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Calcified cartilage is a vertebrate tissue that has unique characteristics, such as a high percentage of calcification, avascularity and cells with apparently delayed autolytic processes after death. All of these factors suggest that fossilized cartilage may be favorable to exceptional cellular preservation, but little is known about chondrocyte fossilization overall in vertebrate paleontology. To further understand the spectrum of cellular preservation in this tissue, we analyze the morphology and the chemistry of some intralacunar content seen in previously published avian cartilage from the Early Cretaceous Jehol biota (in Yanornis and Confuciusornis). For this, we combine standard paleohistology with Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS). To better identify some fossilized structures, we compare them with experimentally decayed and biofilm-invaded avian cartilage. Histological images of the cartilage of Yanornis show structures that resemble cell nuclei within chondrocyte lacunae. An SEM analysis on this cartilage shows that some lacunae are filled with a type of in vivo mineralization (similar to micropetrotic lacunae) and others are filled with small and spherical silicified cells surrounded by an amorphous carbonaceous material. These silicified cells apparently underwent postmortem cell shrinkage and do not constitute cell nuclei. Confuciusornis shows filamentous, non-spherical cells that are mostly made of silicon and carbon. This cell morphology does not resemble that of typical healthy chondrocytes, but based on comparison with decaying, biofilm-infiltrated chondrocyte lacunae from extant material, the most plausible conclusion is that the cells of Confuciusornis were partially autolyzed prior to their mineralization. In Yanornis and Confuciusornis respectively, silicification and alumino-silicification were responsible for chondrocyte preservation; while alumino-silicification and ironization occurred in their soft tissues. This shows that alumino-silicification is quite a common mechanism of cellular and soft-tissue preservation in the Jehol biota. Moreover, the two different chondrocyte morphologies (spherical and filamentous) apparently reflect two taphonomical histories, including different timings of postmortem permineralization (one rapid and one much more delayed). This type of analysis paired with more actuotaphonomy experiments will be needed in the future to better understand the preservation potential of chondrocytes and other cell types in the fossil record.
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INTRODUCTION
Calcified cartilage, like bone, is a skeletal tissue that can easily fossilize due to its mineralized extracellular matrix (ECM). In fact, the percentage of mineralization is higher in the former than in the latter (e.g., Goret-Nicaise and Dhem, 1985; Jing et al., 2017). However, with the exception of chondrichthyans, cartilage (calcified or uncalcified) is not an abundant tissue in the body of adult vertebrates and is mostly found in embryos. In adults, cartilage is only found as small layers covering bones within joints (e.g., at synovial joints of limb bones, basicranial synchondroses, or joints of the vertebral column) or within some cartilaginous elements that never ossify through ontogeny (e.g., nasal conchae, trachea, larynx), although this can be quite variable across phylogeny. The small amount of cartilage found in the adult vertebrate body when compared to bone is most likely why only few studies in vertebrate paleontology have focused on cartilage so far. Cartilage has been mostly studied in embryonic and juvenile fossil vertebrates. For example, it has helped shed light on interesting aspects of dinosaurian paleobiology, such as the altriciality of Maiasaura nestlings, archosaur embryonic growth strategies, or on cranial joint structure and function in nestling dinosaurs (e.g., Horner and Weishampel, 1988; Horner et al., 2001; Bailleul et al., 2012).
In Molecular paleontology, cartilage has also been largely overlooked and only a few studies exist (e.g., Barreto et al., 1993; Jiang et al., 2017). However, a recent study on the cartilage of nestling hadrosaurs (Hypacrosaurus) from Montana reported an exquisite histological preservation with cells showing nuclear content such as chromatin threads and circular nuclei (Bailleul et al., 2020a). Due to its mineral:organic ratio, its avascularity and its low levels of oxygen, it was hypothesized that calcified cartilage is a vertebrate tissue that has a great preservation potential for both cells (i.e., for their overall morphological preservation, including that of organelles like nuclei) and for biomolecules (Bailleul et al., 2020a). Additionally, based on published forensics studies on mammalian cartilage, it was hypothesized that chondrocytes can easily be fossilized because their autolysis is apparently naturally delayed after death (Bailleul, 2021). Chondrocytes do not receive nutrition via blood vessels, they are anaerobic and instead receive nutrients via diffusion through the ECM, which makes them resistant to anoxia and acidosis (Rogers et al., 2011; Paulis et al., 2016). A great deal of understanding of this tissue comes from studies on human cadavers and on experimental studies on other mammalian taphonomic models. For example, it was noted that chondrocytes can be viable at ambient temperatures for at least 2 weeks postmortem in cadavers (Lasczkowski et al., 2002) and it has been proposed that chondrocyte viability has the potential to be used to assess the postmortem interval of human corpses (i.e., the length of time between death and corpse discovery or autopsy performance; e.g., Alibegović, 2014; Bolton, 2015).
