thermal maturation study (e.g. Marshall et al. 2001, Schiffbauer et al. 2012, Saitta et al. 

2019b) with longer thermal treatment might provide insights into thermal matur ation (color 

change) of calcified part of eggshells that is usually seen at fossil materials.  
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Figure 4-1. Geological map of Wi Island, South Korea.  (A) A map of the Korean Peninsula 

and distribution of the Cretaceous basins (colored regions). Note that Wi Island (inset 

square) is a part of volcanic-influenced sedimentary successions colored in yellow. 

Modified from Choi and Lee (2017). (B) A geological map of Wi Island. The Wido 

Volcanics is composed of four conformable units: Daeri Andesite, Mangryeongbong Tuff, 

https://www.frontiersin.org/articles/10.3389/feart.2019.00349/full#B11
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Beolgeumri Formation, and Ttandallae Tuff in ascending order (Ko et al. 2017). Modified 

from Koh et al. (2013); Ko et al. (2017), and Choi and Lee (2019). Scale bars equal 100 

km (A); 1 km (B). 

 

 

 

 

 

 

https://www.frontiersin.org/articles/10.3389/feart.2019.00349/full#B60
https://www.frontiersin.org/articles/10.3389/feart.2019.00349/full#B61
https://www.frontiersin.org/articles/10.3389/feart.2019.00349/full#B60
https://www.frontiersin.org/articles/10.3389/feart.2019.00349/full#B12
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Figure 4-2. Fossil locality. (A) A columnar section of the study area. It can be roughly 

divided into three sections based on the lithological and sedimentary characteristics. The 

lower and upper sections are composed of weakly laminated very fine sandy mudstones. 

The middle section is dominated by massive calcite cement ed-mudstones and very fine-

grained sandstone alternated with well-laminated mudstone. The deposits between the 

middle and the upper section are coarse to fine sandstones intercalated with mudstones, 

interpreted to have been deposited in crevasse splay. The stratigraphic position of the 

studying material is marked by a black arrow. M, F, C, and P stand for mud, fine sand, 

coarse sand, and pebble, respectively.  (B) An aerial view of fossil locality. The material of 
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this study was found near the upper end of horizontal outcrop. A green backpack for scale 

(a black arrow). (C,D) The material was found in an exposed siltstone. Scale bars equal 1 

m (A); 2 cm (D). Courtesy of Seongyeong Kim.  
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Figure 4-3. Schematic view of study methods and eggshell microstructure.  (A) The 

material excavated from the field is composed of partially preserved egg and nearby 

fragments. After confirming the consistent microstructure between the holotype and nearby 

fragments, the fragments were prepared for physico-chemical analyses. See also Appendix 

Figure 4-1. (B) A schematic view and terminologies of microstructural features observed in 

both holotype egg and nearby fragments. Courtesy of Noe-Heon Kim. 

https://www.frontiersin.org/articles/10.3389/feart.2019.00349/full#S13
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Figure 4-4. Elemental composition of Aenigmaoolithus vesicularis  oogen. et oosp. nov. 

(SNUVP 201704) and its surrounding matrix.  (A) Na is nearly absent in the eggshell, whilst 

it is present in the matrix.  (B) The concentration of Mg is somewhat higher in the outer half 

while it is nearly absent in the inner half. Mg is also highly enriched in the matrix.  (C) The 

concentration of Ca is very high in the eggshell as well as some parts of the matrix. A 

colored-bar in (A) shows the intensity of the signal with red represents a stronger one. Note 

that the panels do not share absolute concentration scale. The eggshell boundaries are 

marked by white dashed lines. All scale bar equals 100 μm.  
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Figure 4-5. Macroscopic and microstructural features of Aenigmaoolithus vesicularis oogen. 

et oosp. nov. (A) A cross-section of the holotype (SNUVP 201701). The eggshell fragments 

nearby the holotype (a white arrowhead and dashed circle) are used for physico-chemical 

analyses. (B) A schematic view of the holotype egg. (C) PLM view under normal light 

(SNUVP 201702). At least four layers are identified: innermost dark band (a black arrow), 

inner translucent layer, middle pale dark band (a white arrow), and outer translucent layer. 

The boundaries are marked by white bars. (D) PLM view under polarized light (SNUVP 

201702). Extinction pattern is irregular, columnar, and wedge-like (a black arrow). Scale 

bars equal 5 mm (A); 100 μm (C,D). 
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Figure 4-6. Ultrastructural features of Aenigmaoolithus vesicularis  oogen. et oosp. 

nov. (A–D) Secondary electron imaging (SNUVP 201703).  (A) A fresh section. The 

boundaries of the eggshell are marked by dashed lines. The columnar structure is observed 

in the inner part (a black arrow). Occasionally, a section of the calc ite plates composing the 

eggshell is exposed (a white arrow).  (B) A detailed view of columnar structure. Note 

columnar structures (black arrows) and stacked calcite plates (white arrows).  (C) A detailed 

view of an exposed calcite plate. Abundant vesicles a re observed in the section and other 

parts of the eggshell (black arrows).  (D) “Gully-like” structures exposed in calcite plates. 

The widths of “gully” are consistent with the diameter of larger vesicles.  (E–

H) Backscattered electron imaging (SNUVP 201704). (E) A polished section. Note the two 

layers: a compact layer (CL; a black arrow) and a vesicular layer (VL; a white 

arrow). (F) In CL, calcite contains very minute vesicles whereas large vesicles are 

uncommon. (G) In VL, larger vesicles are dominant but very minute vesicles are also 

present between the larger vesicles.  (F) and (G) are in the same magnification. (H) Rarely, 

ornamentations are present at the outer surface of eggshell (a black arrow). Note the 

existence of larger vesicles in the ornamentation. Scale bars equal 50 μm (A,B,E,H); 10 

μm (C,D,F,G). 
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Figure 4-7. Crystallography of Aenigmaoolithus vesicularis  oogen. et oosp. nov. (SNUVP 

201704). (A,D) Inverse pole figure (IPF) maps; (B,E), Euler maps; (C,F), grain boundary 

maps. In IPF maps, when c-axis of a calcite grain lies perpendicular to the eggshell surface, 

it is colored red. When lies parallel to the eggshell surface, it is colored green or blue. In 

Euler map, different grains have a different color so that it is easy to differentiate  calcite 

grains. In grain boundary maps, boundary angle 5°–10° is colored green, 10–20° dark 

purple, and >20° light purple. In (A), note wedge-like shell units marked by white arrows. 

The radiating calcite grains in the inner end are very similar to a mammillary layer of 

archosaur eggs (a black arrow in A). An ornamentation is marked by a black arrow in (D). 

Note the crystallographic continuity between the ornamentation and underlying eggshell. 

In (B,E), the color gradation marked by black arrows is limitat ion of visual representation 

of Euler map, not a biological phenomenon, thus crystallographically 

insignificant. (C,F) Most grain boundaries are higher than 20°. All scale bars equal 100 μm.  
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Figure 4-8. Detection of amorphous carbon in Aenigmaoolithus vesicularis oogen. et oosp. 

nov. (A) An analyzed thin section (SNUVP 201702). Point analysis was carried out in the 

translucent region and a dark band (marked by red dots), respectively. The mapped region 

is marked by a white square. (B) The Raman spectrum acquired at the translucent region. 

Note calcite peak and very weakly developed G band.  (C) The Raman spectrum acquired at 

the dark band. Note well-developed (G,D) bands as well as calcite peak.  (D) The Raman 

mapping of the eggshell. The detecting frequency was set on the 1600 cm–1 (G band). Note 

the dark band in the inner end of the eggshell is highly enriched with amorphous carbon. 

Scale bars equal 100 μm (A); 50 μm (D). 
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Figure 4-9. Comparison of the two deconvolution methods.  (A) The method of Sadezky et 

al. (2005) adopted in this study. (B) The method of Lahfid et al. (2010), which designated 

Lorentzian to D3 band (a pink curve). Note that overall regular residual is smaller in the 

first method. The numbers in each label of band are central position in the Raman shift; L 

and G in parenthesis denote Lorentzian and Gaussian distributions, respectively.  

 

https://www.frontiersin.org/articles/10.3389/feart.2019.00349/full#B105
https://www.frontiersin.org/articles/10.3389/feart.2019.00349/full#B105
https://www.frontiersin.org/articles/10.3389/feart.2019.00349/full#B67
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Figure 4-10. Modern crocodylian (Caiman latirostris) eggshell analyzed with selected 

methods. (A,B) IPF maps. Note wedge-like calcite grains of crocodylian eggshell. Grains 

with horizontal c-axis is present toward the middle of the eggshell.  (C,D) BSE imaging. 

Note that the inner end of the eggshell is composed of porous calcite. (E) Thin section 
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imaging and locations where Raman spectra were acquired. Note that the inner dark band 

corresponds to the porous calcite figured in (D) above. (F–H) Raman spectra acquired at the 

locations marked in (E). (F,G) In plain calcite and a dark part at the inner end of the 

eggshell, only calcite Raman peak is detected. Note the absence of amorphous carbon peaks 

(i.e., G,D bands) in (G). (H) A spectrum from epoxy resin shows the peaks attributable to 

polyester resin and silica gel. Scale bars equal 500 μm (A); 250 μm (B); 100 μm (C–E). 
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Table 4-1. Parameters of amorphous carbon peaks 
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Table 4-2. Paleotemperature estimation based on Raman parameters  
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Table 4-3. Comparison between the dark bands of  Caiman latirostris (crocodyliformes) 

eggshell and A. vesicularis 
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CHAPTER 5: ELECTRON BACKSCATTER DIFFRACTION (EBSD) ANALYSIS 

OF MANIRAPTORAN EGGSHELLS  

 

This chapter was published in a peer reviewed journal.  

Choi, S., Han, S., and Lee, Y.-N. 2018. Electron backscatter diffraction (EBSD) 

analysis of maniraptoran eggshells with important implications for 

microstructural and taphonomic interpretations. Palaeontology 62, 777–803. 

 

5.1 INTRODUCTION 

 

Electron backscatter diffraction (EBSD) is an electron microscopy technique that provides 

crystallographic orientation information of in situ minerals (Schwarzer et al. 2009). EBSD 

has been a powerful tool in materials science, and was introduced in the field of geology in 

the 1990s (Prior et al. 1999, 2009). It is also widely applicable in studies on 

palaeontological and neontological biomineralization, especially in carbonate biominerals 

(Cusack 2016; Pérez-Huerta et al. 2018). In general, vertebrates utilize calcium phosphate 

as the building blocks of their internal skeleton whereas invertebrates use calcium 

carbonate for their shell construction (Cusack and Freer 2008; Cusack 2016; 

Athanasiadou et al. 2018). Biomineralization studies using EBSD have been mainly 

concentrated on invertebrates such as bivalves, brachiopods, corals and trilobites 

(Cusack 2016 and references therein). However, EBSD can also be extensively applied to 

calcium carbonate biominerals found in the sauropsid vertebrates: namely, their eggshells.  

Dalbeck and Cusack (2006) pioneered the application of EBSD on sauropsid eggshells by 

constructing crystal orientation maps for seven extant species of birds. This was followed 

by EBSD analyses applied to dinosaur (including Aves) eggshells (Table 5-1) and extant 

https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0122
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0111
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0112
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0024
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0108
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0025
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0024
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0005
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0024
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0026
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-tbl-0001
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gekkotan eggshells (Choi et al. 2018). Crystal orientation maps obtained from EBSD 

analysis are effective for distinguishing the secondary (diagenetic) calcite grains which 

overprint the primary (biological) calcite grains (Grellet-Tinner et al. 2011, 2016; 

Eagle et al. 2015; Moreno-Azanza et al. 2016). More importantly, EBSD analysis can 

identify important new features of dinosaur eggshells that are not detectable using 

conventional techniques (e.g. polarized light microscope or scanning electron microscope 

(SEM)) such as the crystallographic orientation of calcite gr ains, the boundary angle 

between the grains, and the misorientation angle distribution of the eggshell (Moreno -

Azanza et al. 2013, 2016, 2017). In particular, because the misorientation angle distribution 

is represented as a histogram, a rigorous statistical approach can be adopted in EBSD 

analysis (Prior et al. 1999; Moreno-Azanza et al. 2013) and additional qualitative features 

may be detectable. Despite these apparent advantages, only a few fossil ootaxa have been 

analysed using EBSD (Table 5-1). 

 In fact, EBSD data can improve our understanding of oology by providing a novel way of 

observing the radial section of eggshells through unprecedented empirical data. Moreover, 

it reduces the influence of ambiguous observation which has been problematic in 

conventional methods. The aim of this study is, therefore, to show the usefulness of EBSD 

data for gaining a better understanding of eggshell structure by using four taxonomically 

identified varieties of fossil eggshells whose egg-layers are identified, and six kinds of 

extant avian eggshells. The results showed that EBSD analysis is essential for the objective 

identification of existing ambiguous characters in fossil eggshells. In addition, we show 

that EBSD analysis can be a useful tool in distinguishing true pore canals from pore-like 

cracks in fossil eggshells. Finally, the misorientation angle distribution of calcite crystals 

yielded by EBSD analysis shows a clear dichotomy that has implications for determining 

the reproductive strategies of extinct and modern Maniraptora.  

 

https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0018
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0055
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0057
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0035
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0099
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0096
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0099
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0100
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0111
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0096
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-tbl-0001
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5.2 MATERIALS  

 

 Two oviraptorosaurs (Elongatoolithus oosp. and Macroelongatoolithus xixiaensis), one 

troodontid (Prismatoolithus levis) and one enantiornithine (Gobioolithus minor) oospecies 

were used in this study (Table 5-1). Elongatoolithus oosp. was excavated from the 

Maastrichtian Nemegt Formation at Hermiin Tsav, Gobi Desert in southern Mongolia 

(Gradziński et al. 1977; Eberth 2018), whereas Macroelongatoolithus xixiaensis  was 

excavated from an unnamed Campanian formation in Aphae Island, South Jeolla Province 

of South Korea (Huh et al. 2014). Elongatoolithus eggshells were confidently associated 

with oviraptorid oviraptorosaurs (Norell et al. 1995, 2001, 2018; Dong and Currie 1996; 

Clark et al. 1999; Sato et al. 2005; Weishampel et al. 2008; Fanti et al. 2012; 

Wang et al. 2016) based on close association between the adult body and egg fossils or 

embryo in ovo. Recently, a famous perinate fossil of a caenagnathid oviraptorosaur was 

formally described (Pu et al. 2017). This specimen (known as „Baby Louie‟) was associated 

with Macroelongatoolithus xixiaensis , which confirms that this ootaxon was laid by giant 

caenagnathid oviraptorosaurs.  Prismatoolithus levis was excavated from the Campanian–

Maastrichtian Horsethief Member, Horseshoe Canyon Formation, Alberta, 

Canada. Prismatoolithus levis was associated with Troodon formosus (recently, van der 

Reest and Currie 2017 questioned the validity of Troodon formosus but 

Varricchio et al. 2018 provided evidence for sustaining Troodon formosus and we accepted 

the latter view) based on embryo in ovo (Varricchio et al. 2002; Jackson et al. 2010) or 

association between the adult body and egg fossils (Varricchio et al. 1997). Gobioolithus 

minor (Mikhailov 1996) laid by Gobipipus reshetovi (Avialae, Enantiornithes; 

Kurochkin et al. 2013; but see also Atterholt et al. 2018) was found in the Campanian 

Baruungoyot Formation at Hermiin Tsav (Gradziński  et al. 1977). We cautiously selected 
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well-preserved oviraptorosaur eggshells that possess the external ornamentation and inner 

mammillary layer to avoid the negative effects of weathering and/or diagenetic alternat ion 

(Clayburn et al. 2004). Prismatoolithus levis used in this study is the same sample used by 

Funston and Currie (2018) (UALVP 57622-D) and has a well-preserved external 

zone. Gobioolithus minor was also selected from the most well-preserved eggshell 

fragments using a stereoscopic microscope.   

 Several unclassified fossil eggshell specimens from South Korea and Mongolia were also 

analysed to examine the difference between true pore canals and cracks. South Korean 

materials were excavated from the Early Cretaceous Sihwa Formation in Hwaseong City 

(Type A in Lee 2003; Kim et al. 2009; Choi and Lee 2017, fig. 2) and the Late Cretaceous 

Wido Volcanics of Wi Island, North Jeolla Province (Gihm et al. 2017; Ko et al. 2017). 

Mongolian sauropod eggshells came from the Nemegt Formation at Altan Uul I in southern 

Gobi Desert. All figured Korean and Canadian fossil materials are reposited in the 

Paleontological Laboratory of Seoul National University under catalogue numbers SNUVP 

201801–201804. Mongolian materials are deposited in Paleontological Center of the 

Mongolian Academy of Sciences under catalogue numbers MPC-D 100/1045–1047. 

 The eggshells of six extant avian species were compared with the fossil material: ostrich 

(Struthio camelus), rhea (Rhea sp.), domestic duck (Anas platyrhynchos domesticus), 

domestic chicken (Gallus gallus domesticus), Japanese tit (Parus minor) and Korean 

magpie (Pica sericea) (Table 5-1). The ostrich and rhea are palaeognaths; the others are 

neognaths. The chicken and duck eggshells were obtained from a market, and eggshells of 

Japanese tit and Korean magpie were provided by the Laboratory of Behavioral Ecology 

and Evolution, Seoul National University. Ostrich and rhea eggshells wer e available from 

the personal collection of the Professor Lee Yuong-Nam. The rhea eggshells were obtained 

from Cerro Fortaleza, Santa Cruz, Argentina, the natural habitat of  Rhea 
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pennata (Pedrana et al. 2011; Baldi et al. 2015) in 2016. All figured extant avian eggshell 

material is reposited in the Paleontological Laboratory of Seoul National University.  

Institutional abbreviations 

MPC-D, Paleontological Center of the Mongolian Academy of Sciences, Ulaanbaatar, 

Mongolia; SNUVP, Seoul National University, Laboratory of Vertebrate Palaeontology, 

Seoul, South Korea; UALVP, University of Alberta, Laboratory of Vertebrate 

Palaeontology, Alberta, Canada.  

 

5.3 RESULTS 

 

5.3.1 Crystallographic information represented by IPF and Euler maps  

 

5.3.1.1 Morphology, arrangement and orientation of calcite grains 

 

The overall crystallographic arrangement is consistent in all cases, as reported in fossil 

and extant maniraptoran eggshells (Figures 5-1, 5-2; Dalbeck and Cusack 2006; Trimby and 

Grellet-Tinner 2011; Grellet-Tinner et al. 2012, 2016, 2017; Moreno-Azanza et al. 2013; 

Eagle et al. 2015; Pérez-Huerta and Dauphin 2016; Dauphin et al. 2018). The small 

radiating calcite grains, initiating at the organic core of the mammillary layer, are replaced 

by the large fan or prism-shaped calcite grains in the continuous layer. In most cases, the 

large calcite grains of the continuous layer become wider towards the outer surface and 

have a vertically oriented c-axis. The vertical alignment is stronger in fossil eggshells and 

extant palaeognath eggshells, but weaker in neognath eggshells.  

Elongatoolithus oosp. and Macroelongatoolithus xixiaensis  have many things in common 

(Figures 5-1A–B, 5-2A–B): a mammillary layer composed of packed needl e-like calcite 
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crystals (i.e. acicular structure; see below); a clear -cut demarcation between the 

mammillary and squamatic zones; and wave-like growth lines and non-prismatic shell units 

in the squamatic zone (= aprismatic; sensu Grellet-Tinner and Dyke 2005) compared to 

troodontid and ostrich eggshells. However, the squamatic zone of  Macroelongatoolithus 

xixiaensis has weakly prismatic calcite grains and „splaying‟ (sensu Panhéleux et al. 1999) 

of the crystals near the boundary between the mammillary layer and squamatic zone as 

pointed out by Jin et al. (2007). Prismatoolithus levis is characterized by wedge-like calcite 

crystals in the mammillary layer (Zelenitsky et al. 2002) and a gradual boundary between 

the mammillary layer and squamatic zone (Figures 5-1C, 5-2C; Varricchio and 

Jackson 2004; Zelenitsky and Therrien 2008; Funston and Currie 2018). Compared to 

oviraptorosaur eggshells, discrete prismatic shell units initiate from the mammillary layer 

and proceed continuously to the external zone like an ostrich eggshell. Funston and Currie 

(2018) reported a „calcite rind‟ at the outermost end of the eggshell and excluded it from 

the external zone (UALVP 57622-D). Our EBSD analysis confirmed that the „calcite rind‟ 

shares the same crystallographic orientation as the main eggshell (a phenomenon called 

epitaxial growth; Moreno-Azanza et al. 2016). The compositional continuity between the 

„calcite rind‟ and its underlying eggshell was further tested using FE-EPMA. It was 

confirmed that the „calcite rind‟ of  Prismatoolithus levis is different from genuine eggshell 

in that the concentration pattern of Mg in the eggshell appears to be different from that of 

the „calcite rind‟ (Figure 5-3). Gobioolithus minor is morphologically more similar to 

troodontid and neognath eggshells (Mikhailov 1991) than oviraptorosaur ones in that it has 

a wedge-like rather than an acicular mammillary layer, the boundary between the 

mammillary layer and the squamatic zone is gradual, and i ts squamatic zone is 

characterized by generally linear but bumpy grain boundaries (Figures 5-1D, 5-2D). 

The two different kinds of extant palaeognath (ostrich and rhea) eggshells are 

morphologically more similar to fossil eggshells than to extant neognath eggshells in that 
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almost all grains in the continuous layer have vertically aligned c-axis orientations 

(Figures 5-1E–F, 5-2E–F). The rhea eggshell has a typical avian eggshell structure 

comprising distinct three subunits. In comparison, the ostrich eggshell is markedly different 

in its morphology because the entire eggshell is comprised of very long prismatic calci te 

grains which are very similar to those of Prismatoolithus levis. There is neither a clear 

demarcation between the mammillary layer and squamatic zone (Zelenitsky and 

Modesto 2003; but see also Mikhailov 2014) nor a boundary between the squamatic and 

external zones, implying that ostrich eggshell should be considered to be an exceptional 

case of avian eggshell. It is notable that the calcite grains at the external surface of 

neognath eggshells are usually initiated at the squamatic zone. The squamatic and external 

zones of duck and chicken eggshells share the same calcite grains, which is consistent with 

the continuous extinction pattern across the two layers in avian eggshells seen under 

crossed nicols (Figures 5-1G–H, 5-2G–H; Rodríguez-Navarro et al. 2002, 2015; 

Jackson et al. 2010). The external zone seems to be lost in passerine eggshells 

(Mikhailov 1997a; see below). As a result, the calcite gra ins of passerine eggshells near the 

external surface are similar to those in the squamatic zone of other neognaths (Figures 5-

1I–J, 5-2I–J). 

 

5.3.1.2 The external layer 

 

The results of our EBSD analysis show that the external zone exists neither 

in Elongatoolithus oosp., Macroelongatoolithus xixiaensis  and Gobioolithus minor nor 

some extant avian (passerine) eggshells. In the past, the external zone has been defined as 

„the upper zone of the continuous layer in most modern avian eggshells, sharply separated 

from or gradually passing into the squamatic zone‟ (Mikhailov 1997a, p. 11) and „it 
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exhibits a number of variants, from the transition from squamatic ultrastructure to a 

homogeneous crystalline condition‟ (M ikhailov 1997b, p. 16). We agree that these criteria 

are useful in unambiguous cases such as rhea eggshell, but where the external zone 

gradually changes into the squamatic zone and crystalline differences are more subtle (e.g. 

the primary cause of conflict on the existence of an external zone in  Prismatoolithus levis; 

Varricchio and Jackson 2004; Grellet‐Tinner  et al. 2006) it is very difficult to identify the 

external zone. Thus, we propose the „linear grain bou ndary‟ as an independent criterion to 

diagnose the external zone in an EBSD image. Moreover, this new criterion can 

differentiate the two distinct zones of the eggshell quantitatively (see below).  

Among all taxa examined in this study, the rhea eggshell has the most conspicuous 

external zone (Figures 5-1F, 5-2F; Tyler and Simkiss 1959; Mikhailov 1997a; Zelenitsky 

and Modesto 2003; Grellet‐Tinner  2006). It is composed of blocky to prismatic calcite 

grains and differs morphologically from the „splaying‟ calcite grains in the squamatic zone 

lying below it. The external zone in the ostrich eggshell (Figures 5-1E, 5-2E) appears to be 

absent because the grain size and the shape of grain boundary in this region are consistent 

with those of the squamatic zone (Zelenitsky and Modesto 2003). In contrast, the external 

zone is weakly presented in duck and chicken eggshells (Figures 5-1G–H, 5-2G–H). In 

these eggshells, the grain boundaries at the external zone are vertically aligned 

(Mikhailov 1997a) without serration (sensu Grellet‐Tinner et al. 2012), contrary to the 

rugged grain boundaries (i.e. squamatic ultrastructure; see below) of the squamatic zone. 

Meanwhile, it is known that eggshells of Passeriformes are structurally different from the 

general avian eggshell structure in that the external zone in most cases is not clearly 

defined so that the squamatic zone occupies the majority of the eggshell (Mikhailov  1997a). 

This observation is verified here where we found that Japanese tit and Korean magpie 

eggshells do not have vertically aligned grain boundaries without serration at the external 

end of the eggshell (Figures 5-1I–J, 5-2I–J). Moreover, the vesicles are widely distributed 
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around the external end of the eggshell, which is different from the other typical avian 

eggshells in which vesicles are confined to the squamatic zone (Figures 5-1G–H, 5-2G–H; 

Mikhailov 1997a). This further implies that the passerine eggshell lacks an external zone, 

and the squamatic zone extends to the outer surface of the eggshell.  

When compared to extant avian eggshells, it becomes apparent that oviraptorosaur 

eggshells do not have the external zone as previously suggested (Figures 5-1A–B, 5-2A–B; 

Varricchio and Jackson 2004; Zelenitsky and Therrien 2008) because there are no vertically 

aligned grain boundaries near the external end of the eggshells. In Prismatoolithus levis, 

however, the rugged grain boundaries in the squamatic zone are replaced by straight ones in 

the external zone (Figures 5-1C, 5-2C). This is consistent with the external zone 

morphology of rhea, duck and chicken eggshells. Fina lly, it is obvious that Gobioolithus 

minor does not have the external zone (Mikhailov 2014) on account of the lack of vertical 

grain boundaries near the external surface (Figures 5-1D, 5-2D). Instead, the grain 

boundary condition near the external surface is comparable to that of passerine eggshells in 

that the grain boundaries are not straight as they are in the squamatic zone. The putative 

„external zone‟ identified by Varricchio and Barta (2015) in Gobioolithus minor may not 

have biological origin based on the EBSD data shown in Figure 5-2D. The eggshell 

thickness in Figure 5-2D is 100 μm in average, and is consistent with the thickness from the 

inner end of the mammillary layer to the external end of the continuous layer in the thin 

section image of Varricchio and Barta (2015). This further supports the idea that the „outer 

recrystallized zone‟ of Varricchio and Barta (2015) may be of diagenetic origin (that could 

be tested with compositional analysis as in Figure 5-3) thus implying that the absence of an 

external zone is true. Although the external zone may be detached in our samples, as 

mentioned by Jackson and Varricchio (2010), the absence of an external zone is a 

consistent feature among all samples we examined. It is, therefore, highly likely 

that Gobioolithus minor did not have an external zone.  
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5.3.2 Crystallographic information represented in grain boundary maps  

 

Grain boundary maps have certain advantages over the IPF and Euler maps because the 

acuteness of grain boundaries is identifiable and the morphology of each grain boundary is 

more prominent (Figure 5-4). Since both IPF and grain boundary maps have different 

advantages, they should be used to complement one another.  

 

5.3.2.1 Diagnostic features of the mammillary layer  

 

The grain boundary map is useful in establishing the character state of the mammillary 

layer which can be either acicular or  wedge‐like in structure (Varricchio and Jackson 2004; 

Grellet‐Tinner and Makovicky 2006; Zelenitsky and Therrien 2008). These terms are, 

however, somewhat subjective because there has been no clear criterion to distinguish them. 

In all specimens, the mammillary layer of oviraptorosaur eggshells is characterized by the 

abundant low angle boundaries (5–10°) caused by highly packed needle‐like calcite grains 

(Figure 5-4A–B). 

We inspected the misorientation distribution of selected mammillae in Figure  5-2 (ostrich 

eggshell was omitted because of its unique morphology; see above). The neighbour‐pair 

misorientation map is more informative than the random‐pair one because the former shows 

the relationship among the adjacent grains, which is helpful to diagnose the shap e of the 

mammillary layer. The results show that the calculated misorientations 

for Elongatoolithus oosp. and Macroelongatoolithus xixiaensis  are the most low‐angled in 

average and median and the most positively skewed (Appendix Figure 5-2, Appendix Table 

5-2). The maps and quantitative analysis support the view that oviraptorosaur eggshells 
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have an acicular mammillary layer (Grellet‐Tinner  et al. 2006; Jin et al. 2007; Zelenitsky 

and Therrien 2008; Tanaka et al. 2011) in a more objective way.  

 

5.3.2.2 Squamatic ultrastructure  

 

The existence of squamatic ultrastructure is clearly defined in the grain boundary maps. In 

the past, the squamatic ultrastructure was defined as „the fine fabric of the biocrystalline 

material that is characterized by a particular scaly pattern called the squamatic pattern; the 

irregular units of these patterns (each 5–30 [μm] in size [incorrectly given as 5–30 mm in 

the original]) are known as the squamatic units‟ (Mikhailov  1997a, p. 11). Here, we propose 

the „rugged grain boundary‟ to identify the squamatic ultrastructure in EBSD images. Along 

with a new criterion for the external zone suggested above, the new criterion of squamatic 

ultrastructure provides a way to quantify the crystallography of the two zones (see below; 

see also Mikhailov 1997a, fig. 3). 

The rhea eggshell clearly shows that the prismatic grain boundaries in the mammillary 

layer become highly disordered in the squamatic zone due to the squamatic ultrastructure 

and splaying of the grains (Figure 5-4F; Panhéleux et al. 1999). In addition, the low angle 

boundaries (5–10°), which are scarce in the mammillary layer, become dominant in the 

squamatic zone. These highly irregular grain boundaries are replaced by relatively ordered 

prismatic grain boundaries in the external zone. The ostrich eggshell shows the most 

aberrant grain boundary arrangement (Figure 5-4E). Unlike the rhea eggshell, ostrich 

eggshell does not show a clear squamatic ultrastructure but consists mainly of vertically 

aligned grain boundaries. One notable feature is that the low angle boundaries are 

predominantly confined to the inner region of the eggshell, which may be homologous to 

those in the continuous layer of the rhea eggshell. Contrary to the palaeognath eggshells, 
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the squamatic zone of neognath eggshells show few low angle boundaries (Figure 5-4G–J). 

However, duck and chicken eggshells still have rugged grain boundaries which are 

distinguished from the straight grain boundaries of the mammillary layer and external zone. 

In passerine eggshells, the squamatic zone shows that the rugged grain boundaries extend to 

the external end of the eggshell. This condition is different from that of the external zone in 

other avian eggshells, supporting the view that there is no external zone in passerine 

eggshells. The rugged grain boundaries in the squamatic zone of avian eggshells are also 

observable in other published EBSD images (Dalbeck and Cusack 2006; Grellet‐

Tinner et al. 2012, 2016, 2017; Dauphin et al. 2018). 

The squamatic zones of Elongatoolithus oosp. and Macroelongatoolithus xixiaensis also 

have a clear squamatic ultrastructure which is characterized by serrated and irregular grain 

boundaries (Figure 5-4A–B). Compared to neognath eggshells, the squamatic zone in these 

taxa is characterized by widespread low‐angled boundaries. It should be also noted that the 

squamatic ultrastructure of Macroelongatoolithus xixiaensis  decreases in the calcite grains 

that constitute the ornamentation.  Prismatoolithus levis also has rugged grain boundaries in 

the squamatic zone, which are definitely different from straight grain boundaries in the 

mammillary layer and external zone (Figure 5-4C), supporting the existence of squamatic 

ultrastructure in this taxon (Zelenitsky et al. 2002; Varricchio and Jackson 2004). 

In Gobioolithus minor, the low‐angle boundary is nearly absent, as in neognath eggshells 

(Figure 5-4D). The grain boundaries show clear squamatic ultrastructure up to the external 

end of the eggshell.  

The rugged grain boundaries in the squamatic zone are also observable in fresh radial 

sections of the fossil and extant eggshells using secondary electron mode of SEM. In fossil 

eggshells, the calcite plates are stacked in the squamatic zone, making parallel laminations 

in a single grain (Figure 5-5). When the two grains meet, there is a grain boundary at which 

the direction of the normal vector of stacked calcite plates within each grain abruptly 
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changes. We traced grain boundaries which are also serrated under SEM observation. Thus, 

we confirmed that rugged grain boundaries can be used as a defining character state of the 

squamatic zone within fossil maniraptoran eggshells. This character is also observed in 

modern avian eggshells (Figure 5-6), indicating that the rugged grain boundaries occur in 

the squamatic zone of all extant and fossil maniraptoran eggshells.  

We compared the ruggedness of the grain boundaries in the squamatic zone (squamatic 

ultrastructure) and external zone of maniraptoran eggshells. The method used for 

quantifying the ruggedness of grain boundaries is presented in Appendix Figure 5-3. Only 

grain boundaries larger than 10° were selected to identify calcite grains in the eggshell 

because this threshold is conventionally used in crystallography (Poirier  1985). The result 

shows that the ruggedness is usually higher in the squamatic zone where squamatic 

ultrastructure exists (Figure 5-7; Appendix Table 5-3). The difference of ruggedness 

between the squamatic and external zones is strongly contrasted in rhea eggshell which is 

concordant with the observation in EBSD mapping images, whereas  Prismatoolithus 

levis shows a weak signal. However, the average ruggedness of the squamatic zone 

of Prismatoolithus levis is greater than that of the external zone in one sigma (Appendix 

Table 5-3), supporting the view that there is a real crystallographic difference between the 

two zones (contra Grellet‐Tinner et al. 2006). In addition, the two zones of chicken and 

duck eggshells show wider disparity than that of  Prismatoolithus levis, so the existence of 

the external zone can be quantitatively expressed.  

Finally, it is worth mentioning that the rugged grain boundaries in the squamatic zone are 

not only seen by EBSD imaging, but also from the extinction pattern visible in ultrathin 

thin‐section (Panhéleux et al. 1999; Rodriguez‐Navarro et al. 2002; Nys et al. 2004; López‐

Martínez and Vicens 2012). Thus, we recommend that when EBSD is not available, the 

ultrathin (<10 μm; Panhéleux et al. 1999; Rodriguez‐Navarro et al. 2002) thin section can 

be a good substitute to confirm the existence of squamatic ultrastructure in fossil materials. 

https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-fig-0006
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0109
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-fig-0007
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0053
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0105
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0117
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0104
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0083
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0105
https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12427#pala12427-bib-0117


１０９ 

` 

Nevertheless, the digitized image obtained from EBSD is irreplaceable for the quantitative 

approach with rigorous reproducibility.  

 

5.3.3 Crystallographic difference of pore canal and crack  

 

In extant avian eggshells in the vicinity of pore canals, the c‐axis of calcite grains are 

slightly inclined towards the pore canal (Figure 5-8A–C), a feature particularly conspicuous 

in the chicken eggshell. In Euler maps, it is clear that calcite grains surrounding a pore 

canal have a different colour, indicating that different calcite grains are located beside the 

pore canal.  

On the other hand, the calcite grains surrounding the cracks in the fossil eggshells show 

crystallographic continuity (Figure 5-8D–G). In Euler maps, cracks are usually surrounded 

by calcite grains whose colours are consistent. In the case of wide cracks (Figure 5-8D), the 

crystallographic continuity is not so clear but grain pairs with the same „Euler colour‟ can 

be found on each side of the crack. This crystallographic consistency is not observed at all 

in the true pore canals of extant avian eggshell (Figure 5-8A–C). Thus, we conclude that 

Euler maps of EBSD analysis can provide a useful way to distinguish the true pore canal 

from cracks in fossil materials.  

 

5.3.4 Two types of the misorientation angle distribution  

 

The misorientation angle distribution data is presented in histograms which can be clearly 

divided into two groups (Figure 5-9). Elongatoolithus oosp., Macroelongatoolithus 

xixiaensis, ostrich and rhea eggshells are characterized by the abundant low‐angled 

misorientation under the neighbour‐pair method (Type 1; Figures 5-9A, B, E, F) similar to 
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the misorientation distribution of cf.  Maiasaura eggshell (Moreno‐Azanza  et al. 2013). In 

contrast, Prismatoolithus levis, Gobioolithus minor and neognath eggshells do not have 

systematic low‐angle skewed distribution under the neighbour‐pair misorientation but have 

the tendency to show high‐angle misorientation (Type 2; Figure 5-9C, D, G–J), similar to 

that of Trigonoolithus amoae (Moreno‐Azanza et al. 2013, 2014a). 

Using the Kolmogorov‐Smirnov test, we confirmed that the neighbour‐pair and random‐

pair distributions are different in all cases with statistical significance (Table 5-2). 

Furthermore, as seen from the overall misorientation distribution,  d values divide the 

specimens into two groups: high D values (hence, high d values) for Elongatoolithus 

oosp., Macroelongatoolithus xixiaensis , ostrich and rhea eggshells and low D values 

(low d values) for Prismatoolithus levis, Gobioolithus minor and neognath eggshells 

(Appendix Figure 5-4). Therefore, the quantitative difference between neighbour‐pair and 

random‐pair misorientation distributions is greater in the Type 1 than the Type 2 group.  

 

5.4 DISCUSSION 

 

EBSD is becoming a powerful tool for research on the eggshell structure. The results of 

this study show that EBSD analysis provides a novel approach to resolve some of the 

contentious issues in fossil eggshell research.  

Moreno‐Azanza et al. (2016) separated the true (biogenic) mammillary layer from 

diagenetic mammilla‐like structures objectively by EBSD analysis. In addition, its character 

states can be determined objectively by EBSD analysis (see above). For i nstance, the 

mammillary layer of ornithopod Maiasaura eggshell was interpreted as having an acicular 

structure (Zelenitsky and Therrien 2008) which can now be cross‐validated by EBSD data. 

The grain boundary map of Maiasaura eggshell showed a predominant distribution of low 

angle boundaries in the mammillary layer, while they are scarce in the mammillary layer of 
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prismatoolithid Trigonoolithus amoae (Moreno‐Azanza et al. 2013). The fossil eggshells 

found in the Wido Volcanics of South Korea also showed a distinct acicular structure in the 

mammillary layer characterized by needle‐like calcite grains (Figure 5-8E). Thanks to its 

quantitative approach, EBSD analysis can retain objectivity in decision making on charact er 

states of the mammillary layer in wider phylogenetic analyses.  

In addition, the morphology of squamatic ultrastructure can be visualized by EBSD 

analysis. We believe this method will be useful to clarify ambiguous squamatic 

ultrastructure in some dinosaur eggshells. For example, the taxonomic affinity 

of Protoceratopsidovum is still contentious (Moreno‐Azanza  et al. 2014b; 

Skutschas et al. 2017); Zelenitsky et al. (2002) interpreted this ootaxon as theropod 

eggshell because of its remarkable similarity to Prismatoolithus levis and the presence of 

squamatic ultrastructure in Prismatoolithus levis, while Mikhailov (1994, 2014) claimed the 

absence of squamatic ultrastructure in Protoceratopsidovum. Rigorous testing with the 

quantitative method presented above should solve this debate. Meanwhile we note that the 

cf. Maiasaura eggshell (Moreno‐Azanza  et al. 2013) and Guegoolithus turolensis , possibly 

laid by ornithopod dinosaur (Moreno‐Azanza  et al. 2017), both lack squamatic 

ultrastructure because there is no rugged grain boundary in the continuous layer. Recently, 

the first confirmed ceratopsian eggs (Protoceratops andrewsi) were reported with 

embryos in ovo (Erickson et al. 2017). If the absence of squamatic ultrastructure in 

protoceratopsian eggshells is confirmed by EBSD analysis, it is highly probable that the 

squamatic ultrastructure does not exist in ornithischian eggshells. Therefore, EBSD analysis 

on Protoceratops eggshell is likely to play a key role to decide the taxonomic affinity of 

problematic ootaxon Protoceratopsidovum. 

 

5.4.1 External zone as a trait to diagnose avian eggshell  
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Most avian eggshells have three distinct units: the mammillary layer, squamatic zone and 

external zone (Mikhailov 1997a). Because the mammillary layer and squamatic zone are 

also observable in non‐avian theropod dinosaur eggshells, the existence of an external zone 

in fossil eggshells is usually interpreted as indicating their closer phylogenetic affinity to 

avian eggshells when an embryo in ovo is absent (Grellet‐Tinner and Norell 2002; Imai and 

Azuma 2015; Lawver et al. 2016; Bravo et al. 2018). Although we concede the presence of 

an external zone in the majority of avian eggshells, this study implies that the association 

of the external zone with the avian affinity of the eggshell should be used with caution due 

to the following reasons. 

First, it is shown in this study that not all avian eggshells have an external zone. It is 

highly probable that passerine eggshells do not have an external zone (see a bove; 

Mikhailov 1997a). If the loss of external zone occurred independently in the Mesozoic 

evolution of avian eggshell, one would not be able to correctly identify the avian affinity of 

eggshells due to the absence of the external zone. For instance, Grellet‐Tinner  et al. (2016) 

reported the squamatic and external zones from a putative megapode eggshell (formerly 

known as Genyornis eggshell) with an EBSD image. However, in the EBSD image, rugged 

grain boundaries extend to the outer end of the eggshell, suggesting the lack of an external 

zone. It is matched with the view that „Genyornis’ eggshell lacks an external zone (Grellet‐

Tinner 2006). Considering the distant phylogenetic relationship between the Galliformes 

and Passeriformes (Jetz et al. 2012; Prum et al. 2015), this example shows that the loss of 

an external zone could have happened independently in the evolution of avian eggshells.  

More importantly, it is highly probable that  Gobioolithus minor, an ootaxon of 

enantinorithine Gobipipus reshetovi, does not have an external zone (Figure 5-4D). Its 

„external zone‟ was interpreted as purely of diagenetic origin (Mikhailov  2014) or as a 

recrystallized external zone (Varricchio and Barta 2015). Our result supports the former 

view that Gobioolithus minor lacks the external zone. It is also worth mentioning that 
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several fossil avian eggshells associated with enantiornithes from Late Cretaceous deposits 

of Europe and South America seem to lack the external zone (Dyke et al. 2012; Fernández 

and Salgado 2018; but see also Balanoff et al. 2008 and Varricchio et al. 2015). It indicates 

that not all Mesozoic avian eggshells can be diagnosed by the existence of the external zone.  

In addition, whereas the external zone in rhea eggshell is prominent, this zone is much 

more subtle in duck and chicken eggshells (Figure 5-4G–H). Without careful scrutiny of 

fossil eggshell, one might well overlook the delicate grain boundary condition marking the 

external zone or regard it as diagenetic alteration. For example, the external zone 

of Prismatoolithus levis, an ootaxon reported by Zelenitsky and Hills (1996), was not 

recognized until the discovery of a well‐preserved specimen (Varricchio and Jackson 2004). 

In addition, although moa eggshell was first reported in the late 1800s, its external zone 

was only recently confirmed (Zelenitsky et al. 2002). Furthermore, although López‐

Martínez and Vicens (2012) contended that an external zone does not exist in Sankofa 

pyrenaica, it is clear that the outer end of S. pyrenaica is characterized by having linear 

grain boundaries distinct from the rugged grain boundaries  of squamatic ultrastructure lying 

below (López‐Martínez and Vicens 2012, fig. 5). Therefore, it is highly probable 

that S. pyrenaica has an external zone. This example shows that examination of the grain 

ruggedness of eggshells can provide an alternative way to identify the external zone. 

Therefore, it seems likely that some of the „two‐layered non‐avian theropod eggshells‟ 

could be, in fact, „three‐layered avian eggshells‟ that can be detected only if EBSD analysis 

is applied.  

