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Abstract 
 

          The end-Permian Mass Extinction (EPME) caused the largest biodiversity loss 

and had the most severe impact on both marine and continental ecosystems in the 

Phanerozoic. Trace fossil analysis has proven useful for deciphering patterns of Early 

Triassic biotic recovery worldwide. In this study, a review of global Permian–Triassic 

trace fossil data from pre- and post-extinction intervals indicates that habitable zones 

preferentially developed in siliciclastic settings in high-latitude regions and mixed 

carbonate-siliciclastic settings in low latitude regions during the Griesbachian. These 

zones expanded greatly during the Spathian. The review also highlighted diachronous 

recovery of infaunal organisms between low- and high-latitude regions potentially 

reflecting greater stress from elevated Late Permian temperatures on equatorial to low-

latitude oceans. 

         Trace fossil and facies analysis was undertaken on two Lower–Middle Triassic 

stratigraphic sections in South China. The Susong section (Lower Yangtze Sedimentary 

Province) comprises a range of carbonate and mudstone facies that record overall 

shallowing from offshore to intertidal settings.  The Tianshengqiao section (Upper 

Yangtze Sedimentary Province) consists of mixed carbonate and siliciclastic facies 

which were deposited in shallow marine to offshore settings.  Griesbachian to Dienerian 

ichnological records in both sections are characterized by low ichnodiversity, low 

ichnofabric indices (1–2) and low bedding plane bioturbation indices (1–2).  Higher 

ichnofabric indices (3 and 4), corresponding to a dense population of diminutive 

ichnotaxon, in the Tianshengqiao section suggests opportunistic infaunal biotic activity 

during the earliest Triassic. Ichnological data from the Susong section show an increase 

in ichnodiversity during the late Smithian with 12 ichnogenera identified including 

Arenicolites, Chondrites, Didymaulichnus, Laevicyclus, Monocraterion, Palaeophycus,  
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Phycodes, Plaolites, Rhizocorallium, Thalassinoides, Treptichnus, and Trichichnus. 

This is matched by increased ichnofabric indices of 4–5 and bedding plane bioturbation 

indices of 3–5. Although complex traces such as Rhizocorallium are present in 

Spathian-aged strata in this section, low ichnodiversity and ichnofabric indices and 

diminutive Planolites suggest a decline in recovery. In the Tianshengqiao section, 

ichnofabric indices are moderate to high (3–5) although only six ichnogenera are 

present and Planolites burrows are consistently small in Smithian strata. These stressed 

ichnological parameters remain unchanged during the Spathian. Complex traces such as 

large Rhizocorallium and Thalassinoides, and large Planolites, did not appear until the 

Anisian. Ichnological results from both sections record the response of organisms to 

unfavourable environmental conditions although the Susong section shows earlier 

recovery during the Smithian prior to latest Smithian–Spathian decline. This decline 

may have resulted from a temperature spike at the Smithian/Spathian boundary 

recognised in South China and elsewhere.  

Ichnological data from the Tianshengqiao section indicate protracted recovery 

throughout the Early Triassic.  This is similar to previous studies in other parts of South 

China. Comparison of the South China trace fossil records with ichnological data from 

elsewhere highlights a diachronous pattern of recovery of trace makers and the 

influence of regional factors (such as paleogeography, tectonic and depositional history 

including location with respect to siliciclastic influx) on the rate of recovery. 
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CHAPTER 1 

Introduction 

1.1   Preamble  

        The end-Permian mass extinction (EPME) is considered to record the largest 

diversity loss and to have been the most severe in its ecological impact on both the marine 

and continental ecosystems through the last 550 Ma of Earth history (McGhee et al., 2004; 

Fig.1.1A). The EPME decimated approximately 90% of skeletonized marine invertebrate 

species and ~80% of terrestrial vertebrate taxa (Sepkoski, 1992; Erwin, et al., 2002; Erwin, 

2006). Subsequent biotic recovery took up to five million years (Benton et al., 2014). As 

such it was not until the early Middle Triassic that ecosystem structure recovered fully 

(Payne et al., 2004; Erwin, 2006; Chen and Benton, 2012; Benton et al; 2014). Marine 

ecosystem and ecological structure underwent major change after the EPME with modern 

evolutionary fauna expanding to dominate the marine biomass (Erwin, 2006; Peters, 2008; 

Fig. 1.1B).  Studying the consequences and causes of the Permian–Triassic (P–Tr) 

extinction helps develop understanding of the responses and evolutionary mechanisms of 

ecosystems to extreme environmental changes. The EPME and subsequent recovery have 

been widely studied with key questions regarding extinction mechanism and recovery 

processes remaining open for continued research (Chen and Benton, 2012; Foster and 

Twitchett, 2014). This research project focuses on the timing and pattern of biotic 

recovery after the EPME through studies of trace fossil records from Lower Triassic strata 

of South China which provides an opportunity to assess the applicability of current Early 

Triassic marine ecosystem recovery models. 
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Fig. 1.1 Marine biodiversity change of the Phanerozoic. A) Genus-

level diversity curves from both Sepkoski’s (1996) compendium 

(①) and recent calculation (②, Alroy et al., 2008). Note the red 

bars showing proportion of genus extinction rates (Bambach, 2006) 

for each mass extinction events labeled as: O/S, end-Ordovician; 

D, late-Devonian; P/Tr, end-Permian; Tr/J; end-Triassic; K/Pg, 

end-Cretaceous. The end-Permian extinction witnessed the 

biggest loss of biodiversity among the five; B) Palaeozoic and 

modern evolutionary fauna genus diversity change (Peters, 2008) 

with rise of modern fauna after the EPME. 
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1.2   Advances in understanding of the EPME and subsequent         

biotic recovery 

         Research on biological and environmental changes during the P–Tr interval is 

generally related to the mass extinction event and/or the subsequent biotic recovery.  The 

former investigates the causes and direct consequences of biotic loss whereas the latter 

concentrates on the timing and pattern of ecosystem recovery and its controlling factors. 

Although this thesis focuses on ecosystem recovery after the EPME, this chapter also 

provides a summary of current knowledge of the causes and consequences of the EPME, 

followed by a review of development of both biological and environmental studies 

relating to the Early Triassic recovery. An overview of advances in the study of Lower 

Triassic trace fossils is also presented. 

1.2.1   Extinction mechanisms 

          Concerted effort in paleontology, geobiology, geochemistry and ecological and 

Earth system modeling has led to a number of potential triggers being proposed. These 

include: (1) anoxia (Wignall and Hallam, 1992; Isozaki, 1997; Grice et al., 2005; Meyer 

et al., 2008); (2) ocean acidification (Liang, 2002; Payne et al., 2007; 2010; Hinojosa et 

al., 2012); (3) Siberian Trap eruption (Wignall, 2001; Payne and Clapham, 2012; 

Joachimski et al., 2012; Sun et al., 2012); and (4) Bolide impact (Becker et al., 2001; 

Kaiho et al., 2001). Of these, recent studies have shown that evidence for a bolide impact 

is poor (Koeberl et al., 2004; Farley et al., 2005). Thus the following review focuses on 

the first three listed triggers. 

          Anoxia has long been identified as a cause in several of the “big five” mass 

extinctions (sensu Raup and Sepkoski, 1982; Sepkoski, 1996; Hallam and Wignall, 1997) 

and is considered a very important trigger of the EPME (Wignall and Twitchett, 1996; 
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Isozaki, 1997; Knoll et al., 2007; Cao et al., 2009; Grasby et al., 2013). It has been 

suggested that the propagation of deep anoxic waters into shallow marine environments 

led to a superanoxia climax during the latest Permian that caused massive loss of Permian 

biota (Wignall and Hallam, 1992; Isozaki, 1997). Evidence for anoxia during the P–Tr 

intervals include globally distributed laminated, pyrite-rich lithofacies (e.g. Wignall and 

Hallam, 1992; 1993; Wignall and Twitchett, 1996). Small pyrite framboids have been 

observed in shallow marine deposits around marginal regions of the Tethyan, 

Panthalassan and Boreal Oceans (e.g. Wignall et al., 2005; Shen et al., 2007; Bond and 

Wignall, 2010; Tian et al., 2014). In addition, evidence for shallow marine anoxia has 

been proposed from organic geochemical studies as well as inorganic carbon and sulfur 

isotope records (e.g. Newton et al., 2004; Grice et al., 2005; Algeo et al., 2008; Cao et al., 

2009).  

        Two important observations from paleontological study of the P–Tr interval, 

however, have cast doubt on anoxia as a major mechanism. Firstly, anoxia alone is 

potentially insufficient to explain synchronous extinction in the ocean and on land 

(Twitchett et al., 2001). It is also difficult to explain the selective extinction of calcified 

marine organisms. Knoll et al. (2007) divided Changhsingian fossils into three groups 

based on skeletal physiology and found that taxa with heavy carbonate load had a higher 

percentage of extinct genera than those with moderate or no carbonate load. In addition, 

widespread anoxia in both deep and shallow water environments would need to be 

sustained by high nutrient supply, which was most likely a result of increased continental 

weathering arising from other triggers such as global warming (Meyer et al., 2011). Thus, 

although anoxia may have significantly contributed to the biocrisis in the ocean, other 

triggers were likely involved (Knoll et al., 2007). 

          Ocean acidification has been proposed to have disrupted the biomineralization 

process of calcified organisms causing massive loss of skeletonized organisms, especially 
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the heavily skeletonized ones (e.g. Knoll et al., 2007). Calcium and Re–Os isotopes and 

mineral features (e.g. gypsum) from P–Tr boundary sections from South China, Norway 

and Greenland have been used to identify ocean acidification (Liang, 2002; Georgiev et 

al., 2011; Hinojosa et al., 2012). This process was most likely initiated by the sharp 

increase in the amount of CO2 in the atmosphere, which further caused increased CO2 

dissolution in the oceans and development of acidic marine conditions (Knoll et al., 2007). 

Hence a more direct trigger is required to account for such increase in dissolved marine 

CO2 concentration.  

          Other studies propose that eruption of the Siberian Traps as an important trigger 

(e.g. Courtillot et al., 1996; Wignall, 2001; Sobolev et al., 2011; Algeo et al., 2011; Sun 

et al., 2012). High resolution geochronology has been used to establish a temporal link 

between eruption of the Siberian Traps and the EPME (Renne et al., 1995; Kamo et al., 

2003; Mundil et al., 2004; Reichow et al., 2009; Shen et al., 2011). Recent 40Ar/39Ar ages 

indicate two main volcanic pulses of the Siberian Traps, with the younger pulse occurring 

from 248.7 to 250.3 Ma (Reichow et al., 2009; Ivanov et al., 2013). This age range 

predates the timing of the EPME at 252.4–252.28 Ma (Mundil et al., 2004; Shen et al., 

2011) and supports the Siberian Traps as a potential cause for the EPME. 

          Siberian Trap-induced climate changes include warming/cooling events and acid 

rain through emitting carbon dioxide, thermogenic methane and sulfur dioxide into the 

atmosphere (Campbell et al., 1992; Courtillot et al., 1996; Wignall, 2001; Berner, 2002; 

Algeo et al., 2011, Bond and Wignall, 2014; Fig. 1.2). Warming further led to lower 

oxygen concentrations in the oceans and facilitates the expansion of anoxic and euxinic 

conditions (Twitchett, 2006; Knoll et al., 2007). Such volcanism-induced environmental 

changes have been observed from sedimentary and biogeochemical records and 

supported by modeling studies (Berner, 2006; Algeo and Twitchett, 2010; Algeo et al., 

2011; Shen et al., 2011; Grasby et al., 2011; Black et al., 2012; Sun et al., 2012; Cui et 
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al., 2013; Black et al., 2014; Sedlacek et al., 2014).  The release of massive amounts of 

CO2 not only accounts for extinction selectivity among calcified organisms, but also 

explains the widespread anoxia and elevated continental weathering and subsequent 

sediment influx into oceans. Elevated temperature and high levels of CO2 and SO2 

associated with eruptions also likely increased chemical weathering of continental rocks 

(e.g. Wignall, 2007; Algeo and Twitchett, 2010). Increased nutrient supply caused by 

this increase could have caused a high level of primary productivity in ocean and 

subsequent widespread marine anoxia and euxinia during the P–Tr interval (e.g. Meyer 

et al., 2011; Payne and Clapham, 2012). Furthermore, outgassing associated with the 

eruptions may have also resulted in destruction of the ozone layer by organohalogen 

release and acid rain which also explains terrestrial ecosystem collapse on land (Visscher 

et al., 2004; Svensen et al., 2009).  

 

 

 

Fig. 1.2 Flow chart showing the environmental changes led by Siberian-Trap 

eruptions and their possible effects on terrestrial and marine ecosystems during 

the Late Permian (from Algeo et al., 2011).  
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1.2.2   Consequences of extinction 

          Several direct consequences of the EPME have been recognized in the fossil and 

sedimentary records including the long term absence of coal deposits, metazoan reefs, 

and chert deposits (Fagerstrom, 1987; Retallak et al., 1996; Rachi, 1999). Blooms of 

disaster species (e.g. microbes, bivalve Claraia and brachiopod Lingula) are also 

recognized in records of the immediate aftermath of the EPME (e.g. Schubert and Bottjer, 

1995; Rodland and Bottjer, 2001; Kershaw et al., 2012). Other consequences of the EPME 

include widespread size reduction of taxa and alteration of community structure and 

composition of shallow marine ecosystems (e.g. Twitchett, 1999; 2007; Twitchett et al., 

2005; Fraiser et al., 2005; Mutter and Neuman, 2009; Song et al., 2011a; Chen et al., 

2013). A Mesozoic-type shallow marine ecosystem, in which bivalves and gastropods 

dominate, replaced the previous Paleozoic-type shallow marine ecosystem composed of 

brachiopod-crinoid-dominated communities (Sepkoski, 1981; Erwin, 1990; Greene et al., 

2011).  

1.2.3   Biotic recovery following the EPME    

          Current interpretations regarding the timing of Early Triassic recovery broadly fall 

into two groups. One group proposes that the recovery was not prolonged but began 

within one to three million years after the extinction (Brühwiler et al., 2010; Song et al., 

2011b; Brayard et al., 2011; Hautmann et al., 2011). In contrast, the majority of studies 

propose that full stabilization of ecosystem complexity was not achieved until the early 

Middle Triassic, approximately five million years later (e.g. Hallam, 1991; Payne et al., 

2004; Fraiser et al., 2005; Knoll et al., 2007; Retallack et al., 2011; Chen and Benton, 

2012; Benton et al., 2014). Some taxonomic groups (e.g. ammonoids, conodonts) and 

trace fossils show signs of early recovery in the first three million years of the Early 

Triassic (Orchard, 2007; Brayard et al., 2009; Stanley, 2009; Hofmann et al., 2011), but 
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succumbed to subsequent environmental disruptions (Chen and Benton, 2012; Romano 

et al., 2013). Other groups (e.g. brachiopods, invertebrate carnivores, metazoan reefs), 

however, did not recover fully until the Middle Triassic (Anisian), as evidenced by 

complex ecological communities observed in fossil records (e.g. Chen et al., 2005a; 

2005b; Hu et al., 2011; Benton et al., 2014). 

          Thus different taxonomic groups record varied rates of recovery repetitive among 

marine taxa and between marine and continental ecosystems. Marine organisms have 

different tolerance to environmental stresses (e.g. oxygen stress, hypercapnia and water 

temperature increase) and, therefore, may exhibit different rates of recovery (Song et al., 

2014a). Environmental stresses on land (accumulation of drought) differed from those in 

the oceans (anoxia, acidification and increase of sea-surface temperature) during the P–

Tr interval, which likely accounts for contrasting rebound between terrestrial vertebrate 

and marine organisms (e.g. Benton and Twitchett, 2003; Retallack et al., 2011; Smith and 

Botha-Brink, 2005; 2014). In addition, local environmental conditions may have 

influenced the recovery stage during the Early Triassic (Pietsch and Bottjer, 2014). Areas 

with broad shallow shelves (e.g. the western margin of North American Craton) aided the 

development of a habitable zone, where storm-aerated seawater maintained sufficient 

oxygen content in the water column to allow benthic communities to survive in the 

immediate aftermath of the EPME (e.g. Beatty et al., 2008; Zonneveld et al., 2010). 

          Factors that controlled the slow recovery in the Early Triassic were intrinsic 

(ecosystem dynamics) and extrinsic (physical environments). Questions still remain to be 

answered as to whether slow recovery was the result of persistently inhospitable 

environmental conditions in the Early Triassic or complex ecosystem interactions or a 

combination of the two. The interpretation that physical environmental instability broadly 

prevailed in the whole Early Triassic appears to strongly support the extrinsic mechanism 

(e.g. anoxia and elevated greenhouse conditions). Studies on variations in geochemical 
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proxies have together pointed to frequent fluctuations and instabilities in ocean chemistry 

(Korte et al., 2004; Luo et al., 2010; Meyer et al., 2011; Sun et al., 2012; Payne and 

Clapham, 2012; Romano et al., 2013; Song et al., 2012; 2014b). Investigations of modern 

ecosystem processes, however, suggest that changes in abundance and composition of 

species, especially those that influence nutrient dynamics and trophic interactions, 

significantly affect the structure and functioning of ecosystems (Chapin et al., 1997). 

Theoretical models for recovery also indicate that delay in recovery is proportional to the 

amount of interaction between species (Solé et al., 2010). These studies highlight the 

significance of documenting the relationship between species abundance and composition 

and ecosystem dynamics. Chen and Benton (2012) recently proposed a trophic-pyramid-

based recovery model for the Early Triassic to represent the processes and timing of 

recovery after the EPME. There remain uncertainties as to whether ecosystem recovery 

began with recovery of primary producers and extended to organisms of higher trophic 

levels during the Early Triassic (e.g. Foster and Twitchett, 2014).  

1.3   Early Triassic trace fossil studies 

           Studies of trace fossils as a means of deciphering patterns of biotic recovery after 

the EPME have proved useful (e.g. Twitchett and Wignall, 1996; Twitchett, 2006; Pruss 

and Bottjer, 2004; Chen and Benton, 2012; Hull and Darroch, 2013). Trace fossils record 

organism–substrate interactions, thus serving as good proxies for larger processes 

operating within ancient trophic systems (Morrow and Hasiotis, 2007). Trace fossils 

represent the activities of both skeletonized as well as soft-bodied organisms. Soft-bodied 

organisms account for a large percentage of the total biomass within marine ecosystems 

(Allison and Briggs, 1991; Sperling, 2013), but are only preserved in the form of trace 

fossils. Hence trace fossils potentially provide more complete records of both infaunal 

and epifaunal organisms, thus facilitating the study of community structures and 
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composition (Morrow and Hasiotis, 2007). Trace fossils provide invaluable information 

regarding biotic perturbations that are not readily available through geochemical, 

sedimentological and modeling-based research (e.g. Morrow and Hasiotis, 2007; 

Zonneveld, 2011). 