All of these data suggest that additional fossil cartilage material should be analyzed to further understand the potential and full spectrum of cellular preservation in this tissue in fossil material. Here, we further investigate cellular preservation (i.e., the morphology of preserved cells and their chemistry) in the calcified cartilage of two fossil birds from the Early Cretaceous Jehol biota of Northeast China. We reanalyze fossilized calcified cartilage that was previously reported on the dentary of Yanornis (Bailleul et al., 2019) (Figures 1, 2) and on the furcula of Confuciusornis (Wu et al., 2021) (Figures 3, 4). The ground-sections and the content inside the chondrocyte lacunae (i.e., called here intralacunar content) are reanalyzed at higher resolution using scanning electron microscopy (SEM) and Energy Dispersive Spectroscopy (EDS). We also analyze preserved soft tissues in the samples (and compare their chemistry to that of the cells) to better understand the overall taphonomy of the specimens.
[image: Figure 1]FIGURE 1 | Ground-section with SEM and EDS analyses of the cartilage on the dentary of Yanornis (IVPP V13358). (A) Whole-view of a ground section through the rostral-most portion of the dentary of Yanornis through the tooth (to) socket (so) and the rostrolateral foramina (rlf). (B) Close-up on symphyseal calcified cartilage (cc) and originally unmineralized cartilage (ouc). (C) Close-up on some cc showing round chondrocyte lacunae filled with smaller, dark, spherical material (white arrows) which resemble cell nuclei. (D) SEM image of the large rectangle in (B). (E) Close-up on the cc from the white square in (D). Some lacunae are filled with white material of the same contrast as the ECM (black arrows) and others are dark and filled with much smaller circular material (white arrows), which are the black spheres seen in (C). (F) EDS mapping of the five main chemical elements present in (E). (G) Close-up image of some chondrocyte lacunae seen in E. (H) EDS mapping of the five main elements seen in (G). (I)–(N) are EDS mapping of the individual elements carbon (C), oxygen (O), silicon (Si), calcium (Ca), phosphorous (P) and aluminum (Al). Additional abbreviations: ab, alveolar bone; cc, calcified cartilage; pl, periodontal ligament. The scale bar is the same from (G) through (N).
[image: Figure 2]FIGURE 2 | SEM images of another ground-section of Yanornis (IVPP V13358). (A) SEM image on the calcified cartilage (upper part) and originally unmineralized cartilage (ouc, lower part). (B) Close-up on some chondrocyte lacunae. (C) Comparison with a paraffin section of extant galliform calcified cartilage stained with H&E. Some lacunae are being filled in with mineralized material (potentially similar to micropetrotic lacunae seen in mammal bone). They show similar morphologies as those of Yanornis (i.e., with a moon-shaped center, or polygonal center). (D) Close-up SEM image on the ouc. These tubular structures are potential blood vessels (pbv), meaning the soft tissues originally identified as ouc most likely also contains vascularized collagenous tissues. It is covered by a thin layer of calcium (Ca). (E) High-magnification SEM image on two types of chondrocyte lacunae in Yanornis. (F) High magnification on a micropetrotic chondrocyte lacuna apparently being filled in by calcified matrix perhaps triggered by chondrocyte death and the loss of mineralization inhibitors.
[image: Figure 3]FIGURE 3 | Ground-section with SEM and EDS analyses of the left epicleideal process of the furcula of Confuciusornis (IVPP V11521). (A) Photograph of a ground-section under transmitted light. (B) Same photograph taken under the polarized light. The entire element is filled with an orangey-brown filamentous network. (C) Close-up on that filamentous network, showing the chondrocyte lacunae (cl) are also filled with material of the same color. (D) Another close-up showing the filamentous network that is continuous with a darker reddish material inside a vascular space. (E) SEM image of tissues seen in a vascular space with no clearly recognizable structure. (F) SEM image of (D). (G)–(L) are EDS mapping of the individual elements calcium (Ca), phosphorous (P), iron (Fe), silicon (Si), aluminum (Al) and carbon (C). The scale bar is the same from (G) through (L). Additional abbreviation: sed, sediment.
