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Contributions to Exceptional Fossil Preservation 

 

Anthony Drew Muscente 

 

ABSTRACT 

 

Exceptionally preserved fossils—or fossils preserved with remains of originally 

non-biomineralized (i.e. soft) tissues—constitute a key resource for investigating the 

history of the biosphere. In comparison to fossils of biomineralized skeletal elements, 

which represent the majority of the fossil record but only a fraction of the total diversity 

that existed in the past, exceptionally preserved fossils are comparatively rare because 

soft tissues are rapidly destroyed in typical depositional environments. Assemblages of 

such fossils, nonetheless, have received special attention among scientists in multiple 

fields of Earth and life sciences because they represent relatively “complete” windows to 

past life. Through such windows, researchers are able to reconstruct original biological 

features (e.g. soft tissue anatomies) of extinct organisms and to describe the structures 

and compositions of ancient soft-bodied paleocommunities. To accomplish these goals, 

however, researchers must incorporate background information regarding the pre- and 

post-burial histories of exceptionally preserved fossils. In this context, my dissertation 

focuses on the environmental settings, diagenetic conditions, geomicrobiological 

activities, and weathering processes, which influence the conservation of original 

biological features within exceptionally preserved fossils and control their occurrences in 

time and space. An improved understanding of these critical factors involved in 

exceptional fossil preservation will ultimately our advance our knowledge regarding the 

history of the biosphere and the Earth system as a whole.  

Each chapter of original research in this dissertation includes an innovative and 

distinct approach for studying exceptional fossil preservation. The second chapter 

describes environmental and geologic overprints in the exceptional fossil record, as 

revealed by a comprehensive statistical meta-analysis of a global dataset of exceptionally 

preserved fossil assemblages. Moving from global to specimen-based perspectives, the 

second and third chapters focus on minerals (products of geomicrobioloigcal, diagenetic, 

and weathering processes) and carbonaceous materials replicating exceptionally 

preserved fossils. The third chapter examines the causes of preservational variations 

observed among organophosphatic tubular shelly Sphenothallus fossils in the lower 

Cambrian of South China using an experimental approach. (Although Sphenothallus is 

not an exceptionally preserved fossil sensu stricto, its conservation of original organic 

matrix tissues in South China provides key insights into the preservation of carbonaceous 

material within fossils.) Lastly, the fourth chapter presents data acquired using various in 

situ nanoscale analytical techniques to test the hypothesis that microstructures within 

exceptionally preserved microfossils of the Ediacaran Doushantuo Formation of South 

China are some of the oldest putative cylindrical siliceous demosponge spicules in the 

fossil record. Collectively, these chapters describe environmental, authigenic, diagenetic, 

and weathering processes that affect exceptional fossil preservation, and highlight 

innovative methods and approaches for testing major paleobiologic and geobiologic 

hypotheses regarding exceptionally preserved fossils. 
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Overview of exceptional preservational environments and processes 
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1.1 Introduction 

Exceptionally preserved fossils—or fossils with remains of originally non-biomineralized 

(or soft) tissues—provide key insights into anatomies and communities of ancient organisms. 

Because soft tissues are typically destroyed in ordinary depositional environments, such 

exceptionally preserved fossils are rare in comparison to fossils of biomineralized skeletal 

elements, which comprise the majority of the fossil record. Nonetheless, because organisms with 

biomineralized tissues represent only a fraction of total diversity in modern and fossil 

communities (Conway Morris, 1986; Valentine, 1989), assemblages of exceptionally preserved 

fossils are thought to be relatively complete, and consequently, have received special attention 

among scientists studying the history of life (Seilacher, 1970). Notable examples of such 

assemblages include the famous Weng’an (Xiao et al., 2014), Burgess Shale (Conway Morris, 

1989), Hunsrück (Briggs et al., 1996), Mazon Creek (Baird et al., 1985), and Solnhofen (Barthel 

et al., 1990) biotas. 

The conservation of soft tissues within fossils occurs in exceptional environmental 

conditions and involves the interplay of constructive and destructive preservational processes. In 

general, exceptional fossil preservation occurs in environments in which soft tissues survive the 

physical, chemical, and microbial processes involved in fossil degradation (Briggs, 2003), and 

become replicated by materials that are stable over geologic timescales (Briggs, 1999; Muscente 

et al., 2015a). Development of such conditions is locally controlled by climate, topography, 

water circulation, and sedimentation rates (Allison and Briggs, 1993), although global factors—

perhaps related to seawater chemistry (Butterfield, 1995; Gaines et al., 2012), ocean oxygenation 

(Gaines and Droser, 2010), biological processes (Schiffbauer et al., 2014; Muscente et al., 

2015a), and diagenetic conditions (Butterfield, 1995; Muscente et al., 2015a)—may also 
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influence the temporal and spatial distributions of exceptionally preserved assemblages (Allison 

and Briggs, 1993). In any case, exceptional preservational environments are generally associated 

with rapid burial rates (Briggs et al., 1996), limited scavenging of carcasses (Gaines et al., 2012), 

slow decomposition (Briggs, 2003), and early (authigenic and/or diagenetic) soft tissue 

mineralization (Muscente et al., 2015a).  

Because microbial activities are involved in both the decomposition and mineralization of 

soft tissues, microorganisms—particularly, aerobic and sulfate (SO4
2-)-reducing bacteria, which 

aggressively degrade organic matter (Allison, 1988)—represent major players in exceptional 

fossil preservation. The activities of SO4
2--reducing bacteria within sediments, for example, drive 

the oxidation of the organic compounds that constitute soft tissues and cause changes in 

circumambient pore water chemistry, which promote the precipitation of minerals that may 

replicate soft tissues, such as pyrite (Schiffbauer et al., 2014), silica (Xiao et al., 2010), and 

apatite (Muscente et al., 2015a). If such minerals do not precipitate, but conditions allow organic 

compounds within soft tissues to survive microbial degradation, the compounds may be 

transformed via in situ diagenetic polymerization (‘kerogenization’) during diagenesis into 

aliphatic compounds (‘hydrocarbons’) that are stable over geologic timescales (Briggs, 1999; 

Stankiewicz et al., 2000), resulting in carbonaceous fossils.  

In this broad context, the three research investigations of this dissertation collectively 

highlight innovative methods and approaches for studying the environments and processes of 

exceptional fossil preservation. By improving our understanding of exceptional fossil 

preservation—specifically, our understanding of the factors that control the temporal and spatial 

distributions of exceptionally preserved fossils and the conservation of original (biologic) 
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features within such fossils—the works in this dissertation advance our knowledge of the history 

of the biosphere and the Earth system, as a whole.  

 

1.2. Summary of research 

 Chapter 2 describes the results of a comprehensive meta-analysis of 694 globally 

distributed fossil assemblages from ~610 to 3 Ma (Mega anna), which show that the frequency 

and predominant paleoenvironments of exceptional fossil preservation have changed through 

geologic time. In general, exceptionally preserved fossil assemblages are most abundant relative 

to sedimentary rock area/volume in the Ediacaran and Cambrian, and decrease in frequency and 

shift from open marine to restricted depositional settings with increasing oxygenation of the 

ocean-atmosphere system (Gill et al., 2011; Sperling et al., 2015) and development of 

bioturbation (Tarhan et al., 2015) through the Ediacaran-middle Paleozoic interval. Whereas 

open marine assemblages are relatively rare after the lower Paleozoic, non-marine assemblages 

rise in frequency through the middle Paleozoic-Cenozoic interval with increasing non-marine 

sedimentary rock area/volume. Thus, temporal and spatial trends in the exceptional fossil record 

reflect secular environmental transitions in sedimentary redox conditions that control exceptional 

preservation as well as variations in sedimentary rock quantities that affect assemblage sampling. 

In addition to affirming the importance of low oxygen and bioturbation levels in the conservation 

of non-biomineralized tissues, the results of the meta-analysis provide fundamental bases for 

understanding occurrences of exceptionally preserved fossils through time and space. 

 Inspired by the great abundance of exceptionally preserved fossils relative to sedimentary 

rock area/volume in the Ediacaran-Cambrian, the investigations in chapters 3 and 4 focus on 

fossils from that interval in South China. In particular, the work in chapter 3—published as 
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“New occurrences of Sphenothallus in the lower Cambrian of South China: Implications for its 

affinities and taphonomic demineralization of shelly fossils” in Palaeogeography, 

Palaeoclimatology, Palaeoecology (Muscente and Xiao, 2015a)—explores the preservation of 

the organophosphatic tubular shelly fossil Sphenothallus and its preservational variations among 

localities of the lower Cambrian Shuijingtuo Formation and equivalent Niutitang Formation. 

Although Sphenothallus is not an exceptionally preserved fossil sensu stricto—as it represents an 

originally biomineralized albeit organic-rich skeletal element (Muscente and Xiao, 2015b)—its 

remains of original organic matrix tissues in South China provides key insights into the processes 

involved in the preservation of carbonaceous materials within fossils. Overall, the results indicate 

that, although the fossils experienced focused degradation via microbial sulfate reduction during 

diagenesis at all localities, their organic matrixes survived diagenesis and underwent 

kerogenization before the fossils were demineralized to varying extents. This taphonomic 

demineralization—which occurred in nature during diagenesis and/or weathering and can be 

experimentally replicated in the laboratory via hydrochloric acid treatment of shelly fossils—

resulted in the preservation of variably carbonaceous and phosphatic Sphenothallus with 

differing compositions and microstructures. Taking this process into consideration, this work 

supports a new taphonomic model for Sphenothallus, which indicates that it microstructurally 

resembles and may be related to conulariids, and potentially, cnidarians. In addition, the model 

highlights taphonomic processes, which were likely involved in the preservation of the 

exceptionally preserved small carbonaceous fossils that are widespread in Cambrian rocks 

(Butterfield and Harvey, 2012).  

The work in chapter 4, published as “Assessing the veracity of Precambrian ‘sponge’ 

fossils using in situ nanoscale analytical techniques” in Precambrian Research (Muscente et al., 
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2015b), pertains to the preservation of spicule-like microstructures within exceptionally 

preserved phosphatized fossils from the Ediacaran (~635–551 Ma) Doushantuo Formation at 

Weng’an of South China (Li et al., 1998; Yin et al., 2001). The spicule-like microstructures have 

been interpreted as cylindrical siliceous monaxons (sponge spicules), and their hosting 

phosphatized fossils as the oldest spiculate demosponges in the fossil record. To test the spicule 

hypothesis, we collected data on the ultrastructures and elemental, chemical and mineralogical 

compositions of the microstructures using a suite of innovative in situ nanoscale analytical 

techniques, including scanning electron microscopy, synchrotron X-ray fluorescence mapping, 

X-ray absorption near-edge structures (XANES) spectroscopy, focused ion beam electron 

microscopy, and transmission electron microscopy. The data from these analyses illuminate the 

authigenic and diagenetic histories of the exceptionally preserved phosphatized fossils, and 

decisively show that their spicule-like microstructures are carbonaceous in composition and 

rectangular in transverse sections, and therefore, not cylindrical siliceous spicules. Instead, the 

data suggest that the microstructures may be microbial strands, axial filaments of early 

hexactinellid sponges, or acicular crystals molded by organic matter. Overall, the results of the 

investigation indicate that interpretations of Precambrian sponge fossils—even those with soft 

tissue remains—should be scrutizined with compositional, mineralogical, and ultrastructural data 

collected using in situ nanoscale analytical techniques, and affirm that no unequivocal 

biomineralizing sponges occur below the Ediacaran-Cambrian boundary. The dearth of 

biomineralizing sponge fossils in the Precambrian and their abundance in the early Cambrian 

must reflect a geobiologically significant aspect of the Precambrian-Phanerozoic transition. 
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2.1 Abstract 

Exceptionally preserved fossils with remains of non-biomineralized tissues, which are 

destroyed in ordinary depositional environments, provide key insights into anatomies and 

communities of ancient organisms. Assemblages of such fossils are not evenly distributed 

through time or space, suggesting exceptional fossil preservation is controlled by factors 

operating on global scales (Allison and Briggs, 1993). Establishing the influence of such factors, 

however, requires documentation of trends among widespread assemblages throughout the 

geologic history of complex life. Here, on the basis of a comprehensive meta-analysis of 694 

globally distributed fossil assemblages from ~610 to 3 Ma (Mega anna), we reveal temporal and 

spatial trends in the exceptional fossil record, which are attributed to secular environmental 

transitions in sedimentary redox conditions that control exceptional preservation and to 

variations in sedimentary rock quantities that affect assemblage sampling. Exceptionally 

preserved fossil assemblages—which are most abundant relative to sedimentary rock 

area/volume in the Ediacaran and Cambrian—decrease in frequency and shift from open marine 

to restricted depositional settings with increasing oxygenation of the ocean-atmosphere system 

(Gill et al., 2011; Sperling et al., 2015) and development of bioturbation (Tarhan et al., 2015) 

through the Ediacaran-middle Paleozoic interval. Whereas open marine assemblages are 

relatively rare after the lower Paleozoic, non-marine assemblages rise in frequency through the 

middle Paleozoic-Cenozoic interval with increasing non-marine sedimentary rock area/volume. 

Thus, our study affirms the importance of low oxygen and bioturbation levels in the conservation 

of non-biomineralized tissues, and provides fundamental bases for understanding occurrences of 

exceptionally preserved fossils through time and space. 
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2.2 Introduction 

The bulk of the fossil record is comprised of biomineralized skeletal elements produced 

by organisms that represent only a fraction of the total diversity in both modern and fossil 

communities (Conway Morris, 1986; Valentine, 1989). Fossils with remains of non-

biomineralized tissues—or exceptionally preserved fossils—are comparatively rare because their 

soft tissues are rapidly destroyed in normal sedimentary environments. Nonetheless, exceptional 

fossil preservation does occur in rare circumstances where mineralization of soft tissues is 

achieved prior to their degradation (Briggs, 2003). Due to their relative completeness, 

exceptionally preserved fossil assemblages—such as the Weng’an, Burgess Shale, Hunsrück, 

Mazon Creek, and Solnhofen biotas—have received special attention among scientists studying 

the history of life (Fig. 2.1)(Seilacher, 1970). It has been suggested, on the basis of limited data, 

that exceptionally preserved assemblages are most numerous in the Cambrian, Jurassic, and 

Ediacaran systems (Allison and Briggs, 1993; Schiffbauer and Laflamme, 2012), but no 

comprehensive dataset of such assemblages has yet been compiled for rigorous statistical 

analysis of temporal and spatial trends in exceptional preservation.  

 The preponderances of exceptional assemblages from particular paleoenvironments and 

preserved via a limited number of preservational pathways (e.g. kerogenization, phosphatization, 

silicification, and pyritization) (Schiffbauer et al., 2014; Muscente et al., 2015) in the Ediacaran 

and lower Paleozoic has led to the recognition of widespread taphonomic patterns (i.e. 

taphonomic windows), suggestive of global controls on exceptional preservation (Allison and 

Briggs, 1991; Butterfield, 2003). Whereas local and regional controls include climate, 

topography, water circulation, and sedimentation rates (Allison and Briggs, 1993), global 

controls are typically thought to be related to seawater chemistry(Butterfield, 1995; Gaines et al., 
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2012), ocean oxygenation (Gaines and Droser, 2010), biological processes (Schiffbauer et al., 

2014; Muscente et al., 2015), and diagenetic conditions (Butterfield, 1995; Muscente et al., 

2015). Such global controls, however, remain controversial because previous studies have 

generally concentrated on specific assemblages (Schiffbauer et al., 2014), regions (Muscente et 

al., 2015), time intervals (Butterfield, 2003), and types of fossils (Gaines et al., 2012). 

Furthermore, previous studies have not incorporated assemblages with fossils of intermediate 

recalcitrance (instead focusing on preservation of organisms with purportedly the most labile 

tissues); not fully explored geologic overprints in the exceptional fossil record associated with 

variations in the quantities and sampling of sedimentary rocks; and not taken into account 

geospatial clustering of assemblages (Allison and Briggs, 1991; Allison and Briggs, 1993), even 

though exceptional preservational conditions develop throughout regions, which can be hundreds 

of kilometers in diameter (Muscente et al., 2015).  

 To investigate trends in the exceptional fossil record, we compiled from literature a 

dataset of 694 globally distributed assemblages of exceptionally preserved animal, macroalgal, 

and/or Ediacara-type fossils (Fig. 2.1) from ~610 Ma to 3 Ma (Ediacaran to Pliocene) rocks, 

which cover the histories of complex eukaryotes and various secular environmental changes 

(Buatois et al., 2005; Takashima et al., 2006; Mángano and Buatois, 2015; Sperling et al., 2015; 

Tarhan et al., 2015). On the basis of a statistical meta-analysis of this dataset, we reveal temporal 

and spatial trends in the exceptional fossil record, which signify secular environmental 

transitions in sedimentary redox conditions that control exceptional preservation and variations 

in sedimentary rock quantities that affect assemblage sampling and discovery. 

 

2.3 Methods 
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 Assemblages—including beds, facies, localities, sections, formations, and regions—were 

sampled from primary and secondary literature and included in the database if they have been 

sources of numerous (generally >15 specimens) of exceptionally-preserved animal, algal, and/or 

Ediacara-type fossils (Fig. 2.1). The data set does not includes assemblages of fossils preserved 

via bioimmuration or in amber, as the records of these assemblages are known to reflect 

evolutionary trends among biomineralizing animals (Taylor, 1990) and embryophytes (Martínez-

Delclòs et al., 2004), respectively. In addition, the data set does not include assemblages 

exclusively comprised of partially biomineralized animal exoskeletons (e.g. decapods) (Bishop, 

1986), embryophyte plants, hemichordates, chitinozoans, and/or putative hydroids. The 

geospatial distributions of such assemblages reflect inherent biologic (e.g. evolutionary trends) 

and local environmental signals that limit recognition of global secular trends in the exceptional 

preservation of other organisms. Because biominerals encapsulate and protect organic matter 

(Briggs, 1999), partially biomineralized animal exoskeletons may have higher exceptional 

preservation potentials than non-biomineralized tissues. Embryophytes do not occur until the 

middle Paleozoic and are generally restricted to non-marine settings (Taylor et al., 2009). 

Hemichordates and chitinozoans occur only in the early and middle Paleozoic (Clarkson, 1998), 

and include clades with planktonic and cosmopolitan lifestyles that influence the preservation 

and geospatial distributions of their assemblages (Elles, 1939; Rombouts, 1982; Finney and 

Berry, 1997). Many putative hydroids from the Paleozoic may be hemichordates, and those from 

the Mesozoic and Cenozoic are chiefly preserved through bioimmuration (Muscente et al., 

2016). 

The dataset includes the geographic and paleogeographic locations (Figs. 2.2, 2.3, 2.4, 

2.5b,d), depositional setting, litho- and chronostratigraphic units, and best age estimate (mean 
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uncertainty, ±5 Ma) of each assemblage. Estimated ages of the Phanerozoic assemblages are 

means of the absolute upper and lower ages of their hosting chronostratigraphic units, as 

specified by the International Chronostratigraphic Chart (ICC) (Cohen et al., 2013; updated); and 

estimated ages of assemblages in the Ediacaran (for which series and stages have not been 

established) are means of absolute ages from radiometrically dated beds stratigraphically 

bracketing the assemblages. The ages of Ediacaran assemblages in sequences without 

radiometrically dated beds were estimated based on their stratigraphic positions relative to 

Ediacara-type macrofossil biozones (Narbonne et al., 2012) and Neoproterozoic glaciations 

(Hoffman and Li, 2009) with absolute age constraints in other sections.  

Latitudinal and longitudinal coordinates were estimated from maps based on nearby 

landmarks described in literature. Paleolatitudes were estimated (Figs. 2.2, 2.3, 2.4, 2.5b,d), 

based on their estimated ages and latitudinal and longitudinal coordinates, using the global plate 

motions model for the Phanerozoic produced by Wright et al. (2013) in GPlates (Qin et al., 

2012; Williams et al., 2012) (Supplementary Material). Secondary estimates of paleolatitudes for 

548 of the assemblages were compiled from entries in Fossilworks 

(http://www.fossilworks.org/), the web-based portal to the Paleobiology Database (Alroy et al., 

2001), on December 11, 2015 for comparative purposes (Fig. 2.6). 

The assemblages were assigned to various bins and categories. First, assemblages were 

assigned—based on descriptions of their paleoenvironments in the literature—to mutually 

exclusive marine, transitional, and non-marine depositional setting categories. The marine 

category includes assemblages from subtidal inner continental shelf, inner continental shelf 

basin, outer continental shelf, continental slope, and basin (continental rise and abyssal plain) 

paleoenvironments; the transitional category includes those from estuaries, deltas, lagoons 
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(restricted bodies of water separated from the open ocean by barriers), bays (restricted bodies of 

water encompassed on most of their sides by shoreline), supratidal zones, sabhkas, and tidal 

(sand and mud) flats; and the non-marine category includes those from lakes and rivers. Marine 

and transitional assemblages were additionally assigned to a combined marine/transitional 

category. Second, based on their ages, assemblages were assigned to non-exclusive 30.5 (n=20) 

and 20.33 (n=30) million year (my) duration time bins (Fig. 2.2b). These time bin durations were 

selected because their time series cover (albeit with different numbers of bins) the shortest 

geologic interval (613-3 Ma) that includes all the assemblages in the dataset. In addition, the 

20.33 my duration closely matches the mean durations of the geochronological intervals used in 

estimating the global sedimentary rock outcrop areas and volumes of the time bins. Lastly, 

assemblages were assigned—based on their present day geographic locations and estimated ages 

and paleolatitudes—to latitudinal (n=12), longitudinal (n=24), and age/paleolatitudinal (n=144) 

bins (Fig. 2.5b,d). The latitudinal and longitudinal bins each correspond to 15 degrees of 

geographic range (e.g. 0–15°, 15–30°, etc.). The 144 age/paleolatitudinal bins include 12 

groups—corresponding to the 12 geologic systems—that consist of 12 bins, each representing 15 

degrees of paleolatitude range (e.g. 0–15°, 15–30°, etc.). 

Time bins were assigned to non-exclusive ordinated time domains—which were 

compared via statistical difference testing—based on observations of possible trends in the 

counts and proportions of clusters through the time series. The 30.5 my time bins were assigned 

to 613–430 Ma (Ediacaran–lower Paleozoic), 430–277.5 Ma (middle–upper Paleozoic), 277.5–3 

Ma (Mesozoic–Cenozoic), 277.5–186 Ma (lower Mesozoic), 186–64 Ma (upper Mesozoic), and 

64–3 Ma (Cenozoic) domains; and the 20.33 my time bins were assigned to 613–430 Ma 

(Ediacaran–lower Paleozoic), 430–267.3 Ma (middle–upper Paleozoic), 267.3–3 Ma (Mesozoic–
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Cenozoic), 267.3–186 Ma (lower Mesozoic), 186–145.3 Ma (Jurassic), 145.3–104.7 Ma (lower 

Cretaceous), 104.7–84.3 Ma (middle Cretaceous), and 84.3–3 Ma (upper Cretaceous and 

Cenozoic) domains.       

To mitigate incomplete and geospatially uneven sampling and to quantitatively 

standardize the data so that “regions” are the sampling units for all analyses, we hierarchically 

clustered the assemblages in each time bin. In preparation of hierarchical geospatial clustering, 

for each assemblage, latitudinal and longitudinal coordinates were converted to three (X, Y, and 

Z) Cartesian coordinates. Conversions to Cartesian coordinates assumed the Earth is a perfect 

sphere with a radius of 6,371 km. Hierarchical clustering analyses of the assemblages in each 

time bin based on their Cartesian coordinates were performed in JMP (Sall et al., 2012) using the 

complete-linkage method (Milligan, 1980; Milligan and Cooper, 1987; Murtagh and Contreras, 

2012), and derived Euclidean distances among assemblages and clusters of assemblages. From 

these Euclidean distances, counts of clusters with maximum potential linkage distances 

(MPLDs)—the greatest possible Euclidean distances among assemblages within regions—

ranging from 0 km to 4000 km were determined. In this approach, clusters of assemblages are 

considered distinct regions if they are separated by Euclidean distances (calculated according to 

the complete-linkage method) greater than a particular MPLD benchmark. Thus, counts of 

clusters based on distinct MPLDs represent alternative approximations of exceptional 

preservation frequency, assuming differing region sizes. Effects of incomplete and uneven 

sampling are mitigated, as the assemblages variably corresponding to beds, sections/localities, 

and formations are all combined into regions, which to a degree, encompass missing data. Large 

regions more comprehensively account for missing data than small regions, though counts of 

clusters based on large MPLDs may represent overly conservative estimates of exceptional 
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preservation frequency. The hierarchical clustering analyses were performed three ways: (1) 

Assemblages in each time bin were hierarchically clustered independently of depositional setting 

category; (2) according to three (marine, transitional, and non-marine) depositional setting 

categories; and (3) according to two (marine/transitional and non-marine) depositional setting 

categories. Analyses in which assemblages were clustered independently of depositional setting 

category and according to marine, transitional, and non-marine categories were repeated using 

average, centroid, single-linkage, and Ward’s methods (Milligan, 1980; Milligan and Cooper, 

1987; Murtagh and Contreras, 2012). In addition, the analyses were repeated on the North 

American subset of the database using the complete-linkage method. Overall, this work resulted 

in the compilation of assorted cluster count and proportion time series varying with regard to 

their time bin durations and the clustering methods, categorical treatments, and MPLDs used to 

count clusters (Figs. 2.2c,d, 2.7–2.12). 

In order to investigate potential errors in Euclidean distances used in hierarchical 

clustering, the errors of Euclidean distances versus actual great-circle distances (estimated using 

the Haversine Formula) were calculated for 32,672 randomly-generated unique pairs of 

geographic coordinates on the Earth surface. The coordinates were generated as integers of 

latitude (-90 to 90) and longitude (-180 to 180 longitude), and converted to Cartesian coordinates 

(assuming the Earth is a perfect sphere with a radius of 6,371 km) prior to calculations of 

Euclidean and great-circle distances and errors (Fig. 2.13). 

Estimates of the global sea levels, global sedimentary (marine/transitional and non-

marine) rock outcrop areas, global sedimentary (marine/transitional and non-marine) rock 

volumes, North American surface/subsurface (marine/transitional and non-marine) rock areas, 

and of the time bins used in this study were estimated for comparison to cluster counts. The 
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mean sea level (measured in meters relative to present day sea level) of each time bin in this 

study was estimated based on bins’ upper and lower boundaries’ sea levels (Fig. 2.2e), as 

reconstructed in published sea level curves (Hardenbol et al., 1999; Haq and Schutter, 2008). 

The global sedimentary rock outcrop areas for the time bins were estimated from 

geologic maps in the Geological Atlas of the World  produced by the United Nations 

Educational, Scientific, and Cultural Organization (UNESCO) (Choubert and Faure-Muret, 

1976). The maps occur in 16 sheets, which include all continents at a scale of 1:10,000,000 (1 

cm on map=100 km on Earth surface). Sedimentary rocks in the atlas are distinguished as marine 

and non-marine facies (transitional facies are included with marine facies), and divided among 

123 geochronological classes. For each facies, the global rock outcrop areas of these classes were 

determined through counting of the cumulative numbers of pixels representing the 

geochronological classes in digital scans of the atlas sheets with pixel densities of 400 

pixels/inch (157.48 pixels/cm). The pixels representing each geochronological class and facies 

were selected using the magic wand and counted using the histogram window tool in Adobe 

Photoshop, and were converted to areas (km2) based on the known scales of the maps and pixel 

densities of their digital scans. The outcrop data from 96 of the 123 geochronological classes 

were then divided among 24 geochronological intervals—the smallest, distinct 

chronostratigraphic units in the maps—on the basis of the bins’ relative durations in the ICC 

(Cohen et al., 2013; updated), assuming constant accumulation rates for geochronological classes 

spanning six or fewer geochronological intervals. (The other 27 classes spanned more than six 

intervals or included quaternary sediments, and were omitted from the measurements because 

they most likely do not reflect constant accumulation rates (Wall et al., 2009).) Lastly, the 

outcrop areas were divided by their geochronological intervals’ durations, producing produce 
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time-normalized area (km2/Ma) measurements, which were used to estimate the global rock 

outcrop areas of the time bins (Figs. 2.2e, 2.14a,b), taking into consideration relative 

contributions of geochronological intervals to time bins. 

The global sedimentary rock volumes of the time bins were estimated using published 

data on the major lithologic associations in each geologic system of the Phanerozoic; Ediacaran-

equivalent interval data are not available (Ronov, 1982). The data include marine and non-

marine lithologic association volumes for 25 geochronological intervals. However, three—the 

lower, middle, and upper Cambrian—were combined into a single interval, which matches the 

equivalent geochronological bin in estimating global sedimentary rock outcrop areas. 

Consequently, estimates of rock volume were based on 23 geochronological intervals, equivalent 

to those intervals used in estimating global sedimentary rock outcrop area. The rock volumes of 

these intervals were divided by their durations, yielding time-normalized volume (km3/Ma) 

measurements, which taking into account relative contributions of geochronological interval to 

each time bin, were used to estimate the global volumes of the time bins (Fig. 2.14c,d).     

The surface/subsurface areas of North American marine/transitional and non-marine 

rocks in the times bins in this study were estimated using data (918 stratigraphic columns, 21,239 

rock units) accessed using the original interface to the Macrostrat database of macrostratigraphic 

packages and lithostratigraphic units (https://macrostrat.org/classic/about.php) on February 4, 

2016. Estimates of rock area in Macrostrat are based on a Dirichlet tessellation around 

stratigraphic column control points, as the polygonal areas produced by this tessellation help to 

account for complex geologic landscapes (e.g. unequal and uneven spread of rock exposure and 

stratigraphic columns). Estimations of rock area assume that, when a rock unit occurs in one 

stratigraphic column but in an adjacent column, the unit extends halfway between the two 

https://macrostrat.org/classic/about.php
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sections. In this context, for each time bin, rock area was estimated through summing the area of 

all the polygons containing one or more sedimentary rock units (either on the surface or in the 

subsurface) belonging to the time bin (Fig. 2.14e,f). Individual polygons can be used in 

calculations of rock area for multiple time bins (Meyers and Peters, 2011). 