         As described previously, Early Triassic oceans may have been acidic with 

hypercapnia (Woods and Bottjer, 2000; Knoll et al., 2007; Payne et al., 2010). These 

environmental conditions would have resulted in poor preservation of skeletonized 

organisms in the Early Triassic (Woods and Bottjer, 2000; Fraiser et al., 2010). In contrast, 

trace fossils are commonly preserved in Lower Triassic strata around the world because 

their preservation is not affected by these environmental conditions (Zonneveld, 2011). 

This advantage highlights the importance of trace fossil studies in documenting Early 

Triassic recovery. 

          Advances in high-resolution biostratigraphy in Lower Triassic strata worldwide 

underpin detailed documentation of sedimentological, geochemical and biological 

changes through the Early Triassic recovery interval. Ichnological studies have been 

undertaken on Lower Triassic strata from equatorial to mid- and high-latitude regions that 

are conventionally grouped into three zones around the Panthalassan, Boreal and Tethyan 

Oceans (Fig. 1.3).              

          Four ichnological studies have focused on Lower Triassic strata along the eastern 

margin of Panthalassan Ocean, e.g. Western USA (Pruss and Bottjer, 2004; Fraiser and 

Bottjer, 2009; Mata and Bottjer, 2011; Hofmann et al., 2013b; Fig. 1.3). Several studies 

undertaken on the western margin of Paleotethyan Ocean mainly focused on trace fossil 

records from the Lower Triassic Werfen Formation of northern Italy (Twitchett and 

Wignall, 1996; Twitchett, 1999; Twitchett and Barras, 2004; Hofmann et al., 2011). Trace 

fossils from regions around the Boreal Ocean are less studied (Wignall et al., 1998). 

Recently, trace fossil research has been undertaken on Lower Triassic strata from Iran and 
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regions around Neotethyan Ocean (e.g. Knaust, 2010; Chen et al., 2012). 

 

 

 

Fig. 1.3 Early Triassic paleogeographic map with global distribution of localities 

with detailed ichnological studies. 1) Spitsbergen, Norway (Wignall et al., 1998); 

2) Svalbard Basin (Beatty et al., 2008); 3) eastern Nunavut (Beatty et al., 2008); 

4) Liard Basin (MacNaughton and Zonneveld, 2010); 5) Western Canadian Basin 

(Zonneveld et al., 2001; Zonneveld et al., 2010a; 2010b); 6–7) Western United 

States (Pruss and Bottjer, 2004; Fraiser and Bottjer, 2009); 8) northern Italy 

(Twitchett and Wignall, 1996; Twitchett, 1999; Twitchett and Barras, 2004; 

Hofmann et al., 2011); 9) Persian Gulf, Iran (Knaust, 2010); 10) Perth Basin, 

Western Australia (Chen et al., 2012); 11 South China (Zhao and Tong, 2010; 

Chen et al., 2011). Early Triassic paleogeographic map is from Blakey (2011).  

 

 

          Trace fossil materials from South China in the eastern part of the Paleotethyan 

region have also been investigated (e.g. Luo et al., 2007; Shi et al., 2009; Zhao and Tong, 

2010; Chen et al., 2011). These previous studies have shown that South China has 

excellent trace fossil records related to the EPME. Numerous trace fossil assemblages 

have been documented from different Lower and Middle Triassic stratigraphic units in 

South China, most of which are described from widespread carbonate platforms (Yang 

and Sun, 1982; Liu and Wang, 1990; Yang, 1992; Bi et al; 1995, 1996; Wang, 1997; Chen 
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et al., 2011 and references therein). Previous ichnological studies in these areas focused 

on the ichnotaxonomy and paleoenvironmental interpretation of trace fossils (e.g. Liu and 

Wang, 1990; Yang and Li, 1992; Wignall et al., 1995; Bi et al., 1995; 1996; Wang, 1997). 

However, only a few studies have examined the timing and pattern of Early Triassic biotic 

recovery (Luo et al., 2007; Zhao and Tong, 2010; Chen et al., 2011). Therefore, there is 

scope for such studies to be undertaken in South China to elucidate their implications for 

ecosystem recovery in South China and compare the patterns with those from other 

paleogeographic regions globally.          

1.4   Objective and aims 

          The objective of this project is to document and interpret the marine ecosystem 

recovery pattern following the EPME by examining trace fossil records in two Lower 

Triassic sections in South China (Fig. 1.4). The aims of this project are to: 

1) measure the Lower–Middle Triassic outcrop sections at two localities and 

undertake facies analysis to reconstruct the paleoenvironments; 

2) systematically describe trace fossils from the measured sections; 

3) document changes in ichnological parameters (e.g. ichnodiversity, 

abundance, burrow size, bioturbation index) in both sections within the 

constructed facies framework; 

4) establish the timing and pattern of recovery of infaunal and epifaunal 

organisms in the studied areas and consider these patterns in their regional 

and global contexts. 
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Fig. 1.4 Paleogeography of South China in the Triassic. The two studied Lower 

Triassic sections are labeled as 1: Susong; 2: Tianshengqiao. Tectonic blocks is 

modified from Sun et al. (1989), Liu and Xu (1994) and Lehrmann et al. (2009). 

 

 

1.5  Methods 

          Several ichnological parameters have proven effective for identifying Early 

Triassic recovery signals (Twitchet and Wignall, 1996; Pruss and Bottjer, 2004; 

Zonneveld et al., 2010; Chen et al., 2011) and these have been used in this project. They 

are ichnodiversity, ichnodisparity, burrow size, ichnofabric index, bedding plane 

bioturbation index, tiering level and trace fossil complexity. Table 1.1 lists the definition 

of each parameter and their literature source/s.           
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Table 1.1 Ichnological parameters used in this study of Lower Triassic trace fossils from South 

China. 

             

 

        Data on the above-listed parameters were derived as follows. Field measurments of 

the two sections were undertaken meter by meter to collect sedimentary, ichnological 

information and thin section samples (Appendix II). Facies analysis was undertaken to 

interpret the depositional environments of the two studied sections following a widely 

used environmental framework (e.g. Reading, 1996; Fig. 1.5). Trace fossils were 

photographed in the field, with sampling of representative specimens for subsequent 

identification of ichnogenus and ichnospecies in the laboratory. Ichnodisparity was 

determined by following the taxonomic classification proposed by Buatois and Mangáno 

(2013) and this parameter has been used to compare the trend of global ichnodiversity 

through the P–Tr interval in Chapter 3. Burrow size was measured at the part of the 

Ichnological 

parameter 

Definition References 

Ichnodiversity A measure of richness of trace fossils and in practice 

refers to the number of ichnotaxa present 

(commonly at ichnogeneric rank). 

Häntzschel, 1975, 

Frey, 1975 

Ichnodisparity A measure of variability of morphological planes in 

biogenic structures.  

Buatois and 

Mángano, 2011a; 

2013 

Bedding plane 

bioturbation 

index (BPBI) 

Percentage of bioturbation on bedding planes. Miller and Smail, 

1997 

Ichnofabric 

index (ii) 

Percentage of bioturbation degree in vertical profile. Droser and Bottjer, 

1986 

Tiering level  Vertical distribution of organisms within the benthic 

boundary layer.  

Ausich and Bottjer, 

1982; Bottjer and 

Ausich, 1986 

Burrow size A measure of the burrow width of horizontal to 

vertical burrows. It provides indirect data on the size 

range of trace-makers. 

Savrda and Bottjer, 

1986; Savrda, 1992 
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burrow most representative of the average width. Measurements of ichnofabric indices 

and bedding plane bioturbation indices were undertaken in the field and in the laboratory 

by following the methods described by Droser and Bottjer (1986) and Miller and Smail 

(1997), as shown in Table 1.2. Tiering was determined by measuring the penetrating depth 

of burrows on studied sections following Ekdale and Lamond (2003b), Fraiser and Bottjer 

(2009) and Chen et al (2011). In addition, trace fossil complexity, which refers to 

construction of cladograms for behavioral complexity (Pruss and Bottjer, 2004), was also 

determined by examing the morphological complexity of ichnotaxa and their 

relationships to bedding planes.  

 

Fig. 1.5 Shallow marine environmental framework adopted in this project for facies association 

interpretation and correlation (modified from Reading, 1996).  

 

 

 

 

Table 1.2 Scales of ichnofabric indices and bedding plane bioturbation indices. 
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1.6  Thesis Organization 

          This thesis consists of seven chapters. Chapter 2 introduces the regional geology of 

South China, with emphasis on the amalgamation history of the South China Craton and 

depositional settings of the two studied sections. Chapter 3 presents a critical review of 

ichnological parameters during the P–Tr interval using a trace fossil database compiled 

as part of this study. Chapter 4 documents the sedimentology and biostratigraphy of the 

two studied Lower Triassic geological sections from the South China Craton and 

interpretation of their depositional environments. Chapter 5 presents the ichnological 

taxonomy and characteristics of other significant ichnological parameters from both 

sections and discusses the relationship between changes in depositional environments and 

ichnofossil assemblages. Chapter 6 documents the pattern of recovery based on trace 

fossil parameters from the two sections and compares the changes to trace fossil records 

from other regions of South China and around the world. Chapter 6 also discusses the 

possible mechanisms causing the disparate recovery of trace-makers in different localites 

in South China and around the world. Chapter 7 presents conclusions of this project and 

recommends some topics for furthering studies in Lower Triassic trace fossil studes. 

Detailed information compiled in a P–Tr trace fossil database is presented in Appendix I 

and the logged stratigraphic columns for the two sections are presented in Appendix II.  
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 CHAPTER 2  

Regional geology 

2.1   Introduction  

          This chapter presents a summary of the origin and evolution of the South China 

Craton with emphasis on Early Triassic paleogeography. This chapter also summarizes 

the Early Triassic lithostratigraphy of the five sedimentary provinces of South China and 

presents a regional stratigraphic correlation. The Triassic geology of the two sedimentary 

provinces relevant to this study is also described.  

2.2   Origin and evolution of the South China Craton 

          The South China Craton (SCC) is one of the major continental blocks of Southeast 

Asia (Fig. 2.1). It is bounded by the North China Craton (NCC) to the north, the Indochina 

Block to the south, the Songpan Ganzi accretionary complex to the west and the Pacific 

Plate to the east (Fig. 2.1). The SCC formed by suturing of two Precambrian continental 

blocks, namely the Yangtze and the Cathaysia Blocks. The collision of these two blocks 

along the Qingling–Dabie Suture (Fig. 2.1) also formed the Jiangnan Orogen (also called 

the Sibao Orogen, cf. Li et al., 2002). Mesozoic suturing of the Yangtze and Cathaysia 

Blocks has long been proposed by Hsü et al. (1988; 1990). However, Chen et al. (1991), 

based on geochronological data, argued that the suture recognized by Hsü et al. (1988) is 

likely to be of Proterozoic age. Although there has been further sedimentological and 

tectonic work supporting a Mesozoic age for suturing between Yangtze and Cathaysia 

(Xiao and He, 2005), evidence supporting the amalgamation of Yangtze and Cathaysia
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during or shortly after the Grenvillian Orogeny at 1000 Ma has also been presented (Li et 

al., 2002; Wang, et al., 2007; Yao et al., 2011). Consequently, the following review of the 

migration history of SCC and its suturing with adjacent terranes of SE Asia is based on 

recognition of the SCC as a single tectonic unit since the Neoproterozic. 

 

 

Fig. 2.1 Principal continental blocks of eastern Asia including the South China Block 

(from Metcalfe, 2011). Color scheme indicates age of rifting from Gondwana. Note the 

amalgamation of South China with North China along the Qinling–Dabie Suture (), 

and amalgamation of South China with Indochina along the Song Ma Suture (). 

      

 

          It is generally accepted that all of the continental blocks of SE Asia rifted from 

Gondwana (Metcalfe, 1996; 2006). The SCC, together with adjacent blocks, e.g., 

Indochina and East Malaya, formed part of the northeastern margin of Gondwana during 

the Early Paleozoic (Metcalfe, 1996; 2006). The SCC was situated at a low southern 

paleolatitude during this interval and began to rift northward in the Late Ordovician (Li, 

1998; Li et al., 2004; Stampfli and Borel, 2002). In the Early Devonian, these Southeast 
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Asian blocks rifted from Gondwana. This led to the migration of the SCC to equatorial to 

very low northern paleolatitudes (Metcalfe, 2011 and references therein). During the 

Permian, the SCC remained in an equatorial paleolatitude and then continued to migrate 

northward through Triassic and Jurassic (Fig. 2.2; Enkin et al., 1992; Li, 1998; Li et al., 

2004). There was no obvious migration of SCC during the Cenozoic, where it was located 

at ~28° north (Zhuang et al., 1988; Liu and Yang, 1993).  

 

 

 

 
 

Fig. 2.2 A) Evolution of the paleolatitude of South China Block showing northern migration 

from the Early Devonian (modified from Li et al., 2004). B) Global paleogeographic map for 

the late Early Triassic (240 Ma) showing the position of SCC (base map is from Ron Blakey’s 

Mollweide Map at http://www2.nau.edu/rcb7/mollglobe.html). 

 

 

 

 

http://www2.nau.edu/rcb7/mollglobe.html
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           Collision and suturing of the SCC with other Southeast Asian blocks has been 

studied extensively as part of deciphering the evolution of Eurasia and the Tethys 

Ocean that includes the collision histories between SCC, NCC and Indochina 

(Metcalfe, 2011 and references therein). Timing of suturing between SCC and NCC 

has been debated for many years, with Mid Paleozoic, Late Paleozoic and Late 

Triassic–Jurassic ages proposed (e.g. Fan and Zhang, 1994; Carter et al., 2001). It has 

been suggested that initial collision between the SCC and NCC was located near the 

eastern end of the suture during the Late Permian (Zhao and Coe, 1987; Enkin et al., 

1992). Subsequent clockwise rotation of the SCC towards the NCC, interpreted from 

paleomagnetic data, caused diachronous suturing from east to west along the Qinling–

Dabie Suture (Zhao and Coe, 1987). This interpretation has been supported by 

subsequent geochronological studies along the suture zone. For example, Faure et al. 

(2003) undertook a geochronological and structural study of metamorphic rocks near 

the eastern end of the suture and interpreted subduction of the SCC beneath NCC in 

the Late Permian. Dating of the Qinling–Dabie in the northwestern SCC (near the 

western end of the suture) supports a collisional age in the Middle Triassic (Hacker et 

al., 1998; Ratschbacher et al., 2003). Thus, collision between SCC and NCC was most 

likely protracted, beginning in the Late Permian and continuing well into the Triassic.  

Collision and amalgamation between the SCC and Indochina is also a topic of 

considerable study (e.g. Zhang et al., 1984; Sengör, 1987; Metcalf, 1996; Lepvrier et al., 

2004). The Song Ma Suture Zone is generally considered to be the boundary between 

them (Fig. 2.1; Gatinsky and Hutchison, 1984; Lepvrier et al., 2004). It has been 

suggested that the two blocks amalgamated in the Devonian (Janvier et al., 1996; Thanh 

et al., 1996) or Early Carboniferous (Metcalfe, 2006). These late Paleozoic ages for 

suturing are based solely on paleobiogeographic affinities of fauna and flora (notably fish). 

Increasing evidence from radiometric dating of rocks along the Song Ma Suture suggest 
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collision occurred between Late Permian to Middle Triassic (Chung et al., 1998; Carter 

et al., 2001; Lepvrier et al., 2004). Recent zircon U–Pb dating from the Song Ma Suture 

zone has yielded a mean age of 230.5 ± 8.2 Ma as the timing of collision between the 

SCC and Indochina Block (Zhang et al., 2013). This age is consistent with previous 

geochronological studies undertaken by Carter et al. (2001) and Lepvrier et al. (2004). 

Thus, it seems likely that the assembly of SCC with Indochina was also a protracted 

process from Early to Middle Triassic and has been recognized as the multi-phase 

Indosinian Orogeny (Barber et al., 2011).  

2.3   Early Triassic Paleogeography of the SCC 

  During the 1980s, a series of fundamental geological mapping projects were 

undertaken by Feng et al. (1997) to encourage petroleum exploration in the Early Triassic 

successions of South China. Consequently, detailed Early–Middle Triassic 

paleogeographic reconstructions of South China were produced (Fig. 2.3). These 

reconstructions provide a framework for describing the distribution of different 

sedimentary units in the region. 

The Early Triassic stratigraphic successions are composed of diverse sedimentary 

facies that were deposited in shallow marine to shelfal carbonate and basinal settings 

(Tong and Yin, 2002). During the lowermost Triassic (Induan), carbonate platforms with 

intervening basins were widely distributed in South China with carbonate slopes adjacent 

to steep-sided platforms (Fig. 2.3A). Three uplifted continental areas, the Khamdian, 

Yunkai and Cathaysia, were located to the west, south and east respectively (Fig. 2.3A). 

         



 

Chapter 2 

 

22 

 

Fig. 2.3 Regional paleogeographic maps of South China. A) Induan Stage; B) 

Olenekian Stage. Paleogeographic maps modified from Feng et al. (1997). Note the 

main area (middle part) of South China is covered by carbonate platform deposits 

in Induan, with continental areas in the east and west and south respectively. The 

general paleogeographical framework was similar in the Olenekian with reduction 

of deeper marine areas.  

 

 

 



 

Regional Geology 

 

23 

           The main carbonate platform that developed on paleobasement highs during this 

interval is the Yangtze Platform. The basement rocks are now most likely represented by 

the exposed Middle to Late Proterozoic Jiangnan Orogen (Feng et al., 1997). The Yangtze 

platform is a thick and widespread succession of shallow marine carbonate rocks, with 

sandstones recording intermittent siliciclastic flux from the west and east (Enos et al., 

1997; 1998; 2006). A variety of ramp and reef-rimed platforms also developed during the 

Late Permian and Middle Triassic. Two main basins, namely the Nanpanjiang Basin in 

the south and the Lower–Middle Yangtze Basin in the north, were located at each side of 

the Yangtze Platform (Fig. 2.3A). Shallow marine siliciclastic facies (sandstones and 

mudstones) accumulated along the margins of the Khamdian, Yunkai and Cathaysia 

continental regions. This was the general paleogeographic framework in South China 

through the Early Triassic (Olenekian) with expansion of carbonate platforms and 

associated reduction of deeper marine areas (Fig. 2.3B). The paleogeography of the SCC 

changed markedly during the Middle and Late Triassic in response to the Indosinian 

Orogeny that resulted in the end of marine conditions across the SCC and a change to 

terrestrial deposition during the Middle Triassic (Feng et al., 1997; Tong and Yin, 2002; 

Lehrmann et al., 2005). 

