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生而不有  為而不恃  長而不宰  是謂玄德 

It gives them birth and does not own them, 

Acts (helps) and does not appropriate them, 

Is superior, and does not control them. 

- This is the Mystic Virtue. 

Tao Te Ching ，Ch 51 
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- Chapter 1 - 

Introduction 

 

Among all the multicellular life forms, animal multicellularity is the only type which has given birth to 

intelligence, the ability that allows and impels us to reflect on ourselves and question our own origin. 

The topic “origin of animals” involves several different aspects and sub-questions, including “what is 

the fundamental difference between animals and other organisms”, “how was the first animal like”, 

“when did it appear”, “what was the trigger (s)”, etc. Answering these questions requires a long-term 

effort of researchers from many different disciplines. In this doctoral work, I tried to contribute to this 

topic by exploring the question “how can the earliest animals be identified in fossil record”. 

Particularly, I checked the preservation and morphological characters of non-spicular demosponges in 

Phanerozoic carbonates as well as some meso- and microstructures of Precambrian microbialites. In 

this chapter, I will first give a panoramic view on the background of this study (1.1–1.2), and then 

explain the concept of my own work and introduce the content and structure of the next chapters (1.3). 

 

1.1 Biological perspectives on metazoan origin 

1.1.1 What is a metazoan? 

Historically, Kingdom Animalia Linnaeus, 1758 was set up for “natural objects that grow, live and 

sense” (in Nielsen 2012, p. 7). Later, Haeckel (1874) separated these “natural objects” into Metazoa 

and Protozoa, with the former characterized by tissues and organs. The development of molecular 

techniques and informatics has greatly changed our concept on the systematics of lives on the earth by 

enabling us to investigate their phylogenetic relationships using DNA, RNA and proteins—the 

molecular manipulators lying behind morphological, histological and developmental phenotypes. 

According to the new taxonomic scheme of eukaryotes, Metazoa Haeckel, 1874, which is defined as 

“Multicellular; cells typically held together by intercellular junctions; extracellular matrix with fibrous 
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proteins, typically collagens, between two dissimilar epithelia, except in Trichoplax or where 

secondarily lost; sexual with production of an egg cell that is fertilized by a smaller, often 

monociliated sperm cell; phagotrophic and osmotrophic; without cell wall” (Adl et al. 2012, p. 438), 

embraces sub-lineages of Porifera Grant, 1836 (Parazoa Sollas, 1884), Trichoplax Schulze, 1883 

(Placozoa Grell, 1971) and Animalia Linnaeus, 1758, emend. Adl et al., 2005 (Eumetazoa, Bütschli 

1910). However, outside of the taxonomic scientific community, or in relatively informal situations, 

the word “animal” is normally used in a sense equal to Metazoa. The position of Metazoa in the 

eukaryotic phylogenetic tree is shown in Fig. 1.1. More detailed phylogenic structure inside of the 

metazoan lineage will be introduced in 1.1.3. 

 

This new phylogenetic and taxonomic scheme is concluded largely based on molecular phylogenetic 

studies; several taxonomic groups, such as Holozoa and Nucletmycea, are defined purely based on 

molecular data. Although the new tree perhaps demonstrates the phylogenetic relationship of 

organisms in a more correct way, it is the evolution of morphological, physiological and 

developmental characters that are ultimately cared by other scientists out of the molecular taxonomic 

community. As say the words of Raff et al. (1989), which were quoted in Nielsen (2012, p. 4): “after 

all, it is the history of morphological change we wish to explain”. 

Multicellularity is a character which has long been used to differentiate metazoan from protozoan, and 

is also a part of the metazoan definition quoted above. However, modern biological studies have 

discovered that within the Opisthokonta group, many unicellular organisms show temporal 

multicellularity in their life cycles. Choanoflagellates are the known closest unicellular relatives of 

animals. Colony-forming choanoflagellates can form multicellular structures by keeping cell 

attachment after division with simple cell differentiation (e.g. Fairclough et al. 2010; Dayel et al. 

Fig. 1.1 Simplified phylogenetic tree of 
eukaryotes, after Adl et al. (2012) and 
Butterfield (2014). 
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2011). However, the resulted differentiated cells in these protozoans are not adequate to be called as 

tissue. 

In animals, epithelium is the first tissue formed in embryogenesis, and is the basis of other 

complexities, because it shapes all the organs by separating the inner space from outer environment 

and enables the regulation of chemical exchange between the two sides (e.g. Tyler 2003; Bryant and 

Mostov 2008). Epithelium is defined as “tissues in which the component cells share an aligned 

polarity, are joined by belt-form junctions, and associate with extracellular matrix only on their basal 

and apical sides” (Tyler 2003, p. 55). In recent years, the social amoeba Dictyostellium discoideum 

was found able to produce epithelium-like structure in the tip of the fruiting body which is formed in 

the multicellular reproductive stage. This structure show polarized cells bound by adherens junctions 

(Dickinson et al. 2011, 2012). However, a metazoan adherens junction requires the protein set of 

cadherin, α-catenin and ß-catenin, while in the amoeba adherens junction, cadherin is lacking and the 

Dd α-catenin and Aardvark (homologs of α- and ß-catenins) seem to have been involved 

independently (Parfrey and Lahr 2013). Furthermore, most animal epithelia have a basement 

membrane, which is a very conservative and unique character specifically in Eumetazoa. Most 

sponges, perhaps except some homoscleromorphs, possess only part of the genomic and molecular 

bricks of basement membrane, i.e. fibrillar collagens and laminin subunits; while in choanoflagellates, 

none of the constructing proteins of the basement membrane is known encoded (Hynes 2012). 

Although the amoeba “epithelium” may well be a product of convergent evolution, it indicates that 

some multicellular structures in protists can be quite close to the metazoan analogues in appearance. 

After comparing Metazoa with their unicellular relatives, Richter and King (2013) summarized a few 

animal-specific features, which are largely overlapped with the definition of Adl et al. (2012) cited 

above: 1) complex tissue morphogenesis (gastrulation or invagination during development); 2) 

epithelium; 3) stem cells and the Piwi regulation (Funayama 2010, Juliano et al. 2011); 4) producing 

sperm and eggs during reproduction. Based on these essential characters, they depicted the first animal 

as an organism appearing very similar to modern sponges, especially in that, this organism was 

probably bacterivore and its epithelial layer was at least partly composed of uniflagellate collar cells. 
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1.1.2 Models on animal origin 

In the more than one hundred years history of questioning the origin of multicellular animals, many 

hypotheses and models have been proposed (reviewed in Mikhailov et al. 2009). The most 

representative ones are: 

1) Haeckel’s Gastraea theory, which assumes that the story started when a group of flagellates 

formed a hollow multicellular ball (Blastaea) by aggregation and then this ball approached to a real 

metazoan by developing invagination, just like the gastrulation process in the metazoan 

embryogenesis (Haeckel 1874). The recent emendation of this theory hypothesizes the metazoan 

ancestor as pelagic spheres consisting of choanocytes, which is called “choanoblastaea” (Nielsen 

2008). 

2) Bütschli’s Placula theory, which hypothesizes the ancestral metazoan as a flat colony 

composed of differentiated feeding and locomotory protist cells (Bütschli 1884). This colony 

delaminated by the proliferation of these cells and a Placozoa-like structure was then produced. The 

latter could also subsequently undergo invagination. 

3) Zakhvatkin’s Synzoospore theory, which interpretes blastula (i.e. Haeckel’s Blastaea) as 

attached zoospores (synzoospores), compared with the separated dispersal cells (unicellular spores) in 

protists. In light of the later discovery of complex life cycles and transient multicellular stages in 

protists, a advanced model based on this theory argues that the metazoan ancestor had a complex life 

cycle as well; part of the cycle was a sedentary and filter feeding form, while the other part was 

blastula-like larva, which became more complex and dominant in the later evolution (Mikhailov et al. 

2009). 

These theories listed above focus mainly on the intrinsic causes of animal origin. Recently, increasing 

researchers start to consider the role which the extrinsic factors, for example ambient prokaryotes, may 

have played in this evolutionary event. Growing amount of studies have revealed that nearly every 

aspect of animal life is strongly affected by bacteria, including origin and evolution (reviewed in 
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McFall-Ngai et al. 2013). The collar cells, which are found in both choanoflagellates and sponges, are 

thought to be related to bacteria preying (Nichols et al. 2009; McFall-Ngai et al. 2013). While another 

study shows that the presence of bacteria Algoriphagus machipongonensis is critical for the 

choanoflagellates Salpingoeca rosetta to form multicellular colonies (Alegado et al. 2012). As the 

known most primitive metazoan (see 1.1.3), sponges have close symbiosis with prokaryotes and can 

keep a bacterial population as much as 40% of its tissue volume. These prokaryotes participate the 

elemental metabolisms of the host, serve as food, protect the host from unfavorable environmental 

conditions (e.g. chemical defense, shelter from excessive light) and can be vertically passed down to 

descendants (Taylor 2007). The larvae settlement of sponges and many other sessile animals is 

strongly affected by chemical cues produced by prokaryotes (Hadfield 2011). Furthermore, 

prokaryotes also influence the evolution of animals by lateral gene transfer (e.g. Nakashima et al. 

2004). It is perhaps difficult to evaluate to which extent or in which ways the animal evolutionary 

history has been impacted by the environmental factors, but a realistic view on the origin of Metazoa 

must take these environmental factors into consideration. 

 

1.1.3 Tracing the ancestors: metazoan phylogeny and molecular clock 

Phylogenetics is to resolve the affinity or the evolutionary relationship between organisms by 

analyzing homologous characters, while molecular clock provides a way to date the evolutionary 

divergence events. Thanks to the advent of genomics and the technological development of molecular 

sequencing and informatics, both disciplines have entered an era of studying large genomic dataset 

using complex mathematic algorithms (Kumar 2005; Edgecombe et al. 2011). 

During the development of molecular phylogenetic method, different phylogenetic trees have been 

yielded based on different sampling ranges, tested genomic sequences and calculation methods. These 

results and controversies have been well reviewed in several studies like Edgcombe et al. (2011), 

Philippe et al. (2011) and Wörheide (2012). It seems that a consensus has almost been reached 

between different research groups that sponges represent the known most basic animal lineage (e.g. 

Peterson et al. 2008; Philippe et al. 2009, 2011; Sperling et al. 2009; Pick et al. 2010; Erwin et al. 2011; 
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Nielsen 2012), although some studies still claim the basic position of ctenophores (e.g. discussion in 

Dohrmann and Wörheide 2013; Moroz et al. 2014; Fig. 1.2a). Concerned with sponges, there is one 

more controversy: whether they are monophyletic or paraphyletic. One opinion is based on the most 

comprehensive phylogenomic dataset, grouping sponges into a monophyletic clade, with 

Hexactinellida + Demospongiae and Calcarea + Homoscleromorpha forming sister groups (Philippe et 

al. 2009, 2011; Pick et al. 2010; Fig. 1.2b); while the other widely supported suggestion is that sponge 

is paraphyletic, with Hexactinellida + Demospongiae forming sister groups with Calcarea + 

Homoscleromorpha + other animals (e.g. Erwin et al. 2011; Sperling et al. 2009; Fig. 1.2c). The most 

widely used molecular clock estimations by paleontologists adopt the “sponges basal and 

paraphyletic” trees (e.g. Peterson et al. 2008; Sperling et al. 2010; Erwin et al. 2011). All these clocks 

are calibrated with the animal fossil record known from the time, thus could provide an evaluation of 

the minimum age of the evolutionary events. It is predicted that metazoan diverged from protozoan 

during 800-750 Ma, before the Sturtian glaciation in the Cryogenian (Fig. 1.3). 

 

Fig. 1.2 Different hypothesized branching pattern of basal animals. a Ctenophora as the first branched animal, 
according to e.g. Moroz et al. (2014). b-c Porifera forms the most basal branch, either as a monophyletic group 
(b) or as a paraphyletic group (c). b is modified after Wörheide et al. (2012). c is modified after Sperling et al. 
(2009) and Erwin et al. (2011), in these studies, Ctenophora was not included in the original trees. Abbreviations: 
K, Keratosa; M, Myxospongiae; H, marine haplosclerids; G, “G4”. 

 

1.2 The geological background of metazoan origin 

Geobiology is a young discipline appeared at the turn of the 21th century based on the demand of 

understanding the planetary bio- and geo-mechanisms as a whole interweaving system (Olszewski 

2001; Noffke 2005; Reitner and Thiel 2011). Its holistic view on the natural processes impulses us to 

investigate the origin of metazoan in a more realistic scenario. 
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1.2.1 Paleoenvironmental conditions 

It is still controversial whether the carbonaceous materials with very low δ13C values in the Greenland 

rocks of 3.83–3.7 Ga age are remains of early life (e.g. Rosing 1999; Rosing et al. 2004; McCollom 

and Seewald 2006), but life originated at lease before 3.49 Ga according to the record of stromatolites 

(e.g. Walter 1980), possible microscopic fossils (e.g. Ueno et al. 2001) and relevant geochemical 

signals in the Archean rocks in the Pilbara Craton (reviewed in Van Kranendonk 2006; Van 

Kranendonk et al. 2012). Many authors suggest that eukaryotic organisms may have appeared before 

the end of the Paleoproterozoic (e.g. reviews in Porter 2004; Van Kranendonk et al. 2012; Butterfield 

2014; Knoll 2014), slowly diversified in Mesoproterozoic and achieved multicellularity in the late part 

of this eon (e.g. 1.2 Ga old Bangiomorpha pubescens, reported by Butterfield 2000), then greatly 

diversified and radiated since the Middle Neoproterozoic. The last event includes the appearance of 

vase shaped fossils, scaled microfossils, diversified acritarchs, unpreceded complex carbonaceous 

compression fossils, etc. (reviewed in e.g. Porter 

2004; Knoll 2014). The origin of animals can also be 

treated as a part of this event. 

Most workers relate the evolution of eukaryotes with 

the increase of oxygen in atmosphere and ocean 

during the Precambrian. The Great Oxidation Event 

(GOE) in 2.4–2.0 Ga, during which molecular 

oxygen was released to the atmosphere and the 

Fig. 1.3 Major environmental changes since the 
Paleoproterozoic. All the data are collected from 
literature. The chronological subdivision: the ICS 
scheme 2012 (in Van Kranendonk et al. 2012). The 
Precambrian carbon isotope variation and ages of 
glaciations (dark gray bars): Saltzman and Thomas 
(2012). The Phanerozoic carbon variation and the 
historical change of oxygen level: Shields-Zhou and 
Och (2011). Duration of supercontinents (light gray 
boxes): Nance et al. (2014).  
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surface of ocean, is regarded as either a cause (e.g. Gross and Bhattacharya 2010; Knoll 2014) or a 

consequence (cf. Butterfield 2014) of the eukaryote origin. In the subsequent one billion years (1.85–

0.85 Ga), the ocean was stably stratified with oxygenated surface water and euxinic bottom water, and 

the latter was probably responsible for locking some bio-essential elements and caused the slow 

evolution of eukaryotes in the Late Paleoproterozoic and the Mesoproterozoic (Canfield 1998; Anbar 

and Knoll 2002). 

This situation was terminated since about 850 Ma. A series of tectonic (disassembly of Rodinia) and 

climatic (global glaciations) events were accompanied by another oxidation event, the Neoproterozoic 

Oxidation Event (NOE) (Shields-Zhou and Och 2011; Och and Shield-Zhou 2012). The oxygen 

concentration finally reached a level close to the modern situation and sufficient to trigger the rise of 

metazoan. Although recent studies have found that some animals can survive in anerobic or oxygen-

depleted environments (e.g. Hoffmann et al. 2005; Mills et al. 2014), animals do need molecule 

oxygen to produce some basic molecules, such as collagen, which is critical in cell binding and cell-

cell signaling (Towe 1981; Saul 2009). The low oxygen level before the GOE was perhaps already 

sufficient to support the origin of animal life forms, but only when the oxygen concentration became 

high enough to support a bigger body-size, these organisms started to leave recognizable fossil records 

(e.g. Towe 1970; Mentel et al. 2014). On the other hand, the appearance of animals may have 

enhanced the co-evolution of life and environment. Now an increasing number of researchers start to 

hypothesize that primitive, sponge-grade animals may have been present before the NOE and have 

contributed to the ventilation of the ancient sea water by consuming organic particles by filter feeding 

(e.g. Erwin and Tweedt 2012; Lenton et al. 2014). Some authors even attribute the diversification of 

other eukaryotes in the Middle Neoproterozoic to the advent of ancestral metazoan, because a lot of 

large lorica and scale-baring protists appeared at that time and scales and loricae are regarded as 

protective strategies against predation (Butterfield 2014). 

Beside of oxygen, another important element related to these evolutionary events is calcium. Ca2+ is 

critical in modern multicellular organisms in cell-cell binding and signaling, but high Ca2+ 

concentration is proved toxic to cells. Grounded on the “soda ocean” hypothesis (Kempe and Degens 
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1985) and according to the realities that all cells share a Ca2+ concentration of 10-7 M while this 

concentration is 10-3 M and 10-2 M in body fluids and modern sea water, respectively, Kazmierczak et 

al. (2013) hypothesized that the concentration of calcium in sea water rose 4 orders of magnitude from 

Archean, when life originated, to Recent. Multicellularity, similar to the later innovated 

biomineralization, is probably a detoxification strategy for our unicellular ancestors against the rising 

level of oxygen and calcium (Simkiss 1977; Saul 2009). However, there are only sparse direct 

evidences for the historical increase of Ca2+ in sea water (e.g. Brennan et al. 2004). 

 

1.2.2 Fossil record of early animals 

Since the discovery of the Ediacara Biota (e.g. Murray 1868; Glaessner 1959), large amount of 

putative animal fossils has been subsequently described worldwide from Precambrian rocks. However, 

the affinity of these fossils to the Phanerozoic organisms was/is always associated with intensive 

contention. 

The famous Ediacara Biota, present after the Gaskiers glaciation (c.a. 582 Ma), is composed of  

macroscopic fossils which are preserved mainly as impressions and molds in siliciclastic deposits and 

rarely in carbonates (Chen et al. 2014). These fossils are dominantly soft-bodied, except a few weakly 

calcified groups from the horizon close to the Precambrian-Cambrian boundary, like Cloudina and 

Namacalathus (e.g. Grotzinger et al. 2000). Many members of the Ediacara Biota are not comparable 

to the Phanerozoic life forms, but a few of them, such as Dickinsonia and Kimberella, were compared 

to metazoans (e.g. Fedonkin and Waggoner 1997; Zhang and Reitner 2006, Sperling and Vinther 

2010). Development of analyzing techniques is also bringing new views on acquainted fossils. A 

restudy of the Late Ediacaran Sabellidites indicated that the microstructures of the preserved organic 

walls are similar to that of the modern siboglinids (Moczydłowska et al. 2014). However, the most 

robust evidences for the appearance of animals in the Ediacara Biota are probably the unequivocal 

animal trace fossils reported from this interval (e.g. Jensen et al. 2000, 2006; Chen et al. 2013). 
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An older record of possible Metazoa in the Ediacaran is some of the large acanthomorphic acritarchs 

preserved in the phosphates and chert nodules of older than 580 Ma which are interpreted as animal 

eggs and embryos (e.g. Xiao et al. 1998; Yin et al. 2007). By analyzing the embryo development 

patterns, it is even suggested that divergence of Porifera, Cnidaria and Bilateria already happened at 

the time the fossil organisms lived (e.g. Chen et al. 2009; Yin et al. 2013). However, because 

epithelium has not been observed from these fossils, other interpretations, such as metazoan stem 

group (Hagadorn et al. 2006) and non-metazoan holozoan (Huldtgren et al. 2011), were also proposed 

for these fossils. The debate on this issue is still being continued. 

Contemporaneous with or even older than these microscopic fossils, Lantian Biota is probably the 

oldest assemblage of macroscopic fossils in the Ediacaran Period (Yuan et al. 2011). These fossils are 

preserved as carbonaceous compressions in black shales. Though the majority of this biota may be 

algae, some of the fossils have been interpreted as of cnidarian origin (Van Iten et al. 2013).  

All these researches together cast an impression that animals have already developed to some extent of 

complexity and diversity in the Ediacaran and should be rooted in deeper time. However, the fossils 

preceding the Ediacaran are even more contentious to be of animal origin. 

Discoid fossils comprise part of the Ediacara Biota. Their analogues have been reported in pre-

Ediacaran localities such as the Twitya Formation in Northwest Canada (Hofmann et al. 1990), the 

Stirling Group in Australia (Cruse and Harris 1994; Bengtson et al. 2007), the Upper Riphean in 

Kazakhstan (Meert et al. 2011) and the boundary between the Nanguanling and Changlingzi 

Formations in North China (e.g. Xing and Liu 1979). These fossils share the same taphonomy with the 

Ediacaran discs, although many of them are simpler in morphology, sparser in occurrence and lower in 

diversity than their Ediacaran analogues. Whereas, like the discoid fossils in the Ediacara Biota 

(MacGabhann 2007), these older discoid structures can be of multiple origins and have not been fully 

understood yet. 

Other than that, a series of unusual structures have been described from old rocks and related with 

sponges. These reports include: polymud fabrics interpreted as possible products of sponge 

decomposition in the Tonian–Cryogenian bioherms (Neuweiler et al. 2009), bizarre fragments in 650-



Introduction 

11 

Ma-old interglacial limestones of Canada (Maloof et al. 2010), sponge-like microfossils (Brain et al. 

2012) from 548–760-Ma-old strata of Namibia and chambered fossils from Cryogenian reefs in 

Australia (Wallace et al. 2014). Yet none of these reports has been accepted as an unequivocal 

argument for early animal (e.g. Antcliffe 2014). This is partly because the poriferan group is 

morphologically simple and the early lineages have not developed the ability to build robust skeletons. 

Spicules and skeletal frames, the consentient indicators of sponge affinity in Phanerozoic fossil record, 

are not available in such old rocks. 

Biomarker is another method to detect taphonomically labile organisms in rock record. 24-

isopropylcholestane was previously regarded as a reliable sponge biomarker and has been discovered 

in Cryogenian or even older rocks (McCaffrey et al 1994, Love et al. 2009). However, this molecule 

can also diagenetically derive from 24-n-propylidenecholesterol, a product of pelagophytes (Love et al. 

2009; Antcliffe 2013). Additionally, another research has discovered that the genes responsible for the 

production of 24-isopropyl steroids is encoded in poribacteria, the prokaryotic symbionts in 

demosponges (Siegl et al. 2011), and the symbiotic history of the two organisms is still obscure. 

 

1.3 Summary of this chapter and introduction to the doctoral work 

As discussed in 1.1.3, according to phylogenetic studies, sponges are probably the most primitive 

extant animal. Even if not, their physiological characters match best the theoretic models of the animal 

common ancestor (1.1.1–1.1.2; Mikhailov 2009; Richter and King 2013). Because of its evolutionary 

significance, many paleontologists have been devoted to looking for evidences of sponges in the 

Precambrian rocks. However, although molecular clock and the Ediacaran fossil record indicate that 

ancestral animals, including sponges, should have appeared in the Precambrian, reliable fossils of this 

lineage are still not known from rocks of that old (1.2.2). This is probably because spicules, the 

hallmark of sponges, did not appear until the Early Cambrian (Antcliffe et al. 2014); Precambrian 

sponges were probably similar to the other animals at that time in being unable to build mineral 

skeletons (Wood 2011). This requires us to learn other ways to recognize non-spicular sponges in 

fossil record. 
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On the other hand, ancestral animals rose from a world full of other prokaryotic and eukaryotic 

microbial lives (1.2.1). Today we are still at the beginning in evaluating the impact of bacteria on 

animal evolution (1.1.2), but it is already known that sponges have intensive symbiosis with microbes 

(Taylor et al. 2007; Siegl et al. 2011). It seems reasonable to assume that Precambrian sponges had 

intensive interactions with the microbial substrates as well. In this situation, it may be wise to check 

the Precambrian record of microbialites. The microbial-induced mineralization could also increase the 

chance of the ancient animals or their interactions with the microbial environments being recorded in 

rocks. 

For these two reasons stated above, this doctoral work made its effort to contribute to our 

understanding of animal origin by exploring possible fossil record of non-spicular sponges and their 

ecological relationship with microbial mats, and then trying to apply this knowledge to the study of 

Precambrian fossils, especially microbialites. The second part is very difficult, because the earliest 

animals were probably very simple in structure (1.1.1–1.1.2) and their impact on the microbial 

substrates may be indistinguishable from the affects of other eukaryotic relatives which also have 

complex multicellular stage in their life cycles. But no matter in which situation, this direction is still 

worthy to explore. 