To test for statistically significant differences among the time bins and time domains in 

the assorted time series—in terms of their overall numbers of clusters and proportions from the 

various depositional setting categories—data were compared using Pearson’s chi-square 

(equality and homogeneity) test as well as Fisher’s exact tests (Figs. 2.15, 2.16). The tests were 

performed in JMP1 and Microsoft Excel. Chi-square equality tests were performed to compare all 

the time bins in each time series and to assess whether, in terms of their overall counts of 

clusters, they are significantly unequal (Fig. 2.15a–f). In these analyses, the overall counts of 

clusters—which were hierarchically clustered according to their depositional settings—in each 

time bin are the total numbers of clusters (i.e. the total number of marine, transitional, and non-

marine clusters, or the total number of marine/transitional and non-marine clusters). Chi-square 

homogeneity tests were performed on pairs of time domains in the time series to assess whether, 

in terms of their proportions of clusters from specific depositional settings, their differences are 

significant (Fig. 2.16). As some chi-square tests failed the standard sample size rule (i.e. 80% of 

the expected counts are >5 and all expected counts >1 in contingency tables used in calculation 

of chi-square test statistics), Fisher’s exact tests were also performed on pairs of time domains to 

assess whether differences among their proportions are significant (Fig. 2.16). Significant (P < 

0.05) and highly-significant (P < 0.01) P-values in these tests are considered evidence that time 

domains are not homogenous with respect to their cluster depositional setting proportions. 
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Randomizations were performed in Excel on the clusters in order to corroborate the 

results of the chi-square equality tests and to assess if observed trends in the frequency of 

exceptional preservation could be explained as random variations or sampling artefacts2 (Fig. 

2.15g–n). In all randomizations, clusters were randomly shuffled into time bins with equal 

probabilities of assemblage assignment. A total of 40 variants of the randomizations were 

performed. The differences among these variants include their time bin durations (either 30.5 or 

20.33 my) as well as the clustering methods (complete-linkage, single-linkage, average, centroid, 

and Ward’s methods), MPLDs (either 300 or 1000 km), and categorical data treatments (whether 

assemblages were clustered independently of or according to the marine, transitional, and non-

marine depositional setting categories) used in identifying clusters. Overall, each randomization 

variant was repeated 1000 times, and the mean counts, 0.5 percentile values, and 99.5 percentile 

values of the time bins among the iterations were determined, and compared to the 

corresponding cluster counts observed in the database. For each randomization variant, if any of 

the observed cluster counts fell outside of the 99% CI envelope, then the observed trend could 

not be explained by random variations. Conversely, if all observed values fell inside the 99% CI 

for a variant, then the trend could be explainable as a sampling artefact. 

Linear polynomial regression models were fit to the time bins’ depositional setting 

proportions (y) and ages (x) in order to assess whether the proportions of clusters from marine, 

transitional, marine/transitional, and non-marine environments significantly change through time 

(Figs. 2.9–2.12). Linear and non-linear relationships between the proportions and time were 

modelled with 1st-degree and higher-degree polynomials, respectively. To assess the fits of the 

models, P-values were tabulated through analysis of variance (ANOVA) via F-testing. 

Significant (P < 0.05) and highly-significant (P < 0.01) F-test P-values are considered evidence 
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that the regression models fit time series better than data means. The fit of any regression model 

to the data (except for linear model with slope = 0) represents significance evidence that the 

proportions of clusters change through time. To assess the accuracy of the F-tests, which assume 

that residuals are normally-distributed, Shapiro-Wilk and Jarque-Bera tests were performed on 

the residuals in the regression analyses of the assorted time series (Figs. 2.9–2.12); P-values less 

than 0.05 and 0.01 in these tests denote statistically significant and highly significant departures 

of residuals from normality (i.e. F-test may have low statistical power).  

Linear (1st-degree) polynomial regression models were also fit to plots of time bins’ 

cluster counts (y) versus their corresponding rock areas, rock volumes, and sea levels (x) in order 

to assess for potential relationships among the variables. The results of these analyses—which 

were repeated for cluster counts based on various clustering methods, time bin durations, 

MPLDs, and categorical data treatments—are presented as F-test P, R (correlation coefficient), 

and R2 (coefficient of determination) values (Fig. 2.17–2.19).      

A comprehensive list of fossils collections was compiled from the PBDB using the 

PBDB Navigator (https://paleobiodb.org/navigator/) on December 11, 2015. Each collection was 

assigned to one of four exclusive depositional setting categories—marine, transitional, non-

marine, or indeterminate—based on its paleoenvironment. Then, 500 samples (each with 694 

collections, exactly matching the number of exceptional preserved assemblages in our database) 

were drawn from the list. In each sample, collections were randomly drawn with replacement, 

but the counts of collections from each geologic system (Ediacaran-Neogene) and depositional 

setting category were maintained among samples in such a way as to identically match the 

database of exceptionally preserved assemblages (e.g., since seven exceptionally preserved 

marine assemblages occur in the Devonian, each random sample includes exactly seven marine 

https://paleobiodb.org/navigator/
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collections of Devonian-age). Each collection in the samples was then assigned to the latitudinal, 

longitudinal, and age/paleolatitudinal bins used in binning of the exceptionally preserved 

assemblages, and the mean count of collections among the 500 samples was calculated for each 

bin(Fig. 2.5a,b). Lastly, for each geographic bin type, the mean counts of collections were 

compared to the corresponding counts of exceptionally assemblages through fitting of linear 

polynomial (1st degree) regression models (Fig. 2.5e–g). 

 

2.4 Results 

In general, the geographic and paleogeographic distributions of the assemblages in the 

dataset resemble those of (principally skeletal) fossil collections randomly drawn from the 

Paleobiology Database (Figs. 2.4, 2.5), when the assemblages and fossil collections are 

identically distributed among time bins and depositional setting categories.  

The frequency of exceptional preservation has significantly changed through geologic 

time. Hierarchical clustering of the assemblages (Fig. 2.2b,c) within time bins resulted in 

assorted time series of cluster counts (Figs. 2.7, 2.8, 2.12) and cluster depositional setting 

proportions (Figs. 2.9–2.12). (Although calculations did not take into account curvature of the 

Earth surface, we estimate <1.7% error for the Euclidean distances used to identify clusters (Fig. 

2.13)). A general trend in the number of clusters (Fig. 2.2c) persists in all times series of data 

hierarchically clustered up to MPLDs of 1000 km, regardless of clustering method or categorical 

data treatment (Figs. 2.7, 2.8, 2.12). Pearson’s chi-square equality testing affirms that the time 

bins are significantly unequal with respect to their numbers of exceptionally preserved 

assemblages (P < 0.05 for all analyses with MPLDs < 1000 km, Fig. 2.15a–f), and the observed 

variations among time bins cannot be explained by random variations or sampling artefacts (Fig. 
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2.15g–n). In general, cross-plots of the time bins’ cluster counts versus their corresponding 

global sedimentary rock outcrop areas and volumes (Figs. 2.17–2.19) indicate that non-marine 

rock outcrop area/volume accounts for the majority of temporal variation observed among non-

marine cluster counts (R2 > 0.6 and P < 0.05 for most MPLDs ≤ 1000 km), but 

marine/transitional rock outcrop area/volume does not account for the notable temporal variation 

observed among marine and marine/transitional cluster counts (R2 < 0.33 for most MPLDs ≤ 

1000 km). Cross-plots of North American cluster counts and rock areas include similar results 

albeit with lower R2 values (0.4 – 0.5 for most MPLDs ≤ 1000 km) for non-marine cluster counts 

and rock areas, though these results may reflect the small size of the North American dataset 

relative to the whole (Fig. 2.19). Global sea level (Hardenbol et al., 1999; Haq and Schutter, 

2008) changes do not account for the temporal variations in non-marine, marine, or 

marine/transitional cluster counts (Fig. 2.19). When variations in global rock outcrop 

areas/volumes are taken into consideration, exceptionally preserved fossil assemblages are most 

common in the Ediacaran and lower Paleozoic and relatively rarer in the remainder of the 

Phanerozoic (Fig. 2.2f).  

Paleoenvironments of exceptional preservation evidently shifted from predominantly 

marine depositional settings in the Ediacaran-early Paleozoic (~613.0–430.0 Ma) to relatively 

restricted transitional settings in middle-late Paleozoic (~430.0–277.5 Ma) and non-marine 

settings in Mesozoic and Cenozoic (~277.5–3.0 Ma, Figs. 2.2d, 2.9–2.11). Pairwise homogeneity 

tests affirm that the proportions of these three time domains are significantly different (Pearson’s 

chi-square and Fisher’s exact tests, P < 0.05 for all analyses, Fig. 2.16). Furthermore, F-tests of 

polynomial regression models fit to the proportion data show that the proportions of marine and 

non-marine clusters generally decreased and increased through time, respectively, while the 
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proportion of transitional clusters peaked in the upper Paleozoic (P < 0.05 for all analyses, Figs. 

2.9–2.11). 

Although exceptional preservation most commonly occurred in non-marine settings in the 

post-Paleozoic, the Jurassic (~186–145 Ma) and middle Cretaceous (~104.7–84.3 Ma) include 

notably greater proportions of marine/transitional clusters than predicted by linear polynomial 

regression models (Fig. 2.12). Pairwise homogeneity tests also indicate that these intervals 

include significantly greater proportions of marine/transitional clusters than other Mesozoic and 

Cenozoic time domains (Pearson’s chi-square homogeneity and Fisher’s exact tests, P<0.05 for 

MPLDs <800 km, Fig. 2.16).  

 

2.5 Discussion and Conclusions 

The trends documented herein variably signify geologic overprints and environmental 

transitions reflected in the exceptional fossil record. Most notably, the rise in the total number of 

clusters through the Carboniferous-Pliocene interval—in which exceptionally preserved fossil 

assemblages predominantly occur in non-marine facies—corresponds to increasing availability 

of non-marine rock for geologic sampling (Figs. 2.17 – 2.19). Improvement in the terrestrial 

record toward the present (Fig. 2.2e, 2.14) bolsters assemblage discovery, and reflects temporal 

patterns in the sedimentary, tectonic, and erosional processes that govern non-marine rock 

deposition and survival (Wall et al., 2009).  

Because marine rock area/volume does not account for the variations in marine and 

marine/transitional cluster counts (Fig. 2.17–2.19), the decline in the frequency of assemblages 

through the Ediacaran-lower Paleozoic interval does not reflect geologic overprinting, but rather, 

secular environment changes in the Earth system that reduced the potential for exceptional fossil 
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preservation (Fig. 2.2f). The timing of the decline does not match changes in ocean chemistry or 

diagenetic conditions, which have previously been interpreted as the principle controls of 

taphonomic patterns (Butterfield, 1995; Gaines et al., 2012; Muscente et al., 2015). Instead, the 

decline follows the prolonged oxygenation of the ocean-atmosphere system (Sperling et al., 

2015) and the protracted development of the sediment mixed layer (Tarhan et al., 2015)—the 

zone of sediment homogenized and fluidized via bioturbation—through the late Ediacaran-

Silurian interval (Fig. 2.2f–h). These changes impacted sedimentary redox conditions, and 

thereby, restricted exceptional preservational environments by promoting scavenging of buried 

carcasses (Allison and Briggs, 1993); reducing the prevalence of microbial mats that facilitate 

mineralization of tissues (Wilby et al., 1996); and deepening the sedimentary aerobic and 

microbial sulfate reduction zones in which tissues are most aggressively degraded (Canfield and 

Farquhar, 2009; Schiffbauer et al., 2014; Muscente et al., 2015). After these changes, sediments 

conducive to exceptional preservation were generally restricted to transitional and non-marine 

settings.  

Oxygen and bioturbation levels may have also globally controlled exceptional 

preservation in post-early Paleozoic times. The preponderances of assemblages within 

transitional settings in the middle-upper Paleozoic (Fig. 2.2d, 2.10) may reflect globally low 

bioturbations levels (bioturbation in transitional settings did not begin approaching modern 

intensities and depths until the late Paleozoic or early Mesozoic (Buatois et al., 2005; Mángano 

and Buatois, 2015); Fig. 2.2i) coupled with local phenomena, such as episodic sedimentation and 

shifting salinity (Allison and Briggs, 1993). In addition, the prevalence of assemblages within 

marine/transitional settings around the Toarcian (Ansorge, 2003) (~183 Ma) and 

Cenomanian/Turonian (Martill et al., 2011) (~100–90 Ma) global oceanic anoxic events 
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(Takashima et al., 2006) (Fig. 2.2d,g) indicates such events promoted exceptional preservation in 

the Mesozoic, perhaps by deterring intense scavenging, inhibiting aggressive degradation of soft 

tissues, and fostering sedimentary environments with microbial mats that mediate tissue 

mineralization. Future investigations of assemblages in these intervals may further illuminate the 

roles of oxygen and bioturbation in globally controlling exceptional fossil preservation.  

Our global database of exceptionally preserved fossil assemblages provides an 

increasingly comprehensive and resolved picture of the exceptional fossil record. The 

distribution of these assemblages in time and space reflects the complex interplay of global, 

regional, and local factors, which not only controlled the conservation of soft tissues within 

organisms, but also influenced the habitats, compositions, and structures of their 

paleocommunities. For this reason, an improved understanding of these factors will help shape 

developing paleoecological perspectives, particularly those regarding diversity and extinction in 

soft-bodied communities (Labandeira and Sepkoski, 1993; Van Roy et al., 2010; Darroch et al., 

2015; O'Brien and Caron, 2016). Future work should aim to integrate geospatially-minded 

approaches and paleoenvironmental data with metrics of diversity, disparity, and sampling effort 

in order to account for the global preservational biases and to explore the dynamism of ancient 

soft-bodied communities.  
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2.7 Figures and figure captions 

 

 

Fig. 2.1. Exceptionally preserved fossils. a, Phosphatized Megasphaera embryo from the 

Ediacaran Doushantuo Formation, China. b, Ediacara-type fossil Swartpuntia from the Ediacaran 

Nama Group, Namibia. c, Pyritized Conotubus from the Ediacaran Dengying Formation, China. 

d, Aluminosilicified carbonaceous compression of Marrella splendens from the Cambrian 

Burgess Shale, Canada. e, Carbonaceous compression of insect Fulgora from the Eocene Green 

River Formation, US. f, Silicified mayfly from the Miocene Barstow Formation, US. g, Fish 

from the Eocene Green River Formation, US.   
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Fig. 2.2. Exceptional preservation through time and space. For all plots, the x axis represents 

geological time. a, Paleolatitudes of assemblages. b, Assemblage counts. c, Total cluster counts 

(assemblages clustered within 30.5 my time bins according to marine, transitional, and non-

marine categories using the complete-linkage method). d, Cluster depositional setting 

proportions (complete-linkage method, 30.5 my time bins, MPLD=300 km). e, Sea level 

(Hardenbol et al., 1999; Haq and Schutter, 2008) and global sedimentary rock outcrop areas. f, 

Outcrop area-adjusted marine/transitional cluster counts based on data in c. g–i, Simple 

schematics of ocean oxygenation (Sperling et al., 2015) and OAEs (Takashima et al., 2006) (g) 

and bioturbation levels in marine (Tarhan et al., 2015) (h) and transitional environments (Buatois 

et al., 2005; Mángano and Buatois, 2015) (i).  
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Fig. 2.3. Maps of geographic locations of exceptionally-preserved assemblages in each geologic 

system. 
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Fig. 2.4. Paleolatitude distributions of randomly drawn PBDB collections and exceptionally 

preserved assemblages for Ediacaran-Neogene geologic systems. Rows correspond to different 

depositional setting categories included in the distributions; the left column includes distributions 

of PBDB collections; and the right column includes distributions of exceptionally-preserved 

assemblages. 
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Fig. 2.5. Latitudinal, longitudinal, and paleolatitudinal distributions. a, b, Latitudinal (red) and 

longitudinal (blue) distributions of fossil collections randomly drawn from PBDB (a) and 

exceptionally preserved assemblages (b) with map of present day locations of exceptionally 

preserved assemblages included in (b). c, d, Paleolatitudinal distributions of randomly drawn 

PBDB collections (c) and exceptionally preserved assemblages (d) for each of the geologic 

systems (Ediacaran-Neogene). e–g, Plots of counts of exceptionally preserved assemblages and 

mean counts of collections among 500 random samples of the PBDB for latitudinal (e), 
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longitudinal (f), and age/paleolatitudinal bins (g) with fitted linear regression models and 

regression analysis results. 
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Fig. 2.6. Secondary paleolatitude estimates and ages of 548 exceptionally preserved 

assemblages. Paleolatitudes estimated from collections in Paleobiology Database on December 

11, 2015. 
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Fig. 2.7. Cluster counts in 30.5 my duration time bins. For all plots, the x axis is geologic time 

and y axis is the number of clusters. Assemblages in left and right columns were hierarchically 

clustered independently of and according to marine, transitional, and non-marine depositional 

setting categories, respectively. Rows correspond to different clustering methods.  Note that the 
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results are generally similar regardless of clustering methods (rows) and data treatments 

(columns). 
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Fig. 2.8. Cluster counts in 20.33 my duration time bins. For all plots, the x axis is geologic time 

and y axis is the number of clusters. Assemblages in left and right columns were hierarchically 

clustered independently of and according to marine, transitional, and non-marine depositional 

setting categories, respectively. Rows correspond to different clustering methods.  Note that the 
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results are generally similar regardless of clustering methods (rows) and data treatments 

(columns). 
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Fig. 2.9. Marine cluster proportions. Assemblages clustered according to marine, transitional, 

and non-marine depositional setting categories. For all rectangular plots, the x axis is geologic 

time and y axis is the proportion of clusters; columns correspond to different time bin durations, 

rows correspond to different clustering methods; and vertical lines delineate time domains. 

Linear 1st-degree polynomial regression models fit to the time series are also included in the 

rectangular plots. For all square plots, the x axis is maximum potential linkage distance and y 

axis is P-value. P-values were compiled from F, Shapiro-Wilk, and Jarque-Bera testing. 

Significance (α) levels of 0.05 and 0.01 are indicated in plots by blue and red lines, respectively. 

Note that the results are generally similar regardless of clustering methods (rows) and time bin 

durations (columns). 
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Fig. 2.10. Transitional cluster proportions. Assemblages clustered according to marine, 

transitional, and non-marine depositional setting categories. For all rectangular plots, the x axis is 

geologic time and y axis is the proportion of clusters; columns correspond to different time bin 

durations; rows correspond to different clustering methods; and vertical lines delineate time 

domains.  Linear 2nd-degree polynomial regression models fit to the time series are also included 

in the rectangular plots. For all square plots, the x axis is maximum potential linkage distance 

and y axis is P-value. The P-values were compiled from F, Shapiro-Wilk, and Jarque-Bera 

testing. Significance (α) levels of 0.05 and 0.01 are indicated in plots by blue and red lines, 

respectively. Note that the results are generally similar regardless of clustering methods (rows) 

and time bin durations (columns). 
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Fig. 2.11. Non-marine cluster proportions. Assemblages clustered according to marine, 

transitional, and non-marine depositional setting categories. For all rectangular plots, the x axis is 

geologic time and y axis is the proportion of clusters; columns correspond to different time bin 

durations; rows correspond to different clustering methods; and vertical lines delineate time 

domains.  Linear 1st-degree polynomial regression models fit to the time series are also included 

in the rectangular plots. For all square plots, the x axis is maximum potential linkage distance 

and y axis is P-value. The P-values were compiled from F, Shapiro-Wilk, and Jarque-Bera 

testing. Significance (α) levels of 0.05 and 0.01 are indicated in plots by blue and red lines, 

respectively. Note that the results are generally similar regardless of clustering methods (rows) 

and time bin durations (columns). 
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Fig. 2.12. Marine/transitional and non-marine cluster counts and proportions based on complete-

linkage method. For all rectangular plots, the x axis is geologic time; columns correspond to 

different time bin durations; and vertical lines delineate time domains. Linear 1st-degree 

polynomial regression models fit to the time series are also included in the rectangular plots. For 

all square plots, the x axis is maximum potential linkage distance and y axis is P-value. The P-
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values were compiled from F, Shapiro-Wilk, and Jarque-Bera testing. Significance (α) levels of 

0.05 and 0.01 are indicated in plots by blue and red lines, respectively. Note that the results are 

generally similar regardless of time bin durations (columns). 
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Fig. 2.13. Error of Euclidean distances used in hierarchical clustering. Solid black line shows 

relationship between Euclidean and great circle distance calculations; dashed line shows linear 

relationship; and red line shows percentage error in Euclidean (relative to great circle) distance. 

Countries included at great-circle distance scale for reference. 
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Fig. 2.14. Estimates of the global rock outcrop areas, global rock volumes, and North American 

surface/subsurface rock areas. Estimates of both marine and non-marine rocks are provided. Left 

and right columns correspond to 30.5 my (n=20) and 20.33 my (n=30) duration time bins, 

respectively.  
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Fig. 2.15. Time bin equality testing. a–f, Compilation plots showing P-values (y-axis) and their 

respective MPLDs (x-axis) from Pearson’s chi-square equality testing. Each plot includes P-

values (n=75) determined from tests of assemblage/cluster count equality in time series. Lines 

correspond to different clustering methods, columns correspond to different categorical data 

treatments (i.e. clustering independent of or according to depositional setting categories), and 

rows correspond to different time bin durations used in clustering. For each time series, the test 

assesses whether time bins are equal with respect to assemblage/cluster count (i.e. the expected 

number of assemblages/clusters in each time bin is equal to their mean). Diagonally hatched 

areas indicate P-values determined from data tables where fewer than 5 clusters occur in >80% 

of expected value cells, and Pearson’s chi-square test has low statistical power. Significance (α) 

levels of 0.05 and 0.01 are indicated in plots by blue and red lines, respectively. Values less than 

these significance levels indicate statistically significant evidence that time bins are unequal with 

respect to cluster count. Note that the results are generally similar regardless of clustering 

method (lines), time bin duration (rows), and data treatment (columns). g–n, Results of 

randomization testing of time bin equality, including observed (black lines) and expected (green 

lines) values as well as the 99% confidence interval envelopes (red lines). For all these plots, y 

axis is cluster count, and x axis is geologic time. Different line types correspond to different 

clustering methods, columns correspond to different time bin durations, and rows correspond to 

different categorical data treatments (clustering independent of or dependent of marine, 

transitional, and non-marine depositional setting categories) and MPLDs (300 and 1000 km) 

used in cluster counting. Values outside of the 99% CI envelopes indicate that the trend cannot 

be explained as random variations or sampling artefacts. Note that this result generally does not 

vary with clustering method (lines), time bin duration (columns), or data treatment (rows). 
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Fig. 2.16. Time domain homogeneity testing. For all plots, the x axis is MPLD, and the y axis is 

P-value. Compilation plots show P-values from Pearson’s chi-square and Fisher’s exact testing 

of pairwise time domain homogeneity. Each plot includes P-values determined from numerous 

tests of data compiled using different clustering methods. The time series in each specific plot 

were compiled via hierarchical clustering of assemblages according to specific depositional 

setting categories (i.e. marine, transitional, and non-marine versus marine/transitional and non-

marine categories) and time bin durations (t) measured in millions of years (my). Values (a, b, x, 

y) indicate time domains and depositional setting categories used in determination of P-values in 

each plot, as indicated in the key. Diagonally hatched areas indicate P-values determined from 

contingency tables with fewer than 5 clusters in one or more cells of expected values, and 

Pearson’s chi-square test has low statistical power. Significance (α) levels of 0.05 and 0.01 are 

indicated in plots by blue and red lines, respectively. Values less than these significance levels 

indicate statistically significant evidence that time bins are not homogenous with respect to their 

cluster proportions    
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Fig. 2.17. Cluster counts and rock areas/volumes. For both plots, the y axis is cluster count. 

Cluster counts (MPLD=300 km) are based on clustering of assemblages within 30.5 my duration 

time bins according to marine, transitional, and non-marine depositional setting categories using 

complete-linkage method. Non-marine and marine/transitional cluster counts are plotted against 

non-marine and marine global rock outcrop areas/volumes, respectively. Regression analysis 

results (F-test P, R, and R2) are based on trend lines, which correspond to fitted linear (1st-

degree) polynomial regression models. a, Cluster count versus global rock outcrop area. b, 

Cluster count versus global rock volume.  
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Fig. 2.18. Cluster counts and global rock outcrop areas. For all plots, x-axis is maximum 

potential linkage distance (MPLD). Cluster counts based on various MPLDS were determined 

for 30.5 my and 20.33 my duration (t) time bins using various clustering methods. The y axes in 

the left, middle, and right columns correspond to P, R, and R2 values, respectively, for the 

regression models fit to the corresponding x and y variables listed on the left.  
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Fig. 2.19. Cluster counts, global rock volumes, North American surface/subsurface rock areas, 

and sea levels. Cluster counts were determined for 30.5 my and 20.33 my duration (t) time bins 

using the complete-linkage method for various maximum potential linkage distances (MPLDs). 

For all plots, x-axis is MPLD. The y axes in the left, middle, and right columns correspond to P, 

R, and R2 values, respectively, for the regression models fit to the corresponding x and y 

variables listed on the left. Lines in the plots correspond to specific x variables, indicated in the 

key. Whereas the cluster counts compared to global rock volumes and sea level are based on the 

entire database of exceptionally preserved assemblages, the cluster counts compared to North 

American rock area are based only on the North American subset of the database.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



62 
 

2.8 References 

ALLISON, P.A., AND BRIGGS, D.E.G., 1991, Taphonomy of nonmineralized tissues, in Allison, 

P.A., and Briggs, D.E.G., eds., Taphonomy: releasing the data locked in the fossil record: 

Plenum Press, New York, NY, United States, p. 25–70. 

ALLISON, P.A., AND BRIGGS, D.E.G., 1993, Exceptional fossils record: Distribution of soft-tissue 

preservation through the Phanerozoic: Geology, v. 21, p. 527–530. 

ALROY, J., MARSHALL, C.R., BAMBACH, R.K., BEZUSKO, K., FOOTE, M., F.T.FÜRSICH, HANSEN, 

T.A., HOLLAND, S.M., IVANY, L.C., JABLONSKI, D., JACOBS, D.K., JONES, D.C., KOSNIK, 

M.A., LIDGARD, S., LOW, S., MILLER, A.I., NOVACK-GOTTSHALL, P.M., OLSZEWSKI, T.D., 

PATZKOWSKY, M.E., RAUP, D.M., ROY, K., J. J. SEPKOSKI, J., SOMMERS, M.G., WAGNER, 

P.J., AND WEBBER, A., 2001, Effects of sampling standardization on estimates of 

Phanerozoic marine diversification: Proceedings of the National Academy of Sciences, 

USA, v. 98, p. 6261-6266. 

ANSORGE, J., 2003, Insects from the lower Toarcian of Middle Europe and England: Acta 

Zoologica Cracoviensia, v. 46, p. 291–310. 

BISHOP, G.A., 1986, Taphonomy of the North American Decapods: Journal of Crustacean 

Biology, v. 6, p. 326-355, doi: 10.2307/1548174. 

BRIGGS, D.E.G., 1999, Molecular taphonomy of animal and plant cuticles: Selective preservation 

and diagenesis: Philosophical Transactions of the Royal Society of London: Biological 

Sciences, v. 354, p. 7–17. 

BRIGGS, D.E.G., 2003, The role of decay and mineralization in the preservation of soft-bodied 

fossils: Annual Review of Earth and Planetary Sciences, v. 31, p. 275–301 doi: doi: 

10.1146/annurev.earth.31.100901.144746. 



63 
 

BUATOIS, L.A., GINGRAS, M.K., MACEACHERN, J., MANGANO, M.G., ZONNEVELD, J.-P., 

PEMBERTON, S.G., NETTO, R.G., AND MARTIN, A., 2005, Colonization of Brackish-Water 

Systems through Time: Evidence from the Trace-Fossil Record: PALAIOS, v. 20, p. 

321–347, doi: 10.2110/palo.2004.p04-32. 

BUTTERFIELD, N.J., 1995, Secular distribution of Burgess Shale-type preservation: Lethaia, v. 28, 

p. 1-13. 

BUTTERFIELD, N.J., 2003, Exceptional fossil preservation and the Cambrian Explosion: 

Integrative and Comparative Biology, v. 43, p. 166–177. 

CANFIELD, D.E., AND FARQUHAR, J., 2009, Animal evolution, bioturbation, and the sulfate 

concentration of the oceans: Proceedings of the National Academy of Sciences, USA, v. 

106, p. 8123–8127. 

CHOUBERT, G., AND FAURE-MURET, A., 1976, Geological atlas of the world. 1:10,000,000. 22 

sheets with explanations.: UNESCO, Paris, France. 

CLARKSON, E., 1998, Invertebrate Palaeontology and Evolution: Blackwell Science Ltd, Malden, 

Massachusetts. 

COHEN, K.M., FINNEY, S.C., GIBBARD, P.L., AND FAN, J.-X., 2013; updated, The ICS 

International Chronostratigraphic Chart: Episodes, v. 36, p. 199–204. 

CONWAY MORRIS, S., 1986, The community structure of the Middle Cambrian Phyllopod bed 

(Burgess Shale): Palaeontology, v. 29, p. 423–467. 

DARROCH, S.A.F., SPERLING, E.A., BOAG, T.H., RACICOT, R.A., MASON, S.J., MORGAN, A.S., 

TWEEDT, S., MYROW, P., JOHNSTON, D.T., ERWIN, D.H., AND LAFLAMME, M., 2015, 

Biotic replacement and mass extinction of the Ediacara biota: Proceedings of the Royal 

Society of London B: Biological Sciences, v. 282, p. 1–10, doi: 10.1098/rspb.2015.1003. 



64 
 

ELLES, G.L., 1939, Factors Controlling Graptolite Successions and Assemblages: Geological 

Magazine, v. 76, p. 181-187, doi:10.1017/S001675680007093X. 

FINNEY, S.C., AND BERRY, W.B.N., 1997, New perspectives on graptolite distributions and their 

use as indicators of platform margin dynamics: Geology, v. 25, p. 919-922, doi: 

10.1130/0091-7613(1997)025<0919:npogda>2.3.co;2. 

GAINES, R.R., AND DROSER, M.L., 2010, The paleoredox setting of Burgess Shale-type deposits: 

Palaeogeography, Palaeoclimatology, Palaeoecology, v. 297, p. 649–661, doi: 

http://dx.doi.org/10.1016/j.palaeo.2010.09.014. 

GAINES, R.R., HAMMARLUND, E.U., HOU, X., QI, C., GABBOTT, S.E., ZHAO, Y., PENG, J., AND 

CANFIELD, D.E., 2012, Mechanism for Burgess Shale-type preservation: Proceedings of 

the National Academy of Sciences, doi: 10.1073/pnas.1111784109. 

