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Preface
In early 1993, Li Guangling, Director of the Zhongyuan Rare Rock Museum, Zhengzhou, Henan Province, collected a dinosaur egg.  It is round in shape and has a 9 cm diameter.  Its catalog number is XL-01.  This egg had been displayed at the Geological Museum of Geology and Mineralogy Ministry from February to April, 1994.  Then it was stored at the Henan Provincial Museum, and now it is under the custody of some related governmental agency.  Egg XL-01 has been tested for its paleo DNA, the test result is reported in our other article[1].  Recently, this egg was used as a specimen for the paleo DNA research.  Some broken parts of DNA sequence were extracted from the flocculent inclusions of the egg (for instance, the 18S rDNA sequence, see the other papers in this issue [2,3].  Apparently, this dinosaur egg has an important scientific value.  This paper will briefly describe the discovery of the egg and report the following researches on the egg's shape, shell microstructure, and mineral-chemical composition of the flocculent inclusion, as well as the stratigraphic occurrence, taphonomical preservation conditions. 

I. Discovery and Research
Egg XL-01 was collected in Xixia County, Henan Province, by Li Guangling of Xishizhao Village, Jinshui District, Zhengzbou City, Henan Province in early 1993.  The collector was unable to provide information of exact locality and strata but confirmed that the egg was from the Xixia area.

Egg XL-01 is a small dinosaur egg with a 9 cm diameter.  Shell is hard, intact, and had no cracks.  In September 1993, the egg was accidentally dropped on floor and broke into two pieces, a large one and a small one.  It was discovered that some gray-brown colored, soft and damp flocculent material was enclosed in the internal cavity. On October 19, 1993, Guangming Daily reported the discovery of this rare dinosaur egg.  The newspaper article drew some attention from paleontologists and geologists. Li Guangling had visited the IVPP, the Beijing Natural History Museum, the Geological science Institute of Geological and Mineral Ministry, and the Geological Museum.  He asked the scientists in those institutions for a study and an explanation.  Some scientists classified the flocculent inclusion as palygorskite.  Some scientists gave the material a mineralogical explanation in newspaper, yet, the real scientific value of the egg was to be determined.

In mid November, 1993, Zhang Yun obtained about 20 mg flocculent sample from Egg XL-01.  He conducted two tests.  Test 1 was burning the sample for one minute on an electric burner and comparing the difference of before and after physical appearance under microscope.  Test 2 was solving the sample in HCL and analyzing amino acids in the solution (the analysis was conducted by Yuan Hongsheng, Biology Department, Beijing University).  Test 1 showed that the flocculent inclusion was not flammable, but was partially charcoaled (the flocculent sample's color changed to a dark-brown).  Therefore, it is possible that the flocculent inclusion may have some organic material.  Test 2 showed that the flocculent inclusion has 0.5-1% amino acids, including four kinds of amino acids: aspartic, serine, glutamic acid and glycine, (See Fig.1).

Based upon the test results and the egg shell microstructure analysis, it is concluded that the flocculent inclusion may have some macromolecule.  Because the shell is intact, has no cracks, and has calcite as its inner wall, the egg must had been sealed in the early stage of fossilization and created a an oxygen-free microenvironment.  Also because palygorskite was formed during fossilization and its special two-chain structure has a strong adsorbent ability, it might have preserved some macromolecule.  These are the reasons we conducted a further study.

In January 1994, Mang Yun, as the principle investigator of "the biochemical study on the organic remains of a late Cretaceous dinosaur egg from Xixia" project, was granted a research grant by the Chinese National Natural Science Foundation.  The project included the following research:

(1) the extraction and examination of flocculent inclusion, conducted by Zou Yuping and Yin Zhen, Institute of Botany, Academia Sinica);

(2) the classification of Egg XL-01, the study of eggshell microstruc​ture study, the mineral-chemical and taphonomic analysis of flocculent inclusion, directed by Mang Yun;

(3) the locality survey of the late Cretaceous stratum, Xixia Basin, conducted by Zhang Yun, Fang Xiaosi, Cheng Zhengwu, Wang Yimin, and Yin Zhen [4].

