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 21 

ABSTRACT In 2007, a clutch of approximately 30 fossil eggs reported 22 

from the Upper Cretaceous Gaogou Formation, Xiaguan-Gaoqiu Basin, 23 

Neixiang County, Henan Province, China was assigned to the oofamily 24 

“Crocodiloolithidae”. After 11 years, another clutch of 15 eggs of the 25 

same type associated with Mosaiceratops azumai and from the same 26 

county was identified as turtle eggs (Testudoolithus), based on the needle-27 

like crystals interpreted as aragonite from their eggshells. Our detailed 28 

study of the clutch of 15 eggs and six clutches of the same ootaxon using 29 
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transmitted/polarized light microscope, followed by scanning electron 30 

microscope observations combined with electron backscatter diffraction 31 

analysis showed that their eggshells are dominated by secondary calcite; 32 

with a few pristine aragonite crystals that unequivocally support the turtle 33 

affinity of the eggs. Furthermore, superimposed cone-shaped structural 34 

units with radial ultrastructures, combined with the extremely thick 35 

eggshell challenges the assignment to the oogenus Testudoolithus. Hence, 36 

we suggest that this ootaxon could represent a new oogenus of 37 

Testudoolithidae. Although additional eggshell units were reported in the 38 

abnormal fossil turtle egg with multilayered eggshell from the Judith 39 

River Formation in Montana, U.S.A, the relatively constant eggshell 40 

thickness indicates that the eggs from Neixiang are not pathological. 41 

Therefore, this is the first report of superimposed structural units inside 42 

normal turtle eggshells, revealing the unique eggshell formation 43 

mechanism of the extinct turtle from Neixiang. Moreover, the aragonite 44 

discovered in the eggs may extend the temporal record of confirmed 45 

aragonite in turtle eggs. The crystallographic comparison between the 46 

eggs from Neixiang and the fossil turtle eggshells from Zhejiang Province 47 

and Montana revealed the transformation process from aragonite to 48 

calcite in fossil turtle eggshell.  49 

Keywords: Neixiangoolithus yani; Testudoolithidae; turtle eggs; 50 

aragonite; EBSD; Henan 51 



 52 

1. Introduction 53 

The ultrastructure of modern turtle eggshells is characterized by 54 

radially arranged acicular (needle-like) aragonite crystals (Al-Bahry et al., 55 

2009, 2011; Kusuda et al., 2013). Hirsch (1983, 1996) compared 56 

ultrastructures of fossil turtle eggs with those of modern turtle eggs and 57 

established the Testudoid basic type, which means that the fossil and 58 

modern turtle eggshells share the same overall ultrastructure. In 59 

subsequent studies, numerous fossil turtle eggs were reported all over the 60 

world (e.g. Jackson et al., 2008; Zelenitsky et al., 2008; Q. Wang et al., 61 

2013; Lawver and Jackson, 2014, 2016, 2017; Imai et al., 2016; Cadena 62 

et al., 2019; Moreno-Azanza et al., 2021). However, in contrast to huge 63 

diversity of dinosaur eggs (Zhao et al., 2015), fossil turtle eggs were 64 

relatively rare in China (Jackson et al., 2008; Q. Wang et al., 2013; 65 

Lawver and Jackson, 2014).  66 

In 2007, a clutch of approximately 30 spherical eggs with extremely 67 

thick eggshell was reported from Neixiang (Fig. 1). These eggs were 4.0–68 

5.5 cm in diameter and approximately 2.3 mm in eggshell thickness, and 69 

were initially identified as crocodile eggs (Fang et al., 2007a, b, 2009). 70 

After 11 years, Jackson et al. (2018) published a clutch of 15 spherical 71 

eggs associated with a partial skeleton of Mosaiceratops azumai 72 

(Neoceratopsia; ZMNH M8856) from the Xiaguan-Gaoqiu Basin in 73 



Henan Province, China. The most complete egg of the clutch was 53 × 58 74 

mm in size and 1.5 mm in eggshell thickness (Jackson et al., 2018). The 75 

high gas conductance of this ootaxon indicated that the eggs were 76 

incubated in a high humidity and low oxygen environment (Jackson et al., 77 

2018; Ke et al., 2021). The thick eggshell could prevent breakage or 78 

depredation of the eggs (Ke et al., 2021). Although the studied eggs were 79 

highly recrystallized, Jackson et al. (2018) assigned them to the oofamily 80 

Testudoolithidae, mainly based on the large size of former organic core 81 

and the supposedly acicular crystals at the inner surface of eggshell. 82 

Furthermore, they estimated the carapace of the turtle that produced the 83 

clutch as 1.5 m, based on a formula that correlated egg size and carapace 84 

length (Elgar and Heaphy, 1989; modified by Lawver and Jackson, 2017). 85 

The only turtle closest to this size from the Upper Cretaceous of China is 86 

Nanhsiungchelys wuchingensis of Nanhsiungchelyidae, in which the 87 

carapace length is larger than 111 cm. However, this large turtle was 88 

recovered from Nanxiong County, Guangdong Province (Ye, 1966; Tong 89 

and Li, 2019). On the other hand, a smaller species of 90 

Nanhsiungchelyidae, Yuchelys nanyangensis where the carapace length 91 

was estimated to be 55 cm, was recovered from Neixiang (Tong et al., 92 

2012). Ke et al. (2021) assumed that the eggs from Neixiang were 93 

possibly laid by Yuchelys nanyangensis , based on the nanhsiungchelyid 94 

embryonic remains (identified by maxilla, mandible and scapula) of an 95 



egg, which are similar to ZMNH M8856 in egg size and eggshell 96 

microstructure.  97 

 In this study, we revisited the eggshell micro- and ultrastructure of 98 

ZMNH M8856 and the clutches of the same ootaxon housed at the Henan 99 

Natural History Museum (HNHM) and Zhejiang Museum of Natural 100 

History (ZMNH). We used a combination of transmitted/polarized light 101 

microscope (TLM/PLM), detailed scanning electron microscope 102 

observations and an electron backscatter diffraction (EBSD) analysis, and 103 

investigated whether the “acicular crystals” near the inner surface of the 104 

eggshells were acicular aragonite crystals or not. In addition, we 105 

discussed the eggshell formation process and parataxonomic position of 106 

these eggs based on the extreme thickness and the unique superimposed 107 

cone-shaped structural units with radial ultrastructures of their eggshells. 108 

Different stages of the transformations from aragonite to calcite in fossil 109 