Secondly, there are some non‐avian theropod eggshells that have an external zone 

(Bravo et al. 2018, table 1). Prismatoolithus levis, an ootaxon of a derived non‐avian 

maniraptoran Troodon formosus, has an external zone (Figure 5-4C; Varricchio and 

Jackson 2004; Zelenitsky and Therrien 2008; Funston and Currie 2018). An external zone 

has also been reported in alvarezsaurid eggshells (Arriagadoolithus patagoniensis ; 
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Agnolin et al. 2012 and Triprismatoolithus stephensi; Jackson and Varricchio 2010; but see 

also Jackson et al. 2018 for arguments against their alvarezsaurid affinity) and suggested in 

the eggshell of Lourinhanosaurus (Varricchio and Jackson 2004; but see Grellet‐Tinner and 

Makovicky 2006 and Ribeiro et al. 2014 for opposing interpretation with which we agree), 

which is a basal allosauroid theropod (Malafaia  et al. 2017). All these examples clearly 

demonstrate that the external zone was a lready established in the eggshells of theropods 

before the origin of Aves. If the external zone appeared just once in the maniraptoran 

lineage, the external zone in the various kinds of maniraptoran eggshells should be 

interpreted as a homologous character. However, the possibility still exists that the external 

zone appeared independently in separate lineages, due to the same developmental 

mechanism of eggshell inherited from a common ancestor and reproductive selection 

pressure among the closely‐related species. In this case, homoplasy but may be „deep 

homology‟ (Hall 2003; Shubin et al. 2009; Wake et al. 2011). In any case, the presence of 

an external zone in eggshells does not always mean they are avian in origin because the 

external zone is not a unique character of Aves.  

The most important thing is that the biological origin of the questionable external zone 

needs to be carefully verified. The results of this study show that EBSD analysis can be 

used to visualize the crystallographic continuity between the squamatic and external zones, 

hence allowing the biological origin of the „external zone‟ to be checked. Non‐biogenic 

calcite is characterized by the profusion of high‐angle grain boundaries it shows (Gre llet‐

Tinner et al. 2012; Moreno‐Azanza et al. 2016; SC, pers. obs.) which might be useful for 

the verifying the authenticity of contentious external zones. However, crystallographic 

continuity does not sufficiently guarantee the biological genuineness of the questionable 

external zone because diagenetic epitaxial growth (Moreno‐Azanza  et al. 2016) mimics the 

underlying biological eggshell's crystallography. Thus, when diagenetic overgrowth is 

suspected, we recommend undertaking compositional or cathodoluminescence (CL) analysis 
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as well (Figure 5-3; Jackson et al. 2010; Grellet‐Tinner et al. 2010; Moreno‐

Azanza et al. 2016) to clearly differentiate any diagenetic overprinting (e.g. on the putative 

„external zone‟ of Gobioolithus minor (Varricchio and Barta 2015) and Lourinhanosaurus 

eggshell (Varricchio and Jackson 2004)). 

 

5.4.2 Necessity for rigorous identification of pore canals in radial sections 

 

The identification of the pore canal type and the measurements of the related dimensions 

are significant in fossil eggshell research in that they make auxiliary diagnostic characters 

in the parataxonomic identification (Mikhailov et al. 1996; Hirsch et al. 1997; 

Carpenter 1999), inferring palaeoenvironmental setting of the fossil locality (Donaire & 

López‐Martínez 2009) and nest type of specific ootaxa (Deeming 2006; Tanaka et al. 2015). 

Nevertheless, few reliable ways exist to distinguish true pore canals from pore‐like cracks 

of the fossil eggshell in a radial view, other than the observation that growth lines are 

inclined slightly close to true pore canals (Hirsch 1994; Jackson et al. 2010; Moreno‐

Azanza et al. 2014b). It is an especially difficult problem for fossil eggshells embedded in 

hard matrix, since it is not easy in radial section to identif y whether the pore‐like structure 

is a crack or not unless the eggshell surface is exposed. A reliable method is needed for 

correct identification of pore structures in fossil eggshell.  

Along with routine observation of the thin section under the polarized  light microscope, 

the CL technique has been used to find the exact location and shape of the pore canals 

(Grellet‐Tinner and Makovicky 2006; Grellet‐Tinner et al. 2010). Although this technique 

is obviously useful to find a pore canal in fossil eggshells, it cannot distinguish true pore 

canals from pore‐like cracks made by taphonomic processes because both canals can be 

filled by diagenetic fluids. We therefore recommend the combined use of CL and EBSD to 
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confirm the biological genuineness of aberrant pore‐like structures. For example, it has 

been argued that the Prismatoolithus levis has oblique pore canals (Grellet‐Tinner and 

Makovicky 2006; Grellet‐Tinner  et al. 2006; contra Varricchio and Jackson 2004) but this 

interpretation was rejected by Jackson et al. (2010) who interpreted the purported „pore‟ as 

a calcite‐filled fracture based on a slight offset  along the edges of the „pore‟. In addition, 

the pore canal of a Deinonychus eggshell was also described as „straight with an elbow 

close to the surface‟ (Grellet‐Tinner and Makovicky 2006, p. 711). However, the 

dimensions of purported pore opening on the outer surface and the diameter of pore canal in 

radial section are inconsistent (130 μm ×  60 μm and 10 μm, respectively) because no 

funnel‐like pore opening was shown in the thin‐section image of purported pore canals. The 

supposed „pore canal‟ of the Deinonychus eggshell might therefore just be a simple crack. 

For another example, very small „micropores‟ (average radius of 7  μm) were reported from 

the Palaeogene Ornitholithus and interpreted as an adaptation (i.e. insulating chambers) to 

the extremely arid palaeoclimate of the Paleocene–Eocene Thermal Maximum (Donaire and 

López‐Martínez 2009). However, these authors did not provide evidence to prove their 

biological origin. Furthermore, it was shown experimentally that thermal effects c an cause 

the appearance of microcracks and the widening of existing cracks in carbonate systems 

(Yavuz et al. 2010). Similarly, „micropores‟ (average diameter 7 μm) have also been 

reported in a putative alvarezsaurid eggshell (Arriagadoolithus patagoniensis) along with 

much wider pores (127–141 μm in diameter) (Agnolin et al. 2012). This raises doubts 

concerning the biological genuineness of the former micropores. All of these ambiguities 

could potentially be resolved by applying EBSD analyses for scrutinizing the continuity 

between the purported pore edges. EBSD mapping can not only reveal hidden 

microstructural features of egg fossils, but also screen out taphonomic traits added to the 

fossil material through geological time (Grellet‐Tinner  et al. 2011; Eagle et al. 2015; 

Moreno‐Azanza et al. 2016). 
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5.4.3 Misorientation distribution and its implications  

 

The Type 1 and Type 2 misorientation angle distributions, when plotted onto the 

maniraptoran phylogenetic tree (Figure 5-10), do not coincide with a monophyletic clade 

and so need to be explained. There are two possible explanations for the pattern seen. First, 

Type 1 distribution may be a symplesiomorphic character of maniraptoran eggshells, which 

is exemplified by oviraptorosaur and palaeognath eggshells (Figure 5-10A). Type 2 

distributions would then have been acquired independently by troodontid, enantinorinithine 

and neognath eggshells. If this hypothesis is true, then the palaeognath eggshell structure 

can be safely used as the modern analogue of the non‐avian maniraptoran eggshell. 

However, even though the low‐angle skewed misorientation distributions of oviraptorosaur 

and palaeognath eggshells are similar, the location of low‐angle boundaries is different in 

the two types. For example, in the oviraptorosaur eggshell, low‐angl e boundaries are widely 

distributed in all eggshell layers, while they are mainly located in the squamatic zone of the 

rhea eggshell (compare Figure 5-9F and Appendix Figure 5-2E). However, the structure of 

the ostrich eggshell is so unique that it would be inappropriate to compare it to that of 

oviraptorosaur eggshell. Type 1 distributions of oviraptorosaur and palaeognath eggshells 

may, therefore, not be homologous.  

Secondly, Type 2 distributions may have evolved in maniraptorans more derived than 

oviraptorosaurs (Figure 5-10B), with Type 1 distributions later reappearing in palaeognath 

eggshells. Under this hypothesis, Type 2 distributions would be a synapomorphic character 

of eumaniraptotan eggshells (with the exception of dromaeosaurids whose eggshell 

misorientation distribution is unknown) and Type 1 distr ibutions an autapomorphic 

character of palaeognath eggshells. In this case, even if palaeognath and oviraptorosaur 
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eggshells have similar misorientation distribution, this may be the result of reversal 

(sensu Hall 2003) in terms of misorientation angle, the cause of which is not currently 

certain. The second hypothesis is more parsimonious than the former,  but we refrain from 

drawing any firm conclusion until more maniraptoran eggshell EBSD data becomes 

available.  

There are several factors which could explain the occurrence of Type 1 or 2 misorientation 

angle patterns in maniraptoran eggshells. The validity of potential explanatory factors 

should be examined among the palaeognath and neognath eggshells because this allows 

detailed physiological, mechanical and behavioural traits to be correlated against eggshell 

structure. Here, we propose potential factors that might inf luence the misorientation 

distribution in eggshells of extant birds.  

First, palaeognath eggs are usually much larger than neognath ones (Hauber  2014), and the 

two different misorientation distributions might simply be a biomechanical phenomenon 

rather than a clade‐related biological one. Because of the egg dimensional difference, the 

egg weight of palaeognaths is usually heavier than that of neognaths. The eg g weight is 

positively correlated with eggshell thickness (eggshell thickness2/weight  ≈ constant; 

Ar et al. 1979; Juang et al. 2017) thus, palaeognath eggshells are usually thicker than 

neognath eggshells. If this hypothesis is true, and misorientation distribution is governed by 

egg size and eggshell thickness, then all Type 1 eggshells should be thicker than of the 

Type 2 eggshells regardless of the clade. However, as seen in Figure 5-1, the eggshell 

of Prismatoolithus levis (Type 2; 1121 μm in average) is thicker than that 

of Elongatoolithus oosp. (Type 1; 540 μm in average), which contradicts the hypothesis 

above. Therefore, misorientation distribution is not a simple biomechanical phenomenon 

governed by the size of eggs. 

Secondly, the two misorientation distributions might be related to flight. Almost all 

palaeognaths (with the exception of the tinamou) are characterized by flightlessness, and 
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are independently adapted for terrestrial life (Mitchell  et al. 2014; Faux and Field 2017; 

Grealy et al. 2017; Yonezawa et al. 2017). However, unlike palaeognaths, most neognaths  

are capable of flight so their behavioural differences may have affected the physiology 

related to eggshell production giving rise to the difference in misorientation angles. 

However, this hypothesis fails to explain the difference between  Elongatoolithus oosp. 

(Type 1) and Prismatoolithus levis (Type 2), which were both laid by terrestrial animals. In 

addition, Gobioolithus minor (Type 2), which was laid by an enantiornithine bird, shows a 

similar misorientation distribution pattern to Prismatoolithus levis, suggesting that flight is 

not a significant factor in determining the crystallographic dichotomy.  

Thirdly, the two different misorientation distributions may be related to the incubation 

behaviour. The vast majority of modern birds (8900 species) adopt  contact incubation, with 

just a few exceptions such as cuckoos and megapodes (Deeming  2002; Varricchio 2011). 

Among them, almost all neognath birds are definite contact incubators, having Type 2 

misorientation angle distribution in their eggs (Figure 5-9). Palaeognaths also spend the 

majority of their time sitting on a nest (Bertram and Burger 1981; Jolly 1989; 

Colbourne 2002; Sales, 2006, 2007; Brennan 2009; Cooper et al. 2010; Bonato et al. 2015). 

However for extinct giant palaeognaths, contact incubation is rather questionable. In 

palaeognaths, paternal care is dominant whereas bi‐parental or maternal care is dominant in 

neognaths (Birchard et al. 2013). The dominance of paternal care in palaeognaths was 

explained by the fact that a male palaeognath is usually smaller than a female and 

consequently, a male could incubate eggs without causing damage (Birchard and 

Deeming 2009; Huynen et al. 2010). However, in the case of extinct moas of New Zealand, 

even assuming that lighter males incubated their eggs rather than heavier females, the 

eggshells are still too thin to withstand the weight of an adult male (Huynen  et al. 2010). 

Similarly, the thickest avian eggshells (0.38 cm) of elephant birds can withstand 248 kg 

(Ar et al. 1979) but the estimated body weight of an elephant bird was 438  kg 
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(Amadon 1947) or even heavier in Vorombe titan (642.9 kg; Hansford & Turvey 2018), 

surpassing the weight bearing threshold of the eggshell. Furthermore, it is generally 

accepted that most palaeognath eggs (strictly speaking, all larger eggs regardless of their 

phylogenetic origin) are susceptible to breakage during incubation because of the body 

mass of heavy parents (Ar et al. 1979; Huynen et al. 2010; Juang et al. 2017). Finally, 

except for small palaeognaths (kiwi and tinamou), ostrich and other ratites (i.e. 

Palaeognathae except tinamou, hence a paraphyletic group; Mitchell  et al. 2014; Faux and 

Field 2017; Yonezawa et al. 2017) do not develop a brood patch to make direct contact with 

eggs for heat transfer (Lea and Klandorf 2002), which is a common feature in neognaths.  

Nevertheless, as mentioned above, ethologists have continuously reported extant 

palaeognath's sitting behaviour on the nest. Based on the discussion above, we sugg est that 

„contact incubation‟ should be more meticulously defined. Until now, almost all reports of 

brooding behaviour of palaeognaths have been simply described as a „sitting‟, and do not 

strictly differentiate the potential functions of „sitting on a nes t (= contact incubation)‟. 

Contact incubation is known to entail several functions: protection, sheltering, 

thermoregulation or heat transfer (Tanaka  et al. 2018a). Of these, the protection and 

sheltering (and its consequent shading and thermoregulation) are possible without 

burdening the weight of the adults on eggs. For instance, the wild ostrich guards its nest 

during the pre‐incubation phase to protect eggs both from sun and Egyptian vultures 

(Bertram and Burger 1981). 

Heat transfer may be facilitated in two ways. First, the body and eggs are in direct conta ct; 

because feathers are good insulators (Gao et al. 2007) a brood patch may develop in adult 

(this behaviour is referred to as „tight sitting‟;  sensu Grant 1982, p. 62). Secondly, the body 

does not directly make contact with eggs, but incubates eggs owing to the nest structure and 

body heat („loose sitting‟;  sensu Grant 1982, p. 62); in this case, a brood patch may not 

develop. 
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With tight sitting, heat transfer would be highly correlated with the weight‐bearing a bility 

of the eggshell and, in this point, we believe that heat transfer should be distinguished from 

other functions of „sitting on a nest‟. The lack of a brood patch in most big palaeognaths 

(Lea and Klandorf 2002) casts doubt on the argument that the brooding behaviour of 

palaeognaths entails direct body contact with eggs. In fact, Bertram and Burger (1981) 

pointed out that it is hard to envisage that all the eggs and adult body of ostrich can be in 

close contact. They further argued that the nest of an ostrich is made of finely‐ground dust 

soil which is an excellent insulator from ambient air. Hence, the feathers and nest produce 

an effective seal which can convey heat to the eggs without direct contact. This is 

consistent with the fact that the temperature of ostrich eggs in the nest (32.9 °C) is lower 

than that recorded in most other bird species (Bertram and Burger 1981). All lines of 

evidence above support the idea that the „sitting on eggs‟ of an ostrich ma y be better 

described as „loose sitting‟.  

It has been shown that low‐angled grain boundaries are susceptible to cracking in 

eggshells (Rodriguez‐Navarro et al. 2002). Among the extinct ootaxa analysed in this study, 

oviraptorid eggshells are characterized by low‐angled grain 

boundaries. Macroelongatoolithus xixiaensis  was laid by Beibeilong sinensis, a huge 

caenagnathid oviraptorsaur whose body weight in an adult may have reached 1100 kg 

(Pu et al. 2017). However, its eggshell (0.188 cm) is thinner than that of the elephant bird 

(0.38 cm; Ar et al. 1979), whereas the estimated body weight of Beibeilong is heavier than 

that of the elephant bird (78–732 kg; Hansford and Turvey 2018), suggesting that the 

possibility of egg contact incubation of Beibeilong is lower than that of an elephant bird. In 

addition, Type 1 distribution is also found in hadrosaurid eggshells. Moreno‐Azanza  et al. 

(2013) constructed the misorientation angle distribution of cf.  Maiasaura eggshell. 

Although they did not perform a statistical test to see the significant difference between the 

random‐pair and neighbour‐pair distributions, the histogram of cf.  Maiasaura eggshell 
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under neighbour‐pair method is very similar to Type 1 distribution (predominant low‐angle 

misorientations). They suggested that hadrosaurid dinosaurs did not sit on eggs due to their 

heavy weight, which is further supported by the fact that hadrosaurs built organic‐rich 

mound nests that used heat generated by microbial decay for incubation 

(Tanaka et al. 2018b). 

Lastly, the nesting posture of oviraptorosaurs is more suitable for protection and 

sheltering than heat transfer because their nest structure is not appropriate for heat transfer 

(Deeming 2002). The eggs of Citipati osmolskae are located on the outside of its main body 

(Norell et al. 1995, 2018) and Nemegtomaia barsboldi  has a similar posture 

(Fanti et al. 2012). In other words, eggs surround an attendant adult who is mainly 

positioned in the centre of the nest (Carpenter  1999; Wiemann et al. 2017; 

Tanaka et al. 2018a). This is clearly different from the location of eggs seen when modern 

Aves incubate: eggs in the centre of the nest directly contact with a brood patch of the adult 

(Lea and Klandorf 2002, fig. 8.2). Moreover, oviraptorid clutch structure is multi‐tiered 

(Carpenter 1999; Wiemann et al. 2017; Tanaka et al. 2018a). Although egg‐contact 

incubation would transfer the heat needed for development to the eggs in the uppermost tier, 

it is still questionable whether the body heat of the adult could be transferred to those eggs 

in the lower tiers of a clutch which were obviously obstructed by eggs in the upper tier 

(Deeming 2002). As far as we know, there is no multi‐tiered clutch configuration in modern 

contact‐incubating birds (contra Amiot et al. 2017), which casts doubt on the interpretation 

that all eggs within a multi‐tiered clutch were incubated by body heat in ovi raptorosaurs. 

The „brooding‟ posture of oviraptorosaurs can plausibly be explained by protection and 

sheltering (and resultant shading), which is crucial for an embryo to survive in a high 

temperature environment (Bertram and Burger 1981) and is widespread behaviour in many 

birds (Maclean 1967; Bartholomew and Dawson 1979; Grant 1982). For these reasons, it 

seems likely that the possibility of „tight sitting‟ is weaker in oviraptorid maniraptorans 
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than troodontids (a more probable contact incubator; Varricchio et al. 2013, 2018; 

Tanaka et al. 2015; Varricchio and Jackson 2016). 

Although the aforementioned hypothesis needs to be tested with broad neontological data, 

if true, it would allow eggshell structure to be used to infer  whether oviraptorids contact 

incubated their eggs (Norell et al. 1995; Tanaka et al. 2015, 2018a, b; Varricchio and 

Jackson 2016) or not (Deeming 2002, 2006, 2015; Wesołowski 2004). It would also shed 

light on the brooding behaviour of troodontids (Varricchio et al. 1997; Tanaka et al. 2015; 

Varricchio and Jackson 2016) and enantiornithes (Varricchio and Barta 2015; Varricchio 

and Jackson 2016; Mayr 2017; Deeming and Mayr 2018). Therefore, the reversal to the 

Type 1 misorientation angle distribution in palaeognath eggshells (Figure 5-10B) may 

reflect loss of the crystallographic structure adapted to weight bearing (tight sitting) 

(= Type 2) as it became no longer necessary.  

Finally, it is premature to conclude that the misorientation distribution has a definite 

palaeobiological significance with certainty because so far, few EBSD data are available on 

avian and non‐avian maniraptoran eggshells compared to the overwhelming diversity of the 

Maniraptora. However, it is apparent that EBSD analysis applied to possible alvarezsaurid 

(Jackson and Varricchio 2010; Agnolin et al. 2012; but see also Jackson et al. 2018), 

possible dromaeosaurid (Grellet‐Tinner and Makovicky 2006), therizinosaur 

(Kundrát et al. 2008) and other enantiornithine (Schweitzer  et al. 2002; Balanoff et al. 2008; 

Dyke et al. 2012; Fernández et al. 2013; Varricchio and Barta 2015; Varricchio et al. 2015; 

Fernández and Salgado 2018) eggshells will open a completely new avenue for 

investigating reproductive physiology and incubating strategies of the Maniraptora.  
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Figure 5-1. IPF maps of fossil and extant maniraptoran eggshells. A, Elongatoolithus oosp. 

(MPC‐D 100/1047). B,  Macroelongatoolithus xixiaensis  (SNUVP 201801). C, 

Prismatoolithus levis (SNUVP 201804); Ca indicates overgrown diagenetic calcite at the 

outer surface. D, Gobioolithus minor (MPC‐D 100/1046); an area of purely diagenetic 

calcite in the lower left of this image is marked with white dashes. E, ostrich ( Struthio 

camelus); the squamatic zone is not identified because of conflicting views on the existence 

of an ML/SqZ boundary in the literature (Zelenitsky and Modesto 2003; Mikhailov 2014). F, 

rhea (Rhea sp.) G, domestic duck (Anas platyrhynchos domesticus). H, domestic chicken 

https://onlinelibrary.wiley.com/doi/10.1111/pala.12427#pala12427-bib-0151
https://onlinelibrary.wiley.com/doi/10.1111/pala.12427#pala12427-bib-0093
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(Gallus gallus domesticus). I, Japanese tit (Parus minor). J, Korean magpie (Pica sericea). 

K, explanation of IPF colour map (see text for further details); the schematic shell un it 

shows the typical trilaminar structure of avian eggshell.  Abbreviations: ML, mammillary 

layer; SqZ, squamatic zone; EZ external zone; the boundary between layers is shown with a 

white bar. Scale bars represent: 250 μm (A); 1000 μm (B, E); 500 μm (C, F); 50 μm (D, J); 

100 μm (G, H); 25 μm (I).  
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Figure 5-2. Euler maps of fossil and extant maniraptoran eggshells. 

A, Elongatoolithus oosp. (MPC‐D 100/1047). B,  Macroelongatoolithus xixiaensis  (SNUVP 

201801). C, Prismatoolithus levis (SNUVP 201804). D, Gobioolithus minor (MPC‐D 

100/1046). E, ostrich (Struthio camelus). F, rhea (Rhea sp.) G, domestic duck (Anas 

platyrhynchos domesticus). H, domestic chicken (Galllus gallus domesticus). I, Japanese tit 

(Parus minor). J, Korean magpie (Pica sericea). Different colours identify individual 

calcite grains in the eggshell. Areas outlined in E, F, and H are magnified in Figure  5-8 to 

indicate c‐axis orientation of calcite grains near the true pore canals in extant avian 

https://onlinelibrary.wiley.com/doi/10.1111/pala.12427#pala12427-fig-0008
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eggshells. The dashed boxes in A–D and F–J indicate the area used for constructing 

misorientation histogram of mammillary layer. Scale bars represent: 250  μm (A); 1000 μm 

(B, E); 500 μm (C, F); 50 μm (D, J); 100 μm (G, H); 25 μm (I).  
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Figure 5-3. The compositional difference of a diagenetic layer. A–F, Mg (upper image) and 

Ca (lower image) distributions: A, D,  Prismatoolithus levis (SNUVP 201804); B, 

E, Elongatoolithus oosp. (MPC‐D 100/1047); C, F, Korean magpie (Pica sericea); colour 

scale ranges from high (red) to low (blue) concentration. The diagenetic layer is bounded 

by white bars in A and D, and marked as Ca in G–H. Note that the Mg distributional pattern 

in Prismatoolithus levis abruptly changes in the diagenetic layer. This pattern is absent in 

fossil and extant eggshells that lack the diagenetic layer (Elongatoolithus oosp. and Korean 
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magpie). G, the diagenetic layer of Prismatoolithus levis is composed of columnar calcites, 

morphologically different from the underlying external zone (secondary electron image). H, 

backscattered electron image showing that the diagenetic layer is composed of elements 

with higher atomic number compared to genuine eggshell (England et al. 2007). Scale bars 

represent: 500 μm (A, D); 200 μm (B, E); 50 μm (C, F); 10 μm (G) ; 100 μm (H). 
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Figure 5-4. Grain boundary maps of fossil and extant maniraptoran eggshells. 

A, Elongatoolithus oosp. (MPC‐D 100/1047). B,  Macroelongatoolithus xixiaensis  (SNUVP 

201801). C, Prismatoolithus levis (SNUVP 201804). D, Gobioolithus minor (MPC‐D 

100/1046). E, ostrich (Struthio camelus); white bars are not the boundary between the 

layers, but they bound the region where the low‐angled boundary is dominant. F, rhea 

(Rhea sp.) G, domestic duck (Anas platyrhynchos domesticus). H, domestic chicken 

(Galllus gallus domesticus). I, Japanese tit (Parus minor). J, Korean magpie (Pica sericea). 

Green, blue, and purple lines indicate the angles between the grains which are 5 –10°, 10–
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20°, and more than 20°, respectively.  Abbreviations: ML, mammillary layer; SqZ, 

squamatic zone; EZ external zone. Scale bars r epresent: 250 μm (A); 1000 μm (B, E); 

500 μm (C, F); 50 μm (D, J); 100 μm (G, H); 25 μm (I).  
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Figure 5-5. Squamatic ultrastructures in fossil eggshells. A–C, Elongatoolithus oosp. 

(MPC‐D 100/1047). D–F, Prismatoolithus levis (SNUVP 201804). G–I, Gobioolithus 

minor (MPC‐D 100/1046). Note the rugged grain boundaries emphasized with black solid 

lines. Black arrows reflect two‐dimensional directions of the normal vectors of parallel 

calcite plates. Scale bars represent: 100 μm (A, D, E); 10 μm (B, C, F–I). 

 



１３３ 

` 

 

Figure 5-6. Squamatic ultrastructures in extant avian eggshells. A–C, rhea (Rhea sp.) D–F, 

duck (Anas platyrhynchos domesticus). G–I, Japanese tit (Parus minor). Black lines 

indicate rugged grain boundaries and arrows 2‐D directions of the normal vectors of calcite 

plates. Scale bars represent: 100 μm (A, D); 10 μm (B, C, E–H); 1 μm (I).  
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Figure 5-7. The ratio for ruggedness in maniraptoran eggshells. Blue bars represent the 

ratio measured in squamatic ultrastructure in the squamatic zone;  red bars as measured in 

the external zone. Note that the ratio is usually lower in the external zone but higher in the 

squamatic ultrastructure. It is consistent with rugged grain boundaries in squamatic 

ultrastructure and linear grain boundaries in the external zone. A, Elongatoolithus oosp. 

B, Macroelongatoolithus xixiaensis . C, Prismatoolithus levis. D, Gobioolithus minor. E, 

rhea. F, duck. G, chicken. H, Japanese tit. I, Korean magpie.  
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Figure 5-8. Euler maps of fossil and extant eggshells used for true pore canal identification. 

A–C, magnified view of true pore canals of extant avian eggshells; A, ostrich ( Struthio 

camelus); B, rhea (Rhea sp.); C, chicken (Gallus gallus domesticus). D–G, Euler maps 

taken at pore‐like cracks in fossil eggshells; D, an eggshell from the Sihwa Formation 

(SNUVP 201802), white arrows show the continuity of calcite orientation beside the cracks; 
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E, an eggshell from the Wido Volcanics (SNUVP 201803); F, a sauropod eggshell from the 

Nemegt Formation, Altan Uul I (MPC‐D 100/1045), white arrow marks the position of a 

true pore canal; G, Elongatoolithus oosp. (MPC‐D 100/1047); black arrows in F and G 

indicate the location of cracks. Grey hexagonal columns show the in situ orientation of 

calcite grains. Note crystallographic cont inuity beside the pore‐like cracks (D–G). Scale 

bars represent: 250 μm (A, E, G); 50 μm (B, C); 500 μm (D); 1000 μm (F).  
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Figure 5-9. Misorientation angles plotted in histograms. Blue bars show the misorientation 

distribution using neighbour‐pair method; red bars, random‐pair method. Black lines mark 

the expected frequency assuming random distribution. The numbers next to blue and red 

indices are sample sizes of neighbour‐pair and random‐pair distribution, respectively. Note 

that Elongatoolithus oosp. (A), Macroelongatoolithus xixiaensis  (B), ostrich (E), and rhea 

(F) eggshells have low‐angle dominant distribution under neighbour‐pair distribution (Type 

1 distribution), while Prismatoolithus levis (C), Gobioolithus minor (D), duck (G), chicken 

(H), Japanese tit (I) and Korean magpie (J) eggshells have high‐angle (>40°) dominant 

distribution (Type 2 distribution).  
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Figure 5-10. Two possible scenarios explaining Type 1 and Type 2 distributions in the 

maniraptoran cladogram. A, Type 1 distribution is a symplesiomorphic character (blue bar) 

in Maniraptora and Type 2 distribution appeared three times (red bars) independently in 

troodontid, enantiornithine and neognath eggshells. B, Type 1 distribution is a 

symplesiomorphic character (blue bar) in Maniraptora, Type 2 distribution appeared (red 

bar) before a cladogenesis of Aves, and then Type 1 distribution reversely evolved (purple 

bar) in palaeognaths.  
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Table 5-1. The EBSD mapping images of dinosaur eggshell available in the literature  
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Table 5-2. Experimental and calculated values used for the Kolmogorov-Smirnov test 

measuring difference between neighbour-pair and random pair distributions  
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CHAPTER 6: POSSIBLE LATE CRETACEOUS DROMAEOSAURID EGGSHELLS 

FROM SOUTH KOREA   

 

This chapter was published in a peer reviewed journal. 

Choi, S. and Lee, Y.-N. 2019. Possible Late Cretaceous dromaeosaurid eggshells from South 

Korea: a new insight into dromaeosaurid oology. Cretaceous Research 103, 104167. 

 

6.1 INTRODUCTION  

 

 The non-avian maniraptoran egg fossils have been intensively studied in non-avian 

dinosaurs (Varricchio and Jackson 2016 and references therein). Among them, oofamilies 

Elongatoolithidae and Prismatoolithidae are widely reported in the world. The 

Elongatoolithidae is associated with oviraptorosaurs with strong evidence, specifically 

fossil embryos in ovo and frequent associations between adult body and egg fossils (Norell 

et al. 1995, 2001, 2018; Clark et al. 1999; Sato et al. 2005; Cheng et al. 2008; Weishampel 

et al. 2008; Fanti et al. 2012; Wang et al. 2016; Amiot et al. 2017; Pu et al. 2017). In the 

Prismatoolithidae, there are many oospecies whose egg-layers are unknown, but at 

least, Prismatoolithus levis is confirmed as an ootaxon of Troodon formosus based on an 

embryo in ovo and body-egg association (Varricchio et al. 1997, 2002; Jackson et al. 2010). 

Recently, van der Reest and Currie (2017) questioned the validity of taxon name Troodon 

formosus, but Varricchio et al. (2018) provided a reason to maintain its validity, which we 

followed in this study. Due to Prismatoolithus levis, almost all prismatoolithid eggs are 

usually interpreted as belonging to the derived non-oviraptorosaur maniraptorans closely 

related to troodontids (Tanaka et al., 2018). 

On the other hand, the Dromaeosauridae is a sister group of the Troodonti dae and they 

make a higher clade named Deinonychosauria (Turner et al. 2012). The Deinonychosauria 

is most closely related to the Aves, which both comprise the Paraves (Sereno 1997, Turner 
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et al. 2012). Recently, the monophyly of the Deinonychosauria was challenged and 

suggested to be paraphyletic (Godefroit et al. 2013) or the Dromaeosauridae and 

Troodontidae make polytomic relationships with Anchiornis, Archaeopteryx, Wellnhoferia, 

and Xiaotingia (Xu et al. 2017) (see also Brusatte et al. 2015). Nevertheless, it is still 

evident that the Dromaeosauridae and Troodontidae are most closely related to the Aves in 

the lineage of non-avian Maniraptora. Hence, dromaeosaurid eggs are very important to 

understand the eggshell evolution in derived non-avian Maniraptora. 

Contrary to troodontid and oviraptorosaur eggshells, however, there are only a few studies 

on possible dromaeosaurid eggshells.  Grellet-Tinner and Makovicky (2006) reported a 

partial egg and eggshells closely associated with gastralia of  Deinonychus with a notion 

that they are the only egg material that can be associated with a dromaeosaurid with h igh 

probability. Since then, several Deinonychus eggshell-like non-prismatoolithid and non-

elongatoolithid maniraptoran ootaxa have been reported (Table 6-1). Because they were 

morphologically different from the Prismatoolithidae and Elongatoolithidae but similar 

to Deinonychus eggshells, their potential egg-layers were inferred to be dromaeosaurids 

(Zelenitsky et al. 1996, 2000; Zelenitsky and Sloboda 2005; Zelenitsky and Therrien 2008a; 

Tanaka et al. 2016; Vila et al. 2017; Voris et al. 2018). 

In South Korea, dinosaur body fossils are somewhat rare (Lee et al. 2001; Choi and Lee 

2017), but twelve dinosaur egg localities were found in several Cretaceous basins ( Lee 

2003; Paik et al. 2004, 2012; Huh et al. 2006, 2014; Lee et al. 2007; Lee 2008; Kim et al. 

2011). A total of 577 dinosaur eggs with 90 clutches represents five dif ferent oofamilies. 

They are spheroolithid, faveoloolithid, dendroolithid, elongatoolithid, and ovaloolithid eggs 

(Huh et al. 2006; Paik et al. 2012) but many of them have not been studied yet in detail. 

The eggshells described in this study were found in the Wi Island, Buan County, one of the 

unstudied localities in South Korea. The material of this study shows strong morphological 

similarity with the Early Cretaceous Deinonychus eggshells and Late Cretaceous 
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Reticuloolithus hirschi . Furthermore, it represents the second type of theropod eggs after 

the elongatoolithid eggs from South Korea (Kim et al. 2011; Huh et al. 2014). Therefore, 

this study aims to compare this new type of eggshells with possible dromaeosaurid 

eggshells in the world and, more importantly, to understand their phylogenetic relationships 

based on a newly revised character matrix. Furthermore, EBSD analysis was appl ied for 

revealing crystallographic features of the eggshells that may have a reproductive 

implication. 

 

6.2 GEOLOGICAL SETTING  

 

See Section 4.2 above.  

 

6.3 MATERIALS  

 Two types of dinosaur eggs and an enigmatic archosaur egg were discovered at the site.  

The two kinds of dinosaur eggs are easily distinguished from each other in the field by 

eggshell thickness. The thicker eggshells (1.65 mm in thickness) named Propagoolithus 

widoensis are widely distributed in both sub-horizontal and sub-vertical outcrops of the 

sedimentary section of the site (Kim et al. 2019). The thinner eggshells of this study occur 

mainly in the sub-horizontal outcrop as fragmentary pieces, which do not exceed 1 mm in 

thickness (Figure 6-2B). Occasionally, both eggshells are found at the same spot and 

horizon, implying that both eggs coexisted spatiotemporally unless the time-averaging 

effect was severe in this locality (Behrensmeyer et al. 2000; Botfalvai et al. 2017). At least 

twelve eggshell fragments were found in the sub -horizontal outcrop (Figure 6-2C). 

Although they are small pieces (less than 1 cm in length) and coated by calcite at both 

surfaces, some of them were well preserved enough to see the mammillary layer in the field.  
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Ten eggshell fragments were collected from a boulder at the site and an eggshell fragment 

was excavated from the sub-horizontal outcrop. The stereomicroscope and SEM observation 

confirmed that all eggshells are of the same type.  

We used the data matrix of Fernández and Salgado (2018), which is an extended version 

of Zelenitsky (2004), Tanaka et al. (2011), and Vila et al. (2017) for phylogenetic analysis. 

We found miscoded character states from the original matrices, thus some modifications 

were applied to the most recently published matrix of  Fernández and Salgado (2018) for our 

new phylogenetic analysis. The cladistic analysis of ootaxa was carried out with TNT v.1.5 

(Goloboff and Catalano 2016). The setting of the TNT when we constructed the cladogram 

are as follows: a traditional heuristic tree search; 10 replicates of Wagner trees; saving 10 

trees per replication for tree bisection reconnection (TBR) branch swapping (i.e. default 

setting of „traditional‟ search).  

Institutional abbreviations.  IGM, Mongolian Institute for Geology, Ulaanbaatar, Mongolia; 

MOR, Museum of the Rockies, Bozeman, Montana, USA; SNUVP, Paleontological 

Laboratory of Seoul National University, Seoul, South Korea.  

 

6.4 SYSTEMATIC PALEONTOLOGY 

 

Oofamily incertae sedis 

Oogenus Reticuloolithus Zelenitsky and Sloboda 2005. 

Emended diagnosis. Eggshell with two layers; Eggshell thickness 0.35 –0.78 mm; Ratio of 

the mammillary to continuous layers 1:2–1:3; Cryptoprismatic shell unit; Acicular 

mammillary layer; An abrupt and straight boundary between the mammillary and 

continuous layers; Linear (non-undulating) growth lines in the continuous layer; 

Ornamentation composed of reticular network of ridges.  
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Remarks. The eggshell thickness of Reticuloolithus hirschi is 0.35–0.50 mm (Zelenitsky 

and Therrien 2008a), which was originally reported as 0.60–0.94 mm (Zelenitsky and 

Sloboda 2005). 

Oospecies. Reticuloolithus acicularis  oosp. nov 

Etymology. The oospecific name “acicularis” refers to the acicular structure of the 

mammillary layer in Latin.  

Holotype. SNUVP 201601, a thin section housed at the School of Earth and Environmental 

Science, Seoul National University.  

Referred specimens. Macroscopic specimen (SUNVP 201608); Thin sections (SNUVP 

201602 and 201603); Mounted specimens for SEM observation (SNUVP 201604, 201605, 

and 201606); Specimen for CL analysis (SNUVP 201607); Specimen for EBSD analysis 

(SNUVP 201607 and 201603).  

Type locality and age. The holotype is from the lower Daeri Andesite of the Upper 

Cretaceous Wido Volcanics (Coniacian–Santonian), Wi Island, Buan County, North Jeolla 

Province, South Korea. 

Diagnosis. An acicular mammillary layer confirmed by EBSD analysis (calcite radial 

ultrastructure with polygonal cross section); Eggshell thickness is 0.45 –0.75 mm; Ratio of 

the mammillary to continuous layers is around 1:2.5; Type 1 misorientation distribution 

(sensu Choi et al. 2019). 

Remarks. The EBSD analysis results are used for the oospecific diagnosis 

of Reticuloolithus acicularis . However, we anticipate that they could be used for the 

diagnosis of oogenus Reticuloolithus when the EBSD analysis is applied to and 

crystallographic data are drawn from Reticuloolithus hirschi . 

 

6.5 RESULTS 
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 6.5.1 Taphonomic considerations.  

 

Taphonomic features were examined from the specimen in order not to misidentify the 

taphonomic imprints as biologically meaningful ones (Behrensmeyer et al. 2000; Grellet-

Tinner et al. 2010; Moreno-Azanza et al. 2016; Choi et al. 2019). CL imaging can reveal 

the regions, which were affected by manganese ion, a typical substance associated with 

diagenesis (Machel 1985; Grellet-Tinner et al. 2010; Kim et al. 2019). Thin oblique tubular 

and thick pore-like structures, affected by diagenesis, wer e observed with CL (Figure 6-3A). 

Except for these, the eggshell did not show any significant diagenetic signal. An oblique 

tubular structure turned out to be cracks because there exists a crystallographic continuity 

besides the canal which is not observed in true pore canals of extant avian eggshells 

(Figure 6-3B–C; Choi et al. 2019). 

On the other hand, the external surface of the continuous layer is partially indented with 

irregular pits in some specimens (Figure 6-4C–F). The similar structures were reported in 

weathered modern avian eggshells due to effects of pH, temperature (Clayburn et al. 2004), 

and/or microorganism (Smith and Hayward 2010). Such pits may be an indirect evidence of 

subaerial exposure of the materials before burial. However, the bending of the growth lines 

is observable near the irregular pits in the outer part of eggshell like Deinonychus eggshell 

(Zelenitsky 2004; pl. 6.14), Continuoolithus canadensis  (Jackson et al. 2015, fig. 4B), 

and Guegoolithus turolensis  (Spheroolithidae) from Spain (Moreno-Azanza et al. 2014a, fig. 

2D). We interpret, thereby the irregular pits in radial view and the reticular outer surface of 

the specimen as the reflection of external ornamentation rather than a taphonomic trait.  

Some eggshells are thinner without pits than others in radial view, implying that the outer 

part of eggshells may have been eroded (e.g.  Varricchio et al. 2013) unless the difference 
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corresponds to normal eggshell thickness variability across the egg (e.g.  Funston and Currie 

2018, fig. 2; Jin et al. 2007, table 2). The inner part of the eggshell was less affected by 

diagenesis judging from the existence of well-preserved mammillary layer. It suggests that 

the inner part of eggshell was not heavily altered, but nevertheless, approximately two -

thirds of the mammillae are partially worn or fused together which is reminiscent of 

weathered modern avian eggshells (Clayburn et al. 2004; Smith and Hayward 2010) or the 

absorption of the mammillary layer during embryogenesis (Karlsson and Lilja 2008). 

 

6.5.2 Egg size estimation.  

 

 Because only fragmentary eggshells are available, the egg size had to be estimated by 

using the curvature of eggshell fragments (Ribeiro et al. 2014). Because the EI (elongation 

index) of Reticuloolithus acicularis  is not known, we assumed a spherical shape because it 

is the simplest form that the size can be estimated. We measured three variables (W, h, and 

t) from each fragment (N = 19) and one variable (H, arc height) was calculated from other 

two variables (see Materials and methods of Ribeiro et al. 2014 for details). The result 

showed (Appendix Table 6-1) that if R. acicularis had a spherical shape, its radius would 

be around 23.3 mm (i.e. 46.6 mm in diameter). We further assumed that EI 

of R. acicularis was similar to that of Paraelongatoolithus reticulatus  (EI = 170/72 = 2.36), 

which is another possible dromaeosaurid ootaxon (Table 6-1) whose egg dimensions are 

known. In this case, the estimated egg length and width are 75.7  mm and 32.1 mm, 

respectively (Ribeiro et al. 2014, eq. 4). The possible size of R. acicularis is much smaller 

than other maniraptoran eggshells and comparable to the smallest 

prismatoolithid Prismatoolithus carboti  (70 mm × 30 mm; Garcia et al. 2000), 

Triprismatoolithus stephensi  (Oofamily incertae sedis; 75 mm × 30 mm; Jackson and 
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Varricchio 2010), and belonoolithid Belonoolithus garbani  (80 mm × 60 mm; Jackson and 

Varricchio 2016). 

 

 6.5.3 Stereoscopic and PLM image.  

 

The outer surface of the eggshell is bumpy and weakly reticulated in the thickest piece 

(Figure 6-4A). Only one pore canal can be observable from a weathered tangential section 

(0.8 cm ×  1.5 cm) of the eggshell of which the average diameter is 0.193  mm (Figure 6-4B). 

The porosity of the R. acicularis would not be high given the rare distribution of pore canal 

in this section although it may not be a good representative of the density of pore canals 

considering the variation of pore density within an egg ( Varricchio et al. 2013). 

In radial view, the eggshell thickness ranges from 0.530 mm to 0.776 mm with an average 

of 0.649 mm. The eggshell consists of two layers: the inner mammillary and outer 

continuous layers (Figure 6-4C–F). There is no external zone in R. acicularis. The fan-

shaped to columnar extinction pattern is observed under polarized light (Figure 6-4D, F) as 

in Deinonychus eggshell (Grellet-Tinner and Makovicky 2006, fig. 1C). 