[image: Figure 4]FIGURE 4 | Another ground-section with SEM and EDS analyses of the cartilage on the furcula of Confuciusornis (IVPP V11521). (A) High-magnification light microscopy image of furcular calcified cartilage. (B) SEM image of the red square in A showing chondrocyte lacunae. (C) Close-up on the chondrocyte lacunae in (B). It reveals filamentous material inside the lacunae. (D) EDS mapping of the five main chemical elements in (C). (E)–(J) are EDS mapping of the individual elements calcium (Ca), phosphorous (P), silicon (Si), carbon (C), oxygen (O) and aluminum (Al). (K) High-magnification SEM image on one chondrocyte lacuna, showing a chondrocyte with a filamentous morphology, some granular areas and a small circular structure in the center. The scale bar is the same from (D) through (J).
MATERIALS AND METHODS
Specimens and Gross Morphological Features
We used one specimen of Yanornis martini (IVPP V13358) originally described in Zheng et al. 2014 and one specimen of Confuciusornis indet. (IVPP V11521) (originally described as Confuciusornis dui by Hou et al., 1999). The specimen of Yanornis is complete, fully articulated, and well-preserved at the morphological level as it shows evidence of soft tissue remnants like feathers, skin and intestinal content (Zheng et al., 2014). On the other hand, the Confuciusornis specimen is incomplete, disarticulated and does not show any evidence of soft-tissue preservation at the morphological level (Hou et al., 1999). We also show one image of calcified cartilage from an extant galliform that was collected as a dry carcass in the field in China (Figure 2C). This specimen was demineralized, processed into paraffin sections and stained with Hematoxylin and Eosin (H&E, see below).
Paraffin Processing, Embedding and Sectioning of the Extant Galliform
A piece of skull base cartilage attached to subchondral bone was extracted from an extant galliform using a dremel equipped with a rotating blade. The fragment was then fixed in 10% Neutral Buffered Formalin (NBF) for 48 h, then demineralized in a solution of HCl and formic acid (JYBL-II, Cat DD0017, Leagene) for ∼48 h. After demineralization, the extant avian cartilage was subjected to routine dehydration via sequential incubations in 70, 80, 90, 95, and 100% EtOH for ∼1 h each. The tissue block was placed in two additional 100% EtOH for 1 h each to ensure complete dehydration, followed by three 30 min incubations in xylene. Tissues were infiltrated with melted paraffin wax for 30 min each and embedded manually (Paraplast Plus EMS Cat#19216). Blocks were cooled down in an icy water bath and cut on a microtome (Leica Biosystems RM2265), placed in a warm water bath at 44°C with section adhesive (Tissue-Grip, StatLab), mounted on charged slides (Superfrost Plus, Fisher Scientific), then dried for a few days at room temperature. Paraffin sections were then deparaffinized with xylene (5 min x 2), rehydrated through a graded EtOH series and stained with H&E (see Supplementary Data S1.1 for the full staining protocol).
Paleohistological Ground-Sections
The cartilage on the dentary of Yanornis and the furcula of Confuciusornis were previously described using ground-sections (see Bailleul et al., 2019 and Wu et al., 2021 for the full protocol for ground-sections). Here, these ground-sections are reanalyzed and photographed under transmitted and/or polarized light using a Nikon eclipse LV100NPOL equipped with a DS-Fi3 camera and the software NIS-Element v4.60. We show two serial ground-sections of Yanornis (Figures 1, 2) and two in Confuciusornis (Figures 3, 4).
SEM-EDS
The ground-sections were also observed using the SEM at the Chinese Academy of Geological Sciences with an FEI Quanta 450 (FEG) at 20 kV. Images are shown in the BSE mode (backscattered electrons). The EDS profiles were measured as maps on the areas that the BSE images captured.