turtle eggshell were also shown in this study, highlighting the importance 110 

of the application of electron backscatter diffraction in the studies of 111 

fossil turtle eggs. 112 

 113 

2. Geological setting 114 

The first-order geotectonic units of Henan Province are the North 115 

China Craton and the Yangtze Craton. The Qinling-Dabie orogenic belt is 116 

the collision zone between these two cratons (Wu et al., 2019). There are 117 



a series of NW-SE-trending fault depression basins in the eastern part of 118 

the Qinling-Dabie orogenic belt, such as Xiaguan-Gaoqiu, Xixia, 119 

Xichuan, Lingbao and Nanzhao basins (Liang et al., 2009).  120 

The Xiaguan-Gaoqiu Basin is located in the northern part of Neixiang 121 

(Fig. 1). The Upper Cretaceous deposits in this basin are divided into the 122 

Gaogou, Majiacun and Sigou formations in ascending order (Pan et al., 123 

2008). The fossil eggs studied here were recovered from the Gaogou 124 

Formation (Fig. 1), formerly the Xiaguan Formation in previous works 125 

(Liang et al., 2009; Zheng et al., 2015; Jackson et al., 2018). Due to the 126 

fact that the egg-bearing strata in the Xiaguan-Gaoqiu Basin are 127 

comparable to the Gaogou Formation of Xixia and Xichuan basins, with 128 

regard to the features of fossil assemblages, lithology and sedimentary 129 

characteristics (Pan et al., 2008), we use the name “Gaogou Formation” 130 

in our study. The lower portion of the Gaogou Formation is composed of 131 

brown conglomerates and glutenites interbedded with brown fine 132 

sandstones and siltstones representing fluvial-alluvial paleoenvironment, 133 

while the upper portion is characterized by brown siltstones interbedded 134 

with grey fine sandstones and glutenites, deposited in a fluvial-pluvial 135 

system. The fossil eggs were found in thick-bedded brown mudstones 136 

interbedded with thin-bedded yellowish-brown sandstones from the upper 137 

portion of the Gaogou Formation. Meanwhile, the assemblage of fossil 138 

eggs represents the typical dinosaurian oofauna that is composed of 139 



Paraspheroolithus, Ovaloolithus and Youngoolithus (Zhao, 1979a, b; 140 

Zhou et al., 2003). In addition, several vertebrate fossils, including 141 

Dinosauria Nanyangosaurus zhugeii, Mosaiceratops azumai, 142 

Baotianmansaurus henanensis and Testudines Yuchelys nanyangensis 143 

have been recovered in this region (Xu et al., 2000; Zhang et al., 2009; 144 

Tong et al., 2012; Zheng et al., 2015). Although the accurate age of the 145 

Gaogou Formation is debatable due to the lack of radiometric dating, it is 146 

considered to be Late Cretaceous (early–middle Turonian to the middle 147 

Campanian) based on plant and invertebrate fossils (Wang et al., 2013). 148 

 149 

3. Material and methods 150 

  The egg clutches housed at HNHM and ZMNH are embedded in 151 

purplish red, strongly cemented, fine-grained silty sandstones. We 152 

investigated several eggshell fragments from the previously studied 153 

ZMNH M8856 and six egg clutches of the same ootaxon (41HV0001-3, 154 

ZMNH M8709-1, M8709-2, M8854, M8855 and M8880). Then the 155 

eggshells were embedded in EXAKT Technovit 7200 one-component 156 

resin. Radial and tangential thin sections of the eggshells were prepared 157 

by using an EXAKT 300CP and EXAKT 400CS cutting and grinding 158 

system (housed at the Institute of Vertebrate Paleontology and 159 

Paleoanthropology (IVPP)). The thickness of the thin sections is about 50 160 

μm. The thin sections were viewed under TLM and PLM using a Zeiss 161 



Axio Imager A2 PLM (housed at IVPP). The radial sections of ZMNH 162 

M8709-1 and M8855 were polished by P4000 sandpaper and etched by 163 

acetic acid (5%) for 3–4 min. The radially fractured eggshells from 164 

41HV0001-3 were etched by hydrochloric acid (1%) for 5 s. All these 165 

specimens were coated with gold and viewed under a Zeiss MA EVO25 166 

SEM (housed at IVPP). The settings of the SEM were as follows: 167 

acceleration voltage of 10 kV and working distance of 13.5 mm for 168 

ZMNH M8709-1; acceleration voltage of 15 kV and working distance of 169 

20.5 mm for ZMNH M8855; acceleration voltage of 5 kV and working 170 

distance of 6 mm for 41HV0001-3. 171 

Additional turtle and crocodilian eggshells prepared for a comparative 172 

study, including several fossil turtle eggshell fragments (ZMNH 173 

GM13203) collected from the upper Lower Cretaceous (Albian) 174 

Liangtoutang Formation, Huzhen Basin, Zhejiang Province, China, 175 

Testudoolithus zelenitskyae (MOR 710) collected from the Upper 176 

Cretaceous (Campanian) Judith River Formation, Montana, U.S.A, 177 

Pelodiscus sinensis (modern turtle; IVPP OV2724), Alligator sinensis and 178 

Caiman latirostris (modern crocodiles; personal collections of Z.K. Zhao 179 

and loaned from K. Tanaka and H. Echizenya). The eggshells of ZMNH 180 

GM1320 were etched by acetic acid (5%) for 3 min. The modern turtle 181 

and crocodilian eggshells were etched by hydrochloric acid (1%) for 4 s 182 

and 20 s, respectively. These specimens were viewed under a Zeiss MA 183 



EVO25 SEM. 184 

  We prepared EBSD specimens of the fossil and modern turtle 185 

(41HV0001-3, ZMNH M8709-1, M8855, M8856, GM13203, MOR 710 186 

and IVPP OV2724), and modern crocodile (Alligator sinensis and 187 

Caiman latirostris) eggshells to compare their crystallography. In 188 

particular, EBSD analysis of the fossil turtle eggshells was performed to 189 

test the preservation of relic aragonite since EBSD provides a direct way 190 

to identify relic aragonite in fossil turtle eggshell (Moreno-Azanza et al., 191 

2021; Choi et al., 2022). We followed the established EBSD specimen 192 

preparation method of Moreno-Azanza et al. (2013) and Choi et al. 193 

(2019). We used a Symmetry detector (Oxford Instruments) attached to 194 

the FE-SEM (JEOL JSM-7100F), housed at the School of Earth and 195 

Environmental Sciences, Seoul National University. All specimens were 196 

analyzed by AZtec software under 15.0 kV acceleration voltage and 15.0 197 

or 25.0 mm working distance.  198 

 199 

4. Systematic paleontology 200 

Oofamily: Testudoolithidae Hirsch, 1996 201 

Crocodiloolithidae Fang et al., 2007a: p.101, fig. 4a; Fang et al., 2007b: p.139, 141, 202 
fig. 16; Fang et al., 2009: p.528, fig. 7.  203 
 204 