Chapter 2 is my first attempt to study sponge fossils. The Cambrian “round sponge fossils” in 

Chengjiang Biota are preserved with unusually thick carbonaceous remains. This study shows that 

some soft tissue in sponges is more durable in diagenesis than previously expected. However, because 

of the diagenetic alteration, the sponge-derived carbonaceous remains are difficult to be differentiated 

from those from other sources. If these “round sponge fossils” occurred in Precambrian shales without 

the spicules impressions, they will certainly be assigned to algal remains. Therefore, before more 

powerful biogeochemical methods being invented, morphological features seem still to be the only 

practical tool in searching for Precambrian sponges. 

Chapter 3 moves the study to focus on carbonate materials. Using grinding tomography and 3-D 

reconstruction, it is declared that, except the previously known single fossil taxon Vauxia from the 

Middle Cambrian shales, non-spicular sponges are also preserved in Phanerozoic carbonates. The 
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organic skeleton of keratose demosponges (sensu Minchin 1900, details see discussion in 3.1) are 

preserved in the same way as the siliceous spicules of other sponges, i.e. being moulded by rapidly 

precipitated automicrites derived from the decay of other soft tissues and then replaced by carbonate 

spars. 

Subsequently, these structures related to keratose demosponges, along with some extent of microbial 

mats, are recognized as the main components in two Phanerozoic stromatolite-like bioconstructions 

(Chapter 4). These bioconstructions were previously regarded as stromatolites, and the keratose-

sponge-related carbonate texture was once described as “vermiform microstructures” in some Middle 

Cambrian stromatolites in Australia. Interestingly, a recent study found similar sponges as the main 

constructor of the “maze-like microbialtes” (previously regarded as thrombolites), although they 

diagnosed those fossils only as “demosponges” (Lee et al. 2014). 

The fossilization potential of non-spicular sponges was previously largely underestimated. During the 

whole doctoral study, more occurrences of these fossils were encountered in literature and fossil 

collections. It seems that non-spicular sponges have been recorded actually all through the 

Phanerozoic. Chapter 5 is dedicated to summarize the known occurrences. 

As indicated in chapter 4, the microbialites assigned to stromatolties or thrombolites according to 

mesostructures can be in fact constructed by sponges. The only way to figure out the real constructors 

of these buildups and their biological activities is to study the biuldups in the microstructure scale. 

Chapter 6 is a literature survey on microstructures of Precambrian microbialites, especially those of 

stromatolites, accompanied with thin section study of a few examples which are interesting within the 

scope of this doctoral work. However, due to the limit in time, accessible rock material and financial 

foundation, the work presented in this chapter is rather a start than a conclusion of this topic.
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Preservation of organic matter in sponge fossils: a case study of “round sponge 

fossils” from the Cambrian Chengjiang Biota with Raman spectroscopy 

(Göttingen Contributions to Geosciences (2014), 77: 29–38, http://dx.doi.org/10.3249/webdoc-3914) 

 

Cui Luo, Nadine Schäfer, Jan-Peter Duda, Li-Xia Li 

 

Abstract 

Understanding the taphonomy of organic matter of sponges will be helpful in reconstructing a more 
exhaustive picture of the evolutionary history of these organisms from fossil records. The so-called 
“round sponge fossils” (RSF) from the Burgess Shale-type (BST) Chengjiang Lagerstätte 
predominantly yield explicit organic remains, which seem more durable than the carbonaceous 
components of other fossils in the same Lagerstätte. In order to characterize these carbonaceous 
remains with Raman spectroscopy, a quick and non-destructive technique with the ability of analyzing 
the molecular composition and crystal structure in high resolution, 5 RSF specimens were examined in 
this study. Another Cambrian sponge fossil from the Xiaoyanxi Formation and a few algal remains 
from the Ediacaran Wenghui Biota were also measured for comparison. 

The resulting Raman spectra of the macroscopic fossils confirmed previous observations on 
microfossils by Bower et al. (2013) that carbonaceous material with compositionally complex 
precursor material and low diagenetic thermal affection will plot in a certain region in a ΓD over R1 
diagram. The results also successfully differentiated the sponge material from the algal material, as 
well as the fossil-derived signal from the background. However, it is still uncertain whether the 
different clustering of the RSF data and the algal data reflects the variance of precursor material or 
only the diagenetic and geological history. The variance within the RSF data appears to be larger than 
that within the algal data. Considering the similar diagenetic history of the RSF, this is possibly 
reflecting the difference in precursor material. Nonetheless, further measurements on other fossil algal 
and poriferan material must be involved in the future, in order to improve and testify the current 
interpretation. 

Despite the properties revealed by Raman spectroscopy, the taphonomy of carbonaceous material in 
RSF has not been investigated. According to our observation, as well as the phenomenon described in 
previous studies, the preservation of the carbonaceous material in RSF does not show obvious 
taxonomical preferences. Because the RSF are polyphylogenetic and currently lack evidence to 
indicate that they represent any special development stage of sponges, we infer that this unusual 
carbonaceous preservation is due to diagenetic bias relating to their specific morphology, which in 
turn is possibly controlled by similar living environments. Again, to test these inferences, more 
detailed taxonomical and paleoecological studies are necessary. 

 

Keywords 

Porifera, Cambrian, Burgess Shale-type preservation, Raman spectroscopy, China 
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2.1 Introduction  

Porifera is the known most primitive lineage of Metazoa (e.g. Philippe et al. 2009; Sperling et al. 2009) 

and is now suspected having originated as early as Cryogenian (Peterson et al. 2008; Sperling et al. 

2010). However, the commonly acknowledged fossil record of this lineage is not older than the Early 

Cambrian, although a group of unusual structures from Precambrian rocks have been proposed as 

candidates of early sponges (e.g. Maloof et al. 2010; Brain et al. 2012). This is partly because spicules, 

the traditionally adopted criteria for setting up a poriferan affinity, may have not been evolved in 

Precambrian, or the taphonomical windows at that time were not favorable for the spicular material 

(Sperling et al. 2010). Therefore, a revaluation of the taphonomical potential of sponges may lead to a 

new understanding on the early evolutionary history of Porifera.  

One aspect of this question is the preservation of the sponge-derived organic matter. It was generally 

believed that the soft part is of low potential to be fossilized as macroscopic fossils, and the poriferan 

fossil record has therefore a strong bias toward mineral skeletons (Pisera 2006). However, at least the 

Burgess Shale-type (BST) Lagerstätten yield exceptions. From the Middle Cambrian Burgess Shale 

(Rigby and Collins 2004), Vauxia has been identified as the earliest fossil of ceractinomorph 

demosponges due to the preservation of carbon remains in the coring fibers of these fossils. Li et al. 

(1998) also mentioned an observation of a single specimen of keratose sponge in their collection from 

Chengjiang fauna. 

The so-called “round sponge fossils” (RSF) from the Chengjiang Biota are another example. They are 

always circular to sub-circular in shape, small in size (3–40 mm in diameter, mostly <10 mm) and 

exhibiting an intensive or even continuous carbonaceous cover on the surface. Because of these 

morphological similarities, they were loosely mentioned as a group under the name RSF by Wu (2004), 

although they seem polyphyletic and the affinity is still unresolved. Compared to most other fossils 

from the same locality, which are strongly weathered and exhibit very few organic remains (e.g. Zhu 

et al. 2005), the dense carbonaceous cover of RSF appears quite unique. 

Raman spectroscopy is a valuable tool for almost non-destructive high resolution analysis of the 

molecular composition and crystal structure of samples. It does not need extensive sample preparation 
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and can give comparatively quick information. However, when applying this method in fossil studies, 

the interpretation of the data is not always clear and often critically discussed (e.g. in case of putative 

microfossils in Archean rocks; Kudryavtsev et al. 2001; Brasier et al. 2002; Pasteris and Wopenka 

2002; Schopf et al. 2002; Schopf et al. 2005). Already Marshall et al. (2012) made an approach for 

investigating BST type preservation on a fossil from the Cambrian Spence Shale with Raman 

spectroscopy. They focused on mineral replacement on different parts of the fossil and the associated 

thermal history. Only recently Bower et al. (2013) published comprehensive results concerning the 

interpretation of carbon signals from microfossils, in regard of tracing the differences in the putative 

precursor material. The most promising parameters turned out to be the full width at half height of the 

D-band (ΓD) and the intensity ratio of the D- and the G-band (R1). As in our case the biogenicity of the 

sponge fossils is not questionable, the application of Raman spectroscopy serves the purpose of 

revealing the nature of the carbon cover of the RSF and at the same time extending the results to 

macroscopic fossils following the work of Bower et al. (2013). 

In this study, a few specimens of RSF were examined with a short description and discussion on their 

taphonomy and taxonomical affinity. The Raman spectra of their carbonaceous cover were illustrated 

and analyzed. In order to identify the characters of these RSF-derived spectra, a sponge fossil from 

Cambrian Xiaoyanxi Formation and several algal remains from the Ediacaran Wenghui Biota were 

also examined for comparison.  

 

2.2 Material and Methods 

All the specimens studied in this paper are from the collection of Prof. Dr. Mao-Yan Zhu’s group in 

the Nanjing Institute of Geology and Palaeontology, Chinese Academy of Sciences, including five 

RSF from the Cambrian Chengjiang Biota (inventory numbers no. 41047, no. 42436, no. 42446, no. 

42952 and no. 42982; Fig. 2.2), one sponge fossil from the Cambrian Xiaoyanxi Formation (inventory 

name XYX) and several algal fossils from the Wenghui Biota (inventory name WH). These fossils 

were observed with a ZEISS Stemi 2000-C microscope and photographed with a CANON EOS 500D. 

For Raman spectroscopic analysis a confocal Horiba Jobin-Yvon LabRam-HR 800 UV Raman 
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spectrometer attached to an Olympus BX41 microscope was used. The excitation wavelength for the 

Raman spectra was the 488 nm line of an Argon Ion Laser (Melles Griot IMA 106020B0S) with a 

laser power of 20 mW. A detailed description of the spectrometer is given in Beimforde et al. (2011). 

All spectra were recorded and processed using LabSpec™ version 5.19.17 (Horiba Jobin-Yvon, 

Villeneuve d'Ascq, France). Mineral identification was performed on the basis of the Horiba Jobin-

Yvon database for minerals. 

 

Fig. 2.1 Stratigraphy, locality and depositional environments of the sampled sections. Numbers of sections refer 
to the marked positions on the map [stratigraphy based on Steiner et al. (2001, 2005); Condon et al. (2005); Guo 
et al. (2007); Zhu et al. (2007); map based on Steiner et al. (2001)]. 

 

The RSF were collected from fossil sites near Chengjiang County, mainly from Maotianshan and 

Xiaolantian (Wu 2004). They are preserved in the yellowish-green shale from the Maotianshan Shale 

Member of the Yu’anshan Formation (Fig. 2.1). The age of the fossiliferous layer has been estimated 

as ca. 520 Ma (Hu 2005). Previous research distinguished two types of sediments from the 

Maotianshan Shale: the slowly deposited background beds and the rapidly deposited event beds which 

probably represent storm-induced distal tempestites (Hu 2005). Because the collection of these RSF is 

contributed by several workers over a long period, it is now impossible to know the exact type of 

sediments in which each RSF was collected. However, it has been confirmed by quantitative analysis 

that the fossils in the two taphonomical facies originated from a single local community, because the 
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two types of beds exhibit similar recurrent and abundant species, as well as similar temporal trends in 

evenness and richness (Zhao et al. 2009). 

The sponge fossil from the carbonaceous black shale of Xiaoyanxi Formation in Yuanling, Hunan 

Province has not yet been taxonomically described (Fig. 2.1; Fig. 2.3a). Similar to other Lower 

Cambrian sequences in South China, the fossiliferous black shale is successively underlain by a layer 

of Ni-Mo ore, a phosphorite layer and then the Precambrian sedimentary rocks. The absolute age of 

the fossil horizon was evaluated as younger than 532 Ma (Jiang et al. 2012).  

The algal remains are of Ediacaran age and were collected from the Wenghui Biota in Guizhou 

Province (Zhao et al. 2004; Wang et al. 2007). This fossil assemblage is composed of dominantly algal 

organisms preserved in the black shale of the upper Doushantuo Formation (Fig. 2.1; Fig. 2.3b–d). 

These algae appear to be benthic and buried in situ, therefore considering the paleogeography of the 

Doushantuo Formation, the sedimentary environment of these rocks was believed as on the slope, 

below the storm wave base but still within the photic zone (Jiang et al. 2011; Zhu et al. 2012). 

 

2.3 Results 

2.3.1 Preservation of carbonaceous remains in studied fossils 

Except one incomplete specimen (no. 41047), the other four RSF studied in this paper have an 

elliptical outline and a diameter of 0.6–0.8 cm. no.42952 maintains the thickest carbonaceous remains. 

Polygonal cracks are developed on the upper surface of the carbonaceous cover while traces of 

spicules are absent (Fig. 2.2a–c). However, the carbonaceous cover on this fossil can be removed quite 

easily, and where the cover is absent, impression of a hexactinellid skeleton similar to that of 

Triticispongia diagonata turns out to be quite clear (Fig. 2.2b). By comparison, no.42436 (Fig. 2.2d–f) 

and no.42446 (Fig. 2.2g–i) show a thinner but also continuous carbonaceous cover, which is more 

tightly compacted to the siliciclastic matrix and not easy to remove. Some small and faint marks, 

resembling moulds of hexactinellid spicules, are distributed on parts of the fossil surface (Fig. 2.2e, h–

i). The carbonaceous cover of no. 41047 (Fig. 2.2j) is not continuous as those of the aforementioned 
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three specimens, although it looks also intensive. The siliceous skeleton of this specimen is distinctly 

preserved as mould and shows characters of a hexactinellid, whose skeletons seem denser and better 

interconnected than T. diagonata. No.42982 exhibits a reddish surface with weakly preserved moulds 

of spicules and only scattered carbonaceous remains (Fig. 2.2k–l), generally resembling the surface of 

no. 42952 after removal of the carbonaceous cover. In the research of Wu (2004) on ca. 270 RSF 

specimens, it has been described that in these fossils the conspicuousness of the spicules decreases 

with increasing density of the carbonaceous cover. However, our observations indicate there may not 

be any definite relationship between the preservational qualities of the carbonaceous remains and the 

spicules.  

In contrast to the RSF, the sponge specimen from Xiaoyanxi Formation does not have an obvious 

carbonaceous cover. Though the fossil region appears generally darker than the background, the 

boundary between them can be quite obscure in many places (Fig. 2.3a). 

The Ediacaran algal specimens show high morphological diversity within only square-decimeter scale. 

Although the thickness of carbonaceous remains of these fossils varies between different 

morphological taxa (Fig. 2.3b–d) and between different parts of a single individual (Fig. 2.3e), the 

boundary between fossil and background is mostly distinct. 

In some individuals, the carbonaceous remains are extremely thick and form polygonal fractures on 

the surface like those in RSF no.42952 (Fig. 2.3d, f). 
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Fig. 2.2 “Round sponge fossils” (RSF) from the Chengjiang Biota. a–c, specimen no. 42952; b–c, details of a, 
note cracks on the surface of the carbonaceous film. The white arrows in b point to marks of spicules. d–f, 
specimen no.42436; e–f show details of d, the white arrow in e points to a possible mark of spicule. g–i, 
specimen no.42446; h–i, details of g, white arrows pointing to possible mineral skeleton marks. j, specimen no. 
41047. k–l, specimen no. 42982; l, detail of k, note apparent spicular structures. Number marks in a, d, j and k 
show the Raman spectra sample spots. 
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Fig. 2.3 a, the sponge fossil from the Early Cambrian Xiaoyanxi Formation. b–e, algal fossils from the 
Ediacaran Wenghui Biota; b corresponds to algae 2, c corresponds to algae 4, d corresponds to algae 1 and e 
corresponds to algae 3 in Fig. 2.5. f, detail of e, white arrows pointing to polygonal cracks in the densely 
preserved carbon film. Number marks in a–e represent the location of Raman spectra sample spots. 

 

2.3.2 Raman spectra 

Totally 46 Raman spectra have been obtained from four of the Chengjiang fossils, the sponge fossil 

from the Xiaoyanxi Formation and a few algal remains from Wenghui Biota (Fig. 2.4). The most 

prominent signals from all the samples are typical for amorphous carbon, characterized by two 

prominent bands in the lower wavenumber region around 1600 cm-1(G-band; graphite-band) and 

around 1350 cm-1 (D-band; disorder-band) (cf. Tuinstra and Koenig 1970; Wopenka and Pasteris 1993; 

Quirico et al. 2009). Sometimes additional bands for minerals also occur, which are a good sign for 

influence of the background material. Furthermore, especially the background shale material exhibits a 

high fluorescence, which can be caused by the extremely fine grained clay minerals, resulting in a 

reduction of the Raman signal (Wang and Valentine 2002). Since this study is focused on the analysis 

of the carbon signal, the mineral- and fluorescence-influenced spectra are not shown in this paper. 
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On first sight, the results for all samples look quite similar, with the exception of XYX (Fig. 2.4), in 

which the D-band is always higher than the G-band. The differences between the fossil and 

background material are also difficult to recognize. However, it is well known that peak intensities of 

the two bands can vary in a small range due to several independent factors, e.g., thermal alteration, the 

original carbonaceous material, and crystallinity of the carbon (Robertson 1986; Pasteris and Wopenka 

2003; Busemann et al. 2007; Marshall et al. 2010). Therefore, geologically valuable information was 

extracted by calculating the relative intensity ratio between the D- and the G-band (R1) and the full 

width at half height of the D-band (ΓD). Both parameters seem to be suitable to differentiate between 

different samples as well as between fossil 

and background material (Fig. 2.5; Table 2.1). 

The “round sponge fossils” from the 

Chengjiang Biota show mean R1 values of 

0.79 (no.42952), 0.69 (no.42436), 0.81 

(no.42981) and 0.74 (no.41407). The sample 

XYX from the Xiaoyanxi Formation is 

characterized by signals with higher D- than 

G-band, with an average R1 value of 1.08. 

The different algal fossils from the Wenghui 

Biota have mean R1 values of 0.90 (algae 1), 

0.88 (algae 2), 0.91 (algae 3) and 0.97 (algae 

4). In all samples except XYX, there is a 

clear difference between the R1 values of the 

Fig. 2.4 Representative Raman spectra 
measured on sponge fossils from the 
Chengjiang Biota (a) and the Xiaoyanxi 
Formation (b) as well as algal fossils from 
the Wenghui Biota (c); see Figs. 2–3 for 
position of sample spots. The small band 
centered at 462 cm-1 in b is attributed to the 
main SiO2 vibration in quartz. Note the 
changing intensity relation of the D- and G-
bands in each sample, resulting in different 
R1 values (cf. Table 2.1). 
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fossils and those of the background material. When plotting the average ΓD values over the average R1 

values, this becomes even clearer (Fig. 2.5a). The carbonaceous remains of XYX seem too thin and 

discontinuous, so that the carbon signals of the fossil do not differ from those of the background. 

Additionally, this sample is the only one with a mean R1 value greater than 1, suggesting intensive 

diagenesis and/or metamorphism (cf. Wopenka and Pasteris 1993; Rahl et al. 2005; Bower at al. 2013; 

Foucher and Westall 2013), which may have caused an equalization between the fossil-derived carbon 

and the carbon from the matrix. Because the signals from this sample cannot reflect the nature of 

sponge-derived carbon, it is not considered in the further discussion of the Raman signals.  

  

 

 

 

 

 

 

 

 

 

 

 

 

2.4 Discussion 

BST preservation was firstly defined as “exceptional organic preservation of non-mineralizing 

organisms in fully marine siliciclastic sediments”, with “some degree of early diagenetic 

mineralization” (Butterfield 1995). Following this definition, the algal fossils studied in this paper 

should also be regarded as a representative of BST preservation, as what has been figured out by Xiao 

et al. (2002) for the algal fossils from the equivalent Miaohe Biota. Although the mechanisms causing 

exceptional BST preservation are still under debate (e.g. Butterfield 1990; Petrovich 2001; Gaines et al. 

Fig. 2.5 Cross plots of the average values of 
the full width at half maximum of the D-band 
(ΓD) over the intensity ratio of the D- and the 
G-band (R1) (cf. Table 2.1). a, values of the 
sponge fossils from Chengjiang and 
theXiaoyanxi Formation (XYX), the algal 
fossils from the Wenghui Biota (WH), as 
well as the associated background materials. 
Fossil points are marked with circles and the 
associated background materials with 
diamonds. Except for samples from the 
Xiaoyanxi Formation, fossil values are 
clearly distinguishable from the respective 
background values. b, exclusively values of 
sponges from the Chengjiang Biota (blue 
symbols) and algae from the Wenghui Biotas 
(red symbols); note the apparent clustering of 

the data (see squares). 
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2005), it is obvious that materials of different taphonomical resistance are preserved in different states 

in BST Lagerstätten. It has been summarized by Butterfield et al. (2007) that the two-dimensional 

carbonaceous compressions represent relatively recalcitrant extracellular components (e.g., cuticles 

and chaetae), while former labile soft-tissues may result in three-dimensional mineralization of either 

carbonates or phosphates, and the early diagenetic pyrite incidentally distributes in all Burgess Shale 

fossils. 

Table 2.1 Average ΓD and R1 values measured on the investigated fossils and the associated background 
materials. 

  Sample Point Description average ΓD average R1 

Chengjiang Biota          

no. 42952 1 - 3 fossil 157 0.79 

  4 - 5 rim  212 0.90 

no. 42436 1 fossil + background 257 0.82 

 2 fossil 204 0.69 

 3 background 195 0.71 

no. 42982 1 + 3 fossil 239 0.81 

 4 - 5 background 229 0.78 

no. 41407 1 - 3 fossil 215 0.74 

  4 - 5 background 121 0.56 

Xiaoyanxi 1 - 3 fossil 187 1.08 

  4 - 5  background 187 1.07 

Wenghui Biota            

algae 1 1 - 4 + 6 fossil 182 0.90 

 5 + 7 background 147 0.76 

algae 2 1 - 5 fossil 170 0.88 

 6 - 7 background 171 0.82 

algae 3 1 - 3 fossil 172 0.91 

 4 - 5 background 141 0.71 

algae 4 1 - 3 fossil 178 0.97 

  4 - 5 background 148 0.80 

 

In the Chengjiang Biota, most 2-D soft-bodied fossils are originally preserved in organic carbon, 

although due to intensive weathering the carbon material is largely diminished (Zhu et al. 2005). 

Compared with these fossils, the durability of carbonaceous material in the RSF appears unusual. As 

examples for diagenetically recalcitrant organic material, the taphonomy of collagenous periderm of 

Rhabdopleura (an extant close relative of graptolites) and the cuticle of arthropods composed of wax 

and chitin have been comprehensively studied (Gupta and Briggs 2011). Although received much less 

attention and having not been studied by taphonomical experiments, sponges possess diagenetic-
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recalcitrant organic material as well. Collagen distribute pervasively in sponges as either 

supplementary or main components in the skeletal frame (Bergquist 1978). Furthermore, chitin was 

recently detected in the skeleton of some hexactinellids (Ehrlich et al. 2007) and as a scaffold material 

tangling with collagen in the spongin skeleton of Verongida (Ehrlich et al. 2010).  

In the case of algae, algaenan has been identified as a material with high fossilizing potential. 

However, the known occurrence of this material is restricted to Chlorophyta and some unicellular 

algae (Collinson 2011). Because the phylogeny of these Ediacaran macroscopic algae is uncertain 

(Xiao and Dong 2006), it is currently impossible to postulate the original material of the algal 

carbonaceous remains from Wenghui Biota. 

The Raman signals from these recalcitrant carbonaceous materials are clearly distinguishable from 

those of their backgrounds in the ΓD –R1 diagram (Fig. 2.5a), supporting the fossil-derived nature of 

these carbon remains. When the data points of the background material are removed, it is obvious that 

the signals from Chengjiang sponge fossils and those from Wenghui algal fossils do cluster separately 

(Fig. 2.5b). 

Comparing with the data published by Bower et al. (2013), all our fossil signals fall into the region in 

which other samples containing compositionally complex precursor material plot (ΓD between 100 and 

250 cm-1; R1 0.5 to 1.4). Bower et al. (2013) suggested that an extensive analysis of the carbon 

signature can reveal information on the precursor material, when other influences like a high thermal 

maturity can be ruled out. In our data, the ΓD and R1 values of the algal fossils are very similar to each 

other, while the carbon of the sponge fossils shows a greater variability. Since the sponge fossils are 

from the same age and region, and preserved in similar yellowish-green shales, indicating a similar 

thermal diagenetic impact, it could be possible that a bigger variance of precursor material is 

responsible for the higher variance in the Raman signal of the carbonaceous remains. The values of the 

sponge sample no. 42952 show a higher similarity to those of the algae, with a slightly narrower D-

band. The narrowing of the D-band could mean that this sample was either influenced by a thermal 

event (Wopenka and Pasteris 1993; Bower et al. 2013) or that the thick carbon cover has a different 

origin than the thinner covers of the other sponge fossils. Although these data show a clear 
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differentiation between the carbon cover of the BST sponge fossils and the Ediacaran algal fossils, it is 

still hard to judge whether this phenomenon is caused by a divergent diagenetic history or the different 

source of organic carbon (sponge vs. algae). 