In the mammillary layer, several eroded nucleation sites are observed, with some concave 

down arc-shaped structures, which are also observed from Deinonychus eggshell (Figure 6-

3B–C; Figure 6-4C–D; Grellet-Tinner and Makovicky 2006, fig. 1C). The needle-like 

acicular crystals are present in the mammillary layer but the center of radiation is not 

preserved in most mammillae (but see SEM image below). The acicular crystals radiate 

from the bases of mammillae and end at the inner horizontal growth lines of  the continuous 

layer (Figure 6-4E–F). The mammilla is wider than its height. The thickness of the 

mammillary layer ranges from 0.097 mm to 0.127 mm with an average of 0.109 mm. The 

boundary between the mammillary and continuous layers is clear -cut (abrupt) and similar to 

that of Deinonychus eggshell (Grellet-Tinner and Makovicky 2006), 
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Paraelongatoolithus (Wang et al. 2010), Nipponoolithus (Tanaka et al. 2016), and 

Elongatoolithidae (Zelenitsky et al. 2000; Zelenitsky and Therrien 2008b; Tanaka et al. 

2011; Huh et al. 2014; Pu et al. 2017) (Table 6-1). The continuous layer is characterized by 

lack of visible shell units, similar to „ratite morphotype‟ (sensu  Mikhailov 1997a) eggshells 

(but see EBSD image below). The growth lines are clearly seen in the continuous layer, 

especially at the inner half of the layer. The similar trait was reported 

from Deinonychus eggshell, in which the density difference of growth lines is obvious 

(Grellet-Tinner and Makovicky 2006). The growth lines are mainly parallel to each other, 

but they are slightly bent near the external pits as mentioned above (Figure 6-4E–F). The 

thickness of the continuous layer ranges from 0.349 mm to 0.588 mm with an average of 

0.474 mm. The ratio of the mammillary layer to the continuous layer is 1:2.2–1:2.6 with an 

average of 1:2.4. 

 

 6.5.4 SEM image.  

 

 The mammillary layer is easily distinguished from the continuous layer in SEM images owing to 

their structural difference (Figure 6-5). The calcite radial ultrastructure observed in the mammillary 

layer fans out externally from the nucleation center (Figure 6-6A–B). In some cases, the crater-like 

structures (sensu Vila et al. 2017) are seen from where organic core existed. The acicular mammillae 

are morphologically very similar to those of the Deinonychus eggshell (Zelenitsky 2004, pl. 6.14; 

Grellet-Tinner and Makovicky 2006, fig. 2F) and R. hirschi (Zelenitsky and Sloboda 2005). In a view 

from the radial-tangential orientation, the acicular structure shows “columnar jointing-like” shape 

with the polygonal cross section (Figure 6-6C–D). At a high magnification ( × 2000), the vesicles, 

known to be usually observed in the continuous layer (Mikhailov 1997a), are also seen in the calcite 

radial ultrastructure (Figure 6-6E). The acicular crystals appear to be partially oblique tabular sheet 

(Figure 6-6E). The contact between the mammillary and continuous layers shows an abrupt change as 
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seen in PLM images (Figure 6-5). The squamatic ultrastructure occurs in the continuous layer 

(Figure 6-5). The vertically stacked book-like structure is well developed in the inner half of the 

continuous layer (Figure 6-6F). Many vesicles are seen in the various parts of the continuous layer. 

The continuous layer is morphologically homogeneous, which is different from Prismatoolithus 

levis that has an external zone (Varricchio and Jackson 2004; Jackson et al. 2010; Funston and Currie 

2018). 

 

 6.5.5 EBSD image and misorientation distribution.  

 

 The overall crystallographic features of R. acicularis are consistent with other maniraptoran 

eggshells in IPF maps (Figure 6-7A, C; Choi et al. 2019). The mammillary layer is characterized by 

the acicular calcite radial ultrastructure, which can be unambiguously identified with the abundant 

low-angled (5°–10°) grain boundaries (Figure 6-7B, D; Choi et al. 2019). The calcite grains in the 

mammillary layer are very narrow with a radiating arrangement. The mammillary layer is abruptly 

demarcated at the boundary between the mammillary and continuous layers in that the larger grains 

become predominant in the continuous layer. In the continuous layer, almost all calcite grains are 

aligned with their c-axis perpendicular to the eggshell surface. The continuous layer can be 

subdivided into two sublayers: the inner one-third of the continuous layer is composed of weakly 

prismatic calcite grains while the outer two-thirds one comprises highly irregular grains whose 

boundaries are highly rugged (Figure 6-7B). The grains of the continuous layer are cryptoprismatic (at 

least in the inner sublayer) (sensu Jin et al., 2007) while prismatic grains do not extend to the end of 

the external surface unlike Prismatoolithus levis (Figure 6-7B; Choi et al. 2019). In addition, the grain 

boundaries in the continuous layer are rugged, reflecting squamatic ultrastructure (Mikhailov, 1997b; 

Grellet-Tinner et al. 2012; López-Martínez and Vicens 2012; Choi et al. 2019). Unlike oviraptorosaur 

eggshells, wave-like growth lines do not exist in the continuous layer. However, the low angle grain 

boundaries are widespread to the external surface along with the high angle boundaries, which are 
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similar to the low angled grain boundary distribution of oviraptorosaur eggshells (Choi et al. 2019). 

As in Elongatoolithus oosp., the external zone does not exist at the external end of the eggshell that 

can be supported by the absence of linear grain boundary (Choi et al. 2019). Several calcite grains of 

which c-axes parallel to the eggshell surface are observed near the external end of the eggshell 

(Figure 6-7A). Considering the fact that some R. acicularis specimens may have been affected by 

diagenesis (see Taphonomic considerations above), these calcite grains with the horizontal c-axis 

would be the secondary calcite grains caused by recrystallization (Grellet-Tinner et al. 2012; Moreno-

Azanza et al. 2013). 

A possible pore canal was examined using EBSD analysis (Figure 6-7C–D). It is located between the 

mammillae, where true pore canals are formed (Tullett 1975). In addition, the c-axis orientation of 

calcite grains beside the canal is not continuous to the opposite part of the canal (Choi et al. 2019). 

Because the c-axis orientation of calcite grains maintain continuity surrounding a crack (Figure 6-3C), 

the canal shown in Figure 6-7 is a true pore canal. Although not perfectly preserved, the pore system 

would be angusticanaliculate or obliquicanaliculate consisting of tubular pores with the consistent 

width of openings on the outer and inner surfaces (Figure 6-3A; Figure 6-7C). Nevertheless, the angle 

of pore canals in R. acicularis is less steep than that of the typical obliquicanaliculate pore canals 

(e.g. Hirsch 1994, fig. 10.3E; Antunes et al. 1998, fig. 6; Agnolin et al. 2012, fig. 10D) so 

that R. acicularis would be better described as having angusticanaliculate pore canals (Jin et al. 

2007; Jackson et al. 2010). The pore canal is filled with randomly oriented calcite grains 

(characterized by the high angle grain boundaries), which are truly diagenetic in origin (Figure 6-

7D; Grellet-Tinner 2005, fig. 4A; Grellet-Tinner et al. 2012; Moreno-Azanza et al. 2016; Kim et al. 

2019). 

 A misorientation histogram was constructed using grain boundary angles (Figure 6-7E). The 

neighbor-pair misorientation distribution belongs to Type 1 (sensu Choi et al. 2019) because a 

calculated value of d (see Choi et al. 2019 for further information) was 12.44 (Appendix Table 6-2). It 
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is well matched with reported d values of oviraptorosaurs and paleognaths eggshells that have Type 1 

misorientation distribution (Choi et al. 2019). 

We further constructed a misorientation histogram from two mammillae, which confirms that lower 

angles are predominant (Appendix Figure 6-1A; Appendix Table 6-3). Their misorientation 

distribution under neighbor-pair method showed that the average, median, and skewness are 

consistent with that of the acicular mammillary layer of oviraptorosaur eggshells. The ruggedness of 

two sublayers was further examined following the method of Choi et al. (2019). The result showed 

that there is a clear difference in ruggedness between two sublayers (Appendix Figure 6-1B; Appendix 

Table 6-4). 

 
6.6 COMPARISONS TO PUTATIVE DROMAEOSAURID EGGSHELLS 

 

 It should be noted that R. acicularis shows more remarkable similarity with R. hirschi, 

Deinonychus eggshell, Paraelongatoolithus reticulatus, and Nipponoolithus ramosus than other 

maniraptoran eggshells (Table 6-1). R. acicularis bears considerable resemblance to the 

Elongatoolithidae but there are several clear differences between them with ornamentation pattern and 

growth lines. It is apparent that Reticuloolithus does not belong to the Montanoolithidae and 

Prismatoolithidae because some of their diagnostic characters do not appear in Reticuloolithus. 

Among maniraptoran egg fossils, R. acicularis is very similar to Deinonychus eggshell in following 

characters: the fan-shaped and acicular mammillary layer, abrupt boundary between the mammillary 

and continuous layers, ratio of the mammillary layer to the continuous layer, and non-undulating 

growth lines in the continuous layer (Grellet-Tinner and Makovicky 2006). However, R. acicularis is 

thicker than Deinonychus eggshell (649 μm and 440 μm on average, respectively). In addition, the 

surface ornamentation looks more conspicuous in the Deinonychus eggshell although this difference 

may be originated from the poor preservation of R. acicularis. Hence, the only major difference 

between two types of eggs is the eggshell thickness, thereby they may be assignable to different 
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oospecies within a single oogenus (Mikhailov et al. 1996; Hirsch et al. 1997). Because the same egg 

can have different thickness per se (Hirsch et al. 1997; Jin et al. 2007; Funston and Currie 2018), 

however, the thickness variation between the Deinonychus eggshell and R. acicularis could be smaller 

than currently known. Unfortunately, Deinonychus eggshell has not yet been assigned to a 

parataxonomic nomenclature (Grellet-Tinner and Makovicky 2006). 

Paraelongatoolithus reticulatus was excavated from the Upper Cretaceous Chichengshan Formation 

in the Tiantai Basin, China, which is also very similar to Reticuloolithus (Wang et al. 2010). Both 

ootaxa have fan-shaped mammillary layer, the abrupt boundary between two layers, reticular 

ornamentation, and a similar ratio of the mammillary layer to the continuous layer. However, the 

mammillary layer of P. reticulatus seems to have weak acicular structure compared to that 

of Reticuloolithus and Deinonychus eggshell. Some ambiguous character states of the mammillary 

layer of Paraelongatoolithus could be identified in the near future with the quantitative approach via 

EBSD analysis. If Paraelongatoolithus has a definite acicular mammillary layer 

like Reticuloolithus, Paraelongatoolithus could be synonymized with oogenus Reticuloolithus. Until 

the character state of the mammillary layer is clearly identified in Paraelongatoolithus reticulatus, we 

regard Paraelongatoolithus as distinct oogenus. 

 Nipponoolithus ramosus from the Lower Cretaceous Sasayama Group in Japan (Tanaka et al. 2016) 

also shares similarity with Reticuloolithus: the abrupt boundary between two layers, irregular and 

blocky extinction pattern, and a similar ratio of the mammillary layer to the continuous layer. 

However, R. acicularis is about 1.5 times thicker than Nipponoolithus, and the mammillary layer 

of Nipponoolithus is ambiguous between acicular and wedge-like (Tanaka et al. 2016) as 

in Paraelongatoolithus. In addition, its linear branching ornamentation pattern appears to be different 

from those of Reticuloolithus and Deinonychus eggshells of which ornamentation are net-like 

(Zelenitsky and Sloboda 2005; Grellet-Tinner and Makovicky 2006). 

 The Elongatoolithidae shows strong similarity with Reticuloolithus such as a definite acicular 

mammillary layer confirmed by EBSD analysis and Type 1 misorientation angle distribution (Choi 
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et al. 2019). In addition, EBSD images of R. acicularis show that both ooclades have a continuous 

layer with „cryptic‟ prismatic calcite grains along with abundant low-angle grain boundaries 

(Figure 6-7). However, Reticuloolithus does not show undulating growth lines nor linear 

ornamentation, which are diagnostic characters of the Elongatoolithidae (Carpenter 1999). Moreover, 

the cryptoprismatic structure of R. acicularis appears only in the inner sublayer (Figure 6-7) unlike 

that of Macroelongatoolithus, which is characterized by fully developed cryptoprismatic structure 

(Choi et al. 2019). 

The oogenus Montanoolithus is composed of two oospecies from North America and Europe 

(Zelenitsky et al., 1996; Zelenitsky and Therrien 2008a; Vila et al. 2017; Voris et al. 2018). The 

overall morphology of Montanoolithus is similar to Reticuloolithus, especially the non-undulating 

horizontal growth lines in the continuous layer. However, both Montanoolithus oospecies are thicker 

than Reticuloolithus. In addition, the boundary between the mammillary and continuous layers 

of Montanoolithus is gradual unlike abrupt boundary of R. acicularis. Mammillary layer 

of Montanoolithus is wedge-like, not acicular as in Reticuloolithus. Finally, they have visible 

prismatic shell units in the continuous layer (Vila et al. 2017) whereas R. acicularis has cryptic (semi-) 

prismatic shell unit. Therefore, Montanoolithus is morphologically quite different 

from Reticuloolithus. Reticuloolithus does not belong to the Prismatoolithidae because it lacks gradual 

boundary condition and visible prismatic shell units (Moreno-Azanza et al. 2014b). 

 

6.7 PHYLOGENETICS ANALYSIS 

 

 We adopted the data matrix of Fernández and Salgado (2018) because it covered the most diverse 

ootaxa of theropod dinosaurs. We also critically reviewed and revised the data matrix according to the 

discussion of Whitlock et al. (2011). The resultant modifications are shown in Appendix Text 6-1 for a 

revised character matrix (see appendices of Tanaka et al. 2011 for original characters and their states). 
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With R. acicularis, a total of 40 different eggshells and 16 characters were included in this 

phylogenetic analysis (Appendix Text 6-2). 

 A new phylogenetic analysis applied with the modifications shows that R. acicularis forms a 

monophyletic clade with Deinonychus eggshell, R. hirschi, P. reticulatus, and the Elongatoolithidae 

(Figure 6-8). 

Compared to the most recent cladogram (Fernández and Salgado 2018), our revised matrix and its 

phylogenetic tree made several notable differences. First, the putative dromaeosaurid eggs and 

elongatoolithids showed a polytomic relationship in a single node. It may be caused by the unknown 

characters (see also Gerber 2019 for effects of missing data) on the egg shape and clutch structure of 

putative dromaeosaurid ootaxa. If the two-sublayered continuous layer of Deinonychus eggshell 

and Reticuloolithus acicularis is confirmed to be a homology, and cryptoprismatic crystallography 

of R. acicularis is also observed in Deinonychus eggshell, Paraelongatoolithus or Nipponoolithus, we 

may distinguish putative dromaeosaurid eggs from the Elongatoolithidae with this diagnostic 

character. 

Secondly, Tanaka et al. (2018) excluded Preprismatoolithus (basal allosauroid ootaxon; Carrano et al. 

2013; Ribeiro et al. 2014) from the Prismatoolithidae and defined the Prismatoolithidae as a group 

solely composed of Troodon eggshell-like non-oviraptorosaur maniraptoran ootaxa. However, our 

revised cladogram still shows that Preprismatoolithus is more similar to other Cretaceous 

prismatoolithids than contemporary Torvosaurus eggshell at least in their morphology. This issue 

raises an intriguing question: why are basal allosauroid and maniraptoran eggshells similar in shape? 

If the typical microstructure of maniraptoran eggshells composed of the mammillary and continuous 

layers is a homology with that of basal allosauroid ones, we can say that the microstructure of avian 

eggshells dates back to the Late Jurassic. If a homoplasy, further clarification is needed as to why the 

microstructural differentiation that caused two-layers of eggshell independently occurred in basal 

allosauroid eggshells as well as derived maniraptoran eggshells. On the other hand, 

because Torvosaurus and the egg-layers of Preprismatoolithus (i.e. Lourinhanosaurus and Allosaurus) 
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are all basal tetanurans that temporally co-existed in the Late Jurassic and not highly distant 

phylogenetically (Carrano et al. 2012, Malafaia et al. 2017), some similarities in their eggshells may 

be homologies such as the oblique pore canal in both ootaxa (Hirsch 1994; Araújo et al. 2013; Ribeiro 

et al. 2014), the pore lip of Preprismatoolithus (Hirsch 1994) and sharp ridges on the outer surface 

of Torvosaurus eggshells (Araújo et al. 2013). Interestingly, Arriagadoolithus is the only Cretaceous 

ootaxon that possesses all these features (Agnolin et al. 2012). Investigating whether these similarities 

share „common development‟ (sensu Hall 2003, 2007) mechanism would be helpful to further test 

their possible homologous relationships (e.g. Choi et al. 2018). 

Thirdly, our new cladogram yielded Tantumoolithus as a sister ootaxon of paleognath eggs. Among 

the confirmed or possible avian eggshells in this cladogram, Tantumoolithus is characterized by the 

„ratite morphotype‟ continuous layer. All known enantiornithine eggshells are characterized by 

prismatic shell units (Mikhailov et al. 1996; Schweitzer et al. 2002; Kurochkin et al. 2013; Varricchio 

and Barta 2015; but needs to be further confirmed in IGM 100/2010 (Balanoff et al. 2008; Varricchio 

et al. 2015) and egg of Gobipteryx minuta (Elźanowski 1981)), whereas the continuous layer of 

paleognath eggshells do not have clear prismatic shell units (Mikhailov 1997b; Zelenitsky and 

Modesto 2003; Grellet-Tinner 2006; Choi et al. 2019). Even though some neognath eggshells have 

„ratite morphotype‟ (Hirsch et al. 1997), „ratite morphotype‟ is much dominant in paleognaths among 

the modern avian eggshells. Considering that the origin of paleognaths may date back to the Late 

Cretaceous (Yonezawa et al. 2017; Berv and Field 2018; Field et al. 2018), the „ratite 

morphotype‟ Tantumoolithus may have a paleognath affinity. A putative Lithornis (Paleogene 

paleognath; Yonezawa et al. 2017) eggshell also shows the non-prismatic continuous layer (Grellet-

Tinner and Dyke 2005), supporting the view of paleognath affinity to Tantumoolithus. Because only a 

few „ratite morphotype‟ eggshells were included in our matrix, however, additional „ratite morphotype‟ 

possible avian eggshells (e.g. Porituberoolithus warnerensis, Dispersituberoolithus 

exilis, Subtiliolithus microtuberculatus, Subtiliolithus kachchhensis, Laevisoolithus 

sochavai, Tristraguloolithus cracioides, et cetera; Jackson and Varricchio, 2010; Mikhailov, 
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1991, Mikhailov, 1997a, Prondvai et al., 2017, Vianey-Liaud et al., 1997, Zelenitsky et al., 1996) are 

needed to be coded by the original authorities for the test of this hypothesis. 

 

 

6.8 DISCUSSION  

 

 6.8.1 Type 1 distribution of Reticuloolithus acicularis  

 

R. acicularis has definite Type 1 distribution. The misorientation angle distribution of maniraptoran 

eggshells would be used for inference of brooding behavior (Choi et al. 2019) because low angle grain 

boundaries are prone to breakage but high angle grain boundaries are good at weight-bearing, usually 

caused by body weight of incubating parents (Rodriguez-Navarro et al. 2002, Moreno-Azanza et al. 

2013). According to the view of Choi et al. (2019), low-angle skewed misorientation distribution 

(Type 1 distribution) may mean that the egg-layer may not adopt „tight sitting (sensu Grant 1982; 

associated with direct heat transfer mediated by brooding patch)‟ in incubation. R. acicularis showed 

typical Type 1 distribution which is shown in oviraptorid (Elongatoolithus oosp.), giant caenagnathid 

(Macroelongatoolithus xixiaensis), and paleognath (ostrich and rhea) eggshells. 

Whether dromaeosaurids did adopt contact incubation is yet unknown because no egg clutch was 

found associated with a brooding adult (Varricchio and Jackson 2016). If Type 1 misorientation is 

indeed a sign of non-tight sitting in incubation, therefore, the crystallographic results in this study 

would be another line of inference on the brooding behavior of dromaeosaurids. 

 

 6.8.2 Dromaeosaurid records in the Cretaceous Korean Peninsula 

 

The existence of dromaeosaurids in the Korean Peninsula has been confirmed by body and trace 

fossils. A maniraptoran femur with dromaeosaurid features was reported from the Early Cretaceous 

Gugyedong Formation (Kim et al. 2005). In addition, three didactyl ichnospecies (Dromaeosauripus 

hamanensis, Dromaeosauripus jinjuensis, and Dromaeosauriformipes rarus) were reported from the 
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Early Cretaceous (Albian) Haman and Jinju formations (Kim et al. 2008b, 2012a; Kim et al. 2012b, 

2018; Lee et al. 2018b). The dromaeosaurid didactyl footprints were also reported from the Early 

Cretaceous deposits in China (Li et al. 2006; Xing et al. 2013, 2016). Specifically, well-preserved 

dromaeosaurid body fossils have been found in the Early Cretaceous Jehol Biota in northeastern 

China (Zhou et al. 2003; Benton et al. 2008; Xu and Qin 2017 and references therein) as well as the 

Early Cretaceous Bayan Gobi Formation in Inner Mongolia, China (Pittman et al. 2015). A putative 

dromaeosaurid ootaxon Nipponoolithus ramosus was also excavated from the Early Cretaceous 

Sasayama Group of Japan (Tanaka et al. 2016). All of these reports imply that dromaeosaurids were 

widely distributed in the Early Cretaceous of East Asia. It is also notable that the estimated size 

of R. acicularis (75.7 mm × 32.1 mm; see tables in Tanaka et al. 2016) is well matched with small 

dromaeosaurids (usually represented by the Microraptoria such as Microraptor 

zhaoianus, Microraptor gui, and Zhongjianosaurus yangi; Xu et al. 2000, 2003; Xu and Qin 2017) 

and its probable trace fossils in East Asia (Kim et al. 2018). 

However, there is no report on dromaeosaurid body and footprint fossils in the Late Cretaceous 

deposit in Korea. Nevertheless, the Late Cretaceous dromaeosaurids are well known in China 

(Linheraptor from the Wulansuhai Formation; Xu et al. 2010, 2015; but see also Turner et al. 2012) 

and Mongolia (Adasaurus from the Nemegt Formation, Velociraptor and Tsaagan from the Djadokhta 

Formation, and Achillobator giganticus from the Bayanshiree Formation; Turner et al. 2012). It is 

evident that dromaeosaurids thrived in the Late Cretaceous of East Asia. Therefore, it is reasonable 

that R. acicularis would be an egg of a dromaeosaurid dinosaur, supported by the paleobiogeography 

of dromaeosaurids. 

 

 6.8.3 A modifier „putative‟ should not be overlooked 

 

Until now, Deinonychus partial egg is the most plausible dromeosaurid egg material because this 

eggshell was associated with Deinonychus gastralia (Grellet-Tinner and Makovicky 2006). If it is 
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actually dromaeosaurid eggshell, it is highly probable that Reticuloolithus, Paraelongatoolithus, 

and Nipponoolithus are also dromaeosaurid eggshells (Zelenitsky and Sloboda 2005, Tanaka et al. 

2016). It was claimed that Montanoolithus may have a dromaeosaurid affinity (Zelenitsky et al. 1996, 

2000; Zelenitsky and Therrien 2008a; Vila et al. 2017; Voris et al. 2018), but it is morphologically 

dissimilar to other putative dromaeosaurid eggshells (Table 6-1; Figure 6-8). In 

addition, Montanoolithus shares several features with the Prismatoolithidae: the gradual boundary 

between the mammillary and continuous layers, wedge-like mammillary layer, and prismatic shell 

units. Thus, we suggest that Montanoolithus might be more closely related to troodontids than 

dromaeosaurids. 

Nevertheless, we would like to emphasize that taxonomic affinity of all „putative dromaeosaurid‟ 

eggshells need to be confirmed because their affinity is far from certain. No dromaeosaurid embryo in 

ovo has yet discovered. For example, a common association between the prismatoolithid eggs and 

hysilophodont body fossils, and erroneous identification of an embryo fossil as having ornithischian 

affinity (MOR 246-11; Horner and Weishampel 1988) led to the earlier confusion (e.g. Hirsch and 

Quinn 1990) in the taxonomic affinity of Prismatoolithus levis as Troodon formosus eggs (Horner and 

Weishampel 1996; Varricchio et al. 2002). Likewise, an interpretation of Bonapartenykus 

ultimus (alvarezsaurid) as an egg layer of Arriagadoolithus patagoniensis (Agnolin et al. 2012) was 

criticized by Jackson et al. (2018) who showed a close association of a neoceratopsian body fossil and 

turtle eggs, implying the possibility of unrelated taxa-ootaxa association. In addition, although it is 

still debated, the taxonomic affinity of “Genyornis eggs” from the Pleistocene deposit in Australia 

clearly shows that the assignment of egg fossils to a specific clade is prone to error even for 

Quaternary egg fossils (Grellet-Tinner et al. 2016, 2017; Miller et al. 2017) unless an embryo in ovo is 

present. Finally, in the peculiar case of “Tuştea puzzle,” hadrosauroid hatchlings were associated with 

megaloolithid eggs (Grigorescu 2010, 2017; Grigorescu et al. 2010; Botfalvai et al. 2017) which have 

been usually interpreted as titanosaur eggs based on embryos in ovo (Chiappe et al. 

1998, 2001; Grellet-Tinner et al. 2011). Although still debated whether the association is a simple 
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taphonomic artifact („Scenario 1 and 2‟ in Botfalvai et al. 2017; Weishampel and Jianu 2011; Sellés 

et al. 2014; Hechenleitner et al. 2015) or not (Bravo and Gaete 2015; Botfalvai et al. 2017; Grigorescu, 

2017), we believe this issue can be solved using EBSD analysis applied to Tuştea megaloolithids. 

Because EBSD can detect different developmental mechanism of convergent evolution (Hall 

2003; Choi et al. 2018), if disapproved as a taphonomic artifact, the “Tuştea puzzle” would be another 

strong case that body-egg association is not always be a powerful evidence in taxonomic inference for 

fossil eggshells. 

Therefore, even though it is highly probable that Deinonychus eggshell and Reticuloolithus could be 

dromaeosaurid eggshells, it is premature to come to final conclusion until the dromaeosaurid 

embryo in ovo is reported. 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib11
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib155
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib135
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib135
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib68
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib7
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib11
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib47
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib47
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib61
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib61
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib21


１６１ 

` 

 

Figure 6-2. Egg site. (A) Aerial view of the study area. Sub-vertical and sub-horizontal 

outcrops are well developed along the coastal area. (B) Locations of the  Reticuloolithus 

acicularis oosp. nov. in a shaded area of (A). All of R. acicularis eggshells were found on 

the surface of the sub-horizontal outcrop and a boulder (a white arrow). The specimens 

from the isolated boulder were used for this study. Many fragments of  R. acicularis are 

associated with another type of eggshells (Kim et al. 2019). (C) R. acicularis in a square of 

(B). A man in a dotted circle for scale (A); Scale bars equal 1m (B) and 1  cm (C). 
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Figure 6-3. Taphonomic consideration of Reticuloolithus acicularis  oosp. nov. (A) CL 

micrograph showing the diagenetic effect caused by manganese ion (SNUVP 201607). 

White arrows mark potential pore canals, while black arrows point the cracks. Spectrum bar 

on the lower left corner shows CL intensity with reddish band stronger reactivity. (B) Thin 

section image of a crack (a black arrow) passing through a shell unit (SNUVP 201603). (C) 

EBSD image at the crack (SNUVP 201603). Note that calcite grains beside a crack maintain 

crystallographic continuity represented by hexagonal columns. (D) Inverse pole figure (IPF) 

map legend shows how to interpret EBSD IPF map. The calcite grains of which c -axis 

aligned perpendicular to the eggshell surface are colored red. In contrast, blue- and green-

colored parts are equivalent to the calcite crystals that have horizontally aligned c -axis. ML 
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and CL denotes mammillary layer and continuous layer, respectively. Scale bars (black 

ones) represent 500 μm (A) and 100 μm (B–C). 
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Figure 6-4. Stereomicroscopic and PLM images of Reticuloolithus acicularis  oosp. nov. (A) 

External surface shows net-like (sensu Zelenitsky, 2004) ornamentation (SNUVP 201608). 

(B) A pore canal (a white arrow) exposed in a weathered tangential section (SNUVP 

https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib170
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201608). (C) Wide view of a radial thin section under normal light (SNUVP 201602). Note 

that not all mammillae are preserved. Black arrows point arc-shaped structure seen at the 

mammillary layer. (D) SNUVP 201602 under polarized light. Extinction patterns are fan - or 

column-shaped (white arrows). (E) Radial thin section under normal light (SNUVP, 201601, 

holotype). The boundary between the mammillary layer (ML) and continuous layer (CL) is 

abrupt (a white bar). Note acicular calcite radial structure (a white arrow). Indented pits and 

fused mammillae are irregularly distributed at the outer and inner surfaces, respectively 

(black arrows). Note slightly bended growth lines near the pit (a black arrowhead). (F) 

SNUVP 201601 under polarized light. Note the fan-like extinction pattern (white arrows). 

Scale bars represent 5 mm (A), 500 μm (B), 200 μm (C–D), and 100 μm (E–F). 
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Figure 6-5. SEM images of Reticuloolithus acicularis  oosp. nov. in low magnification 

(SNUVP 201606). (A) Radial view in secondary electron mode. The eggshell is embedded 

in matrix and the boundary between the eggshell and matrix is marked by white bars. A 

white arrow points squamatic ultrastructure (see also Figure 6-6F). A black arrow points 

eroded nucleation site, which is better preserved than others seen in thin sections. Note 

acicular calcite radial ultrastructure in a mammilla (a black arrowhead;  Figure 6-6E). (B) In 

backscattered electron mode. Note that bright signal marked by a black arrow was caused 

by the charging effect of the specimen, not by heavy minerals. Scale bars represent 100  μm 

(A–B). 
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Figure 6-6. SEM images of Reticuloolithus acicularis  oosp. nov. in high magnification (A, 

B, E, and F, SNUVP 201606; C, 201605; D, 201604). (A) Radial view of acicular calcite 

radial ultrastructure that radiate from the nucleation center in the mammillary layer. (B) In 

backscattered electron mode. (C) Radial-tangential view of acicular calcite radial 

ultrastructure. Note the polygonal cross section of each calci te radial ultrastructure. White 



１６８ 

` 

arrows point nucleation sites. (D) Lateral view of the mammillary layer. A nucleation site is 

marked by a white arrow. (E) Oblique tabular ultrastructure (a white arrow) is observed 

along with vesicles (black arrows) in calc ite radial ultrastructure of the mammillary layer. 

(F) Squamatic ultrastructure just above the mammillary layer. Scale bars represent 

100 μm (B) and 10 μm (A, C–F). 
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Figure 6-7. IPF maps, grain boundary maps, and misorientation angle distribution 

of Reticuloolithus acicularis  oosp. nov. (SNUVP 201607). See Fig. 3D for the meaning of 

grain colors in A and C. The green, blue, and purple lines in B and D mean th e angles 

between the grains which are 5°–10°, 10°–20°, and >20°, respectively. (A) IPF map shows 

that the mammillary layer is usually fan-shaped. Calcite radial ultrastructure in the 

mammillary layer abruptly changes into blocky grains in the continuous la yer. In the 

continuous layer, c-axis is aligned perpendicular to the eggshell surface but those of the 

mammillary layer are partly horizontally aligned (see green- and blue-colored grains). 

White arrows point arc-shaped structure which was not indexed in EBSD analysis (see 

also Fig. 3B; Fig. 4C). Black arrows mark possibly recrystallized regions. (B) Grain 

boundary map. Note abundant low-angle boundaries (green lines) in the mammillary and 

continuous layers. Squamatic ultrastructure is well represented by serrated grain boundaries 

in the continuous layer (Choi et al., 2019). The inner one-third of the continuous layer has 

rather prismatic and weakly rugged grain boundaries whereas outer two-thirds has strongly 

rugged grain boundaries. A dashed square is used for misorientation histogram in Fig. S1. 

(C) A possible pore canal (bounded by dashed lines). Note that calcite grains near this 

structure is weakly symmetrical in their c-axis orientation. (D) A possible pore canal is 

filled with calcites characterized by high-angle boundaries (white arrows). (E) 

Misorientation angle distribution is almost the same as those of oviraptorosaur and 

paleognath eggshells reported in Choi et al. (2019). Numbers in x- and y-axis are 

misorientation angles (degree) and probability, respectively. Blue bars are misorie ntation 

distribution under neighbor-pair method, whereas red bars random-pair one. The numbers 

next to each color index are sample sizes of neighbor -pair and random-pair distribution, 

respectively. All scale bars in A–D represent 250 μm.  
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Figure 6-8. The strict consensus tree of ootaxa plotted on a geological timescale (drawn to 

timescale). Reticuloolithus acicularis  oosp. nov. is colored red, putative dromaeosaurid 

eggshells green, elongatoolithid eggshells purple, and prismatoolithid eggshells blue. No te 

that branching points on this cladogram do not reflect the cladogenetic events but just 

reflect the hypothetical phylogenetic relationship among the in-group ootaxa. The solid 

lines represent the temporal range of each ootaxon whereas the dotted lines r epresent the 

poor age resolution or uncertainty. Not all elongatoolithid analyzed is represented in the 

current cladogram due to the space, but all elongatoolithid is clustered within a node. 

Acronyms in parenthesis: A, Asia; E, Europe; NA, North America; SA, South America. The 

number at the braches are Bremer support vales. Temporal ranges are based 
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on Torvosaurus (Araújo et al., 2013), titanosaur (Dingus et al., 2000), Megaloolithus 

mammilare (Fondevilla et al., 2016, Fondevilla et al., 2019), Megaloolithus 

rahioliensis (Khosla et al., 2015), Spheroolithus spheroids (Zhao et al., 

2013), Paraspheroolithus irenensis  (Zhao et al., 2013), Maiasaura (Foreman et al., 

2008), Faveoloolithus ningxianensis  (Kim et al., 2008a), therizinosaur (Kundrát et al., 

2008), Dendroolithus wangdianensis  (Zhao and Li, 1988), Triprismatoolithus 

stephensi (Foreman et al., 2008), Arriagadoolithus patagoniensis (Agnolin et al., 

2012), Montanoolithus strongorum (Eberth, 2005, Foreman et al., 2008), Montanoolithus 

labadousensis (Vila et al., 2017), Trigonoolithus amoae (Moreno-Azanza et al., 

2014b), Prismatoolithus ilekensis  (Skutschas et al., 2019), Prismatoolithus 

gebiensis (Eberth, 1993), Prismatoolithus levis (Zelenitsky and Hills, 1996, Varricchio and 

Jackson, 2004, Funston and Currie, 2018), Sankofa pyrenaica (López-Martínez and Vicens, 

2012), Protoceratopsidovum sincerum  (Dashzeveg et al., 2005), Lourinhanosaurus (Araújo 

et al., 2013, Ribeiro et al., 2014), Preprismatoolithus coloradensis  (Maidment et al., 

2017), Gobioolithus minor (Gradziński et al., 1977), MPCPv-350 (Dingus et al., 

2000, Schweitzer et al., 2002), Parvoolithus tortuosus (Gradziński et al., 

1977), Tantumoolithus lenis (Fernández and Salgado, 2018), Deinonychus (Oreska et al., 

2013), Paraelongatoolithus reticulatus  (Wang et al., 2010), Reticuloolithus hirschi  (Eberth, 

2005, Foreman et al., 2008), Macroelongatoolithus carlylei  (Garrison Jr. et al., 

2007), Macroelongatoolithus xixiaensis  (Huh et al., 2014), Elongatoolithus elongatus (Zhao 

et al., 2013), Luanchuan eggshell (Tanaka et al., 2011), and Macroolithus rugustus (Zhao 

et al., 2002). General reference for the age of Late Cretaceous North American 

deposits: Fowler (2017). 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib4
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib27
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib36
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib37
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib80
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib185
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib185
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib183
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib38
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib38
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib82
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib92
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib92
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib176
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib38
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib1
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib1
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib29
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib38
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib153
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib115
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib115
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib136
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib28
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib171
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib145
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib145
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib33
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib103
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib103
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib26
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib4
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib4
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib128
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib109
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib109
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib54
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib27
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib27
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib134
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib54
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib54
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib32
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib121
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib121
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib156
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib29
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib29
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib38
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib51
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib51
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib71
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib184
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib184
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib139
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib182
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib182
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib31


１７３ 

` 

 

Table 6-1. Possible dromaeosaurid eggshells in the literature. Abbreviations: ML, Mammillary layer; CL, Continuous layer 
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CHAPTER 7: MANIRAPTORAN AFFINITIES FOR LATEST CRETACEOUS 

EUROPEAN „GECKOID‟ EGGSHELL 

 

This chapter was published in a peer reviewed journal. 

Choi, S. Moreno-Azanza, M., Csiki-Sava, Z., Prondvai, E. and Lee, Y.-N. 2020. Comparative 

crystallography suggests maniraptoran theropod affinities for latest Cretaceous 

European „geckoid‟ eggshell. Papers in Palaeontology 6, 265–292. 

 

 

7.1 INTRODUCTION  

 

 Fossil eggs and eggshells provide a unique opportunity to study aspects of the reproductive biology 

of extinct amniotes (e.g. Tanaka et al. 2015, 2019; Varricchio and Jackson 2016; Amiot et al. 2017; 

Wiemann et al. 2018; Choi et al. 2019a). Among extant oviparous (egg‐laying) amniotes, all 

archosaurs and some turtles lay rigid‐shelled eggs, while the eggs of most lepidosaurs (squamates and 

rhynchocephalians) have a soft, leathery shell with a low degree of mineralization (Sander 2012; 

Skawiński and Tałanda 2014). Because soft eggshell has a low preservation potential (Hirsch 1996), 

almost all previously studied fossil eggshells have been found to belong to archosaurs or chelonians. 

Nevertheless, there are also a small number of fossil squamate eggshell reports in the literature 

(Appendix Table 7-1). These shells are very thin and share similarities in their ornamentation – and in 

some cases also in their microstructure – with eggshells of Gekkota (Squamata), the only extant 

lepidosaurian clade besides the Dibamidae, with some of its members laying rigid‐shelled eggs 

(Sander 2012; Skawiński and Tałanda 2014), and with a fossil record dating back to the Early 

Cretaceous (Daza et al. 2014). Given that many maniraptoran (Dinosauria, Theropoda; a clade of bird‐

like theropods, including modern birds) eggshells are characterized by prismatic shell units (e.g. 

Mikhailov 1997a; Zelenitsky et al. 2002; Varricchio and Jackson 2004) and modern gekkotan 

eggshells have a similar‐looking jagged columnar structure (Schleich and Kästle 1988; Packard and 

Hirsch 1989; Hirsch 1996; Mikhailov 1997a; Choi et al. 2018), the gekkotan or maniraptoran 

https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0136
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0138
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0144
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0001
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0166
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0029
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0126
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0133
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0075
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0126
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0133
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0045
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0100
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0170
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0143
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0127
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0113
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0075
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0100
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0028


１７５ 

` 

affinities of some fossil eggshells remained undecided. Thus, in the absence of in ovo embryos or at 

least body fossils in close association with the eggs or eggshells, there has been no rigorous way to 

test whether superficially gecko‐like fossil eggshells are genuinely gekkotan or, in fact, archosaurian 

in origin. 

 Representative cases of fossil eggshell with such ambiguous identity were Pseudogeckoolithus and 

„morphotype geckonoïde‟ (Vianey‐Liaud and Lopez‐Martinez 1997; Garcia 2000) described from the 

upper Upper Cretaceous (Campanian–Maastrichtian) continental deposits of western Europe. These 

eggshells are characterized by dispersituberculate ornamentation, which is very similar to that 

of Gekko gecko (Gekkota) eggshell (Schleich and Kästle 1988; Packard and Hirsch 1989; 

Choi et al. 2018). According to Vianey‐Liaud and Lopez‐Martinez (1997), Pseudogeckoolithus, as its 

name implies, is macroscopically similar to gecko eggshell, but its micro‐ and ultrastructural features 

were identified as a „dinosauroid prismatic type‟, thus arguing for a dinosaurian origin. However, 

Garcia (2000) also reported gecko‐like eggshells that are morphologically reminiscent 

of Pseudogeckoolithus but which she nevertheless referred to as morphotype geckonoïde, pointing out 

their microstructural similarity with extant gekkotan eggshell. Moreover, Sellés (2012) argued that 

even Pseudogeckoolithus lacks a mammillary layer and is merely composed of irregular prisms, hence, 

it is not of dinosaurian origin, but represents instead a Mesozoic lizard eggshell. Accordingly, 

European Late Cretaceous eggshells, which are very similar to either Pseudogeckoolithus or 

„geckonoïde‟ eggshells, have been usually associated with Gekkota (e.g. Garcia and Vianey‐

Liaud 2001; Csiki‐Sava et al. 2015, 2016; Botfalvai et al. 2017). In contrast, Prondvai et al. (2017) 

concluded recently that the most abundant fossil eggshells („morphotype I‟ or „MT I‟) from the 

Santonian of Iharkút, Hungary, which resemble both Pseudogeckoolithus and the French „geckonoïde‟ 

morphotype, have a theropod affinity based on the presence of a mammillary layer, in agreement with 

Vianey‐Liaud and Lopez‐Martinez (1997). Furthermore, Prondvai et al. (2017) suggested that, along 

with the Hungarian MT I eggshells, putative „gecko‐like‟ eggshells from the Upper Cretaceous 

deposits in Romania, Spain and France might have theropod affinities as well, consistent with the 
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interpretation of North American dispersituberculate eggshells (e.g. Zelenitsky et al. 1996; Jackson 

and Varricchio 2010, 2016; Table 7-1). These conflicting views on the nature of these Late Cretaceous 

„geckoid‟ eggshells can only be resolved with a diagnostic methodology that allows identification of 

genuine gekkotan eggshells in the fossil record. 

 Using electron backscatter diffraction (EBSD) analysis, Choi et al. (2018) showed that 

crystallographic configuration of extant gekkotan eggshell is fundamentally different from that of 

dinosaurian (including avian) eggshell (see Choi et al. 2019a, table 1). Hence, EBSD is adequate for 

differentiating gekkotan from theropod eggshell in the fossil record. Here, we apply EBSD analysis to 

different „geckoid‟ eggshell samples recovered from European Upper Cretaceous deposits in order to 

test their putative gekkotan affinity by comparing them with diverse sauropsid eggshells including 

those of extant Gekkota and Aves. During our study, we identified several distinct construction 

pathways of nodular eggshell ornamentation, and the parataxonomic importance of these is also 

discussed. 

 

7.2 MATERIAL 

 

 7.2.1 Late Cretaceous Pseudogeckoolithus  

 

 The most characteristic feature of the oogenus Pseudogeckoolithus, erected by Vianey‐Liaud and 

Lopez‐Martinez (1997) based on six eggshell fragments collected from the early Maastrichtian 

(magnetochron C31N) Fontllonga‐6 locality (Lleida Province, Spain), is its dispersituberculate 

ornamentation. Although the holotype fragments are seemingly lost, this oogenus has been identified 

in several other localities across Ibero‐Armorica (Figures 7-1, 7-2), as well as in northern Africa 

(Morocco; Vianey‐Liaud and Garcia 2003; Figure 7-1). The „geckonoide‟ eggshell type described by 

Garcia (2000) is also very similar to Pseudogeckoolithus and may well be synonymous with this 

oogenus. 
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 7.2.2 Fossil comparative materials  

 

 In order to narrow down the possible dinosaurian taxonomic affinities of Pseudogeckoolithus, EBSD 

images of several types of dinosaur fossil eggshells were analysed and compared with Late 

Cretaceous Pseudogeckoolithus. These include hadrosaur (cf. Maiasaura), sauropod 

(Megaloolithus cf. siruguei), troodontid (Prismatoolithus levis) and enantiornithine (Gobioolithus 

minor) eggshells. The EBSD images of the hadrosaur and sauropod eggshells were already presented 

in Moreno‐Azanza et al. (2013) and Moreno‐Azanza et al. (2016), respectively. Although the 

sauropod eggshell example discussed in Moreno‐Azanza et al. (2016) shows sufficiently well the 

overall crystallography of a typical sauropod eggshell, it was nonetheless significantly altered by 

taphonomic effects, thus we recommend to inspect the EBSD image of a well‐preserved sauropod 

eggshell figured in Grellet‐Tinner et al. (2011) and Eagle et al. (2015) as well. The EBSD images of 

the troodontid and enantiornithine eggshells are provided as representatives of confirmed 

maniraptoran eggshells; only brief accounts of these two maniraptoran eggshell types are given here 

as detailed descriptions were presented in Choi et al. (2019a). 