Oogenus: Neixiangoolithus Fang, Zhang, Pang, Li, Han, Xie, Yan, Pang, 205 

Lv, and Cheng, 2007 206 

Type oospecies. Neixiangoolithus yani Fang, Zhang, Pang, Li, Han, Xie, 207 



Yan, Pang, Lv, and Cheng, 2007. 208 

Etymology. “Neixiang-” in reference to the locality where the eggs were 209 

collected; ”oo”, in Greek, means egg; “lithus”, in Greek, means stone. 210 

Emended diagnosis. Spherical eggs closely packed and arranged 211 

irregularly in clutches. Thick eggshell (1.43–2.17 mm) is composed of 212 

columnar eggshell units that tightly interlock with each other, but can be 213 

separated by slender pore canals. Eggshell unit is composed of 214 

superimposed cone-shaped structural units that grew from the concave 215 

down accretion lines. Radial ultrastructure and concave down accretion 216 

lines appeared in every cone-shaped structural unit.  217 

Type locality and horzion. Wugang Village, Xiaguan Town, Neixiang 218 

County, Henan Province, China; Turonian–Campanian Gaogou 219 

Formation, Upper Cretaceous. 220 

 221 

Oospecies: Neixiangoolithus yani Fang, Zhang, Pang, Li, Han, Xie, Yan, 222 

Pang, Lv, and Cheng, 2007 223 

(Figs. 2–6, S1) 224 

Etymology. Oospecies name in honor of Mr. R. H. Yan for his 225 

contributions in the construction of Xixia Dinosaur Egg Fossil Museum 226 

(Fang et al., 2007b). 227 

Holotype. 060525-1, a thin section of an eggshell from an uncatalogued 228 

clutch of approximately 30 eggs housed at the Geological Museum of 229 



China (Fang et al., 2007b). 230 

Referred specimens. 41HV0001-3, an incomplete clutch of 23 eggs, 231 

housed at HNHM; ZMNH M8854, an incomplete clutch of 18 eggs; 232 

ZMNH M8855, an incomplete clutch of 34 eggs; ZMNH M8856, an 233 

incomplete clutch of 15 eggs; ZMNH M8709-1, an incomplete clutch of 234 

61 eggs; ZMNH M8709-2, an incomplete clutch of 36 eggs; ZMNH 235 

M8880, an incomplete clutch of 33 eggs and another incomplete clutch of 236 

seven eggs. 237 

Emended diagnosis. Eggs are approximately 5 cm in diameter. Ratio 238 

between the height and width of the eggshell unit is 7.2:1 to 9.2:1. 239 

Eggshell is 1.43–2.17 mm thick with an average thickness of 1.67 mm. 240 

Type locality and horzion. Same as for oogenus. 241 

Description. The eggs are closely spaced or contacting adjacent ones 242 

directly, and are irregularly stacked (Fig. 2). The clutch of ZMNH M8856 243 

contains at least 15 eggs (Jackson et al., 2018). The clutch size of ZMNH 244 

M8709-2 (Fig. 2A), M8854, M8855 (Fig. 2B), M8709-1 (Fig. 2C) and 245 

41HV0001-3 (Fig. 2D, E) is 36, 18, 34, 61 and 23, respectively. ZMNH 246 

M8880 (Fig. 2F) is composed of a curved clutch of 33 eggs and another 247 

clutch of seven eggs in different levels. The distance between the two 248 

clutches is less than 10 cm. An isolated egg is in the same level of the 249 

smaller clutch. 250 

Perhaps due to lithostatic compaction (e. g. Wilson et al., 2014), the 251 



maximum diameters of the eggs in these clutches vary significantly. The 252 

diameters of the eggs with shape range from 5.7–6.3 cm in 41HV0001-3, 253 

4.1–6.0 cm in ZMNH M8709-2, 4.0–6.2 cm in ZMNH M8709-1, 4.6–6.1 254 

cm in ZMNH M8880, 5.0–6.9 cm in ZMNH M8854, 4.4–6.1 cm in 255 

ZMNH M8855 and 5.3–5.8 cm in ZMNH M8856. Outer surface of the 256 

eggs is smooth and glossy (Fig. 2G).  257 

In SEM images of the well-preserved part of radial sections of 258 

ZMNH M8855, broad craters where organic cores would have been 259 

present (Baird and Solomon, 1979; Al-Bahry et al., 2011), appeared at the 260 

inner surface of the eggshell (Fig. 3A). Radial ultrastructures (the needle-261 

like crystals in Jackson et al., 2018, fig. 4D) that originated from the 262 

craters, concave down organic membranes and boundaries between the 263 

columnar eggshell units were obviously noticed (Fig. 3A). The radial 264 

ultrastructure extended towards the outer surface, but is not obvious in the 265 

outer part of the eggshell units due to recrystallization (Fig. 3B). More 266 

importantly, from the image set at a higher magnification, the radial 267 

ultrastructure consists of regularly arranged tabular secondary calcite 268 

crystals (Fig. 3C), but not acicular aragonite crystals (see below). In the 269 

radial section of ZMNH M8709-1, radial ultrastructures of numerous 270 

cone-shaped structural units are distributed throughout the whole eggshell 271 

(Fig. 3D).  272 

In radially fractured eggshells of 41HV0001-3, only the craters are 273 



visible at the innermost end of the eggshell units. The boundaries between 274 

eggshell units are indistinct (Fig. 3E). However, concave down accretion 275 

lines were clearly observed in the whole eggshell (Fig. 3E, F). In the 276 

outer portion of eggshell, the contours of the eggshell units can be 277 

recognized based on the distribution of accretion lines (Fig. 3F).  278 

Most thin sections of the eggshell showed significant 279 

recrystallization of the original biomineral (Jackson et al., 2018), and 280 

only the boundaries between the eggshell units and the broad craters are 281 

visible at the inner surface of eggshell (Fig. 4A). Also, in relatively well-282 

preserved specimens, the cone-shaped structural units with radial 283 

ultrastructures are characterized by dark concave down accretion lines 284 

(Figs. 4B–F, S1A–C). Due to the accretion lines, these structural units are 285 

more conspicuous in the middle portion of eggshell (Figs. 4B, C, S1A). In 286 

some portions of the eggshell of ZMNH M8855, the eggshell is separated 287 

into two layers at the middle portion of the eggshell (Fig. 4D), while in 288 

other portions, the eggshell is continuously intact (Figs. 3B, S1C). In the 289 

eggshells of ZMNH M8709-1, well-developed cone-shaped structural 290 

units form six to seven layers (Fig. 4E). In some parts of ZMNH M8854, 291 

the eggshell unit is composed of two vertical lines of superimposed cone-292 

shaped structural units (Figs. 4F, S1D). Meanwhile, pore canals are 293 

straight with constant width in radial views (black arrows in Fig. 4B–D).  294 

EBSD phase maps reveal that small aragonite grains are preserved in 295 



41HV0001-3, ZMNH M8855, M8856, and M8709-1 (Figs. 5A, S2A–C; 296 

Table S1). Aragonite acicular crystals in ZMNH M8855 are well-297 

preserved as compared to other specimens. In fact, they account for 298 

1.54 % of the eggshell (Table S1) and most of them occured in the outer 299 

portion of the eggshell (Fig. 5A–C). The aragonite grains (Fig. 5B, C) 300 

showed a reliable mean angular deviation (MAD) value, a parameter that 301 

describes the quality of the electron backscatter diffraction signal. Since 302 

the aragonites have a low mean MAD value (0.38), which is comparable 303 

to that of calcite (0.31), the identified aragonite grains are not indexing 304 

artefacts (see also Moreno-Azanza et al., 2021). The aragonite grains are 305 

needle-shaped, while some are intersected by calcite grains (Fig. 5B, C). 306 

The a-axis of aragonite is also parallel to the eggshell growth direction, 307 

which is similar to those of modern turtles (Fig. 5C; see Comparative 308 

study below). The IPF Y map of the radial thin section of ZMNH M8709-309 

1 shows various colors (Fig. 5D). Compared to the IPF Y maps of well-310 

preserved fossil eggshells of archosaurs (Grellet-Tinner et al., 2011, 2016; 311 

Moreno-Azanza et al., 2013, 2017; Choi et al., 2019, 2020a; Oser et al., 312 

2021), calcite with horizontally laid c-axis (blue and green grains in IPF 313 

Y map) are widespread in the eggshell. It is similar to the results from a 314 

recrystallized fossil eggshell from the Namyang Basin, South Korea 315 

(Choi et al., 2019). The contours of the cone-shaped structural units in 316 

ZMNH M8709-1 can be identified based on the boundaries of calcite 317 



grains (Fig. 5E). The radial ultrastructure grown from the accretion lines 318 

are preserved in some cone-shaped structural units, but replaced by 319 

blocky calcite grains in others (Fig. 5E). On the other hand, radial 320 

ultrastructures composed of calcite grains are found from some of the 321 

inner portions of ZMNH M8855, despite the extensive recrystallization of 322 

the eggshell, which is characterized by numerous blue and green colored 323 

grains in the IPF Y map, and red grains in the phase map, respectively 324 

(Fig. 5A, F).  325 

In tangential sections near the inner surface of the eggshells, the 326 

eggshell units are round and separated from each other (Fig. 6A). 327 

Throughout the inner part of the eggshell, numerous round and irregularly 328 

shaped pores were distributed between the round eggshell units (Fig. 6B). 329 

Towards the outer surface, the eggshell units fuse together gradually (Fig. 330 

6C). Near the outer surface of the eggshell, the eggshell units are tightly 331 

arranged with irregular boundaries and the density of pores reduces 332 

significantly (Fig. 6D).  333 

  334 

5. Comparative study 335 

5.1 With Crocodilian Eggshells 336 

The Neixiang egg (hereafter, N. yani) was originally identified as a 337 

fossil crocodilian egg and assigned to a new oofamily 338 

“Crocodiloolithidae" when first reported (Fang et al., 2007b). Fang et al. 339 



(2007b) argued that the N. yani was composed of calcite crystals, thus 340 

excluded the possibility of being laid by turtles, where their eggshells are 341 

composed of radial aragonite crystals (Hirsch, 1983). However, the 342 

possibility that the calcite crystals of the supposed “crocodilian ootaxon” 343 

could have been abiogenic were not considered, but may have been 344 

altered from aragonite. 345 

Extant and fossil crocodilian eggshells are characterized by wedge-346 

shaped eggshell units with prominent tabular calcite crystals (Fig. 7A–C; 347 

Schleich and Kästle, 1988; Mikhailov, 1997; Jackson and Varricchio, 348 

2010; Marzola et al., 2015; Moreno-Azanza et al., 2015). The pore canals 349 

are broad in the inner part of the eggshell, but gradually narrowed 350 

towards the outer part of the eggshell. Under PLM and EBSD, irregularly 351 

shaped divergent wedges are shown in the whole eggshell (Fig. 7B, C; 352 

Hirsch, 1985; Kohring and Hirsch, 1996; Moreno-Azanza et al., 2014; 353 

Marzola et al., 2015; Russo et al., 2017; Choi et al., 2020b). Although 354 

tabular calcite crystals were found in N. yani (Fig. 3C), they were not 355 

pristine calcite crystals. Casella et al. (2018a, fig. 4C) reported diagenetic 356 