Anyhow, the data presented here, support the observations of Bower et al. (2013) that the evaluation 

of the D- and G-band parameters of carbonaceous material can give a clue on different precursor 

materials. For a more detailed evaluation it would be necessary to apply Raman spectroscopy on a 

greater variety of sponge and algae fossils from different environments and, if possible, with known 

precursor materials.  

Despite the information revealed by Raman spectroscopy, the unordinary occurrence of the 

diagenetically robust organic material in RSF raises questions. In sponges, the enrichment of 

diagenetic-durable organic material (collagen and chitin) varies between taxa and physiological 

structures. In keratose sponges, spongin composes the skeletal framework and collagen may be 

enriched as a complement in the mesohyl (Bergquist 1978). In demosponges, the fibrillar collagen is 

still pervasive and often forms dense binds between spicules, while in hexactinellids, collagen only 

forms a thin sheath wrapping the spicules but does not occur massively (Bergquist 1978). Additionally, 

the shell of sponge gemmules and the sponge base which attaches to the substratum can also be 

specially enhanced by spongin (Ehrlich 2010). However, the RSF studied here yield indisputable 

hexactinellid spicules (Fig. 2.2), although RSF possessing only diactines have also been mentioned by 

Wu (2004). 

Therefore, the thick carbonaceous remains on the hexactinellid RSF may indicate that either these 

fossils represent a special part or developing stage of the sponges, or some hexactinellids once 

possessed enriched collagen/spongin in the evolutionary history, or there is a special taphonomical 

mechanism in Chengjiang Biota, which selectively benefit the preservation of organic matter in RSF. 

Wu (2004) regarded the RSF as sponge gemmules because of the exceptionally recalcitrant organic 

matter and the round shape. But this interpretation is not in line with the character of modern and 

confirmed fossil sponge gemmules, which are at largest only about 1 mm in diameter (Fell 1993; Petit 

and Charbonnier 2012) and thus much smaller than the RSF. When erecting some RSF from Sancha as 
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genera (Triticispongia and Saetaspongia), Steiner et al. (1993) interpreted T. diagonata as juveniles 

because their size hardly exceeds 10 mm, although adult forms have not been discovered then. But the 

juvenile theory cannot contribute directly to the interpretation of the thick carbon cover, because to our 

knowledge, the juvenile sponges do not necessarily have enriched spongin as in the case of gemmules. 

On the other hand, based on the material from Chengjiang Biota, some other researchers tended to 

interpret T. diagonata as adult precursor of reticulosid sponges, considering the missing adults and its 

well-organized skeletal structures (Rigby and Hou 1995). Larger specimens of T. diagonata (2.5–3 cm) 

were further discovered in the Niutitang Formation in Guizhou (Zhao et al. 2006). They are more 

probably giant individuals relating to certain environment or evolutionary stage than adult forms of the 

Hunan and Chengjiang analogues, because none of these three fossil communities contain big and 

small specimens at the same time. However, interpreting T. diagonata as a specific evolutionary stage 

of hexactinellids also could not help to explain the intensive carbon preservation of RSF, because RSF 

are polyphylogenetic. Wu (2004) has described sponges which possess only diactinal spicules in the 

RSF, indicating a demosponge population in them. And in this study, the observed specimens appear 

to belong to different hexactinellid morphotypes (Fig. 2.2). 

For these reasons, we prefer to suggest that the unusual preservation of the organic carbon in RSF is 

probably due to some specific processes during early diagenesis, e.g. more effective adsorption of 

clays relating to the specific size and shape of these fossils. Furthermore, we attribute the exclusively 

small and round shape of these sponges to similar environmental controls. It has been observed in 

modern examples, that the exterior morphology of sponges can be strongly affected by environment, 

while the skeletal construction is still controlled by gene expression. The juvenile theory cannot be 

completely excluded as an interpretation of the specific morphology of RSF. However, the difficulty 

here is that the RSF are composed of various biological taxa, and it seems unlikely to expect that the 

juvenile of all the sponges possessed a similar morphology when the influence from the environment 

is absent. Furthermore, there has not been any reconstruction on the ontogenies of Chengjiang sponges, 

which could relate RSF to any potential adult forms. Nevertheless, to test these postulations further 

investigations on the taxonomy of the RSF and precise observations in the outcrops are required.  
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2.5 Conclusions 

Our observations show that the recalcitrant organic material from sponges, most probably being 

collagen and chitin according to current knowledge, can be preserved as dense carbonaceous remains 

in macroscopic fossils in BST Lagerstätten. The present application of Raman spectroscopy with the 

interpretation of the ΓD and R1 values of the carbon signal still cannot directly reveal the nature of the 

precursor of the carbonaceous remains. However, our results confirmed suggestions by Bower et al. 

(2013) that carbonaceous material from complex precursor material with low thermal affection cluster 

in a certain area in the ΓD-R1 plot (ΓD between 100 and 250 cm-1; R1 0.5 to 1.4). As the study of 

Bower et al. (2013) deals with microfossils, our findings represent first evidence that this approach 

could also be applied to macrofossils. This method also appears to be able to differentiate several 

sources of carbon in macroscopic fossil samples: between the fossil and the background, between the 

fossil material from Cambrian RSF and Ediacaran algal fossils, and between different specimens of 

RSF. It is still uncertain whether the separate clustering of the RSF data and the algal data reflects the 

variance of precursor material or only the diagenetic or geological history. However, the larger 

variance within the RSF data compared to the algal data probably is caused by different precursor 

material, because the RSF derive from the same setting and thus have a similar diagenetic and 

geological history. Nonetheless, further measurements on other fossil algal and poriferan material 

must be involved in the future, in order to improve and testify the current interpretations. 

The taphonomical mechanism of the dense carbonaceous material in RSF is also interesting. Because 

the RSF are polyphylogenetic and there is currently no evidence to support their nature as any special 

development stage of sponges, we infer that this unusual carbonaceous preservation is due to a 

diagenetic bias relating to their specific morphology, which in turn is possibly controlled by similar 

living environments. Again, to test these inferences, more detailed taxonomical and paleoecological 

studies are necessary. 
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- Chapter 3 - 

First report of fossil “keratose” demosponges in Phanerozoic carbonates: 

preservation and 3-D reconstruction 

(Naturwissenschaften (2014) 101: 467–477, doi: 10.1007/s00114-014-1176-0) 

Cui Luo, Joachim Reitner 

Abstract 

Fossil record of Phanerozoic non-spicular sponges, beside of being important with respect to the 
lineage evolution per se, could provide valuable references for the investigation of Precambrian 
ancestral animal fossils. However, although modern phylogenomic studies resolve non-spicular 
demosponges as the sister group of the remaining spiculate demosponges, the fossil record of the 
former is extremely sparse or unexplored compared to that of the latter; the Middle Cambrian 
Vauxiidae Walcott, 1920, is the only confirmed fossil taxon of non-spicular demosponges. Here, we 
describe carbonate materials from Devonian (Upper Givetian to Lower Frasnian) bioherms of northern 
France and Triassic (Anisian) microbialites of Poland that most likely represent fossil remnants of 
keratose demosponges. These putative fossils of keratose demosponges are preserved as automicritic 
clumps. They are morphologically distinguishable from microbial fabrics but similar to other spiculate 
sponge fossils, except that the skeletal elements consist of fibrous networks instead of assembled 
spicules. Consistent with the immunological behavior of sponges, these fibrous skeletons often form a 
rim at the edge of the automicritic aggregate, separating the inner part of the aggregate from foreign 
objects. To confirm the architecture of these fibrous networks, two fossil specimens and a modern 
thorectid sponge for comparison were processed for three-dimensional (3-D) reconstruction using 
serial grinding tomography. The resulting fossil reconstructions are three-dimensionally anastomosing, 
like modern keratose demosponges, but their irregular and nonhierarchical meshes indicate a likely 
verongid affinity, although a precise taxonomic conclusion cannot be made based on the skeletal 
architecture alone. This study is a preliminary effort, but an important start to identify fossil non-
spicular demosponges in carbonates and to reevaluate their fossilization potential. 
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3.1 Introduction 

Sponges are the known most basic multicellular animals, and are expected to have originated long 

before the Cambrian, based on molecular-clock investigations (e.g., Peterson et al. 2008; Sperling et al. 

2009; Erwin et al. 2011), biomarker studies (e.g., Love et al. 2009) and the fossil record of other 

animal lineages around the Precambrian-Cambrian boundary (cf. Shu et al. 2014). However, generally 

accepted fossils of early sponges, which were identified primarily according to the appearance of 

different sorts of spicules, started no earlier than the beginning of Cambrian (e.g., Steiner et al., 1993; 

Wu et al., 2005; Xiao et al., 2005; Reitner et al. 2012; Yang et al. 2014). This is probably because 

animals did not evolve the ability to build mineral skeletons until only a few million years before the 

Cambrian (Wood 2011). The Precambrian sponges may well be non-spicular and thus either not 

preserved, or preserved but not recognized. For this reason, it seems necessary and practical to check 

first the Phanerozoic fossil record for how non-spicular sponges could be preserved and in which 

environment they tend to survive and thrive. Then this knowledge could be used as a reference point to 

seek the ancestral animals. 

The first formal taxonomic category for non-spicular sponges is “Keratosa”, which was established by 

early researchers to encompass those sponges whose skeletons consist of “horny” or “keratose” fibers 

and lack siliceous or calcareous spicules (Grant 1861; Bowerbank 1864). Based on increased 

knowledge of sponges, Minchin (1900, p.153–154) later refined the term “Keratosa” to mean 

“Demospongiae in which the skeleton consists of fibers of spongin, without ‘proper’ spicules”, apart 

from “Myxospongida”, which “is devoid of a skeleton in any form”. Although “Keratosa” was 

abolished as a formal taxonomic group after Levi (1957), it has recently been revived based on 

phylogenomic data (e.g., Borchiellini et al. 2004; Lavrov et al. 2008; Erpenbeck et al. 2012; reviewed 

in Wörheide et al. 2012). A consensus has been reached to assign the name “Keratosa” to the group 

formed by Dictyoceratida and Dendroceratida (G1) in the new phylogenetic tree. Simultaneously, the 

name “Myxospongiae” is applied to the branch composed of Verongida and Chondrosida + Halisarca 

(G2) (reviewed by Cárdenas et al. 2012). Furthermore, G1 + G2 has been identified as the sister group 

of the spiculate demosponges, indicating a similarly deep evolutionary history for the non-spicular 

demosponges. Although given the existence of siliceous skeletons in Hexactinellida, it is still under 
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debate whether the absence of mineral skeletons in the demosponge group G1 + G2 is apo- or 

plesiomorphic, the fossil record of these non-spicular sponges could be regarded as an analogue of that 

of the Precambrian sponges because they share similar physiological characters. 

However, compared to the abundant fossils of siliceous demosponges from Cambrian to Cenozoic 

(e.g., Pisera 2002; Reitner and Wörheide 2002), Keratosa and Myxospongiae are poorly represented in 

the geological record. To date, the only confirmed non-spicular taxon is family Vauxiidae Walcott, 

1920 with a single genus Vauxia from the Middle Cambrian (Rigby 1986; Rigby and Collins 2004). 

Although a recent study found chitin of 505-years-old in one of the Vauxia specimens (Ehrlich et al. 

2013), indicating very high preservation quality of fossils in this Lagerstätte, the diversity and 

distribution of non-spicular sponge fossils have not been amplified in this, and other relevant shale 

facies. Here, we make the first report of possible keratose demosponges in Phanerozoic carbonate 

facies, in Middle Devonian bioherms and Middle Triassic microbialites, which may extend our 

knowledge about the taphonomy and distribution of fossil non-spicular sponges. 

In this paper, we preferentially define “Keratosa” or “keratose demosponges” in the sense of Minchin 

(1900). In other words, Verongida is also included in this group in addition to Dictyoceratida and 

Dendroceratida. This is because in fossil material, most of the taxonomically important features of 

non-spicular sponges, such as the microscopic structure of the skeletal fibers and the type of 

choanocyte chambers, are obscured or obliterated by the fossilization process. In most cases, only the 

architecture of the skeletal frame is available for taxonomic identification. In this situation it is 

difficult or impossible to clearly distinguish dendroceratids, dictyoceratids and verongids in fossil 

material.  

 

3.2 Material and geological background 

3.2.1 Middle Devonian bioherms from Boulonnais, northern France 

The studied Devonian materials are small bioherms collected from the “Banc Noir” quarry, located 3 

km NE of Ferques. In the Ferques area, Paleozoic sediments developed in the so-called Bas-
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Boulonnais in the western extension of the Namur Basin (Brice and Colbeaux 1976). The “Banc Noir” 

quarry exhibits a section of the entire Blacourt Formation (Middle to Upper Givetian) and the base of 

the Beaulieu Formation (Upper Givetian to Lower Frasnian). The sampled small bioherms are 

associated with black carbonates and marls at the base of the Middle Givetian “Membre du Griset” of 

the Blacourt Formation (P. varcus zone) (Fig. 3.1). This facies is related to the initial development of 

the Devonian carbonate platform and most likely represents a fore-reef environment. 

 

 

Fig. 3.1 Stratigraphy of the outcrops where the investigated fossil materials were sampled. The column for 
Boulonnais, northern France, is modified from Mistiaen and Poncet (1983). The column for the Silesian 
Muschelkalk Basin is modified from Szulc (1997a), and the column for the Libiąż quarry is modified from Szulc 
(1997b). Because the Diplopora Beds were deposited in highstand system tracts, the facies change rapidly 
according to the local paleotopography. The correlation shown in this figure is based on the description given in 
Szulc (1997a). 

 



Chapter 3 

44 

These small bioherms are often formed by single specimens of large colonial rugose corals of the 

Hexagonaria-Disphyllum group that were overgrown by Rothpletzella and abundant 

axinellid/halichondrid demosponges. Rothpletzella is a calcimicrobe traditionally interpreted as a 

cyanophyte, although its true systematic relationships remain unclear (Feng et al. 2010). However, 

Adachi et al. (2007) have concluded that these microbes normally grew under harsh environmental 

conditions. The abundant sponges growing on top and between the branches of the Rothpletzella crusts 

are well preserved and complete, with either various types of dark, pyrite-rich automicrites or peloidal 

textures. Both spiculate and keratose demosponges are common. 

 

3.2.2 Triassic microbialites from the Middle Muschelkalk, Poland 

Stromatolites and other microbialites are common in the Middle Muschelkalk facies of Poland and 

southern Germany. The best known are stromatolites from the Silesian-Krakow Upland, Poland (Szulc 

1997a, b; Myszkowska 1992). The investigated material was collected in a quarry near Libiąż, which 

is close to Krakow. Anisian carbonates of Pelsonian and Illyrian age are exposed in this quarry; the 

sampled microbialites are from the uppermost part of the so-called “Diplopora Beds”, which are of 

Illyrian age (Fig. 3.1). The “Diplopora Beds” consist of shallow marine carbonates with 

dasycladacean algae (dominantly Diplopora and Physoporella), Girvanella oncoids and commonly 

occurring oolites underlying the stromatolitic build ups (Fig. 3.1). The stromatolites are planar and 

sometimes domal and are up to 40 cm thick. The domal stromatolites are rich in putative keratose-

demosponge remains, which alternate with lithified microbial mats, whereas the planar stromatolites 

lack metazoan remains. 

 

3.2.3 Dried skeletons of modern keratose demosponges 

Recent non-spiculate demosponges were collected as dried specimens from a storm beach near Port 

Hedland, Western Australia. Remains of keratose and other demosponges are often enriched in the 

upper distal areas of beaches, clearly above the normal tidal range. In these materials, the organic 
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skeletons are fully macerated and separated from other soft tissues by tidal action and are subsequently 

preserved by natural dehydration.  

 

3.3 Methods 

Routine lithological and paleontological observations were initially performed on thin sections and 

polished surfaces of the Triassic and Devonian samples using a Zeiss SteREO Discovery.V8 

microscope, which can be operated in both transmitted- and reflected-light modes. 

Based on these microscopic observations (see Fig. 3.2–3.3), fossil structures from one Devonian 

sample (hereafter called “Boul”; Fig. 3.4c) and one Triassic sample (“Pol”; Fig. 3.4b) were selected 

for three-dimensional (3-D) reconstruction. These two samples were selected because the target fossil 

structures in them are better preserved and show stronger colour contrast with respect to the 

background. To control the efficiency and quality of the reconstruction method and to compare the 

fossil structures to the skeletal meshes of modern keratose demosponges, a piece of dried sponge 

belonging to the family Thorectidae (“Au”; Fig. 3.4a) was embedded in white-stained araldite and then 

prepared according to the same procedure as Boul and Pol.  

The 3-D reconstruction was based on manual serial grinding tomography. The popular non-destructive 

method X-ray micro-tomography (XMT) was not applied basically because of the difficulty to access 

to the equipment. Besides, because the suspected skeletal structures and their background (automicritic 

clumps, see descriptions below) are both preserved as carbonates, we did not expect an adequate X-ray 

absorption contrast between the two facies, although a trial test with XMT is still worthy in the future 

when possible. Serial grinding tomography is a classic method having been used by paleontologist 

since more than 100 years ago (Sollas 1904; also reviewed in Sutton 2008) until today (e.g., Kiel et al. 

2012; Pascual-Cebrian et al. 2013). The automatic grinding machines used by recent tomographic 

studies (e.g. Pascual-Cebrian et al. 2013) could achieve a maximum vertical resolution of 10 µm with 

a precision of 3µm. Since the old machine in our lab could not guarantee such a precision, which is 

required by our small-sized samples, we carried out the grinding process manually. A Mitutoyo 
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digimatic micrometer with a resolution of 1 µm was used to control the vertical inter-plane distances. 

Processed in this way, the average shift of the inter-plane distances of each sample was less than 5 µm 

as calculated from the final experimental data (the exact value varied among samples; see below). 

The target regions were first cut into 5-mm-thick sections and fixed in the center of standard thin-

section glass slides. The shape of the glass slide matched a frame that was specially made to ensure 

that the target region would always be located in the same position under the microscope. The samples 

were then ground stepwise by hand using sandpaper (1000, 2400 and 4000 grit) and polished by a 

polishing machine. After each pre-determined thickness was abraded away, the remaining thickness of 

the target region was measured using a Mitutoyo micrometer, and the new surface was photographed 

using an AxioCam MRc 5-megapixel camera attached to the Zeiss SteREO Discovery.V8 microscope. 

For Boul, a total thickness of 564 µm was processed, with 49 planes and an average inter-plane 

distance of 12 ± 3 µm. For Pol, the total processed thickness was 624 µm, with 37 planes and an 

average distance of 17 ± 4 µm. For Au, the total processed thickness was 1005 µm, with 60 planes and 

an average distance of 17 ± 3 µm. 

In the next step, the captured images were transformed into 8-bit gray-scale TIFF files and aligned to 

each other using the “automatic alignment” function of Adobe Photoshop CS 5.1. The aligned pictures 

were built into TIFF stacks using ImageJ 1.46r (http://imageJ.nih.gov/ij) (Supp. 3.1a, 3.2a and 3.3a). 

Then the stacks were processed in Voreen 4.4 (http://voreen.uni-muenster.de) with the “single volume 

ray caster” processor, which finally visualized the 3-D structures (Fig. 3.4d–e, Supp. 3.1b, 3.2b and 

3.3b). In order to better illustrate the 3-D construction of the skeletal networks, part of each TIFF stack 

was cropped out and reconstructed independently. The selected regions are a 0.679 × 0.413 mm area 

from Boul, a 1.636 × 1.410 mm area from Pol and a 1.986 × 1.657 mm area from Au (Fig. 3.4a–c, g–i; 

Supp. 3.1c–e, 3.2c and 3.3c).  

The partial reconstruction is especially important for Boul, which needs a manual interpretation to 

further reveal the skeletal structures, because the target structures were strongly interfered by 

background noises due to their similar brightness. The selected small region made this interpreting 

work manageable. Here we offer the interpretations with three levels of intensities (Fig. 3.5, Supp. 



First Report on “Keratose” Demosponges in Phanerozoic Carbonates 

47 

3.1c–d). First, the dataset was visualized as a 3-D model without any interpretation. It was possible to 

check which elements on each plane were visualized using the clipping function in Voreen 4.4. By 

comparing the exposed sections in Voreen 4.4 and serial images in ImageJ 1.46r, we managed to 

identify the non-visualized skeletal elements and the visualized noises. Then operated in ImageJ 1.46r, 

the skeletal elements of very high brightness were manually coloured in black, whereas the very dark 

noises were erased. In the “moderate interpretation”, only the main fibers of the suspected skeletal 

scaffold were enhanced; doubtful or ambiguously preserved elements were deleted to better represent 

the main scaffold. In the “intensive interpretation”, every details of possible biological origin were 

enhanced to avoid missing any morphological information. Then the interpreted volumes were 

imported to Voreen 4.4 again for a new reconstruction. Different from Boul, the other two samples 

(Pol and Au) show very sound contrast between skeleton and background. The dataset from them were 

presented without additional interpretation. 
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Fig. 3.2 Sponge fossils in a Devonian bioherm. All scale bars represent 1 mm. a An automicritic clump between 
coral skeletons, containing different generations of automicrites. The upper to upper-left portion shows putative 
keratose sponge structures (K), and the dark portion in the lower-right preserves a few monaxonic spicules (S). b 
A halichondrid sponge fossil preserved in an automicritic clump, observed under transmitted light. c A putative 
fossil keratose sponge individual, observed under reflected light. In the upper left, a piece of foreign bioclast (B) 
is enclosed by fibrous structures (F) and separated from the remainder of the clump. d A halichondrid sponge 
individual, observed under reflected light. e An automicritic clump within a completely preserved brachiopod, 
showing fibrous structures similar to keratose sponge skeletons. The transition between the fibrous structures (F) 
and peloidal fabrics (P) appears at the edge of the clump. The area within the white rectangle is further 
magnified in g. f A putative keratose sponge individual with hierarchical skeletons. g Magnification of the area 
inside the white rectangle in e. Longitudinal (L) and transverse (T) sections of the fibers and the branching 
pattern are visible. Marks in the pictures: B, bioclast; F, putative sponge skeletal fibers; K, putative keratose 
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sponge fossils; L, longitudinal section of a skeletal fiber; P, peloidal fabrics; S, spicules; T, transverse section of 
a skeletal fiber.  

 

 

Fig. 3.3 Fossils and microbial fabrics in the Triassic microbialites. All scale bars represent 2 mm. a The two 
types of lamination. The finely laminated microbialites (lamination type 1) exhibit brittle eroded surfaces 
underlying the accretion of the sponge-related microbialites (lamination type 2). b Sponge-related microbialites. 
The cavities of the two laminates in the center of the image (K?) resemble sponge skeletons more closely than 
the other fenestral fabrics of abiotic origin (e.g. Fen). c A putative keratose sponge. The cavity morphology 
strongly indicates an anastomosing fibrous network, although some of the cavities have been modified by 
diagenesis. Marks in the pictures: Fen, fenestral structures; K?, structures similar to remnants of keratose 
sponges. 

 

3.4 Results 

The Middle Devonian material from Boulonnais, northern France, consists of small metazoan-

microbialitic bioherms (Mistiaen and Poncet 1983; Reitner et al. 2001; Brice 2003; Hühne 2005). The 

main frame of each bioherm is formed by rugose corals and encrusting Rothpletzella. The spaces 

inside the corals are normally cemented by sparite (Fig. 3.2a), except where the skeleton is penetrated 

by automicrite patches. Allochthonous and autochthonous sediments are heterogeneously distributed 

in the interspaces of the frame. The allochthonous sediments are mainly calcitic silts and bioclasts (Fig. 
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3.2b). The autochthonous elements include excellently preserved gastropods and brachiopods (e.g., 

Fig. 3.2e) and automicrite aggregates that are partly related to various demosponge remnants (Fig. 3.2; 

Reitner et al. 2001). All of these features reflect a light-poor sedimentary environment affected by 

sporadic currents. 