2.4   Early Triassic Sedimentary Provinces of South China 

          Tong and Yin (2002) established five sedimentary provinces for the Early Triassic 

marine successions of South China, namely the Lower Yangtze, Upper Yangtze, Cathaysia, 

Youjiang and Lijiang Sedimentary Provinces (Fig. 2.4). Stratigraphic successions in these 

provinces are dominated by carbonate and fine-grained siliciclastic rocks. Different 

lithostratigraphic schemes have been established in each of these different provinces, 

however, many years of sedimentary and paleontological research have developed good 
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biostratigraphic correlation of lithostratigraphic units among the different provinces 

(Table 2.1; 2.2). Of these, the Lower Triassic marine successions of the Lower and Upper 

Yangtze Provinces have been studied in much more detail than other sedimentary 

provinces (e.g. Yin and Peng, 2000; Tong and Yin, 2002; Algeo and Twitchett., 2010; Li 

et al., 2013; Song et al., 2011a; 2014a). The geological sections studied in this project, at 

Susong and Tianshengqiao, are situated in the Lower Yangtze and Upper Yangtze 

sedimentary province respectively (Fig. 2.4).  

2.4.1   Lower Yangtze Sedimentary Province 

    The Lower Yangtze Sedimentary Province (LYSP) includes the Jiangsu, southern 

Anhui, northeastern Jiangxi and northwestern Zhejiang provinces (Fig. 2.4B). There is a 

northwesterly trend from platform to deep basinal facies in this region with the basin 

center located in the Nanjing and Chaohu areas. A narrow NW-dipping carbonate slope 

was developed on the northern side of the platform and is represented by gravity-flow 

deposits (intraclastic rudstones and normally graded limestones). Carbonate platform 

facies include carbonate mudstones oolitic intervals (Feng et al., 1997). Siliciclastic 

sandstones and mudstones were deposited towards the Cathaysia continental area.  

     The Lower Triassic carbonate deposition is typically represented by the Yinkeng, 

Helongshan and Nanlinghu Formation in ascending order in LYSP (Table 2.1; Feng et al., 

1997; Tong and Yin, 2002). Bivalves, ammonoids and conodonts are preserved in 

carbonate mudstone, aiding biostratigraphic correlation of Induan and Olenekian strata in 

LYSP (Table 2.2; Feng et al., 1997). Yinkeng Formation yields the bivalve Claraia wangi, 

ammonoid Ophiceras sp., Flemingites sp., Lytophiceras sp., which define deposition in 

the Induan (Table 2.2, Tong and Yin, 2002). Helongshan Formation contained conodont 

elements of the Neospathodus Waageni Zone (e.g. Ns Waageni ecowaageni and Ns. 

Waageni Waageni, Zhao et al., 2007), thus representing deposition 
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in Smithian (Table 2.2). The overlying Nanlinghu Formation has a Spathian age,  with the 

ammonoids Columbites–Tirolites, Subcolumbites and conodonts Ns. Pinggdingshanensis 

and Ns. homeri identified (Table 2.2; Tong and Yin, 2002; Zhao et al., 2007; Liang et al., 

2011). 

2.4.2   Upper Yangtze Sedimentary Province 

         The Upper Yangtze Sedimentary Province (UYSP) encompasses a vast area of 

the SCC (Fig. 2.3; Fig. 2.4A). According to Tong and Yin (2002), the following 

sedimentary facies were deposited from west to east: alluvial-fluvial coarse siliciclastic 

facies near the Khamdian continental area; shallow marine siliciclastic facies to mixed 

siliciclastic and carbonate facies in Sichuan and northeastern Guizhou provinces; and 

shallow marine carbonate facies in Hubei, Hunan and Jiangxi Provinces. Siliciclastic 

facies dominate the eastern part of Yunnan Province and northwestern part of Guizhou 

Province represented by sandstones and mudstones. Bivalves, and brachiopods preserved 

in sandstones, indicating normal marine siliciclastic deposition during the Induan (Feng 

et al., 1997).  

            The Lower–Middle Triassic succession in UYSP consists typically of Feixianguan, 

Jialingjiang and Guanling Formation in ascending order although other names are also 

used regionally for rock units at this province (Table 2.1; Feng et al., 1997). The 

Feixianguan Formation is dated as Induan by the occurrences of bivalves Claraia wangi, 

C. aurita and ammonoid Eumorphotis multiformis (Yunnan geology survey report, Dong, 

1997; Table 2.2). The Jialingjiang Formation yields the bivalve Entolium discites microtis, 

ammonoids Tirolites spinosus and Meekoceras sp. and the conodont Neospathodus 

triangularis, indicating an Olenekian age (Table 2.2; Yin, 1985; Dong, 1997; Zhang et al., 

2008). The Middle Triassic Guanling Formation widely crops out in the UYSP and is 

represented mainly by limestone and dolomite, with minor siliciclastic deposits in its  
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lower part. The Guanling Formation yields the conodont Nicoraella kockeli and bivalve 

Costatoria goldfussi indicating deposition in the Anisian (Zhang et al., 2008; 2009；

Huang et al., 2009; Benton et al., 2014). 
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CHAPTER 3 

Global review of trace fossil changes during the  

Permian–Triassic transition 

3.1   Introduction 

This chapter presents a critical review of current understanding of trace fossil-

based interpretations of ecosystem recovery after the end-Permian mass extinction 

(EPME). The global Permian–Triassic (P–Tr) trace fossil database has been compiled 

from critical review of all ichnotaxa documented from this critical period worldwide 

using current biostratigraphic information. Global variation in trace fossils through the 

P–Tr transition is revealed through this semi-quantitative analysis of various ichnological 

parameters as proxies for environmental conditions. Both latitudinal control and habitable 

zone control scenarios for recovery of trace-making organisms during the Early Triassic 

are discussed. 

In the aftermath of the EPME, the Early Triassic was characterized by large, 

frequent fluctuations in inorganic carbon cycling, extremely high sea-water temperatures 

and widespread anoxic conditions in global oceans (e.g. Payne et al., 2004; Tong et al., 

2007; Sun et al., 2012; Song et al., 2012). In particular, multiple volcanic episodes caused 

prolonged anoxia that prevailed in the oceans, as well as increased atmospheric PCO2 that 

increased dissolved CO2 in seawater leading to hypercapnia (Woods and Bottjer, 2000). 

As a consequence, a series of distinct sedimentological responses (i.e., coal gap, 

widespread microbialite formation and, sea-floor carbonate precipitation) occurred 

during the Early Triassic (see Chen and Benton, 2012; Fig. 3.1). The deleterious 
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oceanographic conditions were, therefore, inhospitable for skeletal organisms through the 

Early Triassic.  Accordingly, shelly fossils are usually rare or unevenly distributed in 

Lower Triassic strata (Fraiser and Bottjer, 2007; Fraiser et al., 2010).  Study of the timing 

and pattern of Early Triassic biotic recovery using body fossils thus needs to be 

supplemented by other datasets such as trace fossils that are well preserved in many 

Lower Triassic successions worldwide (e.g. Zonneveld, 2011).   

Trace fossil records were first applied to interpretation of the causal mechanisms 

of the end-Cretaceous mass extinction (Ekdale and Bromley, 1984; Savrda, 1993). Since 

then, linking trace fossil records to the study of biotic extinction and recovery, particularly 

the EPME, has been shown to be very useful (e.g. Twitchett and Wignall, 1996; Wignall 

et al., 1998; Twitchett, 1999). Numerous ichnological studies have been undertaken 

focusing on ecosystem collapse and recovery during major Phanerozoic biocrises 

(Twitchett and Barras, 2004; Rodríguez-Tovar and Uchman, 2004; Wang et al., 2006; 

Rodríguez-Tovar and Uchman, 2006; Rodríguez-Tovar et al., 2006; Barras and Twitchett, 

2007; Beatty et al., 2008; Fraiser and Bottjer, 2009; Zonneveld et al., 2010a; Hofmann et 

al., 2011; Chen et al., 2011, 2012; Buatios et al., 2013). Ichnological work has also 

focused on the timing and pattern of ecosystem recovery after the EPME (see review of 

Chen and Benton, 2012; Pietsch and Bottjer, 2014). 

Trace-fossil assemblages from earliest Triassic strata are characterstically shallow  

(⩽3 cm depth), with low ichnofabric indices (ii ⩽2), and well-preserved bioglyphs such 

as scratch marks, appendage imprints and burrow wall ornamentation (e.g. Hofmann et 

al., 2011; Chen et al., 2011; 2012; Luo and Chen, 2014).  Buatois and Mángano (2011b; 

2013) interpreted rare development of mottled textures and deep-tier trace fossils as 

indicative of the preservational style of trace fossils, widespread occurrence of 

microbially induced sedimentary textures and poorly developed mixed layers as 

consequences of the EPME. These authors also suggested that the bioturbation intensity 



 

Global review of P‒Tr trace fossils 

 

33 

  

 

F
ig

. 
3

.1
 S

y
n
th

es
iz

ed
 e

co
lo

g
ic

al
 a

n
d
 e

n
v
ir

o
n
m

en
ta

l 
st

u
d
ie

s 
ac

ro
ss

 t
h
e 

P
–

T
r 

in
te

rv
al

. 
B

io
d

iv
er

si
ty

 c
h

an
g
e 

an
d

 s
ed

im
en

ta
ry

 r
es

p
o

n
se

s 
(r

ee
f 

b
u
il

d
er

s,
 m

ic
ro

b
ia

l 
d

ep
o

si
ts

, 
ch

er
ts

) 
fr

o
m

 C
h
en

 a
n
d
 B

en
to

n
, 

2
0
1
2
; 

S
ta

b
le

 c
ar

b
o
n
 i

so
to

p
e 

fr
o
m

 P
ay

n
e 

et
 a

l.
, 

2
0

0
4

; 
S

ea
 s

u
rf

ac
e 

te
m

p
er

at
u

re
 

re
co

n
st

ru
ct

io
n

 f
ro

m
 S

u
n

 e
t 

al
.,
 2

0
1
2
; 

S
r 

is
o
to

p
e 

v
ar

ia
ti

o
n
s 

fr
o
m

 S
ad

la
ce

k
 e

t 
al

.,
 2

0
1
4
. 



 

 Chapter 3 

 

34 

in the Early Triassic decreased to early Phanerozoic levels on the basis of similar 

preservation styles of many trace fossil systems from Early Triassic and Early Palaeozoic 

strata.  For example, it has been proposed that in the Cambrian to Early Ordovician, 

widespread firm substrates developed at the sediment-water inferface because of limited 

opportunity for sediment mixing by bioturbation (Droser et al., 2002a, b). 

Several major conclusions have been established as outlined below: 

(1)  stepwise recovery of trace-making organisms is shown by gradual changes in  

ichnological parameters (ichnodiversity, tiering, ichnofabric indices) through the 

Early Triassic (e.g. Twitchett, 2006); 

 (2)  increases in size of burrows of individual ichnotaxa and total taxa  is coupled 

with an increase in recovery level through the Early Triassic (e.g. Twitchett, 

1999; 2007; Chen et al., 2011); 

 (3)  trace-making organisms from high-latitude regions show a faster recovery rate 

compared to those from low-latitude regions (e.g. Wignall et al., 1998; Pruss and 

Bottjer, 2004); 

(4)  ichnoassemblages from Lower Triassic strata potentially reflect the habitation 

strategies of opportunistic organisms in deleterious environmental conditions 

(e.g. Fraiser and Bottjer, 2009); 

(5)  reappearance of complex burrows of ichnotaxa such as Rhizocorallium and 

Thalassinoides in Lower Triassic strata signals the final stage of recovery (e.g. 

Twitchett, 2006);  

(6)  trace-maker refugia may have existed in high-latitude regions during the earliest 

Triassic (Zonneveld et al., 2010) and potentially local equatorial regions (e.g. 

Knaust, 2010; Wetzel et al., 2007); and 

(7)  the lower shoreface to offshore transition environmental settings potentially 

provided habitable zones for trace-making organisms for survival during the 
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Early Triassic (e.g. Beatty et al., 2008; Zonneveld et al., 2010). 

 

There is a broad agreement that biotic recovery progressed in a stepwise manner 

(Fig. 3.2A; Twitchett, 1999; 2006; Chen et al., 2011). The trace fossil-based recovery 

model proposed by Twitchett (2006) informally defined four stages to describe the degree 

of ecosystem recovery during the Early Triassic. This model has been recently modified 

by taking body fossil characteristics into consideration (Fig. 3.2B; Pietsch and Bottjer, 

2014). 

          Regionally, field-based studies have indicated, however, that biotic recovery might 

not necessarily follow such a stepwise model but may have varied with depositional 

setting and paleolatitude (Wignall and Twitchett, 2002; Twitchett and Barras, 2004; 

Beatty et al., 2008; Zonneveld et al., 2010; Hofmann et al., 2011). Several workers have 

proposed that anoxic to dysoxic conditions in shallow marine environments were the 

likely cause of prolonged recovery in Early Triassic (e.g. Hallam, 1991; Wignall and 

Twitchett, 1996; Zonneveld et al., 2010; Song et al., 2014). The inclusion of body fossils 

by Pietsch and Bottjer (2014) highlighted the distribution of oxic conditions in controlling 

the disparate patterns of benthic macrofauna (including trace-making organisms) in the 

Early Triassic. Oxic conditions in the shallow marine ‘habitable zone’, comprising lower 

shoreface to offshore transition environments, potentially aided faster recovery of trace-

making organisms in high-latitude regions (Beatty et al., 2008; Zonneveld et al., 2010). 

In contrast, similar environmental settings to the habitable zone do not record diverse 

ichnoassemblages during the Early Triassic (Zonneveld et al., 2010; Chen et al., 2012) 

and abundant and diverse trace fossil assemblages have been documented from other 

environmental settings (e.g. Knaust, 2010; Chen et al., 2011).  The proposal that trace-

making organisms from high-latitude regions may have recovered faster than those in 

equatorial and low-latitude regions (e.g. Wignall et al., 1998; Twitchett and Barras, 2004; 
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Fig. 3.2 Recovery model based on empirical observations of benthic marine ecosystems 

during in the aftermath of the EPME. A. model proposed by Twitchett (2006); which 

defines certain trace fossil characteristics and a general trend of body fossil features from 

Stage 1 to Stage 4. B. updated model by Pietsch and Bottjer (2014). This model 

supplemented Twitchett’s model by giving several detailed body fossil and trace fossil 

features to characterize each recovery stage. Changes of fossil compositions from stage 1 

to 4 are also generally illustrated. Note “Tiering” here denotes the penetration depth and 

complexity of trace fossils; “Dominance” means the relative percentage of Planolites 

individuals in the total number of traces in trace fossil assemblage in a specific 

stratigraphic interval. 
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Pruss and Bottjer, 2004) remains debated as does the impact of EPME on the behaviors 

of trace-making organisms, and patterns and controlling mechanisms of their recovery 

during the Early Triassic in general. 

3.2  Compilation of Permian–Triassic trace fossils  

A database of P–Tr trace fossils was compiled in this study to provide a basis for 

interpreting the spatial and temporal distributions of trace fossils during their recovery 

stages using various quantitative analyses. Although previous researchers have examined 

P–Tr ichnodiversity (Morrow and Hasiotis, 2007; Zonneveld et al., 2007; Fraiser and 

Bottjer, 2009; Foster and Twitchett, 2014), the present compilation of global trace fossils 

during the P–Tr transition presents a more detailed examination of all reported ichnofossil 

assemblages from around the world.  

This database was constructed using 108 journal articles, five monographs, three 

book chapters, and five unpublished dissertations (Appendices 3.1–3.6). Numerous 

ichnoassemblages from the P–Tr transition from various localities in South China have 

been reported in Chinese local journals (Yang and Sun, 1982; Li et al., 1986; Yang, 1988; 

Yang and Li, 1992; Jin and Li, 1995; Zhang and Li, 1998; Yang and Gao, 2000; Cai et al., 

2006; Hu et al., 2009; Zhang and Wang, 2011). These ichnological data are also included 

in the P–Tr trace fossil database following critical review of ichnology and inclusion of 

updated biostratigraphy (Zhao et al., 2007). Although trace fossils have been reported 

from P–Tr fluvial and lacustrine environmental settings (e.g. Miller and Collinson, 1994; 

Miller et al., 2001; Groenewald et al., 2001), these data were not included the compiled 

database which focuses on all global occurrences of marine trace fossils through the P–

Tr transition. 

Both global ichnodiversity and ichnodisparity are summarized to provide better 

understanding of the impact of EPME on the behaviors of trace-making organisms in the 



 

 Chapter 3 

 

38 

aftermath of the EPME. These two parameters have been utilized to study the ecological 

structuring and body-plan diversification of organisms during the Ediacaran–Cambrian 

transition (Mángano and Buatois, 2014). Growing evidence shows that several 

ichnological parameters including ichnodiversity (alpha ichnodiversity, sensu Buatois 

and Mángano, 2013), tiering, trace complexity, and burrow size variations of 

representative ichnotaxa are very powerful for evaluating biotic recovery after major 

Phanerozoic biocrises (Twitchett and Wignall, 1996; Pruss and Bottjer, 2004; Fraiser and 

Bottjer, 2009; Zonneveld et al., 2010; Chen et al., 2011, 2012). Secular variations in these 

parameters through the Late Permian to Middle Triassic are also analyzed using the 

compiled database.  

Ichnodiversity may reflect animal diversity similar to body fossils (e.g. Wisshak 

et al., 2011). More recently Buatois and Mángano (2013) have cautioned against using 

ichnodiversity alone as a direct proxy for environmental stress because several other 

factors, including the activity of shallow vs deep tier trace-makers and taphonomic 

processes, strongly influence ichnodiversity.  Moreover, high ichnodiversity may be 

shown by preservation of shallow tier trace fossils formed in firm seafloor substrates 

(without sediment mixing) instead of accurately reflecting ecosystem performance 

(Butaois and Mángano, 2013). 