‘inorganic rhombohedral calcite’ in calcitic brachiopod fossil and its 357 

shape is nearly the same as the one in N. yani (Fig. 3C). Moreover, in 358 

contrast to crocodile eggs, N. yani has columnar eggshell units with cone-359 

shaped structural units and the pore canals are straight with constant 360 

width in radial views, hence N. yani was deemed to not belong to 361 



crocodiles (contra Fang et al., 2007b).  362 

 363 

5.2 With Turtle Eggs 364 

A clutch of N. yani associated with a partial skeleton of 365 

Mosaiceratops azumai (ZMNH M8856) was identified as a clutch of 366 

turtle eggs and was assigned to Testudoolithus (Jackson et al., 2018). 367 

However, Jackson et al. (2018) also noticed that the eggshell of ZMNH 368 

M8856 was much thicker than all known oospecies within Testudoolithus. 369 

Notably, to our knowledge, the eggshell thickness of N. yani exceeds all 370 

reported thickness of fossil and modern turtle eggs (Elgar and Heaphy, 371 

1989, appendix; Hutterer et al., 1997, table 2; McGee, 2012, appendix A; 372 

Lawver and Jackson, 2017, table 1). With regard to egg size, it is 373 

comparable to the Meiolania platyceps egg from the Pleistocene of Lord 374 

Howe Island, Australia, the fossil tortoise eggs from the Miocene and 375 

Pliocene deposits of the Canary Islands, and the eggs of several extant 376 

species of Dermochelys, Geochelone and Gopherus (Table 1; Elgar and 377 

Heaphy, 1989, appendix; Hutterer et al., 1997; Lawver and Jackson, 378 

2016). With regard to clutch size, it is comparable to several trionychid 379 

and chelydrid turtles (Table 1; Elgar and Heaphy, 1989, appendix). The 380 

largest clutch size of N. yani (61 eggs) even exceeded that of Chelonia 381 

depressa, which is a type of marine turtle with relatively small clutch size 382 

(Table 1; Elgar and Heaphy, 1989, appendix). 383 



Although radial ultrastructures of the eggshell units are not clear in 384 

ZMNH M8709-2 and 41HV0001-3 (Figs. 3E, F, 4A, B ), other 385 

specimens exhibited distinct radial ultrastructures throughout the whole 386 

eggshell unit (Fig. 4C–F). However, most radial ultrastructures are 387 

composed of regularly arranged tabular calcite crystals rather than 388 

acicular aragonite or calcite crystals under SEM (Fig. 3A, C). By 389 

contrast, the eggshell units of the modern turtle eggshell (P. sinensis) 390 

consist of radially arranged acicular aragonite crystals (Fig. 7D–F; 391 

Hirsch, 1983); in the fossil turtle eggshell fragments (ZMNH GM13203) 392 

from the Huzhen Basin, Zhejiang Province, China, the radial 393 

ultrastructures are composed of radially arranged acicular calcite 394 

crystals, resembling those of the fossil turtle eggs reported from 395 

Hokkaido, Japan and Madagascar (Fig. 7G–I; Fukuda and Obata, 1991, 396 

fig.8; Lawver et al., 2015, fig.3). However, no aragonite was detected in 397 

the phase map of ZMNH GM13203 (Fig. S2D; Table S1). 398 

The IPF X map of P. sinensis eggshell (Fig. 7F) clearly shows that it 399 

is entirely composed of acicular aragonite crystals. The a-axis lies 400 

roughly parallel to the eggshell growth direction and in this case, b- and 401 

c-axis lie perpendicular to the a-axis direction (Parmentier et al., 2007), 402 

while little amount of aragonite next to the organic cores have 403 

horizontally laid a-axis. The IPF Y map of the recrystallized fossil turtle 404 

eggshell fragment (ZMNH GM13203) from the Huzhen Basin, Zhejiang 405 



Province shows that it is entirely composed of acicular calcite crystals 406 

with various c-axis directions (Figs. 7I, S3A). As we described above, 407 

the IPF Y map of N. yani is almost the same as that of ZMNH 408 

GM13203, but most calcite crystals are blocky rather than acicular (Figs. 409 

5D–F, S3B, C). The scattered acicular aragonite grains in the phase and 410 

IPF X maps reveal the original shape and arrangement of aragonite 411 

crystals of the eggshell units of N. yani (Figs. 5A–C, S2A–C).  412 

Despite severe recrystallization, we can conclude that the radial 413 

ultrastructures of the eggshells of N. yani, which composed of tabular 414 

calcite crystals were derived from acicular aragonite crystals. Moreover, 415 

the unique characteristics such as the extremely thick eggshell and the 416 

superimposed cone-shaped structural units can easily distinguish N. yani 417 

from the currently known fossil and modern turtle eggs. 418 

 419 

6. Discussion 420 

6.1 Cone-shaped structural units of Neixiangoolithus yani  421 

Although the contours of the cone-shaped structural units are unclear 422 

in some specimens (Fig. 4A–C), they can be easily distinguished by radial 423 

ultrastructures in the relatively well-preserved specimens (Fig. 4D–F). In 424 

the outer portion of the eggshells of ZMNH M8855, the cone-shaped 425 

structural units form an additional layer in some portions (Fig. 4D), but 426 

originated from former organic membranes in the SEM images (Fig. 3A, 427 



B). In the eggshells of ZMNH M8709-1, six to seven layers of cone-428 

shaped structural units are distributed in the whole eggshell (Figs. 3D, 429 

4E). But in other specimens, the cone-shaped structural units that 430 

originated from the concave down accretion lines appeared occasionally 431 

and were randomly distributed in the eggshells (Fig.4B, C). Neither 432 

organic membrane nor nucleation center is observed at the innermost end 433 

of the cone-shaped structural units (Figs. 3D, 4F).  434 

The superimposed cone-shaped structural units without nucleation 435 