The siliceous-spicular demosponges are preserved as automicritic clumps with the calcite-cemented 

structures left by spicules. These clumps are normally bright under reflected light and dark under 

transmitted light (Fig. 3.2). The micrites within a single clump sometimes show different colors, 

indicating different precipitation mechanisms and/or diagenetic generations (Fig. 3.2a–b). The putative 

keratose demosponges exhibit the same preservation pattern as the spiculate demosponges, except that 

their skeletal elements are fibrous networks instead of spicules (Fig. 3.2a–d). These structures are 

considered “fibrous” because they show soft deformation and a more-or-less constant thickness in 

longitudinal section and an approximately round shape in transverse section (Fig. 3.2f–g). Framboidal 

pyrites are scattered within some clumps and show a tendency to accumulate along the fibrous trails 

(Fig. 3.2c).  

In contrast to the Devonian material, the Anisian microbialites are characterized by stromatolitic 

fabrics. Two types of lamination are present, both composed of micrites (Fig. 3.3a). Type 1 is finely 

laminated, forming planar or slightly domal structures at the macro- and mesoscopic scales. Erosions 

and brittle breakages are evident on the top of these laminations, indicating that they formed hard 

surfaces before the accretion of the overlying type 2 laminations. Type 2 laminations are cloudy and 

irregularly undulate and host abundant fenestral fabrics (Fig. 3.3a–b). Certain lenticular micritic 

clumps within these type 2 laminations are here interpreted as fossil keratose sponges (Fig. 3.3c). 

These clumps are similar to those associated with the Devonian sponges described above and stand out 

from the surrounding microbialitic fabrics due to the following features: 1) they are composed of 

homogeneous automicrites without any lamination or other texture, except the anastomosing fibrous 

cavities; and 2) the fibrous cavities are distributed with a consistent density within each clump and 

never extend beyond the boundary of the clump. However, unlike their Devonian analogs, the fibrous 

cavities of these Triassic specimens are not fully cemented, and pyrite is absent in the automicrites. 
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Fig. 3.4 Samples selected for 3-D reconstruction and snapshots of the respective 3-D models. Black 
scale bars represent 2 mm; white scale bars represent 300µm. a, b and c show Au, Pol and Boul, 
respectively, under reflected light. The rectangles in a–c indicate the selected areas used for the final 
3-D reconstruction. d–f are the 3-D reconstructions of the fossils in a–c, respectively. g–i are 
snapshots of the 3-D models corresponding to the selected areas in a–c, respectively. d–i are shown in 
pseudo-color, with yellow representing the darker parts of the original images. 

 

The 3-D reconstruction successfully portrays the skeletal structure of the modern thorectid specimen 

(Au), with identifiable anastomosing primary and secondary fibers (Fig. 3.4d, g; Supp. 3.3b–c), 

indicating the effectiveness of the method we applied. For the Devonian (Boul) and Triassic (Pol) 

samples, this method further demonstrates the anastomosing fibrous architecture of the fossil material 

(Fig. 3.4e–f, h–i; Supp. 3.1b–e, 3.2b–c). The 3-D reconstruction of the Devonian specimen shows 

fibers of differentiated thicknesses (Fig. 3.4i, Supp. 3.1b–e). This phenomenon, however, is not 

necessarily an authentic biological feature; instead, as explained in the method description, this could 
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be an artifact of diagenesis combined with the 3-D-reconstruction method. Additionally, in the 

consecutively polished surfaces of this specimen, no size hierarchy was evident among the fibers 

(Supp. 3.1a). For these three samples, the size of the fibers was measured under microscope along the 

minor axis of the elliptical transverse section. The primary and secondary skeletons of Au show the 

sizes of around 60–90 µm and 30–50 µm respectively; the fibers of Pol mainly fall into the size-space 

of 50–80 µm; the fibers of Boul show the sizes around 30–50 µm.  

 

 

Fig. 3.5 Manual interpretations of the Devonian sample Boul during 3-D reconstruction. In the original 
image, some fibrous structures are preserved with the same brightness as the micrites in the 
background. In the moderate interpretation, only the main fibers were enhanced, and some doubtful or 
ambiguously preserved elements were deleted to better represent the main scaffold. In the intensive 
interpretation, every small detail of possible biological origin was enhanced to avoid missing any 
important morphological information. The 3-D models of all three levels of interpretations are 
provided in Supp. 3.1c–e. 
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3.5 Discussion 

Given the observations above, we argue that the micritic clumps with anastomosing fibrous structures 

represent rapidly permineralized remnants of keratose demosponges rather than inorganic sedimentary 

structures or fossils of other organisms. 

First, the anastomosing fibrous network revealed by both the lithological thin sections and the 3-D 

reconstructions contradicts an affinity to sedimentary structures. Some fenestral structures may form 

networks in rocks, but the spaces in these structures do not form a regular fibrous shape. When peloids 

are compacted, some of the inter-grain spaces may remain. However, fibrous cavities with a regular 

shape and consistent thickness, as seen in our samples, would be difficult to achieve in randomly piled 

peloids. Further, the inter-spaces among three adjoining peloidal grains are normally Y-shaped, 

whereas true skeletal fibers are clearly round or elliptical in transverse section. Nonetheless, skeletal 

fibers and peloidal inter-spaces cannot always be clearly distinguished. The former may gradually 

grade into the latter in some cases due to local diagenetic alterations (Fig. 3.2e, g). 

Second, when these specimens are regarded as biogenic structures, their physiological and ecological 

features best match those of sponges. For example, some cyanobacteria grow as branching filaments. 

To our knowledge, however, cyanobacterial filaments are not known to form well-organized 3-D-

extending networks, as seen in our samples. Further, calcification of the outer cyanobacterial sheath is 

normally driven by photosynthesis and CO2 uptake (Arp et al. 2001). This process could not occur in a 

poorly illuminated depositional environment like that of the Devonian material. Fungal hyphae can 

also produce anastomosing fibrous networks, and it has been revealed in recent years that fungi can 

survive even in deep-sea environments (e.g., Schumann et al. 2004; Edgcomb et al. 2011). However, 

our samples do not exhibit structures that would directly imply a fungal affinity, such as septa, spores 

or sporocarps. On the contrary, the distribution of the fibrous structures within our samples contradicts 

the hyphal growth habit. Fungi are saprotrophs or parasites; therefore, if they lived contemporaneously 

with the other organisms, the hyphae should appear to penetrate the body from which they obtained 

nutrients. In our samples, however, the fibrous structures are restricted to automicritic clumps and 

often form a ring at the boundary of the clump (e.g., Fig. 3.2a, c, f; Fig. 3.3c; Fig. 3.4c) or wrap around 
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the grains inside the clump (Fig. 3.2c, Fig. 3.4c) to isolate the inner part from foreign materials. 

Alternatively, these specimens might represent a type of endolithic fungi that favored micrites and 

created the fibrous cavities after the lithification of the rocks. However, then it would be difficult to 

explain why such fungi did not bore through the micritic clumps of the completely preserved spiculate 

sponges. In fact, compared to fungal hyphae, sponge behavior better explains the distribution of the 

fibrous structures. As multicellular animals, sponges can immunologically recognize and react to non-

self material at the cell and tissue levels (Müller and Müller 2003). In one example from Lizard Island, 

a sponge was observed secreting organic phragma to separate the living part from the decaying part 

(Reitner 1993, Plate 4, Fig. 3.4). Later, a sponge from the Bahama bank was observed enclosing 

agglutinated sediment particles with collagen-enriched tissue (Neuweiler et al., 2007, Fig. 4), and a 

Geodia barretti specimen was found to isolate sedimentary inclusions within its body by building a 

cortex of microscleres resembling the surface cortex (Hoffmann et al. 2004). 

Furthermore, the preservation of these fossils is consistent with that of other known sponges. This is 

best demonstrated by the Devonian material, in which the preservation of the keratose demosponges is 

similar to that of the other siliceous demosponges. In Phanerozoic carbonates, siliceous sponges are 

commonly preserved by rapid carbonate permineralization, or so-called “mummification”, with the 

skeletal scaffold remaining nearly intact (e.g., Reitner et al. 1995, the brief review in Neuweiler et al. 

2007). Many previous studies of both the fossil record (e.g., Lang 1991; Warnke 1995) and modern 

analogs (e.g., Reitner 1993; Neuweiler and Burdige 2005; Neuweiler et al. 2007) have confirmed that 

under restricted microenvironments, automicritic permineralization of the necrotic soft tissues can 

occur at a very early stage, even when the sponge individual is still alive, and that the opal in the 

spicules is replaced by calcitic cements slightly later in the process. Sulfate reduction and 

ammonification during the anaerobic microbial degradation of sponge tissues are regarded as the main 

causes of this rapid automicritization (Fritz 1958; Reitner et al. 1995; Reitner and Schumann-Kindel 

1997), although some researchers have emphasized the importance of the dismantling collagen 

bundles as a sorbent in this process (Neuweiler et al. 2007). However, in either model, a basic 

prerequisite for this type of preservation is that the skeletal elements must be more resistant to decay 
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than the other tissues; otherwise, the skeletal scaffold could not be molded intact in fossils (Brachert 

1991). 

In this regard, the organic skeletons of keratose demosponges are at least as competent as siliceous 

skeletons. The organic skeletons of horny sponges are composed of spongin, a sponge-specific 

collagen type that is resistant to enzymes including proteases, collagenases, amylases and lysozymes 

(Gross et al. 1956; Junqua et al. 1974). Recently, chitin has been documented as a scaffold-building 

component in the organic skeletons of modern Verongida (Ehrlich et al. 2007, 2010), and was also 

detected from an exceptionally preserved sponge fossil of 505 Ma old (Ehrlich et al. 2013). Although 

in normal situations chitin and collagen are biodegradable and can be consumed rapidly in some cases 

(e.g., Gaino and Pronzato 1989; Poulicek and Jeuniaux 1991), they are more durable than other soft 

tissues under degradation (see, also, the review in Butterfield 1990). By comparison, siliceous 

skeletons can also dissolve rapidly under certain hydrological conditions, such as a warm and alkaline 

environment (Laschet 1984). The dissolution of spicules during early diagenesis and even in living 

individuals due to biological processes has also been reported (e.g., Land 1976; Bavestrello et al. 

1996). In a decaying boring sponge on Lizard Island, collagen fibers were still preserved while other 

soft tissues had begun the process of permineralization and the siliceous spicules had been partly 

replaced by calcite (Reitner 1993, Reitner et al. 1995). Taken together, current taphonomic knowledge 

supports the possibility that the organic skeletons of horny sponges can be preserved in the same way 

as the rapidly calcified siliceous sponges found in Phanerozoic carbonates. This is consistent with the 

characteristics of our fossils. 

As discussed above, these micritic clumps with anastomosing fibrous structures most likely represent 

fossil keratose sponges; however, it is difficult to determine their precise taxonomic affinity because 

many important morphological characteristics used to classify modern keratose sponges, including the 

microscopic structure of the skeletal fibers, the type of choanocyte chambers and the color of tissues, 

are not available in fossils. In our fossil specimens, the only applicable taxonomic character is the 

architecture of the skeletal framework. Because we reconstructed the 3-D structure of the skeletons 

from only two fossil specimens, the Devonian Boul and the Triassic Pol, the taxonomic discussion 
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below focuses on these specimens. The affinity of the other specimens observed in the thin sections 

and on the polished rock surfaces (e.g., Fig. 3.2f, e) should be discussed only after more data are 

acquired. 

The 3-D reconstructions of the Devonian and Triassic specimens show an anastomosing skeletal 

architecture. According to the taxonomic system of Hooper and van Soest (2002), keratose 

demosponges with anastomosing skeletons include all taxa within the order Dictyoceratida, the family 

Dictyodendrillidae within the order Dendroceratida and the families Ianthellidae and Aplysinidae 

within the order Verongida. However, the skeletal fibers of Dictyodendrillidae always interlace to 

form “perfectly regular to slightly irregular meshes” (Bergquist and Cook 2002), in contrast to the 

irregular architecture of both fossil specimens. The skeletal meshes of dictyoceratids differ from those 

of anastomosing verongids in exhibiting hierarchically differentiated fibers, except in the two genera 

Dactylospongia and Narrabeena. The hierarchy of spongin fibers is generally defined by both size and 

construction. In addition to being thicker, the primary fibers provide the main supporting force for the 

sponge body and usually extend to the sponge surface at right angles (cf. Boury-Esnault and Rützler 

1997; Hooper 2003). Here, the 3-D reconstructed modern sample Au gives a nice example how a 

hierarchical skeletal scaffold looks like. By comparison, the skeletons of Pol and Boul are obviously 

not hierarchical. Thus, it appears more likely that the analyzed Devonian and Triassic specimens are 

the remnants of ancient verongids. 

 

3.6 Conclusion 

The observations and discussion above demonstrate that the automicritic clumps with anastomosing 

fibrous structures in the investigated Devonian and Triassic microbialites are taphonomically 

comparable to spiculate sponges and morphologically akin to keratose demosponges. Therefore, we 

attribute these fossil structures to the remnants of ancient keratose demosponges, although it is 

currently impossible to confirm the exact taxonomic placement of these organisms based on the 

preserved skeletal architecture of the fossils. This taxonomic difficulty is due partly to the loss of 

information during diagenesis and partly to our lack of knowledge about fossil keratose demosponges. 
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As this study indicates, the scarcity of non-spicular sponges in the fossil record may be due largely to 

our previous underestimation of their fossilization potential. Thus, further exploration for fossil non-

spicular sponges is likely to be fruitful. Such exploration is important not only to enhance our 

knowledge about the evolution, historical diversity and paleoecology of sponges, but also to elucidate 

the early evolution of animals in the Precambrian. 
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Supplementary material 

(Please find in the attached CD) 

Supp. 3.1a Consecutively ground planes of Boul (Devonian) 

Supp. 3.1b 3-D reconstruction of sample Boul (Devonian) without manual interpretation. 

Supp. 3.1c 3-D reconstruction of a part of Boul (Devonian) with minimum interpretation. See Fig. 3.4c for 
the exact location of the reconstructed area 

Supp. 3.1d 3-D reconstruction of a part of Boul (Devonian) with moderate manual interpretation. See Fig. 
3.4c for the exact location of the reconstructed area 

Supp. 3.1e 3-D reconstruction of a part of Boul (Devonian) with intensive manual interpretation. See Fig. 
3.4c for the exact location of the reconstructed area 

Supp. 3.2a Consecutively ground planes of Pol (Triassic) 

Supp. 3.2b 3-D reconstruction of sample Pol (Triassic) 

Supp. 3.2c 3-D reconstruction of a part of Pol (Triassic). See Fig. 3.4b for the exact location of the 
reconstructed area 

Supp. 3.3a Consecutively ground planes of Au (thorectid Keratosa, Recent) 

Supp. 3.3b 3-D reconstruction of sample Au (thorectid Keratosa, Recent) 

Supp. 3.3c 3-D reconstruction of a part of Au. See Fig. 3.4a for the exact location of the reconstructed 
area 
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“Stromatolites” built by sponges and microbes – a new type of Phanerozoic 

bioconstruction 

(Submitted to Lethaia on Dec. 10, 2014) 

Cui Luo, Joachim Reitner 

 

Abstract 

Investigations on the sponge-related bioconstructions, especially the sponge-microbial buildups and 
the buildups related to non-spicular sponges, may enhance the knowledge about sponge paleoecology 
and help to search for early sponge fossils in the Precambrian.  Here we analyze two bioconstructions 
from Triassic and Carboniferous carbonates which were previously regarded as stromatolites, and 
reinterpret them as sponge-microbial buildups. The automicritic aggregations in these buildups are 
similar to the previously reported fossils of ketatose sponges in showing moulded anastomosing 
filamentous structures. All the studied columnar or domal constructions were formed in turbulent 
water with considerable sedimentary inputs. The Triassic rocks precipitated in a slightly evaporitic 
environment, showing a transition from planar microbial laminations to stacked sponge clumps which 
constructed the stromatolite-like columns and domes. Variation of salinity may have played an 
important role in controlling the sponge-microbe alternation and inducing laminations in the 
stromatolite-like constructions. The Carboniferous buildups were constructed in the shallow subtidal 
zone of an open shelf or a ramp. The laminations within the stromatolite-like columns are composed 
of alternating dark micritic laminae of sponge fossils and pale laminae of neomorphic microspars. The 
accretion of these columns is probably related to repeated cycles of sponge growth, burial and rapid 
lithification, re-exposure and erosion and settlement of the new generation. Congruent with other 
recent studies, this work shows again that sponge-related bioconstruction can mimic microbialites.  

 
Keywords 

Keratose sponge, Stromatolite, Microbialite, Triassic, Carboniferous. 



“Stromatolites” Built by Sponges and Microbes 

65 

4.1 Introduction 

The first metazoan-bearing reef in the Phanerozoic was constructed by sponge-like archaeocyaths and 

calcimicrobes in the Tommotian, subsequent to the dominance of calcimicrobe constructions at the 

beginning of the Cambrian (Riding and Zhuravlev 1995; Rowland and Shapiro 2002). From then till 

the end of the Mesozoic, the sponge-microbe association was pervasive and active in building reefs 

and mounds (e.g. Brunton and Dixon 1994; Reitner et al. 1995b; Höfling and Scott 2002). The high 

adaptability of both microbes and sponges enables this association proliferating in the aftermath of 

extinction events (e.g. Delecat et al. 2011) and conditions unfavorable for other animals (e.g. Heckel 

1974). 

In recent years, increasing workers started to hypothesize that sponges or sponge-like organisms 

probably presented in the Ediacaran sea and their filter feeding may have contributed to the ventilation 

of the water column by removing organic particles; this in turn provoked the rapid evolution of 

animals at the Precambrian-Cambrian transitional interval (e.g. Erwin and Tweedt 2012; Lenton et al. 

2014; Zhang et al. 2014). However, although molecular clock predicts that sponges have a long 

evolutionary history deep into Cryogenian (e.g., Peterson et al. 2008; Sperling et al. 2009; Erwin et al. 

2011), the first unequivocal sponge fossil is not older than the Early Cambrian (e.g. Reitner and 

Wörheide 2002; Reitner et al. 2012; Antcliffe et al. 2014). The known Precambrian bioconstructions 

were characterized by microbial structures except the presence of secondary dwellers like calcified 

Namacalathus and Cloudina at the end of the Ediacaran (e.g. Grotzinger et al. 2000; Penny et al. 

2014).  

If ancestral sponges have developed in the Precambrian, how were they like? In the microbe-

dominated ancient ecosystem, did they live in consortia with microbes like their Phanerozoic 

descendants?  

It may help to find out the answers, if we know better the (paleo-) ecology and taphonomy of the 

Phanerozoic sponge-microbial buildups. Of special importance are these aspects related to the non-

spicular sponges, because animals started to build mineral skeletons only shortly before the Cambrian 

(Wood 2011). Antiquity of the non-spicular character in sponges has been supported by the Middle 
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Cambrian occurrence of the fossil taxon Vauxia (possible verongid) (Rigby 1986; Rigby and Collins 

2004; Ehrlich et al. 2013), as well as the modern phylogenomic studies which indicate that spicular 

and non-spicular taxa diverged at the very base of the lineage Demospongiae (Cárdenas et al. 2012; 

Wörheide et al. 2012). In recent years, advances on the listed aspects are emerging. New occurrences 

of sponge-microbe associations are reported from the intervals of critical evolutionary events (e.g. 

Hong et al. 2012; Kruse and Reitner 2014). Keratose sponges, a group of non-spicular demosponges in 

which “the skeleton consists of fibers of spongin, without ‘proper’ spicules” (sensu Minchin 1900, 

p.153–154), have been described from the Phanerozoic carbonates for the first time (Luo and Reitner 

2014). Furthermore, demosponges, beside of calcimicrobes, were found as a main component of the 

“maze-like microbialites” (Lee et al. 2014). 

Continuing with the previous work, here we describe two carbonate bioconstructions from the Triassic 

and Carboniferous. They were previously regarded as stromatolites, but now seem to be constructed 

mainly by keratose sponges and to a lesser content by associated microbial mats. This study may 

enrich our knowledge about paleoecology of sponges and diversity of their buildups, and may also 

provide a new angle to look at the Precambrian fossil record. 
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Fig. 4.1  Stratigraphy of the outcrops where the studied samples were taken. The Triassic stratigraphic column 
was modified from Bachmann (2002). The Carboniferous column A is modified from Cossey et al. (2004), while 
column B is drawn according to the description in Murray and Wright (1971). Abbreviations (in alphabetic 
order): Ar, Arundian; CB, Concretionary Beds; LC, Lower Cromhall Sandstone; UM, Upper Muschelkalk; Wa, 
Warburg Formation. 



Chapter 4 

68 

4.2 Material 

The Triassic materials were collected from an outcrop at the junction of the A9 and A70 high ways in 

South Germany, between the towns Kulmbach and Bayreuth (Bachmann et al. 1999). In ascending 

order, the outcrop exhibits the Meissner, Warburg, Erfurt and Benk Formations. Samples were taken 

near to the top of the Erfurt Formation, which represents the lithostratigraphic unit Lower Keuper (c.a. 

238–239 Ma according to Kozur and Bachmann 2005, 2008) and is generally characterized by 

cyclically alternating sandy-muddy and muddy-carbonate horizons, representing fluvial, palustrine, 

brackish to marine facies (Nitsch 2005). In the investigated section, this formation is dominated by 

greenish-gray and reddish-brown shales with several intercalated dolomite beds (Fig. 4.1). This was 

interpreted as coastal plain facies interrupted by several intervals of restricted environments, while the 

succeeding Benk Formation (Middle Keuper) exhibits fluvial to lacustrine deposits (Fig. 4.1; 

Bachmann 2002). The boundary between the Erfurt and Benk formations is marked by the 

Grenzdolomit and the 2 m-thick Lingula-dolomite at the top of the former. Some domal Placunopsis-

stromatolite bioherms, capped by a layer of gray shale, occur below the Lingula-dolomite. These 

bioherms are around 25 cm high and 70 cm across, consisting of a core of stacked Placunopsis shells 

and overgrowing stromatolitic crusts. The samples investigated in this paper are from these crusts. 

Bachmann (2002, p. 86) figured out that the “nodular textures” in these crusts are similar to those 

structures from the Buntsandstein and Middle Muschelkalk which were interpreted as relics of 

hexactinellid sponges by Hagdorn et al. (1999). The abbreviation “PB” will be used in the following 

text to designate the samples from these Placunopsis-stromatolite bioherms.  

The Carboniferous materials are from Barnhill Quarry (in earlier literatures also mentioned as 

Arnold’s Quarry), which is immediately located northwest to the present Chipping Sodbury Golf Club, 

Bristol, UK. Samples were collected in the 1990s during the execution of the DFG research projects of 

Dr. Klaus Warnke (Wa 980/1-1 and Wa 980/1-2). This quarry was abandoned in 1950s and is now 

under a filling-back project, but a few of previous studies have described the geology of this area in a 

detailed way. In ascending order, the quarry exposed the upper part of the Lower Cromhall Sandstone 

(Arundian), the whole succession of the Clifton Down Limestone (Holkerian or V2b–V3a, Middle 
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Visean) except an abruption near to the top, and the lower part of the Middle Cromhall Sandtone 

(Asbian) (Fig. 4.1; Murray and Wright 1971; Kirkham 1977, 2005). In this locality, the Clifton Down 

Limstone is around 130 m thick and featured by a complete transgression-regression sedimentary 

cycle: beginning with intertidal facies, then grading into subtidal open shelf facies (or ramp, according 

to Wright 1986), and finally returning to an intertidal situation represented by the stromatolite-rich 

“Concretionary Beds” at the top (Fig. 4.1; Murray and Wright 1971; Kirkham 1977; Cossey et al. 

2004). The samples studied in this paper belong to the “organ-pipe stromatolites” which are more than 

20 m below the “Concretionary Beds” (Holkerian / V3a, according to Kirkham 2005). These 

stromatolites form a c.a. 80 cm thick bed; each individual column can reach a height of over 30 cm 

(Kirkham 1977) with a width of 3–8 cm. These columns resemble organ pipes by showing steep-

falling edges, large height/width ratios and close inter-column distances. According to Murray and 

Wright (1971), stromatolites of this form are restricted to this particular single bed in Chipping 

Sodbury and are absent from contemporaneous rocks in the neighboring Wick region. Compared with 

the gradual change of facies observed in the Wick region, the rapid appearance of these stromatolites 

above the stable, massive pelmicrite beds in Barnhill Quarry is believed indicating a relatively sudden 

switch from transgressive to regressive phase, which was probably controlled by the local elevation of 

the sea floor (Murray and Wright 1971). For convenience, the abbreviation “OS” will be used in the 

following text to designate the samples of these “organ-pipe stromatolites”. 

All the PB and OS samples are now deposited in the Department of Geobiology, Centre of 

Geosciences of the University of Göttingen. 