This paper is a report on the results of research. 


In early January and early February, 1994, a total 90 mg of flocculent inclusion samples were taken out from Egg XL-01 and were kept in low temperature.  Some samples were used for the DNA extraction and examination.  The test results are reported in another paper.  Some samples were used for the mineral classification and chemical elements analysis.  On January 14, 1994, more flocculent inclusion samples were taken out from Egg XL-01.  They, along with the rest of first two group samples, were used for the paleo DNA extraction, polymerase chain reaction, sequence analysis, and research on molecules.  The results are reported in another paper [2,3].

Egg XL-01 was kept under room temperature from September, 1993 (when it broke) through January 12, 1995.  It has been kept in a refrigerator since January 12, 1995.  This dinosaur egg is protected carefully.

II. General Description and Shell Microstructure

Egg XL-01 is round-shaped and slightly flat (probably distorted by pressure through years).  Its maximum diameter is 9.0 cm.  Weight is 444 grams.  Outer shell is hard.  It consists of a dark-brown-colored original eggshell (2.0-2.3 mm, in thickness) and a secondary calcite layer (4.5-5.0 mm in thickness).  (See Fig.2; Plate II-1).

We used SEM and optical microscope to observe the cross-section of original eggshell.  It is concluded that the microstructure of XL-01's original eggshell is similar to the basic dinosaur eggshell structure which had been described and summarized by many Chinese and foreign scholars [5,6,7].  It is especially very similar to the microstructure of duck-billed dinosaurs eggs from Upper Cretaceous in Montana, which was described and classified by Hirsch and Quinn (Hirsch and Quinn, 1990, p.296, Fig.7) [8].  Cross-section view of XL-01's shell shows its basic structural units, including, from inner surface to outer surface, basal spherolites, mammillae, and prismatic units.  Mammillae are cone-shaped (also called mammillary cones).  Their central axes meet shell surface at about a right angle.  Gaps are among the mammillae.  Mammillae form a mammillary layer.  The layer's thickness is about one fifth of egg shell's.  Next to the mammillary layer is a prismatic layer.  It consists of prismatic units.  They either connect to each other or leave a room as a pore. Both mammillae and prismatic units have growth lines.  Being caused by weathering or corrosion, the prismatic layer has holes or a calcium layer near the shell outer surface.  (See Fig.3; Plate 11-1,3).

The microstructure of XL-01's original eggshell has the basic features of dinosaur egg shell, and it is especially similar to what of duck-billed dinosaur's.  It is obviously different from what of bird eggshell's, for instance, no outer prismatic layer exists.  Therefore, XL-01 is a fossilized dinosaur egg.

Inside of XL-01's mammillary layer is a 6.5-7.0 mm thick layer of secondary calcite.  Apparently, the layer was formed during the fossilization. Since the secondary calcite layer had blocked pores, the egg became a well sealed-off cavity. (See Fig.2)

III. Flocculent Inclusions and Their Mineral-Chemical and Infraspectrum Analyses
Almost all of dinosaur eggs found in Xixia are filled with either sand, fine sand, mud, or calcite.  They also have cracks in the shell. Only Egg XL​01 has an intact shell which sealed the egg cavity.  The flocculent inclusions occupies one third of the cavity.  This is a very rare specimen, and we have not found another specimen like this so far.

The flocculent inclusions are composed of fiber-looking and non-regular ​shaped materials.  The inclusions are soft, some are flaky.  They are light​ grey colored or grey-brown colored. Some portions are light-purple colored or yellow-brown colored.  The inclusions which are next to the calcite layer is darker.  (See Plate 1-2,3,4).