GILL, B.C., LYONS, T.W., YOUNG, S.A., KUMP, L.R., KNOLL, A.H., AND SALTZMAN, M.R., 2011, 

Geochemical evidence for widespread euxinia in the later Cambrian ocean: Nature, v. 

469, p. 80-83. 

HAQ, B.U., AND SCHUTTER, S.R., 2008, A Chronology of Paleozoic Sea-Level Changes: Science, 

v. 322, p. 64–68, doi: 10.1126/science.1161648. 

HARDENBOL, J., THIERRY, J., FARLEY, M.B., JACQUIN, T., GRACIANSKY, P.-C.D., AND VAIL, P.R., 

1999, Mesozoic and Cenozoic Sequence Chronostratigraphic Framework of European 

Basins, Mesozoic and Cenozoic Sequence Stratigraphy of European Basins: SEPM 

Society for Sedimentary Geology, p. 3–13. 

HOFFMAN, P.F., AND LI, Z.-X., 2009, A palaeogeographic context for Neoproterozoic glaciation: 

Palaeogeography Palaeoclimatology Palaeoecology, v. 277, p. 158–172. 



65 
 

LABANDEIRA, C., AND SEPKOSKI, J., 1993, Insect diversity in the fossil record: Science, v. 261, p. 

310–315, doi: 10.1126/science.11536548. 

MÁNGANO, M.G., AND BUATOIS, L.A., 2015, The trace-fossil record of tidals flats through the 

Phanerozoic: Evolutionary innovations and faunal turnover, in McIlroy, D., ed., 

Ichnology: Papers from ICHNIA III: Geological Association of Canada, St. John's, 

Canada, p. 157–177. 

MARTILL, D.M., IBRAHIM, N., BRITO, P.M., BAIDER, L., ZHOURI, S., LOVERIDGE, R., NAISH, D., 

AND HING, R., 2011, A new Plattenkalk Konservat Lagerstätte in the Upper Cretaceous of 

Gara Sbaa, south-eastern Morocco: Cretaceous Research, v. 32, p. 433–446, doi: 

http://dx.doi.org/10.1016/j.cretres.2011.01.005. 

MARTÍNEZ-DELCLÒS, X., BRIGGS, D.E.G., AND PEÑALVER, E., 2004, Taphonomy of insects in 

carbonates and amber: Palaeogeography Palaeoclimatology Palaeoecology, v. 203, p. 19-

64. 

MEYERS, S.R., AND PETERS, S.E., 2011, A 56 million year rhythm in North American 

sedimentation during the Phanerozoic: Earth and Planetary Science Letters, v. 303, p. 

174-180, doi: http://dx.doi.org/10.1016/j.epsl.2010.12.044. 

MILLIGAN, G., 1980, An examination of the effect of six types of error perturbation on fifteen 

clustering algorithms: Psychometrika, v. 45, p. 325-342, doi: 10.1007/BF02293907. 

MILLIGAN, G.W., AND COOPER, M.C., 1987, Methodology Review: Clustering Methods: Applied 

Psychological Measurement, v. 11, p. 329-354, doi: 10.1177/014662168701100401. 

MURTAGH, F., AND CONTRERAS, P., 2012, Algorithms for hierarchical clustering: an overview: 

Wiley Interdisciplinary Reviews: Data Mining and Knowledge Discovery, v. 2, p. 86-97, 

doi: 10.1002/widm.53. 



66 
 

MUSCENTE, A.D., ALLMON, W.D., AND XIAO, S., 2016, The hydroid fossil record and analytical 

techniques for assessing the affinities of putative hydrozoans and possible hemichordates: 

Palaeontology, v. 59, p. 71–87, doi: 10.1111/pala.12209. 

MUSCENTE, A.D., HAWKINS, A.D., AND XIAO, S., 2015, Fossil preservation through 

phosphatization and silicification in the Ediacaran Doushantuo Formation (South China): 

a comparative synthesis: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 434, p. 

46–62, doi: 10.1016/j.palaeo.2014.10.013  

NARBONNE, G.M., XIAO, S., GEHLING, J.G., AND SHIELDS-ZHOU, G.A., 2012, The Ediacaran 

Period, in Gradstein, F.M., Ogg, J.G., Schmitz, M., and Ogg, G., eds., Geological Time 

Scale 2012: Elsevier, Oxford, p. 413-435. 

O'BRIEN, L.J., AND CARON, J.-B., 2016, Paleocommunity Analysis of the Burgess Shale Tulip 

Beds, Mount Stephen, British Columbia: Comparison with the Walcott Quarry and 

Implications for Community Variation in the Burgess Shale: Paleobiology, v. 42, p. 27–

53, doi: http://dx.doi.org/10.1017/pab.2015.17. 

QIN, X., MÜLLER, R.D., CANNON, J., LANDGREBE, T.C.W., HEINE, C., WATSON, R.J., AND 

TURNER, M., 2012, The GPlates geological information model and markup language: 

Geoscientific Instrumentation, Methods and Data Systems, v. 1, p. 111–134. 

ROMBOUTS, L.P., 1982, Factors controlling the distribution of Chitinozoa in the Gleedon 

Chronozone (Wenlockian) of Northern Europe: Annales de la Société géologique de 

Belgique, v. 105, p. 259–271. 

RONOV, A.B., 1982, The Earth's sedimentary shell (quantitative patterns of its structures, 

compositions, and evolution): The 20th V.I. Vernadskly lecture, March 12, 1978: 

International Geology Review, v. 24, p. 1365–1388. 



67 
 

SALL, J., LEHMAN, A., STEPHENS, M.L., AND CREIGHTON, L., 2012, JMP Start Statistics: A Guide 

to Statistics and Data Analysis Using JMP, Fifth Edition: SAS Institute. 

SCHIFFBAUER, J.D., AND LAFLAMME, M., 2012, Lagerstätten through time: A collection of 

exceptional preservational pathways from the terminal Neoproterozoic through today: 

PALAIOS, v. 27, p. 275–278, doi: 10.2110/palo.2012.SO3. 

SCHIFFBAUER, J.D., XIAO, S., CAI, Y., WALLACE, A.F., HUA, H., HUNTER, J., XU, H., PENG, Y., 

AND KAUFMAN, A.J., 2014, A unifying model for Neoproterozoic–Palaeozoic exceptional 

fossil preservation through pyritization and carbonaceous compression: Nature 

Communications, v. 5, p. 1–12, doi: 10.1038/ncomms6754. 

SEILACHER, A., 1970, Begriff und bedeutung der Fossil-Lagerstätten: Neues Jahrbuch für 

Geologie und Paläontologie, Monatshefte, v. 1970, p. 34–39. 

SPERLING, E.A., WOLOCK, C.J., MORGAN, A.S., GILL, B.C., KUNZMANN, M., HALVERSON, G.P., 

MACDONALD, F.A., KNOLL, A.H., AND JOHNSTON, D.T., 2015, Statistical analysis of iron 

geochemical data suggests limited late Proterozoic oxygenation: Nature, v. 523, p. 451–

454, doi: 10.1038/nature14589. 

TAKASHIMA, R., NISHI, H., HUBER, B.T., AND LECKIE, R.M., 2006, Greenhouse world and the 

Mesozoic ocean: Oceanography, v. 19, p. 82–92, doi: 

http://dx.doi.org/10.5670/oceanog.2006.07. 

TARHAN, L.G., DROSER, M.L., PLANAVSKY, N.J., AND JOHNSTON, D.T., 2015, Protracted 

development of bioturbation through the early Palaeozoic Era: Nature Geosci, v. advance 

online publication, doi: 10.1038/ngeo2537. 

TAYLOR, P.D., 1990, Preservation of soft-bodied and other organisms by bioimmuration – a 

review: Palaeontology, v. 33, p. 1–17. 



68 
 

TAYLOR, T.N., TAYLOR, E.L., AND KRINGS, M., 2009, Paleobotany (Second Edition): Academic 

Press, London, 1230 p. 

VALENTINE, J.W., 1989, How good was the fossil record? Clues from the Californian 

Pleistocene: Paleobiology, v. 15, p. 83–94. 

VAN ROY, P., ORR, P.J., BOTTING, J.P., MUIR, L.A., VINTHER, J., LEFEBVRE, B., EL HARIRI, K., 

AND BRIGGS, D.E.G., 2010, Ordovician faunas of Burgess Shale type: Nature, v. 465, p. 

215–218. 

WALL, P.D., IVANY, L.C., AND WILKINSON, B.H., 2009, Revisiting Raup: Exploring the influence 

of outcrop area on diversity in light of modern sample-standardization techniques: 

Paleobiology, v. 35, p. 146–167, doi: 10.1666/07069.1. 

WILBY, P.R., BRIGGS, D.E.G., BERNIER, P., AND GAILLARD, C., 1996, Role of microbial mats in 

the fossilization of soft tissues: Geology, v. 24, p. 787–790. 

WILLIAMS, S.E., MÜLLER, R.D., LANDGREBE, T.C.W., AND WHITTAKER, J.M., 2012, An open-

source software environment for visualizing and refining plate tectonic reconstructions 

using high-resolution geological and geophysical data sets: GSA Today, v. 22, p. 4–9. 

WRIGHT, N., ZAHIROVIC, S., MÜLLER, R.D., AND SETON, M., 2013, Towards community-driven 

paleogeographic reconstructions: integrating open-access paleogeographic and 

paleobiology data with plate tectonics: Biogeosciences, v. 10, p. 1529-1541, doi: 

10.5194/bg-10-1529-2013. 

 

 

 

 



69 
 

CHAPTER 3 

New occurrences of Sphenothallus in the lower Cambrian of South China: Implications for 

its affinities and taphonomic demineralization of shelly fossils 

 

A. D. MUSCENTE and SHUHAI XIAO 

Department of Geosciences, Virginia Tech, Blacksburg, VA 24061, USA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



70 
 

3.1 Abstract 

Sphenothallus, a tubular fossil that occurs in Paleozoic strata around the world, may be 

related to cnidarians or ‘worms,’ but its affinities remain controversial due to preservational 

variations among localities. Here, to test hypotheses regarding Sphenothallus taphonomy and 

affinities, we investigate the preservation of new fossils from the lower Cambrian Shuijingtuo 

Formation at Heziao and Jijiapo (Hubei Province) and the equivalent Niutitang Formation at 

Siduping (Hunan Province) in South China. Morphology and allometry suggest that the fossils 

represent a single species, and their biostratinomy and authigenic mineralization indicate that 

they underwent similar pre-burial and early diagenetic processes, particularly transport and 

focused degradation via microbial sulfate reduction. However, the compositions and 

microstructures of the tests vary among localities. The Heziao tests consist of lamellar 

phosphatic material covered interiorly and exteriorly by layers of carbonaceous material. In 

contrast, the Siduping tests consist of non-lamellar phosphatic material associated with 

carbonaceous material, and the Jijiapo tests consist entirely of carbonaceous material. Based on 

these observations and experimental taphonomic data—which show that hydrochloric acid 

treatment of Heziao samples produces fossils that compositionally and microstructurally 

resemble the Jijiapo specimens—we propose that the new tests constitute a taphonomic 

continuum between shelly and carbonaceous preservation. This taphonomic model suggests that 

the preservation of shells as carbonaceous fossils results from kerogenization of the organic 

matrixes and subsequent or concomitant demineralization of the biomineralized microstructures 

of the shells. Hence, variations in Sphenothallus test composition and microstructure among 

localities may reflect varying extents of test demineralization, and the carbonaceous layers in 

Heziao specimens may have formed via demineralization of the tests’ exterior and interior 
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phosphatic lamellae. Our reconstruction based on this model indicates that pristine Sphenothallus 

tests consist of exteriorly sculptured and interiorly unsculptured organophosphatic lamellae. 

Thus, Sphenothallus microstructurally resembles and may be related to conulariids, and 

potentially, cnidarians. 

 

3.2 Introduction 

The record of the problematic tubular fossil Sphenothallus spans from the lower 

Cambrian (Li et al., 2004; Peng et al., 2005) to the upper Paleozoic (Mason and Yochelson, 

1985) with occurrences in North America (Hall et al., 1847; Mason and Yochelson, 1985; Pashin 

and Ettensohn, 1987; Bodenbender et al., 1989; Pashin and Ettensohn, 1992; Van Iten et al., 

1992; Bolton, 1994; Neal and Hannibal, 2000; Van Iten et al., 2002; Wei-Haas et al., 2011), 

South America (Clarke, 1913), Africa (Van Iten et al., 2013), Europe (Vinn and Kirsimäe, 201X; 

Schmidt and Teichmüller, 1956; Fauchald et al., 1986; Fatka et al., 2012; Stewart et al., 2014), 

and Asia (Choi, 1990; Zhu et al., 2000; Wang et al., 2003; Li et al., 2004; Van Iten et al., 2013; 

Baliński and Sun, 2015). Hall et al. (1847) originally described Sphenothallus as a plant, but in 

the past century, discussion of the taxon has focused on potential affinities with cnidarians (Van 

Iten et al., 1992; Peng et al., 2005; Van Iten et al., 2013) and various types of worms (Wilson, 

1967; Mason and Yochelson, 1985). Nonetheless, despite the broad temporal and spatial 

distributions of the genus, the affinities of Sphenothallus remain controversial, in part, due to 

preservational variations among localities (Wei-Haas et al., 2011).  

In general, the tubular Sphenothallus test consists of a pair of oppositely-situated 

longitudinal thickenings, which branch near the apex, extend up to its aperture, and are 

connected by two thinner transverse walls (Peng et al., 2005). The longitudinal thickenings and 
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transverse walls are sometimes covered by low-relief transverse ribs (Van Iten et al., 1992; 

Bolton, 1994; Zhu et al., 2000; Peng et al., 2005; Muscente and Xiao, 2015) or wrinkles (Choi, 

1990), which are not always preserved (Vinn and Kirsimäe, 201X; Mason and Yochelson, 1985; 

Li et al., 2004; Fatka et al., 2012; Stewart et al., 2014). At some localities, tests are preserved as 

carbonaceous fossils (Bodenbender et al., 1989; Neal and Hannibal, 2000; Wei-Haas et al., 

2011), but at others, they are phosphatic shells (Vinn and Kirsimäe, 201X; Van Iten et al., 1992; 

Li et al., 2004; Muscente and Xiao, 2015). Electron microscopy and energy-dispersive X-ray 

spectroscopy indicate the apexes and longitudinal thickenings of the phosphatic tests are 

sometimes comprised of submicron-thick laminations (Van Iten et al., 1992; Wang et al., 2003), 

which may be associated with carbonaceous material (Li et al., 2004; Muscente and Xiao, 2015). 

The carbonaceous material sometimes occurs as micrometer-thick, coherent layers covering the 

interior and exterior surfaces of phosphatic tests (Muscente and Xiao, 2015). However, the origin 

and significance of these carbonaceous layers has not been thoroughly investigated, and in other 

specimens, the phosphatic lamellae do not occur with carbonaceous material, vary in thickness 

between 10 and 170 µm, and lack sharp lamellar boundaries (Vinn and Kirsimäe, 201X). Hence, 

Sphenothallus tests may have originally been phosphatic (Mason and Yochelson, 1985; Van Iten 

et al., 1992), organophosphatic (Wang et al., 2003; Li et al., 2004), or organic (Bodenbender et 

al., 1989). If they were originally organic, phosphatic specimens may be secondarily 

phosphatized, like co-occurring shelly fossils (Li et al., 2004). Regardless, the original 

composition and microstructure of the Sphenothallus test remains unclear.  

Other notable variations in Sphenothallus preservation among localities relate to its basal 

attachment structures and non-biomineralized tissues. Some fossils are preserved with conical 

hold-fasts (Mason and Yochelson, 1985; Feldmann et al., 1986; Bodenbender et al., 1989; Van 
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Iten et al., 1992; Wang et al., 2003) that are sometimes phosphatic (Van Iten et al., 1992) and 

other times carbonaceous (Bodenbender et al., 1989). In addition, Sphenothallus fossils from the 

Devonian Hunsrück Slate conserve putative non-biomineralized tissues, which suggest that the 

organism possessed a symmetrical feeding apparatus with paired tentacles (Fauchald et al., 

1986). However, these tissues have not been reported from other localities. Overall, due to these 

variations in Sphenothallus soft tissue and test preservation, assessments of the taxon’s affinities 

have thus far been inconclusive. 

In this paper, we report new occurrences of Sphenothallus fossils from the lower 

Cambrian Shuijingtuo Formation at Heziao and Jijiapo in Hubei Province and from the 

equivalent Niutitang Formation at Siduping in Hunan Province of South China, and describe 

their preservation in order to test hypotheses regarding the taphonomy and phylogenetic affinities 

of the genus. Specifically, our investigation examines the biostratinomy, mineralization, test 

compositions, and skeletal microstructures of the new Sphenothallus fossils. In addition, we 

compare the specimens from the three localities in terms of allometric growth curves, and 

present the results of a simple experiment, simulating taphonomic demineralization processes 

that may influence Sphenothallus preservation. Using the results of these analyses, we propose a 

taphonomic model for the preservation of Sphenothallus in the lower Cambrian of South China, 

interpret the origin of the carbonaceous layers covering the interior and exterior surfaces of some 

phosphatic specimens, and discuss the possible phylogenetic affinities of the genus.  

 

3.3 Material and geological background  

Sphenothallus fossils were discovered in black shales of the lower Cambrian (Stage 3) 

Shuijingtuo Formation at Heziao and Jijiapo in Hubei Province of South China (Fig. 3.1A–B). 
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The Shuijingtuo Formation was deposited on the Yangtze Platform, which was part of a 

southeast-facing passive continental margin that formed following the break-up of the Rodinia 

supercontinent in the late Neoproterozoic (Wang and Li, 2003). During the Terreneuvian, 

carbonates were deposited on the shallow platform, shales were deposited in the basin, and 

interbedded carbonates and shales were deposited in transitional facies (Jiang et al., 2012). 

Subsequently, during the Cambrian Stage 3, widespread black shales were deposited, including 

the Shuijingtuo and middle-upper Niutitang formations (Peng and Babcock, 2001; Steiner et al., 

2001). The Shuijingtuo Formation (~60 m in thickness) overlies the poorly-exposed Yanjiahe 

Formation (carbonate, phosphorite, chert, and shale) and underlies the Shipai Formation (shale 

and siltstone with minor limestone, Fig 1C). In general, it consists of three members. Member I 

is black shale containing meter-sized carbonate concretions. Overlying it, member II—which 

contains the Sphenothallus fossils reported in this study—is a carbonaceous black shale 

interbedded with thin limestone. Member III is a bioclastic carbonaceous limestone containing 

possible animal embryos (Broce et al., 2014). Eodiscoid trilobites—such as Tsunyidiscus (Fig. 

3.2E–F), which first appears 6 m above the base of the Shuijingtuo Formation and is followed by 

Sinodiscus and Hupeidiscus (Wang et al., 1987; Ishikawa et al., 2014)—are characteristic of the 

Nangaoan (Qiongzhusian) stage (Peng and Babcock, 2001), which has been correlated to 

Cambrian Stage 3 (514–521 Ma) (Peng et al., 2012). Therefore, the Sphenothallus fossils 

described herein are most likely Cambrian Stage 3. 

The Heziao section (30° 30.722′ N, 111° 08.947′ E) outcrops along road cuts west of the 

town of Changyang (Fig. 3.1B). Poor exposure of the Shuijingtuo Formation prevented precise 

measurement of the sequence, but we estimate the formation’s thickness between 50 and 80 m. 

At the locality (Fig. 3.2A–B), the Shuijingtuo Formation contains pyritized sponge spicules (Fig. 
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3.2C) and Sphenothallus at multiple levels. Sphenothallus typically occurs within the thick beds 

of the outcrop, which is made up predominantly of more finely-laminated black shales. The 

Sphenothallus specimens analyzed herein comes from a single interval (~10 cm thick, Fig. 3.2B), 

which includes whole tests—ones with relatively intact apexes, apertures, and thickenings—and 

fragmentary material (e.g. broken thickenings).  

The Jijiapo section (30° 45.142′ N, 111° 02.004′ E) outcrops south of Sandouping on the 

southern side of the Huangling anticline in the Yangtze Gorges area (Fig. 3.1B). Whole tests and 

fragmentary specimens of Sphenothallus occur throughout a poorly-exposed outcrop (<1 m 

thick) of thinly-bedded, dark brown silty-shale of Member II. The fossiliferous horizon is about 

20 m above the base of the Shuijingtuo Formation and about 15 m above Member I with larger 

carbonate concretions. The eodiscoid trilobite Tsunyidiscus (Fig. 3.1E–F) co-occurs with 

Sphenothallus at the Jijiapo section. 

Sphenothallus were also recovered from float at the Siduping section (28° 55.023′ N, 

110° 26.946′ E) in Hunan Province (Fig. 3.1A). The black shale pieces most likely come from 

the lower Cambrian Niutitang Formation, which is the major black shale unit in the Siduping 

area (Wang et al., 2012). In general, the Niutitang Formation overlies the terminal Ediacaran 

Liuchapo Formation (bedded cherts and siliceous shales) (Jiang et al., 2012), which may contain 

the Precambrian-Cambrian boundary (Wang et al., 2012), and is stratigraphically equivalent to 

the Shuijingtuo Formation in Hubei Province (Steiner et al., 2005; Wang et al., 2012). In addition 

to Sphenothallus, the black shale pieces also contain conspicuous sponge spicules (Fig. 3.2D), 

which occur as bioclastic thin lenses in the Niutitang Formation (Wang et al., 2012). 

 

3.4 Methods and fossil preparation 
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3.4.1. Biostratinomy 

At the outcrop and in the lab, shale pieces containing Sphenothallus specimens were 

examined for conical holdfasts and for sedimentary structures informative about the depositional 

environments of the fossils. Qualitative notes were made regarding the relative densities of 

specimens on the shale pieces from the three sections and the relative abundances of whole and 

fragmentary specimens at each locality. In addition, a large (25 × 15 × 5 cm) stratigraphically 

oriented slab with abundant specimens was collected from Heziao. In the lab, the beds in this 

slab were separated, and the number, spacing, and spatial orientations of whole Sphenothallus 

specimens on each bedding surface was assessed. 

 

3.4.2 Electron microscopy and elemental analyses 

All specimens illustrated in this study are reposited in the Virginia Tech Department of 

Geosciences. Sphenothallus specimens were initially photographed using standard reflected light 

techniques. Selected specimens were examined using two scanning electron microscopy (SEM) 

systems: (1) a Hitachi TM3000 tabletop thermionic (tungsten filament source) SEM with 

polepiece backscattered electron (BSE) solid-state detector (SSD) and Bruker XFlash compact 

energy-dispersive X-ray spectroscopy (EDS) detector housed in the Virginia Tech (VT) 

Department of Geosciences and (2) a FEI Quanta 600F low vacuum environmental SEM with a 

field emission gun electron source, polepiece BSE SSD, and BSE and secondary electron 

Everhart-Thornley detector (ETD) housed in the VT Institute of Critical Technology and Applied 

Science Nanoscale Characterization and Fabrication Laboratory. Whereas the SSD on the FEI 

Quanta 600F ESEM is a two-array detector, the SSD on the Hitachi TM3000 SEM is comprised 

of four arrays and capable of directional BSE detection (analogous to ‘illumination’) along two 
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perpendicular axes without sample stage rotation (see Muscente and Xiao (2015) for additional 

technical details on this equipment). 

Shale pieces containing Sphenothallus specimens were trimmed to dimensions no more 

than 6 × 6 × 2 cm so that they fit inside the chambers of both SEM systems. As this study made 

use of low vacuum systems—in which the specimen chambers are held at pressures (~10–2 torr) 

allowing for the ionization and electrical conduction of surface charge by gases—conductive 

coating was not deposited on the specimens prior to imaging, except for one specimen from 

Jijiapo (indicated in figure caption), which was coated with a 20 nm conductive gold-palladium 

layer to reduce surface charging during imaging at high (>25,000×) magnifications. To minimize 

charging during electron imaging, all shale pieces were wrapped in copper foil tape with only the 

fossils exposed, and mounted so that the foil was in contact with the sample stage, thereby 

grounding surface electrical charge (Orr et al., 2002). High-resolution composite BSE images of 

specimens larger than the imaging area at the lowest magnification level (horizontal field width 

~4 mm) were assembled from multiple high-magnification images acquired under identical 

operating conditions (focus setting, brightness, contrast, dwell time, probe spot diameter, 

working distance, and accelerating voltages, VA) using the Hitachi TM3000 SEM. 

SEM images were acquired using various imaging modes at VA of 2–30 keV, working 

distances of 8–12 mm, and dwell times between 10–30 ms. For each image, the electron imaging 

mode and operating conditions were selected in order to optimize the visibility of certain 

specimen properties, such as compositional heterogeneity, surficial topography, and subsurficial 

mass-thickness variations (see Muscente and Xiao, 2015, for a review on mechanisms of contrast 

formation in electron imaging). To acquire images with optimal compositional (atomic number, 

or Z) contrast, specimens were imaged using the SSD(+) imaging mode, in which images are 
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formed via digital addition of BSE signals detected by the individual SSD arrays (Muscente and 

Xiao, 2015, fig. 3). Conversely, for images with optimal topographic contrast, specimens were 

imaged using the ETD(+) imaging mode—in which images are formed using secondary electrons 

detected by the ETD with a positively-biased faraday cage—and the SSD(–) imaging mode, in 

which images are formed via digital subtraction of BSE signals collected by the individual SSD 

arrays (Muscente and Xiao, 2015, fig. 3). In addition, directional detection BSE images—based 

on BSE signals detected by individual SSD arrays—were also acquired. In these images, 

‘shadows’ typically appear opposite the direction of BSE detection (the direction of 

‘illumination’). The shadows result from topographic variations on the sample surface affecting 

BSE emission and detection. For this reason, directional detection BSE images generally 

represent intermediates between SSD(+) and SSD(–) images in terms of topographic and 

compositional contrast (Muscente and Xiao, 2015). For each directional detection BSE image in 

this report, we designate the direction of BSE detection in terms of the perceived illumination. 

For instance, images acquired using SSD array(s) located on the rear side of the specimen are 

designated ‘bottom-illuminated shadow’ or SSD(BIS) images, and images acquired using SSD 

arrays located on the front side of the specimen are designated as ‘top-illuminated shadow’ or 

SSD(TIS) images (Muscente and Xiao, 2015, fig. 3).    

In order to analyze variations in the relative masses and thicknesses of materials in the 

subsurfaces of Sphenothallus tests—specifically the uppermost few microns of the specimens—

we imaged some fossils using the SSD(+) imaging mode at successively higher beam energies 

(e.g., 5, 6, 7 keV, etc.) in order to acquire ‘beam energy image series’ (see Muscente and Xiao, 

2015, for a technical background on the acquisition and interpretation of beam energy image 

series). In general, variations in the masses and thickness of materials in the subsurface of a 
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sample can be inferred from a beam energy image series via consideration of “mass-thickness 

contrast.” Mass-thickness contrast forms because, at a given point in an electron beam raster 

scan, the BSE signal intensity (essentially, the number of beam electrons backscattered from the 

sample) depends on the masses and thicknesses of materials within the volume of the sample 

interacting with the electron beam (see Muscente and Xiao, 2015, fig. 1f). Because BSE 

emission depth increases with VA, mass-thickness contrast also depends upon electron beam 

energy. Because changes in mass-thickness contrast with VA typically follow predictable 

patterns, which are evident in beam energy image series, observations of changes in image 

contrast through beam energy image series can be conceptualized to reconstruct the subsurficial 

microstructures of samples (see Muscente and Xiao, 2015, fig. 12). For this report, all operating 

conditions were constant through acquisition of each beam energy image series. 

The EDS elemental maps in this study were collected using the Hitachi TM3000 SEM at 

a VA of 15 keV and a working distance of 12 mm for 400–600 s live time with ~8000 counts/s. 

Given the operating conditions, the tungsten filament electron source, and the count rate, the 

dead time should be within an acceptable range (~10–40% live time) for elemental analysis. 

Elemental peaks were identified using the Quantax 70 Microanalysis Software by Bruker.  

 

3.4.3 Taphonomic experiment 

A simple experiment was conducted to simulate taphonomic demineralization of 

Sphenothallus tests. First, a small shale piece measuring 1 × 0.5 × 0.25 cm from Heziao 

containing a Sphenothallus test fragment was selected. The test fragment was photographed, and 

its preservation, composition, and microstructure were analyzed using SEM and EDS. Then, the 

shale piece was treated with several hydrochloric acid (HCl) solutions. A 10% HCl solution was 
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added, several drops at a time, on the surface of the Sphenothallus test fragment. After several 

minutes, when the bubbling slowed, the shale piece was placed in a 32% HCl solution, which 

was warmed to a gentle boil, and allowed to react for 3 h. The shale piece was removed from the 

HCl solution, and washed with purified water. After several rounds of washing, the shale piece 

was placed in purified water, which was warmed to a gentle boil, and allowed to react for 1 h. 

Then, the shale piece was removed from the purified water and dried. Lastly, the Sphenothallus 

test fragment was photographed, and its preservation, composition, and microstructure were 

again analyzed using SEM and EDS. 

 

3.4.4 Allometric growth analysis 

Whole specimens (n = 436) were sampled from the Heziao, Jijiapo, and Siduping 

sections for allometric growth analysis. Some of the sampled fossils include part-counterpart 

pairs. The fossils were photographed with scale bars via digital macrophotography under a 

variety of light and shadow regimes. The most representative photograph of each specimen was 

selected for data acquisition. Using ImageJ, digital measurements were collected from the four 

most-consistently available characters (Figs. 3A–B): aperture diameter (mm), apex diameter 

(mm), longitudinal thickening diameter (mm), and longitudinal thickening length (mm). 

Measurements of longitudinal thickening diameter were acquired from the best-preserved parts 

of the tests. In specimens with curved longitudinal thickenings, each longitudinal thickening 

length value was assessed as the sum of a series of relatively straight segments (Fig. 3.3C). To 

account for variability in fossil preservation, specimen exposure, and data acquisition, multiple 

measurements were collected for each character. For instance, four measurements of thickening 

diameter were taken from each specimen (two from each thickening), and the mean value was 
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tabulated. Lastly, for each specimen, the preservational state of the transverse walls (absent, 0; 

present, 1) was also recorded. Whenever possible, both the part and counterpart of each fossil 

were examined for evidence of transverse walls.  