 

7.2.3 Extant comparative materials  

 

 Modern gekkotan and avian eggshells were analysed in more detail, as control groups, to provide 

comparative neontological crystallographic data for the two clades (Gekkota and Theropoda) with the 

potential egg layers of Pseudogeckoolithus (see above). Among Gekkota, Gekko gecko and Phelsuma 

grandis are members of the Gekkonidae (Gamble et al. 2011; Pyron et al. 2013) that lay rigid‐shelled 

eggs, and their eggshells show the typical gekkotan crystallographic arrangement (Choi et al. 2018). 

Of these, the Gekko gecko eggshell has a nodular ornamentation similar to the dispersituberculate one 

of Pseudogeckoolithus (Figure 7-3F), which led to the gekkotan‐affinity interpretation 
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of Pseudogeckoolithus in the past (e.g. Garcia 2000). The gekkotan eggshell materials included in the 

present study are those analysed in Choi et al. (2018). 

 We also included in our comparison the eggshells from an emu (Dromaius novaehollandiae) and 

from a domestic duck (Anas platyrhynchos domesticus), representing a palaeognath and a neognath 

bird, respectively. The emu eggshell is particularly appropriate for the purpose of this study because it 

presents ornamentation on its outer surface (Mikhailov 1997b; Grellet‐Tinner 2006), which is a very 

uncommon trait in modern avian eggshells (Hauber 2014). It was found that palaeognath and 

neognath eggshells have different crystallographic features especially in their misorientation 

distribution (angular difference between the grains) and c‐axis alignment (Choi et al. 2019a), and thus 

the emu and duck eggshells together cover a representative range of modern avian eggshell diversity. 

For further information, see Choi et al. (2019a). The avian eggshells used in this study were both 

available commercially. 

 Last, a crocodylian (Caiman latirostris) eggshell was also analysed to record the crystallography of 

the ornamentation in non‐dinosaurian archosaur eggshell as well, and to compare it with that 

of Pseudogeckoolithus. The material was provided by Dr Kohei Tanaka (University of Tsukuba) to SC. 

 

 7.3 RESUTLS  

 

 7.3.1 Crystallography of Pseudogeckoolithus 

 

 All European Pseudogeckoolithus eggshells analysed in the present study share several 

crystallographic features. First, the c‐axis alignment generally increases from the inner towards the 

outer part of the shell (Figure 7-4), a typical feature of the archosaurian eggshells (Dalbeck and 

Cusack 2006; Moreno‐Azanza et al. 2013, 2017; Choi et al. 2019a). The shared presence of this 

pattern in the current sample is also confirmed on multiple of uniform distribution (MUD) values (see 
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Casella et al. 2018 for explanation) along with the lower hemisphere pole figures (Figure 7-4). Second, 

in all sampled Pseudogeckoolithus shells the nodular ornamentation shows crystallographic 

architectural continuity with the underlying continuous layer of the eggshell. The large prismatic 

crystalline domains that form the continuous layer extend into the ornamentation, with two to three 

domains that contribute to each tubercle (Figure 7-4B), implying that the nodular ornamentation was 

formed by extended eggshell deposition. Third, all European Pseudogeckoolithus shells are 

characterized by high‐angled grain boundaries (>20°) (Figure 7-5; Choi et al. 2019a). The 

misorientation angular distributions are plotted using histograms with neighbour‐pair and random‐pair 

methods (Figure 7-5), and are over 20° on average with the neighbour‐pair method. Detailed 

description and additional EBSD images of Pseudogeckoolithus from each locality are provided in 

Appendix Text 7-4. 

 

 7.3.2 Comparisons with fossil eggshells 

 

 Both hadrosaur and sauropod eggshells are composed of a single layer in which the crystals 

comprising the eggshell are homogenous throughout its thickness (Grellet‐Tinner et al. 2006; 

Barta et al. 2014; Appendix Figure 7-2C–F). In eggshells of both clades, low‐angle grain boundaries 

are widespread (Moreno‐Azanza et al. 2013, 2016, 2017; Appendix 7-2D, F), and most grain 

boundaries are linear (Grellet‐Tinner et al. 2011; Moreno‐Azanza et al. 2013, 2017; Eagle et al. 2015). 

In all of these features, both sauropod and hadrosaur eggshells are markedly different from those 

of Pseudogeckoolithus. 

 In contrast, marked microstructural similarities with Pseudogeckoolithus are definitively present in 

both the troodontid and the enantiornithine eggshells (see Appendix Figures 7-2G–J). All of these 

ootaxa share: (1) the existence of an inner mammillary layer and an outer continuous layer, a typical 

feature of theropod eggshells (Mikhailov 1997a); and (2) rugged grain boundaries in the squamatic 

zone, which was suggested to be a diagnostic feature (squamatic ultrastructure) in maniraptoran 
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eggshells (Choi et al. 2019a; see below). Also, the troodontid eggshell and at least 

some Pseudogeckoolithus specimens share the possible existence of an external zone, which may be 

diagnosed by the presence of linear grain boundaries, in contrast with the rugged grain boundaries 

present in the squamatic zone lying below (Choi et al. 2019a; see below). As far as we are aware, 

there is no known non‐theropod dinosaur eggshell that has the aforementioned morphological traits. 

 

 7.3.3 Comparison with modern eggshell  

 

7.3.3.1 Gekkotan eggs 

 

 The crystallographic architecture of modern gekkotan eggshell is unique among amniotes 

(Choi et al. 2018). The outer quarter of the eggshell is characterized by randomly oriented small 

calcite grains. The upright c‐axis alignment (expressed by the intensity of red colour in the IPF map) 

becomes stronger towards the inner eggshell surface. In addition, the concentration of phosphorus, 

which is known to function as an inhibitor (as phosphate) of calcite growth (Bachra et al. 1963; Lin 

and Singer 2005; Chien et al. 2008), increases towards the inner surface of the eggshell 

(Choi et al. 2018, figs 7, 8). To the best of our knowledge, these crystallographic and compositional 

arrangements are observed only in the rigid gekkotan eggshells among amniotes. 

 The clear‐cut crystallographic differences between gekkotan eggshell and Pseudogeckoolithus are 

also strongly expressed in their dispersituberculate ornamentation. Eggshell ornamentation in Gekko 

gecko is made up of randomly aligned calcite grains (Figure 7-6A), usually with an enigmatic bulbous 

structure present inside (fig. S9 in Choi et al. 2018). This bulbous structure, however, may not have a 

crystalline structure given that no Kikuchi pattern (a diffraction pattern used for interpreting the 

orientation of crystalline material in EBSD analysis) was detected (Figure 7-6A; Choi et al. 2018). In 

contrast, the ornamentation in Pseudogeckoolithus is made up of compact calcite that is 

crystallographically continuous with the underlying eggshell units (Figure 7-4), and does not contain 
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randomly arranged calcite grains. It also lacks the internal bulbous structure seen in the eggshell 

of Gekko gecko. 

 

7.3.3.2 Avian eggs 

 

 In all crystallographic aspects, Pseudogeckoolithus is very similar to theropod (including avian) 

eggshell (Figure 7-6E–H; Appendix Figure 7- 2G–J; see Choi et al. 2019a for EBSD analysis of 

further fossil and extant maniraptoran eggshells). In theropod eggshells, the calcite grains begin to 

radiate from the eisospherite in the mammillary layer (Figure 7-6E–H). When they join inside the 

continuous layer, calcite grains are usually aligned with their c‐axis lying perpendicular to the 

eggshell surface (Figure 7-6E, G; see also Dalbeck and Cusack 2006; Moreno‐Azanza et al. 2013; 

Choi et al. 2019a). 

 In the Dromaius (emu) eggshell there is a granular layer (GL; sensu Mikhailov 1997b) initiated in 

the middle of the squamatic zone (Figure 7-6E) that forms a peculiar, hillock‐like ornamentation 

(sensu Grellet‐Tinner 2006). This ornamentation is, however, crystallographically discontinuous with 

the main eggshell microstructure, thus different from the ornamentation 

of Pseudogeckoolithus (Figure 7-4). The Anas (domestic duck) eggshell is smooth and unornamented, 

as is the case for almost all modern avian eggshells. 

 Except for the presence of a nodular dispersituberculate ornamentation, the crystallographic 

arrangement of the European Pseudogeckoolithus is especially similar to that of the typical 

palaeognath eggshell as well as to that of Gobioolithus minor, an enantiornithine ootaxon 

(Mikhailov 1996; Kurochkin et al. 2013), in that the upright c‐axis alignment is stronger than that 

present in neognath eggshells (Figure 7-6G; Choi et al. 2019a). More 

interestingly, Pseudogeckoolithus specimens from two fossil localities surveyed here, Pui‐Classic in 

https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-fig-0006
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0029
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-fig-0006
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-fig-0006
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0043
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0105
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0029
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0101
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-fig-0006
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0060
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-fig-0004
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0099
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0087
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-fig-0006
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0029


１８２ 

` 

Romania and Blasi 2 in Spain (Figure 7-5E, F) show a marked difference in microstructure compared 

with the other Pseudogeckoolithus materials studied (Figure 7-5B–D), but are similar to the 

troodontid eggshell (Prismatoolithus levis), in that rugged grain boundaries in the squamatic zone 

change into linear grain boundaries in the external part of the eggshells; this feature is very clearly 

seen in the emu eggshell, and is also present in the duck eggshell (Figure 7-6E–H). The presence of an 

overlying zone with linear grain boundaries has been postulated as a valid criterion for identifying the 

external zone (Appendix Figure 7-4), a well‐known trait of modern avian eggshell (Mikhailov 1997b). 

Although the existence of an external zone must be confirmed by detailed ultrastructural study using 

scanning electron micrcoscopy, the occurrence of a linear grain boundary near the outer shell surface 

suggests that an external zone may be also present at least in some Pseudogeckoolithus. 

 Finally, in several types of avian eggshell examined (namely in Gallus (chicken; 

Cusack et al. 2003), Struthio (ostrich) and Dromaius (Dauphin et al. 2006; Appendix Figure 7-3B) as 

well as Pica (Eurasian magpie; Appendix Figure 7-3C) eggshells) the concentration of phosphorus 

increases towards the outer surface, in contrast to the pattern present in gekkotan eggshell. To 

conclude, the crystallography and chemical composition of the gekkotan eggshells suggest an 

opposing growth direction compared with that seen in archosaurian eggshells, and is similarly 

opposite to that present in Pseudogeckoolithus (Figure 7-6A, C; Choi et al. 2018). 

 

7.3.3.3 Crocodylian eggs  

 

 Crocodylian eggshell is also characterized by the presence of ornamentation (Schleich and 

Kästle 1988), but there is no nodular ornamentation in such an eggshell; instead, most of it is pointed 

(e.g. Appendix Figure 7-2A, B) or even more complicated in shape (e.g. Schleich and Kästle 1988; 

Cedillo‐Leal et al. 2017). The crystals forming crocodylian eggshell are usually wedge shaped 
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(Mikhailov 1997a; Appendix Figure 7-2A), and thus, it can be easily differentiated from maniraptoran 

eggshell. Accordingly, the possibility of a crocodylian affinity for Pseudogeckoolithus is minimal. 

 

 7.3.4 d-value of diverse sauropsid eggshells 

 

 We applied the Kolmogorov–Smirnov test to check for quantitative differences between the 

neighbour‐ and random‐pair misorientation distributions of Pseudogeckoolithus using d‐value 

(Figures 7-5, 7-7; Choi et al. 2019a). The higher the d‐value, the more likely it is that „neighbouring 

lattices know about each other in a way that distant (= randomly chosen) lattices do not‟ (see 

Wheeler et al. 2001, p. 113 for details). In addition, to cover the wider range of d‐values in sauropsid 

eggshell, we expanded the dataset in Choi et al. (2019a), which consisted only of maniraptoran 

eggshells. 

 Except for one Vălioara‐Fântânele specimen, all Pseudogeckoolithus have a d‐value higher than 

1.949, meaning that the neighbour‐ and the random‐paired misorientations have a statistically 

significantly different distribution with probability higher than 0.999 (Figure 7-7). The Vălioara‐

Fântânele material has a d‐value of 1.36, but its neighbour‐ and random‐paired misorientations are 

still different with a probability higher than 0.95. The resulting d‐values were consistent in all 

European Pseudogeckoolithus specimens investigated with the Type 2 distribution of maniraptoran 

eggshells, as documented by Choi et al. (2019a). 

 We also calculated d‐values for additional non‐Pseudogeckoolithus eggshells analysed in this study 

as well as those presented elsewhere alongside EBSD data (Moreno‐Azanza et al. 2013, 2016, 2017; 

Choi and Lee 2019). These sampled eggshells can be grouped into three categories: (1) maniraptoran 

eggshells (Dromaius, Reticuloolithus acicularis and Trigonoolithus amoae); (2) non‐maniraptoran 

archosaur eggshells (Caiman latirostris, cf. Maiasaura, Guegoolithus 

turolensis and Megaloolithus cf. siruguei); and (3) gekkotan eggshells (Gekko gecko and Phelsuma 
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grandis). Trigonoolithus showed typical Type 2 distribution as anticipated in Choi et al. (2019a). In 

the case of the Dromaius eggshells, the d‐value was more similar to the Type 2 distribution, although 

it has the highest d‐values compared with other Type 2 eggshells and still has a significant amount of 

low‐angle grain boundaries under the neighbour‐pair method (Figure 7-6F), similar to the ostrich and 

rhea eggshells (Choi et al. 2019a). The ostrich and rhea eggshells used in Choi et al. (2019a) had 

much higher d‐values (>12), and thus the case of Dromaius shows that not all palaeognath eggshells 

have a clear Type 1 distribution; instead, some of these demonstrate a an intermediate state when it 

comes to misorientation distribution. In contrast, ornithischian eggshells 

(cf. Maiasaura and Guegoolithus) have the highest d‐values (>17). The sauropod eggshell 

(Megaloolithus cf. siruguei) also has a higher d‐value, but we would like to consider this as a 

provisional result because it is based on a taphonomically altered sauropod eggshell (Moreno‐

Azanza et al. 2016) and should be updated with the results derived from better preserved material (e.g. 

Grellet‐Tinner et al. 2011). The Caiman latirostris eggshell has a lower d‐value, similar to the Type 2 

distribution of maniraptoran eggshells. Finally, the two gekkotan eggshells show a remarkable 

contrast in their d‐values. The d‐value of the Gekko gecko eggshell was similar to the Type 1 

distribution of maniraptoran eggshell, while Phelsuma grandis presents the Type 2 distribution of 

maniraptoran eggshell. 

 

7.4 DISCUSSION 

 

 7.4.1 Maniraptoran affinity of Pseudogeckoolithus 

 

 The crystallographic features identified on EBSD analysis clearly show that Pseudogeckoolithus is 

definitively not a squamate eggshell. Crystallographic contrasts documented both in overall eggshell 

microstructure per se and in ornamentation between the Gekko gecko eggshell 

and Pseudogeckoolithus document the action of markedly different building pathways that underlay 
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their distinctive architectures. Their apparently highly similar nodular ornamentations are thus truly 

homoplastic, and, more specifically, convergent sensu Hall (2003; i.e. they represent similarities 

arising through independent evolution via different developmental pathways). Accordingly, in line 

with the original interpretation of Vianey‐Liaud and Lopez‐Martinez (1997) and, more recently, of 

Prondvai et al. (2017), but contra Garcia (2000) and Sellés (2012), we firmly establish here the non‐

gekkotan affinity of the Pseudogeckoolithus material surveyed in this study. Furthermore, we suggest 

that the previously proposed gekkotan origin of other Late Cretaceous European „geckoid‟ eggshell 

materials, such as that of morphotype geckonoïde of Garcia (2000), should undergo similar scrutiny, 

given that it shows remarkable external and microstructural similarity to 

the Pseudogeckoolithus materials studied herein. 

 Based on the aforementioned features and comparisons, Pseudogeckoolithus can be safely identified 

as a theropod eggshell. Indeed, Pseudogeckoolithus has at least a two‐layered structure made up of a 

mammillary layer and a squamatic zone (Figure 7-4A). This bilaminate structure is absent in sauropod 

(Grellet‐Tinner et al. 2006; Moreno‐Azanza et al. 2016) and ornithischian (Barta et al. 2014; Moreno‐

Azanza et al. 2017) eggshells, which are composed of a single layer (mammillae extending up to the 

outer eggshell surface; see also supplementary text in Stein et al. 2019), whereas it is ubiquitous in 

known extinct and modern maniraptoran eggshells (Mikhailov 1997a, b; Choi et al. 2019a). Also, 

hadrosaur and sauropod eggshells have abundant low‐angle grain boundaries, whereas such are rarely 

observed in Pseudogeckoolithus. All these observations eliminate any potential hadrosaur or sauropod 

affinity for Pseudogeckoolithus, not to mention the extreme thinness of Pseudogeckoolithus, 

compared with the eggshells typical for the other two clades. 

 In contrast, admittedly, non‐maniraptoran theropod eggs are as yet poorly known: the only definite 

cases are represented by eggs ascribed to the megalosaurid Torvosaurus (Carrano et al. 2012) and to 

the allosauroid Lourinhanosaurus (Malafaia et al. 2017), both from the Upper Jurassic of Portugal 

(Araújo et al. 2013; Ribeiro et al. 2014). The eggshell of Torvosaurus has only a single layer 
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(Araújo et al. 2013; Ribeiro et al. 2014), whereas that of Lourinhanosaurus is two‐layered 

(Mateus et al. 1997; Ribeiro et al. 2014), similar to the typical maniraptoran eggshell. However, 

whether the two‐layered structure of the Lourinhanosaurus eggshell has a similar crystallographic 

make‐up to those of the maniraptorans is as yet unknown, and should be clarified (Choi and 

Lee 2019). 

 To conclude, within Theropoda, Pseudogeckoolithus can be assigned to a maniraptoran egg‐layer on 

the basis of: (1) a two‐layered structure, with the presence of a mammillary layer and a continuous 

layer, character shared with all maniraptoran taxa (Mikhailov 1997a) and with the 

allosauroid Lourinhanosaurus (Mateus et al. 1997; Ribeiro et al. 2014); (2) an angusticanaliculate 

pore system (Prondvai et al. 2017), shared with most maniraptorans including Aves 

(Mikhailov 1997a); and (3) the possible existence of an external zone, a character widespread within 

avian eggshells (Mikhailov 1997b) and which is also present in some derived maniraptorans eggshells 

(e.g. Trigonoolithus amoae, Triprismatoolithus stephensi and Prismatoolithus levis; Varricchio and 

Jackson 2004; Jackson and Varricchio 2010; Moreno‐Azanza et al. 2014b). Moreover, its greatly 

reduced thickness, suggestive of suggestive of a small‐sized theropod egg‐layer (Prondvai et al. 2017), 

may further support its maniraptoran affinity, given that most Late Cretaceous European 

maniraptorans (including non‐avian paravians; the theropods of unknown 

affinity Richardoestesia and Euronychodon; as well as enantiornithine and ornithurine birds; Csiki‐

Sava et al. 2015) are characterized by small body size. Meanwhile, it is worth noting that all known 

non‐maniraptoran Late Cretaceous theropods from Europe (abelisauroids, basal tetanurans) were 

medium to large‐sized animals (Csiki‐Sava et al. 2015). Such a mutually exclusive body size 

distribution among the Late Cretaceous theropods of Europe minimizes the possibility 

that Pseudogeckoolithus is an ootaxon of a medium, to large‐sized non‐maniraptoran theropod, 

considering the known positive correlations between adult body mass and egg size in extant Aves 

(Juang et al. 2017), and that between egg mass (hence, size) and eggshell thickness (Ar et al. 1979). 
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 Nevertheless, further specimens, including more complete eggs (or fortuitous discoveries such as in 

ovo embryos or gravid females), are needed to firmly establish the affinity of Pseudogeckoolithus, 

given that assigning a particular ootaxon to a certain clade can be erroneous in the absence of an 

embryo preserved in ovo (see discussion in Choi and Lee 2019). Embryo in ovo specimens would also 

narrow the assignment of the Pseudogeckoolithus eggs to one of the maniraptoran groups that were 

present in Europe at the end of the Cretaceous. It is worth noting, nonetheless, that eggs and eggshells 

from the Maastrichtian of Romania reported to co‐occur with skeletal remains of (and thus referred to) 

taxonomically indeterminate enantiornithines (Dyke et al. 2012) differ markedly in their 

ornamentation pattern (Fernández et al. 2019) from the typical dispersituberculate ornamentation 

of Pseudogeckoolithus. 

 

 7.4.2 EBSD, an adequate tool to identity true fossil gekkotan eggshell  

 

Our EBSD analyses clearly show that Pseudogeckoolithus is not a gekkotan‐related ootaxon; instead, 

it can be safely identified as belonging to a maniraptoran theropod group. In future studies, our 

approach can be extended and it should be applied to other putative fossil squamate eggshells 

(Appendix Table 7-1; Appendix Text 7-5) in order to rigorously determine their accurate 

crystallographic arrangement and thereby assess the most likely phylogenetic affinity. Equally 

importantly, there are further documented examples of rigid squamate eggshell producers, both extant 

and fossil, such as the diplodactylid gekkotan Eurydactylodes (it may have acquired a rigid eggshell 

independently from other gekkotan families; Kratochvíl and Frynta 2006), some Dibamidae 

(Choi et al. 2018), and certain fossil Anguimorpha (Fernandez et al. 2015). It is not yet known 

whether the peculiar and very characteristic crystallographic arrangement of the rigid gecko eggshell 

(Choi et al. 2018) is autapomorphic, or whether it is more widespread among the rigid eggshell‐

producing squamates. Therefore, fossil rigid eggshells that are found without an associated embryo in 
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ovo, and are probably not of archosauromorph origin, currently can be identified neither as gekkotan, 

nor as non‐gekkotan squamate eggshells with certainty. Hence, for a comprehensive understanding of 

rigid eggshell evolution in Squamata, and in amniotes in general, as well as for correct taxonomic 

identification of fossil squamate eggshells, additional modern and fossil samples should also be 

analysed using EBSD. 

 

 7.4.3 Eggshell ornamentation in extant megapode birds, Gekko gecko and fossil 

maniraptorans  

 

 In extant sauropsids, gekkotan and crocodylian eggshells regularly exhibit ornamentation (Schleich 

and Kästle 1988; Marzola et al. 2015; Cedillo‐Leal et al. 2017; Choi et al. 2018), while this is mostly 

absent in avian eggshells. Rare exceptions to the latter pattern are the nodular eggshell ornamentation 

of megapodes (Galliformes, Neognathae; Grellet‐Tinner et al. 2017) and the modest hillock‐like 

ornamentation found in cassowary and emu (Casuariidae, Palaeognathae; Mikhailov 1997b; 

Zelenitsky and Modesto 2003; Grellet‐Tinner 2006; Lawver and Boyd 2018). Although many 

Cretaceous and Palaeogene avian eggshells also lacked ornamentation (Mikhailov 1996; Grellet‐

Tinner and Dyke 2005; Jackson et al. 2013; Varricchio and Barta 2015; Fernández et al. 2019), this 

condition was probably not always the dominant phenotype throughout avian evolutionary history. 

For example, the Palaeogene Metoolithus nebraskensis (Jackson et al. 2013) and M. 

jacksonae (Lawver and Boyd 2018), as well as Ornitholithus (Donaire and López‐Martínez 2009; 

Angst et al. 2015) are all recognized as ornamented avian eggshells. Furthermore, ornamentation 

characterizes the eggshells of diverse Cretaceous non‐avian maniraptorans (e.g. Deinonychus eggshell, 

Elongatoolithidae, Nipponoolithus, Reticuloolithus, Trigonoolithus and Triprismatoolithus; 

Mikhailov 1997a; Grellet‐Tinner and Makovicky 2006; Jackson and Varricchio 2010; Moreno‐

Azanza et al. 2014b; Tanaka et al. 2016; Choi and Lee 2019), members of the dinosaur clade giving 
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rise to birds. Thus, ornamentation is highly likely to be a plesiomorphic character of the maniraptoran 

eggshell that disappeared in some extinct and most modern avian taxa (Lawver and Boyd 2018). 

 The maniraptoran affinity of Pseudogeckoolithus verified in the present study raises the question of 

why extremely similar dispersituberculate ornamentation exists in eggshells of such distantly related 

clades as Maniraptora and Squamata. Eggshells of extant megapode birds and Gekko gecko possess 

ornamentation with discrete and sparse nodes (Grellet‐Tinner et al. 2017; Choi et al. 2018), and a 

gecko‐like dispersituberculate ornamentation is now also documented in the extinct 

maniraptoran Pseudogeckoolithus. Even though the nodular eggshell ornamentation seen in the 

modern maniraptoran megapodes is somewhat different in its gross morphology from that of the 

extinct maniraptoran Pseudogeckoolithus, megapode and Pseudogeckoolithus eggshells share similar 

basic crystallographic features. In the megapodes Alectura lathami and Leipoa ocellata the eggshell 

ornamentation is formed through extended shell deposition (Grellet‐Tinner et al. 2017), just as we 

document here in Pseudogeckoolithus (Figure 7-4). This type of crystallographic make‐up was also 

reported in oviraptorosaur eggshells (Elongatoolithus, Macroelongatoolithus; Choi et al. 2019a), 

although the ornamentation pattern itself is usually different in its morphology, being linear 

(Mikhailov 1997a) rather than nodular as in Pseudogeckoolithus (but also note 

that Macroelongatoolithus possesses dispersituberculate ornamentation as well; Simon et al. 2018). In 

addition, ornamentation of the anguimorph eggshell from the Lower Cretaceous of Thailand 

(Fernandez et al. 2015) also shows morphological similarity with that of the megapode eggshell. It is 

the only definitive case of squamate eggshell known in the fossil record (identification supported by 

associated in ovo embryos), meaning that rigid eggshell and its nodular ornamentation are not unique 

traits of gecko eggshells within squamates, but may have been more widespread among their fossil 

representatives. 

 The reason for the presence of ornamentation in sauropsid eggshell is a neglected topic in vertebrate 

palaeontology, except for one speculation (Grellet‐Tinner et al. 2017). Although the nesting 
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microenvironment of Gekko gecko has never been studied, there are several studies on the nesting 

microenvironment of megapodes. Megapode eggs, which are buried in various substrates and are 

incubated by environmental heat instead of body heat (Booth and Thompson 1991), have a 

comparatively thinner shell than eggs laid by similar‐sized avian taxa that use body heat in contact 

incubation. This relative thinness of the megapode eggshell was suggested to represent an adaptation 

that enhances gas exchange in the peculiar covered nesting environment of megapodes (Booth and 

Thompson 1991; Harris et al. 2014; Grellet‐Tinner et al. 2017; but see Birchard and 

Deeming 2009 for an opposing view). Among maniraptoran‐related ootaxa, the 

European Pseudogeckoolithus eggshells are also characterized by their remarkable thinness (Table 7-1; 

Prondvai et al. 2017). 

 Given that the megapode and the G. gecko eggshell ornamentation represent outlier characters within 

their own clades (Aves and Gekkota, respectively), their similar gross morphology despite marked 

differences in underlying crystallographic make‐up (resulting from different formational pathways, as 

shown by EBSD) may suggest an adaptive significance of this discrete nodular pattern of 

ornamentation, possibly driven by some kind of similar selection pressure in maniraptorans and 

gekkotans. Likewise, given that megapodes are derived neornithine maniraptorans (Prum et al. 2015), 

their eggshell ornamentation, which is similar only to that of the distantly related Cretaceous 

maniraptoran Pseudogeckoolithusis, is most likely to be a homoplastic feature that may have been 

caused by similar nesting microenvironmental settings in megapodes and Pseudogeckoolithus (see 

below). For these reasons, the eggshells of G. gecko and/or megapodes might be functionally 

comparable with, and informative for the interpretation of, the Santonian–Maastrichtian 

dispersituberculate theropod eggshells, including Pseudogeckoolithus (Table 7-1). Nevertheless, an 

alternative explanation, namely that this similarity in ornamentation may be only a random outcome 

of genetic drift and thus represents a non‐adaptive retention or novel development of a functionless 
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(and harmless) character in either clade (Gould and Lewontin 1979; Losos 2011), should not be 

overlooked. 

 We suggest that neontological experimental data should be gathered by ornithologists and/or 

herpetologists from the aforementioned extant taxa to shed light on the reason(s), if any, behind the 

presence of eggshell ornamentation, a feature that represented a dominant phenotypical trend for 

Mesozoic maniraptoran eggshells (Table 7-1). Experimental approaches to test its possible role(s), 

such as those implemented by Cedillo‐Leal et al. (2017) for crocodylian eggshells, as well as detailed 

observations on the nesting microenvironments of megapodes and Gekko gecko, compared with those 

of other avian and gekkotan taxa, could help to clarify the evolutionary significance of eggshell 

ornamentation. This in turn might offer further insights into the reproductive palaeobiology of other 

dinosaurian and squamate clades with ornamented eggshells (Mikhailov 1997a; Fernandez et al. 2015), 

and may also give hints as to why eggshell ornamentation has disappeared in the majority of modern 

birds (Hauber 2014; Lawver and Boyd 2018). 

 

7.4.4 Misorientation pattern in sauropsid eggshells  

 

 The presence of a crystallographic dichotomy (i.e. Type 1 and Type 2 misorientation distributions) 

within extinct and modern maniraptoran eggshells was first reported in Choi et al. (2019a). The 

enlarged dataset used in the present study provides further insights into the crystallographic features 

of diverse sauropsid eggshells. 

 First, in Choi et al. (2019a), palaeognaths were represented only by ostrich and rhea, which both 

have definitive Type 1 distribution. However, the current study documents that the eggshell of the 

palaeognath Dromaius has a more Type 2‐like distribution (at least in its d‐value), similar to that of 

the neognath eggshells (Figure 7-7), a finding that is further supported by the rarity of low‐angled 

grain boundary in the emu eggshell (Figure 7-6F). This implies that the distribution of Type 1 and 
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Type 2 crystallographic patterns in avian eggshells is more complicated than that presented in 

Choi et al. (2019a, fig. 10), and thus a phylogenetically controlled sample derived from a wide range 

of avian clades, including palaeognaths and neognaths, should be analysed to better understand the 

evolutionary pattern. 

 Second, ornithopod and sauropod eggshells analysed in this study yielded high d‐values (we would 

refrain from using the term „Type 1‟ distribution for non‐maniraptoran eggshells because it was 

initially coined only for maniraptoran eggshells, and furthermore, the question of whether the high d‐

value seen in ornithopod and sauropod eggshells and the Type 1 distribution of maniraptoran 

eggshells were both inherited from their common ancestor is far from being answered). Although 

the d‐value obtained for the sauropod eggshell in the present study should be double‐checked using 

better preserved eggshells, the results, if upheld, imply that, in general, higher d‐values (such as those 

found in the maniraptoran Type 1 distribution) may be more widespread within Dinosauria than the 

lower d‐values, and that the lower d‐values may be correlated with the unique reproductive strategy of 

maniraptoran dinosaurs (i.e. contact incubation; Varricchio and Jackson 2016; Choi et al. 2019a and 

references therein). Admittedly, this inference should be further checked using a more comprehensive 

sample of sauropod and ornithischian dinosaur eggshell material because (as documented in the case 

of the Dromaius eggshell, above) the phylogenetic distribution of high and low d‐values may be rather 

complicated and can only be clarified through an extensive investigation. Nevertheless, the present 

results provide a first glimpse into the d‐value distribution of non‐maniraptoran dinosaur eggshells. 

 Finally, even though only two gekkotan species were analysed in this respect, surprisingly they show 

contrasting d‐values. Similar to the case of maniraptoran eggshells reported by Choi et al. (2019a), a 

crystallographic dichotomy may also be present in gekkotan (or squamate, in general) eggshells, 

reinforcing the need for future comparative investigations into the microstructure and crystallography 

of a diverse array of squamate eggshells (see above). 

https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0029
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0144
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0029
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0029


１９３ 

` 

 

 7.4.5 Detecting homoplasy in eggshell evolution  

 

Ornamentation morphology has been widely used as a criterion to classify ootaxa at the oofamily 

level (e.g. Mikhailov et al. 1996). However, the present results imply that ornamentation (similarly to 

other characters such as egg shape, shell unit shape and pore system; Mikhailov 1997a) is also prone 

to homoplasy (Figure 7-8). 

Pseudogeckoolithus, „Stillatuberoolithus‟, Macroelongatoolithus, a fossil anguimorph eggshell, as 

well as eggshell of Gekko gecko, megapodes, cassowary and emu, are all characterized by surface 

ornamentation although the morphology varies (Figure 7-8; Mikhailov 1997b; Zelenitsky and 

Modesto 2003; Grellet‐Tinner 2006; Fernandez et al. 2015; Grellet‐Tinner et al. 2017; Oser 2018; 

Choi et al. 2018, 2019a). We have shown that the similar‐looking dispersituberculate eggshell 

ornamentation of Pseudogeckoolithus and Gekko gecko represents a clear case of convergent 

evolution. Meanwhile, the presence of uniform crystallography of the eggshell ornamentation (formed 

via extended deposition of the calcite grains) in the more closely related 

maniraptorans Pseudogeckoolithus, oviraptorosaurs (e.g. Macroelongatoolithus) and megapodes 

(Figure 7-8; Grellet‐Tinner et al. 2017; Choi et al. 2019a) documents the emergence of a common 

pathway of ornamentation building in maniraptoran eggshells, despite their different overall 

morphology. Such a pathway appears to be a widely used template in ornamentation building in 

sauropsid eggshells (Figure 7-8). In the case of „Stillatuberoolithus‟ and of the 

extant Dromaius eggshells, however, the surface ornamentation is not crystallographically continuous 

with the underlying eggshell (Figure 7-6E, F; Oser 2018). Instead, the appearance of ornamentation is 

„programmed‟ crystallographically in the middle of the squamatic zone (Figure 7-8), a feature so 

distinctive that the ornamentation was actually interpreted as a fourth layer in the case of 

the Dromaius eggshell by Grellet‐Tinner (2006). 
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 In summary, there are at least three different ways of producing dispersituberculate ornamentation in 

sauropsid eggshells: the gecko style; the Pseudogeckoolithus style; and the „Stillatuberoolithus‟ style; 

each of which can be unambiguously detected with EBSD analysis. The occurrence and distribution 

of these three different crystallographic patterns of ornamentation building in sauropsid eggshells 

document clear cases of homoplasy (Figure 7-8). Considering that the eggs of almost all modern avian 

taxa have lost ornamentation (see above), the similarity recorded between Pseudogeckoolithus and the 

megapode eggshell is probably homoplastic unless an alternative scenario is true: that a relict 

ornamentation of a non‐avian maniraptoran eggshell is uniquely retained by an avian clade, the 

megapodes. 

 In the case of the ornamentation of „Stillatuberoolithus‟, it is underlain by a profoundly different 

generative mechanism from that seen in the typical two or three‐layered maniraptoran eggshells 

(Zelenitsky and Modesto 2003; Grellet‐Tinner 2006; Lawver and Boyd 2018; Oser 2018), one also 

typified by Pseudogeckoolithus as we have shown. Accordingly, „Stillatuberoolithus‟ documents the 

emergence of a second ornamentation‐building pathway in maniraptoran eggshell evolution. The 

presence of these two widely divergent building patterns shows that even though the 

dispersituberculate ornamentation of „Stillatuberoolithus‟ is extremely similar to that 

of Pseudogeckoolithus, this gross similarity clearly represents a case of convergent morphology. 

Similar instances of independent evolutionary acquisition and disappearance of closely comparable 

character states were also suggested in another eggshell component, the cuticle (D'Alba et al. 2016). 

Likewise, calcified eggshell thickening has most likely evolved in diverse amniote clades, even within 

Dinosauria, several times independently (Stein et al. 2019). 

 The susceptibility of ornamentation to homoplasy has important implications for eggshell 

parataxonomy. It was argued that many eggshell characters are highly modular 

(sensu Klingenberg 2008) and are driven by mosaic evolution resulting in independent character 

combinations (Varricchio and Jackson 2004; Jackson et al. 2013; Lawver and Boyd 2018). The 
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morphology of ornamentation is diverse in dinosaurian eggshells (Mikhailov 1997a), but we 

document here that even markedly different microstructure and crystallography can result in (or 

generate) almost identical gross morphologies, as shown in the cases of „Stillatuberoolithus‟ 

and Pseudogeckoolithus (Figure 7-8). 

 For these reasons, we suggest that both morphology and its underlying crystallography (which can 

be used as a proxy of the eggshell calcite growth mechanism; see Appendix Text 7-6) have to be 

considered together before using superficial similarities as diagnostic eggshell characters implying 

homology in parataxonomical assessments. However, there is still difficulty even in such mechanism‐

based identifications. Although EBSD can be used to identify definitive cases of convergent evolution 

in eggshell formation, characterized by different underlying mechanisms on crystallography, the 

reverse does not necessarily hold true: detecting the presence of a uniform mechanism does not 

always guarantee homologous origin of a feature, especially if the taxa of interest are distantly related 

(see also Hall 2003; Shubin et al. 2009 for a more complicated case called „deep homology‟). 

Considering the limited number of possible ways to build ornamentation or even a hard eggshell per 

se (Stein et al. 2019), we may expect to find identical crystallography expressed in distantly related 

clades that nevertheless acquired (or re‐invented) their common traits independently. So far, none of 

the known approaches in eggshell research has provided a way to safely separate true homology from 

homoplasy if a character shared by several taxa has both similar morphology and a similar underlying 

mechanism. Such difficulties notwithstanding, in the effort to establish monophyletic groups in 

eggshell parataxonomy, clearly convergent characters (such as the ornamentation in G. 

gecko eggshells and Pseudogeckoolithus, as demonstrated in this study) have to be identified, and 

handled accordingly (for further criticism on current practices in parataxonomy see also 

Zelenitsky et al. 2002; Varricchio and Jackson 2004; Grellet‐Tinner 2006; but see Mikhailov 2014 for 

a contrary opinion). Only such rigorous approaches to phylogenetic analysis will make parataxonomic 

classification of the diverse fossil eggshell record a biologically and evolutionarily meaningful effort. 
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Figure 7-1. Latest Cretaceous continental vertebrate distribution in the peri‐Mediterranean 

area, with selected Pseudogeckoolithus localities (for more detail, see Figure 7- 2). A, 

outline map marking countries with latest Cretaceous continental vertebrate remains 

(highlighted in light grey), eventually associated with eggshells (dark grey). Distribution  

map based on Garcia et al. (2003), Weishampel et al. (2004), Chassagne‐Manoukian et al. 

(2013), Csiki‐Sava et al. (2015), Sallam et al. (2016, 2018), and Longrich et al. (2017). 

Boxes highlight the geographical position of the Pseudogeckoolithus fossil localities 

discussed in this paper, as well as the type locality of the Moroccan Pseudogeckoolithus 

tirboulensis (Vianey‐Liaud andrcia 2003; Achlouj 2 locality). Boxes 2A, Santonian locality 

SZ‐6 in Iharkút (A1), western Hungary (former „Bakony Island‟); 2B, latest Campanian–

Maastrichtian localities Petrești‐Black Lens (B1), Vălioara‐Fântânele (B2) and Pui‐Classic 

(B3), in western Romania (former „Hațeg Island‟); and 2C, late Maastrichtian locality Blasi 

2 (C1), in southern France–central‐northern Spain (former „Ibero‐Armorican Landmass‟). B, 

https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-fig-0002
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approximate chrono stratigraphic position of the sampled Pseudogeckoolithus localities. 

A1–C1 denote fossil localities according to their respective boxes (A–C in A). Scale bar 

represents 200 km. Courtesy of Zoltan Csiki-Sava. 
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Figure 7-2. Distribution of „geckoid‟ (including both Pseudogeckoolithus and morphotype 

geckonoïde) eggshell‐bearing localities in the uppermost Cretaceous (Santonian–

Maastrichtian) of southern Europe, overlain on the approximate areal distribution of the 

main uppermost Cretaceous continental deposit outcrops . Scale bars represent 50 km (A); 

100 km (B); 200 km (C). Courtesy of Zoltan Csiki-Sava. 
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Figure 7-3. European Late Cretaceous Pseudogeckoolithus specimens and extant gecko 

eggshell, on stereomicroscopy (upper row) and scanning electron microscopy (SEM; lower 

row), respectively. A, MTM VER 2015. 336a–b, Iharkút. B, LPB [FGGUB] R.2668.3–4, 

Petrești‐Black Lens. C, LPB [FGGUB] R.2669.6–7, Vălioara‐Fântânele. D, LPB [FGGUB] 

R.2672.4–5, Pui‐Classic. E, MPZ 2019/573, Blasi 2. F, External view of  Gekko 

gecko (Gekkota) eggshell. The dispersituberculate ornamentation and the presence of 

crater‐like (sensu Prondvai et al. 2017) aspect of the nodes are marked by black and white 

https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0118
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arrows, respectively. Note the absence of crater‐like ornamentation in  Gekko gecko eggshell. 

Scale bars represent 1 mm (stereomicroscopy images); 500 μm (SEM images).  
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Figure 7-4. Inverse pole figure (IPF) maps (left) and lower hemisphere pole figures (right) 

of European Pseudogeckoolithus. A, an interpretation key for IPF maps and abbreviations 

of eggshell layers for details. B, Iharkút (MTM VER 2015. 336c). C, Petrești‐Black Lens 

(LPB [FGGUB] R.2668.2). D, Vălioara‐Fântânele (LPB [FGGUB] R.2669.5). E, Pui‐

Classic (LPB [FGGUB] R.2672.3). F, Blasi 2 (MPZ 2019/580). D, the outer surface 

of Pseudogeckoolithus (marked by a grey dashed line) is heavily covered with diagenetic 

calcite overgrowth, which does not reflect genuine biological signal ( Appendix Figure 7-3A; 

see also Choi et al. 2019a; Kim et al. 2019); the lower hemisphere pole figures for this 

specimen were constructed using the grains lying to the left of the white dashed line in 

order not to include a crack. In all specimens, the ornamentation is formed through 

extended shell deposition (black and white arrows in B). Note that in all cases where the 

ML is preserved, its inner tip is characterized by calcite grains with a horizontally laid  c‐

https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0029
https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0084
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axis, whereas the c‐axis alignment becomes generally stronger towards the outer eggshell 

surface, shown by multiple of uniform distribution (MUD) values on the lower right of the 

lower hemisphere pole figures (see also Moreno‐Azanza  et al. 2013, 2017). A MUD of 1 

indicates randomly oriented grains; a MUD significantly >1  is quantitatively indicative of 

high crystallographic alignment (see Casella et al.  2018). Scale bars represent 100 μm.  
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Figure 7-5. Grain boundary maps and misorientation histograms of 

European Pseudogeckoolithus. A, interpretation keys. B, Iharkút (MTM VER 2015. 336c). 

C, Petrești‐Black Lens (LPB [FGGUB] R.2668.2). D, Vălioara‐Fântânele (LPB [FGGUB] 

R.2669.5). E, Pui‐Classic (LPB [FGGUB] R.2672.3).  F, Blasi 2 (MPZ 2019/580). In all 

cases, the high‐angle grain boundary (>20°; purple line) outnumbers low‐angle grain 

boundary (<20°; blue and green lines). Note rugged grain boundaries in squamatic zone 

(SqZ) and linear grain boundaries in possible external zone (EZ?), respectively (see 

Appendix Figure 7-4; Choi et al. 2019a). The numbers on the vertical and horizontal axes in 

the histogram mean degree and fr equency of misorientation, respectively.  Abbreviation: 

ML, mammillary layer. Scale bars represent 100 μm.  
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Figure 7-6. Eggshell electron backscatter diffraction (EBSD) images from modern 

representatives of the clades hypothesized to include Pseudogeckoolithus egg layers. A–

B, Gekko gecko (Gekkota). C–D, Phelsuma grandis (Gekkota); gekkotan eggshell 

terminology follows Choi et al. (2018). E–F, Dromaius novaehollandiae (Aves:, 

Palaeognathae). G–H, Anas platyrhynchos domesticus  (Aves:, Neognathae). In A, the lower 

hemisphere pole figures were constructed using the grains lying on the left of the white 

dashed line so that grains potentially influenced by the ornamentation are not included. In 

https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-bib-0028
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gekkotan eggshells (A, C), c‐axis alignment becomes higher with vertical orientation 

towards the inner eggshell surface, the opposite pattern to that seen 

in Pseudogeckoolithus (Figure 7-4) and extant avian eggshells (E, G; Choi et al. 2019a). 