 

4.3 Methods 

4.3.1 Microscope observation 

To study the lithological and sedimentary features, all samples were prepared into polished slabs and 

10×15 cm thin sections. These slabs and thin sections were checked under reflected and transmitted 
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light respectively, using a Zeiss SteREO Discovery.V8 microscope. Photos of the microscopic 

structures were taken using the AxioCam MRc 5-megapixel camera combined with this microscope.  

 

4.3.2 LA-ICP-MS 

Based on the microscope observation, parts of the samples were selected for LA-ICP-MS 

measurement, so that the elemental composition of different microstructures can be detected in situ 

rapidly and precisely. The selection was based on the criterion that as various lithological facies as 

possible should be included in each tested sample. These selected areas, including one from the PB 

and two from the OS samples, were cut into 4.5 × 2.5 × 0.5 cm chips, polished and then sent to the 

LA-ICP-MS lab in the Institute of Geochemistry, University of Göttingen. The samples were 

measured using a PerkinElmer SCIEX ELAN 6100 DRC II ICP-MS coupled with a 193 nm ArF 

excimer laser ablation system (GeoLas, COMPex 110 from Lamda Physik). Elemental composition 

was measured along lines, including three lines from the OS samples (L1, L2 and L3) and one line 

from the PB sample (L5). The scanning speeds are 30.2–31.3 µm/s, varying from line to line. The 

maximum width of the lines is 120 µm and the sampling depth is 30 µm. Acquired data were then 

processed using Igor Pro 6.3.4.1 combined with Iolite 2.2. The external calibration was done with 

silicate glass NIST 610 and Ca was set as internal standard. 

 

4.3.3 Carbon and oxygen isotopes 

Beside of the samples measured by LA-ICP-MS, other rock materials were prepared to study the 

carbon and oxygen isotope composition of different lithological facies. Powder samples were taken in 

situ on the polished slabs using a PROXXON Professional drill IBS/E No. 28481 (borehole diameter 

c.a. 1 mm) and then sent to the Department of Isotope Geology, University of Göttingen. 

Measurement was done using a Thermo Kiel IV equipped with Finnigan Delta plus gas mass 

spectrometer. The resulted δ13C data were originally relative to VPDB and δ18O to VSMOW. In this 
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paper, the δ18O values are converted to VPDB standard according to the formula δ18OPDB = 0.97002 

δ18OSMOW - 29.98 (Coplen et al. 1983), because many publications dealing with the sea water 

geochemistry in geological time use PDB or VPDB standard for δ18O. 

 

4.4 Results 

4.4.1 Description of the Triassic material 

The samples are the yellow to brownish laminated crusts up to 10 cm thick within the Placunopsis-

stromatolite bioherms (Fig. 4.2a–b). They are strongly dolomitized and the porosity is high. Larger 

fractures, fenestral structures and pseudomorphs of evaporitive minerals are commonly filled by pink 

carbonate cements, while smaller fractures and pores within and between the laminations are 

pervasively stained by Fe-Mn oxides. Though the samples seem to be intensively affected by 

diagenesis, the microstructures are still preserved and could provide clues to resolve their origin. 

Morphological and sedimentological features of the laminations vary within small scales in the 

transection of these crusts. For the convenience of discussion, they are classified into 4 types and 

described as below. 

PB laminated structure a (PBLa, Fig. 4.2a–b; Fig. 4.3a) 

This type of lamination is slightly undulated, composed of alternating darker and brighter laminae 

which show high lateral continuity and vertical inheritance. Though all the laminae are generally 

micritic, the brighter ones seem contain larger crystals. The thickness of each single lamina varies 

from about 100 μm to 200 μm. These laminations are typical microbially-induced structures. 

PB laminated structure b (PBLb, Fig. 4.2a–b; Fig. 4.3c–f) 

In this part, the parallel laminae, like those described in PBLa, are disturbed by some intercalated 

lenticular clumps. The base of these clumps templates the underlying substrate, but their concave 

lenticular shape creates a quite uneven upper surface, which destroys the overall inheritance of these 

laminations. 
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Fig. 4.2 a–b, transection of the stromatolitic crusts of the Placunopsis-stromatolite bioherms in polished slabs. 
Four types of laminations are marked with white letters. Black dots show the positions where the isotope 
samples were drilled. Regions in the rectangles correspond to the pictures in Fig. 4.2c and Fig. 4.4b, respectively. 
Hollow arrows point to synsedimentary fragmentation of the laminates. c, result of the LA-ICP-MS 
measurement along Line 5. d, δ13C and δ18O of carbonates from different sources. Diamonds: values of 
contemporaneous sea water acquired from literature; circles: values from lenticular micritic clumps; solid 
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triangles: allochthonous sediments; hollow triangle: pink cement; solid bars: structureless micrite aggregations; 
hollow bars: microbial laminates between lenticular micritic clumps.  

 

 

Fig. 4.3 The four types of PB laminations in thin section: a, PBLa; b, PBLd; e, PBLb and PBLc; f, PBLb. c–d 
are magnified from the rectangles in e and f respectively, illustrating automicritic clumps with anastomosing 
filamentous microstructures. The rectangle in b is magnified in Fig. 4.4a. 
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These clumps are millimeters thick and characterized by the microstructure of filamentous networks 

embedded in an automicritic matrix. The filaments are slightly curved and about 20–40 µm in 

diameter. Their transections, if not at the conjunction point, are round or elliptical. The interconnected 

network fills up the clump with a constant density but never extends beyond it. Instead, the network 

can form a boundary near and parallel to the clump margin (Fig. 4.3c–d). Some of these clumps can be 

traced laterally across a whole hand specimen (e.g. Fig. 4.3f). However, the tracing work can be 

achieved only when using the overlying and/or underlying microbial lamina as references, because 

compared with these referential microbial lamina, the thickness and preservation quality of the clumps 

are quite unstable.   

PB laminated structure c (PBLc, Fig. 4.2a–b; Fig. 4.3e) 

These laminations are micritic lenses of millimeter-scale to centimeter-scale thickness. Appearing as 

fillings in depressions, their lateral extension is controlled by the topography of the underlying surface. 

Vague sedimentary laminae with good inheritance can be identified within these micritic aggregations 

according to slightly differentiated brightness. 

Structureless bulk accumulation of micrites occurs also in some lenticular clumps in PBLb. For 

example, the clumps in Fig. 4.3f show well preserved filamentous networks at the basal part, which 

grade upward into structureless micrites with halite pseudomorphs (cf. Warren 2006) at the grading 

boundary. However, different from PBLc, the clumps in PBLb lack any form of finer laminae and 

show a convex outline protruding upwards; their shape is independent from the topography of the 

underlying surfaces. 

PB laminated structure d (PBLd, Fig. 4.2a–b; Fig. 4.3b; Fig. 4.4) 

On the basis of PBLb, when the lenticular clumps become dominant and stack up, a stromatolite-like 

columnar or domal buildup is formed. There’s no abrupt boundary between PBLb and PBLd. The 

stromatoltie-like buildups are about 2–3 cm high and 1–2 cm wide, closely spaced and partially linked. 

Their morphology is quite unstable, from domal to columnar, straight to curved, but normally the 

buildups do not branch. The morphological variability of the buildups probably originates from their 
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main components, the stacked micritic clumps, which are irregular in shape and tend to accrete 

without following the same symmetrical axis.  

 

Fig. 4.4 Stacking pattern of the micritic clumps in the PB buildups: a, in transmitted light, magnified from part 
of Fig. 4.3b; b, in reflected light, magnified from part of Fig. 4.2a. 

 

Spaces between the columns are filled by wacke- to packstones, which are composed of greenish clay-

rich matrix and millimeter-scale pale-coloured grains. Many of these grains show elongated or even 

tabular shape. Some of them probably are fragments from vicinal or local laminated constructions; 

these can be identified by darker colour, less rounded shape, better preserved inner structures, and 

even the continuity with the neighboring laminations. Similar clastic grains appear also in PBLb and 

are incorporated into the base of the overgrowing laminations. 
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Fig. 4.5 a, transection of the “organ-pipe stromatolites” in a polished slab. White dots mark the positions where 
powder samples were drilled for carbon and oxygen isotope measurements. The region in the rectangle is 
magnified in d. b, δ13C and δ18O of carbonates from different sources. Diamonds: values of contemporaneous 
sea water acquired from literature; solid circles: values from the automicritic aggregations with filamentous 
microstructures; hollow circles: elongated grains cemented by black or white cements; solid triangles: black 
cements; hollow tricangles: microspars. c, thin section of an OS specimen showing the structure within the 
stromatolite-like columns. Abbreviations: Cr, the coring part; Ot, the outer part; Int, inter-column space. Regions 
in rectangles are magnified in Fig. 4.7b–c and 8e respectively. Hollow arrows in a and c point to synsedimentary 
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breakage and fragmentation of the bioconstructions. d, part of an inter-column lamination in reflected light, 
showing structures similar to the diagenetically altered automicritic clumps in the coring part of the columns. 
Solid arrows point to the remnant micrites and plausible filamentous structures, cf. the solid arrow in Fig. 4.7a. e, 
elongated grains wrapped by a layer of peloidal micrites, from an inter-column bridging layer, in transmitted 
light.  

 

4.4.2 Description of the Carboniferous material 

The “organ-pipe stromatolites” are preserved in organic-rich calcitic carbonates. The laminated 

mesostructure is characterized by alternating dark brown and pale grey laminations. Two types of 

laminated structures are distinguished: 

OS laminated structure a (OSLa, Fig. 4.5a) 

These are the waved laminations underlying the stromatolites. The alternating darker and brighter 

laminae are millimeters thick, composed of micrites and microspars respectively. The darker laminae 

may well be autochthonous precipitations which were eroded and fragmented after a rapid lithification 

in the early diagenetic process. In contrast, the microspars distribute in the fractures of the dark 

micritic aggregations like cements or pore-fillings. Inheritance of the laminations is medium. 

OS laminated structure b (OSLb, Fig. 4.5a, c)  

This type designates the so called “organ-pipe stromatolites”. The buildups are columnar and closely 

spaced. Columns are about 10 cm high or even higher, 3–6 cm wide with 1–3 cm inter-column spaces. 

There are bridges or linkages between neighboring columns, which can be eroded and broken. 

Accordingly, the edges of the columns also show features of strong erosion (Fig. 4.5a, c; Fig. 4.7d). 

Each column consists of two parts (Fig. 4.5c). The one that we call “coring part” is composed of well-

preserved automicritic aggregations, while the “outer part” is strongly fragmented. However, the 

spatial relationship of the two phases is not always inner-outer, but can also be superposition (Fig. 4.5a, 

c). 

The automicritic aggregations in the coring part can be in shape of either centimeter-scaled chunks 

(e.g. the chunk near the point OS 08 in Fig. 4.5a), or continuous thick laminae (Fig. 4.5c; Fig. 4.7a). 

Regardless of the overall shape, all these aggregations show the microstructure of filamentous 
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networks embedded in automicritic matrix, similar to that described in the lenticular clumps in the PB 

material. Most of the filaments are around 20 µm thick. However, in some clumps there are thicker 

ones of 30–70 µm across, representing another hierarchy (Fig. 4.7g). Besides, there are some 

cylindrical, branching canals in the OS micritic aggregations which are not seen in the PB samples 

(Fig. 4.7b, e, h). The filaments and the canals are both cemented by microspars. 

Between the micritic aggregations are some intercalated crescentic regions which are filled by 

microspars and showing pale colour. Some of these crescentic regions have distinct contacts with the 

surrounding micritic aggregations. They may well have been cavities for quite a long time before 

being filled by microspars or their precursors, because 1) there are clastic grains deposited in these 

regions and the surrounding micritic aggregations are eroded (Fig. 4.5c; Fig. 4.7a; Fig. 4.8a); 2) some 

fragments of the overlying micritic aggregations are preserved in the crescentic regions in the manner 

of falling into a pre-existed space (Fig. 4.7a, c). Additionally, there are some brachiopod fossils 

preserved as “floating” in the microspars in these crescentic regions; the shells are enclosed in thick 

structureless micritic wraps which have a flat edge facing and parallel to the “wall” of the crescentic 

region (Fig. 4.8a, c). It appears like that the animals were attaching on the wall and overgrown by 

microbes before they were finally torn down by another force. Existence of these synsedimentary 

cavities indicates a very rapid lithification of the micritic aggregations. 

Origin of these crescentic cavities is probably related to the erosion and corrosion induced by the 

turbulent water. There are a few “developing cavities” in which the relicts of pre-existed micritic 

materials are still visible (solid arrow in Fig. 4.7a), or the materials from the ceiling is still falling 

down (Fig. 4.7a). The arched ceilings of the crescentic regions are probably inherited from the outline 

of pre-existed micritic laminations. In this scenario, the branched canals mentioned above may have 

provided a “weak point” in the buildups where the preferential erosion and corrosion started (e.g. Fig. 

4.7h). 

Compared with the coring part, the laminations in the outer part are much more intensively affected by 

water movement. They are strongly fragmented and even rounded (Fig. 4.5c; the upper-right part in 

Fig. 4.8a). Fractures are cemented by microspars. In the micritic fragments, the filamentous networks 
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and canals described above are either absent or badly preserved, except for a few exceptions (e.g. Fig. 

4.8e). Sometimes erosion can be strong enough to remove all the laminations in the outer part and 

reach the core of the column (Fig. 4.7d).  

Sediments among the columns are also characterized by alternating brighter and darker layers (Fig. 

4.5a). Some of these laminations probably originated from diagenetically altered autochthonous 

constructions (Fig. 4.5d). In this situation, the pale parts were formed in the same processes as those 

created the crescentic regions. However, more frequently, the inter-column spaces are filled by 

allochthonous deposites. The bright parts are grainstones with cements of anhedral to subhedral, equi- 

to inequigranular microspars. The predominant grains are brown micritic clasts, less frequent are 

larger fragments from local constructions and very rare are recrystallized fossil fragments (Fig. 4.7f). 

These microspars are obvious neomorphic products. Their precursors are hard to trace, but perhaps are 

allochthonous carbonate silts. Many of the 

brown clasts show elongated shape, 

resembling fecal pellets (Fig. 4.5e; Fig. 4.7f). 

However, the fragments washed down from 

the stromatolite columns are more possible 

to be the source of them, because erosional 

products of the filaments-baring micritic 

aggregations can show similar morphology 

to these grains (Fig. 4.8d), and phosphor 

concentration is very low in the samples 

(Table S4.1), contradicting the fecal pellet 

interpretation. The darker laminations 

represent denser accumulations of the brown 

grains, which are sometimes overlain by a 

Fig. 4.6 Elemental composition of the OS 
samples measured by LA-ICP-MS along lines 
inside of a column (a) and in the inter-column 
space (b). 
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layer of micritic peloids (Fig. 4.5e), indicating sediment fixation by microbial films. 

Identifiable fossils are not common in these samples. Except the aforementioned wrapped shells in the 

crescentic cavities and the recrystallized fragments embedded in microspars, another relatively 

frequent fossil type is some empty tubes (Fig. 4.8b–c). These tubes are around 20–50 µm thick and 

normally do not show the full length. Different from the anastomosing filaments within the micritic 

aggregations, the tubes have explicit walls and never branch or interconnect. They are commonly 

incorporated in the micritic aggregations, but can also appear in the allochthonous sediments. 

Additionally, there are some regularly round or elliptical hollow structures within and often near to the 

bottom of the micritic aggregations (Fig. 4.8d–e). They are not necessarily related to the branched 

canals which have more irregular transection and can extend parallel, oblique or vertical to the 

laminations (Fig. 4.7b, e, h). Some of these structures are possibly the space left by some kind of 

dwelling worms (e.g. Fig. 4.8d). 
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Fig. 4.7 a, c and d show erosion and corrosion in the columns. Hollow arrows point to synsedimentary breakage 
and fragmentation, the solid arrow marks the grading area between microspars and the remnant micrities. b, e 
and h show the branching canals within the automicritic aggregations along with the filamentous networks. e is a 
closer view of the rectangle in b. f, the allochthonous grains and microspar cements in the inter-column space. g, 
an automicritic aggregation containing hierarchical filaments. 
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Fig. 4.8 a, a crescentic region in the column, which contains wrapped brachiopod fossils and is partly filled by 
grains (arrow). The region in the rectangle is magnified in c. b, unidentified tubular fossils embedded in the 
automicrites, along with the filamentous network.c, a closer view of the rectangle in a. d, the round structures 
within an automicritic aggregation; they may have been left by dwelling organisms. e, a closer look at the 
microstructures in the outer part of the columns, modified from part of Fig. 4.5c. f–g, two forms of modern 
keratose skeletons from Lizard Island, stained by fuchsine. 
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4.4.3 LA-ICP-MS data 

Consistent with the lithological observations, the PB samples yield high Mg/Ca ratios which are 

generally over 0.5 (Fig. 4.2c, Table S4.1), while the Mg/Ca ratio of a stoichiometric dolomite is 0.6. 

Mn/Sr ratio is a commonly adopted indicator for the diagenetic alteration of carbonates. Though some 

authors suggested that Mn/Sr < 10 already indicates acceptable preservation quality of carbon isotope 

signals (Kaufman and Knoll 1995), the more strict value Mn/Sr < 2 is used by other authors to screen 

geochemical data (e.g. Korte et al. 2005; Guo et al. 2013). Among all the obtained Mn/Sr ratios from 

the PB samples, 7.0% of them are < 2, 21.6% are < 3 and 98.3% are < 10 (Fig. 4.2c, Table S4.1). 

However, the other lithological features of the rocks, including high porosity, pervasive stain of Fe-

Mn oxides and also the δ13C and δ18O values (see below), all indicate strong diagenetic overprint. The 

high strontium concentration of these rocks is probably controlled by the facies. The halite 

pseudomorphs indicate an evaporitic environment (Fig. 4.3f), while rocks precipitated in hypersaline 

environments are expected to be enriched in strontium (Veizer and Demovič 1974). Additionally, 

some of the pore cements show very high sulfur concentration decoupled with the enrichment of iron 

(Fig. 4.2b); this may originate from the relicts of evaporitic sulfates. Compared with the micritic 

aggregations, the greenish allochthonous sediments between the columns and domes are enriched in Si, 

Al and Fe, showing stonger affection of terrestrial inputs. 

Characterized by very low Mn/Sr (mostly < 0.5) and Mg/Ca ratios (mostly < 0.03) (Fig. 4.6; Table 

S4.1), the OS samples appear to be almost unaltered calcitic carbonates. Although apparent diagenetic 

features, such as erosion, corrosion and recrystallization, have been described above, these processes 

probably happened in syn-sedimentary stage, hence the geochemical signals were stabilized within the 

same fluid environment as the depositional one. No matter inside or outside of the “organ-pipe 

stromatolite” columns, the brighter part of the samples are generally richer in Si and Al (Fig. 4.6). This 

pattern is observed even within each single micritic clump or lamination (Fig. 4.6a). As described 

above, the bright regions are related to different intensities of neomorphism or recrystallization. 

Depositional clay minerals may have played a role in inducing or promoting these diagenetic 

processes (Longman 1977). 
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4.4.4 Carbon and oxygen isotopes 

The acquired isotope values were plotted on δ13C-δ18O diagrams with a few referential values of the 

contemporaneous sea water in the respective geological intervals (Fig. 4.2d; Fig. 4.5d; Table S4.2). 

The referential data for the PB samples are taken from Korte et al. (2005) based on bio- and 

lithostratigraphy. Meanwhile, the sea water carbon and oxygen isotope composition of the Upper 

Holkerian reported by Bruckschen and Veizer (1997) and Bruckschen et al. (1999) were selected as a 

reference for the OS data. 

Compared with the referential values, the PB samples show generally lighter carbon but heavier 

oxygen isotope composition, except the single plot representing the later cements, which is extremely 

light in both carbon and oxygen composition, indicating a diagenetic fluid depleted in both 13C and 18O 

(Fig. 4.2d). The generally low δ13C in the PB samples are probably derived from post-burial water-

rock interaction. However, although oxygen isotope is theoretically more sensitive to post-burial 

alteration (e.g. Marshall 1992), δ18O of the PB samples are still much heavier than the referential 

values. In evaporitic environments, the water column can be intensively enriched in 18O because of 

kinetic disequilibrium fractionation and this can be recorded by the precipitates. Therefore, the high 

δ18O values in the PB samples are congruent with the lithological observation and measured Mn/Sr 

ratios, indicating an evaporative sedimentary environment. But the evaporation was probably not quite 

intensive because the occurrence of evaporative mineral pseudomorphs is not very pervasive in the 

samples. 

Different from the Triassic samples, δ13C and δ18O of the Carboniferous materials fit well within the 

variation range of the Holkerian referential values (Fig. 4.5b). This indicates that the water column 

from which the OS materials precipitated had a good connection to the open ocean. 

Neither PB nor OS samples yield any significant clustering of δ13C and δ18O values among different 

carbonate sources like the micritic clumps with filamentous networks, microbial laminations and 

allochthonous carbonates, etc. 
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4.5 Discussion 

4.5.1 Sponge origin of the micritic aggregations 

The micritic clumps and laminations which contain filamentous networks were interpreted in different 

ways in previous studies. Bachmann (2002) suggested that the structures in the Triassic bioherms are 

similar to the relicts of hexactinellids as discussed in Hagdorn et al. (1999). However, according to our 

observation, the filamentous networks in the PB samples never show the symmetric characters of 

hexactinellid skeletons. Similar microstructure in the “organ-pipe stromatolites” were either 

considered as of “algal origin” (Murray and Wright 1971) or compared to the vermiform 

microstructure in the stromatolites described by Walter (1972) (Warnke 1996). 

Vermiform microstructure is known from several Neoproterozoic (Vendian) and Cambrian 

stromatolites (Walter 1972; Bertrand-Sarfati 1976). However, based on the literature that we could 

reach, the term “vermiform microstructure” seems have been used for microstructures of different 

appearances and origins. For example, the one in Acaciella angepena Preiss, 1972 was described as 

“irregularly tubular” and distributing “crossing the dark laminae” which are only 30–70 µm thick 

(Preiss 1972, p. 73). This microstructure was not very well-illustrated in the original figure plates of 

Preiss (1972), but it looks rather like fractures or degassing structures than filaments. On the contrary, 

the Middle to Late Cambrian stromatolite Madiganites mawsoni Walter, 1972 closely resembles the 

“organ-pipe stromatolites” in both meso- and microstructures, although the former has branching 

columns. M. mawsoni shows alternating pale and dark laminae of millimetric thickness; the dark 

laminae are composed of micrites and containing “vermiform structures”, while the pale ones are 

structureless and composed of large or small microspars; laminations are dark at top and pale at 

bottom and the vermiform filaments “parallel laminae borders for some distance” (Walter 1972, p. 

159). The origin of vermiform microstructure was not resolved (summarized in Bertrand-Sarfati 1976). 

Walter (1972, p.160) argued that they are similar to “Girvanella but lack the microgranular bundaries 

of that form”. 

In recent years, filamentous microstructures similar to those seen in the PB and OS samples and in M. 

mawsoni were also reported from Ordovician and Cambrian sponge-microbial bioherms. They were 
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interpreted by different authors as fossil lithistid sponges (Ordovician, Kwon et al. 2012), siliceous 

sponges (Middle Cambrian, Hong et al. 2012) and siliceous demosponges (Upper Cambrian, Lee et al. 

2014), respectively. 

Here we suggest that these anastomosing filamentous microstructures can be compared to the possible 

keratose sponge fossils described by Luo and Reitner (2014) because of the following reasons: 

 1) All fossils are preserved as microspar-cemented filamentous networks embedded in 

aggregations of homogeneous automicrites, or peloidal fabrics in worse preservation. This is 

congruent with the preservation of sponges in carbonates (e.g. Brachert 1991; Warnke 1995). During 

the decay of the soft tissue, microbial activity induces rapid precipitation of micrites, which moulds 

the morphology of skeletons before the original skeletal composition is dissolved and replaced by 

cements (e.g. Fritz 1958; Reitner et al. 1995a; Reitner and Schumann-Kindel 1997). It has been 

observed from fossil and modern examples that the organic skeleton of sponges can also be very 

durable in diagenesis (Ehrlich et al. 2013; the discussion in Luo and Reitner 2014). 

 2) The filaments do not show any sheaths like those Girvanella or other calcified 

cyanobacteria have. 

3) There are no features like spores or sporocarps which could lead to a fungal interpretation. 