Actuotaphonomy: Methods for the Observation of the Biofilm Within Decaying Avian Cartilage Under the SEM
This actuotaphonomy experiment and the biofilm were briefly mentioned in a previous study (Bailleul and Li, 2021) but was not fully described. The biofilm was observed in paraffin sections stained with the Gram stain (Microorganism kit Abcam ab245886, which reveals bacteria) (see the Figures 3A,B in Bailleul and Li, 2021). In this experiment, the right tibiotarsus of a frozen chicken (a gravid hen) was dissected and left in tapwater for 2 weeks at ambient (summer) temperatures in a Tupperware in oxic conditions near a sunny window in Beijing. After 2 weeks, the decaying and contaminated tibiotarsus was taken out of the water. A piece of cartilage at the proximal surface of the tibiotarsus was dissected and put in NBF for 48 h. It was then demineralized in a solution of HCl and formic acid (JYBL-II, Cat DD0017, Leagene) for ∼48 h. The fragment was then processed into paraffin slides with the same protocol as the one described above. Some slides were deparaffinized and left to dry without a coverslip. These deparaffinized sections were sprayed with gold, then observed and photographed rapidly under the SEM. These SEM images were made to observe the cells and the biofilm invading the decaying cartilage at high resolution (Figure 5).
[image: Figure 5]FIGURE 5 | SEM images (on a gold-sprayed and deparaffinized slide) of a biofilm invasion in decaying avian cartilage in water for 2 weeks. (A) Bacterial biofilm on top of uncalcified cartilage (uc). The bacteria (bac) are secreting a sheath of filamentous EPS. The more internal chondrocytes (ch) are intact and not invaded by the biofilm. (B) Image in the same sample but within some of the calcified cartilage (cc). The cc has been extensively dissolved. (C) Close -up on the dissolved cc showing calcospherites and chondrocyte lacunae (cl) with altered shape. The bacteria and their EPS are infiltrating into the gaps of the dissolved ECM. What caused the dissolution of the calcified ECM is unclear. No clear chondrocyte is visible in these lacunae, meaning they underwent autolysis and/or bacterial attack.
RESULTS
Yanornis (IVPP V13358): Calcified Cartilage, Intralacunar Content and Soft Tissues
Previous Histological Descriptions
In the ground-sections of a fragment of the right dentary of IVPP V13358 (Figures 1A–C), the bone and the calcified cartilage were well-preserved at the histological level (Bailleul et al., 2019). Both stellate osteocyte lacunae and round chondrocyte lacunae were clearly visible (see the Figure 3G in Bailleul et al., 2019). Some chondrocyte lacunae are apparently filled with dark spherical structures (Figure 1C, white arrows) and it was hypothesized that they might be remnants of chondrocyte nuclei (Bailleul 2021). The dentary of IVPP V13358 also preserves soft tissue remnants rich in silicon and aluminum attached to the calcified cartilage and inside the tooth socket (see Supplementary Figures S6–S7 in Bailleul et al., 2019; also Figures 1F,K,N in this study). These soft tissue remnants were respectively hypothesized to be originally unmineralized cartilage ('ouc' in Figure 1B) maybe mixed with some collagenous, dense connective tissues of the mandibular symphysis and the originally unmineralized periodontal ligament ('pl' in Figure 1A).
New SEM and EDS Analyses
When the calcified cartilage was reanalyzed under the SEM (Figures 1D,E), two types of intralacunar content could be seen. The first one shows chondrocyte lacunae filled with a material sharing almost the same appearance as the ECM (black arrows, Figures 1E,F). Some of these lacunae are completely filled (Figure 1E), others have an outer circular rim with a darker, polygonal center (Figures 2E,F) or half-moon shaped centers (Figure 2B). The second type of intralacunar content is characterized by a small white sphere surrounded by a darker and amorphous material (white arrows, Figures 1E–G).
EDS mapping on these two types of intralacunar content shows that the lacunae of the first type are filled in with calcium phosphate that has the same chemical composition as the cartilage ECM (Figure 1F). The other type of intralacunar content is composed of silicified spherical cores surrounded by a carbonaceous material (Figures 1F–K). The soft tissues of Yanornis show a composition mostly made of silicon and aluminum (Figure 1K,N). Three tubular structures that resemble blood vessels (i.e., most likely venules and not arterioles based on the thickness of the walls) can be seen within the soft tissues attached to the calcified cartilage (Figure 2D). Since cartilage is an avascular tissue, these potential blood vessels suggest that this mass of soft tissues does not only contain originally unmineralized cartilage (closest to the calcified cartilage) but also a vascularized, collagenous connective tissue more externally. They are covered by a thin layer mostly made of calcium (Figure 2D; Supplementary Data S1.2) but to determine exactly what this Ca layer represents is beyond the scope of this paper.