The ornamentation in Gekko gecko eggshell is composed of randomly oriented calcite 

grains; that of emu eggshell is composed of wedge‐shaped granular layer (GL) initiated in 

the middle of the squamatic zone (SqZ). Both of them are crystallographically 

discontinuous with the underlying eggshell. Note the trilaminate structure identified by 

differences in grain ruggedness in avian eggshell (F, H), similar to that seen in the Pui‐

Classic and Blasi 2 Pseudogeckoolithus (Figure 7-4E,F). Gekko gecko eggshell has a low‐

angle‐dominant misorientation distribution (B) compared with that of  Phelsuma 

grandis eggshell (D). Key to EBSD interpretation same as in Figures  7-4A, 7-

5A. Abbreviations: Clmnr. L, columnar layer; EZ, external zone; ML, mammillary layer; 

PL, plain layer; SL, surface layer. Scale bars represent: 100  μm (A, B, G, H); 50 μm (C, D); 

500 μm (E, F). 
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Figure 7-7. d‐value of diverse sauropsid eggshells. Maniraptoran eggshells are coloured 

and are subdivided into Pseudogeckoolithus (pink), Type 1 distribution eggshells (dark grey) 

and Type 2 distribution eggshells (light grey). The sauropod eggshell bar marked by dashed 

lines was based on taphonomically influenced material (Moreno‐Azanza  et al. 2016). A 

blue line marks the d‐value of 1.949, above which the neighbour‐ and the random‐paired 

misorientations have a statistically significantly different distribution with pro bability 

higher than 0.999. The source of d‐values not originally calculated in this study are: 

Choi et al. (2019a); Choi and Lee (2019). 
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Figure 7-8. Three types of ornamentation construction pathway in sauropsid eggshells and 

possible homoplasies. A, schematic crystallography of non‐maniraptoran sauropsid 

eggshells used in this study. B, schematic crystallography of maniraptoran eggshells. In 

almost all sauropsid eggshells including Pseudogeckoolithus, ornamentation is 

crystallographically continuous with underlying eggshell, suggesting extended deposition 

(Figure 7-4; Moreno‐Azanza et al. 2013; Grellet‐Tinner  et al. 2017; Choi et al. 2019a). In 

https://onlinelibrary.wiley.com/doi/full/10.1002/spp2.1294#spp21294-fig-0004
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contrast, ornamentation of „Stillatuberoolithus‟ and modern emu eggshells is initiated in the 

middle of the eggshell with wedge‐shaped structures (Figure 7-6E,F; Oser 2018), implying 

another pathway of ornamentation construction. In Gekko gecko eggshell, ornamentation is 

composed of randomly oriented calcite grains and contains non‐crystalline material inside 

(Choi et al. 2018). The three different crystallographical patterns of ornamentation indicate 

homoplastic ornamentation evolution. Phylogenetic occurrences of smooth maniraptoran 

eggshells are indicated with grey branches. Instances of morphological similarity that can 

be interpreted as clear convergent evolution and possibly other types of homoplasy are 

marked with solid and dashed arrows, respectively. Note that only convergent evolution is 

clearly detectable by crystallographic electron backscatter diffraction analysis.   
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Table 7-1. List of ootaxa characterized by dispersituberculate ornamentation  
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CHAPTER 8: MICROSTRUCTURAL AND CRYSTALLGRAPHIC EVOLUTION OF 

PALEOGNATH (AVES) EGGSHELLS 

 

8.1. INTRODUCTION  

 

Avian eggshells are biological masterpiece (Hauber 2014): strong enough to withstand adult body 

mass during incubation, weak enough to hatch and provide minerals to an embryo (Hincke et al. 

2012). Keeping step with the evolution of birds (Jarvis et al. 2014; Prum et al. 2015), these „extended‟ 

phenotypes still evolve today (Mikhailov 1997a; Hauber 2014; Stoddard et al. 2017; Wisocki et al. 

2019). In paleontological record, one can see even more diverse forms of eggshells even though many 

of the antique designs were terminated at the end of Mesozoic (Mikhailov 1997b; Grellet-Tinner et al. 

2006; Varricchio and Jackson 2016). Therefore, eggshell is a good subject of evolutionary biology to 

track the changing phenotypes in geological timescale (Choi and Lee 2019). 

Palaeognathae is one of the two fundamental clades of modern birds (or modern dinosaurs) (Jarvis et 

al. 2014). They are usually larger than their sister-clade Neognathae except for chicken-sized tinamou 

and kiwi, and are flightless except for a poor-flyer tinamou (Yonezawa et al. 2017; Altimiras et al. 

2017). Proportional to their body size, eggs and eggshells of paleognath are usually large and thick, 

respectively (Grellet-Tinner 2006; Hauber 2014). Furthermore, eggshells of paleognath show 

distinctive microstructure compared to those of neognath (Mikhailov 1997a; Zelenitsky and Modesto 

2003; Grellet-Tinner 2006; Choi et al. 2019). However, a few previous studies were mainly focused 

on qualitative or semi-quantitative description of eggshells (Zelenitsky and Modesto 2003; Grellet-

Tinner 2006) and were based on an outdated phylogenetic tree of paleognath (e.g. Lee et al. 1997). 

Understanding evolution of paleognath eggshell is important for both ornithology and paleontology 

and a timely topic in these fields. For ornithology, it provides a representative case how 

crystallography and microstructure of eggshells have evolved in the avian clade of which speciation 
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timelines are available owing to molecular clock (Yonezawa et al. 2017). Based on a recent 

evolutionary scenario, stating that diverse paleognath clades lost flight and acquired gigantism 

independently (Harshman et al. 2008; Phillips et al. 2010; Mitchell et al. 2014; Grealy et al. 2017; 

Yonezawa et al. 2017; Sackton et al. 2019; contra Cracraft 1974), their eggshells provide chances to 

appraise potential homologies (similarities inherited from the most recent common ancestors of taxa) 

and homoplasies (similarities caused by similar selective regime (or neutral factors) rather than 

common ancestry; see Losos 2011 for further information) in the evolution of avian eggshell.  

For paleontology, paleognath offers chance to track appearance/disappearance and rate of changes of 

characters in modern dinosaur eggshells. The molecular-clock-based approach is impossible for non-

avian dinosaur paleontologists because intact genomic information is unavailable due to its 

degradability (Demarchi et al. 2016; Saitta et al. 2019). Consequently, in paleontology, inferring the 

evolutionary pathways of eggshell should rely on a phylogeny of egg-layers that is solely based on 

morphological traits, which often conflict with molecular data (e.g. Bunce et al. 2009; see also Wiens 

2004; Quental and Marshall 2010). Moreover, morphological phylogenetic trees used in paleontology 

are usually based on insufficient chronological basis due to the shortage of absolute radiometric age 

data. Thus, paleognath eggshell can be a helpful modern exemplar for paleontology that shows how, 

and in what rate, evolution has worked in modern dinosaur (“the present is the key to the past”; Lyell 

1830). 

Here we: (i) show microstructure and crystallography of diverse paleognath eggshells using three 

different mapping techniques acquired by electron backscatter diffraction; (ii) show similar results 

from several neognath and non-avian dinosaur eggshells for comparison; (iii) reinterpret the evolution 

of paleognath eggshells based on a radically changed phylogeny of paleognath; (iv) discuss its 

implications for paleontology; and (v) suggest potential future research venues that this study can be a 

basis. 
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8.2. MATERIALS 

 

Eggshells of all major clades of modern paleognath were analyzed (ten species including those 

became extinct in Holocene; Appendix Figure 8-1–10): ostrich (Struthio camelus), rhea (Rhea sp.), 

emu (Dromaius novaehollandiae), cassowary (Casuarius casuarius), kiwi (Apteryx australis), 

elephant bird (Aepyornis sp.), two species of moa (possibly Dinornis novaezealandiae and 

Euryapteryx curtus; see Appendix Text 8-1 and Huynen et al. 2010), and two species of tinamou 

(Eudromia elegans and Nothoprocta perdicaria).  

An eggshell of Paleocene Palaeognathae Lithornis celetius (YPM 16961) was analyzed to acquire 

the ancestral character states of paleognath eggshells (Appendix Figure 8-11). This material was 

excavated from the Fort Union Formation, Montana, and its polarized light and scanning electron 

micrographs were presented in Houde (1988) and Grellet-Tinner and Dyke (2005), respectively.  

Eggshells of five species of neognath, of which EBSD results were not made or insufficiently 

reported elsewhere, were analyzed to provide information of non-paleognath Neornithes (see also 

Choi et al. 2019, table 1). The eggshells of three species were presented in the main text (Figure 8-1; 

Appendix Figures 8-12, 8-14, and 8-16): common pheasant (Galliformes: Phasianus colchicus), 

northern goshawk (Accipitriformes: Accipiter entilis), and European green woodpecker (Piciformes: 

Picus viridis). Japanese quail (Galliformes: Coturnix japonica) and common murre (Charadriiformes: 

Uria aalge) eggshell are shown in Appendix Figure 8-13 and 8-15.  

Four Late Cretaceous non-avian maniraptoran dinosaur eggshells were analyzed to provide broad 

overview of eggshell evolution (Figures 8-1 and 8-3; Appendix Figures 8-17–20). Three oospecies 

(parataxonomic classification of fossil eggshell) are presented in the main text: Prismatoolithus levis, 

Elongatoolithus oosp., and Macroelongatoolithus xixiaensis (or M. carlylei sensu Simon et al. 2018). 

Prismatoolithus levis is an ootaxon of Troodon formosus (Troodontidae; Varricchio et al. 2002) and 
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the materials used herein are from an egg that contains an embryo (MOR 246; Varricchio et al. 2002). 

Elongatoolithus (MPC‐D 100/1047) and Macroelongatoolithus (SNUVP 201801) are oviraptorosaur 

eggshells and the latter was laid by a giant taxon (Pu et al. 2017) (see Choi et al. 2019 for further 

information). We also presented EBSD image of Triprismatoolithus stephensi (ES 101; Appendix 

Figure 8-20). The egg-layer of T. stephensi is unknown but suggested to be laid by theropod dinosaur 

(Jackson and Varricchio 2010; Zelenitsky et al. 2017). We further propose maniraptoran affinity of T. 

stephensi based on the existence of squamatic zone, a diagnostic character of maniraptoran eggshells 

(Varricchio and Jackson 2016; Choi et al. 2019, 2020). 

 

8.3 RESULTS 

 

8.3.1. EBSD mapping 

 

 8.3.1.1 IPF mapping  

 

Inverse Pole Figure (IPF) mappings. See Appendix Texts 8-1–3 and Appendix Figures 8-1–20 for the 

detailed description of IPF and Euler mappings. 

Notable features of paleognath eggshells are: (i) calcite grains have strong vertical c-axis alignment 

(hence, mostly reddish in IPF mapping), which may be homologous to that of Mesozoic avian and 

non-avian maniraptoran eggshells (Choi et al. 2019, 2020); (ii) ML is mostly composed of wedge-like 

calcite but needle-like calcite is present or dominant in Lithornis, tinamou, and kiwi eggshells 

(Zelinitsky and Modesto 2003; Grellet-Tinner and Dyke 2005; Grellet-Tinner 2006; SI Appendix, Fig. 

S21); (iii) kiwi and tinamou eggshells have round ML (Grellet-Tinner 2006); thick moa eggshell 

appears to have round ML (Appendix Figure 8-21); (iv) ML and SqZ are easily differentiated due to 
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grain shape difference except for ostrich and thick moa eggshells of which boundary between the two 

layers is unclear; (v) calcite in SqZ are mostly „splaying‟ (sensu Panhéleux et al. 1999). However, 

calcite in SqZ of ostrich and thick moa eggshells are nearly prismatic; (vi) EZ exists in all paleognath 

eggshells (see grain boundary mapping below); (vii) cassowary and emu eggshells have peculiar 

ornamentation at outer surface (= „granular layer‟ sensu Mikhailov 1997a) and outer external zone is 

very porous (Appendix Figure 8-22). 

 We could categorize paleognath eggshells into three morphotypes: ostrich-style (wedge-like ML; 

prismatic shell units with near-absence of „splaying‟ SqZ; ostrich and thick moa eggshells), rhea-style 

(wedge-like ML; splaying SqZ; rhea, cassowary, emu, elephant bird, and thin moa eggshells), and 

tinamou-style (needle-like ML; splaying SqZ; massive EZ; tinamou, Lithornis, and kiwi eggshells).  

Compared to paleognath eggshells, neognath eggshells are characterized by: (i) comparatively weak 

vertical c-axis alignment (see also Choi et al. 2019); (ii) boundary between ML and SqZ is not easily 

identified because shell units are usually prismatic instead of „splaying‟ (Mikhailov 1997b). However, 

SqZ of common murre (Charadriiformes) eggshell is similar to that of rhea-style paleognath eggshell 

in that „splaying‟ is obvious (Appendix Figure 8-15) and overall structure of European green 

woodpecker eggshell (Appendix Figure 8-16) is remarkably similar to that of tinamou-style 

paleognath eggshell. Mikhailov (1997a, 2019) pointed out that some eggshells of four neognath clades 

(Galliformes (e.g. Nys et al. 2004), Anseriformes, Coraciiformes, and Piciformes) have paleognath-

eggshell-like microstructure and Charadriiformes might be added to this list (Appendix Figure 8-15).  

Non-avian maniraptoran eggshells have strong vertical c-axis alignment as in paleognath eggshells 

(Choi et al. 2019, 2020). Shell unit structure of oviraptorosaur eggshells is similar to that of rhea-style 

paleognath eggshells except for needle-like ML, whereas shell unit structure of troodontid eggshell is 

strikingly similar to ostrich-style paleognath eggshell. See Choi et al. (2019) for further information. 
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8.3.1.2 Grain boundary mapping and actual size & thickness of egg  

 

Grain boundary (GB) mappings, actual size, and thickness of egg. Main features of paleognath 

eggshells are (Figure 8-2): (i) low-angle GB (lower than 20 degrees; green and blue lines in Figure 8-

2) are extensive although the position of high density of low-angle GB varies in each clade. In ostrich 

eggshell, low-angle GB are concentrated at the outer part of ML. In rhea, elephant bird, and thin moa 

eggshells, low-angle GB are mostly concentrated at the SqZ. In cassowary and emu eggshells, low-

angle GB are not widespread in SqZ, but abundant in granular layer. In thick moa eggshell, low-angle 

GB is not confined to certain positions; (ii) high-angle GB are dominant in kiwi, tinamou, and 

Lithornis eggshells and low-angle GB are mostly present in ML as in neognath eggshells (Choi et al. 

2019); (iii) ruggedness of GB changes abruptly at the boundary between SqZ and EZ in rhea, 

cassowary, emu, kiwi, elephant bird, tinamou, thin moa, and Lithornis eggshells. However, the 

ruggedness of GB is nearly unchanged in ostrich and thick moa eggshells, which have prismatic shell 

units (but see Appendix Text 8-8). 

In general, large eggs have thick eggshells and small eggs have thin eggshells (Figure 8-2; Juang et 

al. 2017). Notable outlier to this trend is a kiwi egg. Although their egg is large (especially compared 

to their body size; Abourachid et al. 2019), their eggshell is thin, comparable to that of tinamou 

eggshell. Meanwhile, diverse avian eggs‟ ellipticity and asymmetry were investigated by Stoddard et 

al. (2017). We reused their data to present the egg shape indices of paleognath eggs (Appendix Figure 

8-25). The result shows that compared to neognath eggs, paleognath eggs are characterized by low 

asymmetry but ellipticity is not confined to certain range, consistent with the result of Deeming 

(2018). 
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See Appendix Texts 8-4–6 and Appendix Figures 8-1–20 for the detailed description of GB 

mappings. 

 

8.3.1.3 Aspect ratio 

 

Aspect ratio (AR) mappings and histograms. Main characteristics of paleognath eggshells 

are (Figure 8-3): (i) rhea, emu, cassowary, kiwi, tinamou, thin moa, and Lithornis eggshells 

have background-level AR; (ii) ostrich, elephant bird, and thick moa eggshells show high AR. 

Compared to other paleognath eggshell, these three eggshells have highly positively skewed 

AR distribution as well. It is worth mentioning that the three eggshells are thickest among the 

paleognath eggshells (Figure 8-2). 

Neognath eggshells do not show high AR (Figures 8-11–16). Prismatoolithus levis and 

Triprismatoolithus show high AR, while Elongatoolithus has low AR (Appendix Figures 8-

17–20). Intriguingly, Macroelongatoolithus, which was suggested to have „cryptoprismatic‟ 

shell unit structure (Jin et al. 2007) shows intermediate AR between the two extremes.  

See Appendix Text 8-7 and Appendix Figures 8-1–20 for further information of AR analysis; 

Appendix Text 8-7 and Appendix Figure 8-21 discuss how AR could be helpful to diagnose 

„needle-like‟ structure in ML. 

  

8.4 DISCUSSION  

8.4.1. Evolution of paleognath eggshell through time 
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The phylogeny of paleognath has experienced revolutionary change since 2008 (compare Livezey 

and Zusi 2007 and Yonezawa et al. 2017; SI Appendix, Section 9) and it provides an unexplored 

chance to trace the evolution of crystallography and microstructure of modern dinosaur eggshell. We 

followed the phylogeny of Yonezawa et al. (2017), which is consistent with majority of other studies 

and estimated speciation timelines are available, but it should be noted that Cloutier et al. (2019) and 

Sackton et al. (2019) reported alternative phylogeny, which is characterized by switched positions of 

rhea and (tinamou+moa). We present our interpretation based on Yonezawa et al. (2017) herein 

because timelines are available in their tree, but see also Appendix Figures 8-26–28 for our 

interpretation based on the phylogeny of Cloutier et al. (2019) and Sackton et al. (2019).  

 There are notable features in the evolution of paleognath eggshells (Figures 8-1–3). (i) volant 

tinamou and Paleocene Lithornis (Altimiras et al. 2017; Torres et al. 2019) share considerable 

similarity not only in their skeletal characters (Houde 1988; Nesbitt and Clarke 2016), but also in their 

microstructure (Houde 1988; Grellet-Tinner and Dyke 2005) and crystallography of eggshells. If 

tinamou indeed has retained symplesiomorphic design of eggshell that dates back to Paleocene 

(Houde 1988) or even earlier (Figure 8-1; see below), then its corollary is that rhea-style and ostrich-

style microstructures were evolved from tinamou-style microstructure. Despite basalmost position, 

ostrich would not maintain primitive phenotypes of paleognath eggshell. In addition, several rhea-

style eggshells may have homoplastic relationship. For example, most recent common ancestor 

(MRCA) of moa and rhea is most likely a volant bird (Figure 8-2), which might have possessed 

tinamou-style eggshell. Considering that cladogenesis of rhea from the volant ancestor happened far 

earlier than that of moa (70.62 and 53.32 Ma, respectively; Figure 8-1; Yonezawa et al. 2017), they 

evolved independently from tinamou- or Lithornis-like MRCA (but considering the flight capability, 

„Lithornis-like‟ would be more probable; Altimiras et al. 2017; Torres et al. 2019) and so does their 

eggshell microstructure. Thus, the similarity between the rhea and thin moa eggshell would be most 

likely a homoplasy because the similarity was not inherited by their MRCA. (ii) Similar homoplasy-
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based explanation can be also applicable to the similarity of ostrich–style eggshells. Ostrich might 

have developed their peculiar eggshell microstructure after the cladogenesis in Late Cretaceous 

(Figure 8-1) and eventually reached similar microstructure with eggshell of troodontid Maniraptora 

(Zelenitsky et al. 2002; Varricchio and Jackson 2004), another clear case of homoplasy (Figure 8-3). 

Again, MRCA of moa and ostrich would be a volant bird with tinamou-style eggshell, thus prismatic 

shell units of thick moa eggshell might have been independently acquired (i.e. not homologous to 

ostrich eggshell). (iii) cassowary and emu (hereafter, casuariid) eggshells are nearly identical in all 

aspects. We interpret that their MRCA that lived in Paleogene Australia (a flightless bird most likely 

adapted to vegetated and very humid habitat as modern cassowary does; Moore 2007; Worthy et al. 

2014; Mitchell et al. 2014; Appendix Text 8-10) already acquired this unique microstructure. This 

similarity would be most probably homology. (iv) whether tinamou-style shell unit structure of kiwi is 

plesiomorphic to other paleognath eggshell is not clear. However, if so, it may imply that rhea-style 

elephant bird and casuariid eggshells might have been independently evolved (similar to (i) above). (v) 

rate of evolutionary change in microstructures of eggshell varies among clades. Casuariid eggshells 

show long stasis; eggshells of both genera changed little since their speciation (31.65 Ma; Figure 8-1). 

Furthermore, if the similarities between Lithornis and tinamou eggshells are homologous (Houde 

1988), their case provides more time-honored conservatism. In contrast, moa eggshells make very 

different story. Bunce et al. (2009) stated that giant and medium sized moa diverged in Pliocene (5.27 

Ma; Figure 8-1). 5.27 Myr is evolutionary biologically (or paleontologically) short time interval, but 

thick and thin moa eggshells show very different microstructures and crystallography (Figures 8-1–3). 

These contrasting conservatism and swift change in short time period are reminiscent of punctuated 

equilibrium (Gould and Eldredge 1993; see also Pennell et al. 2014). (vi) kiwi, tinamou, and Lithornis 

eggshells have Type 2 distribution most similar to that of neognath and (at least one) enantiornithine 

eggshells (Choi et al. 2019). Interestingly, kiwi and tinamou share several additional traits, which are 

unusual in other paleognath: thin eggshell, small body size, and affirmed existence of brood patch 

(Figure 8-2; Bailey 1955; Colbourne 2002; Lea and Klandorf 2002). These traits are shared with 
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contact-incubating neognath. Choi et al. (2019) posed two scenarios to infer the ancestral MD of 

Neornithes. Considering Type 2 distribution of Lithornis eggshell and potential plesiomorphy of 

tinamou eggshell (Houde 1988; Grellet-Tinner and Dyke 2005) that has Type 2 distribution, it is 

highly likely that basal (volant) paleognath (Torres et al. 2019) had Type 2 distribution, which is 

dominant in neognath and at least one enantiornithine eggshells (Choi et al. 2019). Type 1 distribution 

of „ratite‟ might have been secondarily acquired. (vii) Mitchell et al. (2014) proposed that there were 

at least six loss of flight events in paleognath lineages (see also Sackton et al. 2019). If so, the 

transition from tinamou-style to rhea- or ostrich-style occurred in line with loss of flight. Kiwi 

eggshell would be an exception to this trend. Although kiwi lost flight, they still have tinamou-style 

eggshell. Some characteristics of kiwi that are shared with tinamou, but not with other larger 

paleognath, may provide explanations, such as their small body size, existence of brood patch (hence, 

contact incubation) (Colbourne 2002), or even „phylogenetic inertia‟ (Edwards and Naeem 1993). 

Nevertheless, considering the bizarre relative size of kiwi eggs compared to adults (Abourachid et al. 

2019), the evolution of kiwi eggshell may be much more complicated than simple plesiomorphy-

based explanation (see also Worthy et al. 2013).  

 

8.4.2. Implications to paleontology 

 

Paleognath eggshells provide useful insights into paleontology (Figsure 8-1 and 8-3): (i) similar-

looking eggshells can be laid by closely-related taxa (e.g. Casuariidae). However, closely-related taxa 

can lay very different eggshells (e.g. moa). In paleontology, an embryo of non-avian dinosaur Troodon 

formosus (but see also van der Reest and Currie 2017) was found in an egg named Prismatoolithus 

levis (Varricchio et al. 2002). This taxon-ootaxon relationship has been widely (or over-widely) 

accepted that many prismatoolithid eggs were recognized as troodontid eggshell (e.g. Tanaka et al. 

2018) but it should be used with caution (see Mikhailov 2019) because there is possibility that at least 
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some troodontid dinosaur might have laid eggshells dissimilar to P. levis as the case of moa or 

distantly-related non-avian dinosaur taxa laid similar-looking eggshells independently as in the case of 

ostrich and thick moa eggshell. (ii) differentiating homology from homoplasy in similar-looking 

phenotypes should have paramount importance in morphology-based paleontology (e.g. Choi et al. 

2020; see also Rieppel and Kearney 2002). In our view, microstructure and crystallography of rhea 

and thin moa eggshells were acquired independently. In addition, it is almost certain that prismatic 

microstructures of P. levis, ostrich, and thick moa eggshells are the outcome of homoplastic evolution. 

In paleontology, many different types of eggshells are assigned to the oofamily Prismatoolithidae 

because they have prismatic shell unit structure, but it might be composed of eggshells from 

polyphyletic egg-layers as in „ostrich-style‟ eggshells in this study. Unless homoplastic characters are 

appropriately separated, the endeavors for parataxonomic systematics would have little evolutionary 

biological values but merely limited to morphological classification (Mikhailov 2014, 2019; see also 

Varrichio and Jackson 2004), which turned out to be highly „contaminated‟ by homoplasy in case of 

classification of paleognath (Livezey and Zusi 2007; Yonezawa et al. 2017; but see also McInerney et 

al. 2019 for recent morphological study that focused on less-homoplasy-prone part of the morphology 

of paleognath). In addition, potential homologous phenotypes might be overlooked (e.g. round ML of 

thick moa eggshell and tinamou eggshell), so careful observation aided by correct phylogenetic 

interpretation (in our case, Phillips et al. 2010) is needed. These principles are applicable to all other 

paleontological/neontological classifications that use morphological data as a basis of classification. 

(iii) prismatic microstructure might be directly derived from tinamou-style (e.g. ostrich eggshell) or 

via rhea-style paleognath eggshells (e.g. thick moa eggshell). Meanwhile, among non-avian 

maniraptoran eggshell, Elongatoolithus oosp. is rhea-style but P. levis is ostrich-style. Intriguingly, the 

eggshell of gigantic oviraptorosaur (Pu et al. 2017) Macroelongatoolithus has intermediate AR 

between them (Fig. 3). It may represent the intermediate stage between the two morphotypes that 

might be correlated with the gigantism of oviraptorosaur. Although correlation is not clear, we would 

like to emphasize that eggshell of ostrich and giant moa are characterized by ostrich-style 
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microstructure (hence, high AR) and elephant bird eggshell also has high AR (Figure 8-3). (iv) if Type 

2 distribution of kiwi and tinamou eggshells are indeed correlated with contact incubation (transfers 

body heat to an embryo) and pressure by an adult while Type 1 distribution of other paleognath are 

not (Choi et al. 2019), MD may offer an indirect evidence to infer brooding behavior not only for 

Mesozoic non-avian dinosaur (Choi et al. 2019; Choi and Lee 2019), but also for extinct paleognath 

such as moa and elephant bird (Huynen et al. 2010).  

 

8.4.3 Potential application of paleognath eggshell 

 

Potential applications. The relative abundance of paleognath eggshell in Cenozoic deposits makes it 

a biostratigraphically meaningful fossil (Harrison and Msuya 2005) but their microstructure and 

crystallography have rarely studied in detail. Paleognath eggshells are widely distributed in Cenozoic 

deposits in Africa, Asia, Europe, and Oceania, which have paleontological or archaeological 

significance. The eggshells have been conventionally differentiated into „struthionid‟ and 

„aepyornithid‟ types based on shape of pore openings (Sauer 1972). Because it is a simple criterion, it 

has been widely used in subsequent studies (Sauer and Rothe 1972; Sauer 1972; Stern et al. 1994; 

Harrison and Msuya 2005; Patnaik et al. 2009; Wang et al. 2011; Pickford 2014; Blinkhorn et al. 2015; 

Field 2017). However, Hirsch et al. (1997) stated that “The „struthionid‟ and „aeyornithid‟ pore system 

… should not be used solely in the identification and classification of eggshell”. Furthermore, slit-like 

(= „aepyornithid‟) and circular pores (= „struthionid‟) coexist in some Neogene paleognath eggshell 

fragments (Bibi et al. 2006; Pickford, 2014) and Quaternary moa eggshells (Gill 2007). It means that, 

at least in some species, the two different types of pore may represent just different parts of the egg 

(Bibi et al. 2006). Instead, we suggest that microstructural and crystallographic approaches presented 

in this study will provide rigorous and quantitative basis for identifying and archiving poorly 

understood Cenozoic paleognath eggshells (Sauer and Rothe 1972; Sauer 1972; Stern et al. 1994; 
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Hirsch et al. 1997; Harrison and Msuya 2005; Bibi et al. 2006; Donaire and Lopez-Martinez 2009; 

Patnaik et al. 2009; Wang et al. 2011; Pickford 2014; Blinkhorn et al. 2015). These investigations 

would not only be helpful for understanding the evolutionary history of paleognath eggshells, an 

unexplored avenue of ornithology and paleontology, but also be useful for archaeologists and 

anthropologists who need biostratigraphic tools for their localities (Harrison and Msuya 2005; see also 

Sharp et al. 2019 for the potential of absolute age dating for fossil paleognath eggshells). 

Finally, paleoenvironmental information can be acquired from eggshells (Montanari 2018; Niespolo 

et al. 2020). Because Cenozoic paleoenvironmental or geological events that might have influenced 

the evolution of paleognath are comparatively well understood (Mitchell et al. 2014; Claramunt and 

Cracraft 2015; Grealy et al. 2017; Yonezawa et al. 2017; Crouch and Clarke 2019), further analytical 

investigation on Cenozoic paleognath eggshells may shed light on the paleoenvironmental settings of 

fossil localities and their effects in the evolution of paleognath and its eggshell (Niespolo et al. 2020). 

 

8.4.4 Future research suggestions 

 

Concluding remarks. Modern and fossil paleognath eggshells showed that similarities in eggshell 

might have been independently acquired as body shape of paleognath. It implies that morphological 

similarities in fossil eggshell should be used with caution in order not to make artificial 

parataxonomic groups. We suggest following studies for more comprehensively understanding of the 

reproductive biology of modern and extinct paleognath. (i) Cretaceous „ratite-morphotype‟ eggshells. 

There are thin „ratite-morphotype‟ fossil eggshells from the Upper Cretaceous deposits (Choi and Lee 

2019 and references therein). Considering the estimation that paleognath and neognath diverged in 

Early Cretaceous (Figure 8-1), at least some of Late Cretaceous „ratite-morphotype‟ eggshell might 

belong to primitive (volant) paleognath. For example, ootaxa Sankofa pyrenaica (Lopez-Martinez and 

Vicens 2012), Pseudogeckoolithus cf. nodosus, and P. aff. tirboulensis (Choi et al. 2020) have rhea-
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style microstructure. Although here again, the possibility of homoplasy should not overlooked, along 

with Cenozoic paleognath eggshells (see above), further studies on Cretaceous materials may provide 

new indirect evidence on the presence of paleognath in Cretaceous (see discussion of Choi and Lee 

2019). Note that our interpretation is mainly based on the assumption that Lithornis eggshell 

represents pleisiomorphic character states of all paleognath eggshells, and in some lineages (i.e. 

tinamou), these characteristics have been conservatively maintained. However, if some Late 

Cretaceous rhea-style „ratite-morphotype‟ eggshells turn out to be true paleognath eggshell, our 

interpretation should be revised accordingly. (ii) Brood patch. Tinamou and kiwi have brood patches 

(Lea and Klandorf 2002). To our knowledge, however, the presence or absence of brood patch in other 

paleognath is not well-understood. Because the presence of brood patch may be related to the 

presence of contact incubation and particular misorientation distribution in eggshell (Figures 8-1,2), 

the investigation on brood patch of all modern paleognath could provide insights into reproductive 

biology of extinct paleognath (e.g. moa, elephant bird, and Lithornis) and non-avian maniraptoran 

eggshell (Choi et al. 2019) whose eggshells are available. (iii) Phylogeny of paleognath. Our 

interpretation is mainly based on the phylogeny of Yonezawa et al. (2017), but it might not be the final 

consensus on this issue (e.g. Sackton et al. 2019). Hence, our interpretation is not final and it should 

be revised in line with the accumulated understandings on the phylogeny of paleognath, such as final 

agreement on the topology of tree and revised timelines of evolution. 
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Figure 8-1. Paleognath, neognath, and non-avian maniraptoran eggshells illustrated by IPF 

mapping and misorientation histograms. See Appendix Figsure 8-1–20 for detailed images. 

The phylogeny and speciation timelines of paleognath are based on Yonezawa et al. (2017) 
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and Bunce et al. (2009); branchings in neognath and non-avian maniraptoran are arbitrary, 

not reflecting specific time. Silhouettes represent taxa and their habitats. Blue bars in 

misorientation histograms were made by neighbor-pair method whereas red bars random-

pair method (see Choi et al. 2019 for explanation). The numbers in x-axis of misorientation 

histogram denote angle between the selected grains and y-axis marks frequency. All scale 

bars left to the IPF mappings is 200 µ m. A red solid line marks K/Pg boundary; a dashed 

sky blue line denotes the initiation of cooling events in Miocene that might have caused 

gigantism of paleognath (Crouch and Clarke 2019).  
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Figure 8-2. GB mappings, eggshell thickness, and egg size of paleognath. The green, blue, 

and purple lines in GB mapping denote the angle range between the calcite grains. All 

eggshell mappings (including IPF mapping of chicken eggshell) are drawn to scale; note a 

scale bar at the lower right corner. The silhouettes of paleognath are drawn to scale (note a 

human next to elephant bird and a chicken at the upper right corner). Egg shape and size are 

drawn to scale (Hauber 2014; Stoddard et al. 2017). Two extinct lineages are marked by 

daggers. Kiwi and tinamou are the only two clades that have definite report of brood patc h 

(Lea and Klandorf 2002). Landing symbols denote potential independent losses of flight 
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(Mitchell et al. 2014; see also Sackton et al. 2019) and flying bird silhouettes denote volant 

taxa. A solid sky blue line emphasizes notable similarities between Lith ornis and tinamou 

that may be attributable to plesiomorphy: body-shape, flight, eggshell microstructure 

(Houde 1988; Grellet-Tinner and Dyke 2005; Nesbitt and Clarke 2016) and crystallography. 

A dashed sky blue line implies potential preservation of plesiomorphic characters in kiwi 

eggshell. Red and purple bars represent potential independent origins of ostrich - and rhea-

style eggshells, respectively.  
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Figure 8-3. AR mappings and histograms of paleognath and non-avian maniraptoran 

eggshells. Note that ostrich, Late Cretaceous Prismatoolithus levis, giant moa (possibly 

Dinornis), elephant bird, and Late Cretaceous Macroelongatoolithus eggshells are 

characterized by higher aspect ratio. Silhouettes of non-avian dinosaur are drawn to scale.  
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CHAPTER 9: GENERAL DISCUSSION AND CONCLUDING REMARKS 

 In this dissertation, I examined microstructures and crystallography of diverse fossil and modern 

eggshells. EBSD analysis was particulary useful for this purpose because it can show the 

microstructure and crystallography at the same time, and more importantly, the grains are analyzed in 

situ. Rodriguez-Navarro et al. (2007) showed the usefulness of X-ray diffraction (XRD) in eggshell 

research because XRD offers the size, number, preferred orientation of calcite in eggshells. However, 

EBSD shows much better data because it directly analyze the shape, size, number, and preferred 

orientation of calcites. In this regards, EBSD offers the most powerful approach to biomineralization 

study as summarized by Cusack (2016).  

 The result of the studies shows that eggshells of Gekkota are composed of calcite, but its underlying 

developmental mechanism is completely different from archosaur eggshells. Although both eggshells 

are composed of calcite, this finding strongly supports the view that rigid eggshells of geckos and 

archosaurs were independently acquired (Sander 2012). The strength of EBSD lies in the fact that it 

can show the developmental pathway of eggshell mineralization. Superficial similarity can be, 

therefore, differentiated by this method and more rigorous test to homology versus homoplasy can be 

possible. This principle is applicable to many apparently „similar‟ eggshells (e.g. Chapter 7). In some 

literature, gekkotan eggshells were treated as a most primitive state of amniote eggshell (e.g. 

Carpenter 1999). However, I would emphasize that this interpretation may not be true because 

gekkotan eggshell is not homologous to any archosaur eggshell. Finally, I would like to note that 

understanding the rigid eggshell of the Dibamidae would be important to understand the evolution of 

rigid eggshells in squamates. Their eggshell would not be homologous to the rigid eggshell of 

Gekkota because the rigid eggshell of Gekkota might have been evolved after the cladogenesis of 

Gekkota (Figure 3-1) Nevertheless, if overall crystallography of dibamid eggshell is similar to that of 

Gekkota, we would be able to test the notion of „deep homology‟ (Shubin et al. 2009) and „constraint‟ 

(Losos 2011) in eggshell research. In short, EBSD has a great potential in zoological studies that deal 
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with calcified eggshell of vertebrates. In order to understand the evolution of calcified eggshell, many 

more modern eggshells should be analyzed using EBSD.  

 In this dissertation, Chapters 5–8 deal with maniraptoran eggshells. These results show that non-

avian maniraptoran eggshells have many things in common with avian eggshells. This is not only 

applicable to their microstructure (Mikhailov 1997), but also applicable to their crystallography. 

Notably, non-avian maniraptoran, enantiornithine, and paleognath eggshells are all characterized by 

strong preferred orientation. Neognaths are not consistent with this and have comparatively randomly-

oriented crystallography. The reason behind it is unclear and some preliminary data show that not all 

neognath eggshells are characterized by randomly-oriented crystallography (e.g. common murre). 

Considering the fact that neognaths are composed of nearly 10,000 species, much more investigation 

on neognath eggshells is needed to see the complete pattern of crystallography. Anyhow, at least in 

maniraptoran eggshells, paleognath eggshells seem to have much more in common with extinct 

Mesozoic Aves and non-avian dinosaurs so they might be a better modern analogue for Mesozoic taxa.  

 EBSD analysis also showed that microstructures of maniraptoran eggshells can be effectively 

represented by crystallographic data. EBSD offers much objective results than conventional methods 

such as PLM and SEM (Moreno-Azanza et al. 2013) because all the results are presented as digitized 

form, so not only more detailed qualitative data are usable, but also quantitiave approaches are also 

possible. The latter is more important, and misorientation angle distribution might have a relationship 

with behavioral tratis of extinct taxa (Chapter 5). In order to test whether this is indeed a case, along 

with crystallographic data, more detailed behavioral traits of modern sauropsids are also needed.  

 The EBSD results show that there are similar traits among the diverse maniraptoran eggshell. These 

include microstructural characters (grain shape and aspect ratio), crystallographic features (e.g. Type 

1 and Type 2 distributions). In most cases, similar phenotypes are interpreted as a homology and 

usually coded into the same state in a character matrix, which is used in phylogenetic analysis. 

However, the result of this study shows that this usual approach might be vulnerable to homoplastic 

character evolution. For example, ostrich eggshell and Prismatoolithus levis (eggshell of Troodon 
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formosus) are characterized by very high aspect ratio values, meaning that they are composed of very 

long calcite grains. This feature is also observed in extinct moa eggshells. However, considering the 

phylogenetic relationships in molecular-tree of the Palaeognathae (Yonezawa et al. 2017) and 

maniraptoran dinosaurs in general, the similar phenotypes of these three eggshells might be most 

probably acquired independently. Therefore, one should use morphological similarities with extreme 

caution because homoplastic similarities can cause severe false-positive signal in phylogenetic 

analysis. Although EBSD can clearly show the different developmental mechanisms behind the 

similar looking calclite grains (e.g. Chapter 7), it cannot differentiate the true homology from 

homoplasy if two phenotypes still share the same developmental mechanism. Hence, future research 

should focus on how to differentiate homoplastic similarities from homologic ones in fossil eggshell.  

 Raman spectroscopy has been a useful tool in geology, but it was not a popular tool in vertebrate 

paleontology until recently. However, it successfully showed that potential organic material (cuticle, 

pigment) can be detected (Yang et al. 2018; Wiemann et al. 2018). Because Raman spectroscopic 

analysis does not require complicated preparation steps, and hence, non-destructive, it is very 

promising tool in fossil eggshell research. In Chapter 4, I showed that the dark band at the inner part 

of the Aenigmaoolithus is attributable to the presence of amorphous carbon. This finding has two lines 

of implications. First, although Kim et al. (2018) argued out that a mineral called chamosite is a main 

reason behind the dark color of Korean fossil materials, this study showed that amorphous carbon 

might be an additional reason. In A. vesicularis, a dark band in the inner part is characterized by the 

large quantity of amorphous carbon, and very vague middle dark bands also had non-negligible 

quantity. The distribution of amorphous carbon explained the color of A. vesicularis, implying that 

this approach might be also applicable to dinosaur eggshells from Wido Volcanics.  

 If amorphous carbon signal is also detected in eggshells from other localities, this approach might be 

extended to other materials from the Korean Peninsula. Fossils from the Cretaceous basins in the 

Korean Peninsula are usually dark in color, and if these are also attributable to the thermally matured 

organic material rather than chamosite (Kim et al. 2018), the approach adopted in this study can be 
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also applied to diverse calcite-based macrofossils such as mollusks. In addition, Japanese basins share 

similar geological setting with the sedimentary basins in the Korean Peninsula (Chough and Sohn 

2010), so Japanese materials might have similar results with those of Korean materials. Future 

research might also aim to investigate the amorphous carbon signal from other East Asian fossil 

eggshells, or other continents (Europe and America) where many fossil eggshells have been reported.  

 In conclusion, the results of this dissertation show that fossil eggshells have great values to diverse 

paleobiologic and geologic questions. As a biomineral, eggshells contains the biologic information, 

which might have been selected by natural selection. Because fossil eggshells have been evolved and 

contain phylogenetic signal (Tanaka et al. 2011; Choi and Lee 2019), future research should try to 

find as many latent data as possible. EBSD successfully showed that it can read diverse data, which 

were unavailable to be recognized by conventional techniques (e.g. SEM, PLM). These include 

crystallographic dichotomy of archosaur and gekkotan eggshells, two different types of misorientation 

distribution, quantitative expression of microstructure in maniraptoran eggshells, homoplastic 

evolution of ornamentation in diverse amniotic eggshells, and homoplastic evolution of grain shape in 

paleognath eggshells. More fossil and extant materials should be analyzed with EBSD and the 

methodologies developed in this study should be refined, if necessary, to be a better tool. Considering 

the fact that EBSD is not widely available, it should be also investigated whether XRD can be a good 

substitution for an EBSD when it comes to its crystallographic data. Because XRD is a more easily 

available tool, if confirmed, XRD can also contribute to the crystallographic data of fossil and modern 

eggshells. Raman spectroscopy also showed great potential when it comes to the investigation of 

organic material and its use for paleotemperature estimation. If supported by further studies, eggshell 

can be a useful material that can show the tectonic setting of fossil bearing deposits. There are many 

more techniques that might be applicable to the fossil and modern eggshells. Developing diverse 

approaches, which were not tried in fossil eggshells research, and vertebrate paleontology in general, 

would be meaningful next step for my research career. 
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APPENDICES  

 

APPENDIX I. COMPARATIVE STUDY OF EGGSHELLS OF GEKKOTA 

 

Appendix Text 3-1. Detailed description of each eggshell by the respective methods. 

Microstructural features under polarized light microscope 

 

Gekko gecko  

 The eggshell is mainly composed of four layers: the innermost shell membrane, the columnar layer 

composed of the jagged columnar structure, the plain layer, and the outermost covering layer (Figure 

3-3A, 3-4A). The columnar layer shows the columnar extinction pattern under cross-polarized light. 

The plain layer is divided into three sublayers from inside to outside: a faint dark band, a transparent 

layer, and a thin dark band. This pattern is far clearer in thicker thin sections (i.e., more than 30 μm). 