 

3.5 Results 

3.5.1 Preservation of Sphenothallus at Heziao 

The fossiliferous slab from Heziao consists of three beds, each between 3 and 5 cm thick 

(Fig. 3.4A). Sphenothallus fossils occur throughout the beds (Fig. 3.4C–F), but are generally 

positioned parallel to sub-parallel relative to the bedding plane. The specimens are distributed 

randomly on the bedding surfaces, but their apexes are generally oriented in a bimodal pattern 

(Fig. 3.4B) and they exhibit notable diversity in size and morphology (Fig. 3.5, Table 3.1). 

Although some specimens possess transverse walls (Fig. 3.5A–F) and transverse ribs (Fig. 

3.5B,G), these features are missing in many specimens (Table 3.1).  

Combined SEM and EDS analyses show that the Sphenothallus fossils at Heziao consist 

of lamellar phosphatic (Fig. 3.6A–C,F,G,J–N) and carbonaceous materials (Fig. 3.6D,E,O–T), 

which are encrusted by various minerals, including barite, pyrite, and gypsum (Fig. 

3.6D,E,H,I,O–Z; 7A–C,H–M). Lamellae of the phosphatic material are visible in both in SSD(+) 

and ETD(+) images, and consist of nanocrystals (Fig. 3.6F,G; also see fig. 9E of Muscente and 

Xiao, 2015). Barite is generally restricted to Sphenothallus fossils (Figs. 6D,O–T, 7B, H–M), 

occurring as micrometer-sized crystals in thick encrusting structures (Fig. 3.7C). Pyrite occurs as 

euhedral crystals (Muscente and Xiao, 2015, fig. 8G) and as framboids (Fig. 3.6H,I, U–Z) on the 

Sphenothallus tests and throughout the shales. The framboids are generally most abundant in the 

matrix of the shales near Sphenothallus fossils (Fig. 3.6H). Unlike barite and pyrite, gypsum 
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covers entire bedding surfaces, molding Sphenothallus specimens in some places (Muscente and 

Xiao, 2015, fig. 8E). 

A typical longitudinal thickening at Heziao consists of lamellar phosphatic material 

covered interiorly and exteriorly by micrometer-thick nanoporous carbonaceous layers (Figs, 6G, 

8, 9; also figs. 7–9 of Muscente and Xiao, 2015), encrusted by gypsum (Muscente and Xiao, 

2015, fig. 8E) and framboidal pyrite (Fig. 3.6I,U–Z) in some places. The phosphatic and exterior 

carbonaceous layers contain subsurficial granular structures, which are apparent in beam energy 

SSD(+) image series (see fig. 9 of Muscente and Xiao, 2015). Nonetheless, the Sphenothallus 

tests at Heziao exhibit several examples of inter-specimen microstructural variation. First, the 

micrometer-thick interior carbonaceous layer (Fig. 3.8) is not present in all specimens (Figs. 

6I,U–Z, 9J,U–Y). Second, although the exterior carbonaceous layer covers sculptured phosphatic 

lamellae constituting the transverse ribs in some specimens (Muscente and Xiao, 2015, fig. 9Q–

Z), it seems to cover smooth phosphatic lamellae in other specimens (Fig. 3.9A–F). In these 

specimens, transverse ribs are visible in SSD(–) (Fig. 3.9E) and in SSD(+) images acquired at 

beam energies >15 keV (Fig. 3.9D), but not in SSD(+) images acquired at lower VA (Fig. 3.9C). 

Lastly, among various specimens, the range of the exterior carbonaceous layer thickness is 2 

(Fig. 3.9F, P–T) to 6 µm (Fig. 3.9J,U–Y), and the range of the phosphatic layer thickness is 4 

(Fig. 3.9J,U–Y) to 20 µm (see fig. 8E,F of Muscente and Xiao, 2015), suggesting the relative 

thicknesses of the carbonaceous and phosphatic layers vary among specimens.  

In addition to these examples of inter-specimen variation, SSD(+) beam energy image 

series indicate that the thickness of the exterior carbonaceous layer also varies across the surfaces 

of some individual specimens. In general, in BSE images of these specimens, mass-thickness 

contrast depends upon VA and the thickness of the exterior carbonaceous layer. At low beam 



83 
 

energies (VA≤5 keV), mass-thickness contrast among raster scan points on the exterior 

carbonaceous layer is low (Fig. 3.9H) because all BSEs originate in the exterior carbonaceous 

layer. However, through beam energy SSD(+) image series, the contrast increases among some 

raster scan points on the exterior carbonaceous layer (Fig. 3.9I). This contrast most likely 

corresponds to thickness variation in the exterior carbonaceous layer because, at higher beam 

energies (e.g. VA=15 keV, Fig. 3.9I), the BSEs also originate in the underlying phosphatic 

material and BSE signal intensity is inversely-related to exterior carbon-layer thickness (see fig. 

11B of Muscente and Xiao, 2015, for Monte Carlo simulations of BSE emission in Heziao tests).  

Combined BSE imaging and EDS elemental mapping shows that the compositions and 

microstructures of transverse walls also vary among Sphenothallus specimens at Heziao. In some 

specimens, the transverse walls—which may be encrusted by secondary minerals such as barite 

(Fig. 3.7B,C,H–M)—are preserved as carbonaceous material without underlying phosphatic 

layers (Figs. 6D,O–T, 7A). In other specimens, the transverse walls are preserved as phosphatic 

material covered by the exterior carbonaceous layer (Fig. 3.7D–G, N–Y). The phosphatic 

transverse walls sometime conserve transverse ribs (Figs. 5B, 7E–G), but the ribs are not 

conserved in all phosphatic transverse walls (Figs. 5C, 7D) and have not yet been observed on 

transverse walls preserved as carbonaceous material (Figs. 5A,F, 6D, 7A).          

 

3.5.2 Preservation of Sphenothallus at Jijiapo 

Shales containing Sphenothallus fossils at Jijiapo are generally friable and <1.5 cm in bed 

thickness. The fossils are typically positioned parallel to the bedding plane, and exhibit diversity 

in size and morphology (Fig. 3.10, Table 3.1). Most specimens possess transverse walls (Figs. 

10A,C,E and 11A) and some are covered by transverse ribs (Fig. 3.12A,C), but these features are 
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missing in many specimens (Table 3.1). BSE imaging and EDS elemental mapping indicates that 

longitudinal thickenings and transverse walls of Sphenothallus tests at Jijiapo are preserved as 

carbonaceous structures (Fig. 3.10I,J), which can be traced to unexposed part of the tests (Fig. 

3.10N) and are encrusted by barite, iron oxides, and more rarely, pyrite (Fig. 3.10). Barite occurs 

sporadically in the shale, but iron oxides are common throughout the matrix. Barite on the 

Sphenothallus fossils is typically bladed or tabular in morphology (Fig. 3.10K), but in some 

places, consists of large (>5 µm diameter) euhedral crystals (Fig. 3.10L). Similarly, iron oxides 

and pyrite on Sphenothallus primarily occur as micrometer-thick layers encrusting the 

carbonaceous material (Fig. 3.10A–F,I,J,O–Z). However, iron oxides also occur as framboids in 

shale matrix surrounding carbonaceous material (Fig. 3.10M). In general, the carbonaceous 

material comprising the fossils is 10 to 20 µm thick (Fig. 3.10N), has a cracked texture (Figs. 

10J,N, 11C), and is characterized by nanometer-sized holes (Fig. 3.11D), suggesting it is a 

porous material, similar to nanoporous organic matter comprising other carbonaceous fossils 

(Schiffbauer et al., 2007; Schiffbauer and Xiao, 2009; Pang et al., 2013; Muscente et al., 2015b).  

Although no transverse ribs have been observed on transverse walls at Jijiapo, some 

specimens conserve transverse ribs on their longitudinal thickenings (Fig. 3.12A–D). The 

transverse ribs are evident in SSD(TIS) (Fig. 3.12G), SSD(BIS) (Fig. 3.12N), and SSD(–) (Fig. 

3.12H,J) images, but not in the SSD(+) images (Fig. 3.12B,D,F). The transverse ribs are also 

evident in EDS elemental maps (Fig. 3.12K–M,O–R). Comparisons of directional detection BSE 

images (Fig. 3.12N) and EDS elemental maps (Fig. 3.12O–R) acquired with the active BSE and 

X-ray detectors oriented along the same axis show that the transverse ribs affect both BSE and 

X-ray detection. Specifically, in these BSE images and EDS elemental maps (Fig. 3.12N–R), 

shadows appear in the valleys of the transverse ribs, most likely because the peaks block the 
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detection of BSEs and X-rays from the valleys. These observations suggest that the transverse 

ribs are principally preserved as topography rather than as compositional heterogeneity on the 

surfaces of the fossils. In addition, combined BSE imaging and EDS elemental mapping analyses 

indicates that the transverse ribs occur in both shale matrix and in the carbonaceous material 

(Fig. 3.12E–H), indicating that the transverse ribs are preserved as topography in the external 

molds of the tests and on the exterior surfaces of the carbonaceous material comprising the tests. 

 

3.5.3 Preservation of Sphenothallus at Siduping 

Sphenothallus fossils at Siduping occur sparsely in float. The assemblage is dominated by 

fragmented and non-pristine specimens. Unbroken tests and tests with transverse walls are 

generally rare (Table 3.1), and none of the studied specimens conserve transverse ribs (Fig. 

3.13A–D), though the transverse walls of some specimens are covered by wrinkles (Fig. 3.14A–

D). Combined BSE imaging and EDS elemental mapping indicates that the Sphenothallus tests 

consist of non-lamellar phosphatic material associated with relatively carbonaceous material 

(Fig. 3.15A–C, E–H). These materials occur in both the longitudinal thickenings (Figs. 13C–H, 

15) and transverse walls (Figs. 13I–P, 14A–D) of the specimens. In some places, the 

carbonaceous material interiorly covers the phosphatic material (Fig. 3.15D,I–L), and elsewhere, 

the carbonaceous and phosphatic materials are encrusted—exteriorly (Fig. 3.12Q) and interiorly 

(Fig. 3.13R)—by gypsum and pyrite (Fig. 3.13Q–Z). Whereas the pyrite occurs as micrometer-

thick structures made up of euhedral crystals on the Sphenothallus tests (Fig. 3.13Q–S) and as 

framboids in the shale matrix surrounding the fossils (Fig. 3.13T), the gypsum primary occurs as 

nanometer-sized needle- (Fig. 3.13Q,T) and petal-shaped crystals (Fig. 3.13S). In rare 
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specimens, the carbonaceous materials are also encrusted by bladed, tabular barite crystals (Fig. 

3.14E–L). 

 

3.5.4 Taphonomic experimentation 

Light microscopy, SEM, and EDS elemental mapping of the Sphenothallus test fragment 

(Fig. 3.16A) on the surface of a Heziao shale piece selected for taphonomic experimentation 

show that, prior to HCl treatment, the preservation, composition, and microstructure of the test 

fragment matched other Heziao fossils. Specifically, the analyses show that the test fragment had 

transverse ribs (Fig. 3.16A–D,F,G) and consisted of lamellar phosphatic material covered by an 

exterior carbonaceous layer, though SSD(+) images acquired at low beam energies (VA = 5 keV) 

indicate that exterior carbonaceous layer was missing in multiple areas on the surface of the test 

(Fig. 3.16B,C). No micrometer-thick interior carbonaceous layer, barite, or pyrite was observed 

on the test fragment (Fig. 3.16E), and gypsum was localized to the matrix around the fossil (Fig. 

3.16B). 

The treatment of the shale piece with the 10% HCl solution resulted in the production of 

gases (probably CO2), and the treatment with 32% HCl solution significantly increased the 

friability of the shale piece, possibly via the dissolution of carbonate cements. Due to this 

friability, a notable crack formed in the Sphenothallus test fragment (Fig. 3.17A–C).     

Light microscopy, SEM, and EDS elemental mapping of the test fragment after HCl 

treatment show that it consists entirely of carbonaceous material with no evidence of phosphatic 

material (Fig. 3.17A–C,H–M). Carbonaceous material fully replicates the test fragment, even 

occurring in places where, prior to HCl treatment, the lamellar phosphatic material was exposed 

without the overlying exterior carbonaceous layer (Fig. 3.16B). The carbonaceous material is 



87 
 

encrusted, in some places, by gypsum crystals (Fig. 3.17E,F), which precipitated during the 

experiment (Fig. 3.16E). Evidently, as indicated by light microscopy (Fig. 3.17D) and SSD(–) 

images (Fig. 3.17G), HCL treatment weakened but did not completely obliterate the transverse 

ribs.   

 

3.5.5 Sphenothallus allometry 

Sphenothallus tests from Heziao, Jijiapo, and Siduping exhibit similar character size 

ranges and allometric growth trends (Table 3.1, Fig. 3.18A). In general, R2 values show 

allometric scaling accounts for most of the variations in measurements of Sphenothallus 

characters (Table 3.2). The aperture, apex, and thickening diameters of tests from all three 

collection localities scale negatively with the longitudinal thickening length, suggesting that the 

rate of aperture expansion decreased relative to the rate of test elongation during the lifespan of 

the Sphenothallus organism (Fig. 3.18B). Most specimens sampled for quantitative analyses have 

longitudinal thickenings between 2 and 11 mm in length, but smaller and larger specimens also 

occur in the sample sets (Fig. 3.18A). The preservation state of the transverse walls 

(present/absent) does not notably vary with the length of the longitudinal thickenings (Fig. 

3.18A). Specimens with transverse walls and longitudinal thickening < 2 mm in length are 

scarce, but this observation may simply be a sampling or analytical bias, given the small sample 

size in this class of specimens.  

 

3.6 Discussion 

In general, the newly-discovered Sphenothallus fossils in the Shuijingtuo and Niutitang 

formations are short conical-tubular tests, possessing longitudinal thickenings (~1–14 mm in 
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length) and transverse walls. Specimens from the Heziao and Jijiapo sections are covered by 

low-relief transverse ribs (~100–200/cm; Figs. 7F,G, 9E,G, 12E–H,J,N; Muscente and Xiao, 

2015, fig. 10C), and specimens from Siduping are covered by wrinkles (Fig. 3.14A–D), which 

may represent transverse ribs. In all sections, the diameters of the tests’ apertures, apexes, and 

longitudinal thickenings scale negatively with longitudinal thickening length (Fig. 3.18B). Given 

these similarities, we hypothesize that the fossils from the three localities in this report may 

represent a single species. The fossils broadly resemble Sphenothallus songlinensis, which has a 

short conical-tubular test (up to 17.5 mm in length) with transverse ribs (24–45/cm) and occurs 

in the Niutitang Formation in Guizhou Province of South China (Peng et al., 2005), except that 

its transverse ribs are less densely packed. However, taxonomic and phylogenetic analyses of the 

newly-discovered tests are complicated by their compositional and microstructural differences.  

 

3.6.1 Sphenothallus composition and microstructure 

At Heziao, the tests typically consist of a lamellar phosphatic material covered exteriorly 

and more rarely interiorly by nanoporous carbonaceous layers. Although both the phosphatic and 

exterior carbonaceous layers contain granular (<1 µm in diameter) structures, the relative 

thicknesses of these layers seem to vary among specimens and only the phosphatic material 

consists of distinct nanocrystals. The nanocrystals in the Heziao phosphatic material broadly 

resembles crystallites (<500 nm in diameter) occurring in Sphenothallus fossils with 

homogenous microstructure from the Ordovician of Baltica (Vinn and Kirsimäe, 201X). The 

lamellar phosphatic material in some Heziao specimens consists of interior (unsculptured) 

lamellae with smooth surfaces and exterior (sculptured) lamellae with surface topography, 

constituting the low-relief transverse ribs of those specimens (Muscente and Xiao, 2015). 
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However, the exterior phosphatic lamellae are unsculptured in some specimens (Fig. 3.9F), 

suggesting the sculptured lamellae were taphonomically degraded or physically abraded prior to 

SEM analysis. Regardless, when preserved, the transverse ribs are evident in SSD(–) and SSD(+) 

images acquired at higher (e.g. ~15 keV) beam energies with the valleys of the transverse ribs 

appearing brighter than the peaks. The contrast between the valleys and peaks of the transverse 

ribs (the ‘peak-valley contrast’) in the SSD(+) images acquired at relatively high beam energies 

corroborates reconstructions of the Heziao specimens, which propose that the exterior 

carbonaceous layer is thicker on the peaks than in the valleys of the transverse ribs. This 

interpretation is based on the observation that, at higher beam energies, BSE signal intensity is 

lowest in thick parts of the exterior carbon layer (Muscente and Xiao, 2015).  

Analyses of Heziao specimens corroborate observations in other studies, which suggest 

that the phosphatic lamellae in Sphenothallus tests may contain organic carbon. First, the 

lamellae of Heziao specimens are evident in both SSD(+) and ETD(+) images (Fig. 3.6F,G) most 

likely as compositional and topographic contrast respectively, though differences in the packing 

density of apatite nanocrystals in the lamellae may also manifest in the contrast of the SSD(+) 

images (Schiffbauer et al., 2012). Compositional contrast in the lamellar microstructure may 

indicate that the phosphatic material consists of alternating phosphatic and organic lamellae, as 

suggested by SEM and TEM analyses of Sphenothallus specimens from the lower Cambrian 

Guojiaba and Xiannudong formations of China (Li et al., 2004). Such organic lamellae may have 

been replaced by diagenetic apatite in Sphenothallus fossils at other localities (Vinn and 

Kirsimäe, 201X). Second, EDS analyses of the Heziao tests and other phosphatic Sphenothallus 

specimens show notable carbon peaks in EDS spectra (Fauchald et al., 1986; Wang et al., 2003; 

Li et al., 2004; Muscente and Xiao, 2015). Although the carbon peaks detected in these analyses 
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most likely correspond, in part, to carbonate substituting for phosphate in the apatite of the tests 

(Vinn and Kirsimäe, 201X; Van Iten et al., 1992), Muscente and Xiao (2015) show that the 

carbon, phosphorus, calcium, and oxygen contents of the phosphatic material in the Heziao tests 

are ~33.78±2.63, 5.04±1.03, 12.05±2.07, and 47.32±4.38 at% (atomic percent), respectively. 

Assuming the phosphatic material in the Heziao tests occurs as carbonate fluorapatite with the 

chemical formula Ca5[(PO4),(CO3)]3F, a simple stoichiometric calculation using these data 

shows that about 6.5% of the carbon signal comes from carbonate and the remaining 93.5% 

comes from organic carbon. Because these data are based on EDS analyses of unpolished and 

carbonaceous samples (Muscente and Xiao, 2015)—which may yield inaccurate data (Goldstein 

et al., 2003)—their interpretation warrants caution. Still, they suggest the phosphatic material in 

the Heziao tests contain a significant organic carbon, in addition to carbonate carbon (Vinn and 

Kirsimäe, 201X; Van Iten et al., 1992). Lastly, the taphonomic experiment in this report shows 

that the Heziao tests are preserved as carbonaceous material following demineralization via HCl 

treatment (Fig. 3.17). Given that the test fragment in the experiment did not possess an obvious 

micrometer-thick interior carbonaceous layer and that the carbonaceous material replicating the 

test fragment occurs in places where, prior to HCl treatment, the phosphatic material was 

exposed without the overlying exterior carbonaceous layer (Fig. 3.16), we surmise the 

carbonaceous material conserved through HCl treatment may have originally been organic 

matter in and/or between the phosphatic lamellae. Overall, these results may indicate the tests at 

Heziao are organophosphatic.  

Unlike specimens at Heziao, Sphenothallus at Jijiapo are preserved entirely as 

nanoporous carbonaceous material (Fig. 3.11). The carbonaceous material does not contain 

granular structures, but sometimes conserves topography on its exterior surface constituting 
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transverse ribs (Fig. 3.12E–R). Although the tests appear to be compressed, their transverse ribs 

are preserved as exterior molds in the shale matrix (Fig. 3.12E–H), and their carbonaceous 

material forms a three-dimensional structure extending to the unexposed part of the fossil (Fig. 

3.10N), suggesting the tests were externally molded by shale matrix material rather than 

compressed into organic film. Compositionally and microstructurally, the Sphenothallus tests at 

Siduping seem to represent an intermediate between those at Heziao and Jijiapo, consisting of 

non-lamellar phosphatic material associated with carbonaceous material (Fig. 3.15). Unlike the 

Heziao fossils, transverse ribs, granular microstructures, and nanometer-sized crystallites are 

apparently not preserved or present in Sphenothallus tests at Siduping. Thus, the results of this 

report document notable differences in the compositions and microstructures of Sphenothallus 

tests among the three localities. In the following sections, we interpret data on the biostratinomy, 

authigenic mineralization, and taphonomic demineralization of the fossils in order to identify 

possible preservational processes affecting the compositions and microstructures of 

Sphenothallus tests. Based on these interpretations, we propose a taphonomic model for 

Sphenothallus, and use the model to assess the phylogenetic affinities of the genus. 

 

3.6.2 Biostratinomy 

Several lines of evidence suggest that the fossils at Heziao, Jijiapo, and Siduping may 

have been transported prior to burial. First, the absence of conical holdfasts indicates that the 

Sphenothallus fossils at the three sections were transported after death. Second, the abundance of 

fragmentary specimens along with relatively unbroken tests is also consistent with pre-burial 

transport. Lastly, the bimodal orientation of unbroken Sphenothallus tests at Heziao (Fig. 3.4B) 

may represent evidence of pre-burial transport. Although some bimodal orientations of fossils 
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may be the result of oscillatory processes (Muscente and Allmon, 2013), the bimodal orientation 

of Sphenothallus tests at Heziao may alternatively be the result of pre-burial transport in 

directional flows, possibly turbidity currents. Flume studies using clay models of hyolith tests 

indicate that, although cones preferentially orient their apertures against the direction of flow in 

slow (~10 cm/sec) currents, they become oriented in various hydrodynamically-favorable 

positions in moderate (10–25 cm/sec) currents and tumble and roll in fast (>25 cm/sec) currents 

(Marek et al., 1997). The observation that cones exhibit multiple hydrodynamically-favorable 

positions in currents may account for bimodal distributions of tentaculitids (Wendt, 1995) and 

Turritella (Toots, 1965). Although reconstructing paleocurrents using fossil orientations is 

challenging, and bimodal distributions may sometimes result from wave action (Nagle, 1967), 

the directional flow interpretation is most consistent with the inferred depositional environment 

of the Shuijingtuo Formation, which was deposited below fair weather wave base during 

maximum transgression on the Yangtze Platform (Peng and Babcock, 2001). 

    

3.6.3 Authigenic mineralization and weathering 

The results of combined SEM and EDS analyses suggest that Sphenothallus tests served 

as sources of hydrogen sulfide and/or as nuclei for pyrite precipitation during diagenesis of the 

host sediments. Pyrite—including framboidal (Fig. 3.6I,U–Z) and encrusting (Figs. 10F,U–Z, 

13Q–S,U–Z) forms—coats Sphenothallus tests at Heziao, Jijiapo, and Siduping, and also occurs 

in shale matrix near Sphenothallus tests at Heziao (Fig. 3.6H) and Siduping (Fig. 3.13T). In 

addition, iron oxides occurring throughout the shale matrix (Fig. 3.10M) and encrusting 

Sphenothallus tests (Fig. 3.10A–D,I,J,O–T) at Jijiapo may derive from oxidative weathering of 

pyrite. Iron oxide pseudomorphs of pyrite commonly occur on pyritized fossils (Gabbott et al., 
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2004; Cai et al., 2012; Forchielli et al., 2012). Overall, the occurrence of pyrite and its 

pseudomorphs with the Sphenothallus fossils suggests that the tests experienced focused 

microbial sulfate reduction at all three localities (Xiao et al., 2010; Muscente et al., 2015a). 

Although Sphenothallus tests from all three localities in this report are encrusted by barite 

(Figs. 7B,C,H–M, 10A,B,I,J,O–T, 14A,B,E–L), reports of shelly fossils encrusted and/or 

associated with barite are generally rare (Wilby et al., 1996; Kouchinsky and Bengtson, 2002; 

Zabini et al., 2012). Nonetheless, in modern environments, sedimentary barite typically forms 

via biogenic, hydrothermal, cold seep, and diagenetic pathways (Raiswell et al., 2002; Griffith 

and Paytan, 2012), and barite formed via these pathways can be distinguished, to a degree, in 

terms of its crystal size and morphology (Paytan et al., 2002; Griffith and Paytan, 2012). 

Biogenic barite—which is produced by planktonic organisms or is formed in microenvironments 

near decaying organic matter—typically occurs as ellipsoidal crystals <5 µm in diameter (Paytan 

et al., 2002). In contrast, barite formed via hydrothermal and diagenetic processes typically 

occurs as bladed tabular crystals (>20 µm in diameter), which form rosettes and diamond-shaped 

clusters (Paytan et al., 2002). The barite encrusting Sphenothallus tests in this report (Figs. 7C, 

9K,L, 14F) most closely resembles hydrothermal and diagenetic barite crystals. Although 

petrological and geochemical analyses provide some evidence for early Cambrian hydrothermal 

venting in Hunan and Guizhou provinces of South China (Steiner et al., 2001; Chen et al., 2009), 

the Shuijingtuo Formation in Hubei Province—a source of the barite-encrusted Sphenothallus 

tests in this report—does not show any evidence of hydrothermal or volcanic influence. 

Therefore, the barite may be diagenetic in origin. If so, it may have precipitated on Sphenothallus 

tests buried near the anoxic-oxic boundary. In modern sediments, biogenic barite sourced from 

planktonic organisms dissolves and accumulates in anoxic and sulfate-depleted pore waters 
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within sediments. Barite may then precipitate at the redox boundary where sulfate-rich fluids mix 

with barium-rich and sulfate-poor pore fluids from below the microbial sulfate reduction zone 

(Bolze et al., 1974; Brumsack and Gieskes, 1983; Paytan et al., 2002; Griffith and Paytan, 2012). 

This scenario is consistent with the co-occurrence of barite and framboidal pyrite (Fig. 3.10M), 

indicating sulfate-reducing conditions, and the proposed origins of sedimentary barite in the 

lower Cambrian of North China (Zhou et al., 2015). Alternatively, late diagenetic changes in 

fluid pressures and temperatures may have induced barite precipitation by creating conditions of 

low barite solubility (Hanor, 2000) or by inducing mixing of Ba- and SO4-rich fluids (Hein et al., 

2007). These hypotheses require testing with additional (e.g. isotopic) data. 

Unlike the pyrite and barite, gypsum associated with the Sphenothallus fossils at Heziao 

(Fig. 3.6D,O–T) and Siduping (Fig. 3.13B, J,Q–Z) likely precipitated during recent weathering. 

The Shuijingtuo and Niutitang formations were deposited below fair-weather wave base (Peng 

and Babcock, 2001), rather than in shallow-water, evaporative environments where gypsum 

typically precipitates (Murray, 1964). In addition, gypsum in the Heziao section occurs 

exclusively between beds of shales or along fractures, covering entire bedding surfaces and 

filling cracks and pores. At Siduping, gypsum crystals cover all exposed surfaces but do not 

occur in the interiors of float pieces. Gypsum minerals with these characteristics in black shales 

are typically interpreted as weathering products (Martens, 1925), as chemical weathering of 

black shales causes carbonate dissolution and pyrite oxidation that can drive calcium sulfate 

precipitation (Ritsema and Groenenberg, 1993). The Shuijingtuo/Niutitang black shales at 

Heziao and Siduping contain carbonate minerals and pyrite, which is most abundant near 

Sphenothallus tests (Figs. 6H,I,U–Z, 13Q–Z). In addition, the weathering of phosphatic tests of 
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Sphenothallus releases calcium and supports precipitation of gypsum, which in some cases, 

molds Sphenothallus fossils (Muscente and Xiao, 2015, fig. 8E,N–S). 

 

3.6.4 Taphonomic experiment and secondary demineralization 

The processes involved in the preservation of shells as carbonaceous fossils have not 

been thoroughly investigated. In particular, the sources of the carbonaceous materials comprising 

the fossils remain controversial. Although the carbonaceous materials have variably been 

interpreted as the remains of individual coherent layers—such as periostraca—in or on the shells 

(Butterfield and Harvey, 2012; Harvey et al., 2012), it has recently been hypothesized that 

carbonaceous materials may actually represent the organic matrixes of the shells (Martí Mus, 

2014). If so, the preservation of shells as carbonaceous fossils likely involves two sequential (or 

possibly concomitant) processes: (1) the formation of aliphatic compounds that are stable over 

geological timescales via in situ diagenetic polymerization (‘kerogenization’) of compounds in 

the shells’ organic matrixes and (2) the loss of the biomineralized microstructures of the shells 

(Briggs et al., 1999; Stankiewicz et al., 2000; Gupta and Briggs, 2011; Martí Mus, 2014). In 

essence, the second process results in demineralization of the shells’ microstructures, so that only 

insoluble carbonaceous materials remain in the fossils. Carbonaceous preservation is likely 

favored if demineralization occurs after kerogenization, as soluble and highly reactive organic 

matrixes are readily degraded under a variety of conditions (Glover and Kidwell, 1993). In this 

context, the taphonomic experiment in this report provides an analog to understand the effects of 

demineralization on Sphenothallus composition, morphology, and microstructure, as HCl 

treatment of Heziao fossils simulates demineralization in shells containing kerogenized 
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carbonaceous materials. Overall, results show that some shells conserve carbonaceous material 

through demineralization, though their morphology is weakened and their microstructure is lost. 

 

3.6.5 Taphonomic model 

We propose a taphonomic model that incorporates both pre-burial and post-burial 

(diagenetic and weathering) processes to account for the various test morphologies, 

compositions, and microstructures of Sphenothallus fossils from Heziao, Jijiapo, and Siduping 

(Fig. 3.19). For this model, we assume the Sphenothallus fossils from the three sections represent 

a single species—as suggested by their similar morphologies and allometric growth patterns—

and were originally organophosphatic tests, as suggested by the preservation of apatite 

nanocrystals and organic matter in the Heziao fossils. The fossils at Heziao do not occur with 

sedimentary phosphorite (Muscente et al., 2015a), and contain no evidence of secondary 

phosphatization (Xiao and Schiffbauer, 2009; Schiffbauer et al., 2012; Muscente et al., 2015a).  