Ichnodiversity is here considered for three main depositional settings, namely 

carbonate platforms, siliciclastic shelves, and mixed siliciclastic/carbonate shelves. Sub-

environmental settings in carbonate platform are further subdivided into inner platform, 

mid ramp and outer ramp settings. In siliciclastic and mixed carbonate-siliciclastic 

settings, the shallow marine shelf is subdivided into foreshore (high energy), shoreface–

offshore transition, and offshore. Regions are categorized as low- and moderate/high-

paleolatitude in order to examine any effects of latitudinal control on the timing of biotic 

recovery. Low-latitude regions are defined as those with paleolatitudes between 30° south 
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and 30° north whereas moderate/high-latitude regions are the remaining areas with 

paleolatitudes higher than 30° south and 30° north. 

3.3  Variation in global ichnodiversity from Late Permian to Middle 

Triassic 

3.3.1  Global ichnodiversity and ichnodisparity 

The new compilation shows that both Late Permian and Griesbachian global 

ichnodiversity remained very high level, both reaching 44 (Fig. 3.3A). This high 

ichnodiversity is followed by a sharp decrease in Dienerian with only 21 ichnogenera 

recorded globally. The parameter shows a gradual, stepwise increase from the Smithian 

to Spathian (Fig 3.3A). Global ichnodiversity, however, did not return to the pre-

extinction level until the Anisian (Middle Triassic) based on a total of 46 ichnogenera 

having been reported. This high ichnodiversity persisted into the Ladinian of Middle 

Triassic.  

Ichnodisparity variations exhibit a very similar pattern to that of global 

ichnodiversity change (Fig. 3.3B). Ichnodisparity in Late Permian and Griesbachian 

remains consistently high (reaching 30), however, decreases sharply in the Dienerian and 

remained at a moderate level from the Smithian to Spathian. Ichnodisparity increased 

significantly, up to 36, in Anisian, returning to the pre-extinction level and a similar level 

persists into the Ladinian of the Middle Triassic (Fig. 3.3B). 

 Global ichnodiversity shows markedly different patterns between low latitudes 

and moderate/high latitudes (Fig. 3.3C). Low-latitude ichnodiversity exhibits a 

substantial decrease in the Griesbachian that declines to the Dienerian. From the Smithian, 

low latitude ichnodiversity gradually increases to the Anisian and reaches the pre-

extinction level in the Spathian (Fig. 3.3C). In contrast, moderate/high-latitude global 
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ichnodiversity increased immediately after the EPME (up to 37 ichnogenera in 

Griesbachian) then declines sharply in the Dienerian and more so the Spathian.  

Ichnodiversity  does not reach the pre-extinction level until the Anisian (Fig. 3.3C). 

 

 

 

Fig. 3.3 Bar chart diagram summarizing variation in: (A) global 

ichnodiversity; and (B) ichnodisparity through the P–Tr transition. Data 

compiled from Table 3.2. Ichnodiversity is represented by number of 

ichnogenera. Ichnodisparity measured based on the numbers of 

architectural designs of trace fossils classified by Buatois and Mángano 

(2013). (C) shows summary of global ichnodiversity data based on 

paleolatitude. Data from Appendix 3.1.   
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3.3.2  Variation in ichnogenus richness among different environmental settings 

Carbonate platforms.  Most trace fossil data from carbonate platform facies were sourced  

from low-latitude regions. Ichnotaxa reported from high-latitude carbonate platform 

settings are too rare to identify significant patterns. In low-latitude settings, ichnodiversity 

is moderate with ichnogeneric number between  5 and 10 during the Middle to Late 

Permian (Fig. 3.4). The most diverse ichnoassemblage from this time interval has been 

described from an inner ramp setting with 21 ichnogenera identified (Knaust, 2010). It 

should be noted that the Late Permian ichnodiversity in some environmental settings 

remains at very low level (i.e., less than  five ichnogenera), although ichnoassemblages 

are  characterized by the common presence of complex ichnotaxa, such as Rhizocorallium 

and Zoophycos, indicating an oxygenated habitat (Wignall et al., 1995; Twitchett and 

Barras, 2004; Gates et al., 2004).  

Platform ichnodiversity decreases substantially in both the Griesbachian and 

Dienerian (Fig. 3.4; Chen et al., 2011). The outer ramp ichnoassemblage has a very low 

ichnodiversity, with two and three ichnogenera in the Griesbachian and Dienerian 

respectively and without complex ichnotaxa.  Moderately diverse ichnoassemblages are 

known from shallow habitats in Smithian strata and habitats expanded into broader 

environmental settings  in the Spathian. The ichnodiversity increase is concomitant with 

the re-appearance of complex traces during the Spathian (Chen et al., 2011). The highly 

diverse ichnoassemblage (typically >10 ichnogenera) also firstly appeared in a middle 

ramp setting at that time. Ichnological records from shallow marine setting are prolific in 

Anisian strata. In particular, moderate to high ichnodiversity is recorded in shallow 

marine habitats ranging from inner to outer ramp settings (Yang and Sun, 1982; Chrzasek, 

2013; per. comm. With Zhang QY, June, 2014). 
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Fig. 3.4 Distribution of ichnodiversity from studied P–Tr interval sections among carbonate 

platform depositional settings. Red and green symbols represent data from low- and high-

latitude regions, respectively. Circled symbol denotes the occurrence of key complex 

ichnotaxa:  Rhizocorallium, Thalassinoides and Zoophycos. Dashed horizontal lines denote 

low (<5), moderate (5–10), and high (>10) ichnodiversity.  Detailed data are documented in 

Appendix Table 3.2. 

 

 

Siliciclastic shelves.  Siliciclastic shelf ichnodiversity shows a very different pattern from 

carbonate platform ichnodiversity. In high-latitude regions, Early–Late Permian 

ichnoassemblages are abundant and diverse. Ichnodiversity recorded in shallow marine 

settings, ranging from foreshore to offshore, remains moderate to high ((5–10 

ichnogenera)  to >10 ichnogenera respectively; Skwarko and Seilacher, 1993; Trewin et 

al., 2002; Zonneveld et al., 2007; Lima and Netto, 2012). Some complex traces (i.e., 

Thalassinoides, Rhizocorallium and Zoophycos) are also common in these settings (Fig. 

3.5). Surprisingly, ichnodiversity appears to show little effect of the EPME in a narrow 

offshore transition–shoreface setting where ichnoassemblages remain moderately to 

highly diverse in the Griesbachian.  For example, a highly diverse ichnoassemblage has 

been reported from the Griesbachian Montney Formation of northern Canada, 

including >25 ichnogenera (Zonneveld et al., 2010; MacNaughton and Zonneveld, 2010). 

However, it also needs to be noted that taphonomic conditions may cause an abnormal 

increase in ichnodiversity (Buatois and Mángano, 2013). 
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Fig. 3.5 Distribution of ichnodiversity from studied P–Tr interval sections in siliciclastic 

shelves. Circled symbol denotes the occurrence of complex key ichnotaxa (e.g. 

Rhizocorallium, Thalassinoides and Zoophycos) included in trace fossil assemblage. 

Dashed horizontal lines denote low (<5), moderate (5–10), and high (>10) ichnodiversity.  

Detailed data are documented in Appendix Table 3.2. 

 

 

Dienerian to Spathian records of trace fossils in this environmental setting are 

typically rare. Moderately diverse ichnoassemblages have been reported from Dienerian 

and Smithian offshore settings (Fig. 3.5).  In contrast, Spathian records show low 

ichnodiversity in high-latitude shelves although some complex ichnotaxa are recognised. 

The Anisian record shows moderately to highly diverse ichnoassemblages in both shallow 

and deep water facies (Gibson, 1971; Zonneveld et al., 1997; 2001; Cai et al., 2006; Mørk 

and Bromley, 2008).  Overall trace fossil records are very limited from low-latitude 

regions and absent in the Early Triassic (Fig. 3.5). Prior to the EPME, most of the offshore 

environments were oxygenated during the Late Permian resulting in the development of 

high diversity ichnoassemblages (e.g. Kozur et al., 1996; Yang and Gao, 2000). By the 

Anisian (Middle Triassic) ichnoassemblages were again highly diverse in siliciclastic 

settings (Fig. 3.5; Pollard, 1981). 
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Mixed carbonate–siliciclastic shelves.  The majority of ichnodiversity data from mixed 

carbonate-siliciclastic shelves (MCSS) were sourced from low-latitude regions. No Early 

Triassic MCSS ichnological record is available from high latitude regions, mainly due to 

the scarcity of Early Triassic successions in these regions. In low-laititude regions, no 

apparent changes in ichnodiversity are observed across the P-Tr boundary. Griesbachian 

strata display moderate to high ichnodiversity, with rare complex ichnotaxa (Twitchett 

and Barras, 2004; Hofmann et al., 2011). A Dienerian ichnoassemblage is moderately 

diverse in an offshore transition–shoreface setting in northern Italy (Twitchett and Barras, 

2004). The Spathian records moderately diverse ichnoassemblages coupled with the re-

appearance of some complex ichnotaxa in northern Italy and western USA (Pruss and 

Bottjer, 2004; Twitchett and Barras, 2004; Hofmann et al., 2013). No Anisian or Ladinian 

trace fossils have been reported from low-latitude regions during this period. 

 

 

Fig. 3.6 Distribution of ichnodiversity from mixed carbonate-siliciclastic shelves through 

the Permian to Middle Triassic. Circled symbol denotes the occurrence of key complex 

ichnotaxa: Rhizocorallium, Thalassinoides and Zoophycos. Dashed horizontal lines 

denote low (<5), moderate (5–10), and high (>10) ichnodiversity.  Detailed data are 

documented in Appendix 3.2. 
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3.4   Tiering variations through the P-Tr transition  

The vertical distribution of trace fossils (tiering) represents the community 

structure in which various organisms are distributed (Ausich and Bottjer, 1982). Tiering 

of P–Tr infaunal organisms has been studied (Fraiser and Bottjer, 2009; Zonneveld et al., 

2010; Chen et al., 2011; 2012) and has proved useful for evaluating the recovery of 

infaunal organisms combined with other ichnological indices (e.g. Twitchett, 1999; Pruss 

and Bottjer, 2004; Chen et al., 2011, 2012; Pietsch and Bottjer, 2014). Burrow-penetrating 

depths are practical measurements of tiering (see Appendix Table 3.3), used to establish 

the tiering history of infaunal suspension-feeders during the P–Tr transition (Fig. 3.7). In 

this review, only shallow marine shelves and epicontinental seas have been considered. 

Permian infaunal tiering as indicated by the maximum penetrating depth of burrows 

is very high (Fig. 3.7) as observed in earlier studies (e.g. Ausich and Bottjer, 2001). 

Compiled data show that colonization depths of Late Permian strata are statistically 

deeper.  The architecturally complicated ichnotaxon Zoophycos forms the deepest tier in 

both low-latitude and high-latitudes regions with burrows penetrating more than 20 cm 

depth (Wignall et al., 1998; Knaust, 2010). 

Infaunal tiering variations across the P–Tr boundary are markedly differently 

between low- and high-latitude regions (Fig. 3.4). Griesbachian–Dienerian trace fossils 

from low-latitudes are characterized by very shallow colonization depths. Vertical 

burrows such as Skolithos and Arenicolites typically penetrate only 1–2 cm into the 

sediments (Twitchett, 1999; Twitchett and Barras, 2004). Moderate to deep penetrating 

levels (6-12 cm and >12 cm, respectively) are seen locally in Smithian strata and and 

more commonly in Spathian strata (Twitchett et al., 1999; Twitchett, 2006; Šimo and 

Olšavský, 2007). 
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Fig. 3.7 Compiled maximum penetrating depths of burrows in Permian to Middle 

Triassic strata indicating infaunal tiering levels. The maximum penetrating depth 

data are cited from the numbered references or measured from published trace fossil 

illustrations available in these references. Gri: Griesbachian; Die: Dienerian; Smi: 

Smithian; Spa: Spathian. Numbered references include: 1 = Mack, 2007; 2 = Chaplin, 

1996; 3 = Toomey, 1989; 4. Buatois, 2007; 5. Bhattacharya and Bhattacharya, 2007; 

6. Eyles et al., 1998; 7. Fielding et al., 2006; 8. Ausich and Bottjer, 1982; 9.Li et al., 

1986; 10. Whidden, 1990; 11. Lan and Chen, 2010; 12, 18. Wignall et al., 1998; 13, 

20. Knaust, 2010; 14, 19, 23, 29. Chen et al., 2011; 15, 21, 24, 31. Twitchett, 1999; 

16, 26. Fraiser and Bottjer, 2009; 17, 22. Zonneveld et al., 2010; 25. Schubert and 

Bottjer, 1995; 27. Olivier et al., 2014; 28. Chen et al., 2012; 30. Pruss and Bottjer, 

2004; 32. Šimo and Olšavský, 2007; 33. Worsley and Mork, 2001; 2004; 34. 

Midwinter, 2012; 35. Knaust, 2004; 36, 38. Naing, 1991; 37. Mork and Bromley, 

2008; 39. Personal communication with Zhang QY (June 2014); 40. Szulc, 2000.  

See also Appendix 3.3. 

 

 

In contrast, there was an increase in burrow tiering in the Griesbachian in high-

latitude regions comparable to levels recorded in Late Permian strata from the same 

regions (Fig. 3.7). This level of colonization was only observed in shoreface to offshore 

transition facies (Wignall et al., 1998; Zonnevled, 2010). Burrow tiering depths decrease 

in the Dienerian‒Smithian interval to < 6 cm (Twitchett, 1999; Chen et al., 2012) and then 

returns to deeper burrows (penetrating depth >12 cm) in the Spathian, then increased 

steadily in the Anisian (Fig. 3.7; Naing, 1991; Mork and Bromley, 2008). 
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3.5    Changes in complexity of trace fossils through the P–Tr transition 

          The U-shaped burrow of Rhizocorallium and the mazework of Y-shaped 

Thalassinoides are considered more complex than horizontal traces such as Planolites 

and Palaeophycus and reflect complexity in burrow systems made by trace-making 

organisms (e.g. Pruss and Bottjer, 2004). Previous studies proposed that Rhizocoralllium 

and Thalassinoides were absent in most Early Triassic stages and did not reappear until 

the Spathian when several other ichnological parameters, such as ichnodiversity, burrow 

size and ichnofabric indices, showed substantial increases that almost approached their 

pre-extinction levels (Twitchett and Wignall, 1996; Twitchett, 1999, 2006; Pruss and 

Bottjer, 2004). These two ichnogenera, therefore, have been considered key ichnotaxa 

indicating infaunal recovery of marine ecosystems following the EPME (e.g. Pruss and 

Bottjer, 2004; Twitchett, 2006; Chen et al., 2011; 2012).  Zoophycos also has a 

complicated morphology and occurs only in Permian and early Middle Triassic strata, but 

disappears from Early Triassic successions (Wignall et al., 1998; Knaust, 2004; 2010). 

 Rhizocorallium and Thalassinoides have also been found in earliest Triassic strata 

(e.g. Fraiser and Bottjer, 2009; Zonneveld et al., 2010; Hofmann, et al., 2011). 

Accordingly, this requires a re-evaluation of their usage in reconstructing recovery history. 

In this review, the frequency of Rhizocorallium, Thalassinoides and Zoophycos, in 

Permian to Middle Triassic strata is semi-quantitatively analyzed (Fig. 3.8). The 

frequency of an individual ichnotaxon is counted by its occurrence in various stratigraphic 

units (i.e., member or formation). Overall, both Rhizocorallium and Thalassinoides are 

more common in high-latitude regions than in low-latitudes during the Permian, however, 

they are similarly  represented in both low- and high-latitude regions during the Early and 

Middle Triassic (Fig. 3.8). In low-latitude regions, the occurrence of both Rhizocorallium 

and Thalassinoides in the Permian is similar to the Griesbachian (Fig. 3.8B), suggesting 
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limited effects from the EPME. Both ichnogenera are absent in the Dienerian and re-

occurred in Smithian. They show marked increases in the Spathian and Anisian (Fig. 

3.8B).           

    

 

 

 

Fig. 3.8 Frequency of complex ichnogenera Rhizocorallium, 

Thalassinoides, and Zoophycos in the Permian, Early and Middle 

Triassic strata. Detailed data are available in Appendix Tables 3.4., 

3.5 and 3.6. Gri: Griesbachian; Die: Dienerian; Smi: Smithian; Spa: 

Spathian. Detailed data are available in Appendix 3.4‒3.6. 
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In high-latitude regions, the occurrence of Thalassinoides is similar in Late 

Permian and Griesbachian strata, whereas Rhizocorallium is more common in 

Griesbachian than in Late Permian strata (Fig. 3.8C).  Both Rhizocorallium and 

Thalassinoides are rare in the Dienerian–Spathian interval but more common in the 

Spathian–Anisian.  Zoophycos is commonly reported from Middle and Late Permian 

strata in both low- and high-latitude regions but is notably absent from Lower Triassic 

strata (Figure 3.8; Appendix 3.5). Zoophycos reappeared in both low- and high-latitude 

regions during the Middle Triassic (Zhang and Li, 1998; Knaust, 2004). The oldest known 

record of Zoophycos after the EPME is from the Anisian shallow marine Meissner 

Formation of Germany (Knaust, 2004). Middle Triassic Zoophycos has also been reported 

from deep water facies in Xinjiang Province, Northwest China (Zhang and Li, 1998).  

3.6   Burrow size variation through the P–Tr transition 

          Growing evidence shows that both skeletonized and soft-bodied organisms were 

unusually small during the Early Triassic known as the ‘Lilliput effect’ (e.g. Twitchett, 

1999; Twitchett, 2006; Payne et al., 2004; Song et al., 2009; Zonneveld et al., 2010). 

Recent trace fossil studies from Lower Triassic strata in South China have also identified 

diminutive trace fossils, e.g. Planolites (Chen et al., 2011). In order to ascertain the 

general burrow size trends before and after the EPME, three burrowing ichnogenera, 

Planolites, Thalassinoides and Rhizocorallium, have been selected in this review to 

represent trace-making organisms of different feeding habits. Planolites and 

Rhizocorallium represents deposit feeders whereas Thalassinoides as suspension feeders 

(Pemberton and Frey, 1982; Myrow, 1995; Bromley, 1996; Knaust, 2013).  

Burrow width of Planolites and Thalassinoides was measured at the most 

representative part of individual burrows whereas burrow width of Rhizocorallium was 

measured at the widest part.  Burrow diameter of Rhizocorallium burrows were also 
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measured. Burrow width is a size measurement of the eco-space that animal utilizes 

whereas the diameter is the body size of trace makers. Burrow data were extracted from 

the compiled database. Measurements were taken digitally using CorelDraw® from trace 

fossil plates and figures where no relative description of burrow sizes was provided. Most 

of the measured data were derived from bedding plane photos, with some data measured 

on vertical profiles of rock units. It was difficult to generate enough actual data on 

Planolites burrow sizes so only average burrow sizes and size ranges from different 

sources are represented (Fig. 3.9). All other data were analyzed using Past® software and 

plotted as box plots  (Figs. 3.10–3.12).  