The plain layer does not have any extinction pattern under cross-polarized light. Ornamentation is 

irregularly distributed on the outer surface as nodes and some nodes have an empty space. “Pore-like” 

(sensu Packard and DeMarco 1991) structures are observed in the center of the nodes, but it seems 

that they only reached the jagged columnar layer. The width of the pore-like structure becomes 

thinner towards the columnar layer (Appendix Figure 3-1). The pore-like structure usually begins 

from the empty space of the ornamentation. Rarely, large concave area (sensu Packard and Hirsch 

1989) occurs in the inner part of the eggshell but its associated concretion reported in (Packard and 

Hirsch 1989) is not observed (Appendix Figure 3-1). The thickness of the eggshell without 

ornamentation is 0.261–0.283 mm (0.272 mm in average) whereas it is 0.305–0.335 mm (0.322 mm 

in average) with ornamentation. 

 

Paroedura pictus  

 The eggshell is homogeneous under plane-polarized light and composed of the shell membrane, the 

columnar layer, and the outermost covering layer (Figures 3-3B, 3-4B). Under the cross-polarized 
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light, triangular to polygonal extinction patterns exist from the bottom to the middle of the columnar 

layer (Figure 3-4B2). The outer surface is sometimes characterized by irregular ridge-like 

ornamentation. The thickness of the eggshell is 0.027–0.039 mm (0.033 mm in average). 

 

Paroedura stumpfii 

The eggshell is composed of four layers: the shell membrane, the plain layer where no columnar 

structure exists, the porous layer, and the outermost covering layer (Figures 3-3C, 3-4C). Protruding 

calcite concretions, similar to those of Phelsuma madagascariensis eggshell (Packard and Hirsch 

1989), are occasionally observed in the inner surface (Appendix Figure 3-1). The extinction pattern is 

columnar to sub-triangular and some of them reach the outer surface. The porous layer is filled with 

elliptical but highly irregular pores (see also BSE image below). The thickness of eggshell is 0.079–

0.090 mm (0.084 mm in average). 

 

Phelsuma grandis 

The eggshell can be differentiated into five layers: the shell membrane, the blocky layer, the 

columnar layer with a dark band in the middle, and the surface layer with granular ornamentation, and 

the very thin covering layer which is a mixture of proteins and calcites (Figures 3-3D, 3-4D). The 

blocky layer is wavy and not as bright as the columnar layer above under the cross-polarized light. 

The columnar layer is the main part of the eggshell. Similar to the eggshell of Gekko gecko, a dark 

band exists in the middle of the eggshell. Columnar extinction pattern is apparent under the cross-

polarized light which resembles that of Gekko gecko eggshell. However, contrary to Gekko gecko 

eggshell, it extends beyond the middle part of the eggshell and nearly reaches the outer surface. At the 

surface layer, numerous calcite granules (ornamentations) are distributed as Phelsuma 

madagascarensis eggshell (Schleich and Kastle 1988; Packard and Hirsch 1989). These granules are 

covered by a very thin covering layer (see also BSE image below). Although extinction of these 
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granules are also observed, the exact pattern of extinction is not extractable due to their tiny size. The 

thickness of eggshell is 0.110–0.128 mm (0.116 mm in average). 

 

Correlophus ciliatus 

 The eggshell is composed of four layers: the boundary layer, the shell membrane composed of 

proteins occupying the inner half of the eggshell, the stem-like structure which is a mixture of calcites 

and proteins, and the outermost cap-like structure where no protein fiber exists and compact than the 

stem-like structure below (Figures 3-3E, 3-4E). The boundary layer and shell membrane do not show 

any characteristic features under the light microscope. The boundary between the shell membrane and 

stem-like structure is gradational under plane-polarized light. Sub-triangular to polygonal extinction 

patterns are observed at the stem-like structure under cross-polarized light and some of these 

extinctions reach the outer surface. The cap-like structure is laterally continuous. The outer surface of 

the eggshell is smooth but a few bumps exist, which is a reflection of the wave-like ornamentation of 

surface (see Figure 3-5E1). The thickness of the eggshell ranges from 0.153–0.167 mm with an 

average of 0.160 mm. The average thickness of the calcareous layer is 0.090 mm.  

 

Rhacodactylus leachianus  

The eggshell is mainly composed of four layers: the boundary layer, the shell membrane, the mixed 

layer where calcites and proteins coexist, and the crystalline layer solely composed of calcites 

(Figures 3-3F, 3-4F). The boundary layer and shell membrane are not characteristic. The boundary 

between the shell membrane and mixed layer is abrupt, compared to Correlophus ciliatus eggshell. 

The mixed layer shows columnar or wedge-like extinction pattern which is more extended 

longitudinally to the bottom than that of Correlophus ciliatus eggshell under cross-polarized light. 

This extinction pattern reaches the boundary between the mixed and crystalline layers. The crystalline 

layer (see BSE image below) is very thin and lacks extinction pattern under cross-polarized light. The 

outer surface of the eggshell is mainly smooth but low relief mounds are present with pore-like 
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structures (see also Figure 3-6F). These pore-like structures link the interior of the shell to the exterior, 

piercing the calcareous layer. The thickness of eggshell ranges from 0.216–0.229 mm with an average 

of 0.223 mm. The average thickness of the calcareous layer is 0.156 mm. 

 

Eublepharis macularius 

 The eggshell is composed of four layers: the boundary layer, the shell membrane, the stem-like 

structure, and the cap-like structure (Figures 3-3G, 3-4G). The boundary layer and shell membrane are 

not characteristic under polarized light microscope. The stem-like and cap-like structures do not show 

sharp extinction pattern but their pattern is similar to that of Correlophus ciliatus eggshell in that sub-

triangular to polygonal extinction is dominant. In high magnification, the outer surface of the eggshell 

is characterized by the wavy undulation, which is similar to those of scincid lizard eggshells (Osborne 

and Thompson 2005). Each unit of undulation is bounded by the “pore-like” structures (Appendix 

Figure 3-1). The thickness of the eggshell is 0.066–0.076 mm (0.071 mm in average), and the average 

thickness of the calcareous layer is 0.036 mm. 

 

Ultrastructural features in SEM images 

 

Secondary Electron Image 

 

Gekko gecko (Figure 3-5A; Appendix Figure 3-2) 

The outer surface is distinguishable by its nodular ornamentation (Figure 3-5A1). They are dome-

shaped with around 100 μm in diameter. Each ornamentation is covered with morning glory-shaped 

polygonal calcareous structures that have a central concavity. Not all the polygonal structures look the 

same but a few of them are composed of minute columns. The polygonal structures are also 

distributed on the surface of the covering layer. Below the polygonal structure, starfish-like structures 

cover the covering layer. The covering layer beneath the polygonal structures looks smooth. This 

layer is occasionally cracked so the underlying plain layer can be seen through the cleavage. The fresh 
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radial section of Gekko gecko eggshell shows three distinct layers: the columnar layer composed of 

the jagged columnar structure, the outer two-thirds plain layer, and the outermost covering layer 

(Figure 3-5A2; Packard and Hirsch 1989). The innermost surface of the columnar layer is needle-like 

(sensu Packard and DeMarco 1991) and horizontal fissures are observed in the inner part of the 

columns. The stacked calcite plates forming a column are clearly observable in the inner region of the 

columnar layer. The plain layer is amorphous and not characteristic. Protein fibers are distributed in 

both columnar and plain layers and are randomly oriented. Where these fibers are eliminated, vesicles 

(sensu Mikhailov 1997) and hollow tube-like pits are left behind. The width of protein fibers are 

equivalent to those of vesicles. Remnants of the shell membrane (i.e., a membrane between the 

eggshell and albumen) are distributed across the inner surface of the eggshell. The inner surface is 

filled with the acute tips of jagged columns (Figure 3-5A3). As pointed out by (Packard and Hirsch 

1989), a group of tips has the same orientation. In high magnification, the stacked plate structure of 

the tip is prominent which is definitely different from the radiating mammillary layer of bird eggshells 

(Zelenitsky et al. 2002; Zelenitsky and Modesto 2003). 

 

Paroedura pictus (Figure 3-5B; Appendix Figure 3-3) 

The outer surface is covered with reticular ornamentation in low magnification (Figure 3-5B1). 

Several pore-like openings exist which are round to sub-oval in shape but not all of them penetrated to 

the inner end. The covering layer is very thin so underlying spherical shell elements are seen through 

it. Where the covering layer was peeled off, minute spherical shell elements are observed. The radial 

section of the eggshell could be divided into three layers: the inner columnar layer where columnar 

structure is clearly seen, the outer columnar layer where columnar structure is weakly developed, and 

the thin covering layer (Figure 3-5B2). The inner surface of the columnar layer is needle-like. The 

outer columnar layer is relatively amorphous compared to the inner columnar layer but some columns 

are traceable to the outer surface. The outer end of the columnar layer has ridge-like ornamentation, 

confirming that ornamentation in the outer surface is made by the calcites, but not by protein fibers. 



２３９ 

` 

Many vesicles are observed in the eggshell regardless of the location. Occasionally, chamber-like 

structure occupies the eggshell. The upper surface of this structure is composed of well-developed 

columnar structure that converges towards the top of the chamber. In addition, several porous fan-

shaped honeycomb-like structures are observed in the chamber. The inner surface of the eggshell is 

covered with the shell membrane with spongy calcite granules. Where the shell membrane was peeled 

off, the inner surface of columnar layer was exposed to show the characteristic pits (=chamber-like 

structure) that vary in diameter (Figure 3-5B3). These pits are hollow or porous granular structures are 

observed inside them. Sometimes, they are filled with the calcareous matter (=honeycomb-like 

structure?) whose function is mysterious or covered with membrane-like matter (possibly the 

remnants of block layer; see EDS analysis below). The general inner surface of columnar layer shows 

needle-like structure.  

 

Paroedura stumpfii (Figure 3-5C; Appendix Figure 3-4) 

The outer surface is similar to that of Paroedura pictus eggshell in that ornamentation covers the 

main eggshell below but the ornamentations of Paroedura stumpfii eggshell are more flattened than 

those of Paroedura pictus eggshell (Figure 3-5C1). Its radial section is fairly different from those of 

other rigid gekkotan eggshells and could be divided into three layers: the inner half plain layer, the 

outer half porous layer, and the outermost covering layer (Figure 3-5C2). The plain layer does not 

have the columnar structure unlike other rigid gekkotan eggshells. Although stacked calcite plates are 

seen from this layer, they do not show a unidirectional pattern but somewhat random orientation. In 

contrast, the outer half of the eggshell (=porous layer) is highly porous and composed of spherical 

shell elements. The porous layer is filled with highly irregular pores. The outer surface of the eggshell 

is generally flat but ornamentations are distributed as in Paroedura pictus eggshell. The covering 

layer is slightly separated from the main eggshell. The inner surface is covered with the shell 

membrane with spongy calcite granules that cover needle-like structures in inner view. A few 
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protruding calcite concretions are observed on the inner surface (Figure 3-5C3). The tips of needle-

like structure resemble those of other rigid gekkotan eggshells. 

 

Phelsuma grandis (Figure 3-5D; Appendix Figure 3-5) 

In low magnification, the outer surface shows reticular ornamentation but not as clear as those of 

Paroedura eggshells (Figure 3-5D1). In high magnification, minute polygonal calcite crystals (no 

more than 1 μm
2
 in area) are observable on the surface which are fused together to form a smooth 

surface texture. The radial section is mainly composed of five layers: the innermost shell membrane 

with loose calcite granules, the blocky layer, the jagged columnar layer which is a main part of the 

eggshell, the surface layer where calcite granules and protein are interwoven, and the very thin 

covering layer (Figure 3-5D2). The shell membrane is mostly composed of protein fibers and spongy 

calcite granules. The blocky layer is morphologically different from the columnar layer above in that 

it lacks any structural characters. The tip of the jagged columnar layer is needle-like and resemble the 

inner surface of other rigid gekkotan eggshells. Occasionally, horizontal fissures and stacked calcite 

plates that constitute a column are observed near the inner part of the columnar layer as in Gekko 

gecko and Paroedura pictus eggshells. The jagged columnar layer is the main part of the eggshell. 

Contrary to the eggshell of Gekko gecko, however, these columnar structures reach the outer surface 

as in the case of Phelsuma madagascarensis eggshell (Packard and Hirsch 1989). Above the columnar 

layer, a surface layer exists where spherical calcite granules are interwoven with fibrous proteins 

(Kastle and Schleich 1988). Finally, the covering layer covers the outermost end of the eggshell. The 

shell membrane is composed of loose calcite granules embedded in the protein matrix in inner view. 

These oval granules consist of tiny platy particles. Where the shell membrane was peeled off, the 

exposed inner surface of blocky layer shows platy units. Where the blocky layer was eliminated 

further, needle-like structure is observed (Figure 3-5D3) with protein fibers paralleled to the inner 

surface. However, they are not as acute as those of other rigid gekkotan eggshells, which might be 

related to failed embryogenesis of the material (Packard and Hirsch 1989).  
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Correlophus ciliatus (Figure 3-5E; Appendix Figure 3-6) 

The outer surface has conspicuous ripple-like ornamentation (Figure 3-5E1). Ridges are parallel and 

the wavelength between the ridges is approximately 57 μm. The outer surface is composed of suboval 

granules and many of them had a low relief depression at the central region. In some places, however, 

each granule has a volcano-like convex structure with a pinhole in the center. It seems that this 

convex structure represents the top layer of each columnar shell units. The radial section of the 

eggshell could be divided into four layers: the innermost boundary layer composed of very compact 

protein fibers, the shell membrane, the stem-like structure that have columnar or wedge-like shapes, 

and the cap-like structure which is composed of suboval granules (Figure 3-5E2). The inner half of 

the eggshell is solely composed of the shell membrane. The stem-like structure gradually begins from 

the shell membrane. There are numerous protein fibers in the stem-like structure but they are not as 

much as the underlying shell membrane. The upper portion of the stem-like structure is composed of 

dense calcites with the nearly complete absence of protein fibers. The columnar or wedge-like shell 

units (which are composed of both stem- and cap-like structures) are approximately 35 μm tall, and 

structurally very similar to tuatara eggshell (Packard et al. 1988). The boundary layer is composed of 

rigid protein fibers and morphologically different from the shell membrane lying above (Figure 3-

5E3). 

 

Rhacodactylus leachianus (Figure 3-5F; Appendix Figure 3-7) 

The outer surface is featureless in low magnification (Figure 3-5F1). It has a smooth surface without 

ornamentation. In high magnification, the minute granular constituents are observed on the outer 

surface. Except for capsule-like structure in some areas, they are flattened with a concave central 

region as in the case of Correlophus ciliatus eggshell. The granular structures are also fused together 

to form a flattened surface. The radial section has a similar structure with that of Correlophus ciliatus 

eggshell. It could be divided into four layers: the innermost boundary layer composed of compact 
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fibers, the shell membrane, the mixed layer of calcites and proteins without columnar or wedge-like 

structure, and the outermost crystalline layer composed of very thin minute granules (Figure 3-5F2). 

The shell membrane of the eggshell is composed of proteins. Unlike other soft gekkotan eggshells, the 

mixed layer that may be homologous to stem-like structure of other soft eggshells does not have 

columnar or wedge-like structure. The outer portion of mixed layer and crystalline layer are solely 

composed of calcite and protein fibers do not exist. The inner surface of the eggshell (=boundary layer) 

is composed of rigid protein fibers (Figure 3-5F3). Rarely, convex mounds are observed where 

protein fibers are dominant. Compared to Correlophus ciliatus eggshell, protein fibers are more 

conspicuous in Rhacodactylus leachianus eggshell. Many elongated globular structures are observed 

but it is not certain whether they are microbes or eggshell components. 

 

Eublepharis macularius (Figure 3-5G; Appendix Figure 3-8) 

The outer surface is composed of closely packed calcareous blocks as that of a scincid lizard 

Lampropholis eggshell (Figure 3-5G1; Osborne and Thompson 2005). These blocks composed of 

spherical shell elements are sub-angular to sub-round in shape. In many cases, central depressions 

exist on the blocks which resemble those of tuatara eggshells (Packard et al. 1988). The eggshell 

could be divided into four layers in radial view: the innermost boundary layer, the shell membrane, 

the stem-like structure, and the outermost cap-like structure (Figure 3-5G2). The eggshell of 

Eublepharis macularius has a deep shell membrane that occupies most of the eggshell thickness 

(Schleich and Kastle 1988; Deeming 1988). In addition, protein fibers near the calcareous layer show 

wave-like pattern. Contrary to the conventional knowledge that the thin calcareous layer simply 

overlies the shell membrane below (e.g., Schleich and Kastle 1988), calcite shell units are composed 

of stem- and cap-like structures as Correlophus ciliatus and tuatara eggshells. The outer surface also 

shows wave-like outline as scincid lizard eggshells in radial view due to the calcite blocks and their 

convexity (Osborne and Thompson 2005). The boundary layer does not look very tough compared to 



２４３ 

` 

other soft gekkotan eggshells so that fibrous proteins in the shell membrane are seen through the 

boundary layer (Figure 3-5G3). 

 

Backscattered Electron Image 

 

Gekko gecko (Figure 3-6A; Appendix Figure 3-9) 

The inner half of the eggshell is characterized by the sub-parallel horizontal accretion lines, which 

may be horizontal fissures mentioned in Secondary Electron image. They are highly conspicuous in 

the innermost part of the columnar layer (around one-sixth of the whole eggshell), but they abruptly 

weaken and gradually fade out at the middle of the eggshell. Circular structures with a central hole 

appear where accretion lines become weak. A central hole in the circular structures is much smaller 

than the vesicles in the eggshell. The plain layer is filled with circular structures that become larger at 

the outer surface. Contrary to the circular structures in the columnar layer, many of them in the plain 

layer do not have a central hole. The ornamentation is crater-shaped and its cavity is filled with an 

enigmatic bulbous structure. The tiny polygonal structure at covering layer is observable. The 

distribution of the vesicles is noticeable in BSE image. Many of them are circular to sub-circular 

(tube-like shapes are just a reflection of the random orientation of protein fibers). The density of 

vesicles is usually higher near the outer surface than any other regions. Near the pore-like structure, 

the curve of horizontal accretion lines is concave up which is matched with the bending of dark bands 

near the pore-like structure (Figure 3-4A). 

 

Paroedura pictus (Figure 3-6B; Appendix Figure 3-10) 

The spongy calcite granules are observed in the shell membrane. In rare cases, the blocky layer is 

present between the shell membrane and columnar layer (see EDS analysis below). Above the shell 

membrane (and blocky layer) is a massive calcareous sublayer without any characteristics in the inner 

part of the columnar layer. The main columnar layer continues to the outer surface with abundant 
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circular structures with central holes. These structures are more densely concentrated in the inner part 

than the outer part of the columnar layer. The chamber-like structures contain a different quantity of 

calcareous matter. Usually, fully filled calcareous matter coexists with a well-preserved blocky layer 

(=membrane-like matter in Secondary Electron image). The outer surface of the eggshell is mostly flat 

except for a few irregularly distributed ornamentations. The calcite in the covering layer is slightly 

separated from the columnar layer below. 

 

Paroedura stumpfii (Figure 3-6C; Appendix Figure 3-11) 

The BSE image can be further differentiated into four sublayers. The inner part of the plain layer 

(one-fourth of the eggshell) has horizontal fissures with the needle-like structure at its innermost end. 

In the outer part of the plain layer, circular structures with a central hole begin to appear and continue 

to the outer end of the eggshell. The porous layer is highly porous with vertically extended irregular 

pores, composed of circular structures. Although circular structures are present in the porous layer, 

they are less developed than those of the plain layer. No protein fibers exist in the pores of the porous 

layer. The outermost part of the porous layer is a continuous calcareous sublayer occasionally 

punctured by orifices. In very rare cases, the blocky layer is present between the shell membrane and 

columnar layer as Paroedura pictus eggshell (see EDS analysis below). 

 

Phelsuma grandis (Figure 3-6D; Appendix Figure 3-12) 

The BSE image shows six different sublayers. The shell membrane is made up of porous calcite 

granules and protein fibers. The calcareous part of the eggshell begins by the blocky layer which is 

detached from the main eggshell. The inner end of the columnar layer is characterized by the needle-

like structure. Around one-fourth of the columnar layer is distinguished by its sub-parallel accretion 

lines, which are similar to those of Gekko gecko eggshell. This structure extends to the middle of the 

columnar layer but becomes gradually weaken. The most characteristic feature of the outer three-

fourth of the columnar layer is circular structures with a central hole. These structures are highly 
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concentrated in the middle part of the columnar layer. Vesicles are also seen from the columnar layer 

but not as common as those of Gekko gecko eggshell. The shape of the circular structures become 

clear in the outer part of the columnar layer. The ornamentations are bud-like, containing circular 

structures. The outermost part of the eggshell is composed of the very thin covering layer (nearly 1 

μm in width).  

 

Correlophus ciliatus (Figure 3-6E; Appendix Figure 3-13) 

In BSE images, the inner half of the eggshell is occupied by the shell membrane, and the outer half 

is filled with stem- and cap-like structures. The stem-like structures contains loose calcites which 

increase towards the outer surface. At the outer part of the stem-like structure, protein fibers are 

nearly absent. The stem-like structure is composed of granular calcites. It is notable that the pore-like 

structures connect the exterior to the inner region of the eggshell. The shape of these pore-like 

structures is irregular but chamber-like structures are frequently observed below them; the irregular 

spaces in chamber-like structures are connected by narrow and complicate canals (which may be 

protein fibers). The calcite crystals at the cap-like structure are massive and clearly different from the 

granular calcites of the stem-like structure.  

 

Rhacodactylus leachianus (Figure 3-6F; Appendix Figure 3-14) 

The BSE image of Rhacodactylus leachianus eggshell is also similar to that of Correophus ciliatus 

eggshell. However, the calcareous layer of the eggshell is proportionally larger than that of 

Correlophus ciliatus eggshell, and the boundary between the shell membrane and calcareous layers is 

more clearly defined. In addition, the outer part of the mixed layer, where no protein fiber exists, is 

more developed than the outer part of the stem-like structure of Correlophus ciliatus eggshell. The 

mixed layer is composed of granular calcites. The pore-like structure is wider and less complicated 

than that of Correlophus ciliatus eggshell which are distributed at approximately regular intervals. 

However, they may be cracks caused by the water intake and subsequent inflation of the eggshell 
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during the incubation (Packard and DeMarco 1991; Andrews 2017). In most cases, pore-like 

structures also have variously sized chambers beneath the surface. The calcite crystals at the 

crystalline layer are massive as the cap-like structure of Correlophus ciliatus eggshell and some of 

them have a central dark hole.  

 

Eublepharis macularius (Figure 3-6G; Appendix Figure 3-15) 

The columnar structure of the calcareous layer is confirmed in BSE images. The lower part of the 

calcareous layer is a mixture of protein fibers and calcites as other soft gekkotan eggshells whereas its 

outermost part (=cap-like structure) is completely composed of calcite granules. Several spherical 

shell elements of the cap-like structure have holes as other rigid gekkotan eggshells but the holes are 

randomly distributed rather than located in the center. 

 

Chemical compositional analysis using FE-EPMA and EDS 

 

Gekko gecko (Figure 3-7A; Figure 3-8A) 

 Mg profile showed that more Mg was concentrated on the outer half of the eggshell. The thickness 

of the Mg-poor region was approximately consistent with the height of the columnar layer. Mg was 

particularly enriched in the outer margin of the plain layer and ornamentation. In ornamentation, Mg 

showed double peak due to the additional Mg peak at the bottom of the ornamentation. P showed an 

opposite distributional pattern that it was concentrated on the inner surface and became scarce to the 

outer surface. However, the overall signal intensity of P was rather gradual than that of Mg and was 

present all over the eggshell. It was notable that the concentration of P was somewhat higher at 

ornamentations than the outer part of the plain layer. Abundant S was present in the covering layer. 

Although not as abundant as in the covering layer, considerable amount of S was present in the 

calcareous plain layer just below the covering layer. The ornamentations were formed above the S-

rich area of the plain layer. The signal of Ca was the strongest among all elements and it did not show 
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any characteristic pattern but it confirmed that polygonal structures at the covering layer (Figure 3-

5A1; 3-6A) were composed of calcium. 

 

Paroedura pictus (Figure 3-7B; Figgure3-8B) 

 Mg was concentrated on the outer end of the columnar layer. P had an opposite pattern as Gekko 

gecko eggshell that the highest P concentration appeared on the inner surface and it became lower as it 

goes to the outer surface. Level of S was the highest on the covering layer but the columnar layer just 

below the covering layer also had S as a component. As in Gekko gecko eggshell, Ca showed the 

strongest signal. It appeared that the Ca level of Paroedura pictus eggshell was gradually increased 

from the inner surface compared to Gekko gecko eggshell but it would be an artifact caused by the 

extreme thinness of Paroedura pictus eggshell.  

On the other hand, additional analyses using EDS were conducted on the putative remnant blocky 

layer between the shell membrane and columnar layer. The result showed that the concentration on P 

in this layer was exceptionally high (more than 11.0 wt%) compared to the main eggshell (less than 

0.8 wt%) (see Appendix Figure 3-16). 

 

Paroedura stumpfii (Figure 3-7C; Figure 3-8C) 

 Mg had the highest peak in the outer end of the porous layer slightly below the covering layer. P 

level was the highest on the inner surface and then gradually became lower as it goes to the outer 

surface. At the outer end of the porous layer, however, it increased again. S had the highest peak in 

the covering layer. The profile of Ca was similar to that of Paroedura pictus eggshell but it became 

low in the porous layer compared to the plain layer due to the vertical pores.  

 As in Paroedura pictus eggshell, compositional analyses using EDS also proved that high 

concentration of P (more than 4.0 wt%) presented in the putative blocky layer beneath the plain layer, 

where P did not exceed 0.70 wt%. Moreover, the presence of F was also confirmed in the putative 
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blocky layer, whose concentration exceeded 1.5 wt% (see Appendix Figure 3-17) as well as the rare 

occurrence of Cl. F was absent in the main eggshell.  

 

Phelsuma grandis (Figure 3-7D; Figure 3-8D) 

 Mg was highly concentrated on the blocky layer, the outer part of the columnar layer, and the surface 

layer or covering layer. P had an exceptionally high concentration in the blocky layer and porous 

calcite granules in the shell membrane. Although it was hard to see the delicate changes of P 

concentration in the columnar layer due to the exceptionally high concentration of P in the blocky 

layer, the concentration of P became gradually lower as it goes to the outer surface in the columnar 

layer as other rigid eggshells. In the outer end of the columnar layer and the surface layer, however, it 

became high again. S was highly concentrated on the both shell membrane and covering layer. It was 

notable that the level of S became higher in the outermost part of the columnar layer as Gekko gecko 

eggshell. The profile of Ca initiated from the porous calcite granules in the shell membrane and 

continued to the outer surface of the columnar layer. As the case of Paroedura stumpfii eggshell, a 

drop of Ca concentration at the surface layer reflects the region where calcareous matters do not exist.  

 Additional compositional analyses using EDS were conducted on the inner edge of the blocky layer. 

The result showed that F and Cl are present along with other trace elements such as Si (see Appendix 

Figure 3-18). 

 

Correlophus ciliatus (Figure 3-7E; Figure 3-8E) 

 The outer portion of the eggshell was cracked during the experiment. Accordingly, the data of 

cracked region should be disregarded, and the remnants of the eggshell above the crack are the 

continuation of the main eggshell.  

 The intensity of Mg gradually increased from the inner end of the calcareous layer and became 

stronger as it goes to the outer surface. Contrary to rigid gekkotan eggshells, P level of Correlophus 

ciliatus became higher as it goes to the outer surface, especially near the ornamentations. S was highly 
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concentrated on the shell membrane of the eggshell and was poorly present in the calcareous layer but 

the transition was gradual. Ca signal gradually increased from the boundary between the shell 

membrane and calcareous layer, reflecting the proportion of calcites and proteins in the stem-like 

structure. Along with BSE images, this result confirmed that Ca was not just present in the outer 

margin of the eggshell like a thin covering as derived squamate eggshells but it already existed from 

the middle of the eggshell.  

 

Rhacodactylus leachianus (Figure 3-7F; Figure 3-8F) 

 Mg signal was distinctive in that it had a high concentration at the inner end of the calcareous layer, 

then diminished in the middle of it, and finally, gradually increased near the outer end of the mixed 

layer. The boundary between the shell membrane and mixed layer had the highest Mg intensity. The 

signal of P was concordant with that of Mg. P was intensively deposited in the boundary between the 

two layers. After its decline in the middle of the calcareous layer, it weakly increased near the outer 

end of the mixed layer. Contrary to the case of Mg, P was also present in the shell membrane like 

other soft gekkotan eggshells and had a higher peak in the boundary layer. The pattern of S resembled 

that of Correlophus ciliatus eggshell in that most of S was concentrated in the shell membrane. Unlike 

Correlophus ciliatus eggshell, however, S concentration was rather higher in the middle of the 

calcareous layer, then it dropped to a lower level in the outer end of the mixed layer. Like 

Correlophus ciliatus eggshell, there was no Ca in the shell membrane. Ca began to be detected from 

the boundary or the two layers and its concentration retained to the outer one-fourth point of the 

calcareous layer, and at the outer part of the mixed layer where a dense calcite layer developed, it 

reached the highest level. Ca profile also confirmed the existence of the carbonate “stem” in the 

middle of the eggshell. 

 

Eublepharis macularius (Figure 3-7G; Figure 3-8G) 
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 Mg level increased from the “stem” of the calcareous layer and reached its highest peak in the outer 

surface. P was detected and marked with high level of concentration in the boundary layer as 

Rhacodactylus leachianus eggshell. It increased from the boundary between the shell membrane and 

calcareous layer. The level of P increased to the outer surface and reached its highest peak in there. 

The signal of S was the highest in the shell membrane, then at the calcareous layer, it gradually 

dropped. The Ca profile began in the middle of the eggshell and gradually increased as other soft 

gekkotan eggshells. The existence of calcite “stem” was also confirmed.  

 

Crystallographic analysis using EBSD 

 

Gekko gecko (Figure 3-9A; Appendix Figure 3-19) 

Compared to other rigid gekkotan eggshells, the eggshell of Gekko gecko showed several unique 

crystallographic characters: the inner part of the plain layer was characterized by very fine and 

randomly aligned grains; the different calcite arrangement at the ornamentation with pore-like 

structure. The grain size of Gekko gecko eggshell varied: the outer surface had fine grains but they 

gradually became taller and wider as they go to the inner surface. However, smaller grains appeared 

again in the middle of the eggshell (see Appendix Figure 3-19). The c-axis orientations of calcites in 

the outer surface were irregular but those below were vertically oriented. The smaller grains in the 

inner part of the plain layer showed highly erratic orientation. After that, the “uprightness” of the 

calcite became stronger as it goes to the inner surface of the eggshell. The IPF map also showed the 

unique calcite orientations near the pore-like structure and ornamentation. The grains near the 

ornamentation were bigger and preferred horizontal c-axis orientation than those of other surface 

areas. The “middle layer” where tiny randomly-oriented grains exist was lifted near the pore-like 

structure (see also faint dark band in Figure 3-4A1), implying that this “middle layer” is concordant 

with a faint dark band in thin section image.  
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Paroedura pictus (Figure 3-9B; Appendix Figure 3-19) 

 The small grains were distributed in the outer end of the columnar layer whereas larger and fan-

shaped grains were situated in the inner columnar layer. The c-axis orientations in the outer columnar 

layer were somewhat chaotic compared to the well-organized grains in the inner one. Large and fan-

shaped grains, which became wider transversally as they go to the inner surface, had a strong 

alignment that their c-axes are perpendicular to the eggshell surface. The intensity of c-axis alignment 

became stronger as it goes to the inner surface. In addition, it was observed that the columns in a pit 

(=chamber-like structure) converged into the top of the chamber (Appendix Figure 3-19). Those 

columns were also fan-shaped in morphology and wider arcs headed to the inner surface of the 

eggshell.   

 

Paroedura stumpfii (Figure 3-9C) 

 The outer end of the porous layer had small grain size while the inner part of the eggshell had large 

and fan-shaped grains. The outer porous layer had the most complex c-axis orientation in the eggshell. 

The grains of the porous layer were extended to the plain layer and they had weakly organized 

orientation compared to those of the plain layer. The plain layer had well-organized calcite grains, 

whose c-axis aligned perpendicular to the eggshell surface. The intensity of alignment was the highest 

on the inner end of the plain layer.  

 

Phelsuma grandis (Figure 3-9D) 

 The main pattern was the same as Paroedura eggshells. However, it is notable that the Phelsuma 

grandis eggshell had much slender calcite grains, which had nearly the same height as whole eggshell 

thickness. It might accord closely with the observation that Phelsuma had well-developed columnar 

structure compared to other rigid gekkotan eggshells (Figure 3-4D; Figure 3-5D2; Appendix Figure 3-

5; Packard and Hirsch 1989). 
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Correlophus ciliatus (Figure 3-9E) 

 As mentioned above, the calcareous layer of soft gekkotan eggshells could be divided into two 

layers: the outer cap-like structure and the inner stem-like structure composed of calcites and proteins. 

Like rigid gekkotan eggshells, the calcite grains in the cap-like structures were smaller than those of 

the stem-like structure. The calcite grains of the stem-like structure were highly porous due to the 

proteins but they still showed a fan-shaped structure as rigid gekkotan eggshells. The c-axis 

orientations of calcite crystals in the cap-like structure and outer parts of the stem-like structure were 

paralleled to the outer surface. On the other hand, the c-axis of calcites in the middle and inner parts 

of the stem-like structure were aligned perpendicular to the eggshell surface. The intensity of 

alignment became stronger as it goes to the inner surface like rigid gekkotan eggshells.  

 

Rhacodactylus leachianus (Figure 3-9F) 

 The overall pattern was the same as Correlophus ciliatus eggshell. One important difference was that 

Rhacodactylus leachianus eggshell had deeper outer calcareous layer whose c-axes were paralleled to 

the surface. As in Correlophus ciliatus eggshell, the c-axes of the mixed layer were perpendicular to 

the eggshell surface.  

 

Eublepharis macularius (Figure 3-9G) 

 It was difficult to figure out the grain size differences between the cap-like and stem-like structures 

due to the poor signal of the calcareous layer caused by its extreme thinness (less than 10 μm). The 

calcite crystals on the cap-like structure had more horizontal c-axis than those of the stem-like 

structure. In addition, as other gekkotan eggshells, the stem-like structure showed strong c-axis 

alignment compared to that of cap-like structure. 

 

Appendix Table 3-1. Gekkotan eggshell micrographs from Polarized Light Microscope or SEM 

observation in the literatures. Modified from [S1].  
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Family Name Scientific Name Reference 

Gekkonidae Chondrodactylus angulifer 

Cyrtopodion kotschyi (=Cyrtodactylus 

kotschyi) 

Gehyra mutilata 

Gekko gecko 

Hemidactylus bouvieri 

Hemidactylus mabouia 

Hemidactylus turcicus 

Lepidodactylus lugubris 

Paroedura pictus 

Paroedura stumpfii 

Phelsuma agalegae 

Phelsuma grandis 

Phelsuma guentheri 

Phelsuma madagascarensis 

S2 

S3 

S2 

S3–5; This study 

S3 

S6 

S3;S7;S8 

S8 

This study 

This study 

S2 

This study 

S2;S9 

S3;S4;S10 

Phyllodactylidae Gymnodactylus caspicus 

Ptyodactylus hasselquistii 

Tarentola delalandii 

Tarentola gigas 

Tarentola mauritanica 

S11 

S3 

S3;S12 

S3 

S3;S10;S13;S14 

Diplodactylidae Correlophus ciliatus 

Rhacodactylus leachianus 

This study 

This study 

Eublepharidae Eublepharis macularius 

Hemitheconyx caudicinctus 

S2;S3;S8;This study 

S2 
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Appendix Figure 3-1. Additional thin section images of gekkotan eggshells. 

 

Outside of eggshell is up. (A–D) Gekko gecko. A white arrow in A points the pore-like structure. Note 

that it becomes thinner toward the inner surface. A white arrow in C shows a big concavity in the 

inner surface. (E–F) Paroedura stumpfii. A white arrow in E points a calcite concretion. White arrows 
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in F mark the triangular or columnar extinction pattern. (G–H) Eublepharis macularius. Note the 

pore-like structures are present between the shell units (white arrows). 
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Appendix Figure 3-2. Additional secondary electron (SE) images of Gekko gecko eggshells. 

 
(A) An enlarged view of a nodular ornamentation covered with polygonal calcareous structures. (B) 

An enlarged view of polygonal calcareous structures. Note the depression in the central region. (C) 
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Different types of calcareous structure in the outer surface. White arrows indicate the calcareous 

structure composed of minute columns. (D) Polygonal calcareous structures on the surface of the 

covering layer which might be in different developmental stages. (E) Starfish-like structures in the 

covering layer (white arrows). (F) Needle-like innermost tips of jagged columnar structure. (G) 

Horizontal fissures observed in the inner part of the columnar layer (white arrows). (H) A magnified 

view of horizontal fissures. White arrows mark the stacked calcite plates. (I) Protein fibers distributed 

in the eggshell. (J) An enlarged view of protein fibers. Note that the diameter of protein fiber is 

consistent with those of vesicles. (K–L) Protein fibers exposed in lateral view. (M–N) Acute tips of 

needle-like structures in inner view. Note that they can be grouped by their directions. (O) Stacked 

plate-like structure of the needle-like structures in high magnification. 
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Appendix Figure 3-3. Additional SE images of Paroedura pictus eggshells. 

 

(A–B) Pore-like structures. Note spherical shell elements at the external surface of the eggshell (white 

arrows) (C) When the covering layer is peeled off, the calcareous ridge-like ornamentation is exposed 
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(white arrows), confirming that they are not protein fibers. (D) Needle-like tips in the inner surface of 

the eggshell. (E) Stacked calcite plates (white arrows) and horizontal fissure (a black arrow) in the 

inner columnar layer. (F) Radial view of the ridge-like ornamentation, showing that ornamentation is 

composed of calcites. (G–H) A chamber-like structure. Several columnar structures converge to the 

top of the chamber (white arrows). (I) A honeycomb-like structure in a fractured chamber-like 

structure (a white arrow). (J) Shell membrane interwoven with spongy calcite granules. (K–L) An 

enlarged view of pits in the inner surface. Note the converging columnar structure in the wall of pits 

and porous granules in the middle of a pit (a white arrow). (M–N) About half of the pits are filled with 

calcareous materials (a white arrow) and are covered with membrane-like structure which is possibly 

residual materials of the blocky layer (a black arrow). (O) Acute tips of needle-like structures. Note 

that they can be grouped by their orientations. 
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Appendix Figure 3-4. Additional SE images of Paroedura stumpfii eggshells. 

 
(A) A radial view of the eggshell. The columnar structure is absent in many different sections. (B) 

Stacked calcite plates (white arrows) are observed in the plain layer. Nevertheless, their orientations 

are irregular compared to the other rigid gekkotan eggshells. (C) An enlarged view of the porous layer. 

Note that the shell constituting calcite granules are apparent. (D) Ornamentation in radial view. The 

spherical shell elements are conspicuous at the porous layer (white arrows). (E) The covering layer is 

slightly separated from the main eggshell (a white arrow). (F) The shell membrane interwoven with 

spongy calcite granules. (G) A protruding calcite concretion is filled with needle-like structures. (H) 

Needle-like structures in the inner surface of the plain layer. Note the orientations of these structures. 

(I) An enlarged view of needle-like structures shows stacked calcite plates as Gekko gecko eggshell. 
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Appendix Figure 3-5. Additional SE images of Phelsuma grandis eggshells. 

 

(A) High magnification view of the outer surface of the covering layer. Minute calcite crystals are 

fused together. (B) An enlarged view of the inner part of the eggshell. The blocky layer is laterally 

continuous (a white arrow). Black arrows mark the boundary between the blocky and columnar layers. 

Note needle-like structures. (C) Prominent stacked calcite plates in the inner part of the columnar 

layer and intermittent horizontal fissures (white arrows). (D) Columnar structures are traceable to the 

outer surface of the eggshell (white arrows). Note that spherical calcite granules are interwoven with 

protein fibers (= surface layer; a black arrow). (E) When the covering layer is peeled off, the surface 

layer is exposed showing spherical calcite granules. (F) Innermost shell membrane interwoven with 

spongy calcite granules. (G) A magnified view of spongy calcite granule, which is composed of 

spherical subgrains. (H) This inner view shows three consecutive layers: (a) the shell membrane 
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(outlined by black dashed line), (b) the blocky layer (outlined by blue dashed line), and (c) the inner 

surface of the columnar layer. The needle-like tips have different cluster orientations. (I) Needle-like 

structures in the inner surface of the columnar layer. Note that they are comparatively blunt than other 

rigid gekkotan eggshells, presumably due to the failed embryogenesis. 
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Appendix Figure 3-6. Additional SE images of Correlophus ciliatus eggshells. 

 

(A) A magnified view of suboval granules in the outer surface. (B–D) Occasionally, volcano-like 

convex structures make up the outer surface of the eggshell. (E) The shell membrane from outer view. 
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(F–H) A columnar calcareous layer composed of both stem- and cap-like structures. The crystalline 

calcites are intertangled with protein fibers. (I–M) Columnar or wedge-like structures are present in 

the calcareous layer (white arrows). Note that each column is composed of cap-like and stem-like 

structures as tuatara eggshell (Packard et al. 1988). (N) The boundary layer seen from the inner view. 

(O) The boundary layer seen from the outer view. Note that fibers in the boundary layer are more 

robust and tough compared to those of the shell membrane (compare (O) with (E)). 
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Appendix Figure 3-7. Additional SE images of Rhacodactylus leachianus eggshells. 

 

(A) A gradual boundary between the capsule-like and flattened granules in the outer surface. (B) An 

enlarged view of the capsule-like granules. (C) Enlarged view of the flattened granules. It is notable 

that the central concavity of the granules is similar to “cup-like central depression” of tuatara eggshell 

(Packard et al. 1988). (D) The shell membrane and boundary layer. (E) Calcareous outer part of the 

eggshell (Mixed and crystalline layers). Note the coexistence of calcites and protein fibers. (F) The 

outer part of the mixed layer where few protein fiber exists. Note the absence of columnar or wedge-

like structure. (G) An enlarged view of the outermost crystalline layer (= granules in the outer surface). 

(H) The boundary layer from inner view. Protein fibers are more conspicuous than those 

of Correlophus ciliatus eggshell. Elongated globular structures may be microbes (white arrows). (I) 

Thick and tough protein fibers constituting the boundary layer is observed from the inner view. 
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Appendix Figure 3-8. Additional SE images of Rhacodactylus leachianus eggshells. 

 
(A) Closely packed calcareous blocks in the outer surface. White arrows mark the central depressions. 

(B) An enlarged view of a calcareous block composed of spherical shell elements (white arrows). (C) 

The shell membrane and boundary layers. A white arrow marks the boundary layer. (D–F) The outer 

part of the shell membrane and the calcareous layer composed of stem- and cap-like structures. Note 

that few protein fibers exist in the cap-like structure. (G) The gaps between the calcite blocks make 

the pore-like structure (white arrows). (H) A calcite block that has wedge-like “stem” in the lower part. 

Note the association between the “stem” and the wave-like pattern of protein fibers. (I) Relatively 

thick and tough protein fibers (compared to those of shell membrane) exist in the boundary layer.  
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Appendix Figure 3-9. Additional backscattered electron (BSE) images of Gekko gecko 

eggshells. 

 
(A) An enlarged view of sub-parallel horizontal accretion lines. Note needle-like structures (white 

arrows). (B) An enlarged view of the outer margin of the eggshell. The circular structures are well-

developed near the outer surface. (C) The typical circular structure with a central hole (white arrows). 

(D–E) Detailed view of ornamentations. A bulbous structure within the ornamentation is marked by a 

white arrow. The polygonal calcareous structures above the ornamentation are marked by a black 

arrow. Note that the gap between the ornamentation and linear polygonal grains is filled with proteins 

(= the covering layer) which is invisible in BSE images. (F) An enlarged view of bulbous structures. 

(G–H) Vesicles are often highly concentrated near the ornamentations (bounded by dashed lines) and 

the outer surface. The arrows point the same structure as in D–E. (I) Note that accretion lines are bent 

near the pore-like structure (dashed lines). 
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Appendix Figure 3-10. Additional BSE images of Paroedura pictus eggshells. 