The amount of time between the death of the organisms and the burial of their tests, as 

well as the placement and duration of the tests within various microbial zones in the sediment 

column (Schiffbauer et al., 2014), likely affected the preservation of the fossils in several key 

ways. First, a protracted post-mortem stay on sediment surfaces or in the aerobic zone within 

sediments likely favored the degradation of the organisms’ non-biomineralized tissues, such as 

their putative tentacles (Fauchald et al., 1986). In general, the preservation of non-biomineralized 

tissues occurs when rates of authigenic mineralization (e.g. pyritization) exceed those of soft 

tissue degradation (Briggs, 2003). For this reason, soft tissue preservation is favored in the 

anaerobic zones within sediments, in which biogeochemical processes create geochemical 

conditions conducive to authigenic mineralization (Muscente et al., 2015a; Schiffbauer et al., 
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2014), and typically requires the burial of an organism before or soon after death. Although the 

fossils in this report contain evidence of non-pervasive pyritization, they were not buried soon 

after death, so their non-biomineralized tissues may have been degraded prior to authigenic 

mineralization. Second, a protracted interval between the death and burial of Sphenothallus 

likely favored the fragmentation of its tests due to physical and biotic processes (Best and 

Kidwell, 2000) and the accumulation of test fragments, which occur at Heziao, Jijiapo, and 

Siduping. Lastly, the time between death and burial may have also allowed for physical and 

chemical alteration of Sphenothallus test surfaces. Actualistic studies show that physical and 

chemical processes commonly alter shell surfaces in modern environments (Cutler, 1995; Best 

and Kidwell, 2000; Best and Kidwell, 2000; Powell et al., 2011). Physical abrasion—resulting 

from shell-sediment and shell-shell collisions during specimen transport—results in exfoliation, 

flaking, and pitting of shell surface layers (Cutler, 1995). Activities of colonizing algae, fungi, 

and microbes can also modify shell surfaces (Best and Kidwell, 2000; Best and Kidwell, 2000). 

Such processes may account for the absence and poor preservation of transverse ribs in some 

Sphenothallus specimens, as these processes may have driven pre-burial deterioration of the 

exterior lamellae constituting the tests’ low-relief transverse ribs (Muscente and Xiao, 2015).  

Alteration of Sphenothallus test surfaces may have also occurred within sediments 

following burial. Shells in modern organic-rich, muddy sediments show notable signs of 

alteration (Best and Kidwell, 2000), including exfoliation and terracing of surfaces (Cutler, 

1995). In such modern environments, shell surface alteration results from microbial attack on the 

organic matrixes comprising shells (Glover and Kidwell, 1993) and from the concomitant 

acidification of sediment pore waters under the influence of aerobic respiration and microbial 

sulfate reduction (Walter and Burton, 1990). Such processes may have affected Sphenothallus 
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test surfaces during early diagenesis of the Shuijingtuo and Niutitang formations. The 

observation that the tests experienced focused microbial sulfate reduction suggests that their 

organic matrixes may have been a source of organic matter for microbial sulfate reduction, 

which could have produced hydrogen sulfide, driven pyrite precipitation, and acidified pore 

waters (Muscente et al., 2015a) and thereby promoted deterioration of the fossils’ transverse ribs. 

If so, the surfaces of Sphenothallus tests may have concomitantly been dissolved and pyritized, 

and a relationship may exist between the extent of pyritization and preservation of transverse ribs 

in the fossils. Nonetheless, after prolonged burial of the Sphenothallus fossils, further alteration 

of the test surfaces may have been limited by transformation of organic matrixes into relatively 

insoluble and recalcitrant aliphatic compounds via kerogenization (Stankiewicz et al., 2000). 

Although the fossils at Heziao, Jijiapo, and Siduping may have followed similar 

taphonomic pathways up to kerogenization, their paths may have diverged during a 

demineralization process (Fig. 3.19). The extent of demineralization plausibly depends upon the 

microstructures of the shells and the chemistry (e.g. pH and saturation levels) of the surrounding 

fluids involved in the reaction, which is most likely favored at the surfaces of shells, where 

biomineral interfacial surface area is greatest and fluid mixing may limit re-mineralization. 

These inferences suggest that demineralization proceeded at the exterior and interior surfaces of 

the Sphenothallus tests, and may have ceased in response to changing reaction parameters. If so, 

the newly-discovered Sphenothallus fossils may constitute a taphonomic continuum. According 

to the model, the fossils at Jijiapo underwent complete demineralization, and consequently, 

retain carbonaceous material in place of their mineralized test. However, at the other localities, 

demineralization did not proceed to completion, and tests conserve characters compositionally 

and microstructurally intermediate between shelly and carbonaceous fossils. Whereas 
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demineralization proceeded nearly to completion in the Siduping fossils, which retain 

carbonaceous and phosphorus-rich (generally carbonaceous) materials in place of phosphatic 

tests (Fig. 3.15), the process was restricted to the surfaces of the Heziao tests and consequently 

left micrometer-thick carbonaceous layers in place of exterior and interior lamellae (Figs. 6F, 

8D; fig. 8 of Muscente and Xiao, 2015).  

Variations among Sphenothallus specimens at Heziao may correspond to different 

reaction parameters during demineralization of the tests. For instance, variations in the relative 

thicknesses of the phosphatic and carbonaceous layers among specimens (Figs. 6F, 8D, 9F,J) 

may correspond to different extents of demineralization. In addition, the absence of micrometer-

thick interior carbonaceous layers in some specimens (Fig. 3.6I, 9J) may indicate that the interior 

surfaces of those fossils were protected or non-conducive to demineralization. Lastly, variations 

in the thicknesses of exterior carbonaceous layers within some individual specimens (Fig. 

3.9H,I) may reflect heterogeneity in reaction parameters during demineralization. Overall, these 

observations suggest that demineralization proceeded to varying extents among Heziao 

specimens as well as among Sphenothallus specimens from the three localities.  

The results of this study provide data to test several key predictions of the taphonomic 

model regarding demineralization. Notably, the taphonomic experiment in this report 

demonstrates that, beginning with a test comprised predominantly of lamellar organophosphatic 

material, a simple HCl treatment can replicate the demineralization process inferred to have 

occurred in preservation of Sphenothallus tests as carbonaceous fossils. The results indicate that, 

although the demineralization process alters fossil composition and microstructure, it does not 

significantly affect fossil morphology, as the experimental test fragment retains its overall shape 

and, to a lesser degree, transverse ribs through complete dissolution of its phosphatic material. 
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Moreover, the morphological, compositional, and microstructural similarities between the 

experimental test fragment after HCl treatment (Fig. 3.17) and the fossils from Jijiapo (Figs. 11, 

12) corroborate the prediction that the Jijiapo tests underwent complete demineralization.  

Observations of beam energy SSD(+) image series of Heziao Sphenothallus tests may 

corroborate another prediction of the taphonomic model. Assuming that the phosphatic lamellae 

in Sphenothallus are relatively thick in the transverse ribs—as they are in the transverse ribs and 

internal carina of conulariids (Van Iten, 1992; Van Iten et al., 1992)—the taphonomic models 

predicts that, if the exterior lamellae constituting the transverse ribs have been demineralized, the 

exterior carbonaceous layer in Sphenothallus should be thicker on the peaks than in the valleys 

of its transverse ribs, even if no sculptured lamellae are conserved (Fig. 3.19). Beam energy 

SSD(+) images series corroborate this prediction (Fig. 3.9C–E,G–I; also see Muscente and Xiao, 

2015, figs. 10 and 12A–D, for additional description). 

The taphonomic model does not constrain the timing of demineralization after 

kerogenization in post-burial history, instead predicting that demineralization may potentially 

occur during diagenesis or recent weathering, if fluids surrounding shells favor biomineral 

dissolution. In addition, the model predicts that, if demineralization occurs before sediment 

cementation, it may create space and allow for the collapse and compaction of the carbonaceous 

material comprising the fossil. If so, the magnitude of carbonaceous material compaction 

depends upon both the extent and timing of demineralization relative to sediment cementation, 

and shells that undergo demineralization prior to sediment cementation may experience greater 

compaction than shells that undergo demineralization during weathering. In the latter case, the 

fossils may be preserved as carbonaceous structures molded by sediments and exhibiting no 

diagenetic compaction. Observations of fossils from rocks of various lithologies, facies, and 
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diagenetic and weathering histories provide some evidence for these predictions. Although 

carbonaceous in composition, Sphenothallus tests at Jijiapo conserve notable topographic relief 

(Figs. 10G,H,N, 12A–H), indicating they did not undergo much diagenetic compaction. In 

addition, the iron oxide framboids (interpreted as pseudomorphs of pyrite) associated with the 

fossils (Fig. 3.10M) indicate that the shales experienced significant oxidative weathering, 

suggesting that the Jijiapo tests underwent demineralization during weathering. Forchielli et al. 

(2012) similarly attributed the carbonaceous preservation of linguliform brachiopods in early 

Cambrian shales of South China to the dissolution of apatite during weathering. Hence, 

demineralization via weathering may be a common pathway for the preservation of 

organophosphatic shells as carbonaceous fossils. Of course, shells preserved as carbonaceous 

compressions with negligible topographic relief are also common, particularly in the Cambrian 

(Butterfield and Nicholas, 1996; Harvey, 2010; Harvey and Butterfield, 2011; Butterfield and 

Harvey, 2012; Harvey et al., 2012; Martí Mus, 2014). The miniscule topographic relief observed 

in these carbonaceous compressions suggests that those shells underwent demineralization 

during diagenesis (Martí Mus, 2014).  

Overall, these observations suggest that the taphonomic model in this report illuminates 

the taphonomy of shells preserved as carbonaceous fossils. The taphonomic model may also 

account for the preservation of carbonaceous layers covering the interior and exterior surfaces of 

some shelly fossils (Zabini et al., 2012), though additional work is necessary to determine if 

these layers are original tissues or taphonomic artifacts of incomplete shell demineralization. 

 

3.6.6 Sphenothallus reconstruction and affinities 
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The taphonomic model implies that the most pristine Sphenothallus fossils in this 

report—the fossils with the highest fidelity morphological, compositional, and microstructural 

preservation—occur at Heziao. Nonetheless, the model suggests several characters in these 

fossils may be taphonomic features, and therefore, may not be reliable for phylogenetic analyses. 

For instance, the taphonomic model suggests the carbonaceous layers may have formed via 

demineralization of exterior and interior phosphatic lamellae. If so, they may not be the remains 

of individual coherent layers, like periostraca of mollusks or brachiopods, which may indicate 

phylogenetic affinities. The granular structures in the exterior carbonaceous layer and phosphatic 

material in the Heziao specimens (Muscente and Xiao, 2015) may have also formed via this 

taphonomic process. We hypothesize that the granular structures in the exterior carbonaceous 

layer may be remnants of phosphatic material remaining after demineralization of surrounding 

lamellae. The granular structures in the phosphatic layer may similarly be regions of high-density 

or high-Z that remain following partial demineralization of the phosphatic material. 

Alternatively, the granular structures in the phosphatic layer may be diagenetic apatite crystals 

that are larger than surrounding nanocrystals. Regardless, the uncertainties regarding the origins 

of these features suggest they should not be used for phylogenetic analysis.     

Integration of the taphonomic model with observations of the Sphenothallus tests from 

Heziao yields a new longitudinal cross-sectional reconstruction of the problematic fossil (Fig. 

3.20), which omits the unreliable features possibly produced by taphonomic processes. In this 

reconstruction, the test of Sphenothallus consists of exterior sculptured phosphatic lamellae and 

interior unsculptured phosphatic lamellae. The exterior sculptured phosphatic lamellae constitute 

the transverse ribs. Organic carbonaceous materials located in and/or between the phosphatic 

lamellae comprise the organic matrix of the test. In general, this reconstruction corroborates 
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phylogenetic analyses that propose placement of Sphenothallus among conulariids (Van Iten et 

al., 1992; Van Iten et al., 2013; Muscente and Xiao, 2015), affirming that the tests of both groups 

consist of outer phosphatic layers with transverse ribs and inner phosphatic layers with smooth 

phosphatic lamellae (Van Iten et al., 1992; Muscente and Xiao, 2015). Additionally, tests in both 

groups are composed of carbonate-rich apatite, and possess evidence of internal cross walls 

(schotts) and clonal branching (Van Iten, 1991; Van Iten, 1992; Van Iten et al., 1992). However, 

notable differences exist between Sphenothallus and conulariid fossils in terms of test 

microstructure and composition. First, various conulariid genera occurring in the Cambrian-

Pennsylvanian interval are preserved with microscopic circular pores, canals, and crater-like pits 

(2 to 12 µm in diameter) in their phosphatic lamellae (Van Iten et al., 2005; Van Iten et al., 

2006), which have not be reported in Sphenothallus. Second, X-ray diffraction data suggest that 

lattice parameters of the apatite minerals in Sphenothallus are different than those of the apatite 

minerals in conulariid fossils (Vinn and Kirsimäe, 201X). Lastly, whereas conulariid tests are 

phosphatic (Van Iten, 1992), electron microscopy and EDS analyses suggest that Sphenothallus 

tests are organophosphatic in composition and that their phosphatic lamellae are associated with 

organic carbonaceous material (Wang et al., 2003; Li et al., 2004; Muscente and Xiao, 2015). 

Nonetheless, these differences between Sphenothallus and conulariid fossils may reflect 

modifications of their tests due to ecological, taphonomic, and diagenetic processes. The circular 

pores, canals, and pits observed in conulariids but not Sphenothallus may be microscopic borings 

(Van Iten et al., 2005) or bioclaustrations (Van Iten et al., 2006) rather than original anatomical 

features (Van Iten et al., 2005). Similarly, the different lattice parameters may reflect, to a 

degree, diagenetic recrystallization, and organic material may be absent in conulariid fossils due 

to replacement by diagenetic apatite (Vinn and Kirsimäe, 201X) or taphonomic or diagenetic 
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degradation. Thus, the observations do not disprove a close phylogenetic relationship between 

Sphenothallus and conulariids. Overall, the lamellar microstructures, clonal growth habits, and 

schotts of Sphenothallus and conulariids may indicate that both groups are related to cnidarians 

(Vinn and Kirsimäe, 201X; Van Iten et al., 1992; Wang et al., 2003; Li et al., 2004; Muscente 

and Xiao, 2015).  

 

3.7 Conclusions 

In summary, we have described the preservation of newly-discovered Sphenothallus 

fossils from the lower Cambrian Shuijingtuo and equivalent Niutitang formations of South 

China. Our results show that the tests from the Heziao, Jijiapo, and Siduping localities may 

represent a single species, and generally experienced similar pre-burial and early diagenetic 

taphonomic processes. The tests were transported, fragmented, and likely abraded prior to burial, 

and once buried within sediments, acted as focal sites of microbial sulfate reduction and as nuclei 

for the precipitation of barite and pyrite. However, these taphonomic processes do not account 

for the different compositions and microstructures of the tests, which variably consist of 

phosphatic and carbonaceous materials. Instead, we propose that the preservation of 

Sphenothallus involved two sequential or concomitant processes: kerogenization and 

demineralization. This taphonomic model suggests that the different compositions and 

microstructures of Sphenothallus fossils in the lower Cambrian of South China correspond to 

varying extents of test demineralization during diagenesis and weathering, and that the 

carbonaceous layers covering the interior and exterior surfaces of the phosphatic tests at 

Heziao—which were interpreted as possible original anatomical characters (Muscente and Xiao, 

2015)—may have formed via taphonomic demineralization of phosphatic lamellae and should 
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not be used for phylogenetic analysis. Overall, the newly-discovered Sphenothallus fossils with 

the highest preservational fidelity microstructurally resemble and thus may be related to 

conulariids, and potentially, cnidarians. Given these insights into the taphonomy and affinities of 

Sphenothallus, this study represents a valuable contribution to the study of shelly fossils during 

the Cambrian radiation of animals, when mineralized skeletons exhibit unique mineralogical and 

morphological diversity (Bengtson and Conway Morris, 1992; Knoll, 2003; Kouchinsky et al., 

2012). The taphonomic model proposed in this study also illuminates the diversity of shells 

preserved as carbonaceous fossils, which are widespread in Cambrian rocks (Butterfield and 

Nicholas, 1996; Harvey, 2010; Harvey and Butterfield, 2011; Butterfield and Harvey, 2012; 

Forchielli et al., 2012; Harvey et al., 2012; Martí Mus, 2014). 
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3.9 Tables and table captions 

 

 

 

 

 

 

 

 

 

Table 3.1. Results of quantitative morphological analysis. The numbers outside and inside the 

parentheses are the means values and ranges, respectively. 

Locality 

No. of 

specimens 

sampled 

Thickening 

length range 

(mm) 

Aperture 

diameter range 

(mm) 

Thickening 

diameter range 

(mm) 

Apex diameter 

range (mm) 

No. of 

specimens 

(walls present) 

No. of 

specimens 

(walls absent) 

Proportion of 

specimens 

(walls present) 

Proportion of 

specimens  

(walls absent) 

Heziao 211 

13.50 

(1.17–14.67) 

3.17 

(1.00–4.17) 

0.56 

(0.24–0.80) 

0.93 

(0.50–1.43) 

141 70 0.67 0.33 

Jijiapo 207 

13.49 

(1.46–14.95) 

3.19 

(1.14–4.33) 

0.49 

(0.31–0.80) 

0.82 

(0.56–1.38) 

126 81 0.61 0.39 

Siduping 18 
12.36    

(2.01–14.37) 

3.22 

(1.06–4.28) 

0.37 

(0.28–0.66) 

0.77 

(0.50–1.27) 

2 17 0.12 0.88 

Table 3.2. R2 values in simple regression analyses of morphological characters, assuming each 

relationship is a power function (e.g., y = kxa). 

Character 
Longitudinal 

thickening Length 

Longitudinal 

thickening diameter 

Aperture 

diameter 

Apex 

diameter 

Longitudinal 

thickening Length 
1    

Longitudinal 

thickening diameter 
0.76 1   

Aperture 

diameter 

0.81 0.77 1  

Apex 

diameter 

0.66 0.10 0.67 1 
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3.10 Figures and figure captions 

 

Fig. 3.1. Maps of fossil localities and stratigraphic column of Shuijingtuo Formation. (A) 

Tectonic map showing the Yangtze, Cathaysia, North China, and Tarim blocks in China. White 

star indicates area magnified in (B) with Heziao and Jijiapo fossil localities. The Siduping (SDP) 

locality is marked by arrow. (B) Geological map showing fossil localities marked by black 

triangles and labeled as HZA (Heziao) and JJP (Jijiapo). (C) Generalized stratigraphic column of 

the Shuijingtuo Formation in Hubei Province. Arrow indicates estimated position of beds 

containing abundant Sphenothallus specimens at Heziao. Abbreviations: SHP, Shipai Formation; 

Terre, Terreneuvian; YJH, Yanjiahe Formation. 
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Fig. 3.2. Outcrops of Sphenothallus horizons and co-occurring sponge and trilobite fossils. (A–

B) Field photographs of the Shuijingtuo Formation at the Heziao section. Rock hammer near 

arrow in (A) is 35 cm in length. Interval containing abundant Sphenothallus specimens indicated 

by arrow in (A) and racketed by the dashed lines in (B). All Heziao fossils, including the 

fossiliferous slab (Fig. 3.4), were collected from this interval. (C–D) Photographs of sponge 

spicules co-occurring with Sphenothallus in the Shuijingtuo Formation at Heziao (C) and in the 

Niutitang Formation at Siduping (D). (E–F) Photographs and corresponding drawings of a 

cephalon and pygidium of the eodiscoid trilobite Tsunyidiscus co-occurring with Sphenothallus 

in the Shuijingtuo Formation at Jijiapo. 
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Fig. 3.3. Morphological characters measured for quantitative analysis. (A) Schematic drawing 

and (B) photograph of a Sphenothallus specimen with morphological characters labelled. (C) 

Photograph of a Sphenothallus specimen with curve longitudinal thickenings, and the segments 

(marked by the numbers) used to calculate the lengths of the left (1+2) and right (3+4+5) 

thickenings. 
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Fig. 3.4. Biostratinomic analysis of a fossiliferous slab containing abundant Sphenothallus 

specimens, collected from the Shuijingtuo Formation at Heziao (see Fig. 3.2B). (A) Schematic 

drawing of the slab, showing individual beds. Values in the black boxes indicate the numbers of 

relatively complete specimens observed on the exposed bedding surfaces. (B) Rose diagram 

showing the preferential orientation of Sphenothallus specimens exposed on the surfaces 

indicated in (A). Enclosed values are the numbers of specimens and outside values are 

percentages of specimens with their apexes oriented in each direction. Key enclosed by box. An 

arbitrary vector was chosen as the zero degree direction and applied consistently in all bedding 

surfaces. (C–F) Schematic drawings showing the orientation, density, and relative spacing of 

Sphenothallus specimens on bedding surfaces indicated in (A). 
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Fig. 3.5. Photographs of Sphenothallus fossils from the Shuijingtuo Formation at Heziao, 

showing variable sizes, longitudinal thickenings (A–I), transverse walls (A–F), transverse ribs on 

longitudinal thickenings (B,G), and transverse ribs on transverse walls (B). 
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Fig. 3.6. Microstructures and elemental and mineralogical compositions of Sphenothallus 

specimens from the Shuijingtuo Formation at Heziao. (A) Composite SSD(+) image of specimen 

in Fig. 3.5D. (B) Photograph and (C) composite SSD(+) image of Sphenothallus specimen. (D, 
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E) Composite SSD(+) images of specimens in Fig. 3.5A and 5G, respectively. (F) SSD(+) and 

(G) ETD(+) images of naturally-exposed cross section through Sphenothallus test, indicated by 

arrow in (C), showing lamellar phosphatic material. (H–I) Magnified SSD(+) images of boxes in 

(E), showing framboidal pyrite encrusting Sphenothallus test (white arrow) and located in matrix 

near specimen (black arrow). (J–N, O–T) EDS elemental maps of boxed areas in (A) and (D), 

respectively. (U–Z) EDS elemental maps of (I). Abbreviations: Cm, carbonaceous material; 

ECL, exterior carbonaceous layer; ICL, interior carbonaceous layer; PL, lamellar phosphatic 

layer. 
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Fig. 3.7. Microstructures and elemental and mineralogical compositions of transverse walls in 

Sphenothallus specimens from the Shuijingtuo Formation at Heziao. (A, B) Composite SSD(+) 

images of specimens in Fig. 3.5F and 5E, respectively. (C) Magnified image of arrowed area in 

(B), showing barite crystals encrusting Sphenothallus test. (D, E) Composite SSD(+) images of 
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specimens in Fig. 3.5C and 5B, respectively. (F) Magnified photograph of boxed area in Fig. 

3.5B, showing phosphatic transverse walls with transverse ribs (arrows). (G) SSD(TIS) image of 

boxed area in (E), showing phosphatic transverse wall with transverse ribs (arrows). (H–M) EDS 

elemental maps of specimen in (B). (N–S) EDS elemental maps of boxed area in (D). (T–Y) 

EDS elemental maps of (G). Abbreviations: Cm, carbonaceous material; ECL, exterior 

carbonaceous layer. 
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Fig. 3.8. Interior carbonaceous layer in Sphenothallus specimen from the Shuijingtuo Formation 

at Heziao. (A) Photography and (B) SSD(+) image of specimen. (C, D) Magnified SSD(+) 

images of boxes in (B) and (C), respectively, showing interior carbonaceous layer (ICL), 

lamellar phosphatic layer (PL), and exterior carbonaceous layer (ECL). (E–J) EDS elemental 

maps of (C).   
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Fig. 3.9. Exterior carbonaceous layer in Sphenothallus specimens from the Shuijingtuo 

Formation at Heziao. (A) Photograph and (B) composite SSD(+) image of a Sphenothallus 

longitudinal thickening. (C, D) SSD(+) and (E) SSD(–) images of box in (B). (F) SSD(+) image 
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of box in (D). (G) SSD(–) and (H, I) SSD(+) images of box in Fig. 3.6E. (J) SSD(+) image of 

box in (I) with ECL, UPL, and matrix delineated by lines. (K–O, P–T, U–Y) EDS elemental 

maps of (C), (F), and (J), respectively. Arrows in (E) and (G) indicate transverse ribs. 

Abbreviations: ECL, exterior carbonaceous layer; ICL, interior carbonaceous layer; UPL, 

unsculptured lamellar phosphatic layer. 
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Fig. 3.10. Microstructures and elemental and mineralogical compositions of Sphenothallus 

specimens from the Shuijingtuo Formation at Jijiapo. (A,C,E,G) Photographs and (B,E,F,H) 
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corresponding composite SSD(+) image of specimens. (I) Magnified photograph of box in (A). 

(J) Magnified SSD(TIS) image of box in (B). (K) Magnified SSD(+) image of tabular barite, 

indicated by arrow in (B). (L) Magnified SSD(+) image of euhedral barite crystals, indicated by 

arrows in (B) and (J). (M) SSD(+) image of barite, framboidal iron oxides (possibly 

pseudomorphs of pyrite), and carbonaceous material in sedimentary matrix located out of the 

view on the left side of specimen in (C, D). (N) Magnified SSD(+) image of box in (H), showing 

cracked carbonaceous material extending to the right where the specimen is unexposed. (O–T) 

EDS elemental maps of (J). (U–Z) EDS elemental maps of box in (F). Abbreviations: Cm, 

carbonaceous material; Fe(oxide), iron oxide mineral. 
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Fig. 3.11. Nanometer-sized pores on surface of carbonaceous material comprising Sphenothallus 

fossils from the Shuijingtuo Formation at Jijiapo. Specimen coated with ~20 nm thick gold-

palladium layer. (A) Photograph and (B) composite SSD(+) image of specimen. (C) Magnified 

SSD(+) image of box in (B), showing carbonaceous material. (D) Magnified ETD(+) image of 

box indicated by arrow in (C), showing pores. (E–H) EDS elemental maps of (C). 
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Fig. 3.12. Transverse ribs of Sphenothallus specimens from the Shuijingtuo Formation at Jijiapo. 

(A, C) Photographs and (B, D) and composite SSD(+) images of specimens. (E) Photograph, (F) 

SSD(+), (G) SSD(TIS), and (H) SSD(–) images of box in (D). (I) Photograph, (J) SSD(–) image, 

and (K–M) elemental maps of box in (D). (N) SSD(BIS) and (O–R) EDS elemental maps of box 

in (J). EDS detector in (K–M) and (O–R) located to rear of specimen (i.e. toward the relative 

bottom of the figure). 
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Fig. 3.13. Microstructures and elemental and mineralogical compositions of Sphenothallus 

specimens from the Niutitang Formation at Siduping. (A) Photograph and (B) composite SSD(+) 

image of specimen. (C) SSD(+) and (D) SDD(–) images of box in (B). (E–H) EDS elemental 

maps of (C, D). (I) Photograph and (J) composite SSD(+) image of specimen. (K–P) EDS 

elemental maps of box in (J). (Q, R) SSD(+) images of boxes in (J), showing pyrite encrusting 

interior and exterior surfaces of Sphenothallus specimen. Needle-like crystals in (Q) are gypsum. 

(S) SSD(+) image of box in (B), showing thick structures made of euhedral pyrite crystals and 

petal-shape gypsum crystals. (T) SSD(+) image of area indicated by arrow in (J), showing 

framboidal pyrite and needle-shaped gypsum crystals. (U–Z) EDS elemental maps of (Q). 
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Fig. 3.14. Wrinkles and barite on transverse wall in Sphenothallus specimen from the Niutitang 

Formation at Siduping. (A) Photograph and (B) composite SSD(+) image of specimen. (C) 

Magnified SSD(+) and (D) SSD( –) images of box in (B), showing wrinkles (arrows). (E, F) 

Magnified SSD(+) images of boxes in (B) and (E), respectively, showing bladed barite crystals. 

(G–L) EDS elemental maps of (F). 
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Fig. 3.15. Carbonaceous and phosphatic layers in Sphenothallus specimens from the Niutitang 

Formation at Siduping. (A) Photograph and (B) composite SSD(+) image of longitudinal 

thickening. (C, D) SSD(+) images of boxes in (B), showing non-lamellar phosphatic material 
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(Pm) and carbonaceous material (Cm). (E–H, I–L) EDS elementals maps of (C) and (D), 

respectively.  
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Fig. 3.16. SEM images and EDS elemental maps of test fragment from Heziao before 

taphonomic experiment. (A) Photograph and (B, C) SSD(+) images of test fragment. Arrows in 

(B) indicate areas of test fragment where lamellar phosphatic material is exposed without 

overlying exterior carbonaceous layer. (D) Magnified photograph of box in (A). (E) Magnified 

SSD(+) image of area indicated by arrows in (B, C), showing lamellar phosphatic layer (PL) and 

exterior carbonaceous layer (ECL). (F) Magnified SSD(+) and (G) SSD(–) images of boxes in 

(B, C). Arrows in (D, G) indicate transverse ribs. (H–M, N–S) EDS elemental maps of (B, C) 

and (F, G), respectively. 
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Fig. 3.17. SEM images and EDS elemental maps of test fragment from Heziao after taphonomic 

experiment. (A) Photograph and (B, C) SSD(+) images of test fragment. Arrows in (B, C) 

indicate areas of test fragment where lamellar phosphatic material was exposed without 

overlying exterior carbonaceous layer prior to demineralization experiment. (D) Magnified 

photograph of box in (A). (E) Magnified SSD(+) image of area indicated by arrows in (B, C), 

showing gypsum crystals encrusting and carbonaceous material (Cm) replicating the fossil. (F) 

Magnified SSD(+) and (G) SSD(–) images of boxes in (B, C). Arrows in (D, G) indicate 

transverse ribs. (H–M, N–S) EDS elemental maps of (B, C) and (F, G), respectively.  
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Fig. 3.18. Results of quantitative morphological analysis. (A) Histogram showing cumulative 

number of specimens from the three fossil localities versus mean longitudinal thickening length. 

Chart below histogram shows the relative proportion of specimens in each class preserved with 

and without transverse walls. (B) Simple regressions of aperture diameter, mean thickening 
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diameter, and apex diameter against mean longitudinal thickening length. The allometric 

trendlines, equations, and R2 values are shown. 
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Fig. 3.19. Generalized taphonomic model for Sphenothallus, based on the results of this 

investigation and a review of the literature. Although decay of non-biomineralizing tissues, 

transport, fragmentation, and pre-burial surface alteration—as well as authigenic mineralization, 

post-burial surface alteration, kerogenization, and demineralization—are illustrated as sequential 
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processes, they may variably be concomitant. Model does not illustrate diagenetic 

recrystallization of Sphenothallus phosphatic material, the pathways involved with preservation 

of Sphenothallus holdfasts, or the processes involved in the precipitation of barite and gypsum.  
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Fig. 3.20. Reconstruction of Sphenothallus test longitudinal section based on results and 

taphonomic model in this report and observations by Muscente and Xiao (2015). Dashed lines 

indicate morphological characters that were not preserved in Sphenothallus fossils at the new 

localities in South China. Depictions of these characters are based on descriptions in the 

literature (Fauchald et al., 1986; Bodenbender et al., 1989; Van Iten et al., 1992). Overall, this 

reconstruction assumes that the carbonaceous layers in the Heziao specimens formed via 

demineralization of inner and outer phosphatic lamellae, thus representing taphonomic (not 

anatomical) features. Illustration modified from fig. 12 of Muscente and Xiao (2015). 