centers of N. yani are superficially similar to multilayered extant turtle 436 

eggshell, but N. yani are unlikely to be pathological because all the 437 

eggshells collected from different clutches of N. yani have a relatively 438 

constant thickness (Fig. 4A–E, 1.67 ± 0.21 mm (N=12)). By contrast, the 439 

additional layers of extant turtle eggshell are often separated by additional 440 

shell membranes, forming an unusually thick eggshell (Ewert et al., 1984; 441 

Schleich and Kästle, 1988, pl. 7: figs. 3, 4; Jackson and Varricchio, 2003; 442 

Jackson and Schmitt, 2008).  443 

On the other hand, the cone-shaped structural units of N. yani do not 444 

form distinct layers inside the eggshells, except for those of ZMNH 445 

M8855 and M8709-1 (Fig. 4D, E). However, distinct layers similar to 446 

those of ZMNH M8855 and M8709-1 were reported as additional 447 

eggshell layers in titanosaur, hadrosaur and other fossil turtle eggshells 448 

(Vianey-Liaud et al., 1994; type Ⅱ and Ⅲ morphologies in Jackson and 449 



Schmitt, 2008; Jackson and Varricchio, 2016; Lawver and Jackson, 450 

2017). In these multilayered eggshells, the internal surface of the 451 

additional outer layer conforms closely to the external surface of the inner 452 

layer. Nucleation centers were not observed between the outer and inner 453 

layers (Vianey-Liaud et al., 1994, fig. 11.8C, D; Jackson and Schmitt, 454 

2008, fig. 2B, C; Lawver and Jackson, 2017, fig. 3F). Based on these 455 

descriptions, characteristics of the eggshells of ZMNH M8855 and 456 

M8709-1 correspond with the definition of the multilayered fossil 457 

eggshell (Jackson and Schmitt, 2008). However, the eggshells of ZMNH 458 

M8855 and M8709-1 have similar thickness to other eggshells (Fig. 4A–459 

E). Thus, the layers of cone-shaped structural units should not be 460 

considered as additional layers of the eggshells, but could have been the 461 

results of interruptions of aragonite deposition. In some portions of the 462 

eggshells, only organic matrix (see the organic membranes in Fig. 3A, B) 463 

was secreted, thus a significant interval of mineral deposition appeared.  464 

Although turtle eggshell is generally composed of a single layer of 465 

eggshell unit, additional eggshell units have been observed in extant and 466 

fossil turtle eggshells occasionally (Figs. 7E, I, S4). Even in the eggshell 467 

of Testudoolithus zelenitskyae with a single layer (Lawver and Jackson, 468 

2017, fig. 3A, B), additional eggshell units are rather common near the 469 

outer surface of the eggshell (Fig. S4). The cone-shaped structural units 470 

of N. yani are similar to the additional eggshell units in arrangement of 471 



crystals and absence of nucleation center. It is possible that the “columnar 472 

eggshell unit” of N. yani is a complex construction composed of 473 

superimposed smaller eggshell units. But this hypothesis should be tested 474 

with further studies of more well-preserved materials of N. yani.  475 

 476 

6.2 Parataxonomic assignment and eggshell formation mechanism 477 

Because of the slender interlocking eggshell units and the aragonite 478 

crystals in the eggshells, N. yani can be unequivocally assigned to the 479 

oofamily Testudoolithidae (Jackson et al., 2018). The unique 480 

superimposed cone-shaped structural units have not been reported in any 481 

known oogenera in Testudoolithidae. They could represent an eggshell 482 

formation mechanism differing from that of other fossil and modern turtle 483 

eggs: radial ultrastructures composed of radial arranged aragonite crystals 484 

form repeatedly during the whole eggshell formation process, leading to 485 

an extremely thick eggshell (Fig. 8). In contrast, the eggshells of other 486 

fossil and modern turtle eggs are formed by a single layer of radial 487 

ultrastructures (every eggshell unit has a single radial ultrastructure; 488 

Schleich and Kästle, 1988; Hirsch, 1983, 1996; Lawver and Jackson, 489 

2014, 2016, 2017; Lawver et al., 2015), which lead to relatively thin 490 

eggshells. According to the classification principle on oogenus level 491 

(Mikhailov et al., 1996), an oogenus should be identified based on egg 492 

shape, variation within a certain morphotype (testudoid morphotype 493 



herein), pore system and ornamentation on outer surface of eggshell. 494 

Although N. yani resembles Testudoolithus in egg shape, pore system and 495 

smooth outer surface, it could represent a new oogenus of 496 

Testudoolithidae based on its unique superimposed cone-shaped 497 

structural units and extremely thick eggshells, which were derived from a 498 

unique eggshell formation mechanism.   499 

 500 

6.3 Transformation from aragonite to calcite in fossil turtle eggshell 501 

In vertebrate paleontology, transformation from aragonite to calcite 502 

was given little attention because of the fact that except for turtles, all 503 

other amniotic eggs are composed of calcite (Mikhailov, 1997; Dauphin 504 

et al., 2021). Recently, however, analytical approaches have been applied 505 

to fossil eggs of turtle to detect in situ preservation of aragonite (Moreno-506 

Azanza et al., 2021; Choi et al., 2022; see also Mueller-Töwe et al., 2011 507 

for bulk analysis using XRD). Choi et al. (2022) reported well-preserved 508 

aragonite in the holotype of Testudoolithus zelenitskyae (MOR 710, 509 

Lawver and Jackson, 2017) from the Judith River Formation (mid- to late 510 

Campanian; Rogers et al., 2016) of Montana. Although the preservation 511 

of aragonite in N. yani is not as good as that of T. zelenitskyae, the age of 512 