          Early Triassic Planolites burrows show a clear size reduction compared to 

counterparts from both the Late Permian and Middle Triassic (Ladinian) (Fig. 3.9). 

Reported burrow sizes from low-latitude regions form the majority of the data exhibit a 

reduction from Griesbachian to Spathian. Almost all Early Triassic data show average 

burrow sizes no larger than 5 mm. Only one group of measurement from the Spathian 

Nanlinghu Formation (South China) shows an increase in burrow size, with average 

diameter up to 8.3 mm (Chen et al., 2011). Comparatively, Late Permian Planolites 

burrows from the Bellerophon Formation (Northern Italy) have an average diameter of 

~10.0 mm (Fig. 3 in Twitchett, 1999). Similarly, Middle Triassic Planolites burrows have 

mean diameter of ~7.0 mm (Zonneveld et al., 2010; Martin et al., 2013). These values are 

typically larger than most of Lower Triassic burrows. Data from high-latitude regions, 

however, show obvious increase in burrow size during the earliest Triassic. For example, 

Griesbachian Planolites beverleyensis from the Montney Formation of western Canada 

has an average burrow size of ⩾5 mm that is clearly larger than most Early Triassic 

burrows from elsewhere (Zonneveld et al., 2010). An example from the Smithian 

Kockatea Shale Formation of the Perth Basin, Western Australia also shows that 

Planolites burrows increased to a level comparable to those from the late Permian and 
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early Middle Triassic (Chen et al., 2012). 

 

 

 

 

 

 

 

 

Fig. 3.9 Burrow size variations of Planolites in Permian to Middle Triassic strata. Note 

that dots without bars represent average values. Most measured data from all Early 

Triassic strata have an average burrow size <5 mm (indicated by horizontal dashed 

line).   Grey shading denotes general increasing trend of burrow size in both the size 

range and average value. 
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Fig. 3.10  Burrow diameters of U-shaped Rhizocorallium from Permian, Early and 

Middle Triassic strata. Black dots represent individual diameters whereas the box 

encompasses the five-number summaries, namely the minimum and maximum values, 

the upper (Q3) and lower (Q1) quartiles and the median. The median is identified by a 

horizontal line inside the box. Diamonds show the average value of each group of data.  

Numbers indicate individuals measured from each time interval. See Appendix 3.4 for 

data sources.  

 

 

          The burrow diameter of Early Permian Rhizocorallium is characterized by large 

individuals with an average diameter of 16.2 mm. Such large Rhizocorallium burrows 

have also been reported from the Upper Permian Hardman Formation of Canning Basin, 

Western Australia (Yeates et al., 1984). One Rhizocorallium burrow has a mean diameter 

of 26.5 mm (Fig. 3.10). Middle Triassic Rhizocorallium is typified by large burrows with 

average diameters of 12.8 mm and 18.5 mm in the Anisian and Ladinian, respectively 

(Fig. 3.10). Average burrow widths increase gradually throughout the entire Early Triassic 

from ~5 mm in the Griesbachian–Smithian to 13.2 mm in the Spathian.  Early Triassic 

burrow widths of Rhizocorallium are consistently smaller than their counterparts from the 

Permian and early Middle Triassic, approximately half their size (Fig. 3.11). Derived 

burrow widths from Griesbachian and Spathian strata show average values of 23.6 mm 

and 26.9 mm, respectively.  
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Fig. 3.11 Burrow widths of U-shaped burrows of Rhizocorallium from Permian, 

Early and Middle Triassic strata. Black dots represents individual diameters whereas 

the box encompasses the five-number summaries, namely the minimum and 

maximum values, the upper (Q3) and lower (Q1) quartiles and the median. The 

median is identified by a horizontal line inside the box. Diamonds show the average 

value of each group of data. Numbers indicate individuals measured from each time 

interval. See Appendix 3.4 for sources of data measurements.  

 

 

 

 

Thalassinoides burrow size shows a similar trend to that of Rhizocorallium (Fig. 

3.12).  Permian records of Thalassinoides show a wide range of burrow diameters from 

5 to 33 mm with average measured values of 15 mm, 19.7 mm and 19.4 mm from Early, 

Middle and Late Permian strata, respectively. A reduction in Thalassinoides burrow size 

is recorded for the entire Early Triassic with no burrow sizes larger than 14 mm observed 

and an average value for each stage of ~8 mm (Fig. 3.12). Even Thalassinoides burrows 

from the high-latitude refuge of western Canada show a reduced burrow diameter 

(Zonneveld et al., 2010).  
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Fig. 3.12 Burrow diameters of Thalassinoides from the Permian to Middle Triassic. 

Each black grey dot represents a diameter datum. Box plot (in green) depicts the five-

number summaries, namely the minimum and maximum values, the upper (Q3) and 

lower (Q1) quartiles and the median. The median is identified by a line inside the box. 

Green diamond dot shows the average value of each grouped data. Numbers indicate 

individuals measured from each time interval. See Appendix 3.5 for sources of data 

measurements. 

 

 

Burrow size of Thalassinoides increased markedly in the Anisian (Fig. 3.12) 

which has been observed from various stratigraphic units around the world  (e.g. Guanling 

Formation of South China (REF), Lower Muschelkalk Formation of Poland, (REF) and 

Lower Muschelkalk and Lower Keuper Marl unit in Germany (REF).  Average burrow 

size calculated in this review is 21.6 mm.  Average burrow size continued to increase to 

26.7 mm in the Ladinian and shows return to burrow sizes comparable with their pre-

extinction counterparts. 
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3.7   Discussion 

3.7.1  Behavior of Early Triassic organisms 

 Global ichnodiversity and ichnodisparity variations through the P–Tr transition 

show that behavioral responses of trace-makers to the EPME event and subsequent 

environmental stresses in Early Triassic differed. The EPME appears not to have affected 

behavioral strategies and architectural designs of trace-making organisms. This inference 

is strengthened by the similar ichnodiversity and ichnodisparity level in the Late Permian 

and Griesbachian (Fig. 3.3A, 3.3B). The reason for such a trend may be explained by 

recent functional diversity studies of marine ecosystems after the EPME (Foster and 

Twitchett, 2014). Systematic analysis of fossil occurrences of all known benthic marine 

invertebrate genera found that almost all but one functional group persisted through the 

end-Permian crisis (Foster and Twitchett, 2014). This suggests that the EPME caused a 

great loss in species richness but had limited effect on ecosystem functional diversity.  

Hence the level of behavioral complexity reflected in global ichnodiversity and 

ichnodisparity remains unchanged.  

        The contrasting patterns in global ichnodiversity through the P–Tr transition between 

low and high latitudes is difficult to explain. One reason for decreased global 

ichnodiversity in low-latitude regions is that the EPME had a greater impact on tropical 

ecosystems (e.g. metazoan reef systems) than on moderate/high-latitude ecosystems. The 

extreme greenhouse conditions in the Griebachian may have resulted in migration of 

trace-making organisms from low-latitude to moderate/high-latitude regions resulting in 

behavioral diversification in the latter. This migration of marine macro-taxa has been 

observed in vertebrate animals during the Early Triassic (Sun et al., 2012). However, the 

limited number of trace fossil observations from moderate/high-latitude regions may be 

responsible, to some extent, for the apparent variation in global ichnodiversity through 
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the P-Tr transition between paleolatitudes. 

Early Triassic (Griesbachian and Dienerian) ichnofossil records indicating limited 

mixing of seafloor sediments have drawn parallels with substrate conditions proposed for 

Lower–Middle Cambrian strata (Buatois and Mángano, 2011; Tarhan and Droser, 2014).  

Whether a poorly developed mixed layer was a widespread feature of Early Triassic 

seafloors, and the  extent to which substrates controlled trace fossil preservation, remains 

an important aspect of ichnological interpretation of ecosystem response and recovery 

during the P–Tr transition. 

3.7.2   Spatial and temporal distribution of ‘habitable zones’ in the Early Triassic 

The habitable zone was proposed to interpret the anomalously diverse 

ichnoassemblages with combined high ichnofabric indices from Griesbachian strata in 

northern high-latitude regions (Beatty et al., 2008).  These authors suggested that wave 

aeration enhanced by frequent storms gave rise to an optimal oxic zone for benthic 

colonization in the lower shoreface to offshore transition environments. Zonnneveld et al. 

(2010) further suggested that such diverse Griesbachian ichnoassemblages pointed to the 

potential existence of shallow marine refugia in high-latitude regions.  

Ichnoassemblages with moderate to high ichnodiversity are typically 

characteristic of normal shallow marine carbonate/siliciclastic environments (Buatois and 

Mangano, 2013). Key ichnotaxa such as Rhizocorallium and Thalassinoides are also 

commonly present in these shallow marine settings (Enos, 1983). The combination these 

two observations may help locate possible habitable zones within different depositional 

settings.  

Compiled ichnological data show that habitable zones were preferentially 

developed in Griesbachian and Smithian siliciclastic settings in moderate/high-latitude 

regions enabling surviving animals to diversify. Deeper water environments in mixed 
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carbonate-siliciclastic settings also provided a habitable zone in low-latitude regions in 

the Griesbachian, expanding to shallower water during the Spathian (Fig. 3.6).  

In contrast, carbonate platforms were less favourable for the formation of a 

habitable zone. Several reasons may explain the absence of habitable zones during the 

Griesbachian–Dienerian interval. Microbial expansion  in shallow marine environments 

in the earliest Triassic may have reflect stressful conditions that precluded development 

of a habitable zone. Tropical carbonate shelf environments were potentially more 

susceptible to encroachment of anoxic bottom waters than other settings. The widespread 

microbialite deposits in low-latitude regions during the Griesbachian could be a 

consequence of such a  mechanism because their formation is commonly interpreted as 

the result of combined reduction in metazoan diversity and rising sea-water saturation 

state with respect to CaCO3 (Riding and Liang, 2005; Woods et al., 2007; Kershaw et al., 

2007; 2012). In addition, Zonneveld et al. (2010) pointed out the importance of 

bathymetry on the formation of the wave aeration zone. Compared to narrow or steep 

shelves, areas with broad, shallow shelves can more easily maintain sufficient oxygen 

levels through storm aeration that enable benthic communities to persist (Zonneveld et 

al., 2010). Limited existence of broad, shallow carbonate shelves may have inhibited 

establishing a habitable zone.  

 The habitable zone model of Beatty et al. (2008) and Zonneveld et al. (2010) has 

been supported by the Early Triassic ichnofossil studies from the western US and South 

China (Mata and Bottjer, 2011; Chen et al., 2011) despite high diversity trace fossil 

assemblages also being described from broader environments (Zonneveld et al., 2010). 

Similarly, an abundant and diverse ichnoassemblage has also been documented from the 

lower part of the Kockatea Shale in the Perth Basin, Western Australia (Chen et al., 2012), 

which was located at a southern high-latitude during the Early Triassic.  A well-

oxygenated shoreface setting has been interpreted, however, upsection, the same facies 
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contain few trace fossils (Chen et al., 2012).  

 The global distribution of Early Triassic trace fossils, as compiled in this  study, 

shows that several ichnodiversity spikes occurred in the middle and late Griesbachian, 

late Dienerian, early Smithian and late Smithian around the world before their global 

proliferation in Spathian. The environments hosting the ichnodiversity spikes were all 

oxygenated and varied, including shoreface (Markhasin, 1997; Kendall, 1999; Panek, 

2000; Beatty et al., 2008; Zonneveld et al., 2010; Mata and Bottjer, 2011; Chen et al., 

2012), carbonate platforms (Knaust, 2010) and highly evaporitic marginal sea (Chen et 

al., 2011).  The habitable zone model for trace-maker recovery is subject to ongoing 

scrutiny as new data become available (Chen et al., 2012).  

3.7.3   Latitudinal controls on recovery 

        Earlier studies evoked shallower tiering and delayed reappearance of some complex 

ichnotaxa such as Rhizocorallium and Thalassinoides as evidence for prolonged recovery 

in equatorial to low-latitude regions compared to high latitudes (Wignall et al., 1998; 

Pruss and Bottjer, 2004; Twitchett and Bottjer, 2004). These interpretations are reinforced 

by subsequent studies showing highly diverse Griesbachian ichnoassemblages from high- 

latitude regions (Zonneveld et al., 2010; MacNaughton and Zonneveld, 2010). Global 

tiering trends support rapid recovery of infaunal trace-makers as indicated by deeper 

tiering in northern high latitudes during the Griebachian (Fig. 3.7). Global ichnodiversity 

data show that Griesbachian behavioral diversity is noticeably higher in high-latitude 

regions than low-latitude regions, implying more diverse trace-making communities in 

these regions. Additional evidence indicating faster recovery in high-latitude regions 

includes the relatively large burrow sizes of the Griesbachian Planolites in high-latitudes 

(Fig. 3.9). Planolites burrows from low-latitude Griesbachian strata are on average 2–3 

mm in diameter (Twitchett, 1999; Hofmann et al., 2011). In contrast, coeval burrows from 
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northern high latitudes have an average burrow diameter of ~6 mm (Fig. 3.9; Zonneveld 

et al., 2010) suggesting faster recovery in high-latitude regions during the Early Triassic. 

The extreme greenhouse conditions may have contributed to latitudinal control on the 

presence of an oxygenated water column with relatively cold oceanic water in high-

latitude regions having more dissolved oxygen than warmer water in low-latitude regions 

(Zonneveld et al., 2010).  The distribution of both Rhizocorallium and Thalassinoides 

fails to show that one appeared before the other in high-latitude regions (Fig. 3.8C), 

however, this does not necessarily mean that infaunal recovery progressed synchronously 

in these regions but warns against using simple distribution data of complex ichnotaxa as 

signals of biotic recovery.   

Physical constraints such as depth of the redox boundary in aerobic environments 

below the sediment-water interface and the type of substrate have been considered as 

factors controlling infaunal tiering (e.g. Bokuniewicz et al., 1975; Bromley and Ekdale, 

1984; Savrda and Bottjer, 1985; Bromley and Ekdale, 1986). Increased pressure of 

predation and space competition are also important factors affecting infaunal tiering 

(Bottjer and Ausich, 1986). All factors could have contributed to the tiering trend during 

the Early Triassic. Pressure on organisms from predation and space competition would 

have been minimal at all latitudes because of the impact of the EPME on marine 

organisms that led to Early Triassic oceans with very low biodiversity and abundance. 

Deeper colonization behaviors thus potentially reflect a deeper redox boundary below 

sediment-water interface.  
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CHAPTER 4 

Sedimentology and facies analysis 

4.1  Introduction  

        This chapter presents sedimentological descriptions and facies analysis of the two 

measured sections at Susong and Tianshengqiao (Fig. 2.4). The lithostratigraphy and 

biostratigraphy were summarized in Chapter 2 (see also Table 2.1). Facies analysis was 

undertaken in this study to establish the depositional environments as a systematic 

sedimentological framework for examining and interpreting the trace fossil assemblages 

in the two sections. The facies approach follows the established technique as described in 

Dalrymple (2010 and earlier references therein). 

 

4.2  Susong Section Facies Associations 

4.2.1  Facies 

          Eighteen facies, based on texture, fabric, sedimentary structures and fossil content 

have been defined for the Susong Section (Table. 4.1).  These facies are grouped into five 

facies associations (FA1–FA5) to interpret depositional environments (Fig. 4.1).      

 

4.2.2 Facies Association 1 (FA1):  Offshore 

Description:  FA1 is dominated by fine grained facies and consists mainly of 
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Table 4.1 Facies scheme for limestone, dolostone and fine-grained calcareous facies in the Susong (SS) and Tianshengqiao (TS) sections. 

Code Name Physical characteristics and fossils Interpretation of 

depositional processes 

Distribution 

Lb Stromatolitic 

bindstone 

Columnar stromatolite; laminated columns up to 0.2 m. In plan view, spheroidal column 

intersections have diameters from 0.04–0.08 m; Stromatolitic bindstone has very limited 

exposure  can traced laterally for no more than three meters.  

Microbial binding of 

sediments1, 2.  

SS 

 

Lrg 

Graded intraclastic 

rudstone–floatstone 

Medium to thickly-bedded with lateral continuity scoured bases. Tabular intraclasts 

(averaged 0.01–0.04 m wide and 0.05–0.2 m long) composed mainly of micritic with 

minor oolitic packstone in a carbonate mudstone matrix. Nnormal or inverse grading. 

Deposition by sediment 

gravity flow2.  

 

SS 

 

Lr 

Intraclastic rudstone Thinly bedded with lenticular geometry with scoured basal contact with underlying 

carbonate mudstone. Intraclasts composed of micrite  (0.5–1 cm wide and 3 cm long)  

and show edge-wise orientation. No obvious grading. 

Erosion and reworking of 

lithified carbonate mud layers 

associated with high energy 

conditions such as storms. 

SS, TS 

Lrb Cephalopod 

rudstone–floatstone 

Grey, thinly bedded with lenticular geometry. Ammonoids are the main bioclasts. Inverse 

grading, local geopetal structures.  

Deposition from sediment 

gravity flow2 

SS 

Lfb Bioclastic 

floatstone–rudstone 

Dark grey thinly to medium bedded, with disarticulated brachiopod, bivalves and 

fragmented crinoids stems.  

Reworking by currents and/or 

wave generated currents. 

SS, TS 

Lfo Oncoidal floatstone Grey, thinly bedded with agglutinated forams. Oncoids are oval to round with diameters 

ranging from 0.2–3 cm. 

oncoids indicate moderate 

energy conditions1. 

SS, TS 

Lpb Bioclastic 

packstone–

wackestone 

Thinly to thickly bedded. Dominant components are ostracods, bivalve shells and minor 

peloids. Bivalves form layer-parallel fabric. In TS, bioclasts also include bivalves, 

gastropods, forams, crinoids and ostracods. Some beds have a lenticular geometry with 

a sharp to erosional basal contact. Shell fragments convex up and some normal grading. 

Local Rhizocorallium in wackestone. 

Low energy conditions with 

reworking of bioclasts by 

currents and/or wave-

generated currents.  

SS, TS 

Lpp Peloidal  

packstone–

wackestone 

Grey wackestone-packstone. Main components are peloids (>10%) with a few ostracods 

and bivalves and micritic matrix.  