 

 

 

 

 



138 
 

3.11 References 

BALIŃSKI, A., AND SUN, Y., 2015, Fenxiang biota: a new Early Ordovician shallow-water fauna 

with soft-part preservation from China: Science Bulletin, doi: DOI 10.1007/s11434-015-

0762-7. 

BENGTSON, S., AND CONWAY MORRIS, S., 1992, Early radiation of biomineralizing  phyla, in 

Lipps, J.H., and Signor, P.W., eds., Origin and Early Evolution of Metazoa: Plenum 

Press, New York, p. 447–481. 

BEST, M.M.R., AND KIDWELL, S.M., 2000, Bivalve taphonomy in tropical mixed siliciclastic-

carbonate settings. I. Environmental variation in shell condition: Paleobiology, v. 26, p. 

80–102, doi: 10.1666/0094-8373(2000)026<0080:btitms>2.0.co;2. 

BEST, M.M.R., AND KIDWELL, S.M., 2000, Bivalve taphonomy in tropical mixed siliciclastic-

carbonate settings. II. Effect of bivalve life habits and shell types: Paleobiology, v. 26, p. 

103–115, doi: 10.1666/0094-8373(2000)026<0103:btitms>2.0.co;2. 

BODENBENDER, B.E., WILSON, M.A., AND PALMER, T.J., 1989, Paleoecology of Sphenothallus on 

an Upper Ordovician hardground: Lethaia, v. 22, p. 217–225. 

BOLTON, T.E., 1994, Sphenothallus angustifolius Hall, 1847 from the lower Upper Ordovician of 

Ontario and Quebec: Geological Survey of Canada Bulletin, v. 479, p. 1–11. 

BOLZE, C.E., MALONE, P.G., AND SMITH, M.J., 1974, Microbial mobilization of barite: Chemical 

Geology, v. 13, p. 141–143, doi: http://dx.doi.org/10.1016/0009-2541(74)90006-0. 

BRIGGS, D.E.G., 2003, The role of decay and mineralization in the preservation of soft-bodied 

fossils: Annual Review of Earth and Planetary Sciences, v. 31, p. 275–301 doi: doi: 

10.1146/annurev.earth.31.100901.144746. 



139 
 

BRIGGS, D.E.G., CHALONER, W.G., AMBLER, R.P., MACKO, S., BADA, J., AND HUBBARD, J., 1999, 

Molecular taphonomy of animal and plant cuticles: Selective preservation and diagenesis 

[and discussion]: Philosophical Transactions of the Royal Society: Biological Sciences, v. 

354, p. 7–17. 

BROCE, J., SCHIFFBAUER, J.D., SHARMA, K.S., WANG, G., AND XIAO, S., 2014, Possible animal 

embryos from the lower Cambrian (Stage 3) Shuijingtuo Formation, Hubei Province, 

South China: Journal of Paleontology, v. 88, p. 385–394, doi: 10.1666/13-062. 

BRUMSACK, H.J., AND GIESKES, J.M., 1983, Interstitial water trace-metal chemistry of laminated 

sediments from the Gulf of California, Mexico: Marine Chemistry, v. 14, p. 89–106, doi: 

http://dx.doi.org/10.1016/0304-4203(83)90072-5. 

BUTTERFIELD, N.J., AND HARVEY, T.H.P., 2012, Small carbonaceous fossils (SCFs): A new 

measure of early Paleozoic paleobiology: Geology, v. 40, p. 71–74. 

BUTTERFIELD, N.J., AND NICHOLAS, C.J., 1996, Burgess Shale-type preservation of both non-

mineralizing and "shelly" Cambrian organisms from the MacKenzie Montains, 

northwestern Canada: Journal of Paleontology, v. 70, p. 893–899. 

CAI, Y., SCHIFFBAUER, J.D., HUA, H., AND XIAO, S., 2012, Preservational modes in the Ediacaran 

Gaojiashan Lagerstätte: Pyritization, aluminosilicification, and carbonaceous 

compression: Palaeogeography Palaeoclimatology Palaeoecology, v. 326–328, p. 109–

117. 

CHEN, D., WANG, J., QING, H., YAN, D., AND LI, R., 2009, Hydrothermal venting activities in the 

Early Cambrian, South China: Petrological, geochronological and stable isotopic 

constraints: Chemical Geology, v. 258, p. 168-181. 



140 
 

CHOI, D.K., 1990, Sphenothallus ("Vermes") from the Tremadocian Dumugol Formation, Korea: 

Journal of Paleontology, v. 64, p. 403–408, doi: 10.2307/1305590. 

CLARKE, J.M., 1913, Fossies Devonianos do Parana: Servico Geologico e Mineralogico do 

Brazil, Rio de Janeiro. 

CUTLER, A.H., 1995, Taphonomic implications of shell surface textures in Bahia la Choya, 

northern Gulf of California: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 114, 

p. 219–240, doi: http://dx.doi.org/10.1016/0031-0182(94)00078-M. 

FATKA, O., KRAFT, P., AND SZABAD, M., 2012, A first report of Sphenothallus Hall, 1847 in the 

Cambrian of Variscan Europe: Comptes Rendus Palevol, v. 11, p. 539–547, doi: 

http://dx.doi.org/10.1016/j.crpv.2012.03.003. 

FAUCHALD, K., STÜRMER, W., AND YOCHELSON, E., 1986, Sphenothallus (Vermes) in the Early 

Devonian Hunsrück Slate, West Germany: Paläontologische Zeitschrift, v. 60, p. 57–64, 

doi: 10.1007/BF02989422. 

FELDMANN, R.M., HANNIBAL, J.T., AND BABCOCK, L.E., 1986, Fossil worms from the Devonian 

of North America (Sphenothallus) and Burma ("Vermes") previously identified as 

phyllocarid arthropods: Journal of Paleontology, v. 60, p. 341–346, doi: 

10.2307/1305160. 

FORCHIELLI, A., STEINER, M., HU, S., LÜTER, C., AND KEUPP, H., 2012, Taphonomy of the 

earliest Cambrian linguliform brachiopods: Acta Palaeontologica Polonica, v. 59, p. 185–

207, doi: 10.4202/app.2011.0182. 

GABBOTT, S.E., HOU, X.G., NORRY, M.J., AND SIVETER, D.J., 2004, Preservation of Early 

Cambrian animals of the Chengjiang biota: Geology, v. 32, p. 901–904. 



141 
 

GLOVER, C.P., AND KIDWELL, S.M., 1993, Influence of organic matrix on the post-mortem 

destruction of molluscan shells: The Journal of Geology, v. 101, p. 729–747, doi: 

10.2307/30065153. 

GOLDSTEIN, J., NEWBURY, D.E., ECHLIN, P., JOY, D.C., LYMAN, C.E., LIFSHIN, E., SAWYER, L., 

AND MICHAEL, J.R., 2003, Scanning Electron Microscopy and X-ray Microanalysis: 

Third Edition: Springer US, New York City, 689 p. 

GRIFFITH, E.M., AND PAYTAN, A., 2012, Barite in the ocean – occurrence, geochemistry and 

palaeoceanographic applications: Sedimentology, v. 59, p. 1817–1835, doi: 

10.1111/j.1365-3091.2012.01327.x. 

GUPTA, N.S., AND BRIGGS, D.E.G., 2011, Taphonomy of animal organic skeletons through time, 

in Allison, P.A., and Bottjer, D.J., eds., Taphonomy: Process and Bias Through Time: 

Springer, Dordrecht. 

HALL, J., SIMPSON, G.B., AND CLARKE, J.M., 1847, Palæontology of New-York: Containing 

descriptions of the organic remains of the lower division of the New-York system (1847): 

C. Van Benthuysen. 

HANOR, J.S., 2000, Barite–celestine geochemistry and environments of formation: Reviews in 

Mineralogy and Geochemistry, v. 40, p. 193–275, doi: 10.2138/rmg.2000.40.4. 

HARVEY, T.H.P., 2010, Carbonaceous preservation of Cambrian hexactinellid sponge spicules: 

Biology Letters, v. 6, p. 834–837. 

HARVEY, T.H.P., AND BUTTERFIELD, N.J., 2011, Great Canadian Lagerstätten 2. Macroand 

Microfossils of the Mount Cap Formation (Early and Middle Cambrian, Northwest 

Territories): 2011, doi: 10.12789/gs.v38i4.18965. 



142 
 

HARVEY, T.H.P., ORTEGA−HERNÁNDEZ, J., LIN, J.P., ZHAO, Y., AND BUTTERFIELD, N.J., 2012, 

Burgess Shale−type microfossils from the middle Cambrian Kaili Formation, Guizhou 

Province, China: Acta Palaeontologica Polonica, v. 57, p. 423–436. 

HEIN, J.R., ZIERENBERG, R.A., MAYNARD, J.B., AND HANNINGTON, M.D., 2007, Barite-forming 

environments along a rifted continental margin, Southern California Borderland: Deep 

Sea Research Part II: Topical Studies in Oceanography, v. 54, p. 1327–1349, doi: 

http://dx.doi.org/10.1016/j.dsr2.2007.04.011. 

ISHIKAWA, T., UENO, Y., SHU, D., LI, Y., HAN, J., GUO, J., YOSHIDA, N., MARUYAMA, S., AND 

KOMIYA, T., 2014, The δ13C excursions spanning the Cambrian explosion to the 

Canglangpuian mass extinction in the Three Gorges area, South China: Gondwana 

Research, v. 25, p. 1045–1056, doi: http://dx.doi.org/10.1016/j.gr.2013.03.010. 

JIANG, G., WANG, X., SHI, X., AND XIAO, S., 2012, The origin of decoupled carbonate and 

organic carbon isotope signatures in the early Cambrian (ca. 542-520 Ma) Yangtze 

platform: Earth and Planetary Science Letters, v. 317-318, p. 96–110. 

KNOLL, A.H., 2003, Biomineralization and evolutionary history: Reviews in Mineralogy and 

Geochemistry, v. 54, p. 329–356. 

KOUCHINSKY, A., AND BENGTSON, S., 2002, The tube wall of Cambrian anabaritids: Acta 

Palaeontologica Polonica, v. 47, p. 431–444. 

KOUCHINSKY, A., BENGTSON, S., RUNNEGAR, B., SKOVSTED, C., STEINER, M., AND VENDRASCO, 

M., 2012, Chronology of early Cambrian biomineralization: Geological Magazine, v. 

149, p. 221–251, doi: doi:10.1017/S0016756811000720. 



143 
 

LI, G.-X., ZHU, M.-Y., VAN ITEN, H., AND LI, C.-W., 2004, Occurrence of the earliest known 

Sphenothallus Hall in the lower Cambrian of Southern Shaanxi Province, China: 

Geobios, v. 37, p. 229–237. 

MAREK, L., PARSLEY, R.L., AND GALLE, A., 1997, Functional morphology of hyoliths based on 

flume studies: Véstnik Ceského geologického ústavu, v. 72, p. 351–358. 

MARTENS, J.H.C., 1925, Sulphate minerals from weathering of shale near Ithaca, New York: 

American Mineralogist, v. 10, p. 175–176. 

MARTÍ MUS, M., 2014, Interpreting ‘shelly’ fossils preserved as organic films: the case of 

hyolithids: Lethaia, v. 47, p. 397–404. 

MASON, C., AND YOCHELSON, E.L., 1985, Some tubular fossils (Sphenothallus: "Vermes") from 

the middle and late Paleozoic of the United States: Journal of Paleontology, v. 59, p. 85–

95, doi: 10.2307/1304829. 

MURRAY, R.C., 1964, Origin and diagenesis of gypsum and anhydrite: Journal of Sedimentary 

Research, v. 34, p. 512–523, doi: 10.1306/74d710d2-2b21-11d7-8648000102c1865d. 

MUSCENTE, A.D., AND ALLMON, W.D., 2013, Revision of the hydroid Plumalina Hall, 1858 in 

the Silurian and Devonian of New York: Journal of Paleontology, v. 87, p. 710–725, doi: 

10.1666/12-125. 

MUSCENTE, A.D., HAWKINS, A.D., AND XIAO, S., 2015a, Fossil preservation through 

phosphatization and silicification in the Ediacaran Doushantuo Formation (South China): 

a comparative synthesis: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 434, p. 

46–62, doi: 10.1016/j.palaeo.2014.10.013  



144 
 

MUSCENTE, A.D., MICHEL, F.M., DALE, J.G., AND XIAO, S., 2015b, Assessing the veracity of 

Precambrian 'sponge' fossils using in situ nanoscale analytical techniques: Precambrian 

Research, v. 263, p. 142–156, doi: 10.1016/j.precamres.2015.03.010. 

MUSCENTE, A.D., AND XIAO, S., 2015, Resolving three-dimensional and subsurficial features of 

carbonaceous compressions and shelly fossils using backscattered electron scanning 

electron microscopy (BSE-SEM): PALAIOS, v. 30, p. 462–481 doi: 

10.2110/palo.2014.094  

NAGLE, J.S., 1967, Wave and current orientation of shells: Journal of Sedimentary Research, v. 

37, p. 1124–1138, doi: 10.1306/74d71848-2b21-11d7-8648000102c1865d. 

NEAL, M.L., AND HANNIBAL, J.T., 2000, Paleoecologic and taxonomic implications of 

Sphenothallus and Sphenothallus-like specimens from Ohio and areas adjacent to Ohio: 

Journal of Paleontology, v. 74, p. 369–380, doi: 10.1666/0022-

3360(2000)074<0369:PATIOS>2.0.CO;2. 

PANG, K., TANG, Q., SCHIFFBAUER, J.D., YAO, J., YUAN, X., WAN, B., CHEN, L., OU, Z., AND 

XIAO, S., 2013, The nature and origin of nucleus-like intracellular inclusions in 

Paleoproterozoic eukaryote microfossils: Geobiology, v. 11, p. 499–510. 

PASHIN, J.C., AND ETTENSOHN, F.R., 1987, An epeiric shelf-to-basin transition; Bedford-Berea 

Sequence, northeastern Kentucky and south-central Ohio: American Journal of Science, 

v. 287, p. 893–926, doi: 10.2475/ajs.287.9.893. 

PASHIN, J.C., AND ETTENSOHN, F.R., 1992, Palaeoecology and sedimentology of the dysaerobic 

Bedford fauna (late Devonian), Ohio and Kentucky (USA): Palaeogeography, 

Palaeoclimatology, Palaeoecology, v. 91, p. 21–34, doi: http://dx.doi.org/10.1016/0031-

0182(92)90029-5. 



145 
 

PAYTAN, A., MEARON, S., COBB, K., AND KASTNER, M., 2002, Origin of marine barite deposits: 

Sr and S isotope characterization: Geology, v. 30, p. 747–750, doi: 10.1130/0091-

7613(2002)030<0747:oombds>2.0.co;2. 

PENG, J., BABCOCK, L.E., ZHAO, Y., WANG, P., AND YANG, R., 2005, Cambrian Sphenothallus 

from Guizhou Province, China: early sessile predators: Palaeogeography, 

Palaeoclimatology, Palaeoecology, v. 220, p. 119–127. 

PENG, S., AND BABCOCK, L.E., 2001, Cambrian of the Hunan-Guizhou region, South China, in 

Peng, S., Babcock, L.E., and Zhu, M., eds., Cambrian System of South China 

(Palaeoworld No. 13): University of Science and Technology of China Press, Hefei, p. 3–

51. 

PENG, S., BABCOCK, L.E., AND COOPER, R.A., 2012, The Cambrian Period, in Gradstein, F.M., 

Ogg, J.G., Schmitz, M.D., and Ogg, G.M., eds., The Geologic Time Scale: Elsevier, 

Boston, p. 437-488. 

POWELL, E.N., STAFF, G.M., CALLENDER, W.R., ASHTON-ALCOX, K.A., BRETT, C.E., PARSONS-

HUBBARD, K.M., WALKER, S.E., AND RAYMOND, A., 2011, Taphonomic degradation of 

molluscan remains during thirteen years on the continental shelf and slope of the 

northwestern Gulf of Mexico: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 

312, p. 209–232, doi: http://dx.doi.org/10.1016/j.palaeo.2010.12.006. 

RAISWELL, R., BOTTRELL, S.H., DEAN, S.P., MARSHALL, J.D., CARR, A., AND HATFIELD, D., 2002, 

Isotopic constraints on growth conditions of multiphase calcite-pyrite-barite concretions 

in Carboniferous mudstones: Sedimentology, v. 49, p. 237–254. 



146 
 

RITSEMA, C.J., AND GROENENBERG, J.E., 1993, Pyrite oxidation, carbonate weathering, and 

gypsum formation in a drained potential acid sulfate soil: Soil Science Society of 

America Journal, v. 57, p. 968–976, doi: 10.2136/sssaj1993.03615995005700040015x. 

SCHIFFBAUER, J., YIN, L., BODNAR, R.J., KAUFMAN, A.J., MENG, F., HU, J., SHEN, B., YUAN, X., 

BAO, H., AND XIAO, S., 2007, Ultrastructural and geochemical characterization of 

Archean-Paleoproterozoic graphite particles: Implications for recognizing traces of life in 

highly metamorphosed rocks: Astrobiology, v. 7, p. 684–704. 

SCHIFFBAUER, J.D., AND XIAO, S., 2009, Novel application of focused ion beam electron 

microscopy (FIB-EM) in the preparation and analysis of microfossil ultrastructures: 

PALAIOS, v. 24, p. 616–626. 

SCHIFFBAUER, J.D., XIAO, S., CAI, Y., WALLACE, A.F., HUA, H., HUNTER, J., XU, H., PENG, Y., 

AND KAUFMAN, A.J., 2014, A unifying model for Neoproterozoic–Palaeozoic exceptional 

fossil preservation through pyritization and carbonaceous compression: Nature 

Communications, v. 5, p. 1–12, doi: 10.1038/ncomms6754. 

SCHIFFBAUER, J.D., XIAO, S., SEN SHARMA, K., AND WANG, G., 2012, The origin of intracellular 

structures in Ediacaran metazoan embryos: Geology, v. 40, p. 223–226. 

SCHMIDT, W., AND TEICHMÜLLER, M., 1956, Die Enträtselung eines bislang unbekannten Fossils 

im deutschen Oberkarbon, Sphenothallus stubblefieldi n. sp., und die Art seines 

Auftretens: Geologisches Jahrbuch, v. 71, p. 243–298. 

STANKIEWICZ, B.A., BRIGGS, D.E.G., MICHELS, R., COLLINSON, M.E., FLANNERY, M.B., AND 

EVERSHED, R.P., 2000, Alternative origin of aliphatic polymer in kerogen: Geology, v. 

28, p. 559–562. 



147 
 

STEINER, M., WALLIS, E., ERDTMANN, B.-D., ZHAO, Y., AND YANG, R., 2001, Submarine-

hydrothermal exhalative ore layers in black shales from South China and associated 

fossils -- insights into a Lower Cambrian facies and bio-evolution: Palaeogeography, 

Palaeoclimatology, Palaeoecology, v. 169, p. 165–191. 

STEINER, M., ZHU, M., ZHAO, Y., AND ERDTMANN, B.-D., 2005, Lower Cambrian Burgess Shale-

type fossil associations of South China: Palaeogeography Palaeoclimatology 

Palaeoecology, v. 220, p. 129–152. 

STEWART, S.E., CLARKSON, E.N.K., AHLGREN, J., AHLBERG, P., AND SCHOENEMANN, B., 2014, 

Sphenothallus from the Furongian (Cambrian) of Scandinavia: GFF, v. 137, p. 20–24, 

doi: 10.1080/11035897.2014.929173. 

TOOTS, H., 1965, Orientation and distribution of fossils as environmental indicators: 

Sedimentation of Late Cretaceous and Tertiary Outcrops, Rocks Springs Uplift; 19th 

Annual Field Conference Guidebook, p. 219–229. 

VAN ITEN, H., 1991, Anatomy, patterns of occurrence, and nature of the conulariid schott: 

Palaeontology, v. 34, p. 939–954. 

VAN ITEN, H., 1992, Microstructure and growth of the conulariid test: Implications for conulariid 

affinities Palaeontology, v. 35, p. 359–372. 

VAN ITEN, H., COX, R.S., AND MAPES, R.H., 1992, New data on the morphology of Sphenothallus 

Hall: Implications for its affinities: Lethaia, v. 25, p. 135–144. 

VAN ITEN, H., LEME, J.D.M., AND SIMÕES, M.G., 2006, Additional observations on the gross 

morphology and microstructure of Baccaconularia Hughes, Gunderson et Weedon, 2000, 

a Cambrian (Furongian) conulariid from the north-central USA: Palaeoworld, v. 15, p. 

294–306, doi: http://dx.doi.org/10.1016/j.palwor.2006.10.006. 



148 
 

VAN ITEN, H., MUIR, L.A., BOTTING, J.P., ZHANG, Y.D., AND LIN, J.P., 2013, Conulariids and 

Sphenothallus (Cnidaria, Medusozoa) from the Tonggao Formation (Lower Ordovician, 

China): Bulletin of Geosciences, v. 88, p. 713–722. 

VAN ITEN, H., VYHLASOVA, Z., ZHU, M., AND YI, Q., 2005, Widespread occurrence of 

microscopic pores in conulariids: Journal of Paleontology, v. 79, p. 400–407, doi: 

10.1666/0022-3360(2005)079<0400:WOOMPI>2.0.CO;2. 

VAN ITEN, H., ZHU, M.-Y., AND COLLINS, D., 2002, First report of Sphenothallus Hall, 1847 in 

the middle Cambrian: Journal of Paleontology, v. 76, p. 902–905, doi: 10.1666/0022-

3360(2002)076<0902:froshi>2.0.co;2. 

VINN, O., AND KIRSIMÄE, K., 201X, Sphenothallus (Cnidaria?) in the Late Ordovician of Baltica, 

its mineral composition and microstructure Acta Palaeontologica Polonica, v. xx, p. xxx–

xxx. 

WALTER, L.M., AND BURTON, E.A., 1990, Dissolution of Recent platform carbonate sediments in 

marine pore fluids: American Journal of Science, v. 290, p. 601–643, doi: 

10.2475/ajs.290.6.601. 

WANG, J., CHEN, D., YAN, D., WEI, H., AND XIANG, L., 2012, Evolution from an anoxic to oxic 

deep ocean during the Ediacaran-Cambrian transition and implications for bioradiation: 

Chemical Geology, v. 306–307, p. 129–138. 

WANG, J., AND LI, Z.-X., 2003, History of Neoproterozoic rift basins in South China: 

implications for Rodinia break-up: Precambrian Research, v. 122, p. 141–158, doi: 

http://dx.doi.org/10.1016/S0301-9268(02)00209-7. 

WANG, L., SHI, X., AND JIANG, G., 2012, Pyrite morphology and redox fluctuations recorded in 

the Ediacaran Doushantuo Formation: Palaeogeography, Palaeoclimatology, 



149 
 

Palaeoecology, v. 333–334, p. 218–227, doi: 

http://dx.doi.org/10.1016/j.palaeo.2012.03.033. 

WANG, X., NI, S., ZENG, Q., XU, G., ZHOU, T., LI, Z., XIANG, L., AND LAI, C., 1987, 

Biostratigraphy of the Yangtze Gorge Area: Early Palaeozoic Era: Geol. Publishing 

House, Beijing. 

WANG, X., SHI, X., JIANG, G., AND ZHANG, W., 2012, New U–Pb age from the basal Niutitang 

Formation in South China: Implications for diachronous development and condensation 

of stratigraphic units across the Yangtze platform at the Ediacaran–Cambrian transition: 

Journal of Asian Earth Sciences, v. 48, p. 1–8, doi: 

http://dx.doi.org/10.1016/j.jseaes.2011.12.023. 

WANG, Y., HAO, S.-G., CHEN, X., RONG, J.-Y., LI, G.-X., LIU, J., AND XU, H., 2003, 

Sphenothallus from the Lower Silurian of China: Journal of Paleontology, v. 77, p. 583–

588, doi: 10.2307/4094803. 

WEI-HAAS, M.L., GLUMAC, B., AND CURRAN, H.A., 2011, Sphenothallus-like fossils from the 

Martinsburg Formation (Upper Ordovician), Tennessee, USA: Journal of Paleontology, 

v. 85, p. 353-359, doi: 10.1666/09-146.1. 

WENDT, J., 1995, Shell directions as a tool in palaeocurrent analysis: Sedimentary Geology, v. 

95, p. 161–186, doi: http://dx.doi.org/10.1016/0037-0738(94)00104-3. 

WILBY, P.R., BRIGGS, D.E.G., AND RIOU, B., 1996, Mineralization of soft-bodied invertebrates in 

a Jurassic metalliferous deposit: Geology, v. 24, p. 847–850. 

WILSON, R.B., 1967, XVIII.—A study of some Namurian marine faunas of Central Scotland: 

Earth and Environmental Science Transactions of the Royal Society of Edinburgh, v. 66, 

p. 445–490, doi: doi:10.1017/S0080456800023784. 



150 
 

XIAO, S., AND SCHIFFBAUER, J.D., 2009, Microfossil Phosphatization and Its Astrobiological 

Implications, in Seckbach, J., and Walsh, M., eds., From Fossils to Astrobiology: Record 

of Life on Earth and Search for Extraterrestrial Biosignatures: Springer Netherlands, p. 

89–117. 

XIAO, S., SCHIFFBAUER, J.D., MCFADDEN, K.A., AND HUNTER, J., 2010, Petrographic and SIMS 

pyrite sulfur isotope analyses of Ediacaran chert nodules: Implications for microbial 

processes in pyrite rim formation, silicification, and exceptional fossil preservation: Earth 

and Planetary Science Letters, v. 297, p. 481–495. 

ZABINI, C., SCHIFFBAUER, J.D., XIAO, S., AND KOWALEWSKI, M., 2012, Biomineralization, 

taphonomy, and diagenesis of Paleozoic lingulide brachiopod shells preserved in 

silicified mudstone concretions: Palaeogeography Palaeoclimatology Palaeoecology, v. 

326–328, p. 118–127. 

ZHOU, X., CHEN, D., DONG, S., ZHANG, Y., GUO, Z., WEI, H., AND YU, H., 2015, Diagenetic barite 

deposits in the Yurtus Formation in Tarim Basin, NW China: Implications for barium and 

sulfur cycling in the earliest Cambrian: Precambrian Research, v. 263, p. 79–87, doi: 

http://dx.doi.org/10.1016/j.precamres.2015.03.006. 

ZHU, M.-Y., ITEN, H., COX, R., ZHAO, Y.-L., AND ERDTMANN, B.-D., 2000, Occurrence of Byronia 

Matthew and Sphenothallus Hall in the lower Cambrian of China: Paläontologische 

Zeitschrift, v. 74, p. 227–238, doi: 10.1007/BF02988098. 

  

 

 

 



151 
 

CHAPTER 4 

Assessing the veracity of Precambrian ‘sponge’ fossils using in situ nanoscale analytical 

techniques 

 

A. D. MUSCENTE, F. MARC MICHEL, JAMES DALE, AND SHUHAI XIAO 

Department of Geosciences, Virginia Tech, Blacksburg, VA 24061, USA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



152 
 

4.1 Abstract 

Paleontological inferences, molecular clocks, and biomarker fossils indicate sponges 

evolved in the Cryogenian, but Precambrian sponge fossils are rare, poorly substantiated, and 

controversial. Spicule-like microstructures (SLMs) hosted in phosphatized fossils from the 

Ediacaran Doushantuo Formation (~635–551 Ma) at Weng'an of South China have been 

interpreted as cylindrical siliceous monaxons, and their hosting fossils as the oldest demosponges 

in the fossil record. In order to assess their veracity as the oldest spiculate demosponges, we 

utilize a suite of in situ nanoscale analytical techniques—including scanning electron 

microscopy, synchrotron X-ray fluorescence mapping, X-ray absorption near edge structure 

(XANES) spectroscopy, focused ion beam electron microscopy, and transmission electron 

microscopy—to evaluate the ultrastructures and elemental, chemical, and mineralogical 

compositions of the SLMs. Our data decisively shows that the SLMs are carbonaceous in 

composition and rectangular in transverse sections, and therefore, are not cylindrical siliceous 

spicules. Instead, the SLMs may be microbial strands, axial filaments of early hexactinellids, or 

acicular crystals molded by organic matter. Regardless, our new data invalidate the oldest and 

only Precambrian demosponges with mineralized spicules. These results indicate that 

interpretations of Precambrian sponge fossils should be scrutinized with compositional, 

mineralogical, and ultrastructural data collected using in situ analytical techniques. In addition, 

our conclusions affirm that no unequivocal biomineralizing sponges occur below the Ediacaran-

Cambrian boundary. If hexactinellids and demosponges did diverge in the Cryogenian as 

suggested by molecular clocks and biomarkers, they either evolved biomineralization long after 

their divergence or their biomineralized spicules were never preserved until after the Ediacaran-

Cambrian boundary. In either case, the dearth of biomineralizing sponge fossils in the 
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Precambrian and their abundance in the early Cambrian must reflect a geobiologically-

significant aspect of the Precambrian-Phanerozoic transition. 

 

4.2 Introduction 

Sponge fossils are common in the Cambrian (Antcliffe et al., 2014; Steiner et al., 1993; 

Xiao et al., 2005), but conspicuously rare in the Precambrian. The Ediacaran appearances of 

metazoan reefs (Penny et al., 2014), eumetazoan-grade skeletons (Hua et al., 2005), and 

bilaterian trace fossils (Chen et al., 2013; Gehling et al., 2014) indicate that sponges, cnidarians, 

and bilaterians diverged in the Ediacaran Period or earlier. Additionally, molecular clock 

analyses date the divergence of silica-biomineralizing hexactinellid and demosponge classes at 

>750 Ma (Erwin et al., 2011; Sperling et al., 2010), and suggest that spiculate demosponge 

subclades diverged in the Cryogenian or the earliest Ediacaran Period (Sperling et al., 2010). 