N. yani (viz. age of the Gaogou Formation) is probably early–middle 513 

Turonian to the middle Campanian (Wang et al., 2013), so to which N. 514 

yani may extend the temporal record of confirmed aragonite in turtle 515 



eggs. In addition, because the egg-layer of N. yani is likely 516 

Nanhsiungchelyidae (Ke et al., 2021), N. yani positively supports the 517 

view that aragonitic eggshell is synapomorphic to all true turtles 518 

(Testudinata; see Lawver and Jackson 2016; Choi et al., 2022, fig. 5) and 519 

especially for Cryptodira. 520 

Several authors mentioned the presence of aragonite in fossil eggs of 521 

turtles based on the acicular crystals (e.g. Winkler and Sánchez-Villagra, 522 

2006; Buscalioni et al., 2008; Tanaka et al., 2011; Poust, 2017; Jackson et 523 

al., 2018). However, we suggest that the term ‘aragonite’ should be used 524 

with robust supporting data (e.g. Fig. 5) as pointed out by Bajpai et al. 525 

(1997), Prasad et al. (2015), and Vlachos et al. (2015). For example, 526 

EBSD image of N. yani (Fig. 5) shows that acicular aragonite is nearly 527 

transformed into blocky calcite, therefore it is hard to find relic aragonite 528 

based on the morphology of crystals in either SEM or PLM images (Figs. 529 

3, 4). By contrast, ZMNH GM13203 is completely transformed into 530 

calcite (Fig. S2D; Table S1), but its SEM, PLM, and EBSD images (Figs. 531 

7G–I, S3A) all showed that the calcite still preserves the acicular 532 

structure. If the identification of calcium carbonate polymorph is entirely 533 

based on the morphology, one may conclude that ZMNH GM13203 is 534 

composed of aragonite, which is not true. We suggest the term ‘aragonite’ 535 

and ‘acicular ultrastructure’ should not be interchangeable because 536 

recrystallized calcite can preserve the acicular ultrastructure (Figs. 7G–I, 537 



S3A). That being said, preserved acicular ultrastructure in fossil turtle 538 

eggshell may be a good starting point for testing the preservation of 539 

aragonite because ultrastructural preservation is a sign of relatively less 540 

taphonomic alteration (see below). In short, only through rigorous 541 

analytical evidence (e.g. EBSD, Raman spectroscopy, and XRD), the true 542 

phase of calcium carbonate in fossils could be unequivocally identified 543 

(Hirsch, 1983, 1996; Zelenitsky et al., 2008; Mueller-Töwe et al., 2011; 544 

Moreno-Azanza et al., 2021; Choi et al., 2022) and it will bring the valid 545 

understanding for the preservation and paleobiology of turtle eggshells. 546 

The transformation from aragonite to calcite in fossil records have 547 

been well-studied in invertebrate fossils, both by natural specimens and 548 

experimental approaches (Hall and Kennedy, 1967; Balthasar et al., 2011; 549 

Milano et al., 2016; Casella et al., 2017, 2018b; Janiszswska et al., 2017, 550 

2018; Pederson et al., 2019). In a hydrothermal experiment, Casella et al. 551 

(2017, 2018b) and Pederson et al. (2019) transformed aragonite crystals 552 

of modern Arctica islandica (Mollusca), Mytilus edulis (Mollusca), 553 

Porites sp. (Coral), and Haliotis ovina (Gastropoda) to large and 554 

randomly oriented calcite crystals. All these results showed that aragonite 555 

is indeed metastable, so with proper experimental setting (e.g. 175 ℃ 556 

with periods of at most 35 days with artificial burial fluid; Casella et al., 557 

2017, 2018b), aragonite could easily be transformed to abiogenic calcite 558 

in a geologically shorter time. 559 



The preservation of N. yani (Figs. 5, S2A–C, S3B, C; Table S1), T. 560 

zelenitskyae (Fig. S4; Lawver and Jackson, 2017, fig.3) and ZMNH 561 

GM13203 (Figs. 7G–I, S2D, S3A; Table S1) are clearly in different 562 

stages of biogenic aragonite degradation, which reflect different 563 

taphonomic stages of all specimens (Fig. 9). Casella et al. (2018b) 564 

suggested that transformation from (biogenic) aragonite to (abiogenic) 565 

calcite in experimental setting follows these stages: (i) decomposition of 566 

biopolymers, (ii) homoepitactic overgrowth of aragonite that causes 567 

amalgamation of adjacent minerals, (iii) deletion of original 568 

microstructure but sustaining the original mineral phase, (iv) replacement 569 

of microstructure and phase with newly formed abiogenic calcite. As 570 

described in the above, N. yani is dominantly composed of randomly 571 

oriented blocky calcite crystals and only a few acicular aragonite crystals 572 

appeared occasionally (Figs. 5, S2A–C, S3B, C). It is consistent with the 573 

stage (iv) of Casella et al. (2018b). In contrast, the fossil turtle eggshell 574 

(ZMNH GM13203) from the Huzhen Basin, Zhejiang Province preserved 575 

the radial (acicular) ultrastructures of eggshell units, but its radially 576 

arranged aragonite crystals were replaced by acicular calcite grains with 577 

various c-axis directions (Figs. 7G–I, S3A). Because ZMNH GM13203 578 

lost its original phase but was not completely replaced into blocky calcite 579 

(Figs. S2D, S3A), ZMNH GM13203 cannot be confidently categorized 580 

into either stage (iii) or (iv) of Casella et al. (2018b), but rather between 581 



the two stages. In fact, Casella et al. (2018b, p. 7461) also reported that 582 

despite the phase change, the newly formed abiogenic calcite often 583 

sustains original morphology of the pristine aragonite mineral. This 584 

observation is consistent with the case of ZMNH GM13203 and supports 585 

the view that ZMNH GM13203 is taphonomically less altered than N. 586 

yani. In the case of a well-preserved T. zelenitskyae, the acicular 587 

ultrastructure is composed of aragonite and only shows minor 588 

amalgamation, although some parts are transformed into calcite (Choi et 589 

al., 2022). Thus, it is most similar to the alteration stage (ii) or (iii) of 590 