 

(A) An enlarged view of spongy calcite granules in the shell membrane. (B–C) Laterally continuous 

blocky layer is present but merely observed in this sample (white arrows). (D) The inner end of the 

columnar layer shows the needle-like structures (white arrows). (E–F) Abundant circular structures 

with a central hole. This structure is more clearly seen in the outer region of the columnar layer. (G–H) 

Radial view of the chamber-like structures. Some of the chamber-like structures show shrunken 

calcareous matters without the blocky layer (H) whereas unaffected calcareous material is covered 

with the well-developed blocky layer (an arrow in G). (I) A ridge-like ornamentation. A covering 

layer is slightly separated from the columnar layer (white arrows). 
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Appendix Figure 3-11. Additional BSE images of Paroedura stumpfii eggshells. 

 

(A) The inner part of the plain layer. Note the absence of circular structures in this part (bounded by 

dashed lines). (B) An enlarged view of the porous layer which is highly irregular in shape. (C–D) The 

circular structures are well-developed in the plain layer, while those of the porous layer are weakly-

developed. (E–F) The residual blocky layer is rarely observed beneath the main eggshell (white 

arrows). 
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Appendix Figure 3-12. Additional BSE images of Phelsuma grandis eggshells. 

 

(A–C) An enlarged view of the inner region of eggshell. Note needle-like structures (white arrows in 

A). The circular structure is absent in the inner one-fourth of the columnar layer (bounded by a dashed 

line in A). (D) The columnar and blocky layers are interlocked by needle-like structure of the 

columnar layer. (E) Detailed view of circular structures. This structure is highly concentrated in the 

middle of the columnar layer. (F) Bud-like ornamentation composed of circular structures. 
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Appendix Figure 3-13. Additional BSE and SE images of Correlophus ciliatus eggshells. 

 
(A–C) Magnified views of the outer calcareous layer. Note pore-like structures (a white arrow) and 

concomitant chamber-like structures (a black arrow). (D) An enlarged view of the boundary between 

the stem-like and cap-like structures (a white arrow). Note that stem-like structure is composed of 

granular calcites whereas the cap-like structure is massive. (E–F) Radial view of the whole eggshell in 

SE (E) and BSE (F) images. The boundary layer of the eggshell is marked by a dashed line in (F). It 

confirms the existence of calcites to the middle of the Correlophus ciliatus eggshell. (G–I) Radial 

view of the calcareous layer of eggshell in SE (G) and BSE (H–I) images. Note that high porosity in 

the calcareous layer is caused by the presence of protein fibers. 
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Appendix Figure 3-14. Additional BSE and SE images of Rhacodactylus leachianus 

eggshells. 

 

(A) Pore-like structures are regularly distributed in the outer calcareous layer (white arrows). (B–C) 

Pore-like (white arrows) and associated chamber-like structures (a black arrow). (D) A boundary 

between the crystalline and mixed layers (a white arrow). Note that outermost crystalline layer is 

massive. (E) Detailed view of the outer mixed layer. Note granular calcites. (F) An enlarged view of 
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the crystalline layer. Note that some of them have a central hole. (G) Most of the calcareous layer 

contain abundant protein fibers (dark portion) and calcites. (H–K) Radial view of the whole eggshell 

in SE (H, J) and corresponding BSE (I, K) images. The boundary layer of the eggshell is marked by a 

dashed line in I and K. Calcites exist to the middle of the eggshell. (L) An enlarged view of the outer 

compact calcareous layer. Note that wedge- or column-like structure is absent. 
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Appendix Figure 3-15. Additional BSE and SE images of Eublepharis macularius eggshells. 

 

(A) The wave-like pattern in the lower part of a stem-like structure is clearly seen in low 

magnification. The eggshell thickness is marked by two white bars on the left. (B–E) Detailed view of 

the dense cap-like structure. D and E show well-polished surfaces so that sections of calcite granules 

are more clearly exposed. Note holes in the calcite granules. (F) The stem-like structure is a mixture 

of calcites and protein fibers. Note protein fibers (white arrows). (G–H) White arrows in G and H 

point stem-like structures. Also, note the wave-like undulation of protein fibers below the wedge-like 

shell unit. (I) Another “stem” of the column shows their close association with protein fibers. 
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Appendix Figure 3-16. EDS data of Paroedura pictus eggshells. 

 
Note the high weight percentage of P in the residual materials of the blocky layer. 
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Appendix Figure 3-17. EDS data of Paroedura stumpfii eggshells. 

 
Note the high weight percentage of P and the presence of F and Cl in the residual materials of the 

blocky layer. 
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Appendix Figure 3-18. EDS data of Phelsuma grandis eggshells. 

 
Note the high weight percentage of P and the presence of F and Cl in the blocky layer. 
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Appendix Figure 3-19. Additional inverse pole figure (IPF) maps of rigid gekkotan 

eggshells. 

 
The colors represent the same crystallographic information as in Figure 3-9. The hexagonal columns 

in the IPF map show the main direction of c-axis. Note that a- and b-axes were not considered. 

Outside of eggshell is up. (A) Gekko gecko. Note the small and randomly oriented grains in the 

middle layer. (B) Paroedura pictus. The EBSD analysis was conducted on the chamber-like structure. 
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The result showed that the columns in the chamber-like structure converge to the top of the chamber 

which is different from the typical c-axis direction of calcite grains in the main eggshell. 
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APPENDIX II. A POTENTIAL BASAL ARCHOSAUR EGG FROM THE UPPER 

CRETACEOUS WIDO VOLCANICS OF SOUTH KOREA 

Appendix Figure 4-1. The additional information for studying material and terminologies.  
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Appendix Figure 4-2. Additional elemental composition of Aenigmaoolithus vesicularis 

oogen. et oosp. nov (SNUVP 201704) and its surrounding matrix.  
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Appendix Figure 4-3. Additional Raman spectra acquired from the dark band of 

Aenigmaoolithus vesicularis.  
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APPENDIX III. POSSIBLE LATE CRETACEOUS DROMAEOSAURID EGGSHELLS 

FROM SOUTH KOREA 

Appendix Figure 6-1. Additional quantitative data drawn from Reticuloolithus acicularis 

oosp. nov. 

 

 (A) Misorientation distribution of selected mammillae in Figure 6-7B. See the caption of Figure 6-7E 

for the indices. Note that neighbor-pair misorientation is low in average and positively skewed, 



２８５ 

` 

meaning acicular mammillary structure quantitatively expressed. (B) The comparison of ruggedness 

between two sublayers. See Choi et al. (2019) for a detailed method. Note the difference in 

ruggedness between the two sublayers. 
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Appendix Text 6-1. Description of characters used in the phylogenetic analysis modified 

from Zelenitksy (2004) and Tanaka et al. (2011).  

1 Predominant ornamentation Reticulate (0), shagreen (1), nodose (2), smooth (3), linear ridges (4). 

2 Egg symmetry and shape Spherical (0), symmetrical elongate (1), asymmetrical elongate (2). 

3 Egg long axis orientation Absent (0), subhorizontal (1), subvertical (2). 

4 Clutch arrangement Ring without central opening (0), unarranged cluster (1), ring with central 

opening (2), circular cluster (3). 

5 Egg paring Paired (0), unpaired (1). 

6 First layer or base of shell units Acicular (0), wedge-like (1). 

7 Outer boundary of mammillary 

layer predominantly 

Absent (0), abrupt without undulation (1), abrupt with undulation (2), 

gradational (3). 

8 Squamatic structure of squamatic 
zone 

Absent (0), ill-defined (1), well-defined (2). 

9 External zone Absent (0), present (1). 

10 Shell units Indiscrete (0), discrete and fan-shaped (1), discrete and columnar (2). 

11 Shell units primarily Acicular (spherulitic) (0), non-spherulitic (1). 

12 Shell porosity Porous (0), non-porous (1). 

13 Pore lip around pore opening Present (0), absent (1). 

14 Pore opening in clusters Absent (0), present (1). 

15 Pore canals Non-tubular (0), tubular (1). 

16 Pore system Irregular canals (0), multiple branching canals (1), straight with perpendicular 

orientation (2), straight with oblique orientation (3). 

 
Character 1 (predominant ornamentation): The states of Torvosaurus eggshell, Reticuloolithus hirschi 

and Deinonychus eggshell were changed into “reticulate (0)” based on original description and/or 

micrographs (Zelenitsky 2004; Zelenitsky and Sloboda 2005; Grellet-Tinner and Makovicky 

2006; Araújo et al. 2013). The state of neognaths was also modified to “smooth (3)” (Hauber 2014). 

 

Character 2 (egg symmetry and shape): The state of Torvosaurus eggshell was changed into “?” 

because there is no complete egg to identify the shape (Araújo et al. 2013; Ribeiro et al. 2014). 

In Prismatoolithus gebiensis, the state was changed into “asymmetrical elongate (2)” based on the 

photograph (Zhao and Li 1993). In Triprismatoolithus stephensi, the state was changed into 

“symmetrical elongate (1)” following the original description (Jackson and Varricchio 2010). In the 

https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib170
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib173
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib49
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib49
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib4
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib63
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib4
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib128
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib175
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib72
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case of Reticuloolithus hirschi, this ootaxon was first coded into a matrix in Zelenitsky (2004), but the 

original materials of Reticuloolithus hirschi used in Zelenitsky (2004) and Zelenitsky and Sloboda 

(2005) were, in fact, mixture of Reticuloolithus hirschi (eggshell fragments) and Montanoolithus 

strongorum (with clutch) (Zelenitsky and Sloboda 2005; Zelenitsky and Therrien 2008a). Hence, 

clutch- and egg-shape related character (character 2–5) states of Reticuloolithus hirschi were changed 

into “?“. The second character state of Dendroolithus wangdianensis was changed into “symmetrical 

elongate (1)” based on the literature (Zhao and Li 1988). 

 

Character 3 (egg long axis orientation): The states of Torvosaurus eggshell and Reticuloolithus 

hirschi were changed into “?” because their egg shapes are unknown (see Character 2 above). The 

state of Parvoolithus tortuosus was changed into “subvertical (2)” based on Zelenitsky and Therrien 

(2008b). 

 

Character 4 (clutch arrangement): The state of Torvosaurus eggshell was changed into “?” because all 

eggs are heavily crushed so that the original arrangement of the clutch is hard to interpret (Araújo et al. 

2013), and that of Reticuloolithus hirschi was also changed into “?” (see Character 2 above). 

 

Character 5 (egg pairing): The states of Torvosaurus eggshell and Reticuloolithus hirschi were 

changed to “?” because all eggs are crushed and/or fragmentary so that their original clutch 

configuration cannot be identified (Araújo et al. 2013; see Character 2 above). In Triprismatoolithus 

stephensi, the state was changed into “paired (0)” following the original description (Jackson and 

Varricchio 2010). 

 

Character 6 (first layer or base of shell units): The states of Torvosaurus eggshells, oviraptorosaur 

eggshells, Deinonychus eggshells, Reticuloolithus hirschi, and Arraigadoolithus  patagoniensis were 

changed into “acicular (0)” based on the literature (Zelenitsky and Sloboda 2005; Grellet-Tinner and 
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https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib177
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https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib4
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https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib72
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https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib49


２８８ 

` 

Makovicky 2006; Zelenitsky and Therrien 2008b; Agnolin et al. 2012; Araújo et al. 2013; Choi et al. 

2019; Ribeiro et al. 2014). 

 

Character 7 (undulating boundary): The original matrix (Tanaka et al. 2011) was elaborated. We 

adopted the updated character suggested by Zelenitsky and Therrien (2008b) and changed the original 

character into “The outer boundary of mammillary layer predominantly”, and its states as “absent (0)”, 

“abrupt without undulation (1)”, “abrupt with undulation (2)”, and “gradational (3)”. This new 

character states cover diverse boundary conditions. A similar criterion was also adopted by other 

researchers (e.g. the sixth character of Jin et al. 2010). The identification of character states was based 

on the original description and/or micrographs of each ootaxon or ooclade, as well as other data 

matrices (Agnolin et al. 2012; Araújo et al. 2013; Choi et al. 2019; Fernández and Salgado 

2018; Grellet-Tinner and Makovicky 2006; Hirsch 1994; Jackson and Varricchio 2010; López-

Martínez and Vicens 2012; Mikhailov 1994; Moreno-Azanza et al. 2014b; Ribeiro et al. 

2014; Schweitzer et al. 2002; Skutschas et al. 2019; Tanaka et al. 2011; Varricchio and Jackson 

2004; Vila et al. 2017; Voris et al. 2018; Wang et al. 2010; Zelenitsky 2004; Zelenitsky and Sloboda 

2005; Zelenitsky and Therrien 2008a; Zelenitsky and Therrien 2008b; Zhao and Li 1993; Zhao and Li 

1988). 

 

Character 8 (squamatic structure of squamatic zone): The state of Protoceratopsidovum sincerum was 

changed into “absent (0)” (Mikhailov 1994; Mikhailov 2014; Moreno-Azanza et al. 2014a). 

 

Character 9 (external zone): The states of Troodon eggshells and Prismatoolithus levis were changed 

into “present (1)” (Choi et al. 2019; Funston and Currie 2018; Jackson et al. 2010; Skutschas et al. 

2019; Varricchio and Jackson 2004; Zelenitsky and Therrien 2008b). In addition, that of Gobioolithus 

minor was changed into “absent (0)” based on the literature (Choi et al. 2019; Mikhailov 2014). 
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Character 10 (shell units): The state of Torvosaurus eggshell was changed into “discrete and fan-

shaped (1)” based on the literature (Araújo et al. 2013; Ribeiro et al. 2014). In addition, the states 

of Lourinhanosaurus eggshell and Preprismatoolithus coloradensis were also changed into “discrete 

and columnar (2)” (Hirsch 1994; Ribeiro et al. 2014). In Gobioolithus minor, the state was changed 

into “discrete and columnar (2)” based on the literature (Choi et al. 2019). In Tantumoolithus lenis, it 

was modified into “indiscrete (0)” because the original description regarded this ootaxon as „ratite 

morphotype‟ (Fernández and Salgado 2018), which is characterized by indiscrete shell units 

(Mikhailov et al. 1996; Mikhailov 1997a) and no columnar shell unit boundaries were seen in the 

original figures. 

 

Character 11 (shell units primarily): The state of Torvosaurus eggshell was modified to “acicular 

(spherulitic) (0)” based on the literature (Araújo et al. 2013, Ribeiro et al. 2014). 

 

Character 12 (shell porosity): The state of Torvosaurus eggshell was modified to “porous (0)” 

following the original literature (Araújo et al. 2013) and so did Dendroolithus wangdianensis (Zhao 

and Li 1988). 

 

Character 13 (pore lip): The states were all reversed (“0” → “1” and “1” → “0”) because 

only Preprismatoolithus coloradensis and Lourinhanosaurus eggshell have pore lips around their pore 

openings in the original matrix of Zelenitsky (2004). However, Arragadoolithus patagoniensis has a 

pore lip around the pore openings (Agnolin et al. 2012, fig. 10C) so that its character state was 

changed into “present (0)”. 

 

Character 14 (pore opening in clusters): The state of Torvosaurus eggshell was modified into “absent 

(0)” following the original micrograph (Araújo et al., 2013). 
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Character 15 (pore canals): The states of Montanoolithus strongorum and Triprismatoolithus 

stephensi were modified into “?” because it was not presented in the original description (Zelenitsky 

and Therrien 2008a, Jackson and Varricchio 2010) but was coded in Vila et al. (2017) without proper 

explanation. 

 

Character 16 (pore system): The states of Montanoolithus strongorum and Triprismatoolithus 

stephensi were modified to “?” because they were not presented in the original descriptions 

(Zelenitsky and Therrien 2008a; Jackson and Varricchio 2010) but was coded in Vila et al. 

(2017) without proper explanation. 

 

A coding for Prismatoolithus ilekensis was supplemented from Skutschas et al. (2019). A coding 

for Paraelongatoolithus reticulatus was made from the original description of Wang et al. 

(2010). Sankofa pyrenaica was coded into the matrix in order to encompass diverse oogenera of the 

Prismatoolithidae. Our new coding was based on the original description of López-Martínez and 

Vicens (2012), except for characters 9 and 10. Although they described the shell unit of Sankofa 

pyrenaica as „prismatic‟, the thin section images clearly show that the rugged grain boundaries in the 

continuous layer are very similar to those of rhea (paleognath) eggshells (Choi et al. 2019), which is 

coded as “indiscrete (0)”. We think that the „prismatic‟ layer at the inner part of the Sankofa 

pyrenaica described in López-Martínez and Vicens (2012) is, in fact, the extended outer region of the 

mammillary layer. In addition, they contended that the external zone does not exist. However, Choi 

et al. (2019) proposed that the linear grain boundaries at the external end of the eggshell can be used 

to diagnose the existence of the external zone. It is clear that the outer end of the Sankofa pyrenaica is 

characterized by the linear grain boundaries unlike rugged grain boundaries of squamatic 

ultrastructure lying below. Therefore, it is highly probable that Sankofa pyrenaica has an external 

zone so that the ninth character (external zone) was coded as “present (1)”. 
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Maiasaura eggshell was used as an outgroup in the phylogenetic analysis (e.g. Zelenitsky 

2004; Tanaka et al. 2011). However, we propose that the egg of Torvosaurus would be a more 

appropriate outgroup. According to literature, “A character assigned to the outgroup node would be 

the character hypothesized to be present in the ancestor of the ingroup and its sister group.” (Wiley 

and Lieberman 2011, p. 159). Because all ootaxa included in the phylogenetic analysis are dinosaur 

eggshells (both saurischian and ornithischian), in a strict sense, an ideal outgroup should be assigned 

to the egg fossil laid by non-dinosaurian Dinosauromorpha or its closely related taxon. However, no 

dinosauromorph egg fossil was reported so that it would be realistic to find a candidate of outgroup 

among the most primitive and oldest dinosaur egg fossil known assuming that it still preserved 

ancestral characters. This inductive reasoning could be justified by the fact that eggshell 

microstructure is rather conservative and evolves slowly (Mikhailov 1997b; Moreno-Azanza et al. 

2017; Athanasiadou et al. 2018). Recently, Stein et al. (2019) reported the oldest (Early Jurassic) 

dinosaur eggshells from Africa, Asia, and South America. Although these sauropodomorph eggshells 

provide meaningful primitive state of amniotic eggs, we could not put their characters into the matrix 

due to lack of concomitant information of them. Hence, we believe that a well-preserved ootaxon 

from the Late Jurassic deposit can be a better outgroup rather than Early Jurassic eggs and frequently 

used Late Cretaceous ootaxon (i.e. egg of Maiasaura) because there is approximately 80 Myr time 

gap between the eggs of Maiasaura and Torvosaurus. Between the two Late Jurassic ootaxa (egg 

of Torvosaurus and Preprismatoolithus), the former would be a better outgroup because the 

microstructures of Preprismatoolithus are more similar to those of maniraptoran eggshells compared 

to other dinosaur eggshells. The similarity may be homologic or homoplastic to derived maniraptoran 

eggshells (see above). Hence, we selected the egg of Torvosaurus as an outgroup. 
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Appendix Text 6-2.  Data matrix used in this study modified from Tanaka et al. (2011); Vila et al. 

(2017); Skutschas et al. (2019), and Fernández and Salgado (2018). 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Egg of Maiasaura 0 0 0 ? ? 0 0 0 0 0 0 0 1 0 0 0 

Paraspheroolithus irenensis 0 0 0 0 ? 0 0 0 0 0 0 0 1 0 0 0 

Spheroolithus spheroids 0 0 0 0 ? 0 0 0 0 0 0 0 1 0 0 0 

Faveoloolithus ningxianensis 1 0 0 1 ? 0 0 0 0 0 0 0 1 0 0 1 

Egg of titanosaurs 2 0 0 1 ? 0 0 0 0 1 0 0 1 0 1 2 

Megaloolithus mammilare 2 0 0 1 ? 0 0 0 0 1 0 0 1 0 1 2 

Megaloolithus rahioliensis 2 0 0 1 ? 0 0 0 0 1 0 0 1 0 1 2 

Egg of Torvosaurus 0 ? ? ? ? 0 0 0 0 1 0 0 ? 0 0 1 

Egg of Lourinhanosaurus 3 1 1 ? 1 0 3 1 0 2 1 0 0 0 1 3 

Preprismatoolithus 

coloradensis 

3 1 1 2 0 0 3 1 0 2 1 0 0 0 1 3 

Macroolithus rugustus 4 1 1 2 0 0 2 1 0 0 1 1 1 0 1 2 

Elongatoolithus elogatus 4 1 1 2 0 0 2 1 0 0 1 1 1 0 1 2 

Eggs of sm. oviraptorids 4 1 1 2 0 0 2 1 0 0 1 1 1 0 1 2 

Eggs of lg. oviraptorids 4 1 1 ? ? 0 2 1 0 0 1 1 1 0 1 2 

Macroelongatoolithus 

xixiaensis 

4 1 1 2 0 0 2 1 0 0 1 1 1 0 1 2 

Macroelongatoolithus carlylei 4 ? ? ? ? 0 2 1 0 0 1 1 1 0 1 2 

Luanchuan eggshells 4 ? ? ? ? 0 2 1 0 0 1 1 1 0 1 2 

Eggs of Deinonychus 0 ? ? ? ? 0 1 1 0 0 1 1 1 0 1 2 

Reticuloolithus hirschi 0 ? ? ? ? 0 1 1 0 0 1 1 1 0 1 2 

Reticuloolithus acicularis 0 ? ? ? ? 0 1 1 0 0 1 1 1 0 1 2 

Paraelongatoolithus reticulatus 0 1 ? ? ? 0 1 1 0 0 1 1 1 1 1 2 

Prismatoolithus levis 3 2 2 3 0 1 3 1 1 2 1 1 1 1 1 2 

Eggs of Troodon 3 2 2 3 0 1 3 1 1 2 1 1 1 1 1 2 

Prismatoolithus gebiensis 3 2 2 3 0 1 3 1 0 2 1 1 1 0 1 2 

Prismatoolithus ilekensis 3 2 ? ? ? 1 3 1 1 2 1 1 1 ? 1 2 

Protoceratopsidovum sincerum 3 2 2 3 0 1 3 0 0 2 1 1 1 0 1 2 

Trigonoolithus amoae 2 ? ? ? ? 1 3 1 1 2 1 1 1 0 1 2 

Montanoolithus strongorum 0 2 1 2 0 1 3 1 0 2 1 1 1 0 ? ? 

https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib139
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib153
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib153
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib136
https://www.sciencedirect.com/science/article/pii/S019566711930031X#bib32
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 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Montanoolithus labadousensis 0 ? ? ? ? 1 3 1 0 2 1 1 1 0 1 2 

Triprismatoolithus stephensi 1 1 ? ? 0 1 3 1 1 2 1 1 1 0 ? ? 

Arraigadoolithus patagoniensis 1 ? ? ? ? 0 3 1 1 2 1 1 0 0 0 3 

Sankofa pyrenaica 3 2 2 ? ? 1 3 1 1 0 1 ? 1 0 1 ? 

Parvoolithus tortuosus 3 2 2 ? 1 1 1 2 1 2 1 1 1 0 1 2 

Gobioolithus minor 3 2 2 ? 1 1 3 2 0 2 1 1 1 0 1 2 

Tantumoolithus lenis 3 2 ? ? ? 1 1 2 0 0 1 1 1 0 1 2 

MUCPv-350 Neuquen 3 2 2 1 1 1 3 2 1 2 1 1 1 0 1 ? 

Eggs of paleognaths 3 1 1 3 1 1 1 2 1 0 1 1 1 0 1 2 

Eggs of neognaths 3 2 1 3 1 1 3 2 1 2 1 1 1 0 1 2 

Dendroolithus wangdianensis 1 1 0 3 1 1 3 ? 0 2 1 0 1 0 0 1 

Egg of therizinosaurs 1 0 0 3 1 1 0 ? 0 2 1 1 1 0 0 1 
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APPENDIX IV. MANIRAPTORAN AFFINITIES FOR LATEST CRETACEOUS 

EUROPEAN „GECKOID‟ EGGSHELL 

 

Appendix Text 7-4. Detailed description of the European Pseudogeckoolithus specimens used in this 

study.  

 

The Iharkút Pseudogeckoolithus fragment figured in this study (Figures 7-4B, 5B; Appendix Figure 

7-1A,B) has a mean thickness of 223 µm (212–228 µm range) without and of 255 µm (252–260 µm 

range) with ornamentation, respectively. Although the other Iharkút specimens surveyed in this study 

were much thinner and consistent with the measurements reported in Prondvai et al. (2017) (151 µm 

without, 192 µm with ornamentation), it should be noted that thickness variation within even a single 

egg can cover such a range (e.g. Varricchio et al. 2013, p. 284). The height of the mammillary layer 

comprises around 1/6–1/7 of the whole eggshell thickness. The boundary between the mammillary 

and continuous layers is gradual (Prondvai et al. 2017). The mammillary layer is wedge-like, 

independently supported by dominant high-angle grain boundaries, unlike that seen in elongatoolithid 

and putative dromaeosaurid eggshells, which are characterized by an acicular mammillary layer (Choi 

et al. 2019a; Choi & Lee 2019). Its shell units are usually prismatic as pointed out by Prondvai et al. 

(2017), which is in accordance with the morphology reported by Vianey-Liaud & López-Martínez 

(1997) in Pseudogeckoolithus. Squamatic ultrastructure, supported by rugged grain boundaries (Choi 

et al. 2019a), is weakly developed in the squamatic zone. An external zone is not prominent, but it 

probably exists because there is a marked difference in linearity of grain boundaries between the 

squamatic and possible external zones of the eggshell (Appendix Figure 7-S4B; Choi et al. 2019a). 

On the external surface, the ornamentation nodes are crystallographically continuous with the main 

body of the underlying eggshell.  

The Petresti-Black Lens Pseudogeckoolithus (Figsure 7-4C, 5C; Appendix Figure 7-1C,D) is on 

average 199 µm (188–208 µm range) in thickness (251 µm with ornamentation; 246–255 µm range). 

The mammillary layer is very thin and represents 1/6–1/7 of the entire eggshell thickness (in the non-
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ornamented regions). The mammillary layer is wedge-like, and the boundary between the mammillary 

and continuous layers is gradual. Unlike the Iharkút Pseudogeckoolithus, the squamatic zone - 

characterized by the rugged grain boundaries - extends to the outer surface of the eggshell, hence, an 

external zone may not exist (Appendix Figure 7-4C). The nodular ornamentation is 

crystallographically continuous with underlying eggshell, as in the case of the Iharkút 

Pseudogeckoolithus.  

The Vălioara-Fântânele Pseudogeckoolithus (Figures 7-4D, 5D; Appendix Figure 7-1E,F) has a 

mean thickness of 223 µm (215–238 µm range) in non-ornamented areas, but reaches as much as 294 

µm (290–297 µm range) at the nodular ornamentation. The mammillary layer is wedge-like, which 

represents 1/9–1/10 of the total thickness. The boundary between the mammillary layer and the 

squamatic zone is gradual. The calcite grains in the squamatic zone are prismatic and very similar to 

those of the Iharkút Pseudogeckoolithus. The external zone may not exist since there is no difference 

in grain linearity within the continuous layer (Appendix Figure 7-4D). The nodular ornamentation is 

continuous with the underlying eggshell.  

The Pui-Classic Pseudogeckoolithus specimen (Figure 7-4E, 5E; Appendix Figure 7-1G,H) is 

relatively thin, only 169 µm thick (162–178 µm range), and 208 µm (206–211 µm range) at the 

ornamentation. The mammillary layer is wedge-like and occupies 1/2–1/3 of the entire thickness; it is 

thus microstructurally different from both the aforementioned Romanian as well as the Iharkút 

Pseudogeckoolithus. The boundary between the mammillary layer and the squamatic zone is abrupt, 

unlike in the Iharkút, Petrești and Vălioara specimens, a feature easily detected as linear grain 

boundaries from the mammillary layer change into rugged grain boundaries within the squamatic zone. 

The squamatic zone changes intopossible external zone which is characterized by linear grain 

boundaries (Appendix Figure 7-4E). Due to the significant relative thicknesses of the mammillary 

layer and the possible external zone (representing 1/2–1/3, and 1/4–1/5 of eggshell thickness, 

respectively), the squamatic zone makes up only a small proportion in the eggshell. The nodular 

ornamentation is crystallographically continuous with the main eggshell.  
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The Blasi 2 Pseudogeckoolithus (Figures 7-4F, 5F; Appendix Figure 7-1I,J) is on average 269 µm 

(250–281 µm) thick, but as much as 338 µm (333–343 µm range) at the ornamentation, these being 

the thickest eggshells recorded in our complete sample. The proportional development of the 

mammillary layer (1/4–1/5 of the eggshell thickness) is similar to that of the Pui-Classic 

Pseudogeckoolithus. The mammillary layer is prismatic and wedge-like, resembling that seen in the 

Pui-Classic Pseudogeckoolithus, but also in the Spanish latest Cretaceous Sankofa pyrenaica (López-

Martínez & Vicens 2012), or in modern emu (Figure 7-6E), ostrich and rhea eggshells (Choi et al. 

2019a), as well as in several Late Cretaceous North American dispersituberculate-ornamented ootaxa 

(Zelenitsky et al. 1996; Tanaka et al. 2011; Jackson and Varricchio 2016). However, in some well-

preserved part, inner end of the mammillary layer shows acicular radiating calcite (Appendix Figure 

7-1I,J), which was usually observed in elongatoolithid (Choi et al. 2019a). The boundary between the 

mammillary layer and squamatic zone is abrupt. The rugged grain boundaries of the squamatic zone 

change into linear grain boundaries close to the external surface of the eggshell, suggesting the 

possible existence of anexternal zone (Appendix Figure 7-4F). The nodular ornamentation on the 

external surface is crystallographically continuous with the underlying eggshell, just as in all other 

Pseudogeckoolithus specimens in this study. It is noteworthy that the microstructural arrangement of 

the Blasi 2 Pseudogeckoolithus is remarkably similar to that of Sankofa pyrenaica (i.e., possible 

existence of external zone, tall mammillary layer) known from the same general south-Pyreneean area, 

except for the existence of a nodular ornamentation (Choi et al. 2019a). 
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Appendix Text 7-5. Overview of previously reported fossil „squamate‟ eggshells.  

 

Currently, EBSD provides the best approach to distinguish gekkotan eggshells from dinosaur 

eggshells using their crystallographic difference (Moreno-Azanza et al. 2013; Choi et al. 2018, 2019a 

and references therein). Since Pseudogeckoolithus was shown to represent a maniraptoran eggshell in 

our study, it should be excluded from the list of candidates of true fossil gekkotan eggshells, and the 

idea of its possible gekkotan origin (e.g. Garcia 2000; Sellés 2012) must be abandoned, while 

previous suggestions regarding the presence of lizards in different fossil assemblages, based on the 

occurrence of Pseudogeckoolithusor „geckoid‟ eggshells in general (e.g. Vasile et al. 2011a; Csiki-

Sava et al. 2015, 2016), should be revised. However, there are still several other fossil eggshell 

occurrences (Appendix Table 7-1) whose egg-layer may had been gekkotan, or other non-gekkotan 

squamates laying rigid-shelled eggs (see below). We anticipate that some of these potential candidates 

might also turn out to be archosaurian eggshells when analyzed with EBSD.  

Nevertheless, there are a few cases of highly probable fossil squamate eggshells. We provide here a 

brief review of cases for which detailed information and images are available. First, Gekkonidovum 

textilis from the Hochheim Formation (Oligocene, Paleogene) in Germany has gecko-egg-like gross 

morphology and size (5.2–9.85 X 7–15 mm) (Schleich and Kästle 1988). It has net-like ornamentation 

which is very similar to that of the eggshells of Chondrodactylus angulifer, Paroedura pictus, 

Paroedura stumpfii, Phelsuma grandis and Phelsuma madagascariensis, all members of the Gekkota 

(Deeming 1988; Schleich and Kästle 1988; Choi et al. 2018). In addition, specimens of this ootaxon 

are preserved as a clutch composed of pairs of eggs, a pattern consistent with the clutch of modern 

gecko which is usually composed of one or two eggs (Shine and Greer 1991; Kratochvíl and Frynta 

2006; Pike et al. 2012). Based on the aforementioned observations, it appears likely that 

Gekkonidovum textilis represents genuine fossil gekkotan eggs. Second, Gekkoolithus columnaris 

from the Wind River Formation (Eocene, Paleogene) has jagged columnar calcites (Hirsch et al. 1987; 

Hirsch 1996; see also Hirsch and Harris 1989), a diagnostic character of modern gekkotan eggshells 
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(Schleich and Kästle 1988; Packard and Hirsch 1989; Choi et al. 2018). Also, it is very thin (0.04–

0.05 mm) comparable to the eggshell thickness in Paroedura pictus (Choi et al. 2018), and both are 

significantly thinner than the Hungarian Pseudogeckoolithus, one of the thinnest dinosaurian 

eggshells currently on record (0.151 mm without ornamentation; Prondvai et al. 2017; this paper). 

Third, an eggshell reported from the Iharkút locality (Santonian, UpperCretaceous), Hungary, is very 

thin (0.030–0.045 mm without ornamentation) and is composed of compact vertical columns without 

mammillary layer (MT IV of Prondvai et al. 2017). The apparent lack of a mammillary layer and 

extreme thinness suggest possible squamatan affinity of this material. Fourth, a gekkolithid eggshell 

recovered from the middle pafrt of the Maastrichtian Sebeş Formation, Romania, is 0.060–0.066 mm 

in thickness and has smooth surface (Fernández et al. 2019). This specimen is characterized by wide 

calcite grains at its inner surface, rather amorphous calcite in the middle, the presence of jagged 

columns, and absence of an organic core in the inner region (Fernández et al. 2019). All these features 

are very similar to modern gekkotan eggshells (Choi et al. 2018).  

On the other hand, Hirsch and Quinn (1990) argued that a supposedly „?Gecko-like eggshell‟ 

(UCM 58029/HEC 450-2-3) from the Two Medicine Formation (Campanian, Upper Cretaceous) has 

the typical gecko-like eggshell ornamentation. However, the extinction patterns in the material is 

inverted-triangular, consistent with that of maniraptoran eggshells seen in polarized light 

microscopicinvestigations and with crystal shapes obtained from EBSD analyses (e.g. Jackson et al. 

2010; Moreno-Azanza et al. 2013, 2014; Jackson et al. 2013; Jackson and Varricchio 2016; Choi et al. 

2019a). Thus, UCM 58029 seems a less likely candidate for a fossil squamate eggshell compared to 

other probable cases reviewed here. Finally, fossil gecko eggs are also mentioned from the Lower 

Cretaceous of Mongolia (Kohring 1991; Hirsch 1994; Daza et al. 2014). However, these publications 

might be just referring to some of the oldest gecko skull material (Hoburogekko suchanovi) and not to 

eggs themselves, since there is no reference to eggshells in the original literature of Alifanov (1989) 

(Mikhailov 1997, p. 42; J. D. Daza Personal Communication 2018).  
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Appendix Text 7-6. Fossil eggshell as an end-product of biomineralization.  

 

The power of EBSD analysis lies in the fact that it reveals the crystallographic pathway according to 

which the eggshell was initially deposited (Dalbeck and Cusack 2006; Moreno-Azanza et al. 2013; 

Choi et al. 2018). Hence, using EBSD one can almost „see‟ the successive generations of steps of 

calcite deposition. However, it should be also noted that eggshell is an end-product of a complicated 

biomineralization process, exceeding the simple mechanism of calcite deposition. It is highly probable 

that biomineralization mechanisms shared by certain taxa would yield similar crystallographic make-

up in their eggshells, but the reverse may not always hold true. That is to say, similarly looking 

crystallographic structures in eggshells cannot always guarantee the shared nature of their underlying 

biomineralization processes. Therefore, we would like to recommend cautioum when interpreting 

similar-looking crystallography as a sign of true homology in overall biomineralization process. 

 Nevertheless, the view that sees the eggshell as an end-product of a complicated biomineralization 

process is still helpful in cases where the eggshells of two ootaxa show clearly different 

crystallographies. For example, in the emu eggshell, the advent of ornamentation is „scheduled‟ in the 

middle of the squamatic zone deposition (Figure 7-6E,F). In contrast, in almost all other cases, the 

ornamentation of the sauropsid eggshells is made through extended eggshell deposition (Figure 7-8). 

Based on this clear-cut crystallo-structural difference, it is hard to defend that the emu and, e.g., the 

megapode eggshell have the exactly same biomineralization process as long as the emu eggshell have 

such a distinctive underlying principle of ornamentation generation (it should be emphasized, 

however, that the presence of such a difference in mechanism should be cross-checked by in vivo 

experiments in the future, to be certain). Accordingly, we argue that comparisons of eggshell 

crystallography between different ootaxa/eggs can, reveal, or at least suggest, definitive cases of 

different underlying biomineralization processes. 
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Appendix Figure 7-1. Additional IPF maps (left column) and grain boundary maps (right column) of 

Pseudogeckoolithus. 

 

A and B, Iharkút (MTM VER 2015. 336d). C and D, Petrești-Black Lens (LPB [FGGUB] R.2668.2). 

E and F, Vălioara-Fântânele (LPB [FGGUB] R.2669.3). G and H, Pui-Classic (LPB [FGGUB] 

R.2672.2). I and J, Blasi 2 (MPZ 2019/572). Vălioara-Fântânele specimen is covered with diagenetic 

calcite and the boundary between genuine eggshell and diagenetic calcite is marked with a grey 

dashed line. Although this Blasi 2 specimen is not well preserved, this eggshell shows acicular 

radiating calcite crystals in mammillary layer (white arrows). All scale bars equal 100 μm. 
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Appendix Figure 7-2. Comparative IPF maps of extant and fossil archosaur eggshells. 

 
A and B, eggshell of Caiman latirostris (Crocodilia) (UHR33185). C and D, cf. Maiasaura eggshell 

(MPZ 2000/3563; Moreno-Azanza et al. 2013). E and F, Megaloolithus cf. siruguei (PS-TEC,215; 

Moreno-Azanza et al. 2016). G and H, Prismatoolithus levis (UALVP 57622-D; Funston and Currie 

2018; Choi et al. 2019). I and J, Gobioolithus minor (MPC-D 100/1046; Choi et al. 2019a). In all 

cases where ornamentation exist (A–F), it is made by extended deposition of eggshell (arrows in A, C 

and E). In confirmed maniraptoran eggshells (G–J), existence of squamatic and external zones are 

expressed by difference in ruggedness in grain boundaries (Choi et al. 2019a), a feature that can be 
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also found in Pseudogeckoolithus (Figures 7-4–5). Institutional abbreviations: MPC-D, 

Paleontological Center of the Mongolian Academy of Sciences, Ulaanbaatar, Mongolia; MPZ, Museo 

Paleontólogico de la Universidad de Zaragoza, Zaragoza, Spain; UALVP, University of Alberta 

Laboratory of Vertebrate Palaeontology, Edmonton, Canada; UHR, Hokkaido University Museum, 

Sapporo, Japan. 
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Appendix Figure 7-3. Electron probe micro analyser (EPMA) analysis of the Vălioara-Fântânele 

Pseudogeckoolithus and referable extant avian eggshells. 

 

A, Vălioara-Fântânele Pseudogeckoolithus (LPB [FGGUB] R.2669.5). In the Mg profile, the true 

boundary of the eggshell is prominent due to the high concentration of Mg in the eggshell. Similarly, 

S is weakly enriched in genuine eggshell parts. Thus, epitaxial calcite growth (black arrows) 

overlying the eggshell can be detected using the Mg and S profiles, as shown in Choi et al. (2019a). 

However, concentrations of P and Ca offer little information (white arrows) for locating the boundary 
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between true eggshell and epitaxial growth. Note the Mg-enriched layer in the middle of the eggshell 

(bounded by white bars), the significance of which will be dealt with in a separate study. A coloured 

bar in the lower left of the Mg panel shows the strength of signal, with red region representing 

stronger signal. B, emu eggshell. C, Korean magpie eggshell. Note the high concentration of P in the 

outer part of the extant avian eggshells. Scale bars equal 500 μm (B); 100 μm (A); 50 μm (C). 
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Appendix Figure 7-4. Detecting possible external zone in Pseudogeckoolithus  

 

In order to detect the existence of an external zone, and to avoid its a priori identification, an arbitrary 

white dashed line was drawn near the external end of eggshell where external zone usually exists in 

modern avian eggshell (see Choi et al. 2019a). Next, the linearity of grain boundaries was calculated 

following the method of Choi et al. (2019a). The results showed that the Petrești-Black Lens (C) and 

Vălioara-Fântânele (D) Pseudogeckoolithus do not have linear grain boundaries near the outer surface 

of eggshell, suggesting the absence of external zone (Choi et al. 2019a). In contrast, the Iharkút (B), 

Pui-Classic (E) and Blasi 2 (F) Pseudogeckoolithus are characterized by linear grain boundaries near 

their external surface compared to the squamatic zone, implying the possible existence of an external 

zone (Choi et al. 2019a). The linear grain boundary is more prominent in the Pui-Classic (E) and Blasi 

2 (F) Pseudogeckoolithus than in the Iharkút (B) Pseudogeckoolithus. The numbers in x- and y-axes 

in the histograms are ruggedness ratio and counts, respectively.  
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Appendix Table 7-1. “Squamate” egg/eggshell fossils reported in the literature 

Catal

ogue 

numb

er 

Paratax

onomic 

name 

Locality Age or 

Epoch/Formation 

Egg 

size 

(mm

) 

Eggshell 

thickness 

(μm) 

Reference 

H2O 

S1 

 Cherves-de-

Cognac, 

Charente, FR 

Berriasian/ 

Unnamed 

(Barrett et al. 

2016) 

? 250 (with 

node; in 

average) 

Grellet-Tinner 

et al. (2008) 

MEN

C-

TRE-

11 

 El Horcajo, La 

Rioja, ES 

Berriasian/ 

Unnamed 

(Moreno-Azanza 

et al. 2016) 

? 500 

(without 

node) 

Moreno-Azanza 

et al. (2016) 

Un 

Bar 

ES 1–

8 

 Uña, Cuenca, 

ES 

Barremian/ La 

Huérguina 

(Gomez et al. 

2001) 

? 170–180 

(with 

node) 

Kohring (1991)  

SK1-

1; 

SK1-

2; 

SK1-

3; 

SK1-

4 

 Phu Phok, 

Sakhon 

Nakhorn, TH 

Barremian/ Sao 

Khua 

(Tumpeesuwan 

et al. 2010) 

18 

X 

11 

306–360 

(w/o 

node); 

414–498 

(with 

node) 

Buffetaut et al. 

(2005); Grellet-

Tinner et al. 

(2006); 

Fernandez et al. 

(2015) 

MTM 

VER 

2015.

339 

 Iharkút, 

Bakony 

Mountains, 

HU 

Santonian/ 

Csehbánya 

(Botfalvai et al. 

2015) 

? 30–45 (w/o 

node); 60–

120 (with 

node) 

Prondvai et al. 

(2017) 

UCM  Bone Hill, Campanian / ? 240 (w/o Hirsch & Quinn 



３０７ 

` 

58029

/HEC 

450-

2-3 

Montana, US Two Medicine 

(Fowler 2017) 

node); 340 

(with 

node) 

(1990) 

LNE-

A1; 

VCO

3-B1–

3,5 

 Vitrolles-

Couperigne 

and La Neuve, 

Provence-

Alpes-Côte 

d'Azur, FR 

Campanian–

Maastrichtian/ 

Vitrolles 

Limestone 

(Garcia & 

Vianey-Liaud 

2001) 

? 160–240 

(w/o 

node); 

260–330 

(with 

node) 

Garcia (2000)  

HEC3

80-6; 

HEC3

80-7 

 Pongo de 

Rentema , 

Amazonas, PE 

Campanian–

Maastrichtian/ 

Fundo El Triunfo 

(Vianey-Liaud et 

al. 1997) 

? 120–150 Mourier et al. 

(1988); Vianey-

Liaud et al. 