Confuciusornis (IVPP V11521): Calcified Cartilage, Intralacunar Content and Soft Tissues
Previous Histological Descriptions
The histology of the right epicleideal process of the furcula of IVPP V11521 was previously described (Wu et al., 2021). In these sections, the calcified cartilage and bone were not particularly well-preserved and the element showed extensive breakage (and/or compaction of the bony trabeculae on themselves) with a dark color in many places (Wu et al., 2021).
Additional Histological Description, SEM and EDS Analyses
When the element is seen at low magnification with an overexposed polarized light, an orangey-brown network can be seen within all porous spaces and breaks of the furcula (Figures 3A–D). This network is continuous with a red-brown material seen in some vascular spaces (Figure 3D) and is also found inside the chondrocyte lacunae (Figure 3C). The material inside vascular spaces resembles decayed soft tissues (like bone marrow and/or blood breakdown products) under the polarized light (Figure 3D), however under the SEM no clearly identifiable tissue or cellular structures can be recognized (Figure 3E). The EDS analysis shows that the potential decayed soft tissues and filamentous material are made mostly of iron, silicon, aluminum and some carbon (Figure 3I–L).
Under the SEM, high magnification of the chondrocyte lacunae shows that they are filled with a stellate, filamentous material (Figures 4B,C,K). Different textures can be seen within the filamentous material and in one example, one very small circular structure is clear (Figure 4K). This stellate morphology is quite different from the round, globular intralacunar content seen in Yanornis. EDS shows that the filamentous intralacunar material is mostly made of silicon and carbon, with some aluminum (but no iron) (Figures 4G,H,J).
DISCUSSION
Identification of the Intralacunar Content in Yanornis and Confuciusornis
Yanornis Chondrocytes
We have described two types of intralacunar content in the calcified cartilage of IVPP V13358 (Figures 1, 2). Because the dentary is part of the dermatocranium, this cartilage constitutes secondary cartilage (Bailleul et al., 2019). The two types of intralacunar content could be interpreted as 1) two different types of chondrocytes, or 2) as chondrocytes that underwent two types of postmortem diagenetic alterations. However, based on the EDS mapping (Figure 1F) and on comparisons with extant material (Figure 2C), we can safely conclude that the intralacunar material made of calcium phosphate does not constitute fossilized chondrocytes but instead a form of in vivo intralacunar mineralization. The lacunae of Yanornis closely resemble some partially mineralized lacunae observed in the calcified cartilage of extant bird material (in this case, observed in an extant galliform), which shows chondrocyte lacunae in the process of being filled centripetally by ECM (compare Figure 2F with Figure 2C). One intralacunar filling even shows a moon-shaped center, almost identical to one lacuna seen in Yanornis (compare Figure 2B with Figure 2C). These calcified lacunae are reminiscent of those seen in human bone during micropetrosis, a condition where osteocyte lacunae are mineralized (e.g., Milovanovic et al., 2017). Calcification is initiated by dying osteocytes that release matrix vesicles and apoptotic bodies and concentrate calcified spherites in the lacunae (Milovanovic et al., 2017; Rolvien et al., 2018). In some instances, it is possible that the osteocyte itself mineralizes directly in situ with some organelles and potentially nucleic bodies (see Bell et al., 2008, although no mention of the word 'micropetrosis' is made by the authors).
To our knowledge, micropetrotic chondrocyte lacunae have not been reported in any mammalian nor avian material before, but in vitro chondrocyte mineralization has been reported in lampreys (Langille and Hall, 1993) and lacunar hypermineralization of intratesseral chondrocytes have been described in extant sharks and rays (Seidel et al., 2016; Seidel et al., 2017). Even though the exact process responsible for chondrocyte lacunae calcification is unknown in extant birds (and therefore also in Yanornis), it is possible that, like in human bone, it is the loss of mineralization inhibitors following cell death that induces intralacunar mineralization (Milovanovic et al., 2017; Rolvien et al., 2018). It is quite enigmatic that the dentary cartilage of Yanornis (part of the joint connected with the predentary; Bailleul et al., 2019) possesses so many micropetrotic lacunae but investigating this matter is beyond the scope of this paper.