Casella et al. (2018b). 591 

This finding highlights the importance of the further study of 592 

different taphonomic settings of the turtle egg localities in Cretaceous 593 

East Asia. Interestingly, aragonite is preserved in N. yani, even though the 594 

alteration was probably more progressive than that of ZMNH GM13203 595 

(Fig. 9C, D). It means that the preservation of aragonite may not be an 596 

“all-or-nothing” phenomenon (sensu Janiszewska et al., 2018), where it 597 

heavily altered fossil turtle eggs that are mainly composed of secondary 598 

calcite grains, which may still preserve relic aragonite (e.g. Figs. 5A–C, 599 

9D, S2A–C; see Janiszewska et al., 2018, p. 17 and references therein). In 600 

East Asia, turtle eggs were reported from Cretaceous deposits in Henan 601 

(this study; Jackson et al., 2018), Zhejiang (this study; Jackson et al., 602 

2008), and Shandong (Q. Wang et al., 2013) provinces of China, 603 



Mongolia (Mikhailov et al., 1994), and Japan (Fukuda and Obata, 1991; 604 

Isaji et al., 2006). In Korea, there is a report of turtle egg (Huh and 605 

Zelenitsky, 2002), but its preservation is very poor so the identification is 606 

highly unreliable. In line with Fukuda and Obata (1991), Isaji et al. 607 

(2006) and our result (Fig. S2D; Table S1), which showed that the turtle 608 

eggs from Japan and Zhejiang Province are fully composed of calcite, 609 

currently, it is likely that N. yani from the Henan Province is the only 610 

turtle egg in East Asia that preserves aragonite. Nevertheless, we suggest 611 

that aforementioned East Asian turtle eggs are worth-revisiting with 612 

modern analytical tools because there may be minute amounts of 613 

aragonite (Fig. S2A–C; Table S1), which are hardly detectable by 614 

conventional techniques (e.g. staining and bulk analysis using XRD). If 615 

aragonite can be found, combined with detailed petrographic and 616 

sedimentological data from laboratory analyses and fieldwork, they will 617 

not only be useful for the paleobiology of turtles, but also helpful for 618 

understanding the taphonomic settings of the Cretaceous fossil localities , 619 

because preservation of aragonite is highly influenced by 620 

paleoenvironments (e.g. Cherns et al., 2008; Janiszewska et al., 2018). 621 

Thus, continued investigation for the Cretaceous turtle eggs will extend 622 

our understandings for the Cretaceous turtles and preservation of 623 

aragonite in the Cretaceous deposits, which was an important period for 624 

the evolution of turtles (Evers and Benson, 2019). 625 



 626 

7. Conclusions 627 

The appearance of pristine aragonite reveals that the clutches of 628 

unusually thick fossil eggs (Neixiangoolithus yani) from Neixiang 629 

unequivocally belong to turtles. N. yani is the first ootaxon in 630 

Testudoolithidae that has extremely thick eggshell and superimposed 631 

cone-shaped structural units with radial ultrastructures and concave down 632 

accretion lines inside its eggshell units, thus making an independent 633 

oogenus Neixiangoolithus. The crystallographic comparison between N. 634 

yani and the fossil turtle eggshell fragments from the Huzhen Basin, 635 

Zhejiang Province, China and Montana, U.S.A. shows that they are in 636 

different stages of the aragonite-calcite transformation, highlighting the 637 

importance of further understanding of different taphonomic settings of 638 

Cretaceous turtle egg localities in East Asia. 639 
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 944 

Figure captions 945 

Fig. 1. (A) Geological map of the fossil egg location (red asterisk) near Xiaguan 946 

Town in Neixiang County, Henan Province, China. Abbreviations: Pt1y, Lower 947 

Proterozoic Yanlinggou Formation; Pt1g, Lower Proterozoic Guozhuangyan 948 

Formation; Pt1s, Lower Proterozoic Shicaogou Formation; Pt2g, Middle Proterozoic 949 

Guishan Formation; Pz1b, Lower Paleozoic Baoshuping Formation; Pz1x, Lower 950 

Paleozoic Xiaozhai Formation; K2g, Upper Cretaceous Gaogou Formation; γπ52, 951 

Yanshan Movement monzonitic porphyry; δ33, Caledonian Movement diorite; ηγ42, 952 

Variscan monzonitic granite; ηγ52, Yanshan Movement monzonitic granite; (B) The 953 

position of the Xiaguan-Gaoqiu Basin in Henan Province; (C) The position of B in 954 

China. [1.5-column fitting] 955 

 956 

Fig. 2. Egg clutches of Neixiangoolithus yani. (A) ZMNH M8709-2, an incomplete 957 

clutch of 36 eggs; (B) ZMNH M8855, an incomplete clutch of 34 eggs; (C) ZMNH 958 

M8709-1, an incomplete clutch of 61 eggs; (D) 41HV0001-3 in top view; (E) 959 

41HV0001-3 in lateral view; (F) ZMNH M8880, note two clutches preserved in 960 

different levels (black arrows); (G) part of F, ZMNH M8880, showing irregularly 961 

stacked eggs. Scale bars equal 10 cm (A–C and F) and 5 cm (D, E and G). [2-column 962 

fitting] 963 

 964 

Fig. 3. Ultrastructure of Neixiangoolithus yani. The white arrows indicate concave 965 

down organic membranes; the black arrows indicate concave down accretion lines, 966 

note organic membranes are thicker than accretion lines; the black arrowheads 967 

indicate the craters at the innermost ends of eggshell units. (A) Innermost ends of 968 

eggshell units of ZMNH M8855, showing the radial ultrastructures (Jackson et al., 969 

2018); (B) Middle portion of the eggshell of ZMNH M8855, dashed line indicates the 970 

boundary between the portions with (lower part) and without (upper part) clear radial 971 

ultrastructures; (C) Tabular secondary calcite crystals in the eggshell units of 972 



41HV0001-3, dashed line indicates the boundary between the tabular secondary 973 

calcite crystals aligned in different orientations, supporting the different 974 

crystallographic arrangement (Fig. 5); (D) Radial ultrastructures of the cone-shaped 975 

structural units of ZMNH M8709-1, dashed lines indicate contours of the cone-shaped 976 

structural units; (E) Radially fractured section of 41HV0001-3; (F) An eggshell unit 977 

near the outer surface of 41HV0001-3. Scale bars equal 100 μm (A, B, D and F), 20 978 

μm (C) and 200 μm (E). [2-column fitting] 979 

 980 

Fig. 4. Microstructure of Neixiangoolithus yani in radial views. The white arrows 981 

indicate cone-shaped structural units; the black arrows indicate pore canals. (A) The 982 

severely recrystallized specimen ZMNH M8709-2; (B) 41HV0001-3, showing dark 983 

accretion lines at the middle part of eggshell; (C) ZMNH M8856; (D) ZMNH M8855, 984 

showing the horizontal boundary between two eggshell layers; (E) ZMNH M8709-1, 985 

showing six or seven layers of cone-shaped structural units, markings (black bars) at 986 

the left side indicate boundaries between adjacent layers of cone-shaped structural 987 

units; (F) Enlargement of the cone-shaped structural units of the eggshell of ZMNH 988 