We used ICP to analyze the flocculent inclusions from Egg XL-01 (conducted by Wang Yimin, National Geological Survey Center, Geological and Mineral Ministry).  The results are listed in Table 1.  The chemical components of inclusions mainly are Si, Mg, Al, Ba, and etc.  The minerals mainly are Mg and Al-contained silicates as well as Ba-contained minerals.  The inclusions contain water and organic material because the quantity loss after burning is as high as 19.39%.  By using optical microscope and electron microscope, we observed that the inclusions are made of 0.5µm-diameter fibers and amorphous materials (possibly organic).  Fibers are either parallel like a bunch or grouped by amorphous materials like a bundle. (See Plate 11-4).  Infraspectrum of the flocculent inclusions (the KI method, conducted by Zhu Weijong and others, Geology Department, Beijing University) showed the characteristic absorption of palygorskite (Fig.4).  Electron microscope observation and X-ray analysis proved the infraspectrum analysis conclusion, which is that the main chemical components of inclusions are Mg, Al, Si, and BaSO4.  Organic residues may also exist among the palygorskite fibers or on the chain-shaped molecules.

VI. Locality Survey

According to the collector of Egg XL-01, the egg was collected in Xixia County, Henan Province in early 1993.

Xixia Basin is one of the Cretaceous subsidence basins in the southwest Henan.  The basin is at the south side of Qin Mountains, and geographically, it is surrounded by the Northern China Plateau, the Qin Mountains, and the Yangtze Plateau.  At the end of Mesozoic era, this area was in the Eastern Qin Mountain tectonic zone.  The tectonic movement by then formed a series of subsidence basins which runs from northwest to southeast.  These basins are in the forms of lakes and rivers.  Some Cretaceous and Tertiary layers had accumulated over the Permo-Triassic strata during the next 100 million years.  Xixia Basin covers Shangnan County, Shaanxi Province, Xixia County and Danshui County, and Neixiang County, Henan Province.  The area is about 1,000 square km.  Its geographic location is within 110-112o east longitude and 33o 00'-33o 50' north latitudes.  (See Fig.5 & 6).

The Cretaceous stratum of Xixia Basin is composed of dark-red-colored granulite, sandstone, and fine sandstone, as well as grey-yellow-colored pelitic siltstone and argillite.  This red-colored rock system lays over the mid Permo-Triassic micacite layer, and beneath the yellow-colored Quaternary soil. Before 1960, the rock system was misidentified as lower Tertiary.  In early 1960s, the Henan Petroleum & Geological Survey analyzed some fossil pollen samples and classified the rock system as the Upper Cretaceous.  Based upon the two strata we surveyed and the available information [9], we divided the Cretaceous stratum in Xixia Basin into three formations, from lower to upper, including Zoumagang Formation, Zhaoying Formation, and Liuyemiao Formation.  Also based upon the fossil pollen analysis made in past decades and by us in present time, we concluded that the formations are early late Cretaceous (we found Classopolis, Protoconiferus and Monosulcites in the fine sandstone of Zhaoying Formation).

Since early 1993, villagers in Xixia County had dug out many dinosaur eggs.  Our locality survey enabled us to record fossil sites as many as several dozens in the region, to identify strata and types of dinosaur eggs.  Based upon the materials including the partial eggs and egg fragments collected during our survey, the eggs excavated by Henan Cultural Property Institute at a Zhaoying Formation site in Sanlimiao Village, the eggs collected or purchased from local villagers by private collectors, we identified four types of eggs.  They are: 

Type A: Elongatoolites, a long-stick shape; length ranges 44.5-49.5 cm, width ranges 13.5-16.5 cm; the average length is 47.0 cm, the average width is 16.5 cm.  This is the largest egg type which has been reported in the world. 

Type B: large-sized round eggs or Paraspheroolithus, in a round or oval shape; length ranges 14.0-19.0 cm, width ranges 12.0-15.0 cm; the average length is 15.0 cm; the average width is 13.0 cm.  Most of eggs found in the Xixia area are in this type.

Type C: medium-sized round eggs, in a round or oval shape; diameter ranges 8.0-11.0 cm; the average diameter is 9.0 cm.  A few eggs are in this type and were found with Type A eggs.