 4) The filaments branch and connect to each other, forming an anastomosing network which 

fills up the micritic aggregation with a more or less consistent density but never extend beyond the 

aggregation. We did not know any algal or bacterial filaments growing and being preserved in this 

way. The typical growth patterns of many calcimicrobes are radical, dendritical and parallel to or 

encrust on each other (cf. Riding 1991a). In the PB samples, the filaments can form a clear border 

parallel to the margin of the clump (e.g. Fig. 4.3c–d), similar to the phenomenon described in Walter 

(1972) and illustrated in Lee et al. (2014) and Luo and Reitner (2014). This was compared to the self-

recognizing behavior of multicellular organisms by Luo and Reiter (2014). However, this phenomenon 

is not clearly observed from the OS samples, partly because of the intensive erosion and corrosion on 

the margins of the micritic laminations.  
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 5) Within the micritic clumps and among the filamentous networks, no proper spicules are 

observed. Lithistid sponges with heloclone and megaclone desmas are able to form skeletal 

frameworks with smooth, sinuous and filament-like elements as well. However, the sinuous filaments 

of high length/width ratios (e.g. Fig. 4.7e, g–h) seem hard to be achieved by heloclones, although the 

networks constructed by shorter filaments (e.g. Plate 1, Fig. 1–2 in Walter 1972; Fig. 4.3c) do 

resemble lithistid skeletons in some extent. Furthermore, zygomes and zygosis were not identified 

from these samples. Compared with skeletons of most fossil and extant lithistids (cf. lithistids-related 

chapters in Hooper and Van Soest 2002 and Kaesler 2004), the filaments illustrated here are thinner 

and their networks are more irregular. 

Therefore, without further contradictory evidences, the PB and OS fossils are regarded as keratose 

sponges here. The fossils in the PB buildups seem belong to a single morpho-type, while those in the 

OS materials are morphologically more diversified: at least some of them show clearly hierarchical 

skeletons (Fig. 4.7g) while others do not. The branching canals observed in the OS material (Fig. 4.7b, 

e, h) are interpreted here as water canals of sponges. Their irregular transection shapes and variable 

widths on branches look different from burrows (cf. Buatois and Mángano 2011).  

 

4.5.2 Construction of the columnar buildups 

The stromatolite-like bioconstructions in both the PB and OS materials were constructed in a very 

turbulent water body by sponge communities of low diversity and high abundance. An ecologically 

comparable example has been reported from the Pleistocene tidal-channels in Florida, where a single 

species of haplosclerid sponges flourished as opportunists in the developing tidal channels and each 

individual forms 1–2 m high barrel- to vase-shaped columns (Cunningham et al. 2007; Rigby and 

Cunningham 2007). The unfavorable environment may have prohibited competitors and predators. 

However, different from the Pleistocene example, the PB and OS buildups are constructed by 

superposed individuals of encrusting sponges. Encrustation is a strategy to withstand turbulent water 

other than increasing skeletal rigidity (Finks 2003). Besides, both PB and OS materials show bridging 

between vicinal columns or domes; this is not reported from the Pleistocene example. These bridging 
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layers seem have been rapidly lithified and then partly destroyed before the deposition of the overlying 

sediments (Fig. 4.2a; Fig. 4.5a), indicating cyclically changing deposition rate and water dynamic 

conditions.  

The variation of water dynamics and sediment influx may be the major factor controlling the 

construction of the OS buildups. Fig. 4.9 demonstrates a suggested model of the construction process, 

which consists of repeated cycles of sponge growth, burial and lithification, re-exposure and erosion 

and settlement of new generations. In a period with relatively low deposition rate, sponges could settle 

down and grow to a certain size (Fig. 4.9a). When deposition rate increased, the sponges were partly 

or completely buried. The buried tissue became dead and was then rapidly lithified due to the 

carbonate precipitation induced by anaerobic degradation (Fig. 4.9b). According to the observation on 

modern examples, lithification can happen to the buried part of a sponge even when the upper part is 

still living (e.g. Reitner 1993; Reitner et al. 1995a). In the burial period, if the current energy was high 

enough to prevent the deposition of finer sediments, the coarser pellet-like grains were accumulated 

and formed a “bridging” dark layer covering sponges and the spaces among them. Microbial films 

could be developed to stabilize these grains (Fig. 4.9f). In the next stage, when a stronger current came, 

the non- or weakly lithified sediments could be removed and the lithified sponges could be excavated 

and exposed to erosion (Fig. 4.9c). This phenomenon, that sponges are lithified while the surrounding 

sediments are still loose, is also known from modern Great Bahama Bank (Wiedenmayer 1978; 

Neuweiler and Burdige 2005). Lithification of these modern sponges starts at a few centimeters below 

the sediment surface. Re-exposure of the buried parts was directly observed. The superposing way of 

growth seen in the fossil buildups is still not attentively described from the modern sponges. However, 

it is conceivable. The fossil sponges lived as encrusting organisms and lack root-like structures or tufts, 

thus they seem to be adapted to hard substrate. Compared with the non-lithified sediments or the thin 

microbial mats, the re-exposed lithified sponge bodies could provide a more stable substrate for the 

larva to settle on.   
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The PB materials show a transition from microbe-dominated to sponge-dominated laminations. As the 

proportion of sponge increases, the laminations become more and more undulate and finally form the 

columnar or domal constructions. Reflected by the synsedimentary erosion and fragmentation (Fig. 

4.2a–b), the construction of the PB buildups were possibly also accompanied by burial-excavation 

cycles. However, different from the situation in the OS material, breakages and other erosional 

structures are not so prominent in the PB columns or domes: many micritic clumps have smooth 

margins (Fig. 4.3b; Fig. 4.4). Boundaries between superposing clumps are not defined by erosional 

Fig. 4.9 Hypothesized model on the 
construction of the “organ-pipe 
stromatolites”, demonstrated by three 
example burial-exposure cycles. Each of 
these cycles starts with the settlement of a 
generation of sponges. a, first generation of 
sponges grow on the substrate. b, after a 
period of growth, sponges are buried and 
lithified. c, lithified sponges are excavated by 
agitated water and eroded; the second 
generation of sponges settles down. d, 
growth, burial and lithification of the second 
genertation of sponges. e, Re-exposure of the 
lithified sponges; erosion creates cavities in 
the lithified part; the third generation settles 
on and grows. f, the third generation of 
sponges are buried and lithified again; 
bridging layers may form in the turbulent 
water. g, increased water energy destroys the 
bridges between columns and even eroded 
and expanded the non-cemented cavities 
within the columns; settlement of the fourth 
generation of sponges. h, the burial-exposure 
cycles repeat until the final burial of the 
columns. 
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surfaces or crescentic cavities, but by some laminae which look brighter in reflected light and show 

densely packed micrites in thin section (Fig. 4.2a–b; Fig. 4.3b; Fig. 4.4). These laminae are perhaps of 

microbial origin. Probably, beside of burial, fluctuation of salinity played a more important role in 

driving the local accretion cycles. Sponges can survive in a wide range of salinities (e.g. Barnes 1999) 

with an upper limit up to 40‰ or even higher (e.g. Leamon and Fell 1990). Growth of the fossil 

sponges may have ceased from time to time due to extreme salinities. Decay of sponge tissue may 

have provided loci for the precipitation of micrites from the oversaturated water. In the periods of 

extreme salinity, only micribes could survive. Repeat of the cyclic salinity variation and the piling up 

of allochthonous sediments are probably the causes of the PB stromatolite-like buildups. 

Water canals are not identified within the Triassic sponge fossils, although some fenestral structures 

(e.g. the lower part of Fig. 4.3b) may represent suspicious ones. This can be simply because water 

canals were not so developed in these sponges, especially considering their smaller size. Even when 

checking the skeletons of modern keratose sponges, water canals can be either obvious or not (Fig. 

4.8f–g). An alternative possibility is that the fossil sponges have undergone tissue regression before 

death; this is a common reaction of modern sponges to unfavorable salinity (e.g. Leamon and Fell 

1990). 

 

4.6 Conclusion and implications 

The observations and discussions above lead to the conclusion that sponges, specifically the possible 

keratose sponges interpreted here, can construct stromatolite-like buildups. This result forms a mirror 

image to the study of Lee et al. (2014), which revealed that sponges of this type can be builders of the 

“maze-like microbialites” or the previously considered thrombolites. The popular definition of the 

term “stromatolite” is “laminated benthic microbial deposits” (Riding 1991b, p. 30). The buildups 

discussed here obviously meet the criteria “laminated” and “benthic”. They even meet the last criterion 

“microbial” in some extent, because the preservation of these sponges is related to the micritization 

induced by microbial activities during decay. The inorganic geochemical data of the micrites within 

sponge-related clumps and of those in microbial laminations do not show recognizable differences. 
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These realities indicate a possibility that some of the Precambrian early animals may also be preserved 

in such structures which are similar to microbial products in both morphology and inorganic 

geochemistry. Bearing this consideration in mind, hopefully the future paleontological investigations 

of Precambrian materials will result in new discoveries and understandings. 
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Table S4.1 Elemental concentrations along Line 2 (OS), Line 3 (OS) and Line 5 (PB), measured using 
LA-ICP-MS. 

Table S4.2 Carbon and oxygen isotope data from PB and OS samples, together with the referential data 
from literature. 
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- Chapter 5 - 

Secular occurrences of keratose sponge fossils 

 

5.1 Introduction 

As discussed in chapters 3 and 4, the organic skeleton of keratose sponges (sensu Minchin 1900) has 

the potential to be fossilized. Before the work of Luo and Reitner (2014), few occurrences of fossil 

keratose sponges have been reported, but only the Middle Cambrian taxon Vauxia Walcott, 1920 was 

widely acknowledged (Rigby 1986; Rigby and Collins 2004; Ehrlich et al. 2013). During this doctoral 

study, I encountered quite a few carbonate fossil materials in publications and collections which could 

also be assigned to keratose sponges according to the criteria stated in chapters 3 and 4, although they 

were not diagnosed in this way previously. All of these occurrences are piled together in this chapter, 

along with a few specimens which may represent Myxospongida (demosponges without any form of 

skeleton; sensu Minchin 1900; see 3.1). Many of these fossils are unpublished and still in the initial 

stages of investigation. It may require years of work to establish a comprehensive understanding on 

their paleobiology. Therefore, this chapter does not aim to provide such a deep understanding of them, 

but just: 1) to show the continuous occurrence and diversity of keratose sponges in geological record; 

2) to underpin the keratose affinity of these fossils by distinguishing them from other co-occurring and 

morphologically similar fossils; 3) to figure out the most explicit common features shared by keratose 

sponge fossils by comparing them with each other; 4) to raise questions for future study. 

The overall chronological distribution of these fossils is shown in Fig. 5.1 and the relevant details of 

each occurrence are given in 5.2. At the end of this chapter, all the information will be summarized 

and discussed (5.3).  

All the unpublished fossil materials illustrated and discussed in this chapter are from the collection of 

Prof. Dr. Joachim Reitner. They are now deposited in the Department of Geobiology, Center of 

Geosciences of the University of Göttingen. Thin sections were studied using a Zeiss SteREO 
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Fig. 5.1 Distribution of proposed non-spicular sponge fossils in geological 
history. Black circles, keratose sponge fossils; gray circles, myxospongid 
fossils; half-filled circles, specimens interpreted with lower assurance. 
Roman numbers correspond to the order of descriptions in 5.2. Italic 
roman numbers indicate data from literature. 

Discovery.V8 microscope. Photographs were taken using the AxioCam MRc 5-megapixel camera 

combined with this microscope. 

 

5.2 Description 

Most of the following fossils, except II, part of X, XVI and XVII, 

are recognized as keratose sponges preserved in carbonate facies 

basically according to the features which have been concluded in 

4.5.1. Those are (with minor modification): 1) all of them are 

preserved as automicritic clumps with moulded filamentous 

structures which are cemented by microspars; 2) the filaments form 

an anastomosing network which fills up the micritic aggregation 

with a more or less consistent density but never extends beyond the 

aggregation; 3) the filaments are not associated with spicules, 

sheaths, spores or sporocarps, which may lead to other biological 

interpretations. In the following descriptions, these characters will 

not be repeatedly emphasized. Rather, more attention will be paid to 

the unique features of each example. 

 
I. Middle Eocene; Boltaña, Spain (Fig. 5.2) 

The rock material exhibits deep fore-reef mud mound facies but is 

now preserved in debris flows (Reitner and Keupp 1991). The 

recognized keratose sponge fossils are preserved as small micritic 

clumps occupying the cryptic spaces in the rigid frames which are 
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formed by skeletal clasts and lithified deposits. These specimens can be preserved in a position as 

geopetal fillings in small cavities (e.g. Fig. 5.2c), or filling up the remaining spaces above other 

geopetal sediments (Fig. 5.2a–b). Nearly every observed specimen has a filamentous ring at the edge 

of the micritic clump. Filament thickness in some of the fossils is around 15–20 µm, while that in the 

others can reach 30 µm. However, within each individual, the filaments do not show obvious size 

hierarchies. These sponges do not seem to be very pervasive in the investigated samples, but this can 

be a phenomenon caused by poor preservation as well (e.g. Fig. 5.2d). 

 

Fig. 5.2 Fossils from the Middle Eocene, Botaña, Spain. 

 

Other samples from the same locality, but probably not the same facies, present a different reef 

consortium which is dominated by lithistids. Keratose sponges are absent in these samples. The 

skeletal frame of some lithistid sponges can resemble those of some keratose sponges to some extent 

(Fig. 5.3; cf. Fig. 4.3). However, zygomes and zygoses are conspicuous in most lithistid skeletons. 

They are recognizable even in the relatively worse preserved individuals (Fig. 5.3f). Besides, because 
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of the rigid skeletons, lithistid sponges are often reef builders and tend to maintain their own shape 

during growth, while the keratose sponges described above adapted their shape to the living spaces. 

 

Fig. 5.3 Lithistid sponges from the Middle Eocene, Botaña. Areas in rectangles in a and c are magnified in b and 
d, respectively. Arrows are showing the preserved zygoses. e and f show a same type of lithistid sponge 
preserved in different qualities. 
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II. Lower Cretaceous (Upper Albian); Araya, Spain (Fig. 5.4a–b) 

Different from most of the other non-spicular sponges described in this dissertation, this specimen 

does not show any skeletal elements. In thin section, it consists of a brownish central part surrounded 

by a belt of meandering structures which are c.a. 80–120 µm in diameter and cemented by brighter 

calcite crystals (Fig. 5.4a). The central part is composed of allochthonous sediments which are 

distinctly different from the automicrites surrounding the meandering structures (Fig. 5.4a–b). The 

preservation of this specimen is comparable with that of a hexactinellid fossil in the same thin section 

(Fig. 5.4c–d). 

The hexactinellid fossil has a central area partly-filled by brownish, geopetal wackestone. This area is 

surrounded by skeletal frames and obviously represents the spongocoel of this sponge (Fig. 5.4c). This 

is quite similar to the situation of the non-skeletal sponge. Both fossil organisms seem have had a 

bucket- or vase- shaped body, which lay down after death. Lithification of the soft tissue probably 

happened very early, because the hexactinellid skeletal structure is well preserved. The 

synsedimentary fractures and related micritic geopetal fillings in the hexactinellid fossil indicate that 

this specimen was already rigid before the deposits were finally stabilized (Fig. 5.4c–d). The same 

micritic geopetal deposits also partly filled the meandering structures in the non-skeletal fossil, 

indicating that these structures were originally empty spaces (Fig. 5.4a–b). In contrast, hexactinellid 

skeletons kept their original shape when buried in similar deposits (Fig. 5.4d). 

Based on this comparison, the brownish central part of the non-skeletal specimen is interpreted here as 

a filled spongocoel, and the meandering structures as branches of the sponge aquiferous system. If this 

interpretation is correct, this non-spicular specimen may be comparable with Halisarca, a modern 

sponge devoid of any form of skeletons (myxospongid). The meandering voids in the fossil material 

are indeed similar to the long, tubular and branching choanocyte chambers of this organism (Bergquist 

and de Cook 2002; Ereskovsky et al. 2011; cf. Fig. 4 of the latter reference). 

This type of non-skeletal fossil is very rare in rock samples. The one described here is the single 

specimen seen so far. 
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Fig. 5.4 A proposed myxospongid (a–b) and a hexactinellid (c–d) fossil from the Albian of Araya, Spain. Areas 
in rectangles in a and c are magnified in b and d respectively. 

 

III. Late Jurassic (Lower Kimmeridgian); Langenberg, Germany 

From the Jurassic lagoonal patch reefs from the Langenberg hill, probable keratose sponge fossils 

were illustrated by Reitner (1994, Plate 2, Fig. 6–7; Plate 4, Fig. 5–6, 8), although they were 

interpreted as endolithic mycelia at that time. These patch reefs were mainly constructed by the oyster 

Nanogyra nana. Various sorts of sponges lived in the cryptic spaces among the reef frames, including 

a dominant number of the geodiid Rhaxella sorbyana, the boring sponge Aka, some axinellids and 

calcareous sponges (Delecat et al. 2001). The proposed keratose sponge fossils show preservation and 

ecological behavior similar to the other sponges but different from fungi. The existence of fungi was 

recorded as perforations in the oyster shells (Plate 40, Fig. 8 in Delecat et al. 2001). 
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These keratose sponges are similar to those described in V (see below) in dwelling in oyster shell 

facies. However, the abundance of the Jurassic keratose sponges in reefs seems to be much lower than 

that of their Triassic analogues. 

 

IV. Middle Triassic (Ladinian); Erfurt Formation, Lower Keuper; Kulmbach/Bayreuth, Germany 

(see chapter 4) 

 

V. Middle Triassic; Upper Muschelkalk Placunopsis reefs; Germany (Fig. 5.5a–d) 

In the Placunopsis reefs, shells are densely packed and the interspaces are intensively compartmented. 

These restricted spaces can promote anaerobic decay of the liable soft tissue, benefit the rise of 

carbonate alkalinity in the microenvironment, and thus provide a better chemical condition for the 

fossilization of sponges (cf. Delecat 2001). The keratose sponge fossils are generally very well 

preserved. But some individuals exhibit the coexistance of two preservation qualities: the filaments-

bearing micritic clump and structureless peloidal fabric grade into each other (Fig. 5.5b). In addition, 

the remnants of the older generation can be disturbed by newer generations (e.g. the hollow arrow in 

Fig. 5.5a). 

Biodiversity in these reefs is very low. The non-spicular sponges are nearly the only fossil type beside 

of the Placunopsis shells. Some of the sponge fossils show possible hierarchical differentiation in 

skeletons (e.g. Fig. 5.5c), while the others do not (e.g. Fig. 5.5a). The thickness of (primary) skeletal 

filaments varies among individuals. For example, the filaments in Fig. 5.5a are around 60 µm in 

diameter, while those in Fig. 5.5d are about only 40–45 µm wide. The branching pattern and the 

manner of soft deformation of the fossil skeletal filaments are comparable with those of modern 

keratose sponges (e.g. Fig. 5.5h). Aquiferous systems are not well presented in these fossils, whereas 

the hollow arrows in Fig. 5c–d indicate two possible examples. 
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Fig. 5.5 Suggested keratose sponge fossils from the Middle Triassic Placunopsis reefs (a–d) and crinoid reef (e–
g). h shows the skeleton of a modern dictyoceratid sponge from Lizard Island. Solid arrows indicate probable 
secondary skeletal fibers; the hollow arrow in a shows a new generation of sponge disturbing the remains of the 
older generation; hollow arrow in c and d point to possible aquiferous canals. 



Chapter 5 

106 

 
VI. Middle Triassic; Muschelkalk crinoid reef; SW Germany (Fig. 5.5e–g) 

Like III and V, the preservation of these fossils is also related to closed or semi-closed spaces in shell 

facies. Keratose sponges were well preserved only within relatively complete bivalve shells (Fig. 5.5e). 

These sponges may have acted as stabilizer of deposited shells (e.g. Fig. 5.5f), but this behavior is not 

pervasively recorded due to the preservation bias. Some specimens show possible hierarchical 

differentiation in skeletons (Fig. 5.5f), while the others do not (Fig. 5.5g). 

 

VII. Middle Triassic (Anisian); Middle Muschelkalk Diplopora Beds; Libiąż, Poland 

(see chapter 3) 

 

VIII. Permian-Triassic boundary; Iran (Fig. 5.6) 

Sponges demonstrated in Fig 5.6a–c and e–f are from the lowermost Triassic (personal communication 

with Dr. Sylvain Richoz, University of Graz). They grew as lenticular clumps between layers of 

ostracod-containing wackestones. The filaments show clear branching pattern similar to that of some 

modern keratose sponges (cf. Fig. 5.5h). However, the thickness of each single filament changes 

rapidly within very small scale (Fig. 5.6b–c). It is unknown whether this is a primary biological 

feature or a product of special taphonomical processes. This feature also makes it difficult to judge 

whether the skeletons were hierarchical or not according to the thickness of skeletal filaments. To 

better understand the architecture of these skeletal networks, a 3-D reconstruction will be necessary. 

The maximum width of these filaments also varies among individuals, e.g. from about 50–60 µm in 

the one shown in Fig. 5.6a to about 60–80 µm in the one shown in Fig. 5.6f. 

The fossils presented in Fig. 5.6d and g are from the post-extinction Permian (personal communication 

with Dr. Sylvain Richoz, University of Graz). They stabilized themselves by encrusting on hard 

substrates and occupying cryptic spaces. Filaments of these fossils are probably hierarchical (Fig. 

5.6g). Possible aquiferous canals are preserved with geopetal sediments. 
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Fig. 5.6 Fossils from the Permian-Triassic boundary, Iran. Areas in the smaller and larger rectangles in a are 
magnified in b and e, respectively. Arrows point to the trifurcated junctions as well as the rapid change of 
filament thickness (in b and c) in the skeletal networks. 
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IX. Visean; Clifton Down Limestone; Bristol, UK  

(see chapter 4) 

 

X. Late Devonian (Frasnian); Bären Felsen mud mound; Rübeland, Germany (Albrecht 1997; Reitner 

2013) 

The Bären Felsen mud mound represents the late development stage (terminal cap stage) of a 

Givetian/Frasnian reef complex (Weller 1991). In this facies, identifiable body fossils are rare except 

some Renalcis and hexactinellids (Reitner 2013). 

There are two types of possible non-spicular sponge fossils. The first type is filamentous structures 

with identical morphology of the proposed keratose sponge fossils. Though these fossils are preserved 

in the same way as the hexactinellids in the same locality (Fig. 3 and Fig. 11 in Albrecht 1997), they 

were described as fungal mycelia at that time, following the interpretation of Reitner (1994) (Albrecht 

1997, p. 70–71). 

The second type is some meandering canals with a width of about 200–300 µm (can reach 400 µm as 

well) observed in one of the micritic clumps (Fig. 5.7a–b). These canals are not as organized as those 

described in II, but are also similar to the aquiferous system of modern Halisarca (Ereskovsky et al. 

2011) and the interpreted water canals in IX. The irregular margins of the canals and their frequent 

trifurcated junction (not randomly joined or overlapped) reduce the possibility that they are burrows or 

degassing/dewatering structures. Up to now only one specimen of this type has been observed. 

 

XI. Middle Devonian (Givetian); Membre du Griset, Blacourt Formation; Boulonnais, France 

(see chapter 3) 



Secular Occurrence of Keratose Sponge Fossils 

109 

 
Fig. 5.7 a–b a possible myxospongid fossil from the Frasnian of Rübeland, Germany. c–f proposed keratose 
sponge fossils from the Middle Devonian Hollard Mound, Morocco. The area in the rectangle in c is magnified 
in d. 

 

XII. Middle Devonian (Efelian–Givetian); Hollard Mound, Morocco (Fig. 5.7c–f) 

These fossils are preserved in the mud mounds related to hydrocarbon vents (Peckmann et al. 1999). 

Filamentous structures related to keratose sponge skeletons occur massively (Fig. 5.7c). The overall 

outline of these sponges was not clear in thin section, because the preservation gets worse towards the 
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edge of the fossils and the skeletal networks gradually grade into microsparic or micritic matrix. 

However, in the massive fossil area, some clumps are darker than the ambient fabrics and the 

filaments inside of them do not connect to those outside (Fig. 5.7e), possibly representing different 

individuals. Like the other examples described above, filaments of these fossils also line up the 

boundary where the sponge body contacts hard substrates (Fig. 5.7e–f). The filaments are non-

hierarchical (Fig. 5.7d) and are averagely around 50–60 µm in diameter. Structures related to 

aquiferous systems are not identified.  

 

XIII. Late Ordovician (Late Katian); Xiazhen Formation; SE China (described in Kwon et al. 2012) 

The filamentous networks preserved in dark, pyrite-containing micrites were interpreted as fossils of 

“siliceous sponges” in the original paper. These sponges contributed to the construction of the shallow 

marine patch reefs by encrusting on tetradiids, the frame builders. The sponge fossils do not show a 

distinct outline, but their original volumes can be inferred from the delineation of the filamentous 

networks or the related peloidal fabrics. Filaments also line up the boundaries between sponge bodies 

and tetradiids (Fig. 3A in Kwon et al. 2012). The exact size of the filaments was not provided. 