Furthermore, demosponge-specific biomarkers date the origin of demosponges at >635 Ma 

(Antcliffe, 2013; Love et al., 2009). However, the Precambrian fossil record includes only 

dubious and equivocal aspiculate sponges (Maloof et al., 2010; Sperling et al., 2011; Wallace et 

al., 2014; Wang and Wang, 2011), spiculate sponges (Clites et al., 2012; Du et al. 2014; Gehling 

and Rigby, 1996; Li et al., 1998b; Serezhnikova and Ivantsov, 2007), and sponge spicules 

(Allison and Awramik, 1989; Brasier et al., 1997; Du and Wang, 2012; Steiner et al., 1993). 

Although these controversial fossils could potentially fill the gap between the divergence of 

sponges in the Cryogenian and the first unequivocal sponge fossils in the early Cambrian, their 

interpretation as sponge fossils has been questioned (Antcliffe et al., 2014; Yin et al., 2001; Zhou 

et al., 1998). 
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Spiculate sponges and sponge spicules have the best potential to be preserved and 

recognized in the fossil record. In contrast to aspiculate sponge fossils, which problematically 

resemble other soft-bodied fossils such as macroalgae and microbial mats, spiculate sponges and 

sponge spicules possess diagnostic mineralogical and morphological characters. They also 

constitute the majority of Phanerozoic sponge fossils, and are expected to be preserved in the 

Precambrian, if biomineralizing sponges did evolve prior to the Ediacaran-Cambrian boundary as 

suggested by the molecular clocks (Erwin et al., 2011; Sperling et al., 2010). Yet, Precambrian 

spiculate sponges and sponge spicules are rare, poorly-substantiated, and controversial. Thus far, 

none of the spiculate sponges described from the Precambrian have been authenticated on 

morphological and mineralogical grounds (Antcliffe et al., 2014). Consequently, they could 

alternatively be macroalgae or microbial mats (Antcliffe et al., 2014) or non-biomineralizing 

animals (Serezhnikova, 2007). Spicule-like structures disseminated in Precambrian rocks are also 

problematic (Brasier et al., 1997; Du and Wang, 2012; Steiner et al., 1993). If they are sponge 

spicules, they should be cylindrical structures with the axial canals, axial symmetries, and 

sometimes concentric growth layers that distinguish spicules from abiogenic acicular crystals 

and organic microfossils (Allison and Awramik, 1989; Antcliffe et al., 2014; Steiner et al., 1993; 

Yin et al., 2001; Zhou et al., 1998). However, reports of Precambrian spicule-like structures 

generally contain insufficient data regarding such morphological and mineralogical characters to 

verify sponge affinities. 

In situ analytical techniques allowing for nanoscale characterization of fossils can be used 

to critically assess of the veracity of putative Precambrian sponge fossils. The basic utility of 

these techniques was recently demonstrated by Antcliffe et al. (2014), who used energy-

dispersive X-ray spectroscopy (EDS) to show that spicule-like structures preserved within chert 
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concretions from the Ediacaran Tsagaan Gol Formation (~545 Ma) of southwestern Mongolia—

originally interpreted as siliceous hexactinellid spicules (Brasier et al., 1997)—contain higher 

concentrations of arsenic, iron, and sulfur than surrounding chert, and therefore, are probably 

cruciform arsenopyrite crystals, as hypothesized by other authors (Zhou et al., 1998). In addition 

to such fundamental compositional information, analytical techniques can also be used to collect 

in situ data regarding mineralogy (Wacey et al., 2014) and ultrastructure (Schiffbauer and Xiao, 

2009), thereby providing a multitude of observations for testing phylogenetic interpretations. 

Despite the potential of such techniques to generate substantive information pertinent to 

paleobiological controversies, they have not been widely employed in studies of Precambrian 

‘sponge’ fossils. 

In this paper, we demonstrate the utility of in situ analytical techniques for studying the 

compositions, mineralogies, and ultrastructures of putative Precambrian sponge fossils by 

characterizing spicule-like microstructures (SLMs, <5 µm in diameter, 10–100 µm in length) 

occurring within phosphatized fossils from the Ediacaran Doushantuo Formation at Weng’an, 

South China (Li et al., 1998b). These phosphatized fossils were originally interpreted as the 

oldest demosponges in the fossil record (Li et al., 1998b), and are purportedly the only 

Precambrian sponges preserved with mineralized spicules. The SLMs were interpreted as 

siliceous monaxons on the basis of their supposed acicular shape, purported siliceous 

composition, and proximity to putative sclerocytes within the phosphatized fossils (Li et al., 

1998b). However, the inferred siliceous composition of the SLMs was based on the observation 

that SLMs survived 4 M hydrochloric acid treatment, not spectroscopic or diffraction data (Li et 

al., 1998b), and although apparent axial canals have been illustrated in two SLMs (Li et al., 

1998a), such diagnostic features have not been observed in other studies (Yin et al., 2001; Zhang 
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et al., 1998). For these reasons, the hypotheses that the phosphatized fossils are demosponges 

and the SLMs are siliceous spicules have been cursorily questioned (Antcliffe et al., 2014; Yin et 

al., 2001; Zhang et al., 1998), though never thoroughly tested. Zhang et al. (1998) argued against 

a spicule interpretation—likening the SLMs to acritarch spines—but did not actually analyze the 

SLMs. Similarly, Yin et al. (2001) hypothesized that the SLMs are diagenetic crystals, similar to 

co-occurring fascicular and dumbbell-shaped crystals. However, because the micrometric SLMs 

are embedded in nanocrystalline apatite, the low-resolution and low-sensitivity analytical 

techniques used by Yin et al. (2001) were unable to determine the composition and the transverse 

sectional morphology of the SLMs; their EDS analysis of SLMs was likely contaminated by 

surrounding phosphatic material. 

Until now, no in situ compositional, mineralogical, or ultrastructural data existed to 

assess the various interpretations of SLMs in the phosphatized fossils at Weng’an. Using light 

and scanning electron microscopy (SEM), we screened over 100 petrographic thin-sections to 

locate SLMs for EDS, synchrotron X-ray fluorescence (XRF) elemental mapping, and X-ray 

absorption near edge structure (XANES) compositional analyses. To study their ultrastructure, 

we prepared in situ transverse sections through SLMs using dual-beam focused ion beam 

electron microscopy (FIB-EM). A SLM transverse section was also prepared as an ultra-thin 

(~100 nm thick) foil for mineralogical studies using bright field (BF) transmission electron 

microscopy (TEM), BF scanning transmission electron microscopy (BF-S/TEM), and selected 

area electron diffraction (SAED). Data from these analyses show that the SLMs are neither 

cylindrical nor siliceous, and therefore, the demosponge monaxon interpretation is invalidated. 

We provide several alternative interpretations for testing in future investigations, and conclude 

our report by reviewing the Precambrian record of sponge fossils in the context of our results and 
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by discussing causes for the dearth of biomineralizing sponge fossils prior to the Ediacaran-

Cambrian boundary. 

 

4.3 Geological setting 

The fossils in this study were collected from the upper Doushantuo Formation at a 

phosphorite mine (N 27º 00.948', E 107º 23.221'; elevation: 1200 m) near Weng’an in Guizhou 

Province, South China. In the Weng’an area, the Doushantuo Formation is divided into 5 units 

(Fig. 4.1; Muscente et al., 2015; Xiao et al., 2014a; Xiao et al., 2014b). Unit 1 (~5–10 m thick)—

a cap dolostone—overlies the Cryogenian Nantuo diamictite. Above it, unit 2—the lower 

phosphorite (~8–15 m thick)—is a thin-bedded, peloidal phosphorite with interbedded dolostone 

and siltstone. It is overlain by unit 3 (~2–4 m thick), a massive dolostone topped by a prominent 

karstification surface (Xiao and Knoll, 2000; Xiao et al., 1998). Unit 4—the upper phosphorite 

bed (~3–10 m thick)—is an intraclastic phosphorite consisting of an organic-rich “black” 

phosphorite facies (unit 4A, ~0.5–5 m thick) overlain by dolomitic “gray” phosphorite facies 

(unit 4B, ~1–5 m thick) (Dornbos et al., 2006). This unit contains various three-dimensionally 

preserved fossils (Xiao et al., 2014a), including filamentous structures (Xiao and Knoll, 1999), 

multicellular algae (Xiao et al., 2004), acritarchs (Xiao et al., 2014b), putative metazoan embryos 

(Chen et al., 2014; Xiao et al., 1998), and the purported demosponges containing SLMs (Li et al., 

1998b). All these fossils are cellularly replicated by nanometer-sized fluorapatite crystals 

(Cunningham et al., 2012; Schiffbauer et al., 2012; Xiao and Knoll, 1999). Unit 4 is overlain by 

unit 5 (~10 m thick), a phosphatic dolostone that may contain a karstification surface (Jiang et 

al., 2011; Zhu et al., 2007). It is overlain by the thick dolostone of the Dengying Formation. 

The maximum age of the Doushantuo is constrained by a zircon U-Pb age of 636.4±4.9 
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Ma from the Cryogenian Nantuo Formation (Zhang et al., 2008). Published radiometric ages 

from the Doushantuo Formation at Weng’an include Pb-Pb isochron ages of 599±4 Ma (Barfod 

et al., 2002) and 576±26 Ma (Chen et al., 2004) from unit 4. Condon et al. (2005) argue that 

phosphorite diagenesis may have compromised the reliability of the Pb-Pb dates. Instead, they 

propose that the karstification surface atop unit 3 may be a glacioeustatic response to the 582–

584 Ma Gaskiers glaciation (Hoffman and Li, 2009), implying that the fossils in this study are 

younger than 584 Ma. Alternatively, the karstification surface in unit 5 at Weng’an may be 

related to the Gaskiers glaciation—an interpretation that does not contradict the 599 ± 4 Ma age 

from unit 4. If so, the fossils in this study from unit 4 are 580–600 Ma (Xiao et al., 2014b). 

 

4.4 Material and methods 

Samples were collected from units 4A and 4B. Billets of samples were cut, polished, and 

mounted to petrographic glass slides to make ~30 µm thick petrographic thin-sections. About 

one hundred thin-sections were examined via transmitted-light microscopy, and transmitted-light 

images were collected. High resolution composite transmitted-light images of phosphatized 

fossils and SLMs (indicated in figure captions) were assembled from multiple higher 

magnification images taken at the same focal lengths and using the same exposure settings. Forty 

thin sections with phosphatized fossils containing SLMs were imaged and elementally mapped 

using a low vacuum Hitachi™ TM3000 Tabletop thermionic (tungsten filament electron source) 

SEM with backscattered electron (BSE) solid state detector (SSD) and Bruker™ Xflash compact 

EDS detector. Thin-sections were not coated prior to SEM and EDS analyses. BSE images and 

EDS elemental maps were acquired at 15 keV accelerating voltage and 12 mm working distance. 

EDS elemental mapping scan live times were 400–500 s with ~8000 counts/s. Given the 
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operating conditions, the tungsten filament electron source, and the count rate, the dead time 

should be within an acceptable range (~10–40% live time) for elemental mapping analysis. 

SEM-based EDS data were processed using the Quantax 70 Microanalysis Software by 

Bruker™, designed for the Hitachi TM3000 SEM. 

Two thin-sections—each containing two SLMs (or SLM fascicles) located approximately 

3 µm below the polished thin section surfaces—were subsequently coated with 10 nm thick Au-

Pd in preparation for FIB-EM. All FIB-EM analyses were conducted using a FEI™ DualBeam 

Helios 600 NanoLab equipped with a field-emission gun electron source, Everhart-Thornley 

detector (ETD) of secondary electrons (SEs) and BSEs, a S/TEM detector, and a focused Ga+ ion 

beam column for controlled, nanoscale material addition and excavation (Schiffbauer and Xiao, 

2009). SE images of the SLMs (or SLM fascicles) were acquired throughout FIB preparation 

using the ETD (configured with a positively-biased Faraday cage) at 5 keV accelerating voltage 

(Muscente and Xiao, 2015). Milling of the thin section was conducted using the Ga+ ion beam at 

30 kV accelerating voltage. The working distance was adjusted periodically. Thin (~1 µm thick) 

layers of Pt were deposited on the surfaces of the thin-sections above the SLMs (or SLM 

fascicle) prior to milling using the Ga+ FIB. The SLM fascicle transverse section prepared as an 

ultra-thin foil using FIB-EM was removed from the slide using a micromanipulator probe, 

secured to a copper TEM grid, and ion polished to ~100 nm thickness. BF-TEM, BF-S/TEM, 

and SAED analyses of the ultra-thin foil were conducted at 200 keV using a JEOL™ 2100 TEM 

with thermionic source and high-resolution EDS detector. TEM and BF-S/TEM images were 

processed using JEOL™ Analysis Program software.  TEM-based EDS elemental maps were 

acquired at 200 keV with a scan time of ~26 minutes (dwell time, 2 ms; resolution, 1024x768 

pixels), and were processed using JEOL™ AnalysisStation software package. 
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Phosphatized fossils were also extracted from unit 4B samples using the standard acetic 

acid maceration technique (Xiao and Knoll, 2000). Samples were macerated in 10–15% acetic 

acid for 3–6 days, after which, the maceration residuals were washed, drained, and dried. The 

fossils were then picked individually from the maceration residue, mounted on copper tape, and 

coated with ~20 nm thick C for electron imaging using a FEI™ Quanta 600F environmental 

SEM with field emission gun electron source, ETD, and SSD. SE and BSE images were acquired 

using the ETD (configured with a positively-biased Faraday cage) and SSD, respectively, at 10 

mm working distance and 10–20 keV accelerating voltage. 

Because EDS elemental analysis showed that SLMs are composed of sulfur-rich 

carbonaceous material, XANES spectroscopy was used to probe the sulfur K-edge (2472 eV) of 

SLMs in thin-sections in order to determine their chemical compositions. The experiments were 

performed at the Stanford Synchrotron Radiation Lightsource (SSRL) on beamline 14-3 utilizing 

a silicon(110) monochromator crystal; data was collected in fluorescence mode. Gypsum was 

used as a non-simultaneous calibrant. Linear combination fitting (LCF) of the XANES spectra 

was performed using the SIXPack interface to the IFEFFIT XAFS analysis package (Webb, 

2005). Spectra for the model sulfur compounds (cysteic acid, dibenzothiophene, 

dimethylsulfoxide, elemental sulfur, glutathione-oxidized, gypsum, L-cystine, lipolic acid, 

marcasite, methionine methylsulfonium chloride, methionine sulfone, methionine, 

polyphenylene sulfide, pyrite, pyrrhotite, sodium bisulfite, sodium sulfite, sodium thiosulfate, 

sodium trichloromethane, sphalerite, taurine, thianthrene) were obtained from the ID21 sulfur 

XANES spectra database (http://www.esrf.eu). In LCF, species were only included which 

decreased the R value (fit residual) by more than 20%. In additional to EDS elemental maps 

acquired via SEM, XRF elemental maps were also generated on beamline 2-3 at the SSRL using 

http://www.esrf.eu/
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a silicon(111) monochromator crystal at 12 keV. 

 

4.5 Results 

The SLMs most commonly occur within spheroidal to sub-spheroidal phosphatized 

fossils referable to the putative animal embryo Megasphaera in unit 4A (Xiao and Knoll, 2000). 

They are distributed randomly within Megasphaera of various developmental stages, including 

two- and four-cell stages (Fig. 4.2A,B). Observed in transmitted-light microscopy of 

petrographic thin-sections, the SLMs appear more opaque than the surrounding cell lumens of 

Megasphaera, and are usually unbranched and rigid (Fig. 4.2C,D). However, rare curved and 

folded SLMs are also present (Fig. 4.2E,F). The SLMs are often aggregated in terminally-

spreading fascicles (Fig. 4.2B), which are sometimes attached to the cell membranes or 

envelopes of Megasphaera (Fig. 4.2G,H). 

Contrast in BSE images indicate that the SLMs are composed of a material with lower 

average atomic number (Z) than the apatite in the cell lumens (Fig. 4.3). EDS elemental maps 

acquired via SEM show that this lower-Z material is most likely sulfur-containing carbonaceous 

material (Fig. 4.3I–P). Silicon is absent from the SLMs, generally restricted to minerals found in 

the matrix around Megasphaera. XRF elemental maps—produced with synchrotron X-rays, 

which interact with samples at greater depths and achieve better energy resolution than EDS 

maps at the cost of signal heterogeneity in non-homogenous samples—also show that the SLMs 

contain lower concentrations of silicon and iron, but higher concentrations of sulfur, than the 

lumen of Megasphaera (Fig. 4.3E–H). Normalized S K-edge XANES spectra collected via spot 

analyses of the SLM fascicle (Fig. 4.3C) and of carbonaceous material located in the matrix 

around Megasphaera (Fig. 4.3D) generally show three peaks: a peak at ~2474 eV and relatively 
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less intense peaks at ~2476 and ~2479 eV (Fig. 4.4). A fourth peak at ~2483 eV is apparent in 

some spectra and varies in relative intensity among spots, suggesting that multiple sulfur 

compounds are present and vary in relative abundance among spots. LCF of representative 

spectra of SLM fascicle and matrix carbonaceous material to spectra of model sulfur compounds 

indicates that the best two-compound fits for the SLM fascicle and matrix carbonaceous material 

spectra are, respectively, dibenzothiophene (DBT, a thiophene common in petroleum; Aizenshtat 

et al. (1995)) with polyphenylene-sulfide and DBT with gypsum (Table 4.1). Inclusion of spectra 

of other compounds (e.g. elemental sulfur and pyrite) in LCF did not significantly improve the 

fits. Traces of sulfate may be present in apatite surrounding the SLM fascicle and matrix 

carbonaceous material (Shields et al., 2004), responsible for the peak at ~2483 eV. The other 

peaks in the sulfur XANES spectra likely represent organic sulfur in heterocyclic compounds 

such as DBT, previously reported from organic structures of Precambrian microfossils (Lemelle 

et al., 2008) and from organic matter in the Dengying Formation (Duda et al., 2014). Thiophenes 

are abundant in anoxic environments with microbial sulfate reduction and cyanobacterial mats 

influenced by hydrogen sulfide (Philp et al., 1992), such as the sediment pore waters in which 

the apatite comprising the phosphatized fossils at Weng’an most likely precipitated (Muscente et 

al., 2015). 

FIB-EM (Fig. 4.5) and TEM (Fig. 4.6) revealed that the SLMs are rectangular in 

transverse sections, lack axial canals, and are composed of homogenous albeit porous 

carbonaceous material (“pC” in Fig. 4.5P). Pores in the porous carbonaceous material can be 30 

to 100 nm in diameter, but are typically less than 50 nm in diameter (Figs. 5P, 6A,J,K). The 

porous carbonaceous material in the SLMs closely resembles unassociated porous carbonaceous 

material located in the cell lumen in terms of contrast and porosity (“upC” in Fig. 4.5P). Neither 
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the rectangular shape nor dimensions of SLM transverse sections changed significantly during 

ion milling and polishing (Fig. 4.5K–O). TEM-based EDS elemental mapping of the ultra-thin 

foil confirms high carbon and sulfur and low silicon, iron, calcium, fluorine, oxygen, and 

phosphorus concentrations in SLMs relative to surrounding cell lumen (Fig. 4.6B–I). Silicon and 

aluminum peaks are limited to an authigenic aluminosilicate located between the carbonaceous 

material of the SLM and a micrometer-sized apatite crystal (5 µm in diameter; “mA” in Fig. 

4.6A,J,K). SAED analyses corroborate inferences based on electron imaging, EDS, XRF, and 

XANES, showing that the SLM material weakly scatters electrons throughout reciprocal space 

(Fig. 4.6L), and therefore, is generally amorphous. The phosphatic minerals surrounding the 

SLMs, on the other hand, yield diffraction patterns containing sharp peaks consistent with 

nanocrystalline (Fig. 4.6M,N) and microcrystalline (Fig. 4.6O–Q) apatite. 

Three types of apatite mineralization can be observed in the analyzed specimens (Fig. 

4.6). The cell lumen surrounding the SLMs is filled with randomly-oriented apatite nanocrystals 

(~0.1 µm diameter; “ncA” in Fig. 4.6A,J,K). These randomly-oriented apatite nanocrystals are in 

contact with the SLMs in some places. However, they are typically separated from SLMs by 

voids (possible FIB damage) and isopachous apatite cement of radially-oriented prismatic 

crystals (0.3–0.6 µm diameter; “icA” in Fig. 4.6A,J,K). The third mineralization type is 

exemplified by the micrometer-sized apatite crystal that cross-cuts the SLM prepared as an ultra-

thin foil (“mA” in Fig. 4.6A,J,K). Unlike the isopachous apatite cement, which is in contact with 

porous carbonaceous material, the micrometer-sized apatite crystals is separated from porous 

carbonaceous material by 0.5 µm thick nonporous compressed carbonaceous material (“cC” in 

Fig. 4.6A,J,K). 
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4.6 Discussion 

The SLMs in the phosphatized fossils at Weng’an are rectangular in transverse sections 

and carbonaceous (specifically thiophenic) in composition, and therefore, are not cylindrical 

siliceous sponge spicules. Although carbonaceous fossils from the lower Cambrian have been 

interpreted as organic sheaths that originally surrounded siliceous spicules (Harvey, 2010), the 

SLMs do not appear to be organic sheaths that ever encased spicules. In addition, unlike rigid 

sponge spicules, curved and folded SLMs imply original flexibility (Fig. 4.2E,F). Petrographic 

observations also indicate that the phosphatized fossils containing SLMs do not the match 

expectancies of demosponge spiculogenesis. Modern siliceous spicules are initially formed 

within one and later in association with several sclerocytes, but the two- and four-celled 

Megasphaera (Fig. 4.2A) that host SLMs do not seem to have had differentiated cell types such 

as sclerocytes. Putative sclerocytes described from the purported Doushantuo sponges (Li et al., 

1998b) resemble subcellular structures interpreted as possible lipid vesicles (Hagadorn et al., 

2006; Schiffbauer et al., 2012). 

 

4.6.1 Origin of the spicule-like microstructures 

The SLMs may represent carbonized filamentous bacteria, such as sulfur-oxidizing 

bacteria filaments, which sometimes have rectangular transverse sections (Lacko et al., 1999). 

Phosphatic filaments—interpreted as possible bacterial filaments, fungal hyphae, and mucous 

strands (Xiao and Schiffbauer, 2009)—are found inside and attached to Megasphaera envelopes 

in unit 4B (Fig. 4.1), and include forms that are sparsely-branching (15–20 µm diameter), 

anastomosing (3–5 µm diameter), and coated with botryoidal cements (Fig. 4.7). The sparsely-

branching phosphatic filaments sometimes contain axially-located structures (2–7 µm diameter) 
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that are circular or oblong (possibly rectangular) in transverse sections, replicated by radially- or 

randomly-oriented nanocrystals (0.1 µm diameter), and coated with radially-oriented prismatic 

microcrystals (0.3 to 2 µm diameter). The paragenesis of apatite in phosphatized fossils from 

unit 4B inferred from SEM observations indicates the axially-located structures were originally 

organic filaments that were replicated by nanocrystals and then coated with later diagenetic 

microcrystals, which variously augmented their overall diameters (Cunningham et al., 2012; 

Schiffbauer et al., 2012; Xiao and Schiffbauer, 2009). Thus, it is possible that SLMs represent an 

organic version of those phosphatized filaments with an oblong axial structure. 

Alternatively, the SLMs may be sponge axial filaments (~2–5 µm in diameter), which in 

sponge development, are the organic precursors of spicules (Müller et al., 2007). Hexactinellid 

axial filaments are square in transverse section (Reiswig, 1971), thus broadly resembling the 

SLMs; in contrast, demosponge axial filaments are triangular (Reiswig, 1971) or hexagonal 

(Simpson et al., 1985) in transverse section. Axial filaments are generally rare in the fossil 

record, but are sometimes preserved in mineralized spicules (Botting and Muir, 2013). If the 

SLMs are confirmed to be axial filaments, they could provide evidence of hexactinellids. This 

possibility, however, does not necessitate that the sponges that produced such axial filaments 

were biomineralizing organisms, as organic axial filaments could have evolved prior to—and 

then were exapted for—spiculogenesis. 

The occurrence of fascicles of SLMs seems inconsistent with the filamentous bacterium 

and axial filament interpretations, and invites comparison with acicular mineral aggregates (Yin 

et al., 2001). Thus, a third possibility is that the SLMs represent acicular minerals that were 

diagenetically-replaced and molded by organic matter. However, the flexible nature of some 

SLMs (Fig. 4.2F) is inconsistent with the acicular mineral interpretation. 
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Overall, these hypotheses imply that phosphatized fossils containing SLMs at Weng’an 

are not crown-group demosponges. Indeed, if the SLMs are bacterial filaments or acicular 

crystals molded by organic matter, the phosphatized fossils containing SLMs may not be 

sponges. Alternatively, if the SLMs are axial filaments, they must have been produced by 

hexactinellids, as crown-group demosponges (Reiswig, 1971) and possibly stem-group siliceans 

(Botting and Muir, 2013) have triangular or hexagonal axial filaments. Despite this possibility, 

the phosphatized fossils containing the SLMs possess no diagnostic sponge soft tissue characters 

(Antcliffe et al., 2014). Given these notable ambiguities, placement of the phosphatized fossils 

with SLMs among sponges is not supported. 

 

4.6.2 Taphonomy of the spicule-like microstructures 

Regardless whether the SLMs are bacterial filaments, axial filaments, or pseudomorphs 

of acicular crystals, their morphology has been modified, both constructively and destructively, 

by multiple generations of diagenetic phosphatic mineralization. Randomly-oriented apatite 

nanocrystals (“ncA” in Fig. 4.6A,J,K) in cell lumen likely formed rapidly during degradation of 

the cytoplasm when nucleation sites were abundant and the supersaturation level was high (Xiao 

and Schiffbauer, 2009). Cement stratigraphy suggests that SLMs predate the formation of the 

isopachous apatite cements (“icA” in Fig. 4.6A,J,K) that constructively encrust SLMs. In 

contrast, cross-cutting relationship suggests that micrometer-sized apatite crystals (“mA” in Fig. 

4.6A,J,K) played a destructive role;  such micrometer-sized crystals in phosphatized fossils are 

typically interpreted as late diagenetic overgrowth on pre-existing crystals (Cunningham et al., 

2012; Schiffbauer et al., 2012; Xiao and Schiffbauer, 2009). As observed in the ultra-thin foil 

transverse section of an SLM fascicle (Fig. 4.6), growth of a micrometer-sized apatite crystal 
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into the SLM caused displacement of organic matter, compressing porous carbonaceous material 

into nonporous compressed carbonaceous material. Assuming the micrometer-sized apatite 

crystal in the ultra-thin foil transverse section of an SLM fascicle is representative of the 

diagenetic processes affecting all SLMs, variations among SLMs and SLM fascicles may 

correspond to permutations of several variables: the rate and amount of diagenetic apatite 

growth, the direction of apatite growth relative to the axes of SLMs, and the space available for 

SLM carbonaceous material displacement and compression. This hypothetical relationship 

between diagenetic apatite growth and SLM fascicle shape requires further testing with 

comprehensive in situ analytical techniques, such as FIB-EM nanotomography or X-ray 

computed nanotomography. 

 

4.6.3 Implications for other purported Precambrian sponges 

Our conclusions regarding the phosphatized fossils containing SLMs affirm the 

observation that no unequivocal sponge fossils occur below the Ediacaran-Cambrian boundary 

(Antcliffe et al., 2014). Chambered body fossils containing silica and carbonate minerals from 

Cryogenian rocks have been interpreted as biomineralizing sponge-grade metazoans (Maloof et 

al., 2010; Wallace et al., 2014), but they lack spicules and there is no data affirming the 

biogenicity of the silica and carbonate minerals. For these reasons, placement of the chambered 

fossils among crown-group sponges is unlikely (Laflamme, 2010), and they may instead be 

microbial structures (Antcliffe et al., 2014; Wallace et al., 2014). Various other Precambrian 

aspiculate fossils—such as Cucullus from China (Wang and Wang, 2011), Thectardis from 

Newfoundland (Sperling et al., 2011), and Ausia from Namibia (McMenamin, 1998)—have been 

interpreted as sponges based on inferences regarding soft tissue anatomy, biomechanics, and 
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taphonomy. However, such interpretations of aspiculate organisms are inherently subjective, and 

the affinities of the fossils remain disputed (Antcliffe et al., 2014). 

Although spicules are generally considered among the most easily identifiable and most 

commonly-preserved features of crown-group sponges, reports of spiculate sponges and sponge 

spicules from the Precambrian remain ubiquitously controversial due, in part, to the poor 

preservation and inadequate characterization of the fossils. The spicule-like structures associated 

with the purported spiculate sponges—including Fedomia from Russia (Serezhnikova and 

Ivantsov, 2007) and Palaeophragmodictya (Gehling and Rigby, 1996) and Coronacollina (Clites 

et al., 2012) from South Australia—generally lack the siliceous and calcareous biominerals that 

constitute modern sponge spicules. Instead, the spicule-like structures are preserved, like co-

occurring soft tissues, as casts/molds in siliciclastic rock. Consequently, the spicule-like 

structures may represent casts/molds of diagenetically-dissolved spicules (Gehling and Rigby, 

1996) or organic structures (Clites et al., 2012; Serezhnikova and Ivantsov, 2007), which cannot 

be distinguished in such a preservational state. For this reason, the spicule-like structures on 

these fossils do not represent diagnostic evidence of biomineralizing sponges. The phosphatized 

fossils containing SLMs in the Doushantuo Formation were previously considered the only 

Precambrian sponges preserved with mineralized spicules (Li et al., 1998a, b). However, our new 

data demonstrate that the SLMs are not siliceous sponge spicules. Thus far, no unequivocal 

biomineralizing sponges have been reported from Precambrian rocks. 