The other type of intralacunar content seen in Yanornis shows small silicified spheres within a carbonaceous material. These silicified spheres are numerous and found not just throughout the calcified cartilage matrix but also within the alveolar bone within osteocyte lacunae (see Supplementary data S1.3). In this case, the spheres (Figure 1) can only represent the actual, original chondrocytes that were permineralized by silicification after the death of IVPP V13358, even though they looked like nuclei in ground-sections based on their size (Figure 1C). Like the chondrocytes, the bone cells of this specimen were also silicified (Supplementary data S1.3). However, it is unclear what the non-silicified carbonaceous material surrounding the silicified fossil cells represents (Figure 1I) and the fact that the cells are much smaller than their lacunae also means cell shrinkage occurred after the death of IVPP V13358. Under normal in vivo conditions, healthy cartilage cells fit tightly into their lacunae and the more or less empty lacunar spaces seen in histological sections and SEM preparations of extant cartilage are artefacts associated with fixation and histological processing (e.g., Loqman et al., 2010). Such a processing artefact (cell shrinkage) could not have occurred to these silicified cells. Moreover, tissue and cell distortions mostly occur in demineralized paraffin sections, but not usually in ground-sections.
The cell shrinkage seen in Yanornis is therefore difficult to explain. Since IVPP V13358 is complete, articulated and preserves soft tissues at both the morphological and histological level, its burial and permineralization most likely occurred quite rapidly. Moreover, autolytic processes are quite delayed after death in cartilage cells (e.g., Lasczkowski et al., 2002; Rogers et al., 2011; Alibegović, 2014; Bolton 2015; Paulis et al., 2016), therefore it would be expected for the cartilage cells of Yanornis to have retained their original size within their lacunae (since it underwent rapid permineralization). To our knowledge, permineralization does not alter cell size nor shape and has not been shown to induce cell shrinkage (e.g., Chen et al., 2009). We can hypothesize that this cell shrinkage may be due to a change in osmolarity (similar to what is seen during dehydration) that occurred prior to silicification, although the clear cause of this change is unknown. Actuotaphonomy experiments paired with histological analyses are needed to clarify the cause of postmortem cell size changes. A taphonomy experiment performed on avian cartilage decaying in water showed that the cells that were not attacked by bacteria had no clear size modification after 2 weeks when compared to the cells of the control, fresh tissue (see Bailleul and Li, 2021).
Confuciusornis Chondrocytes
Similarly to the cartilage of Yanornis, because the furcula is a membrane bone (originally part of the dermatocranium that got incorporated into the pectoral girdle during evolution; McGonnell, 2001), the furcular cartilage in IVPP V11521 constitutes a secondary cartilage (Wu et al., 2021). One most striking feature in this element is the extensive orangey-brown network that is seen between bony trabeculae and within chondrocyte lacunae (Figure 3). This network apparently constitutes partially decayed soft tissues. It may also be a mix of decayed soft tissues interspersed with a fossilized biofilm. However, under the SEM, the calcified ECM around the chondrocyte lacunae seems intact and no fossilized bacteria can be seen anywhere in the BSE images of this specimen. There is no trace of bacteria penetrating and invading the chondrocyte lacunae. Data from an actuotaphonomy experiment on decaying avian cartilage in water for 2 weeks showed the histology of a biofilm invading cartilage (Bailleul and Li, 2021). Here, we show additional images of this biofilm under the SEM (Figure 5). It reveals clearly identifiable bacteria that secrete a filamentous sheath of EPS (extracellular polymeric substances) (Figure 5). The biofilm is covering a decay-resistant hyaline (uncalcified) cartilage area (Figure 5A) and is found within the dissolved matrix of the calcified cartilage (Figures 5B,C). Nothing in the SEM images of Confuciusornis (Figures 4B,C) suggests that it was invaded by a biofilm based on our control extant avian cartilage (Figure 5). The only logical explanation is that the intralacunar material represents original chondrocytes, but because they do not resemble healthy chondrocytes, they may have been partially autolyzed prior to permineralization and secondarily obtained this curious filamentous morphology (Figure 4K). Additionally, it is also possible that some of the filamentous material may be extracellular coatings that the cells secreted in vivo, as is sometimes seen within chondrocyte lacunae in extant cartilage under the SEM (e.g., see Figure 3D in Jian et al., 2018; also Clarke, 1974). However, the hypothesis of partially autolyzed cells makes the most sense based on the presence of extensively decayed soft tissues and the clear absence of well-preserved (originally) unmineralized cartilage attached to the calcified cartilage, altogether suggesting that IVPP V11521 underwent extensive decay before or during burial, and that its permineralization was especially delayed.