Low energy conditions. SS, TS 

Lhx Hummocky cross-

stratified  

wackestone– 

mudstone 

Wackestone–mudstone with hummocky cross-stratification associated with lenticular 

bedding and planar lamination. Wave length of hmmocks ranging from 0.2–1.5 m, with 

height of undulations up to 0.1 m. 

Storm-wave generated 

oscillatory flows or combined 

flows2. 

SS, TS 

1Flügel 2004; 2Tucker, 2001; 3Bressan et al., 2013; 4Jaglarz and Uchman, 2010. 
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Table 4.1 (continued) Facies scheme for limestone, dolostone and fine-grained calcareous facies in the Susong (SS) and Tianshengqiao (TS) sections. 

Code Name Physical characteristics and fossils Interpretation of depositional 

processes 

Distribution 

Lmv Vermicular 

mudstone 

Grey carbonate mudstone with vermiform structures that are dark grey with 

irregularly mottled to ribbon-like morphology surrounded by light colored 

mudstone matrix. There is a distinct boundary between vermiform bodies and 

matrix. Vermiform structures are aligned parallel to bedding planes locally. 

Minor cross-lamination. 

Low energy conditions;  Vermiform 

structures are most likely 

bioturbation4. 

SS 

Lmb Bioturbated mudstone Thinly bedded grey carbonate mudstone with abundant trace fossils. 

Dominant ichnotaxa in SS are Planolites, Palaeophycus, followed by 

Arenicolites, Chondrites, Laevicyclus, Gyrochorte, Monocraterion, 

Phycodes, Thalassinoides and Treptichnus. Bioturbation level varied from 2–

5. In TS, Planolites and Gyrochorte are the dominant ichnotaxa.  

Normal marine low energy 

environment with normal salinity and 

oxygen content4 

SS, TS 

Lmp Planar laminated–

mudstone 

Grey, thinly bedded carbonate mudstone composed of micrite, with thin 

interbeds of bedded lime mudstone. Local bivalves and poorly preserved 

ammoniods and radiolarians. 

Weak traction current activity and 

suspension settling of fine materials. 

SS, TS 

Mc Calcareous mudstone Planar laminated. Fossils include poorly preserved ammonoids, bivalves and 

radiolarians.  

suspension settling of fine materials; 

weak traction current activity 

SS 

Hms Heterolithic carbonate 

mudstone–siltstone 

Carbonate mudstone and Siltstone. Lenticular bedded to wavy bedded and 

nodular. 

Weak fluctuating traction current 

activity with suspension settling 

SS 

Ldl Dolomitic 

microbialite 

Grey crinkly lamination characterized by alternated dark colored (organic 

rich) with light colored (organic poor) layers. 

Microbial binding of sediments1 SS 

Df Fenestral 

dolostone  

Grey yellowish dolostone with gypsum pseudomorphs and fenestrae. Gypsum 

pseudomorphs are 1–2 mm long. Fenestrae are equidimensional (~6 mm in 

width) and filled by coarse calcite cement. Fossils are rare with a few 

ostracods. Local collapse breccia. 

Fenestrae indicate microbial origin. 

Gypsum suggests periodicl supratidal 

conditions. 

SS 

Db Domal microbial   

dolostone 

Grey yellowish domal stromatolitic dolostone with alternated dark colored 

and light colored laminae; domes have a maximum height of 0.35 m and width 

of 0.4 m. Dolostone between isolated domes. 

Microbial binding of sediments1 SS 

Dm Dolostone Massive grey yellowish dolostone with rare ostracods, locally occurred 

breccia. 

Dolomitization/restricted 

environment 

SS, TS 

 

Ch chert Black, thinly bedded chert with well developed planar lamination. 

Radiolarians are abundant in thin section. 

Fallout of suspended fine materials3 

and accumulations of radiolarias 

(biologic silica) 

SS 

 

 

1Flügel 2004; 2Tucker, 2001; 3Bressan et al., 2013; 4Jaglarz and Uchman, 2010. 
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Fig. 4.1 Stratigraphic column of the latest Permian–Lower Triassic Susong section showing facies (by code) and facies associations (FA) interpreted in this study.  
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calcareous mudstone (Mc), heterolithic carbonate mudstone–siltstone (Hms), and bedded 

chert (Ch; Fig. 4.2). Body fossils are rare except poorly preserved ammonoids, bivalves 

and local horizons with radiolarians (Fig. 4.2C). The bedded chert which forms the base 

of FA1 also contains radiolarians visible in thin section. Trace fossils are rare in FA1 with 

only small horizontal Planolites on calcareous mudstone bedding planes. Locally, 

however, the quality of exposure of this facies is poor (e.g. Fig. 4.2A). 

 

 

 

 

Fig. 4.2 Field photos and photomicrograph of facies within FA1. A) Bedded calcareous 

mudstone (Mc) with planar lamination. Hammer is 34 cm long. B) Heterolithic facies Hms 

composed of alternating nodular to thinly–very thinly bedded and lenticular-bedded carbonate 

mudstone (light grey colored) and siltstone (dark grey colored). Coin is 2 cm in diameter. C) 

Photomicrograph of calcareous mudstone with radiolarians. D) thinly bedded chert (Cb). 

Hammer is 20 cm long.  
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            Interpretation:  The overall fine grain size of facies in FA1 is interpreted as 

deposition from suspension in a low energy conditions with weak current activity shown 

by laminated and very thinly–thinly bedded facies. The body fossils indicate a marine 

environment and lack of wave-formed structures suggests a shelfal setting below storm 

wave base. The radiolarian-bearing chert suggests primary accumulation of biological 

silica. The interpretation for FA1 as offshore depositon is consistent with a similar 

interpretation by Yu (1995). 

4.2.3 Facies Association 2 (FA2):  Lower slope  

          Description: FA2 is composed mainly of laminated to very thinly bedded carbonate 

mudstone (Lmp) and intraclastic rudstone-floatstone (Lrg; Fig. 4.3). Mudstone facies 

contain a few poorly preserved ammonoids and bivalves. The rudstones sharply overlie 

the mudstones, typically with an irregular erosional base, and may show normal or reverse 

grading (Fig. 4.3). Intraclasts are composed of carbonate mudstone.  Minor facies 

included thinly bedded vermicular mudstone (Lmv) and cephalopod rudstone (Lrb). The 

latter contains ammonoids with geopetal fills (Fig. 4.3F). The intraclastic rudstones show 

thickening-up trends (Fig. 4.1). 

    Interpretation: The laminated–bedded carbonate mudstone facies suggests deposition 

by weak traction currents and suspension settling in an overall low energy environment.  

The body fossils indicate marine conditions. Intraclastic rudstone-floatstone facies with 

sharp bases and grading most likely represent sediment gravity flow deposits, such as 

granular debris flow deposits (e.g. Kenter et al., 2005). In addition, some intraclastic 

rudstone beds grade into planar laminated carbonate mudstone interpreted here as Tab 

beds supporting a gravity flow origin (e.g. Playton et al. 2010).  FA2 is interpreted as 

recording lower slope deposition below storm wave base. 

 



 

Sedimentology and facies analysis 

 

67 
 

 

 

 

Fig. 4.3 Field photographs and photomicrographs of facies in FA2. A) Outcrop showing planar 

lamianted to thinly bedded carbonate mudstone (Lmp). B) Facies Lmp overlain by intraclastic 

rudstone (Lrg). Note the sharp erosional contact (dashed line) at the base of facies Lrg. C) Close-

up of boxed area in B showing the intraclastic rudstone grading into laminated carbonate 

mudstone (Tab bed). D) Intraclastic floatstone/rudstone with inverse–normal grading. E) 

Cephalopod rudstone (Lrb) showing bioclastic base, convolute lamination (arrowed).  F) Close-

up of sharp-based bioclastic rudstone with inverse grading (Lrg). Note geopetal fills in the 

ammonoids. Coin in C and E is 2 cm in diameter. 
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4.2.4   Facies Association 3 (FA3):  Slope/offshore transition  

           Description: FA3 is composed mainly of very thinly bedded/nodular to laminated 

mudstone (Lmp), thinly bedded bioturbated carbonate mudstones (Lmb), vermicular 

carbonate mudstone (Lmv) and sharp-based intraclastic rudstones (Lr; Fig. 4.4). 

Lenticular-bedded/wavy laminated carbonate wackestone-mudstone with hummocky 

cross-stratified wackestone (Lhx) is a minor facies. Body fossils found in FA3 are poorly 

preserved ammonoids. Trace fossils are common, most notably in facies Lmb (Table 4.1). 

            Interpretation: FA3 is characterized by fine-grained facies (Lmp and Lmb) 

suggesting deposition by weak traction current activity and suspension settling. The 

origin of facies Lmv in Lower Triassic successions in South China has been discussed 

(e.g. Zhao, et al., 2008; Zhang et al., 2010), with interpretation of the vermicular fabric 

as bioturbation most likely (e.g. Jaglarz and Uchman, 2010; Chen, et al., 2011).  The very 

shallow and parallel arrangement of vermiform structures indicate burrowing to only very 

shallow depths. Bioturbated mudstone with pervasive horizontal burrows suggests an 

oxygenated environment where organisms could feed at or beneath the sediment-water 

interface (e.g. Savrda and Bottjer, 1986; 1989; Gingras et al., 2011).  Local development 

of facies Lhx suggests periods of higher energy conditions that may record waning storm-

related activity and, therefore, deposition above storm wave base (Tucker, 2001). The 

influence of storm activity is potentially also indicated by the thinly bedded intraclastic 

rudstones (Lr) that lack grading suggesting they formed through storm reworking of the 

slope substrate (e.g. Wignall et al., 1999). An offshore transition environment is proposed 

for FA3.   
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Fig. 4.4 Field photographs of facies in FA3. A) bioturbated carbonate mudstone (Lmb) 

overlain by very thinly bedded to planar laminated mudstone (Lmp). Arrow indicates 

Planolites. Coin is 2 cm across. B) Wavy bedded carbonate mudstone (Lhx); C) Vermicular 

limestone (Lmv) showing dark mottling from bioturbation in lighter colored mudstone.  D) 

Intraclastic rudstone (Lr) resulting from local reworking of carbonate mudstone facies.  E) 

and F) Lenticular-bedded to wavy laminated facies with weakly developed hummocky cross-

stratification (HCS) with some planar lamination (PL).  

 

4.2.5   Facies Association 4 (FA4):  Subtidal   

Description: FA4 is mainly composed of peloidal-skeletal packstone-wackestone 

(Lpp) and bioclastic packstone-wackestone (Lpb) with minor stromatolitic bindstone (Lb), 

oncoidal floatstone (Lfo), bioclastic floatstone (Lfb) and carbonate mudstone (Lmp; Fig. 
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4.1). The carbonate grains in the packstone-wackestone facies are predominantly 

ostracods and peloids, with bivalves and echinoderms (Fig. 4.5A–B). Oncoidal floatstone, 

which also contains agglutinated foraminiferans, is closely associated with stromatolitic 

bindstone at the top of the association (Fig. 4.1; 4.5E–F).  

 

 

Fig. 4.5 Field photos and photomicrographs of facies within FA4. A) Ostracod packstone-

wackestone (Lpb). Note the ovate shaped shell typical of ostracod (arrowed); B) Peloidal 

packstone-wackestone (Lpp).  C) Scoured mudstone sharply overlain by bioclastic packstone. 

D is the close-up of the packstone in C showing fragmented and abraded shells suggesting 

moderate to high energy processes. E) Cross section view of columnar stromatolitic bindstone. 

F is the close-up of boxed area in E showing the branching columns (outlined by dashed lines; 

up to top of photograph). Intercolumn areas are filled with bioclastic limestone.  
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Interpretation: The dominance of muddy facies in this association indicates a deep 

subtidal setting which is consistent with common ostracods (e.g. Osleger, 1991; Osleger 

and Montañez, 1996). Sharp scoured bed bases indicate some higher energy current 

activity. FA4 shows overall shallowing to oncolitic packstone–stromatolitic bindstone. 

Oncoids indicate moderate energy conditions in shallow water which suggests that they 

most likely washed into muddier subtidal areas hosting stromatolites.  Stromatolitic build-

ups have been observed from shallow to deep subtidal environments in the Lower Triassic 

of South China (Ezaki et al., 2008; 2012) and a subtidal setting is also interpreted for FA4.        

 

 

4.2.6 Facies Association 5 (FA5):  Shallow subtidal to intertidal  

Description: FA5 facies show varying degree of dolomitisation (Fig. 4.1).  It is 

composed mainly of wavy to crinkly laminated dolomitic microbialite (Ldl), massive 

dolostone with scattered ostracods (Dm). Minor but conspicuous facies are stromatolitic 

dolostone (Db) and fenestral dolostone (Df; Fig. 4.6).   

          Interpretation: Dolomitic microbialite and stromatolitic dolostone both record 

microbial binding and trapping of sediments (e.g. Riding, 2000; Tucker, 2001). These 

facies are known from subtidal to supratidal environments (Flügel et al., 2004, p.57). 

Equidimensional fenestrae in dolostone resembles typical birdseye fenestrae (Fig. 4.7D), 

which are ascribed to gas entrapment and desiccation in an intertidal environment (Tucker, 

2001). The presence of gypsum pseudomorphs in dolostone and desiccation cracks also 

supports a shallow subtidal to intertidal environment with periodic exposure and brine   

evaporation (e.g. Kendall, 1992; Kendall and Harwood, 1996).  
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Fig. 4.6 Field photographs of facies in FA5. A) Grey dolomitic limestone (Ldl) showing crinkly 

lamination. Lens cap ~5 cm. B) stromatolitic dolostone (Db) showing wavy lamination. Hammer 

35 cm.  C) Thinly bedded fenestral dolostone (Df). D) Close-up of birdseye fenestrae in C 

showing carbonate cement fill (arrowed). E) Dolostone (Df) with needle-like calcite 

pseudomorphs. Coin 2 cm across.  F) Close-up of pseudomorphs in E. Note some pseudomorphs 

retain the lozenge (white arrow) to swallow-tail shape (black arrows) of the original gypsum 

crystals.  

 

 

 

 



 

Sedimentology and facies analysis 

 

73 
 

4.3  Tianshengqiao Section Facies Associations 

4.3.1 Facies  

          This section is composed of carbonate and siliciclastic rocks (Fig. 4.7).  Fourteen 

facies were identified (Table 4.1; 4.2) and grouped into five facies associations, namely 

FA3, FA4, FA6–FA8.   

4.3.2   Facies Association 3 (FA3) : Offshore transition 

          Description: In the TS section, FA3 is composed mainly of bioturbated carbonate 

mudstone (Lmb), laminated–thinly bedded carbonate mudstone (Lmp), bioclastic 

packstone-wackestone (Lpb) and bioclastic floatstone-rudstone (Lfb; Figs 4.7; 4.8). 

Intraclastic rudstone (Lr) is a minor facies. Facies Lmb and Lmp are commonly  

interbedded with gradational or sharp contacts between them (e.g. Fig. 4.8B).  The 

bioclastic facies contain fragmented crinoids, ostracods and foraminiferans (Fig. 4.8F). 

Hummocky cross-stratified facies are also represented (Fig. 4.8D). There are no clear 

fining or coarsening upwards trends in this association.  

Interpretation: The dominance of carbonate mudstone indicates deposition from 

suspension in a low energy environment with weak traction current activity below fair 

weather wave base. Hummocky cross-stratification is interpreted to form by a 

combination of waning of oscillatory flow and unidirectional currents created by periodic 

storm events (e.g. Dott and Bourgeois, 1982; Dumas and Arnott, 2006).  Influence of 

episodic higher energy conditions is also indicated by the sharp-based rudstone and 

bioclastic facies with moderate to well sorted fabrics (e.g. Fürsich and Oschmann, 1993) 

and intraclastic rudstones as interpreted in the Susong section where they are better 

deveoped (see 4.2.4). There are no sedimentary structures suggesting an influence from 

fair weather waves and an offshore transition environment below fair weather wave base. 
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Fig. 4.7 Stratigraphic column of the Lower –Middle Triassic Tianshengqiao section showing facies (by code) and facies associations (FA) interpreted in this 

study. 
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Table 4.2 Facies table showing additional siliciclastic facies in the Tianshengqiao (TS) section. 

Code Name Physical characteristics and fossils Interpretation of 

depositional processes 

Sx Cross-bedded 

sandstone 
Grey to reddish (weathered) cross-bedded sandstone. Fine-grained with minor glaconite, 

moderately to well sorted. Beds are sharp based with an erosional upper bounding surface. 

Beds thickness ranges from 0.2–1 m. Tabular to trough cross-bedding present. Thickness of 

sets 0.1–0.25 m. 

Migration of sand dunes 

in lower flow regime 

Sh Hummocky cross-

stratified sandstone 

Thinly to medium bedded, very fine sandstone with hummocky cross-stratification. Heights 

of hummocks up to 0.15 m and wave length up to 1.8 m. Hummocky beds have sharp bases. 

Storm wave generated 

oscillatory flows or 

combined flows2. 

Sp Planar laminated 

sandstone 

Medium to thick-bedded reddish sandstone (0.3–0.9 m), fine-grained containing glauconite 

and mudclasts. Tetrapod footprints on upper surface. Locally shell beds with convex up 

orientation in basal part of beds.  

storm induced deposition 

Srx Ripple cross-laminated 

sandstone 

Thinly to medium bedded. Usually overlying planar laminated sandstone.  Migration of wave ripples 

by unidirectional currents 

Hs Heterolithic sandstone 

–siltstone  

Sandstone alternated with siltstone beds. Pervasive lenticular bedding and flaser bedding;  Alternating energy 

conditions 

Hz Heterolithic siltstone–

sandstone  

Grey to reddish, thin to thickly bedded (0.1–0.8 m). Lenticular bedding common. Bivalves 

and gastropods present 

Alternating energy 

conditions 

Fl Planar laminated 

mudstone 

Grey greenish mudstone with internal planar lamination, Local bivalve fossils and plant 

remains and desiccation cracks. 

Suspension settling and 

weak traction current 

activity 

F Siltstone Massive to laminated. Locally bivalves and plant debris.  Suspension settling and 

weak traction current 

activity 

  1Flügel 2004; 2Tucker, 2001; 3Bressan et al., 2013; 4Jaglarz and Uchman, 2010.
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Fig. 4.8 Outcrop photographs of facies in FA3 (TS section). A) Outcrop view of FA3 showing 

thinly bedded, mudstone-dominated character. B) Bioturbated carbonate mudstone facies (Lmb) 

overlain by planar laminated carbonate facies (Lmp). C) Close-up of facies Lmb in B with trace 

fossils Planolites (arrowed). D) Hummocky cross-stratified mudstone-wackestone.  Hammer 35 

cm.  E) Bioclastic packstone (Lpb) overlain by planar laminated carbonate mudstone (Lmp). 