Reports of Precambrian spicule-like structures preserved in the absence of soft tissues are 

common, but typically provide only non-diagnostic petrographic observations. Without detailed 

mineralogical and ultrastructural data on these structures, interpretations of these fossils as 

sponge spicules are unconvincing. For instance, the sponge spicules reported from the Noonday 



169 
 

Dolomite in Nevada—which may be a basal Ediacaran cap carbonate (Petterson et al., 2011)—

have not been illustrated or described in detail (Reitner and Wörheide, 2002), and have been 

interpreted as inorganically-precipitated acicular crystals (Antcliffe et al., 2014). Similarly, 

monaxon-like structures from the Neoproterozoic Tindir Group in Alaska and western Canada 

identified as hexactinellid spicules (Debrenne and Reitner, 2001) have only been superficially 

described (Allison and Awramik, 1989). Although reports suggest the Tindir Group spicule-like 

structures were originally hollow and are comparable to chancellorid sclerites (Allison and 

Awramik, 1989), they have not received sufficient study to affirm sponge affinities. Other 

problematic hexactinellid spicules have been reported from the Gangolihat Dolomite of India 

(Tiwari et al., 2000; Tiwari and Pant, 2009). Most of these Gangolihat Dolomite structures are 

opaque, and thus do not resemble typical siliceous hexactinellid spicules in thin-sections. 

Previous reports have described no evidence of axial canals in the Gangolihat Dolomite 

structures. In addition, the Gangolihat Dolomite may be Mesoproterozoic in age (McKenzie et 

al., 2011). If so, the structures significantly predate the divergence of biomineralizing sponge 

classes, as estimated from molecular clocks (Erwin et al., 2011; Sperling et al., 2010). Given 

these uncertainties, the Gangolihat Dolomite structures do not represent compelling evidence of 

Precambrian sponges. 

Besides the Doushantuo SLMs, the only other putative sponge spicules explicitly 

described with axial canals from the Precambrian are putative hexactinellid monaxons and 

triaxons from the lower Doushantuo Formation (Du and Wang, 2012). EDS analyses indicate 

these purported hexactinellid spicules are siliceous in composition. However, the structures lack 

clearly defined axial canals (despite the authors’ claim of such features), they are not preserved 

with soft tissues, previous reports provide no evidence of concentrically-secreted silica layers, 
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and some of these structures shown in thin sections resemble acicular minerals. Thus, they may 

be abiotic structures formed via silica encrustation or replacement of diagenetic crystals. 

Recently, Du et al. (2014) reported putative sponge gemmules containing gemmosclere-

like structures from chert nodules of the Doushantuo Formation in the Yangtze Gorges area of 

South China. They interpreted the gemmosclere-like structures (<1 micron diameter) as siliceous 

based on the presence of Si as detected by electron probe microanalysis. However, as the authors 

noted, it is difficult to focus the electron probe onto micrometer-sized structures, and their 

compositional analysis may be inaccurate. In addition, the authors provided no mineralogical 

data and no evidence of axial canals, axial symmetries, and concentric growth layers. For these 

reasons, the gemmosclere-like structures do not represent unequivocal evidence of Precambrian 

biomineralizing sponges. They may alternatively be Si-bearing acicular crystals. 

Integration of these observations from the literature indicates that, although many 

spiculate sponges and sponge spicules have been reported from Precambrian rocks, none have 

been comprehensively characterized in terms of their compositional, mineralogical, and 

morphological characters. Future studies should test of the veracity of these fossils using in situ 

analytical techniques and cogent evaluation criteria. By doing so, such studies may resolve long-

standing controversies, test paleobiologically-significant hypotheses, and potentially provide 

compelling evidence of biomineralizing sponges in the Precambrian. According to Antcliffe et 

al. (2014), the oldest fossils equivocally attributable to biomineralizing sponges are siliceous 

stauractines and pentactines in the early Cambrian Soltanief Formation (~535 Ma) of Iran. 

Unambiguous hexactines and pentactines have also been described as Hunanospongia from the 

basal Cambrian Yangjiaping Member of South China (Ding and Qian, 1988), in association with 

the Protohertzina anabarica–Kaiyangites novilis small shelly fossil assemblage biozone (Steiner 
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et al., 2007). These are among the earliest known, unambiguous sponge spicules by virtue of 

their diagnostic and clearly-defined symmetries (Antcliffe et al., 2014). 

 

4.6.4 Interpreting the Precambrian dearth of biomineralizing sponge fossils 

The conspicuous scarcity (or complete absence) of spiculate sponges and sponge spicules 

in the Precambrian has important implications for the evolution of animals and the Earth system 

across the Ediacaran-Cambrian transition. Whereas the perceived paucity of aspiculate sponge 

fossils may reflect the taphonomic biases against soft-tissue preservation and the paleontological 

difficulties associated with differentiating such fossils from those of other soft-bodied organisms, 

the dearth of spiculate sponges and sponge spicules—which should be readily preservable and 

easily identifiable—is enigmatic, particularly given that molecular clocks (Erwin et al., 2011; 

Sperling et al., 2010) and sponge-specific biomarkers (Love et al., 2009) suggest the 

hexactinellid-demosponge divergence and the internal divergence of spiculate demosponges may 

have occurred in the Cryogenian. Several explanations have been proposed to account for the 

enigma (Sperling et al., 2010). Below, we review these explanations, and provide new 

hypotheses for the dearth of biomineralizing sponge fossils in Precambrian rocks. 

 

4.6.4.1 Biomarkers and molecular clocks 

Perhaps the simplest explanation for the dearth of Precambrian spiculate sponges and 

sponge spicules is that biomineralizing sponge classes diverged during the early Cambrian, as 

suggested by the fossil record. If so, this explanation implies that the Cryogenian divergence of 

silica-biomineralizing sponges based on molecular clocks (Erwin et al., 2011; Sperling et al., 

2010) and biomarkers (Love et al., 2009) needs to be re-evaluated. 
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The detection of abundant 24-isopropylcholestanes in Cryogenian rocks in Oman is taken 

as evidence for demosponge divergence in the Cryogenian Period or earlier (Love et al., 2009).  

The demosponge specificity of 24-isopropylcholestanes has been questioned by some authors 

(Antcliffe, 2013), although a counter argument has been made (Briggs and Summons, 2014). 

Thus, it remains possible that 24-isopropylcholesterol evolved along the stem leading to crown-

group demosponges (Love et al., 2009; Sperling et al., 2010). If so, then the Cryogenian 

occurrence of 24-isopropylcholestanes can be used as a minimum age constraint for the 

demosponge-hexactinellid divergence. However, as pointed out by Antcliffe (2013), the exact 

age of the Cryogenian 24-isopropylcholestanes from Oman has been miscited by many authors. 

These 24-isopropylcholestanes are constrained between 645 Ma and 635 Ma according to 

Antcliffe (2013), rather than 713 Ma as cited by some authors. 

Published molecular clock estimates of sponge divergences were calibrated, in part, using 

the occurrence of Cryogenian 24-isopropylcholestanes in Oman as a calibration point. For 

example, both Sperling et al. (2010) and Erwin et al. (2011) used the 713 Ma age as a maximum 

age for the origin of crown-group demosponges. Because the Omani 24-isopropylcholestanes are 

645–635 Ma and they may predate the origin of crown group demosponges (Love et al., 2009; 

Sperling et al., 2010), anchoring the divergence of crown-group demosponges using the 713 Ma 

age, even as a maximum constraint, may overestimate divergence time. It is important to point 

out, however, that both Sperling et al. (2010) and Erwin et al. (2011) carried out various 

sensitivity tests including or excluding the 713 Ma calibration point. For example, Erwin et al. 

(2011) used a Calibrations-Jackknife analysis—comparing molecular clocks randomly generated 

using various combinations of 12 out of their 24 available calibration points—to show that their 

estimated divergence dates of animals, on average, were not significantly affected by their 
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selection of geochronological calibrants and that their analyses consistently supported a 

Cryogenian divergence of biomineralizing sponge classes (and internal divergence of spiculate 

demosponges). Nonetheless, the general problem of using stem-group fossils to calibrate their 

crown-group counterparts remains, and it may be compounded by phylogenetic uncertainties and 

taxon sampling problems, particularly when the deepest divergence in the crown-group taxon is 

not represented in the taxon sampling. Thus, considering the significant discrepancy between 

molecular clocks and skeletal fossils, more effort needs to be spent to improve the accuracy of 

both records. 

 

4.6.4.2 Independent origins of sponge biomineralization in Cambrian 

Another explanation for the dearth of spiculate sponges and sponge spicules in the 

Precambrian is that silica biomineralization may have evolved independently among 

hexactinellids and demosponges during the early Cambrian, perhaps in response to extrinsic 

ecological and environmental factors driving animal skeletonization (Marshall, 2006; Zhang et 

al., 2014). Given that it is uncertain whether the siliceans are monophyletic and that aspiculate 

demosponges (e.g., Keratosa and Myxospongiae) either form a sister group to spiculate 

demosponges or branch successively at the base of the demosponge clade (Hill et al., 2013), it is 

possible that demosponge biomineralization may have evolved independently of hexactinellids. 

Although it is more difficult to accept that the heteroscleromorphs and haploscleromorphs 

evolved siliceous spicules independently (Cárdenas et al., 2012; Sperling et al., 2010), if the 

Heteroscleromorpha-Haploscleromorpha divergence is overestimated by several tens of millions 

of years, then it is possible that the common ancestor of heteroscleromorphs and 

haploscleromorphs evolved biomineralization in the Cambrian rather than Cryogenian-Ediacaran 
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interval. Under such a scenario, silicean biomineralization evolved in the early Cambrian 

independently among two clades: the hexactinellids and heteroscleromorphs+haploscleromorphs. 

Recently, however, there has been paleontological evidence suggesting that spicules may 

be homologous among siliceans or even among siliceans and calcareans (Botting and Butterfield, 

2005). It is proposed that ancestral sponges had bimineralic spicules consisting of both silica and 

calcite, and if sponges are paraphyletic, then the last common ancestor of metazoans may have 

been spiculate (Botting et al., 2012). Accepting that spicules are homologous among siliceans, 

sponges, or even metazoans (Botting et al., 2012), and given that there is abundant evidence 

supporting the appearance of crown-group animals in the Ediacaran Period (Xiao and Laflamme, 

2009), it is rather difficult to explain the dearth of Precambrian sponge spicules without invoking 

a taphonomic megabias against the preservation of Precambrian siliceous spicules. 

 

4.6.4.3 Taphonomic megabias 

There are limited data regarding the taphonomic processes governing siliceous spicule 

preservation. However, multiple studies have characterized factors affecting dissolution of 

biosilica in diatoms (Cheng et al., 2009; Dixit et al., 2001; Lewin, 1961; Roubeix et al., 2008). In 

general, the preservation potential of biosilica depends upon its reactive surface area as well as 

the pH, temperature, salinity, and dissolved silica concentration of the surrounding bottom/pore 

waters (Van Cappellen and Qiu, 1997a, b). In addition, the presence of organic and inorganic 

materials impacts biosilica preservation. Organic material as well as inorganic precipitates (e.g. 

iron or manganese) can absorb onto biosilica, reduce its reactive surface area, and protects it 

from dissolution (Chu et al., 2011; Lewin, 1961). Similarly, dissolution of aluminosilicate 

minerals provides aqueous Al(III), which becomes absorbed onto biosilica, producing 
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negatively-charged aluminosilicate surface sites that reduce interactions with catalytic hydroxyl 

ions and decrease the solubility of the siliceous material (Cheng et al., 2009; Dixit et al., 2001). 

Lastly, microbial activity affects biosilica preservation. Experiments using marine bacteria show 

that bacterial colonization significantly increases biosilica solubility (Bidle and Azam, 1999). 

In this context, the impact of the Precambrian-Phanerozoic transition on biosilica 

preservation can be evaluated. Secular changes in chert precipitation and deposition across the 

Precambrian-Phanerozoic transition affirm evolving geobiological participation in the silica 

cycle during this interval (Maliva et al., 1989; Maliva et al., 2005). Modelling suggests that, 

before the diversification of silica-biomineralizing plankton in the early Phanerozoic, seawater 

and pore water SiO2 concentrations may have been as high as 60 ppm (Perry and Lefticariu, 

2014), roughly ten times higher than modern levels (Racki and Cordey, 2000). Though under 

these levels SiO2 would have been undersaturated with respect to amorphous silica (Siever, 

1992), everything else being equal, biosilica would have been less soluble in Neoproterozoic 

than in Phanerozoic seawater. Additionally, biosilica would have been less soluble in low 

temperature Cryogenian environments than in younger greenhouse analogues. Hence, changes in 

seawater silica concentrations and temperatures do not account for the purported megabias. 

Because incorporation of Al(III) decreases biosilica solubility, the dearth of siliceous 

spicules may reflect secular changes in bottom/pore water Al(III) concentrations through time. 

For instance, Sperling et al. (2010) hypothesized that siliceous spicules were unlikely to be 

preserved in clay- and Al(III)-deficient Neoproterozoic sediments, and proposed that an increase 

in the total clay contents of sediments deposited from 850 to 530 Ma opened a taphonomic 

window for the preservation of siliceous spicules. However, several observations dispute this 

hypothesis. First, the authors cite increasing X-ray diffraction peak ratios of phyllosilicates to 
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quartz from 850–530 Ma in three basins as evidence of global trends in the clay contents of 

sedimentary rocks (Kennedy et al., 2006). However, these ratios do not distinguish between 

micaceous clays and pedogenic smectite/kaolinite clays. Micaceous clays would not necessarily 

be a source of Al(III) in early diagenesis, and hence, should not have factored into the 

preservation of the siliceous spicules. Second, empirical data derived from additional basins 

indicate that Neoproterozoic and early Cambrian sedimentary rocks are generally comparable in 

total clay contents, and exhibit no increase in total clay contents with time (Tosca et al., 2010). 

Lastly, although micaceous clays dominate most late Neoproterozoic clay mineralogy (Tosca et 

al., 2010), some Ediacaran successions (e.g., the Doushantuo Formation in the Yangtze Gorges 

area of South China) have abundant Al-rich smectite clays (Bristow et al., 2009), but preserve no 

siliceous sponge spicules. 

Given the effect of marine bacteria on biosilica dissolution, the transition from 

Precambrian seafloors with well-developed microbial mats to Phanerozoic-type sediments 

characterized by greater vertical mixing (Bottjer et al., 2000; Droser et al., 2002) could partially 

explain the dearth of siliceous sponge spicules. In modern settings, bacteria colonize and 

hydrolyze the surface mucus membranes of diatoms (Smith et al., 1995), which denudes the 

siliceous skeletons of their organic coating, thereby significantly increasing their reactive surface 

area and solubility (Bidle and Azam, 1999). Microbial mats may have analogously colonized 

siliceous spicules on Neoproterozoic seafloors, degrading their external organic sheaths (Botting 

et al., 2012; Harvey, 2010) and the carbonaceous matter absorbed onto their surfaces, thereby 

enhancing the solubility of the biosilica. In addition, organisms inhabiting microbial mats in 

proximity to siliceous spicules may have—through their various activities (Callow and Brasier, 

2009; Muscente et al., 2015)—modified biosilica dissolution. 
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Hypothetically, sponge paleoecology could also account for the dearth of spiculate 

sponges and sponge spicules in the Precambrian. Several key observations of modern sponge 

ecology and spiculogenesis suggest that, during the Precambrian, spiculate sponges may have 

been more ecological restricted and may have produced small or weakly-mineralized spicules, 

which may have been rapidly dissolved. First, spicules protect modern sponges from predators 

(Burns et al., 2003; Hill et al., 2005; Jones et al., 2005), suggesting that predation may have 

driven the evolution of spicules. If so, spiculate sponges in the Neoproterozoic may have—in the 

absence of predatory animals—produced ostensibly small spicules with low preservational 

potential. Only after the diversification of predatory animals during the Cambrian Explosion—

when large spicules may have enabled sponges to deter the predators—may extensive 

biomineralization have become widespread among sponges. Second, due to the energy-

dependence of silica transport and sclerocyte production (Frøhlich and Barthel, 1997), 

environmental nutrient availability affects spicule size and morphology (Liu et al., 2013). 

Sponges in oligotrophic environments typically form smaller spicules than analogues inhabiting 

eutrophic settings (Bibiloni et al., 1989), and starvation causes sponges to significantly reduce 

and sometimes cease spicule production (Frøhlich and Barthel, 1997; Pe 1973). Because of this 

relationship between nutrient availability and spiculogenesis, widespread marine anoxia in 

Proterozoic oceans may have restricted the ecological distribution of spiculate sponges. In 

addition, although sponges can survive in dysoxic environments (Mills et al., 2014)—such as 

those that likely exited in Proterozoic oceans—they tend to produce smaller spicules when 

oxygen levels are low (Liu et al., 2013). Lastly, low oxygen availability is also associated with 

low levels of predation (Sperling et al., 2013). Consequently, sponges inhabiting Proterozoic 

oceans with lower oxygen levels than the present may not have experienced predation pressures 
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that drive evolution of extensive biomineralized skeletons. Overall, these various observations 

suggest that Neoproterozoic spiculate sponges may have been more ecologically restricted and 

produced smaller spicules than their Phanerozoic descendants. If so, the evolution of sponges 

with larger, more easily-preserved spicules may have been promoted by secular change in 

nutrient availability, the progressive oxygenation of the ocean, and the diversification of 

predatory animals through the Cryogenian-Cambrian interval (Canfield et al., 2007; Lenton et 

al., 2014; Sahoo et al., 2012). 

 

4.7 Conclusions 

In summary, we have demonstrated that in situ analytical techniques—including SEM, 

FIB-EM, TEM, EDS, XRF, and XANES—can be used to decisively assess the veracity of 

putative Precambrian sponge fossils. Our analysis shows that SLMs occurring within 

phosphatized fossils from the Doushantuo Formation at Weng’an in South China are organic 

filaments with rectangular transverse cross-sections, and therefore, are not cylindrical siliceous 

sponge spicules. This conclusion invalidates the descriptions of the oldest demosponges in the 

fossil record and of the only Precambrian sponges purportedly preserved with mineralized 

spicules (Li et al., 1998a, b). These results have notable implications for the Precambrian record 

of sponges. In particular, the analytical techniques in this study represent useful tools to critically 

assess the veracity of other problematic sponge fossils, specifically those with putative 

biominerals (Allison and Awramik, 1989; Du and Wang, 2012; Du et al., 2014; Maloof et al., 

2010; Reitner and Wörheide, 2002; Tiwari et al., 2000; Wallace et al., 2014). By using the 

analytical techniques to collect in situ compositional, mineralogical, and ultrastructural data on 

these fossils, future studies may resolve long-standing controversies, test paleobiologically-
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significant hypotheses, and potentially provide compelling evidence of biomineralizing sponges 

in Precambrian rocks. Thus far, no Precambrian sponge fossils have been demonstrated to have 

decisive mineralogical and morphological characters in support of biomineralization. Thus, 

molecular clock data suggesting that spiculate sponges diverged in the Cryogenian and Ediacaran 

periods need to be scrutinized more closely. If biomineralizing sponge clades did diverge in the 

Cryogenian-Ediacaran periods, as suggested by molecular clocks and biomarkers (Erwin et al., 

2011; Love et al., 2009; Sperling et al., 2010), then we have to consider the possibility of 

independent origins of biomineralized spicules or a taphonomic megabias. A number of 

factors—including low sediment pedogenic clay mineral content, prevalence of microbial mats, 

low predation pressures, low nutrient availability, and oceanic anoxia—may have fostered 

spicule miniaturization and dissolution in the Neoproterozoic. If so, the molecular and fossil 

records may represent unique albeit complementary windows to sponge evolutionary history. 

Whereas molecular clocks may record the timing and pace of sponge cladogenesis, the fossil 

record (or lack thereof) may reflect the ecological success, distribution, and preservation of early 

sponges in Precambrian environments. Regardless, the dearth of biomineralizing sponge fossils 

before the Cambrian represents a geobiologically significant aspect of the Proterozoic-

Phanerozoic transition, and merits detailed investigation. 
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4.9 Table and table captions 

 

Table 4.1. Linear combination fitting results. 

Sample location 
Gypsum 

(%) 

Dibenzothiophene 

(%) 

Polyphenylene 

sulfide (%) 
Sum R 

Matrix carbonaceous 

material 
23 71 0 94 0.018 

SLM fascicle 0 60 37 98 0.010 
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4.10 Figures and figure captions 

 

Fig. 4.1. Geological background of the Doushantuo Formation at Weng’an, Guizhou Province, 

South China. (A) Geological map of the Weng’an area. (B) Generalized stratigraphy of 

Doushantuo Formation at Weng’an. Units 4A and 4B represent the fossiliferous black and gray 

facies, respectively. Modified from Xiao et al. (2014b). 
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Fig. 4.2. Transmitted-light microscopy of Doushantuo SLMs in petrographic thin-sections. 

Arrows in (A, C, E, G) indicate areas magnified in (B, D, F, H), respectively. (A) Four-cell 

Megasphaera. (B) Individual SLM (right), SLM fascicle (left), and ellipsoidal sclerocyte-like 

structures (Li et al., 1998b) interpreted as lipid vesicles (Hagadorn et al., 2006; Schiffbauer et al., 

2012). (C) One-celled Megasphaera. (D) Relatively thick SLM. Black arrow in (D) indicates 

location of FIB-EM transverse section illustrated in Fig. 4.5P. (E) Poorly-preserved spheroidal 

fossil. (F) SLMs with curved morphologies. (G) Megasphaera fossil. (H) SLM fascicle attached 
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to its membrane or envelope. (C, G) are composite transmitted-light images, each assembled 

from two higher-magnification images (separated by the white lines). 
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Fig. 4.3. SEM, EDS, and XRF of SLM fascicle. (A) SEM (SSD) image of Megasphaera 

illustrated in Fig. 4.2G. (B) Magnified SEM (SSD) image of SLM fascicle (upper box in A). (C) 

Magnified image of boxed area in (B), showing the area of the SLM fascicle in (B) that was 

analyzed with XANES. (D) Magnified image (lower box in A), showing carbonaceous material 

in matrix around Megasphaera analyzed with XANES. (E–H) XRF elemental maps with color 

scale below (B) showing relative number of counts (x, minimum number of counts; y, maximum 

number of counts). (E) Sulfur (x <36 counts; y >141 counts); (F) Calcium (x <5596 counts, y 

>9326 counts); (G) Silicon (x <38 counts, y >149 counts); (H) Phosphorus (x <110 counts, y 

>274 counts). (I–P) SEM-based EDS elemental maps of (B). (Q–X) SEM-based EDS elemental 

maps of (D). Boxes in (E–H) mark area magnified in (I–P). 
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Fig. 4.4. Representative normalized sulfur K-edge XANES spectra of SLM fascicle and 

carbonaceous material in matrix around Megasphaera (black lines), as well as model sulfur 

compounds (blue lines). Red lines show best 2-compound fit (dibenzothiophene + gypsum and 

dibenzothiophene + polyphenylene sulfide in comparison with the matrix carbonaceous material 

and SLM fascicle spectra, respectively; see Table 1), as determined by LCF using spectra of 

various model sulfur compounds. 
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Fig. 4.5. FIB-EM analysis. (A–O) Preparation and analysis of SLM fascicle transverse section 

ultra-thin foil. (A) Composite transmitted-light image (assembled from two transmitted-light 

images separated by line) of phosphatized fossil with SLM fascicle. (B) Composite transmitted-

light image (assembled from seven higher magnification images, indicated by boxes), showing 

SLM fascicle prior to FIB-EM transverse sectioning. (C) Transmitted-light image of the right 

part of the SLM fascicle in (B) taken at different focal length, showing multiple SLMs in 

fascicle. (D) SEM (SSD) image and (E) SEM (ETD) images of (A). (F) SEM (SSD) image of 

SLM fascicle. Arrows in (A, D–F) and dashed line (F) indicate location of FIB transverse 

section. (G) Magnified SEM (ETD) image of box in (E), showing location targeted for FIB 
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preparation with ion-sputtered rectangle (indicated by arrow in G). (H–N) Sequential SEM 

(ETD) images acquired during preparation of ultra-thin foil. (H) Location indicated by arrow in 

(G) magnified and rotated. (I) 1 µm thick platinum layer deposited to protect SLM fascicle 

during ion milling. (J) Initial stages of ion milling. (K) Revelation of SLM fascicle (dark color, 

indicated by arrow). (L) Toward end of milling process. (M) Rectangular transverse sections of 

SLMs in fascicle. (N) Ultra-thin foil, after it was removed from thin section and secured to TEM 

copper grid. (O) SEM (S/TEM) image of ~100 nm thick ultra-thin foil following ion-polishing to 

electron transparency (also shown in Fig. 4.6A). (P) SEM (ETD) image of SLM transverse 

section (location indicated by arrow in Fig. 4.2D). pC, porous carbonaceous material; upC, 

unassociated porous carbonaceous material in cell lumen. 
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Fig. 4.6. BF-TEM, BF-S/TEM, and SAED analyses of SLM fascicle transverse section ultra-thin 

foil. (A) BF-S/TEM image of SLM fascicle transverse section (location indicated by arrow in 

Fig. 4.5F) ultra-thin foil, also illustrated in Fig. 4.5O. Arrow in (A) indicates aluminosilicate. (B–

I) TEM-based EDS elemental maps of labelled box in (A). (J–K) BF-TEM (J) and BF-S/TEM 

(K) images of labelled boxes in (A), showing different mineralization types. (L–Q) SAED 

patterns of carbonaceous material and apatite from labelled circles in (A, J, K). ncA, 

nanocrystalline apatite; icA, isopachous apatite; mA, micrometer-sized apatite crystal; pC, 

porous carbonaceous material; cC, nonporous compressed carbonaceous material. 
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Fig. 4.7. SEM images of phosphatic filaments within Megasphaera fossils extracted from unit 

4B. (A) Filaments between internal body and outer envelope. (B) Sparsely-branching filaments. 

(C) Anastomosing (white arrow) and sparsely-branching filaments. (D) Filaments heavily coated 

with botryoidal cements. (E) Transverse section through filament without axially-located 

structure (black arrow in C), showing radially-oriented crystals. (F) Transverse section through 

filament (arrow in D), showing oblong (possibly rectangular) axially-located structure replicated 

by randomly-oriented nanocrystals. (G) Longitudinal section through filament (arrow in B) 

showing axially-located structure. (H) Magnified view of axially-located structure (box in G), 

showing randomly-oriented nanocrystals in axially-located structure surrounded by radially-

oriented prismatic microcrystals. 
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5.1 Conclusions 

The chapters of original research in this dissertation demonstrate innovative methods and 

approaches for studying environments and processes of exceptional fossil preservation. 

Specifically, the investigation in chapter 2 demonstrates the application of statistical methods to 

a global dataset of exceptionally preserved fossil assemblages for revealing temporal and spatial 

trends in exceptional preservation; the work in chapter 3 highlights the use of experimentation in 

replicating and illuminating the taphonomic processes involved in the preservation of 

carbonaceous fossils; and the study in chapter 4 draws attention to under-utilized in situ 

nanoscale analytical techniques for studying exceptional fossil composition, mineralogy, and 

ultrastructure. These methods and approaches offer many opportunities for testing major 

paleobiologic and geobiologic hypotheses, and thus, for improving our understanding of the 

history of the biosphere and the Earth system, as a whole. To summarize the points of interest 

from the chapters presented herein in this regard: 

Chapter 2 describes the results of a comprehensive meta-analysis of 694 globally 

distributed exceptionally preserved fossil assemblages from ~610 to 3 Ma (Mega anna). From 

this meta-analysis, we are able to show that the frequency and predominant paleoenvironments 

of exceptional fossil preservation have changed through geologic time, and thus, exceptionally 

preserved fossils are not evenly spaced through time or space. In fact, exceptionally reserved 

fossil assemblages are most abundant relative to sedimentary rock area/volume in the Ediacaran 

and Cambrian, but decrease in frequency and shift from open marine to restricted depositional 

settings with increasing oxygenation of the ocean-atmosphere system (Gill et al., 2011; Sperling 

et al., 2015) and development of bioturbation (Tarhan et al., 2015) through the Ediacaran-middle 

Paleozoic interval. Whereas open marine assemblages are relatively rare after the lower 
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Paleozoic, non-marine assemblages rise in frequency through the middle Paleozoic-Cenozoic 

interval with increasing non-marine sedimentary rock area/volume. Thus, temporal and spatial 

trends in the exceptional fossil record reflect secular environmental transitions in sedimentary 

redox conditions that control exceptional preservation as well as variations in sedimentary rock 

quantities that affect assemblage sampling. Thus, the results provide fundamental bases for 

understanding occurrences of exceptionally preserved fossils through time and space 

Chapter 3 details ultrastructural and compositional variations in the preservation of the 

organophosphatic shelly fossil Sphenothallus among localities in the lower Cambrian of South 

China (Muscente and Xiao, 2015a; Muscente and Xiao, 2015b). In general, the fossils from 

various localities of the Shuijingtuo Formation and equivalent Niutitang Formation are variably 

carbonaceous and phosphatic and have differing compositions and ultrastructures. Based on 

observations of the fossils and experimental taphonomic data—which indicate that hydrochloric 

acid treatment of the predominantly phosphatic specimens produces carbonaceous fossils—we 

show that the various fossils constitute a taphonomic continuum between shelly and 

carbonaceous preservation. Accordingly, the fossils support a new taphonomic model for the 

preservation of shells as carbonaceous fossils, which involves kerogenization and 

demineralization of the organic matrixes of the shells. In addition to providing new data for 

assessing the affinities of Sphenothallus, these results provide new insights into the origins of 

small carbonaceous fossils, which are widespread in Cambrian rocks and generally considered 

exceptionally preserved fossils (Butterfield and Harvey, 2012).    

Finally, chapter five provides data acquired using a suite of in situ nanoscale analytical 

techniques—including scanning electron microscopy, synchrotron X-ray fluorescence mapping, 

X-ray absorption near-edge structures (XANES) spectroscopy, focused ion beam electron 
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microscopy, and transmission electron microscopy—to test the hypothesis that spicule-like 

microstructures within exceptionally preserved phosphatized fossils from the Ediacaran 

Doushantuo Formation of South China are cylindrical siliceous sponge spicules (Li et al., 1998; 

Yin et al., 2001). Overall, the data from these analyses illuminate the authigenic and diagenetic 

histories of the exceptionally preserved phosphatized fossils, and decisively show that their 

spicule-like microstructures are carbonaceous in composition and rectangular in transverse 

sections, and therefore, not cylindrical siliceous spicules. Instead, the data suggest that the 

microstructures may be microbial strands, axial filaments of early hexactinellid sponges, or 

acicular crystals molded by organic matter. In any case, the results of the investigation indicate 

that interpretations of Precambrian sponge fossils—even those with soft tissue remains—should 

be scrutizined with compositional, mineralogical, and ultrastructural data collected using in situ 

nanoscale analytical techniques 
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