 

XIV. Late Cambrian (Furongian); Chaomidian Formation; Shandong Province, China (described in 

Lee et al. 2014) 

Beside of microstromatolites and calcimicrobes, keratose sponges are one of the major components of 

the reported maze-like (maceriate) bioconstructions which were built in low relief on a storm-

dominated, shallow carbonate platform. Similar to XIII, these sponge fossils were originally described 

as “siliceous sponges”. The skeletal filaments are ~20–60 μm wide. According to the original 

description and illustration, the skeletal networks are non-hierarchical. Some of these fossils adapt 

their outline to the surrounding frames (Fig. 6C and Fig. 7A–E in Lee et al. 2014), while the others 

maintain a certain shape (Fig. 7F in Lee et al. 2014). Sponges of the former shape form an explicit 
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filamentous ring on the edge of the micritic clump. Probable aquiferous canals are preserved in some 

of these fossils and are partly or fully filled by micritic sediments (e.g. Fig. 7B, E–F in Lee et al. 2014). 

 

XV. Middle Cambrian (Drumian); Daegi Formation; South Korea (described in Hong et al. 2012) 

The fossil structures probably representing keratose sponges were again diagnosed as “siliceous 

sponges”. These fossils are irregular in shape and grew together with Epiphyton in an interlaced 

pattern. The skeletal filaments are 60–70 μm in diameter, and are worse preserved when the micritic 

aggregations grade into peloidal fabrics. Because these sponges seem have provided encrusting sites 

for calcimicrobes, they were interpreted by the authors as the main constructors of the shallow marine 

buildups. In these buildups, a minor population of possible lithistid sponges and scattered spicules of 

other siliceous sponges are also preserved. 

Fig. 5.8 Fossil material from the Cambrian stage 3–4, York Peninsula, Australia. a–c a possible myxospongid 

fossil. c is magnified from a part of a. d skeletal fossils in the bioclastic wackestone where the sponges encrust 
on. The arrow in a indicates the level where almost all the canals become completely filled by sediments. 
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XVI. Cambrian Stage 5; Burgess Shale; British Columbia, Canada 

The family Vauxiidae Walcott, 1920 and its single established genus Vauxia Walcott, 1920 were 

initially ascribed to Hexactinellida, then to lithistid demosponges (Rigby 1980) and were finally 

settled in order Verongiida Bergquist, 1978 (Rigby 1986). This taxonomic resolution has been recently 

confirmed by the work of Ehrlich et al. (2013), who found less altered skeletal fibers composed of 

chitin in this type of fossils from Burgess Shale. Hitherto, more fossils diagnosed as Vauxiidae or 

Vauxia have been reported from various localities and stratigraphic levels, e.g. the Middle Cambrian 

Kaili Biota of China (Zhao et al. 2011), the Middle Cambrian of Utah (Rigby 1980; Rigby et al. 2010) 

and the Silurian of Scotland (Botting 2007). 

Compared with the other keratose sponge fossils described in this dissertation, Vauxia is more 

organized in morphology. They have a branched or unbranched, conical to cylindrical body which is 

supported by a double layered skeleton network. The network shows regular polygonal meshes. The 

diameter of the skeletal fibers varies in the range of 20–50 μm according to different species. 

 

XVII. Early Cambrian (Stage 3–4, Botomian); Parara Limestone; York Peninsula Australia (Fig. 5.8) 

This is a single specimen identified by Tucker (1989) as a sponge fossil from the Parara Limestone 

which was correlated to the Botomian in Siberia (Alexander et al. 2001). The elongated, microspar-

cemented voids were regarded as spicules. However, these structures are partly filled by micritic 

sediments; especially when approaching upward to the erosional surface, their outline is increasingly 

blurred by the infilled micrites (Fig. 5.8a–c). This is different from the normal preservation of 

skeletons (see the discussion of II; cf. Fig. 5.6g and Fig. 5.8d). In addition, the width of branches is 

around 110–140 μm, much larger than that of the skeletal filaments described anywhere else in this 

dissertation, but close to the size magnitude of aquiferous canals. In addition, the distribution and 

branching pattern of these structures seem also too well organized to be of bioturbation origin. 

Therefore, here I temporarily interpret these branching structures in the same way as II and X, as 

sponge aquiferous canals. To confirm this diagnosis, it is necessary to check more samples and to 
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reconstruct their architecture in 3-D. These plausible sponges grew by encrusting on the eroded hard 

surfaces (Fig. 5.8a–b). 

 
Fig. 5.9 Fossils from the Tommotian, Siberia. 

 

XVIII. Cambrian Stage 2 (Tommotian); Siberia (Fig. 5.9a–c, e) 

The suggested keratose sponges are found as cryptic dwellers in the frame constructed by Epiphyton 

and archaeocyaths (Fig. 5.9a–c). In addition, they seem have utilized abandoned shells as living spaces 
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as well (Fig. 5.9e), although this phenomenon is only observed from few allochthonous clasts. The 

latter ecological strategy and the mode of preservation are comparable with those of some 

contemporaneous hexactinellids (Fig. 5.9f). Diameters of the filaments in keratose sponge fossils 

mostly fall in the range of 60–90 μm. Similar to the behaviour of the other cryptic analogues described 

above, these Cambrian fossils also show an obvious filamentous ring near to the margin of the micritic 

body. 

It is interesting to see that some archaeocyaths also exhibit skeletal structures looking like 

anastomosing filamentous networks in thin section (Fig. 5.9b, d). But it is easy to distinguish the 

suggested keratose sponge fossils from most archaeocyaths by their different preservation: the 

skeletons of the latter are composed of micrites while the inner spaces are cemented by larger calcite 

crystals (Fig. 5.9b). However, this criterion becomes questionable on those specimens like the one 

shown in Fig. 5.9d. Here I adopt a conservative attitude and regard this specimen as a diagenetically 

altered archaeocyath according to its regular shape. 

 

5.3 Summary 

The data demonstrated above support a secular distribution of keratose sponge fossils through the 

whole Phanerozoic. Myxospongids may also have been preserved in the fossil record (II, X and XVII), 

but these records need further confirmation. Carbonate rocks related to rapid micrite precipitation have 

the potential to preserve the morphological features of sponge organic skeletons and aquiferous 

systems three-dimensionally, therefore can provide a valuable taphonomical window to peek at the 

historical abundance and diversity of non-biomineralized sponges. 

Most of the listed keratose sponge fossils are found in cryptic spaces of rigid frames. Many of them 

adapted their body to the shape of the living space and secreted skeletal fibers at the boundary where 

the body meets the hard substrate. It is also shown that that some of these fossils could have a part 

above the rock surface (e.g. Fig. 5.6d). The second type of life style demonstrated above is to encrust 

on exposed and consolidated surface (e.g. VII, IX, XVII). This surface can be formed by previously 

fossilized sponges or lithified sediments. Besides, some fossil keratose spognes developed a certain 
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body shape (e.g. conical, cylindrical) and grew erectly above the sea floor or in other environments 

with sufficient space (e.g. II, part of XIV, XVI). However, it is possible that these fossils represent 

only the overground part of the “cryptic” ones. 

These ecological behaviours are comparable with those of modern keratose and myxospongid 

demosponges. Many of these non-biomineralized sponges need to fix themselves on hard substrates. 

Also, a rich biodiversity of them is known hosted by marine caves (Manconi et al. 2013). Although I 

did not find a report emphasizing the endobenthic nature of modern keratose sponges or 

myxospongids, this life style is known from other demosponges (e.g. Reitner and Keupp 1991).  

The skeletal networks in the described fossils are simple in morphology. But they do show some 

extent of diversity by demonstrating e.g. hierarchical or non-hierarchical architectures, different 

magnitudes of filament size and various shapes of meshes. It will be another task to classify these 

fossils and compare them with modern taxa and other fossils (e.g. some archaeocyaths). 3-D 

reconstructions will be very useful for this purpose. But the related techniques need to be improved 

and routinized for carbonate materials first. 
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- Chapter 6 - 

Implication of microstructures of the Precambrian carbonate microbialites 

 

6.1 Introduction 

According to the theories introduced in Chapter 1, the Precambrian ancestral animals perhaps 

possessed a simple body plan and had close ecological relation to microbial mats. The study in 

Chapter 4 has shown that bioconstructions of some keratose sponges can be similar to microbial 

buildups in macroscopic morphology. Therefore, it is expected that a careful study of the Precambrian 

microbialites may yield some new discoveries about early animals. Microbialites are 

“organosedimentary deposits that have accreted as a result of a benthic microbial community trapping 

and binding detrital sediment and/or forming the locus of mineral precipitation” (Burne and Moore 

1987, p. 241–242; Riding 2011). These microbial-induced deposits can be formed in both siliciclastic 

and carbonate facies. In the study of carbonate microbialites, a routine has been developed and widely 

adopted to describe a microbialite in four scales: “megastructure”, “macrostructure”, “mesostructure” 

and “microstructure” (Grey 1989; Shapiro and Awramik 2000; Shapiro 2000). Definitions of these 

scales are listed in Table 6.1. The most popular classification of carbonate microbialites, i.e. 

stromatolites, thrombolites, dendrolites and leiolites, is mainly based on different mesostructures 

(Riding 2000; Shapiro 2000; Table 6.1). However, to investigate the biological composition of a 

carbonate buildup, microstructures appear to be more important (details discussed in 6.2–6.3). 

My study on microbialite microstructures is just in beginning, but a few interesting structures have 

already been observed from Neoproterozoic microbialites. They are described and preliminarily 

discussed in 6.4 and 6.5. Before that, two sections (6.2–6.3) are dedicated to a brief review of our 

current understanding on Precambrian carbonate microbialites, especially their microstructures. 
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Table 6.1 The four scales used in microbialite description, according to Grey (1989), Shapiro and 
Awramik (2000) and Shapiro (2000). 

 

6.2 Dendrolites, Leiolites and Thrombolites 

Dendrolites are typically formed by calcimicrobes and occurred massively in the Cambrian, the Early 

Ordovician and the Late Devonian (Riding 2000). Only few plausible occurrences of them are known 

from the Precambrian, such as the one identified from the Mesoproterozoic Wumishan Formation (Shi 

et al. 2008) and the “dendriform” microbialites from the Early Neoproterozoic Little Dal Group (e.g. 

Aitken 1989; Turner et al, 1993). 

Leiolite was defined as “microbial deposit with structureless macrofabric” (Braga et al. 1995, p. 347). 

Since this term was introduced parallel to stromatolites and thrombolites because the corresponding 

microbialites “appear structureless in hand-specimen” (Braga et al. 1995, p. 348), the word 

“macrofabric” in the original definition should have an equal meaning to “mesostructure”. Leiolites 

seem to be less common than the other types of carbonate microbialites in geological record, but this 

can be because the samples were preferentially labeled in other ways, such as “mud mounds” or 

“stromatolites” based on weak laminations (discussed in Riding 2000; Chen and Lee 2014). 

Thrombolites are “cryptalgal structures related to stromatolites, but lacking lamination and 

characterized by a macroscopic clotted fabric” (Aitken 1967, p. 1164). The expression “macroscopic 

clotted fabric” was ambiguously applied to both macro- and mesostructures in the beginning, but was 

later constrained to describe mesostructures only (“mesoclots”, Kennard and James 1986; Shapiro 

Term Definition Examples 

Megastructure 
Large scale features of the microbialite bed, 
kilometric to metric scale 

Biostrome, bioherm 

Macrostructure 
Shape of the microbialite bodies, in dimensions 
of tens of centimeters to meters 

Columns, domes, stratiform, etc. 

Mesostructure 
Internal structure of the microbialites which are 
visible to naked eyes 

Laminated (stromatolites), clotted 
(thrombolites), dendritic (dendrolites), 
structureless (leiolite) 

Microstructure Microscopic fabrics 
Cements, crystal forms, microbial 
constituents 
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2000). In the geological history, thrombolites did not become abundant until the Neoproterozoic (e.g. 

reviewed in Shapiro 2004; Tang et al. 2013). The known earlier occurrences are from the 

Paleoproterozoic Rocknest Formation, Canada (1.9 Ga, Kah and Grotzinger 1992) and the 

Mesoproterozoic Wumishan Formation, North China (1.5–1.45 Ga, Tang et al. 2013). Compared with 

the Neoproterozoic thrombolites, e.g. those from the Little Dal Group, Mackenzie Mountains (Aitken 

and Narbonne 1989; Turner et al. 1993; Turner et al. 2000) (1080–780 Ma, Batten et al. 2004), the 

Beck Spring Dolomite, southern California (1080–750 Ma, Harwood and Sumner 2011), the Deep 

Spring Formation, Nevada (end Proterozoic, Oliver and Rawland 2002) and the Nama Group, Namibia 

(550–543 Ma, Grotzinger et al. 2000, 2005), the Paleo- and Mesoproterozoic clots seem to contain a 

larger proportion of crystal crusts surrounding minor organic-rich micrites. 

This distribution of thrombolites in geological record is considered by many researchers as a response 

to historical global environmental changes. However, formation of the clotted mesostructure can be 

attributed not only to fossilization of microbial communities (e.g. Kennard and James 1986) or 

biological activities (e.g. perturbation of foraminifera, Bernhard et al. 2013), but also to the sea-level 

controlled changes of mat consortia (e.g. Feldmann and McKenzie 1998) or only the variation of 

sedimentation rates (Castro-Contreras et al. 2013). These various opinions on thrombolite formation 

are probably rooted in different understandings on the nature of “clots”. As listed in Shapiro (2000) 

and Riding (2011), the clotted mesostructures in thrombolites can be calcimicrobe aggregations, clots 

with peloidal fabrics, diffused patches of trapped sands or secondarily enhanced clots, etc. In this 

situation, to study these microbialites on the microstructure level may help to sort out different types 

of thrombolites according to their provenances and then provide a better basis to discuss the geological 

history of each of them. 

Fig. 6.1 Distribution of microbialites in the Precambrian. The International stratigraphic scheme, carbon 
isotope and evaluated historical oxygen level are after the references cited in Fig. 1.3. In the column of 
“stromatolite diversity”, each line and its correspondent reference are marked with the same colour. 
Stratigraphic correlation of the data from Cao (1992) is based on Du et al. (2010), Gao et al. (2011) and Xiao 
et al. (2014). The correlation of the Siberia stratigraphic scheme is based on Khudoley et al. (2007). 
Abbreviations: CC, Changcheng System; HT, Hutuo Group; JX, Jixian System; LN, Liaonan System; V, 
Vendian.  
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6.3 Stromatolites—current understanding on the diversity and secular changes of their 

microstructures 

Stromatolite is probably the most abundant and intensively-studied type of Precambrian carbonate 

microbialite. The term “Stromatolith” was first coined by Kalkowsky (1908), emphasizing the 

laminated and biogenic nature of these rocks. Thereafter, many modifications were proposed for the 

definition (reviewed in Rinding 2011). Now the most commonly adopted version is “laminated benthic 

microbial deposits” (Riding 1991) (e.g. Rinding 2011; Chen et al. 2014). However, conventionally, 

stromatolites are expected to be a structure which can be differentiated from those flat, 2-D extending 

microbial laminates. In this regard, the morphological definition from Semikhatov et al. (1979) has its 

advantage, it says: “stromatolites are laminated, lithified, sedimentary growth structures that accrete 

away from a point or limited surface of attachment”. This definition was also preferred by some 

researchers (e.g. Grotzinger and Knoll 1999). The stromatolites discussed in this chapter are regarded 

as the intersection of the two definitions, although because of the scope of this dissertation, detailed 

arguments cannot be provided for the biological origin of each of them. 

Stromatolites were first recorded in Archean cherts (e.g. Walter 1980). Carbonate stromatolites greatly 

developed and diversified from the Mesoproterozoic to the Early Neoproterozoic, and then declined in 

both abundance and diversity during the Middle to Late Neoproterozoic (Fig. 6.1 and references 

therein). This “evolutionary pattern”, i.e. diversification and decline, was concluded with two 

uncertain factors: the quality of the taxonomic work and the reliability of the chronological data (cf. 

Walter and Heys 1985; Awramik and Sprinkle; Cao and Yuan 2006). Stromatolite “taxonomy” is 

purely based on morphological characters. This is linked with a debate: what sense can we make out of 

the secular changes of stromatolite morphology? It is still uncertain, to which extent the biological or 

environmental factors have affected the morphology of ancient stromatolites. 

Among stromatologists, there are two major schools of thought on this issue. One school believes that 

the macroscopic structures of stromatolites are more closely related to physical environment and the 

microscopic structures are more determined by biological factors (e.g. Semikhatov 1976; Semikhatov 

and Raaben 2000). While the other school argues that all the morphological variations of stromatolites 
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are ultimately determined by environments (e.g. Grotzinger and Knoll 1999). Based on the recent 

discoveries that sponges can construct buildups similar to stromatolites (Chapter 4), the opinion of the 

former academic school is preferred here.  

However, to study stromatolite microstructure is difficult, because diagenesis can alter the micro- and 

even mesostructures of microbialites and produce various derivative morphological structures from a 

single precursor (Knoll and Semikhatov 1998; Turner et al. 2000). A careful investigation on relatively 

well preserved samples should be possible to extract useful biological information, but this work 

seems still in its infancy. Even a set of consistent morphological classification and descriptive 

terminology has not yet been established for stromatolite microstructures. Authors defined their own 

usage of terms about microstructures by attaching relevant figure plates in their monographs, (e.g. 

Walter 1972; Raaben et al. 2001; Cao and Yuan 2006). Polysemy and tautonymy are therefore 

considerably common. Grey (1989) has made a collection of the most popular terms without giving 

any discussion and comparison. In this list, the large dataset published in Russian was still not 

included. 

In this situation, a few veteran workers have figured out several secular evolutionary patterns of 

stromatolite microstructures based on their own knowledge, experience, and research focuses (Fig. 

6.1). Riding (2008) concluded that the dominance of sparry and hybrid fabrics in Archean and 

Mesoproterozoic stromatolites was replaced by fine-grained fabrics in the Neoproterozoic, probably 

because of the decreasing carbonate concentration in sea water. 

Bertrand-Sarfati (1976) classified microstructures into “simple microstructures” and “complex 

microstructures” and suggested that some of them distributed in restricted geological time intervals 

(Fig. 6.1). For example, the “vermiform microstructures” were found only in Vendian and Cambrian 

stromatolites, and “catagraphs” were thought dominant in some Vendian forms. However, the usage of 

these two terms was not consistent in different works. “Vermiform microstructure” was defined as a 

structure “in which narrow, sinuous, pale-coloured areas (usually of sparry carbonate) are surrounded 

by darker, usually fine grained areas (usually carbonate)” (brackets are original, Walter 1972, p. 14). It 

was initially applied to the microstructures in Madiganites mawsoni, which are compared to the 
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skeletal networks of keratose demosponges in this dissertation (4.5.1; chapter 5). Nonetheless, the 

other authors used this term to describe the probable degassing structures in Acaciella angepena 

(Preiss 1972, p. 73) or the gypsum pseudomorphs in Baikalia baikalica (Cao and Yuan 2006, p. 264). 

In addition, Walter (1972, p. 160) mentioned that “vermiform microstructures” are similar to 

“Girvanella but lack the microgranular boundaries of that form”, indicating that this microstructure 

may also be easily confused with filamentous structures of cyanobacterial or algal origin. 

Similarly confusing definition and usage also happened to the term “catagraph”. This is a type of 

“microphytolite” (cf. Swett and Knoll 1985) introduced by Russian scientists and used for 

stratigraphic correlations. But the size, shape and origin of “catagraphs” were described quite 

differently in previous literature (e.g. see the definitions or descriptions in Trompette 1982; Knoll 1985; 

Kuznetsov and Suchy 1992). According to Bertrand-Sarfati (1976, p. 256–258), catagraphs are “quite 

regular spheroids with a dark envelope and clear calcite infilling”, which can occur periodically in 

microbial mats or in the sediments between the stromatolite columns. Although some kind of oncoids, 

cortoids or fragments of Renalcis-type calcimicrobes fit this description, Bertrand-Sarfati (1976) 

compared “catagraphs” to calcified cells in modern microbial mats. Knoll et al. (1993) also figured out 

that the catagraph “species” Vesicularites concretus may contain calcified coccoid microbes. 

Another effort of studying Precambrian stromatolite microstructures was made by Cao (1992). He 

checked 235 pieces of Precambrian stromatolite thin sections in his collection, found 161 of them 

preserved “primary” structures, and then investigated the diversity and abundance of the 

microstructures in these better preserved samples (Fig. 6.1). However, in this study he adopted his own 

classification of microstructures (based on Tianjin Institute of Geology and Mineral Resourses et al. 

1979) and diagenesis was not comprehensively discussed. Although he emphasized the preliminary 

nature of this work, it was still suggested that the results indicate an increase of stromatolite 

microstructure diversity from the Paleoproterozoic to the Neoproterozoic and a decline of 

stromatolites after the Neoproterozoic glaciations. 

Besides, stromatolite stratigraphers suggested that some stromatolite “taxa” are restricted to certain 

geological intervals (e.g. Preiss 1976), and it was estimated that up to 80–85% of stromatolite form-
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species are established mainly based on microstructures (Semikhatov and Raaben 2000). However, the 

detailed information of these stromatolites is very difficult to access, because many of them were 

originally published in old Russian journals. 

 

On this ground of immature precedent studies, I can only discuss a small part of the Precambrian 

microbialite microstructures based on the fossil materials accessible for me and interesting enough in 

the scope of this PhD study. In 6.4–6.5, a few Mesoproterozoic to Middle Neoproterozoic (Cryogenian) 

carbonate microbialites will be described. All the samples are from the collection of Prof. Dr. Joachim 

Reitner and are now deposited in the Department of Geobiology, Center of Geosciences of the 

University of Göttingen. The thin sections were investigated using a Zeiss SteREO Discovery.V8 

microscope and photographed using the AxioCam MRc 5-megapixel camera combined with this 

microscope. 

Fig. 6.2 a–d Stromatolties from the Jinshanzhai Formation, northern Anhui, China; e–f Stromatolties from 
the top of the Tieling Formation, Tianjin, China; g–h Stromatolties from the Jiuliqiao Formation, northern 
Anhui, China. a–d and g–h are of Tonian age (Xiao et al. 2014); e–f are of Middle Mesoproterozoic age 
(Gao et al. 2011). Abbreviations in d: Str, stromatolite; Int, inter-column sediments. 
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6.4 Microstructures of Mesoproterozoic and Tonian stromatolites 

The observed Mesoproterozoic and Tonian stromatolites are generally characterized by simple micritic 

to microsparic laminations. According to the terminology of Walter (1972, p. 12–14), part of the 

samples from the Jinshanzhai Formation (Fig. 6.2a–b) and the Jiuliqiao Formation (Fig. 6.2g) bare 

“streaky microstructure” (both formations are of Tonian age, Xiao et al. 2014), the other Jinshanzhai 

samples exhibit “banded microstructure” (e.g. Fig. 6.2c), while the Mesoproterozoic samples from the 

top of the Tieling Formation (c.a. 1400 Ma, Gao et al. 2011) show a mixture of “striated 

microstructure”, “banded microstructure” and “streaky microstructure” (Fig. 6.2e–f). 

However, from a genetic point of view, the streaky microstructure (Fig. 6.2a–b, g), in which the 

micrites at the top of the lamination grade vertically into microspars at the bottom, is obviously a 

product of discrepant neomorphism. This can also be inferred from the obscured outline of the 

probable microbial mat remains in Fig. 6.2h. The banded microstructure (Fig. 6.2c), which is 

characterized by continuous laminae with abrupt boundaries, is probably formed due to post-

lithification erosion on the micritic laminations. This erosion is very prominent on the margin of some 

stromatolite columns (Fig. 6.2d). The striated microstructure (Fig. 6.2e-f), in which laminae are 

composed of chains of lenses, is probably also a phase overprinted by diagenesis. Although these 

diagenetic phenomena are comparable to those observed and preliminarily analyzed in the 

stromatolite-like Carboniferous bioconstructions built by keratose sponges (4.4.2), the exact diagenetic 

mechanisms of these Precambrian stromatolites still deserve further exploration. A lot of questions can 

be raised. For example, in streaky microstructure, why were the surface layers of the microbial mats 

preserved differently from the lower part? In some of the Jinshanzhai samples (Fig. 6.2a–b), there are 

some microspar-cemented irregular clumps embedded beneath the surface of the micritic layers. Do 

these clumps represent previous voids in microbial mats? If yes, what is the function and origin of 

these voids? Beside of these laminated structures, some filaments are poorly preserved in some 

Jinshanzhai samples (Fig. 6.3a–b); these probably are remnants of filamentous cyanobacteria. How did 

they live and why were they still preserved in the strongly eroded and recrystallized carbonates? Do 

they indicate a type of microbial consortia different from the precursors of the structureless micritic 

laminae in the same sample?  
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Despite of these unresolved questions, these observed fossils fit the image of Mesoproterozoic to Early 

Neoproterozoic carbonate microbialites depicted by previous publications. That is, fine grained 

carbonate stromatolites became abundant (Riding 2008), but the identifiable fossils in them are mainly 

filamentous elements related to cyanobacteria (cf. Grotzinger and Knoll 1999), although coccoid 

forms can be preserved additionally in the silicified part of these stromatolites (e.g. Knoll et al. 2013). 