The packstone has a sharp scoured base. F) Photomicrograph showing the sharp bed base of 

bioclastic packstone on carbonate mudstone.  Packstone (Lpb) is composed of forams, ostracod 

and crinoid fragments (C).  Note moderate to well sorted fabric with scattered larger fragments.  

G) Close-up showing forams (white arrows) and ostracods (black arrows). 
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4.3.3   Facies Association 4 (FA4):  Subtidal 

Description: FA4 in the TS section consists predominantly of bioclastic packstone-

wackestone (Lpb, locally cross-laminated), bioclastic floatstone-rudstone (Lfb) and 

oncoidal floastone/rudstone (Lfo; Fig. 4.9). In contrast to the Susong section, FA4 here 

also contains minor dolostone (Dm) throughout and lacks stromatolitic facies (Fig. 4.8). 

Facies Lpb contains a diverse fossil assemblage including crinoids, bivalves, gastropods, 

foraminifers and ostracods (Fig. 4.9). Bioturbation is also common in this facies.  

Mudstones in this section are siliciclastic (Fl) and there is a single sandstone facies (Sp; 

Fig. 4.7; Table 4.2).  

          Interpretation: The diverse fossil components in the packstone-wackestone facies 

indicate an open marine environment and the mud matrix suggests deep subtidal (e.g. 

Osleger, 1991; Osleger and Montañez, 1996). The presence of oncoids, reworking of 

bioclasts in the packstones (e.g. Fig. 4.9B) suggests episodic higher energy conditions but 

an overall deep subtidal setting.  Dolomitisation may reflect periodic shallower subtidal 

conditions (Harris and Meyers, 1987; Amthor and Friedman, 1992). 

 

4.3.4   Facies Association 6 (FA6):  Siliciclastic offshore transition 

Description: This facies association is composed of fining upward arrangements 

of sandstones facies (Sp) and sandy heterolithic facies (Hs) to muddier heterolithic facies 

(Hz), siltstones (Fl) and hummocky cross-stratified facies (Shx; Figs 4.7; 4.10).  Coarser 

facies such as Sp tend to display sharp to erosional bed bases (Fig. 4.10A). Shelly 

horizons are common in the lower parts of these sandstone beds (Fig. 4.10C).  Muddier 

facies such as Hz and Fl contain bivalves and gastropods (Table 4.2). 
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Fig. 4.9 Outcrop photographs and photomicrographs of facies in FA4. A) Bioclastic packstone-

wackestone with gastropod (G), bivalve shell (B) and echinoid fragment (E) and small forams 

(black arrows). B) Normally graded bioclastic (ostracod) packstone to wackestone. C) Oncoidal 

rudstone.  Note scale at base of photograph. D) Close-up of boxed area in C showing large oval 

to round oncoids. E) Cross-bedded bioclastic packstone is locally developed. F) Crinoid floastone 

showing abundant fragmented crinoid stems. 
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Fig. 4.10 Outcrop photographs of facies in FA6. A) Planar laminated sandstone (Sp) 

intercalated with heterolithic siltstone-dominated facies (Hz). B) Hummocky cross-stratified 

sandstone (Shx). C) Shell layers in planar laminated sandstone (Sp). D) Sketch of shell 

textures in C. Note that the fragmented shells are arranged convex-up. 

 

 

           Interpretation: The bivalves in muddy facies are assignable to Eumorphotis sp. 

indicating a low energy shallow marine environment. Sandstone facies with planar 

lamination and fragmented shell layers indicate higher energy conditions with reworking 

of shelly debris most likely associated with storms (e.g. Plint, 2010).  Storm wave activity 

is also indicated by the HCS-bearing facies that cap this association (e.g. Duke and Arnott, 

1991). The overall heterolithic character of FA6 with marine and storm wave indicators 

leads to an interpretation of an offshore transition environment above storm wave base.  

4.3.5   Facies Association 7 (FA7):  Shoreface 

Description: FA7 is dominated by sandstone facies with minor silststones.  It is 

composed of cross-bedded sandstone (Sx), planar laminated sandstone (Sp) capped by 

ripple cross-laminated sandstone (Srx) and siltstone containing bivalves (F; Fig. 4.11).  
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Sandstones are composed of quartz, feldspar and lithic fragments (classified as 

litharenites) and also contain glauconitic grains (Fig. 4.11D). 

 

 

 

 

 

Fig. 4.11 Outcrop photographs and photomicrographs of facies in FA7. A) Cross-bedded 

sandstone (Sx) interbedded with siltstone (F). Lens cap is 5 cm in diameter.  B) Cross-bedded 

sandstone (Sx). C) Multiple sets of trough cross-bedded sandstone (Sx). D) Photomicrograph 

showing moderately sorted sandstone (litharenite) with glauconitic grains (arrowed). E) 

Ripple cross-laminated to wavy laminated sandstone (Srx).  F) Locally convolute lamination 

in sandstone beds (Sx) indicating deformation of cross-bedding.  
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          Interpretation: Marine fossils (e.g. bivalve Claraia. sp) found in siltstone layer and 

the glaconitic grains in sandstone together indicates a marine origin for FA7. Common 

cross-bedded sandstone facies indicate deposition by migrating dunes or bars, frequent 

wave reworking and high current velocities (e.g. Jackson, 1976; Levey, 1978; Bridge et 

al., 1986). These bedforms commonly form in the upper shoreface in shallow marine 

siliciclastic settings (e.g. Plint, 2010).  

4.3.6  Facies Association 8 (FA8):  subtidal–intertidal sand flats 

Description: FA8 is composed of heterolithic flaser- and lenticular-bedded 

siltstone-sandstone (Hs and Hz), planar laminated mudstone (Fl) and siltstone (F) with 

minor  planar laminated sandstone (Sp) and sharp-based cross-bedded sandstone (Sx, Fig. 

4.12). Body fossils found include the brachiopod Lingula and bivalve Claraia wangi. 

Additional sedimentary structures include sinuous crested wave-formed ripple marks and 

desiccation cracks (Fig. 4.12D–E).  Tetrapod footprints are locally preserved on sandstone 

bedding planes (Fig. 4.12F–G).   

          Interpretation: FA6 is dominated by heterolithic facies indicating fluctuating 

energy conditions. Finer grained facies record weak traction current activity and 

suspension settling under low energy conditions. The body fossils indicate a marine 

setting.  Heterolithic facies with common flaser to lenticular bedding record higher 

energy (tidal) deposition alternating with slack-water deposition (e.g. McLane, 1995). 

Overall the facies are common in tidal flat environments (e.g. Dalrymple, 1992; Tucker, 

2001; Davis et al., 2012). Wave-formed ripples, desiccation cracks and tetrapod 

footprints, probably assigned to cf. Chirotherium, further support a tidal flat origin with 

intermittent subaerial exposure (Fig. 4.12F–G; Xing et al., 2013). Local development of 

sharp-based, cross-bedded sandstone probably reflect shallow tidal channels (e.g. 

Peterson, 1991; Mclane, 1995; Zonneveld et al., 2001).  

 



 

Chapter 4 

 

82 
 

 

 

 

Fig. 4.12 Outcrop photographs of facies in FA8. A) Heterolithic facies (Hz) showing 

lenticular bedded silststone-sandstone (labelled S). Hammer is 35 cm long. B) Heterolithic 

facies (Hs) composed of laminated sandstone with mud laminae and large flaser, overlain by 

laminated mudstone (Fl). Coin is 2 cm across.  C) cross-bedding sandstone (Sx) within 

siltstone. Note relief on base of this sandstone. Hammer is 35 cm. D) Wave-formed ripple 

marks on sandstone bedding plane. Note sinuous bifurcating ripple crests. Lens cap is 5 cm 

across. E)  Desiccation cracks in mudstone. Pen (lower centre) is 14 cm long.  F) and G) 

upper sandstone surface with tetrapod footprint resembling cf. Chirotherium (Xing et al., 

2013). 
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4.4   Summary 

          Facies analysis of the Susong Section in the Lower Yangtze Region indicates an 

overall shallowing up succession deposited in a carbonate slope setting.  Fine grained 

carbonate facies lower in the succession contain silt or siltstone interbeds with common 

evidence for sediment gravity flow deposition of coarser carbonate debris. The uppermost 

facies, which include stromatolites, are dolomitised. Similar slope or ramp interpretations 

been reported in other localities in the Lower Yangtze region (e.g. Zhu et al., 1990; Xu 

and Xing, 1992; Tong and Yin, 1998; 2002) and fit within the broader paleogeographic 

setting of a NW-dipping carbonate slope between the platform to the South and the 

Yangtze basin to the north in the Early Triassic (e.g. Feng et al., 1997; Fig. 2.4B). In situ 

platform facies such as oolitic and/or bioclastic grainstones are not represented in Susong 

section and are also not seen in nearby Yashan or Pingdingshan sections in Lower Yangtze 

region (Chen et al., 2011). However, redeposited oncoidal facies indicate proximity to the 

platform margin. The overall shallowing pattern in the Susong section is consistent with 

the depositional history of Lower-Middle Yangtze Basin in response to the Indosinian 

Orogeny (e.g. Tong and Yin, 1998).   

Facies analysis of the Tianshengqiao section indicates several deepening-up and 

shallowing-up cycles from Griesbachian to early Middle Triassic. Initial relative sea-level 

rise is recorded by the change from sandy tidal flats to shoreface and then to a siliciclastic 

offshore transition environment during the Induan. At least three flooding surfaces are 

suggested by carbonate facies overlying of siliciclastic facies. The depositional history of 

Tianshengqiao area is less well studied compared to areas in the Lower Yangtze regions. 

It is unclear whether the flooding events are results of regional tectonic movements or 

record eustatic sea-level changes.  
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Chapter 5  

Trace fossil description and analysis 

 

5.1  Introduction 

            This chapter presents an overview of trace fossil characteristics and taxonomic 

criteria for identification of taxa. Descriptions of trace fossils in the two studied Lower–

Middle Triassic sections are then provided. Ichnological parameters (e.g. abundance and 

diversity, ethology, bioturbation index on both bedding planes and in profile, burrow size, 

trace fossil complexity and tiering) have been shown to be important for documenting 

Early Triassic biotic recovery (e.g. Twitchett, 1999; Pruss and Bottjer, 2004; Hofmann et 

al., 2011; Chen et al., 2011; 2012). These ichnological data were collected for both 

sections. The process of infaunal recovery and facies control on the distribution of trace 

fossils are summarized and discussed.  

5.2  Trace fossil characteristics 

          Trace fossils are defined as “morphologically recurrent structures that result from 

the life activities of organisms” (Bertling et al., 2006). Trace fossils differ from body 

fossils in that they represent the records of animal behaviors on or within a substrate rather 

than the actual remains of individual organisms. Different animal behaviors, such as 

crawling, resting, feeding, grazing and dwelling, modify the sediment substrate and 

produce a variety of biogenic sedimentary structures. The study of these structures is the 
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discipline of ichnology. There are several ichnological principles that make trace fossils 

an important part of paleoecological, sedimentological, stratigraphic and macro-

evolutionary studies (Ekdale et al., 1984; Bromley, 1990; 1996). These principles are 

briefly summarized based on ichnology texts (Ekdale et al., 1984; Bromley, 1990; 1996; 

Pemberton et al., 1992; MacEachern et al., 1998; Pemberton et al., 2001; Buatois and 

Mángano, 2011). 

          Trace fossils are the records of the activity of organisms. Individual organisms can 

produce morphologically different biological structures when conducting various 

activities such as respiration, feeding, resting, reproduction and escaping (Seilacher, 1970; 

Bromley, 1990; Buatois and Mángano, 2011). A well known example is the different 

traces produced by trilobites (Seilacher, 1978; Bromley, 1990). Simple locomotion 

produces a paired series of pits on the sediment surface named Diplichnites but, when 

resting, a short bilobate coffee-bean shaped trace is made, known as Rusophycus. The 

bilobate trail ornamented with scratch marks is referred to as Cruziana and records the 

feeding activity of the trilobite (Buatois and Mángano, 2011).  

          When different animals behave in a similar way, they may produce morphologically 

similar traces known as behavioral convergence (Bromley, 1990). This may make it hard 

to identify the trace maker and the resultant biogenic structure because the more simple a 

trace is, the more trace makers it could potentially have (Bromley, 1996). For example, 

the simple vertical burrow Skolithos can be produced by the activity of various animals 

of different taxonomy (Bromley, 1990; Pemberton et al., 2001). Different substrates have 

been shown to produce conspicuous differences in preservation of the same ichnotaxon 

(e.g. Bromley, 1990; p.138). A study on taphonomy of human footprints on microbial mat 

substrates by Marty et al. (2009) found that substrate features such as moisture content, 

grain size, presence and thickness of microbial mats and sediment thickness, all contribute 
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to the morphology and formation of a footprint. 

          Trace fossils are commonly found in otherwise unfossiliferous strata. Their 

presence, therefore, offers important information for sedimentological and stratigraphic 

correlation (e.g. Crimes, 1987; Narbonne et al., 1987; Gehling et al., 2001). Trace fossils 

are preserved in situ, which aids in paleoecological and paleoenvironmental 

reconstruction (e.g. Hasiotis, 2002; Seilacher; 2007; Buatois and Mángano, 2011). Trace 

fossils are produced mainly by soft-bodied organisms, whose body remains are rarely 

preserved in the fossil record except in a few specially preserved fossil Lagerstätte (for 

example, the Chengjiang Fauna and the Burgess Shale Lagerstätte). Thus, trace fossils 

provide a window into studying the behavior and ecology of these organisms (e.g. Zhu, 

1997; Seilacher et al., 2005; Zhang et al., 2007; Chen et al., 2013).     

5.3  Ichnotaxonomic summary 

          The criteria for a reasonable taxonomy of invertebrate trace fossils have been 

discussed in several ichnological papers and books (Bromley, 1990; 1996; Magwood, 

1992; Pickerill, 1994; Bertling et al., 2006; Buatois and Mángano, 2011).  Four widely 

recognized criteria include general form, branching, wall/lining and fill. Two 

supplementary criteria that have also been discussed are spreite and the character of the 

substrate (Berting, 2007; Minter et al., 2007; Buatois and Mángano, 2011). General form 

relates to the general shape, orientation and position of traces with respect to stratification 

(Bromley, 1990; Buatois and Mángano, 2011). This criterion is used for naming traces at 

the ichnogeneric level (Pickerill, 1994). Branching is also a significant feature for 

identification of ichnogenera and has been divided into three types, known as primary 

successive, secondary successive, simultaneous branching (Bromley and Frey; 1974; 

D’Alessandro and Bromley; 1987; Bromley, 1990; 1996; Buatois and Mángano; 2011a). 
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Burrow wall refers to the trace boundary against the surrounding sediments whereas 

lining emphasizes the different ways that organisms build and enhance the burrow wall 

structure (Bromley, 1996; Ekdale and de Gibert, 2010). Burrow fill represents the 

materials filling the hollow space of a burrow structure and can be classified into active 

and passive forms (Pickerill, 1994). Descriptive definition of spreite is given as a 

lamination that originates from closely spaced successive tunnel walls formed by the 

lateral shifting of a burrow (Bromley, 1990; 1996). The substrate is influential on the 

activity of animals, and hence considered an additional criterion in ichnotaxonomy. 

          Based on these criteria, 16 ichnogenera and 21 ichnospecies, together with two 

problematic traces, were identified in this study from the two Lower–Middle Triassic 

Susong (SS) and Tianshengqiao (TS) sections. Discovered invertebrate trace fossils are 

further grouped into three types according to their relationship to bedding planes and 

burrow complexity. Descriptions of these ichnogenera, their stratigraphic range, potential 

trace makers and ethology, are summarized in Table 5.1.  

5.3.1   Horizontal traces 

            Horizontal traces include surface trails and burrows that are parallel to bedding 

planes. Discovered traces belonging to this group from SS and TS sections include 

Archaeonassa, Didymaulichnus, Palaeophycus, Planolites, Taenidium, 

Taphrhelminthopsis and Trichichnus. 

 

Archaeonassa 

          It is preserved on upper bedding surfaces of carbonate mudstones in SS section (Fig. 

5.1A) and represents surface or near-surface movement of tracemakers (Buckman, 1994). 

Archaeonassa is typical of intertidal regimes where they may be abundant (e.g. Fenton 

and Fenton, 1937). It may also occur more rarely in shallow marine 
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Table 5.1 Descriptions of ichnofossils in the Susong (SS) and Tianshengqiao (TS) sections. 

Ichnogenus Diagnostic featuresa Field features Stratigraphic Unit Possible trace 

maker 

Ethologica 

classification 

Depositional 

environment 

Archaeonassa 

Fenton and Fenton, 

1937 

Epirelief composed of two convex parallel lateral levees 

separated by a concave central zone. Levees and central zone 

either smooth or variably ornamented.  

Gently curved horizontal trails with two ridges separated by 

a central V-shaped groove. Width of trail ~5 mm and length 

up to 168 mm.  

Helongshan Fm. (SS); 

Guanling Fm. (TS) 

Gastropods,  Pascichnia,  

mobile epifaunal, 

deposit feeder 

 

Offshore 

transition 

Arenicolites  

Salter, 1857 

U-shaped burrows perpendicular to bedding; U tubes without 

spreite; limbs rarely branched, some with funnel-shaped 

opening; burrow wall commonly smooth. 

Characterized by paired burrows on bedding planes with 

absence of disturbed sediments between tube pairs or 

dumbbell-shaped structures. Burrows lined with diameters 

ranging from 6.5–12 mm (SS). Preserved as U-shaped 

burrows in carbonate mudstone substrate (TS). 

Helongshan Fm. (SS) 

Jialingjiang Fm. (TS) 

Polychaetes1, small 

crustacean* 

domichnia2 

mobile infaunal, 

suspension feeder 

Offshore 

transition 

Chondrites  

von Sternberg, 1833 

Plant-like dendritic pattern of small cylindrical ramifying 

tunnel systems; branching tunnels trending downward across 

bedding; diameters of tunnels constant within tunnel system; 

branching angle varies between 25° and 40°. 

Small cylindrical ramifying tunnel system on upper bedding 

planes, with branching angle constantly at 40˚, burrow fill is 

a darker  color than host rock; burrow width ~ 2 mm. 