(1997) 

LPB 

[FGG

UB] 

v.562
a
 

 Fărcădeana, 

Hunedoara, 

RO 

Maastrichtian/ 

Unnamed (Unit 

B; Csiki-Sava et 

al. 2016) 

? ? Csiki-Sava et al. 

(2016) 

FGG

UB 

R.211

5
a
 

 Tuştea, 

Hunedoara, 

RO 

Maastrichtian/ 

Densuş-Ciula 

(Csiki-Sava et al. 

2016) 

? ? Vasile et al. 

(2011); 

Grigorescu 

(2017) 

EME 

V.314 

 Sebeş, Alba, 

RO 

Maastrichtian/ 

Sebeş (Csiki-

Sava et al. 2016) 

? 60–66 Fernández et al. 

(2019) 

Unna

med 

 Nagpur, 

Maharashtra, 

IN 

Maastrichtian/ 

Takli (but see 

Nolf et al. 2008) 

? 120–180 Sahni et al. 

(1984) 
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Unna

med
b
 

 Lameta Ghat, 

Madhya 

Pradesh, IN 

Maastrichtian/ 

Lameta (Khosla 

et al. 2015) 

68 

X 

44 

430–470 Shukla & 

Srivastava 

(2008) 

UCM 

54318 

 Unknown, 

Utah, US 

Late Cretaceous/ 

Unknown 

? 319 (w/o 

node); 

1456 

Hirsch & 

Packard (1987) 

UCM 

49395 

 Unknown, 

Utah, US 

Late Cretaceous/ 

Unknown 

? 952–1141 

(w/o 

node); 

1522–1746 

(with 

node) 

Hirsch & 

Packard (1987) 

CM 

46668  

Gekkoo

lithus 

column

aris 

Buck Springs 

Quarries, 

Wyoming, US 

Eocene/ Wind 

River (Fan et al. 

2011) 

8 X 

9 

40–50 Hirsch et al. 

(1987); Hirsch 

(1996) 

SMF-

R 

2060–

2064 

Gekkon

idovum 

textilis 

Flörsheim, 

Hessen, DE 

Oligocene/ 

Hochheim 

(Kadolsky 2008) 

(5.2

–

9.85

) X 

(7–

15) 

650–700 Schleich & 

Kästle (1988) 

KNM

I-KO 

20609

-96 

Gekkoo

lithus 

column

aris 

Koru, Kisumu, 

KE 

Miocene/ Legetet 

(Hirsch & Harris 

1989) 

(7.0

–

7.5) 

X 

(8.7

–

9.0) 

170–200 Hirsch & Harris 

(1989); Hirsch 

(1996) 
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Appendix Table 7-2. Experimental and calculated intergrade values used for Kolmogorov-

Smirnov test 

Taxon Nu Nc ((Nc X Nu)/(Nc + 

Nu))^0.5 

D d 

Iharkút 1000 24199 30.98896393 0.1708

97 

5.2959

24 

Petrești-Black lens  1000 24363 30.99310387 0.0749

43 

2.3227

22 

Vălioara-Fântânele  1000 21179 30.90165537 0.0438

79 

1.3559

46 

Pui Classic 1000 18194 30.78799093 0.0873

37 

2.6889

31 

Blasi 2 1000 33646 31.1630653 0.0863

79 

2.6918

41 

      

Gekko gecko (gecko) 1000 98504 31.46347331 0.4259

66 

13.402

37 

Phelsuma grandis (gecko)  1000 11440 30.32514053 0.0780

28 

2.3662

1 

Caiman latirostris (crocodile) 1000 9820 30.12604452 0.0996

35 

3.0016

2 

cf. Maiasaura (ornithopod) 1000 13835

1 

31.50910783 0.5441

2 

17.144

75 

Guegoolithus turolensis 

(ornithopod) 

1000 69191 31.39670618 0.5463

54 

17.153

72 

Megaloolithus cf. siruguei 

(sauropod) 

1000 16799

0 

31.52907373 0.3709

25 

11.694

92 

Trigonoolithus amoae 

(theropod) 

1000 9207 30.03378131 0.0771

23 

2.3163

07 

Dromaius novaehollandiae 

(palaeognath) 

1000 36314 31.19616014 0.2052

03 

6.4015

36 
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d> 1.07 1.224 1.358 1.628 1.949 

P(different)> 80% 90% 95% 99% 99.9% 
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APPENDIX V. MICROSTRUCTURAL AND CRYSTALLOGRAPHY EVOLUTION OF 

PALAEOGNATH EGGSHELLS 

 

Appendix Text 8-1. Detailed description for IPF and Euler mappings of paleognath eggshells 

Ostrich eggshell (Appendix Figure 8-1): The overall crystallography and microstructure are peculiar 

compared to other paleognath eggshells (Zelenitsky and Modesto 2003; Grellet-Tinner 2006). A 

whole thickness of eggshell is composed of prismatic calcite grains (Zelenitsky and Modesto 2003; 

Choi et al. 2019). The ML is composed of wedge-like calcite grains and these grains are usually 

extended to the outer end of the eggshell. Boundaries between the ML and SqZ, SqZ and EZ are hard 

to identify in IPF and Euler mappings. However, the grain boundary ruggedness analysis provides an 

alternative way to identify them. 

Rhea eggshell (Appendix Figure 8-2): It has typical microstructural and crystallographic 

configuration of most of paleognath eggshell (i.e. rhea-style). The ML is comparatively thick and 

composed of wedge-like calcite. The boundary between the ML and SqZ is clear and can be identified 

by the contrasting microstructures. The SqZ is characterized by „splaying‟ of the grain shape. There is 

crystallographic continuity between the SqZ and EZ, but calcites in the EZ are usually narrow and 

prismatic in shape. Note that the overall microstructure is remarkably similar to that of Sankofa 

pyrenaica, a Late Cretaceous ootaxon from Spain (López‐Martínez and Vicens 2012). 

Cassowary and emu eggshells (Appendix Figure 8-3,4): Eggshells of both clades are nearly the same 

in their microstructure and crystallography, thus, described together. The major difference is that 

cassowary eggshell has high density of calcite grains in their ML and SqZ. The ML has wedge-like 

calcite. The boundary between the ML and SqZ is clear. SqZ is characterized by „splaying‟ of the 

grain shape. The SqZ is gradually changed into EZ in outer region of compact part of the eggshell, 

which is characterized by different grain boundary conditions. The „resistant zone‟ (sensu Zelenitsky 

and Modesto, 2003; see Appendix Figure 8-22) of the eggshell shows crystallographic continuity with 

EZ. Therefore, we suggest that the „resistant zone‟ can be interpreted as a modified EZ that acquired 

https://onlinelibrary.wiley.com/doi/full/10.1111/j.1475-4983.2011.01114.x#b18


３１２ 

` 

porosity. This view is different from that of Zelenitksy and Modesto (2003) who regarded „resistant 

zone‟ as a modified SqZ. Besides, Grellet-Tinner (2006) interpreted „resistant zone‟ as a „third layer‟ 

(= EZ in our terminology), which is partly in agreement with our view, but we suggest that outer part 

of „second layer‟ (= SqZ in our term) in Grellet-Tinner (2006) is, in fact, a part of EZ because EZ 

seems to appear before the advent of „third layer‟ of Grellet-Tinner (2006). Another unique feature of 

cassowary and emu eggshells is their „granular layer‟ (sensu Mikhailov 1997a). Although this layer 

was consistently reported in earlier studies (Mikhailov 1997a; Zelenitsky and Modesto 2003; Grellet-

Tinner 2006), it was usually treated as a layer simply overlying the porous EZ. However, this layer 

has a deep triangular „root‟ at the compact eggshell (Lawver and Boyd 2018; Choi et al. 2020). Note 

that except for „resistant zone‟ and granular layer, the overall microstructure of both eggshells is 

highly similar to Spanish and Romanian Pseudogeckoolithus, a Late Cretaceous ootaxon (Choi et al. 

2020). 

Kiwi eggshell (Appendix Figure 8-5): Microstructure and crystallography are similar to those of 

tinamou eggshells compared to other paleognath eggshells. In ML, grains are mostly wedge-like but 

in some places, width of grains are very narrow so that needle-like (acicular) in shape (Zelenitsky and 

Modesto 2003). Needle-like structures are frequently observed in other MLs, while very rarely 

observed in ostrich-style and rhea-style paleognath eggshells. The contour of ML is usually round. 

The boundary between the ML and SqZ is clear due to the contrasting grain shape. The EZ are 

massive. 

Elephant bird eggshell (Appendix Figure 8-6): It is (or was) the thickest and largest avian egg (Ar et 

al., 1979; Juang et al., 2017). Its microstructure and crystallography are similar to those of rhea 

eggshell. The ML is composed of wedge-like calcite (Grellet-Tinner 2006). The boundary between 

the ML and SqZ is easily identifiable due to the microstructural difference. However, extent of 

„splaying‟ in SqZ is far less than that of rhea eggshell and more like a „cryptoprismatic‟ SqZ reported 

from non-avian maniraptoran eggshell Macroelongatoolithus (Jin et al. 2007; Choi et al. 2019). The 

grains in the EZ becomes weakly prismatic. 
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Thin moa eggshell (Appendix Figure 8-7): It may be an eggshell of Euryapteryx curtus. The overall 

microstructure and crystallography is very similar to those of rhea eggshell. The ML is composed of 

wedge-like calcite grains. The boundary between the ML and SqZ is clear. The SqZ is characterized 

by the „splaying‟ of the grain shape. However, the EZ is not as prominent as that of rhea eggshell 

although grain boundary is comparatively linear. The grains in the EZ are irregular in shape. It may be 

the reason why EZ of moa eggshell was reported in the early 2000s notwithstanding the fact that moa 

eggshells had been described since the late 1800s (Zelenitsky et al. 2002).  

Thick moa eggshell (Appendix Figure 8-8): It may be an eggshell of Dinornis novaezealandiae. The 

microstructure is similar to ostrich eggshell in that long prismatic shell units occupy the whole 

thickness of the eggshell although shell units are not as narrow as those of ostrich eggshell. The ML is 

wedge-like. It is worth mentioning that the outline of ML is round (Appendix Figure 8-21). As far as 

we investigated, we could not find round ML in other paleognath eggshells except for tinamou-style 

eggshells. The boundary between the ML and SqZ, SqZ and EZ are not clear because the „splaying‟ of 

the SqZ is very weak as in ostrich eggshell. However, as in the case of ostrich eggshell, grain 

boundary condition provides an alternative way for identification of this trait (see Appendix Figure 8-

23,24). 

Tinamou eggshells (Appendix Figure 8-9,10): The eggshells of elegant crested tinamou (Eudromia 

elegans) and Chilean tinamou (Nothoprocta perdicaria) are described together due to their similarity. 

The ML is characterized by clear needle-like calcite grains (Zelenitsky and Modesto 2003; Grellet-

Tinner and Dyke 2005; Grellet-Tinner 2006), which is reminiscent of that of non-avian maniraptoran 

eggshells (especially Elongatoolithus and Reticuloolithus) (Appendix Figure 8-21). The ML is usually 

round (Grellet-Tinner 2006). The boundary between the ML and SqZ is clear. In SqZ, the grain shape 

is highly irregular in elegant crested tinamou eggshell, but Chilean tinamou eggshell has „splaying‟ 

structure. In EZ, the grain is massive. 

Lithornis eggshells (Appendix Figure 8-11): This Paleocene eggshell has much in common with 

tinamou eggshells (Houde 1988; Grellet-Tinner and Dyke 2005). The ML of Lithornis eggshell is 
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composed of needle-like calcite and weakly round in some parts of the eggshell as that of tinamou 

eggshell. The SqZ shows clear „splaying‟ structure and the EZ is massive, thus Lithornis eggshell is 

more similar to Chilean tinamou eggshell than elegant crested tinamou eggshell. 

 
Appendix Text 8-2. Detailed description for IPF and Euler mappings of neognath eggshells 

Common pheasant and Japanese quail eggshells (Appendix Figure 8-12,13): Both species belong to 

Galliformes and the microstructures and crystallography are similar, thus described together. As in 

chicken and duck eggshells (Choi et al. 2019), the vertical alignment of c-axis is not as strong as that 

of paleognath eggshells. The ML is wedge-like and the prismatic calcites extend to SqZ and EZ. The 

boundaries between the ML and SqZ, SqZ and EZ are gradual. Note that as in ostrich-style paleognath 

eggshells, „splaying‟ structure is nearly absent in SqZ. 

 Northern goshawk eggshell (Appendix Figure 8-14): It has exotic microstructure and crystallography. 

The ML is composed of wedge-like calcite. The boundary between the ML and SqZ is gradual. The 

SqZ seems to be thin while EZ is thick based on grain boundary condition. In outer EZ, the calcite 

grains are characterized by angular porosities. This feature has not been observed in other avian 

eggshell and needs further investigation from other Accipitriformes egghells (see also Mikhailov 

1997a). In addition, the porous EZ is overlain by another layer that is not indexed by EBSD mapping. 

It means that this layer is not composed of calcite, but other biominerals. Preliminary EDX analysis 

data showed that Si is enriched in this layer. However, further investigation on the origin and function 

of this layer was out of focus of current study. 

Common murre eggshell (Appendix Figure 8-15): Compared to the other neognath eggshells, the 

common murre eggshell has strong vertical c-axis alignment, similar to that of paleognath eggshells. 

The ML is wedge-like. Similar to paleognath eggshell, the boundary between the ML and SqZ is 

easily identified due to the „splaying‟ microstructure of SqZ. The calcite in the EZ is weakly massive. 

In overall microstructure, common murre eggshell is remarkably similar to Guineafowl (Numididae, 
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Galliformes) eggshell (Nys et al. 2004), both of them are dissimilar to typical „prismatic neognath 

morphotype‟ (Mikhailov 1997b), but more like rhea-style paleognath eggshell. 

European green woodpecker (Appendix Figure 8-16): The overall microstructure is strikingly similar 

to that of tinamou eggshells. It has relatively strong vertical c-axis alignment as paleognath eggshell. 

The ML has needle-like structure although wedge-like structure is also observed. The boundary 

between the ML and SqZ is clear due to the contrasting microstructure. Grains are mostly irregular in 

SqZ. The EZ is composed of massive calcite grains. Mikhailov (1997a) pointed out that eggshell of 

woodpecker (Neognathae) is similar to paleognath eggshell. This observation can be further supported 

by the current data. 

 

Appendix Text 8-3. Detailed description for IPF and Euler mappings of non-avian maniraptoran 

eggshells 

The microstructural and crystallographic features of oviraptorosaur (Elongatoolithus oosp. and 

Macroelongatoolithus xixiaensis (or M. carlylei sensu Simon et al. 2018); Appendix Figure 8-17,18) 

and troodontid eggshell (Appendix Figure 8-19) were fully described in Choi et al. (2019). Briefly, 

oviraptorosaur eggshells have rhea-style microstructure and crystallography except for the presence of 

needle-like ML and absence of EZ. This trait is more prominent for Elongatoolithus whereas 

Macroelongatoolithus is characterized by weakly developed, hidden prismatic structure (or 

cryptoprismatic structure sensu Jin et al. 2007). In contrast, troodontid eggshell (Prismatoolithus levis; 

Zelenitsky and Hills, 1996; Varricchio et al., 2002; Varricchio and Jackson 2004; Funston and Currie, 

2018) has well-developed prismatic shell units. In addition, P. levis has EZ (Varricchio and Jackson 

2004), a feature that is usually found in avian eggshell. Although the existence of EZ is still 

challenged (e.g. Mikhailov 2014), general consensus is that EZ exists in P. levis (Zelenitsky and 

Therrien 2008; Choi et al. 2019).  

Triprismatoolithus stephensi (Appendix Figure 8-20): The overall microstructure is similar to that 

of P. levis in that prismatic shell units occupy the whole thickness of eggshell. The ML is wedge-like, 
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and the boundary between the ML and SqZ is gradual. The existence of EZ can be diagnosed by grain 

boundary condition and polarized light microscopic observation (Jackson and Varricchio 2010; 

Varricchio and Jackson 2016). 

 

Appendix Text 8-4. Detailed description for GB mappings of paleognath eggshells 

Ostrich eggshell (Appendix Figure 8-1): Low-angle GB are widespread in the eggshell, but they are 

concentrated at the outer part of ML (the existence and portion of ML is clear in polarized light 

microscopic and scanning electron microscopic images; Dauphin et al. 2006). This feature has not 

been reported in other avian and non-avian maniraptoran eggshells. Unlike most of other avian 

eggshells that have rugged GB in SqZ but linear GB in EZ (Grellet-Tinner et al. 2012, 2016, 2017; 

Choi et al. 2019), the GB in the SqZ and EZ of ostrich eggshell are mostly linear. It makes hard to 

identify the boundary between the SqZ and EZ (Zelenitsky and Modesto 2003; Mikhailov 2014). 

However, EBSD makes it possible to see highly-magnified images such that weakly developed 

rugged GB in the SqZ and slightly more linear GB are observed in the EZ (Appendix Figure 8-23). 

Thus, we support the view that there is a SqZ/EZ boundary near the outer surface of eggshell 

(Mikhailov 2014). The overall peculiar prismatic microstructure of ostrich eggshell might have been 

derived from weakened development of squamatic ultrastructure and „splaying‟ calcite growth (see 

also thick moa eggshell below). 

Rhea eggshell (Appendix Figure 8-2): Low-angle GB are mostly concentrated on the SqZ. In ML 

and EZ, GB are linear, while in SqZ, GB are highly rugged. This trait can be observed even in simple 

secondary electron SEM images of rhea eggshell (Choi et al. 2019). 

Cassowary and emu eggshells (Appendix Figure 8-3, 8-4): Dissimilar to rhea eggshell, the low-angle 

GB are not concentrated in SqZ, but usually present in granular layer (both outer granular part and its 

„root‟). In ML, GB are linear. The GB becomes highly rugged in the SqZ. The GB becomes linear 

again before they reach „resistant zone‟ (sensu Zelenitsky and Modesto 2003; see Appendix Figure 8-

22). We interpret that true EZ of cassowary and emu eggshells appears before the „resistant zone‟. 
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The „resistant zone‟ shares crystallographic continuity with underlying compact EZ, thus, we see 

„resistant zone‟ as a modified EZ (Appendix Figure 8-22). The granular layer begins at the middle to 

outer part of the eggshell (note that it begins in SqZ in cassowary eggshell while in EZ in emu 

eggshell in our figures, but it was not clade-specific, but was variable in both eggshells). In outer 

granular layer, GB are usually linear and lie parallel to each other.  

Kiwi eggshell (Appendix Figure 8-5): Low-angle GB are mostly situated at ML. Nevertheless, they 

are not abundant unlike other paleognath eggshell. In ML and EZ, GB are linear. In SqZ, the GB are 

highly rugged. The overall GB arrangement is similar to that of tinamou eggshell (see below).  

Elephant bird eggshell (Appendix Figure 8-6): Low-angle GB are mostly situated at SqZ as in rhea 

eggshell. In ML and EZ, GB are linear. In the SqZ, GB are rugged. Despite the difference in thickness 

of the eggshells, GB configuration of elephant bird eggshell is remarkably similar to that of rhea 

eggshell except for less severe „splaying‟ microstructure in SqZ. 

Thin moa eggshell (Appendix Figure 8-7): The GB features are very similar to that of rhea eggshell. 

In addition, both eggshells have nearly the same thickness. The only difference is that the GB linearity 

at the EZ of thin moa eggshell is much weaker than that of rhea eggshell. 

Thick moa eggshell (Appendix Figure 8-8): Low-angle GB are not confined to a certain layer, but 

widespread in the eggshell. Similar to ostrich eggshell, GB are mostly linear and lack „splaying‟ 

microstructure and rugged GB in SqZ. However, in magnified view, we could see slight ruggedness in 

SqZ (Appendix Figure 8-23). The boundary between the ML and SqZ, SqZ and EZ are not clear 

because the „splaying‟ grain shape of the SqZ is very weak and difference in ruggedness between the 

SqZ and EZ is weak as in ostrich eggshell. However, as in ostrich eggshell, GB ruggedness 

investigation provides an alternative way to differentiate the layers. 

Tinamou eggshells (Appendix Figure 8-9,8-10): Low-angle GB mostly exist in ML. In ML and EZ, 

GB are linear but in the SqZ, GB are highly rugged. In our materials, GB ruggedness in SqZ is much 

severe in the elegant crested tinamou eggshells than Chilean tinamou eggshell. 
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Lithornis eggshell (Appendix Figure 8-11): Low-angle GB is mostly present in ML. ML and EZ are 

composed of linear GB, while SqZ is composed of rugged GB. This configuration is nearly the same 

as that of tinamou (especially Chilean tinamou) eggshell.  

 

Appendix Text 8-5. Detailed description for GB mappings of neognath eggshells 

Common pheasant and Japanese quail eggshells (Appendix Figure 8-12,8-13): Low-angle GB are 

rare compared to paleognath eggshells. ML and EZ have linear GB while SqZ has rugged GB. 

However, the difference in ruggedness between the two layers is not prominent compared to rhea- or 

tinamou-style paleognath eggshells. These features are consistent in other galliform eggshells 

(chicken, Choi et al. 2019; megapode, Grellet-Tinner et al. 2017; guineafowl and turkey, Nys et al. 

2004; guineafowl eggshell has prominent rugged GB in SqZ as in rhea-style paleognath eggshell). 

 Northern goshawk eggshell (Appendix Figure 8-14): Low-angle GB are rarely seen. ML is 

composed of linear GB. The rugged GB is located near the inner part of the eggshell, while linear GB 

occupy nearly outer half of the calcite eggshell. This result may imply that the SqZ occupies only a 

small portion of the eggshell and EZ is dominant in the eggshell. Also, the angular porosities 

mentioned above may be confined to the EZ. Along with the non-calcite minerals mentioned earlier, 

testing this hypothesis may be an independent issue in Accipitriformes biology, but we will not 

investigate this issue herein. See also Dalbeck and Cusack (2006) for EBSD imaging for eggshell of 

another Accipitriformes, Aquila chrysaetos. 

Common murre eggshell (Appendix Figure 8-15): Low-angle GB is usually confined to ML. In ML 

and EZ, GB are linear while in SqZ, GB are rugged. The GB configurations are similar to those of 

guineafowl eggshell (Nys et al. 2004) and rhea-style paleognath eggshell. 

European green woodpecker (Appendix Figure 8-16): Low-angle GB are concentrated on the ML. 

The GB configuration is very similar to that of tinamou eggshell. The only minor difference is that the 

GB linearity in EZ is not as prominent as that of tinamou eggshells. 

 

https://en.wikipedia.org/wiki/Accipitriformes
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Appendix Text 8-6. Detailed description for GB mappings of non-avian maniraptoran eggshells 

The GB features of oviraptorosaur (Elongatoolithus oosp. and Macroelongatoolithus xixiaensis (or 

M. carlylei)) and troodontid eggshell (Appendix Figure 8-17–19) were described in detail in Choi et al. 

(2019). Briefly, oviraptorosaur eggshells have widespread low-angle GB, not confined to certain part 

of the eggshell. ML has linear GB, but in SqZ, GB becomes highly rugged. They do not have EZ that 

can be characterized by linear GB. In contrast, troodontid eggshell is characterized by linear GB in 

ML and EZ, but SqZ has very weakly developed rugged GB. We examined ruggedness ratio of SqZ 

and EZ.   

Triprismatoolithus stephensi (Appendix Figure 8-20): The overall GB configuration is similar to that 

of Prismatoolithus levis. Low-angle GB are rare. In ML and EZ, grain boundaries are linear but in 

SqZ, grain boundaries are rugged. However, the difference in ruggedness of SqZ and EZ is significant 

compared to the case of Prismatoolithus levis.  

 

Appendix Text 8-7. Further information for aspect ratio 

Because it is known that Prismatoolithus levis is characterized by very narrow shell units (Zelenitsky 

and Hills 1996; Varricchio et al. 2002; Varricchio and Jackson 2004) whereas shell units of 

oviraptorosaur Macroelongatoolithus (Pu et al. 2017) is rather controversial in their shell unit 

structure (Grellet-Tinner et al. 2006; Jin et al. 2007), we analyzed AR of oviraptorosaur 

(Elongatoolithus and Macroelongatoolithus) and troodontid eggshells (P. levis). Intriguingly, P. levis 

shows very high AR following the AR of ostrich eggshell (Appendix Figure 8-3). It quantitatively 

shows that both P. levis and modern ostrich eggshell have very narrow and tall shell units and weakly 

developed „splaying‟ microstructure. Elongatoolithus does not have high AR whereas 

Macroelongatoolithus shows higher AR. It strongly supports the view that the SqZ of 

Macroelongatoolithus can be best described by the term „cryptoprismatic‟ (Jin et al. 2007) but 

„aprismatic‟ may be still a reasonable term for Elongatoolithus (Grellet-Tinner and Chiappe 2004).  
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It was proposed that character states of ML, either needle-like or wedge-like, can be diagnosed by 

richness of low-angle GB (Choi et al. 2019). However, it can be much clearly defined by the 

combination of AR and GB mappings of the ML (Appendix Figure 8-21). We suggest that density of 

calcite grains within a ML would be the most objective criterion. When the calcite grains of ML are 

confined to ML, the AR mapping provides most straightforward results: needle-like ML is 

characterized by the presence of high AR color (e.g. Reticuloolithus, Elongatoolithus, kiwi, and 

tinamou eggshells). However, when the calcite grains of ML are not limited to ML, even wedge-like 

calcite grains show high AR color (e.g. ostrich and thick moa eggshells). In this case, a wedge-like 

ML is composed of a few number of calcite grains, thus one can count the number of grains in a 

single ML. It will provide a way to circumvent the limitation of AR mapping in diagnosing wedge-

like versus needle-like ML in ostrich-like eggshells. In sum, identifying needle- or wedge-like ML 

can be quantitatively made by counting calcite grains in ML in all cases; when the calcite grains are 

confined to ML and not extended to SqZ, AR mapping will provide simplest visual representation. 

Detailed elaboration of this approach will be presented elsewhere.  

 

Appendix Text 8-8. Quantifying grain boundary ruggedness in eggshells with prismatic 

microstructure  

In case of rhea-style and tinamou-style paleognath eggshells, identifying boundaries between SqZ 

and EZ is straightforward due to the clear difference in microstructure. However, in ostrich-style 

paleognath eggshell and several fossil eggshells that have prismatic shell units (Appendix Figure 8-

23), the existence of boundary between the SqZ and EZ were ambiguous and it caused controversies 

(Zelenitsky and Modesto 2003; Varricchio and Jackson 2004; Grellet-Tinner et al. 2006; Mikhailov 

2014). Choi et al. (2019) proposed an alternative approach to identify the boundary by focusing on the 

GB ruggedness because in SqZ, GB are usually rugged, but in EZ, GB are usually linear. Because 

ruggedness can be quantitatively measured, this approach can be a testable approach.   
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GB ruggedness analyses were carried out on the EZ and SqZ of eight different eggshells: ostrich, 

rhea, thick moa, duck, pheasant, common murre, Prismatoolithus levis and Triprismatoolithus 

eggshells. GB mappings were processed with a “particle and pore analysis” function of the SPIPTM 

software (Appendix Figure 8-24; Image Metrology, Denmark). Ruggedness is defined here by the 

ratio of perimeter between unsmoothed and smoothed grains. For this reason, correct identification of 

grains and an adequate smoothing to make a proper reference line are important. The amount of grains 

that is analyzed is determined by threshold. Larger threshold permits to use more grains but more 

artifacts may be included as “grains” (i.e. false-positive signal). In this study, we used the threshold of 

80 to 101. Besides, grains, which are larger than 0.3% of the total analyzed area were selected for 

analysis because most of the small grains represent artifacts. In addition, small grains are easily 

deformed by smoothing and filter size is related to the amount of smoothing. Filter size refers to the 

running average of width of contour points that are used in smoothing (see SPIP reference guide for 

further information). The smoothing effect becomes intense as the filter size increases, and therefore 

deforms the grain shape. We used the filter size of 15 as it provided an adequate reference line 

without intense grain deformation.  

All the eggshells analyzed in this study showed a higher ruggedness in SqZ than that of EZ. We 

found that GB in smaller portion of image are more susceptible to the smoothing effect, leading the 

ruggedness of EZ appear to be overestimated where size is usually smaller than that of SqZ. 

Nevertheless, a higher ruggedness in SqZ than that of EZ supports the presence of EZ in all the 

analyzed eggshells. 

 

Appendix Text 8-9. Molecular phylogeny of paleognath 

According to the conventional view, which was mainly based on morphological characters, tinamou 

was interpreted to be the basalmost paleognath and the others (i.e. „ratite‟) were thought to be 

monophyletic (Cracraft 1974; Livezey and Zusi 2007 and references therein). Among the 

„monophyletic ratites‟, Apterygidae (kiwi) and Dinornithiformes (moa) were thought to be the basal 
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ratites, whereas a clade composed of cassowary and emu, and another clade consists of ostrich, rhea, 

and elephant bird was interpreted to be a derived clade (Cracraft, 1974; Livezey and Zusi, 2007).  

However, molecular phylogeny provides completely different view (Appendix Figure 8-1). First, it 

was shown that tinamou is not basalmost paleognath (Harshman et al., 2008), but is the sister clade of 

moa (Phillips et al., 2010; Haddrath and Baker, 2012; Baker et al., 2014). Instead, ostrich was 

reassigned to the basalmost paleognath (Harshman et al., 2008; Haddrath and Baker, 2012; Baker et 

al., 2014; Mitchell et al., 2014; Grealy et al., 2017; Yonezawa et al., 2017; Cloutier et al. 2019). 

Strikingly, elephant bird and kiwi were sister clade despite their extreme contrast in size and 

biogeographic distribution (Madagascar and New Zealand, respectively) (Mitchell et al., 2014; Grealy 

et al., 2017; Yonezawa et al., 2017; Appendix Figure 8-2). Hence, the former evolutionary scenarios 

of paleognath eggshells that were based on morphological phylogeny (Zelenitsky and Modesto, 2003; 

Grellet-Tinner 2006) should be revised with novel molecular phylogeny.  

 

Appendix Text 8-10. Casuariidae and its eggshell 

Ornamentation is an accessory structure in outer surface of the eggshell, which were common in 

non-avian dinosaur eggshells (e.g. Choi et al. 2020), but are nearly absent in modern avian eggshells 

with rare exceptions (Hauber 2014; Grellet-Tinner et al. 2017). In modern Aves, eggshells of the 

Casuariidae (paleognath) and Megapodiidae (neognath) are characterized by ornamentation (Grellet-

Tinner 2006; Grellet-Tinner et al. 2017) although their underlying mechanisms are different (Choi et 

al. 2020). Both clades live in Australia and western Pacific islands that have heavy rain fall in raining 

season (Harris et al. 2014; Langley 2018).  

 The presence of ornamentation in eggshells may be related to their habitat. In case of megapode, 

Australian brush turkey (Alectura lathami) has more pronounced ornamentation compared to 

malleefowl (Leipoa ocellata) eggshell (Grellet-Tinner et al. 2017). Interestingly, A. lathami live in the 

eastern coast of Australia where humid climate is dominant whereas L. ocellata are distributed in dry 

environments (Grellet-Tinner et al. 2017). In addition, A. lathami uses more vegetal matter for their 
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nest than that of L. ocellata and it may cause increased organic acids in a nest of A. lathami (Grellet-

Tinner et al. 2017). Therefore, Grellet-Tinner et al. (2017) suggested that the ornamentation may 

reduce the potential damage caused by organic acid to eggshell and permit enough incubating time in 

buried eggs in humid climate. 

 This explanation may be applicable to the ornamentation of the Casuariidae. Cassowary is native to 

New Guinea and northeast Australia where are characterized by very humid climate (Williams et al. 

1996; Langley 2018). In case of the Mission Beach area, a major habitat of cassowary in Australia, an 

average annual rainfall exceeds 4,000 mm (Moore 2007). Hence, natural habitat of cassowary is much 

more humid compared to those of other flightless paleognath. Ornamentations of cassowary eggshell 

may have adaptive value in humid climate.  

However, eggshells of emu also have similar ornamentation but emu is distributed all over the 

Australia regardless of climate (Langley 2018). Emu and cassowary is estimated to diverge before 

31.14 Ma (Oligocene; Grealy et al. 2017; Yonezawa et al. 2017). A definite fossil record of the 

Casuariidae (Emuarius gidju) dates back to 24–15 Ma (late Oligocene to middle Miocene) (Worthy et 

al. 2014). It is noteworthy that Emuarius had less well-developed cursorial ability, which means that 

the ancestor of emu, represented by Emuarius gidju, might have been more similar to extant 

cassowary than emu, suggesting adaptation to denser vegetation than open woodlands of modern 

Australia (Worthy et al. 2014). It is unknown where the divergent event in casuariid took place, but 

tropical rainforests are usually more prone to speciation than other biomes (McKenna and Farrell 

2006; Moreau and Bell 2013 and references therein), suggesting that the divergence in the Casuariidae 

might have happened in ancient tropical rainforest, reminiscent of modern habitat of extant cassowary. 

Thus, peculiar „resistant zone‟ and „granular layer‟ of casuariid eggshells (Appendix Figure 8-22) 

would have been appeared in the MRCA of emu and cassowary that lived in humid climate. The 

ornamentation may be still functional in cassowary eggs because their main habitat is still humid 

environment, but that of emu eggshell might be explained by „phylogenetic inertia‟ (sensu Edwards 

and Naeem 1993), implying that ornamentations of emu eggshell is maintained not because it is useful, 
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but because of the lack of genetic variation and/or physiological constraints that is related to eggshell 

deposition (Losos 2011) despite changing selective regime (Blomberg and Garland 2002).  

 

Appendix Text 8-11. Alternative interpretation 

These interpretations are based on the phylogeny of Cloutier et al. (2019) and Sackton et al. (2019) 

(Appendix Figure 8-26–28). Only those different from the main text are presented herein: (i) tinamou 

and moa are nested in the basal position of phylogenetic tree and rhea is assigned to more derived 

position. Still, rhea-style and ostrich-style microstructures might have been derived from tinamou-

style microstructure. Ostrich and thick moa eggshell would have been independently evolved; thin 

moa eggshell and eggshell of (rhea+casuariid+elephant bird) eggshells must have homoplastic 

relationship. (ii) if microstructure of kiwi eggshell is plesiomorphic as in tinamou eggshell, then rhea-

style microstructure would have independently evolved in rhea, casuariid, and elephant bird eggshells. 

Alternative scenario might be that rhea-style microstructure evolved in MRCA of rhea and kiwi but 

kiwi eggshell turned to tinamou-style eggshell in their evolution. The latter hypothesis is more 

parsimonious but we will not make any conclusion before further modern and fossils kiwi eggshells 

are investigated. (iii) unfortunately, rate of evolutionary change cannot be inferred in this 

interpretation because no speciation timeline estimation has been made in neither Cloutier et al. (2019) 

nor Sackton et al. (2019). 
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Appendix Figure 8-1. Ostrich eggshell. 

 

(A) IPF, (B) Euler, (C) GB, and (D) AR mappings. 
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Appendix Figure 8-2. Rhea eggshell. 

 

(A) IPF, (B) Euler, (C) GB, and (D) AR mappings 
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Appendix Figure 8-3. Cassowary eggshell. 

 

(A) IPF, (B) Euler, (C) GB, and (D) AR mappings. 
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Appendix Figure 8-4. Emu eggshell. 

 

(A) IPF, (B) Euler, (C) GB, and (D) AR mappings 
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Appendix Figure 8-5. Kiwi eggshell. 

 

(A) IPF, (B) Euler, (C) GB, and (D) AR mappings 
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Appendix Figure 8-6. Elephant bird eggshell. 

 

(A) IPF, (B) Euler, (C) GB, and (D) AR mappings 
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Appendix Figure 8-7. Thin moa eggshell. 

 

(A) IPF, (B) Euler, (C) GB, and (D) AR mappings 
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Appendix Figure 8-8. Thick moa eggshell. 

 

(A) IPF, (B) Euler, (C) GB, and (D) AR mappings 
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Appendix Figure 8-9. Elegant crested tinamou eggshell. 

 

(A) IPF, (B) Euler, (C) GB, and (D) AR mappings 
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Appendix Figure 8-10. Chilean tinamou eggshell. 

 

(A) IPF, (B) Euler, (C) GB, and (D) AR mappings 
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Appendix Figure 8-11. Lithornis eggshell. 

 

(A) IPF, (B) Euler, (C) GB, and (D) AR mappings 
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Appendix Figure 8-12. Pheasant eggshell. 

 

(A) IPF, (B) Euler, (C) GB, and (D) AR mappings 
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Appendix Figure 8-13. Quail eggshell. 

 

(A) IPF, (B) Euler, (C) GB, and (D) AR mappings 
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Appendix Figure 8-14. Hawk eggshell. 

 

(A) IPF, (B) Euler, (C) GB, and (D) AR mappings 
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Appendix Figure 8-15. Common murre eggshell. 

 

(A) IPF, (B) Euler, (C) GB, and (D) AR mappings 
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Appendix Figure 8-16. Woodpecker eggshell. 

 

(A) IPF, (B) Euler, (C) GB, and (D) AR mappings 
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Appendix Figure 8-17. Elongatoolithus oosp. 

 

(A) IPF, (B) Euler, (C) GB, and (D) AR mappings 
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Appendix Figure 8-18. Macroelongatoolithus xixiaensis 

 

(A) IPF, (B) Euler, (C) GB, and (D) AR mappings 
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Appendix Figure 8-19. Prismatoolithus levis 

 

(A) IPF, (B) Euler, (C) GB, and (D) AR mappings 
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Appendix Figure 8-20. Triprismatoolithus stephensi 

 

(A) IPF, (B) Euler, (C) GB, and (D) AR mappings 
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Appendix Figure 8-21. Mammillary layers 

 

(A) Reticuloolithus, (B) Elongatoolithus, (C) tinamou, (D) kiwi, (E) thick moa, and (F) ostrich 

eggshells presented in AR, Euler, and GB mappings. When ML is confined to certain region of 
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eggshell (A–D) AR mappings effectively show the needle-like calcite grains, which is a useful 

character state for fossil eggshell classification. However, when the calcite grain in ML is not limited 

within the ML, even wedge-like ML can have high AR (E,F). In these cases, measuring the density of 

calcite grains in the ML can provide a quantitative approach to diagnose needle-like versus wedge-

like states in ML. 
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Appendix Figure 8-22. Previous and current interpretations on the microstructure of casuariid 

eggshells 

 

(A,C) Mikhailov (1997a) and Grellet-Tinner (2006) suggested four layers. (B) Zelenitsky and 

Modesto (2003) suggested that compact calcified part of the eggshell is composed of SqZ and 

Resistant Zone is an extension of SqZ. In their view, ornamentation is a homologous structure to EZ 

that is usually present in all avian eggshell (except for passerine; Mikhailov 1997a). (D) Lawver and 

Boyd (2018) pointed out that ornamentation has its „root‟ inside compact calcified eggshell. It was 

confirmed in Choi et al. (2020) and this study. In addition, based on the GB condition of EZ, which is 

characterized by linear line, Choi et al. (2020) further suggested that outer compact calcified part of 

the eggshell is EZ, not SqZ as suggested by Zelenitsky and Modesto (2003). In our view, therefore, 

ornamentation is not homologous to EZ of most avian eggshells, but is a unique invention of MRCA 

of cassowary and emu.  
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Appendix Figure 8-23. Composite GB mappings of fossil and modern eggshells that have 

prismatic shell unit structure. 

 

(A) Ostrich, (B) Prismatoolithus levis, (C) Triprismatoolithus stephensi, and (D) thick moa eggshell. 

In P. levis and T. stephensi (B,C), GB becomes slightly more linear in outer parts of eggshell, which 

have been suggested as EZ (Varricchio and Jackson 2004; Jackson and Varricchio 2010). In ostrich 

and thick moa eggshell (A,D), the difference in linearity is much more subtle, thus we further 

analyzed ruggedness of SqZ and EZ. 
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Appendix Figure 8-24. An example of quantification of GB ruggedness of an eggshell. 

 

(A1,B1) GB mapping of the EZ and SqZ of rhea. (A2,B2) A1 and B1 processed by “particle and pore 

analysis” of the SPIP software. (A3,B3) A2 and B2 smoothed by a filter size of 15. Ruggedness is 

defined by the ratio of perimeter between unsmoothed (A2, B2) and smoothed (A3, B3) grains. Grains 

smaller than 0.3% of the total analyzed area and artifacts misidentified as grains were discarded.  
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Appendix Figure 8-25. Ellipticity and asymmetry of paleognath eggs. 

 

Modified from Stoddard et al. (2017). Note that ellipticity of paleognath eggs are not confined to 

certain range. Kiwi egg has maximum ellipticity and ostrich egg has minimum ellipticity. However, in 

case of asymmetry, paleognath eggs have low asymmetry compared to neognath eggs. Colored ranges 

mark interquartile ranges of both indices.  
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Appendix Figure 8-26. Alternative interpretation of phylogeny of paleognath with IPF mapping and 

MD. After Cloutier et al. (2019) and Sackton et al. (2019). 
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Appendix Figure 8-27. Alternative interpretation of phylogeny of paleognath with GB mapping, 

egg size, and thickness of eggshells.After Cloutier et al. (2019) and Sackton et al. 

(2019). 
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Appendix Figure 8-28. Alternative interpretation of phylogeny of paleognath with AR mapping. 

After Cloutier et al. (2019) and Sackton et al. (2019). 
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APPENDIX VI. CRYSTALLOGRAPHIC DATA FROM EBSD ANALYSIS 

 

 In crystallographic analysis of modern and fossil eggshells, I introduced two main concepts: 

misorientation histogram and d-value. In this appendix, I provide more detailed information 

about the two concepts and how to interpret the information. 

 For any two grains that have different orientation, there is a unique rotation axis and angle 

(Wheeler et al. 2001). These axis and angle are called misorientation axis and misorientation 

angle (Wheeler et al. 2001). Thus, when the two grains have nearly the same geometric 

configuration, the misorientaion angle is small but when they have very different geometric 

arrangement, the misorientation angle becomes higher.  

 More importantly, there are two different methods in selecting the two grains, which are 

used for calculating misorientation angle. First method is a neighbor-pair method. In this 

approach, the two adjacent grains are selected, and the misorientation angle between the two 

grains are calculated. In contrast, in randon-pair method, the grains are randomly selected 

among the grains in the EBSD mapping. In other words, the two selected grains may or may 

not be adjacent to each other.  

 Figure 6-7 provides an effective example (see p. 356 below). A misorientation histogram in 

the panel E is derived from the panel B. The panel B shows that low-angle grain boundaries 

are abundant (green and blue lines; 5°–20°) although high-angle grain boundaries (purple 

lines; > 20°) are as abundant as low-angle grain boundaries. In panel E, blue bars are 

attributable to the neighbor-pair misorientation and red bars random-pair misorientation. 

Because low-angle grain boundaries are widespread in the panel B, in neighbor-pair 

distribution, blue bars are mostly concentrated in 

the < 20° degrees. In case of high-angle dominant 

eggshell (e.g. Figure 5-4G–J), the blue bars are 

concentratred in the > 20° degrees (e.g. Figure 5-

9G–J). The shape of random-pair misorientation is 

usually independent of the dominant grain 

boundary type. 

 d-value is a quantitative expression of the 

difference between the neighbor-pair and random-
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pair misorientation distributions. In the past, χ2 test was usually used to calculate the 

quantitiative difference between the two distributions, but Wheeler et al. (2001) suggested 

that Kolmogorov-Smirnov test is much more effective for this purpose. The misorientation 

histograms of neighbor-pair and random-pair distributions can be converted into cumulative 

frequency distribution. When the two frequency distributions are plotted in a single graph, 

one can find D = maximum difference between the two distribution (see inset figure above). 

Then  

d = D X √                  

where Nc and Nu are sample sizes of the neighbor-pair and random-pair distributions, 

respectively. The smaller d-value is, the more likely the two distributions are to be the same. 

The d-value is used for testing whether the two distributions have statistically significant 

difference in their distribution, but it can be also used as a helpful tool to quantify the 

difference between the two distributions. Thus, in my study, I presented d-values of diverse 

fossil and modern eggshells to summarize the crystallographic patterns of diverse eggshells. 
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