M8854, dashed lines indicate the contours of two vertical lines of cone-shaped 989 

structural units. Scale bars equal 200 μm (A–E) and 100 μm (F). [1.5-column fitting] 990 

 991 

Fig. 5. EBSD images of Neixiangoolithus yani in radial views. (A) Phase map of 992 

ZMNH M8855, calcite and aragonite grains are red and blue, respectively; (B) 993 

Enlargement of the outer portion of ZMNH M8855; (C) IPF X map of the outer 994 

portion of ZMNH M8855, showing the fragmentary acicular aragonite grains whose 995 

a-axes are roughly vertical to the inner and outer surfaces of the eggshell; (D) IPF Y 996 

map of ZMNH M8709-1; (E) Enlargement of the cone-shaped structural units of the 997 

eggshell of ZMNH M8709-1, dashed lines indicate contours of the cone-shaped 998 

structural units; (F) IPF Y map of ZMNH M8855. Scale bars equal 500 μm (A, D and 999 

F), 250 μm (E) and 100 μm (B and C). [2-column fitting] 1000 

 1001 

Fig. 6. Microstructure of Neixiangoolithus yani (41HV0001-3) in tangential views. 1002 



(A) Near the inner surface of the eggshell; (B) Through the inner part of the eggshell; 1003 

(C) Through the outer part of the eggshell; (D) Near the outer surface of the eggshell. 1004 

The black arrows indicate the pores. Scale bars equal 200 μm. [2-column fitting] 1005 

 1006 

Fig. 7. Eggshell structures of modern crocodile, modern and fossil turtles. A and B, 1007 

Alligator sinensis. (A) Tabular calcite crystals under SEM; (B) Wedge-like extinction 1008 

pattern under PLM; (C) Caiman latirostris, IPF Y map of radial section. D–F, 1009 

Pelodiscus sinensis. (D) radially arranged acicular aragonite crystals under SEM; (E) 1010 

undulating extinction pattern under PLM, note the additional eggshell units near the 1011 

outer surface (white arrows); (F) IPF X map of radial section, showing the radially 1012 

arranged aragonite crystals, diagnostic characteristic of all turtle eggshell (Hirsch, 1013 

1983). G–I, ZMNH GM 13203. (G) Acicular aragonite crystals which were replaced 1014 

by calcite crystals under SEM; (H) Wedge-like and blocky extinction pattern under 1015 

PLM (white arrows); (I) IPF Y map of radial section, dashed line indicates contour of 1016 

the additional eggshell unit. Even though aragonite is entirely converted to calcite, 1017 

they still partly preserve acicular crystal structure of turtle eggshells (see also 1018 

Moreno-Azanza et al., 2021 and Choi et al., 2022). Scale bars equal 25 μm (A), 200 1019 

μm (B and H), 250 μm (C), 10 μm (D and G), and 100 μm (E, F and I). [2-column 1020 

fitting] 1021 

 1022 

Fig. 8. Eggshell formation process of Neixiangoolithus yani. (A) Eggshell units with 1023 

radially arranged aragonite crystals grow from shell membrane. Eggshell formation 1024 

process of modern turtles and Testudoolithus terminates at this step; (B) new aragonite 1025 

crystals grow from accretion lines, forming cone-shaped structural units; (C) cone-1026 

shaped structural units form repeatedly, leading to an extremely thick eggshell of 1027 

Neixiangoolithus yani. [1-column fitting] 1028 

 1029 

Fig. 9. Preservations of fossil turtle eggshells (B–D; Late Cretaceous in age) shown 1030 

by EBSD and schematic images. (A) Pelodiscus sinensis. Modern turtle eggshells 1031 



have clear grain boundaries and are fully composed of aragonite (colored blue in a 1032 

schematic view); (B) Testudoolithus zelenitskyae (MOR 710; Choi et al., 2022). 1033 

Aragonite shows amalgamation and some parts of eggshell are transformed into 1034 

calcite (white arrows; colored red in a schematic view); (C) ZMNH GM13203. 1035 

Aragonite was fully transformed into calcite and amalgamation has progressed, but 1036 

acicular ultrastructure has been preserved. (D) Neixiangoolithus yani. Most parts of 1037 

eggshell were transformed into blocky and randomly oriented calcite but relic 1038 

aragonite (white arrows) is preserved. A to D show the overall progress of taphonomic 1039 

alteration in order. However, they are not necessarily linear process but show diverse 1040 

end members of taphonomic alterations (see text). Scale bars equal 100 μm (A), 250 1041 

μm (B–D). [2-column fitting] 1042 

 1043 

Fig. S1. Microstructure of Neixiangoolithus yani in radial views. (A) 41HV0001-3; 1044 

(B) ZMNH M8709-1; (C) ZMNH M8855, note the continuously intact eggshell in this 1045 

portion; (D) ZMNH M8854, showing the eggshell units composed of two vertical 1046 

lines of cone-shaped structural units (see also in Fig. 8C). The white arrows indicate 1047 

the dark accretion lines where the cone-shaped structural units grow from; the black 1048 

arrows indicate the vertical lines of cone-shaped structural units. A to C are under 1049 

cross polarized light. D is under normal light. Scale bars equal 200 μm. [2-column 1050 

fitting]  1051 

 1052 

Fig. S2. Phase maps of Neixiangoolithus yani (A, ZMNH M8709-1; B, 41HV0001-3; 1053 

C, ZMNH M8856) and the fossil turtle eggshell fragment from the Huzhen Basin, 1054 

Zhejiang Province, China (D, ZMNH GM 13203). Calcite and aragonite (white 1055 

arrows) grains are red and blue, respectively. Scale bars equal 500 μm (A–C) and 250 1056 

μm (D). [2-column fitting] 1057 

 1058 

Fig. S3. IPF Y maps of the fossil turtle eggshell fragment from the Huzhen Basin, 1059 

Zhejiang Province, China (A, ZMNH GM 13203) and Neixiangoolithus yani (B, 1060 

41HV0001-3; C, ZMNH M8856). Note that ZMNH GM 13203 (A) preserves acicular 1061 



ultrastructure well, compared to 41HV0001-3 and ZMNH M8856 (B, C). Scale bars 1062 

equal 250 μm (A) and 500 μm (B, C). [2-column fitting] 1063 

 1064 

Fig. S4. The additional eggshell units of Testudoolithus zelenitskyae (MOR 710; white 1065 

arrows). (A) under cross polarized light; (B) under normal light; (C) IPF X map, note 1066 

that the presence of aragonites with horizontally laid a-axis of an additional eggshell 1067 

unit. It means a new initiation of aragonite deposition. Scale bars equal 100 μm (A 1068 

and C) and 40 μm (B). [2-column fitting] 1069 


	Copy Cover Page.pdf
	Blank Page
	Blank Page