It is noteworthy that in Confuciusornis, the chondrocytes are mostly made of silicon and carbon distributed relatively equally (Figures 4G,H); but that in Yanornis the carbon was found surrounding the silicified cells (Figures 1I,K). These two different patterns are difficult to explain because if the carbonaceous material around the silicified cells in Yanornis were fossilized extracellular secretions coating the cells, they should also be silicified. It is possible therefore that the carbonaceous material surrounding the shrunken cells of Yanornis are recent contaminants that occurred after ground-sectioning, but this requires further investigation.
Silicification, Alumino-Silicification and Diagenetic Precipitation of Iron Oxides in Yanornis and Confuciusornis: Insights for Cell and Soft-Tissue Preservation in the Jehol Biota
There are notable differences in the chemistries of the chondrocytes and soft tissues preserved in these two fossils. In Yanornis, the chondrocytes were silicified and the soft tissues were alumino-silicified (Figure 1). In Confuciusornis, chondrocytes were alumino-silicified and the decayed soft-tissues were apparently both alumino-silicified and ironized (most likely by diagenetic precipitation of iron oxides) (Figures 3, 4). This shows that processes of cellular and soft tissue preservation can be different within the same fossil, and demonstrates once again that the chemistry of different fossilized structures that are microns away can be quite different (e.g., see Cadena, 2020).
IVPP V13358 and IVPP V11521 represents additional examples of Jehol fossils where soft-tissues were preserved by alumino-silicification. Tissues forming the remnants of ovarian follicles preserved in the Jehol enantiornithine STM 10–12 (Bailleul et al., 2020b) and the tissues of some Jehol clam shrimp eggs were also alumino-silicified (Pan et al., 2015) showing that alumino-silicification is likely a very common mechanism of soft tissue preservation in the Jehol biota. Unfortunately, little is known about this process of alumino-silicification. It was hypothesized that it is the authigenic precipitation of aluminosilicates from clay minerals that were responsible for the chemistry of the ovarian follicles in enantiornithine STM 10–12 (Bailleul et al., 2020b). In this process, authigenic clays presumably precipitate directly onto tissues (e.g., Gabbott et al., 2001; Martin et al., 2004), but this mechanism seems less plausible for the alumino-silicifed chondrocytes of Confuciusornis since they are located more internally and protected from sediments within their lacunae. It cannot be ruled out that the chondrocytes were used as a template for clay mineral precipitation, but silicon and aluminum may have also percolated through the fossil in aqueous solutions in a non-crystallized form. Understanding this process of alumino-silicification is beyond the scope of this paper, but the use of methods that can help differentiate amorphous silica from authigenic clay minerals should be encouraged in future taphonomy studies focused on Jehol material.
SUMMARY AND CONCLUSION
In summary, we have shown that silicification and alumino-silicification are responsible for the preservation of chondrocytes in two avian specimens of the Early Cretaceous Jehol biota. The morphology of the preserved chondrocytes are quite different between Yanornis and Confuciusornis, which reflects two different taphonomical histories, as well as a process of in vivo mineralization (found in Yanornis only). In the case of these two fossils, the chondrocytes that retained a round morphology (closer to their in vivo shape) are associated with a rapid permineralization after death (in Yanornis), whereas the chondrocytes that appear decayed or partially autolyzed are most likely associated with an extensively delayed permineralization (in Confuciusornis). Analyzing intralacunar content at high magnification using the SEM helped us differentiate different types of postmortem chondrocyte morphology, processes of cellular preservation and helped us reassess prior hypotheses about the presence of nuclei solely based on ground-sections. The ground-sections of Yanornis cartilage in fact do not present chondrocyte nuclei per se (as hypothesized in Bailleul, 2021) but instead show shrunken chondrocytes.
In the future, actuotaphonomy experiments paired with histology on extant avian material are necessary to 1) further understand processes of postmortem chondrocyte decay (such as cell shrinkage, changes in cell morphology, or the timing of cell autolysis), to 2) clearly differentiate the biotic from the abiotic factors that can affect chondrocyte preservation and 3) to enrich our current understanding of other soft tissues and cell preservation in the fossil record. Viable chondrocytes have the potential to be used to assess the postmortem interval of corpses in forensics (e.g., Alibegović, 2014), and similarly, it is possible that cartilage cell morphology may more or less reflects the postmortem timing of permineralization of a fossil.
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