However, beside of the structures shown above, some of the Early Neoproterozoic stromatolites have 

started to develop more complex features. The filamentous structures in the stromatolites (Vidal 1972) 

from the Visingsö Group of the Vättern Lake, Sweden (Upper Riphean, Vidal and Moczydłowska 

1995; Samuelsson and Strauss 1999) are probably of other origin than to be cyanobacteria remains. 

These filaments form networks in some micritic layers or lenticular clumps (Fig. 6.3c, e), while 

cyanobacteria are not known to construct real networks. Most of these filaments have a consistent 

thickness of 30–40 μm and some of them show very regular margins (e.g. arrows in Fig. 6.3f–g). In 

worse preservation, the filaments-baring micritic fabric grade into peloidal fabrics (Fig. 6.3d). These 

features make them resemble the sponge skeletal networks described in earlier chapters. Nonetheless, 

in many situations, the Early Neoproterozoic filaments show a tendency of orienting vertically and 

connecting to irregular voids near to the surface of the micritic layer (Fig. 6f–h). They do not seem to 

have the function of support like sponge skeletons. Rather, they are more probable to be fluid-

conducting canals within thick microbial mats. However, at least to my knowledge, canals with such 

grade of regularity and organization are not known from other microbial mats. Perhaps, they were 

produced by a complex microbial consortium with developed organization. 

 

In spite of these filamentous structures, other observed unusual structures in Early Neoproterozoic 

stromatolites will be discussed in 6.5 as comparisons with the Cryogenian analogues. 

Fig. 6.3 a–b Tonian stromatolties from the Jinshanzhai Formation, northern Anhui, China. b is magnified 
from the area in the rectangle in a. c–h Early Neoproterozic (probably also Tonian) stromatolties from the 
Visingsö Group, Vättern Lake, Sweden. Hollow arrows: probable cyanobacterial filaments; Solid arrows: the 
smooth margin of the filamentous structures.  
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6.5 Microbialites in Sturtian cap carbonates 

6.5.1 Peloidal grainstone 

“Peloid” is a descriptive term and can designate 30–100 μm sized, structureless carbonate grains 

formed by different mechanisms (cf. Flügel 2010). The peloids discussed in this section are regarded 

as in situ formed ones, because they occur in precipitated (instead of trapped or bound) microbial 

deposits, and do not show any allochthonous sedimentary structures. 

Peloidal grainstone consisting of in situ formed peloids is not an innovation of Neoproterozoic 

carbonate microbialites; at least one example has been illustrated from the Mesoproterozoic Kyutingda 

Formation, Siberia (Knoll and Semikhatov 1998; Grotzinger and Knoll 1999). However, abundant 

occurrences of this fabric are known from Phanerozoic rocks (e.g. Riding and Tomás 2006; Spadafora 

et al. 2010; Matyszkiewicz et al. 2012). Especially interesting is that this peloidal fabric appears also 

frequently in fossilized sponges (e.g. Reitner 1993; Reitner et al. 1995b; Warnke and Meischner 1995) 

and mud mounds (e.g. Weller 1995; Rodríguez-Martínez et al. 2010).  

In the Neoproterozoic, this fabric was found to occur massively in the cap carbonates after the Sturtian 

and Marinoan glaciations. In Namibia, these two glaciations are recorded by the Chuos and Chaub 

diamictites, respectively. Regularly round, almost isometric peloids are found in the Rasthof 

Formation, which directly overlies the Chuos diamictite (Hofmann 2002). These peloids are embedded 

in microsparic or sparic cements, distributing discretely or forming clusters (Fig. 6.4a–b). A previous 

measurement showed that carbonaceous components are still preserved in these globular peloids 

(Pruss et al. 2010). The lack of other allochthonous grains, the regular shape and distinct margin of the 

peloids and the carbonaceous remains together indicate that these structures are probably in situ 

permineralized microbes. In contrast, the peloidal fabrics in the shallow marine carbonates from the 

Namibian Keilberg Member (directly overlying the dunes equivalent to Chaub diamictite) (Fig. 6.4c–d) 

and the Noonday Dolomite in Death Valley (also post-Marinoan cap carbonate, Corsetti and 

Grotzinger 2005) show diffuse margins. 

Diffuse margins are also a character of many Phanerozoic peloids. From modern marine cavities, the 
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in situ formation of two types of peloids has been investigated in detail. One type of peloids was 

observed in clumpy mucus substances, showing a core composed of micrites plus acidic organic 

matters and a rim of dentate Mg calcites. The other type was found in decaying sponge tissue and was 

devoid of the Mg calcite rims. Both types of peloids were suggested to be formed as a consequence of 

microbial degradation of organic matter (e.g. Reitner 1993; Reitner et al. 1995a). This process can 

create both initial crystal nucleation sites and sufficient alkalinity for carbonate minerals to grow. The 

peloids formed in this way have diffuse margins. However, diffuse margins can also indicate slower or 

incomplete calcification, i.e. deeper decomposition, of coccoidal microbes in early diagenesis (e.g. 

Adachi et al. 2004). 

A comparable analogue to the Rasthof peloids is observed from a Riphean stromatolite from the Baikal 

Lake (Fig. 6.4e–f). Although detailed stratigraphic information of this specimen is lacking, it is very 

likely to be of Late Riphean age (Early to Middle Neoproterozoic) according to the peloidal fabric and 

the “chambered grains” which will be discussed in 6.5.2. These structures make this specimen 

distinctly different from older stromatolites (6.4). The Early Neoproterozoic stromatolites from the 

Visingsö Group, Sweden also exhibit peloidal grainstone fabrics in some parts, but these peloids 

appear to be more irregular (Fig. 6.4g–h). The microbial mats in the Sweden stromatolites are 

relatively thin and were strongly influenced by the deposition of quartz detritus. In situ peloid 

formation in these very shallow, strongly perturbed microbial mats indicates very high carbonate 

supersaturation in the water body at that time. 

The investigation on in situ formed peloids is still far from its close. It still waits to answer why these 

structures were less common in earlier carbonate record. 

Fig. 6.4 Peloidal grainstone from Neoproterozioc microbialites. a–b Cryogenian microbialites from  the 
Rasthof Formation, Namibia; c–d Post-Marinoan Keilberg Member, Namibia; e–f (probably Late) Riphean 
stromatolite, Siberia; g–h stromatolties from the Visingsö Group, Sweden. Areas in rectangles in e and a are 
magnified in f and h respectively.  
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6.5.2 Chambered structures 

Recently, chambered structures were reported from Cryogenian interglacial carbonates from various 

localities in Namibia and Australia (Wallace et al. 2014). These structures are millimeter- to 

centimeter-scaled chambers separated by distinct micritic walls. The walls have smooth margins and 

are of consistent thickness (20–100 μm). They occur in relatively deep water and in protected spaces, 

such as cavities, Neptune dikes and inter-space of stromatolite columns. Basically because of the 

regularity of the walls, these structures were differentiated by the authors from many abiogenic and 

biogenic chambered structures. The analogues which survived the authors’ criticisms include the 

enigmatic chambered structures Bacinella and Lithocodium in Late Jurassic to Early Cretaceous reefs, 

the Archean to Paleoproterozoic fenestrate microbialites and chambered reef-dwelling sponges (e.g. 

Sphinctozoa). Although the authors admitted that the sponge interpretation was hampered by the lack 

of pores—the basic structures allowing sponges to live a filter feeding life—in the Cryogenian fossils, 

they still argued that these chambers might represent a type of proto-sponge which lived on 

osmotrophy without active water circulation. The Archean and Proterozoic fenestrate microbialites 

were not preferred as the interpretation of these Cryogenian chambers because this "would require that 

fenestrate microbialites reappear and become widespread over 1 billion years later" (Wallace et al. 

2014, p. 119). 

However, according to the observation on our samples, the walls of the Cryogenian chambered 

structures seem to fit the microbial interpretation better. As described in Wallace et al. (2014, p.113–

114), “where the walls are thin, they are generally homogeneous”, “when the walls are thicker, they 

often display a laminated microstructure”. In one of our samples, the laminations in the thicker walls 

seem able to be softly or flexibly peeled off (Fig. 6.5a, c). The wall itself is also not as smooth as 

expected. Likely due to soft deformation, the marginal laminae form small knolls (Fig. 6.5c). 

Furthermore, some thinner, single layered “walls” can show very irregular and intensive folds, 

indicating that they were soft before being lithified. In fact, this type of soft deformation was used by 

Sumner (1997, 2000) to argue that the “walls” in the Archean fenestrate microbialites originated from 

microbial mats. These structural characters are different from those of the skeletons of sphinctozoan 

sponges, which were compared by Wallace et al. (2014) with the chambered structures. 
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Fig. 6.5 Chambered structures and chambered grains from: the Cryogenian Rasthof Formation, Namibia (a, c); 
the Cryogenian Gruis Formation, Namibia (b, d–e); the (probably Late) Riphean stromatolite, Siberia (f–g). The 
area in the rectangle in a is magnified in c. 
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The Archean fenestrate microbialites are different from the Cryogenian chambered structures by 

showing “walls” of only 1–10 μm thick, much thinner than the Cryogenian analogues (Sumner 1997, 

2000). For this reason, the Archean microbial constructors were expected to be as small as a few 

microns. If so, the thicker Cryogenian “walls” may reflect the participation of larger eukaryotic cells. 

The second difference is that the Archean microbialites are predominantly composed of lithified thin 

microbial films and cemented voids (e.g. Hofmann and Masson 1994; Sumner 1997, 2000), while the 

Cryogenian chambered structures can be closely interweaved with micritic matrix which probably 

represents thick microbial mats. Compared with examples illustrated by Wallace et al. (2014, e.g. Fig. 

7C), our samples from the Gruis Formation, Namibia are more explicitly showing this feature (Fig. 

6.5b, d). The Gruis Formation is the rock unit immediately overlying the Rasthof Formation and 

laterally correlative with the Gauss Formation where part of the samples published in Wallace et al. 

(2014) was collected (Hofmann 2002). The “walls” in the Gruis samples were not so well preserved as 

the published ones, but they show the feature of facing to the voids on one side and closely attaching 

on microbial mat on the other side (e.g. Fig. 6.5e). To some extent, this does resemble the choanoderm 

of sponges, which locates on the interface between fluid and the symbiont-rich mesohyl and controls 

the material exchange between them.  

Although current evidences do not support a direct correlation between these chambered structures and 

sponges, these fossils may still well represent a complex eukaryotes-prokaryotes consortium, The 

occurrences of similar chambered structures in the Archean–Paleoproterozoic, Middle Neoproterozoic 

and Jurassic–Cretaceous ages can simply be biological responses to the same environmental factor(s) 

or ecological opportunity, although what the factor(s) exactly is(are) has hitherto been figured out for 

none of the three occurrences. Convergent evolution is not a rare phenomenon even in more developed 

life forms. 

These chambered structures are probably not unprecedented in the Neoproterozoic. Similar structures 

were described as “cellular crusts” from the Little Dal Group (Turner et al. 1993). This rock unit was 

considered as pre-glaciation deposits (Narbonne and Aitken 1995). The fossils were observed crusting 

on thin micritic laminae, forming parallel but discontinuous layers (compare Fig. 4 in Turner et al. 
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1993 and Fig. 11D in Wallace et al. 2014). Chambers in these crusts are 30–250 μm in dimension, 

outlined by micritic walls. They were suggested by the authors as the calcified thallus of metaphytes. 

Other fossils which may be related to the Namibian and Australian chambered structures are some 

allochthonous grains in the Riphean stromatolite from Baikal Lake, which show chambered inner 

structures (Fig. 6.5f–g). The grains vary in size, shape and the number of constituent chambers, but 

show consistent single-layered walls of around 20 μm thick. The walls are composed of micrites and 

the chambers are cemented by microspars. Similar grains were also described as a type of 

“microphytolite” from the Late Riphean Draken Formation, Svalbard (Swett and Knoll 1985). But the 

chambers in these fossils seem to be partly or completely filled by micrites.  

 

6.6 Conclusion 

Microstructures of carbonate microbialites can provide important information about the biology of 

ancient microbial mats. However, the previous understandings on microbialite microstructures were 

confused by complex diagenetic overprints and ambiguously defined terminologies. The work to 

disassemble diagenetic overprints from recorded biological information is still in its beginning. The 

large dataset accumulated in the previous researches should be valuable for further work if it becomes 

more readily accessible. 

The widely accepted overall developmental trend of Precambrian carbonate microbialites is that the 

predominance of inorganically precipitated sparry fabric being overtaken by microbially induced, fine 

grained carbonate precipitation. The literature and fossils seen so far do not contradict this pattern. 

Compared with the Neoproterozoic examples, the observed Mesoproterozoic carbonate stromatolites 

either are dominated by structureless micritic or microsparic layers, or show only simple filamentous 

structures of probable cyanobacterial origin. Also congruent with the previously proposed picture is 

that stromatolites seem to have decreased after the Neoproterozoic glaciations. According to the 

mentioned Precambrian microbialites in 6.4 and 6.5 (rock specimens plus literature), well laminated 

structures became less common in the Neoproterozoic examples (e.g. the stromatolites from Svalbard 

and Baikal Lake, as well as the microbialites from the Little Dal group). The Cryogenian ones are all 
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non-stromatolite microbialites except the Noonday Dolomite. 

Complex and enigmatic microstructures commenced to be present in the Neoproterozoic. Preliminarily 

described here are four examples: 1) the organized “fluid canals” in the Early Neoproterozoic Visingsö 

Group; 2) the very regular peloids (probably lithified microbes) in the Cryogenian Rasthof Formation, 

Namibia and the (probably Late) Riphean stromatolite, as well as the less regular peloidal fabrics in 

the post-Marinoan microbialites and the Visingsö stromatolites; 3) chambered structures from the 

Cryogenian Rasthof and Gruis Formations, Namibia, which probably have an analogue in the older 

pre-glaciation Little Dal Group; 4) the chambered grains in the Late Riphean stromatolites. All these 

preserved fossil structures are showing a higher degree of complexity than the simple aggregates of 

coccoid and filamentous microbe fossils known from older microbialites. This is congruent with the 

background of eukaryote evolution at that time (1.2). 

Reconstructing the “fluid canals” and the chambered structures in 3-D may be the next work in the 

future. To investigate their spatial organization in the ancient microbial mats will help to understand 

their function. For the chambered structures and the related grains, it requires further work to figure 

out whether they are biologically associated with each other and whether they are related to primitive 

animals. Detailed analyses on the structures and possible diagenetic history of the “walls” may help to 

obtain useful information. 
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- Chapter 7 - 

Summary 

 

This PhD study was aimed to explore how to identify the earliest animals in the fossil record. The first 

encountered question was: how was the earliest animal like? 

 

Modern biological studies have revealed that some unicellular eukaryotic relatives of animals have 

complex life cycles in which temporary multicellularity is achieved. Based on this fact, some 

biologists inferred that the metazoan lineage derived from the prolongation and further development of 

the multicellular stage of a unicellular eukaryotic ancestor (Mikhailov et al. 2009). According to the 

observed differences between animals and their complex unicellular relatives, the first animal was 

depicted as “a multicellular bacterivore with an epithelial layer composed, at least in part of 

uniflagellated collar cells...its developing embryos underwent some form of gastrulation or other type 

of invagination, it was capable of cell differentiation…via specialized stem cells, and it could trigger 

its constituent cells to undergo apoptosis” (Richter and King 2013, p. 516). In addition to these images, 

it is also reasonable to expect that the earliest animals had intensive interaction and association with 

microbes, because they rose from a world dominated by microbes and microbes are known playing 

important roles in the reproduction, development and metabolism of modern animals (McFall-Ngai et 

al. 2013).  

Based on molecular phylogenetic studies, sponges are widely accepted as the most basic animals 

known so far. Compared with the features of ctenophores, the other candidate of “the most basic 

animal”, the poriferan body plan, life cycle, life style and intensive symbiosis with prokaryotes match 
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the depictions of ancestral animals better (or vice versa, people were enlightened by sponges). Adult 

sponges are sessile filter feeders with developed aquiferous systems. Their bodies are basically 

composed of a dermal layer, which consists of various dermal types such as exopinacoderm, 

endopinacoderm and choanoderm, and a bacteria-rich mesohyl (Boury-Esnault and Rüzler 1997). 

Major physiological activities are accomplished in the mesohyl under the cooperation between sponge 

cells and microbial symbionts (Taylor et al. 2007). It’s just like what Reitner and Wörheide (2002, p. 

53) once hypothesized: “sponges are highly developed biofilms with a close relationship to 

choanoflagellate eukaryotic cells” (see also the model in Abb. 1, Reitner 1998). 

 

All these concepts indicate that 1) sponges are probably the most suitable model which can be used to 

study the common ancestor of animals and 2) in spite of readily recognizable animal fossils, special 

attention should also be paid to the fossilized microbial bioconstructions. Therefore, the doctoral work 

was further focused on two questions:  

1) How could the earliest sponges be preserved in the fossil record?  

2) Can we find structures comparable to sponge fossils in the Precambrian microbialites? 

 

The earliest sponges were probably not capable of biomineralization (Wood 2011). Partly because 

most previous paleontological studies of sponges focused on the remains of their mineral skeletons, 

the earliest reliable fossil record of sponges acknowledged so far is some spicules from the Early 

Cambrian allochthonous deposits (e.g. Reitner et al. 2012; Antcliffe et al. 2014). This record is around 

250 Ma delayed than the time of sponge origin predicted by molecular clocks and indicated by the 

Precambrian fossil record of other animals. In this study, the non-spicular demosponges (Keratosa + 
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Myxospongida, sensu Minchin 1900), which diverged from their spicular relatives at the early 

evolutionary stage of demosponges (e.g. Wörheide et al. 2012), were taken as a model for studying the 

ancestral non-biomineralized sponges.  

One keratose fossil taxon, the family Vauxiidae Walcott, 1920, has already been described from the 

Middle Cambrian Burgess Shale before. But the preservation of sponge soft tissue in siliciclastic facies 

requires special taphonomical windows, which do not distribute pervasively in the geological record. 

In contrast, carbonate taphonomical windows are more popular. Phanerozoic fossils and modern 

observations both show that spicular sponges can be nearly completely preserved in situ if micritic 

precipitation was rapidly generated in the decaying soft tissue. The resulted micritic or peloidal matrix 

moulds spicules or skeletal frameworks before the silica being replaced by carbonate microspar. In 

addition, a large proportion of Precambrian microbialites are carbonates. For these reasons, biogenic 

and organogenic carbonates seem to be better materials for looking for fossils of non-biomineralized 

sponges and the Precambrian basic animals.   

In this study, keratose sponge fossils were identified from carbonate facies for the first time from 

Anisian microbialites and Middle Devonian bioherms. They were preserved in the same way as the 

other spicular sponges, only that their skeletons are anastomosing filamentous networks instead of 

spicules. The architecture of the skeletal networks was further confirmed by a 3-D reconstruction. On 

this basis, more fossils of this type were recognized in carbonate rocks through the whole Phanerozoic, 

from the Tommotian to the Middle Eocene. 

Some criteria were established during this study to distinguish the proposed keratose sponge fossils 

from other filamentous fossils such as cyanobacteria and fungi: 

1) All fossils are preserved as microspar-cemented filamentous networks embedded in 
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aggregations of homogeneous automicrites, or peloidal fabrics in worse preservation. 

 2) The filaments branch and connect to each other, forming an anastomosing network which 

fills up the micritic aggregation with a more or less consistent density but never extend beyond 

the aggregation. In many cases, the filaments can form a clear ring-like structure parallel and near 

to the margin of the micritic clump. 

3) The filaments are not associated with spicules, sheaths, spores or sporocarps, which may 

lead to other interpretations. 

These criteria appeared to be helpful to identify keratose sponge fossils in the Phanerozoic carbonates. 

But for the other non-biomineralized demosponges, i.e. the non-skeletal myxospongids, criteria have 

not been established, because up to now only few plausible examples of them have been observed. The 

investigated Phanerozoic keratose sponge fossils show a certain level of diversity by exhibiting 

hierarchical or non-hierarchical skeletons, different filament sizes and various ecological behaviours. 

Detailed taxonomic work is to be made in the future.  

Besides, an interesting ecological behavior of Phanerozoic keratose sponges was discovered in this 

study. These sponges built stromatolite-like bioconstructions with the participation of microbes. The 

studied examples are the Visean “organ-pipe stromatolites” and the stromatolite crusts of the Ladinian 

Placunopsis bioherms. The accretion of these stromatolite-like buildups involves rapid lithification of 

sponge carcasses, alternated periods of sediment deposition and removing, and encrustation of the new 

sponge generations. This discovery mirrors the work of Lee et al. (2014), which reported that some 

Cambrian keratose sponges (diagnosed as “siliceous sponges” in the original paper) constructed 

thrombolite-like bioherms with calcimicrobes. 
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These new discoveries about Phanerozoic keratose sponges may benefit our search for ancestral 

animals in the Precambrian carbonate microbialites. 

 

Corresponding to the second question “can we find structures comparable to sponge fossils in the 

Precambrian microbialites”, a preliminary investigation on the microstructures of Precambrian 

microbialites comprises the second part of this doctoral work. As shown above, the macro- and 

mesostructures of microbialites can be mimicked by sponge buildups. The microstructures of 

bioconstructions thus become critical for identifying the constructors and studying their biological 

activities. However, because of the complex diagenetic overprints and the previous chaotic usage of 

descriptive terminologies, the study of microbialite microstructures is still in its beginning. 

During this study, it was observed that compared with the Mesoproterozoic carbonate stromatolites, 

which show only structureless micritic or microsparic layers or simple filamentous structures, the 

Neoproterozoic microbialites seem have recorded the start of some unprecedentedly complex or 

organized microstructures. These include: 1) the organized “fluid canals” in the Early Neoproterozoic 

Visingsö Group; 2) the very regular peloids (probably lithified microbes) in the Cryogenian Rasthof 

Formation, Namibia and the (probably Late) Riphean stromatolite, as well as the less regular peloidal 

fabrics in the post-Marinoan microbialites and the Late Riphean Visingsö stromatolites; 3) chambered 

structures from the Cryogenian Rasthof and Gruis Formations, Namibia, which probably have an 

analogue in the older pre-glaciation Little Dal Group; 4) the chambered grains in the Late Riphean 

stromatolites. 

The regular fluid conducting canals and the chambered structures indicate upheaved level of 

organization in the Early Neoproterozoic microbial mats, while the chambered grains probably 
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represent a unique life form which may be related to the chambered structures. In situ formed peloidal 

fabrics are rarely known in microbialites older than the Neoproterozoic, but are common in the 

Phanerozoic microbialites and sponge fossils. It is still unknown what made them massively occur in 

the Neoproterozoic, especially after the Cryogenian glaciations. In the current stage, it is still too early 

to draw any conclusion whether these complex microstructures are related to early metazoans or not. 

But these innovations are congruent with the background of eukaryote evolution. Further investigation 

with more detailed lithological observation, geochemical analysis and 3-D reconstruction will 

hopefully improve the current understanding. 

In brief, this doctoral work has revealed that non-spicular keratose demosponges have a higher 

preservation potential and abundance than previously evaluated in fossil record, especially in 

carbonate facies. The other type of non-spicular demosponge, the myxospongids which are devoid of 

any skeletons, was probably also fossilized in carbonates, but less common. In addition, keratose 

sponges were found able to construct microbialite-like bioconstructions together with microbes. All 

these findings imply that the Precambrian non-biomineralized ancestral sponges should have the 

potential to be recorded in carbonate microbialites. Although the preliminary study on Precambrian 

microbialites did not find any structure which is immediately comparable with the Phanerozoic sponge 

fossils, it showed that a few complex and enigmatic microbialite microstructures did start to appear in 

the Early to Middle Neoproterozoic (Tonian to Cryogenian). To determine whether these structures are 

related to the advent of animals requires further research. 
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