Type D: small-sized round eggs, in a round or oval shape; diameter ranges 4.5-5.5 cm; the average diameter is 5.0 cm.  They were found with Type A and Type B eggs. 

The stratigraphic distribution of the eggs is shown in Fig. 6.

Egg XL-01 was identified in Type C based on its shape and size.  For confirming this, we compared the microstructure samples from XL-01 and from Egg DE-02 (a half Type C egg with length 8.0 cm, collected in Xixia).  We observed that the microstructure are quite similar (see Plate 11-2), but quite different from Type A's and Type B's.  Based upon the similarities in shape, size, and microstructure, therefore, Egg XL-01 was concluded as a Type C egg and was probably from Zoumagang Formation, Late Cretaceous, Xixia Basin.

V. Discussion: A Taphonomical Explanation on Egg XL-01

Theoretically, a fertilized reptile egg starts fetus development in mother's body.  When it has been laid, the egg is still in the early stage of fetus development.  If the temperature is proper, the fetus will continue its development.  Therefore, it is very likely that the dinosaur eggs are either empty shells which were hatched and filled with deposit later, or unhatched eggs which fetuses were in different stages of development, or unfertilized eggs which were uncommon.  It is possible that DNA preserved in Egg XL-01 was from a fetus.

What made XL-01 special are its calcite inner shell layer, completely sealed internal cavity, and flocculent inclusions.  Since the egg shell had no any crack, it is obvious that XL-01 was an unhatched egg.

Palygorskite is a common clay material.  It forms in deep sea, in hot fluids, in lake, or in a depression.  It is reported that the clay rock containing palygorskite in the Tianshui area formed in an alkalescent-alkaline, semi-salt water or fresh water environment.  The Xixia's Cretaceous layer formed by deposit from river and lake.  Since fresh water has low Mg quantity but palygorskite contains Mg, it is concluded that palygorskite in XL-01 must have had some infiltrated Mg ions.  It is inferred that in the early stage of its burial, XL-01 immersed in underground water or semi-salt lake water which contained Mg.  And because the dry climate (the preserved Classopolis showed this), water in lake evaporated and that made the density of salt and magnesium ions increase.

It is inferred that XL-01's taphonomical process and fossilization went through as following described:

Underground water or lake water which contained Ca, Mg, Al, and dissolved Si infiltrated the egg through pores; CaCO3 deposited on the inner shell and formed calcite layer; the calcite layer sealed pores and created an anaerobic microenvironment; organic material ceased degradation because of such microenvironment; Mg, Al, and Si combined and formed palygorskite; palygorskite combined with H2O and absorbed organic molecules; degraded organic material released H2S; Ba ions combined with H2S or S-containing organic material and formed BaSO4 and other Ba-contained complex compounds.

The palygorskite molecules have some very complicate double-chain structures.  When they lost a certain amount of H2O, the molecules may have piled up in an orderly fashion.  Palygorskite also has a very large surface, therefore, it has a strong absorbability.  Since it has been proved that palygorskite in soil can absorb large quantity of humic acid and other organic materials.  Therefore, palygorskite in the egg helped to preserve biomolecules.

VI. Conclusion

(1) Since Egg XL-01 has the basic features of dinosaur egg shell microstructure which have been described by many scholars, therefore, Egg XL-01 is a dinosaur egg.

(2) Since Egg XL-01 is very similar to the medium-sized round eggs from Zoumagang Formation, lower Upper Cretaceous, Xixia Basin, therefore, it is concluded that Egg XL-01 is probably from Zoumagang Formation, Upper Cretaceous, in the Yangcheng and Zhangtang area of Xixia region, early Late Cretaceous.  Pollen analysis showed that pollen found in the sites' fine sandstone had the Cretaceous pollen’s features and the climate was dry.

(3) The intact egg shell and the secondary calcite layer sealed the internal egg-cavity well.  The anaerobic conditions in the cavity prevented the biomolecules from degradation.  Palygorskite with its complicate dual-chained structure probably absorbed and preserved some DNA molecules.
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