Helongshan Fm. (SS) Sipunculids, 

polychaetes, 

Small arthropod3 

fodinichnia4 

mobile infaunal, 

deposit feeder 

offshore 

transition, 

offshore 

Didymaulichnus 

Rouault, 1850 

Simple, smooth, gently curving bilobate trails, with two lobes 

separated by distinct furrows. Preserved in convex hyporelief; 

Trails usually parallel to bedding planes and may overlap and 

truncate one another. 

Horizontal bilobate trail with characteristic two convex 

ridges and a smooth median furrow. Trace preserved as 

positive full relief in carbonate mudstone. Burrows have 

variable lengths with exposure, with average width ~10 mm.  

 

Jialingjiang Fm.(TS) 

Gastropod 

Polychaete-like 

worm5, 6 

repichnia2,  

mobile epifaunal,  

deposit feeder 

offshore 

transition 

Laevicyclus Quenstedt, 

1879 

 

Cylindrical traces perpendicular to bedding planes; traces 

perforated by central canal, feature regular concentric circles on 

bedding planes, diameter of canal variable. 

Preserved funnel-like structure characterized by a central 

shaft with an exterior lined wall. Trace diameters are 0.5–12 

mm. Central shaft 2–4 mm in diameter. Penetrated sediments 

no more than 25 mm depth. 

Helongshan Fm. (SS) Annelid, worm7,8 domichnia7,8, 

mobile infaunal, 

suspension feeder 

offshore 

transition 

Monocraterion 

tentaculatum Torell, 

1870 

 

Funnel shaped traces, perpendicular to bedding planes and 

never branched. Trace characterized by central straight or 

slightly curved plugged tubes, diameter of funnels varies from 

10–40 mm, traces typically abundant in specimen.  

Preserved as abundant funnel-shaped structures on upper 

bedding plane. Funnels perpendicular to bedding planes and 

slightly curved. Diameters of funnels 6–14 mm. 

Helongshan Fm.(SS) Suspension-feeding 

worm like 

organism9 

domichnia2, 9 

mobile infaunal, 

suspension feeder 

offshore 

transition 

Palaeophycus Hall, 

1847 

Cyclindrical to subcylindrical burrows, usually unbranched or 

rarely branched, surface of wall smooth, diameter varies from 

3–15 mm, burrows intersect one another; burrow fill is the same 

color as the host rock.  

Cylindrical or subcylindrical burrows preserved in convex 

epirelief on upper bedding planes. Sinuous burrows are 

smooth and cross-cutting. Burrow fill is the same color as the 

host rocks. In SS the line burrow with  

Helongshan Fm. 

(SS) 

Jialingjiang Fm (TS) 

Predaceous or 

suspension-feeding 

animal10, e.g. 

polychaete 

Pascichnia2 

mobile infaunal, 

suspension 

feeder/carnivore 

offshore 

transition 

Phycodes Richter, 1853 Branching structures of flabellate or broom-like form, traces 

consisting of horizontal tunnels, proximal tunnel unbranched, 

distal tunnel divided into several free cylindrical tunnels 

showing delicate annulation. 

Horizontal tunnels with branching structures, broom-like 

pattern developed from distal branches bifurcating from a 

main proximal tunnel. Trace preserved in convex hyporelief 

on bedding plane. 

Helongshan Fm. 

(SS) 

Sediment-feeding 

worm-like animal13 

fodinichnia2, 9 

mobile infaunal, 

deposit feeder 

offshore 

transition 

Planolites Nicholson, 

1873 

Horizontal cylindrical burrows, straight to gently curved, 

nonbranching, burrow individual may crosscut one another. 

Burrow fill has a different color to host rock. 

Subcylindrical horizontal burrows with smooth surfaces. 

Burrow is straight to gently curved, with diameters ranging 

from 2–14 mm. Burrow fill is a darker color than the host 

rock. 

Yinkeng, Helongshan and  

Nanlinghu Fm. (SS);  

Feixianguan,  

Jialingjiang and  

Guanling Fm. (TS) 

worm-like 

animals11, annelids1, 

12 

fodinichnia1 

mobile infaunal, 

deposit feeder 

offshore 

transition, 

offshore, 

subtidal 

 

adiagnostic features of ichnogenera are referred mainly to Häntzschel, 1975;  

Model of life: mi, mobile infaunal; me, mobile epifaunal; Trophic groups: sf, suspension feeder; df, deposit feeder; c, carnivore. Information followed Hofmann et al., 2013 

References: 1Bromley, 1996; 2Buatois and Mángano, 2011a; 3Osgood, 1975; 4Bromley and Ekdale, 1984; 5de Gibert and Ekdale, 1999; 6Heinberg, 1973; 7Seilacher, 1953; 8Osgood, 1970; 9Jensen, 1997; 10Pemberton and Frey, 1982; 11Zonneveld et 

al., 2010; 12Vossler and Pemberton, 1989;  13Rodriguez-Tovar and Perez-Valera, 2008; 14Pemberton and Wightman, 1992; 15Pemberton and Frey, 1984; 16Ekdale and Bromley, 2003a; 17Myrow, 1995; 18Carvalho et al., 2007; 19Buatois and Mángano, 

1993; 20Seilacher, 2007; 21Uchman, 1995; 22Hagadorn et al., 2000. 

*Chamberlain, 1977 
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Table 5.1(continued) Descriptions of ichnofossils in the Susong (SS) and Tianshengqiao (TS) sections. 

Ichnogenus Diagnostic featuresa Field features Stratigraphic Unit Possible trace 

maker 

Ethologica 

classification 

Depositional 

environment 

Rhizocorallium 

Zenker, 1836 
 

Simple U-shaped tubes with spreite, generally protruding and 

somewhat oblique to bedding, commonly initially vertical 

from bedding plane for several centimeters, then sharp turn at 

right angles, armed tubes usually parallel with each other, 

tubes rarely branched, with lateral flaps, horizontal forms on 

bedding plane usually winding. 

Simple U-shaped tubes preserved in epirelief on bedding 

planes, armed tubes parallel to each other to show a winding 

pattern on bedding plane. Cross-cutting U-shaped tubes 

common. Tubes darker in color than host rock and ornamented 

with millimeter sized fecal pellets (SS). Rhizocorallium in TS 

preserved as U-shaped tubes on bedding plane. Tubes in 

carbonate and siliciclastic rocks from 5 mm to 50 mm in 

width. 

Nanlinghu Fm. 

(SS) 

Jianglingjiang Fm., 

Guanling Fm. 

(TS) 

 

Deposit-feeding 

crustaceans13, 

annelid14 

fodinichnia2 

mobile infaunal, 

suspension 

feeder 

 

subtidal 

Skolithos Haldemann, 

1840 

straight tubes or pipes perpendicular to bedding, unbranched 

tubes subcylindrical, and parallel to each other, diameter 

constant for each tube, tube diameters vary from 1–15 mm, 

inner walls of tube may be annulated. 

 

Two forms of Skolithos found. One characterized by discrete 

vertical burrows filled with light colored sediments, sparse in 

purple siltstone and very fine-grained sandstone. Second 

features small vertical shafts in a carbonate mudstone 

substrate, with burrow filled with coarser grained bioclastic 

packstone.   

Feixianguan Fm. 

Jialingjiang Fm. 

(TS) 

phoronid worms, 

polychaetes15 

Domichnia2 

mobile infaunal, 

suspension 

feeder 

Tidal fliat, 

offshore 

transition 

Taenidium Heer, 1977 Cylindrical burrows with distinct stuffed structure, mostly 

branched. Serpentiform burrows having well-spaced, arcuate 

menisci. Distance between menisci equal to or a little less than 

burrow width. 

Preserved in concave epirelief. Grooved trail has 

characteristic meniscate structures, with distance between 

menisci equally spaced. Burrows are gently curved and have 

a width ~ 8 mm. 

Uppe part of 

Jianglingjiang Fm. 

Not defined Fodinichnia2 Offshore 

transition 

Thalassinoides 

Ehrenberg, 1944 

 

Three-dimensional branching systems, burrows with typical 

Y-shaped branches, consisting of horizontal networks 

connected to surface by essentially vertical shafts, burrows 

with smooth surface, with diameter varied from 1–200 mm 

(typically 10–15 mm). 

Y-shaped branching burrow system preserved as three 

dimensional maze-works; burrow size is consistent, with a 

diameter of 17 mm.  

 

Helongshan Fm. 

(SS) 

Guanling Fm. 

(TS) 

Cerianthid sea 

anemone16, fish17, 

decapod 

crustaceans18 

Domichnia2 

mobile infaunal, 

deposit feeder 

Offshore 

transition, 

subtidal 

Treptichnus Miller, 

1889 

 

Simple or zigzag, straight or curved segments associated with 

vertical or oblique tubes comprising a three-dimensional 

burrow system. Joined points of segments showed small pits 

or short twig-like projections.  

Simple zigzag-shaped burrows preserved in positive 

hyporelief. Maximum number of segments per burrow system 

varies from 3 to 8. Burrow diameter of each segment varied 

from 2–5 mm. Two ichnospecies, T. bifurcus and T.pollardi 
identified. 

Helongshan Fm. 

(SS) 

 

worm-like 

organisms9, 20 

Fodinichnia2, 19 

mobile infaunal, 

deposit feeder 

Offshore 

transition 

Trichichnus Frey 1970 Thread-like burrows with lengths from 10–35 mm. burrows 

branched or unbranched, with a diameter less than 1 mm. 

Straight or very slightly curved burrows typically vertical to 

bedding plane, although inclined or horizontal burrows are 

also seen.  

Preserved as straight thread-like traces on bedding planes. 

Horizontal diminutive burrows with diameters around 1 mm 

are dark colored and cross-cutting 

Helongshan Fm. 

(SS) 

Jialingjiang Fm. 

(TS) 

Chemosymbiont21 Fodinichnia21  

mobile infaunal, 

deposit feeder 

offshore 

transition 

Taphrhelminthopsis 

Sacco, 1888 

Unbranched bilobate trails, always preserved in epirelief, 

traces feature flat lateral ridges divided by narrow central 

furrow, trails vary in diameter from 10–30 mm.   

Bilobate trail preserved in convex epirelief on bedding planes. 

Two elevated ridges separated by a central V-shaped trough. 

Trail are 40 ~50 mm wide and up to ~2 m long. Ridge crests 

are the same color as the surrounding host rock. Meandering 

trails are cross-cutting. 

Nalinghu Fm. (SS) Soft-bodied 

echinozoan, 

Molllusc-grade 

animal22 

Pascichnia22 

mobile infaunal, 

deposit feeder 

subtidal 

adiagnostic features of ichnogenera are referred mainly to Häntzschel, 1975;  

Model of life: mi, mobile infaunal; me, mobile epifaunal; Trophic groups: sf, suspension feeder; df, deposit feeder; c, carnivore. Information followed Hofmann et al., 2013 

References: 1Bromley, 1996; 2Buatois and Mángano, 2011; 3Osgood, 1975; 4Bromley and Ekdale, 1984; 5de Gibert and Ekdale, 1999; 6Heinberg, 1973; 7Seilacher, 1953; 8Osgood, 1970; 9Jensen, 1997; 10Pemberton and Frey, 1982; 11Zonneveld 

et al., 2010; 12Vossler and Pemberton, 1989;  13Rodriguez-Tovar and Perez-Valera, 2008; 14Pemberton and Wightman, 1992; 15Pemberton and Frey, 1984; 16Ekdale and Bromley, 2003; 17Myrow, 1995; 18Carvalho et al., 2007; 19Buatois and 

Mángano, 1993; 20Seilacher, 2007; 21Uchman, 1995; 22Hagadorn et al., 2000. 

*Chamberlain, 1977 
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environments (Buckman, 1994). Archaeonassa is also known from continental 

environments (Buatois and Mángano, 2002). Archaeonassa has not been confidently 

discovered in Lower Triassic strata to date in South China. However, one problematic 

trace that has been reported from Spathian marginal marine facies in South China (Chen 

et al., 2011; their Fig.11L) could be assigned to this ichnotaxa (Dirk Knaust, pers. comm. 

September 2014). 

 

 

Fig. 5.1 Horizontal traces from the Lower Triassic SS and TS sections. A) 

Archaeonassa isp. (251 m on SS section). B) Didymaulichnus (335m m on TS 

section). Specimen shows wide median furrow that might be a result of burrow 

collapse. C) Didymaulichnus (372 m on TS section). The gently curved trace is 

up to 19 cm long. 

 

Didymaulichnus 

        This specimen is preserved in full relief on carbonate mudstone surfaces in the TS 

section (Fig. 5.1B–C; Table 5.1). It is morphologically similar to the bilobate burrow 
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Sellaulichnus from the Lower Cambrian strata in Yunnan Province, by having a smooth 

concave groove in the middle with lateral ridges (Zhu, 1997; his Fig. 14). However, the 

specimen in this study differs from Sellaulichnus in that it is unbranched. The bilobate 

burrow described herein is similar to Gyrochorte and Psammichnites (Heinberg, 1973; 

Häntzschel, 1975). The former is typically characterized by the presence of plaited ridges 

with biserially arranged, obliquely aligned pads of sediment (Häntzschel, 1975; Pruss and 

Bottjer, 2004) whereas the latter is a larger ribbon-like trail with a width of 2 to 5 cm 

(Häntzschel, 1975). The specimens in this study are assignable to Didymaulichnus based 

on size and morphological similarities. The relatively wide, smooth median furrow could 

be a result of burrow collapse similar to Psammichnites (Seilacher, 1995). 

Didymaulichnus has also been discovered in the Smithian Kockatea Shale Formation of 

Perth Basin and in Lower Triassic successions in South China (Chen et al., 2012; Zhou et 

al., 2013). 

 

Palaeophycus 

          Palaeophycus is present in both studied sections. In the SS section, it is 

characterized by a lined burrow whereas in the TS section it differs from Planolites by 

exhibiting the same burrow fill as the host rock (Table 5.1). Two ichnospecies are 

identified, P. heberti and P. sulcatus (Fig. 5.2A–B). Palaeophycus has been reviewed by 

several ichnologists (Pemberton and Frey, 1982; Keighley and Pickerill, 1995; Buckman, 

1995). It can occur in a variety of environments including lacustrine, shallow marine and 

continental settings (Buatois et al., 2000; Pemberton et al., 2001; Buatois and Mángano, 

2011). Palaeophycus has been widely reported from Lower Triassic strata all over the 

world (e.g. Twitchett and Barras, 2004; Fraiser and Bottjer, 2009; Zonneveld et al, 2010; 

Hofmann et al., 2011; Chen et al., 2011). 
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Planolites 

          This trace is common in both the SS and TS sections through all of Lower Triassic 

strata (Table 5.1; Fig. 5.2C–D). Planolites observed in both sections is distinguished from 

Palaeophycus by a passive burrow fill that is a darker color than the host rock. It has been 

reported from a variety of depositional environments including marine and non-marine 

settings through Precambrian to Eocene age. Planolites has been widely reported from 

Lower Triassic strata around the world (e.g. Twitchett and Barras, 2004; Fraiser and 

Bottjer, 2009; Zonneveld et al, 2010; Hofmann et al., 2011; Chen et al., 2011).  

 

 

 

Fig. 5.2 Field photos showing horizontal traces from the SS and TS sections. A) cross-cutting 

Palaeophycus heberti (P) ( 321 m on SS section). Burrow fill is replaced by coarse calcite that contrasts 

with the lined wall. B) Dense Palaeophycus sulcatus on upper bedding plane. Note some individuals 

are bifurcated (330 m on SS section). C) Planolites isp. preserved in carbonate mudstone. The host 

rock is a ligher colour than Planolites burrows (241 m on SS section). D) dense Planolites isp. (508 

m on TS section). 
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Taenidium 

          This trace is only found in the TS section (Fig. 5.3). It is preserved in concave 

epirelief on an upper bedding surface of carbonate mudstone and the specimen is 

characterized by a grooved trail with meniscate fill (Fig. 5.3). The poor preservation of 

the specimen prevents a comparison with the known ichnospecies. Taenidium has been 

reported from strata ranging from Ordovician to Eocene in age (D’Alessandro et al., 1986; 

D’Alessandro and Bromley, 1987; Yang et al., 2004). It has been observed in a wide range 

of environments including lacustrine, alluvial fan and shallow to deep marine settings 

(Keighley and Pickerill, 1994). This ichnotaxa has also been discovered in Lower Triassic 

strata in Iran, northern Italy and Western Australia (Knaust, 2010; Hofmann et al., 2011; 

Chen et al., 2012). 

 

 

 

 

 

Fig. 5.3 Horizontal traces from the TS section. A) Smooth, gently curved Taenidium isp. (arrowed) on 

upper bedding plane of carbonate mudstone (371 m on section). B is close-up of boxed area on A 

showing the homogeneous meniscate backfill (arrowed) on A. C) Another specimen of Taenidium isp. 

preserved as epirelief with preserved meniscate backfill (arrows). Note the poorly Didymaulichnus isp. 

(Dy) on the upper right. 
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Taphrhelminthopsis 

          This trace is densely developed in Spathian strata in the SS section (Fig. 5.4A–C). 

The observed traces are distinguished from Archaeonassa by a larger burrow size (~5 cm 

in width). The general features, e.g. flat-topped ridge with concaved median ridge, 

resembles Taphrhelminthopsis described from some Lower Cambrian subtidal settings 

(e.g. Hagadorn et al., 2000; Jensen, 2003) and may be reasonably assigned to this 

ichnogenus. Taphrhelminthopsis has been reported from Lower Triassic strata elsewhere 

in South China (Chen et al., 2011).  

 

 

 

 

 

 

 

Fig. 5.4 Taphrhelminthopsis from the Lower Triassic Susong section (465 m). A) dense 

Taphrhelminthopsis on upper bedding plane of carbonate mudstone (subtidal facies). The burrows are 

large and up to several meters long. B) Taphrhelminthopsis (arrowed) cross-cut each other. C) Close-

up of burrow showing the two lateral flat-topped ridges separated by a wide median furrow. Hammer 

is 38 cm long. 
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Trichichnus 

          Trichichnus is typically characterized by a vertical, narrowing burrow filled with 

organic matter and disseminated pyrite (Häntzschel, 1975; Mcbride and Picard, 1991; 

Rodríguez-Tovar and Uchman, 2006). The taxonomic classification of Trichichnus has 

been given by Uchman (1999). In contrast to the traditional vertical form, the trace in this 

study mostly occurs as cross-cutting horizontal burrows on upper bedding planes in both 

the SS and TS sections (Fig. 5.5A–B). The burrow fill has a darker color than the host 

rock which most likely reflects higher organic matter content. The trace does not exhibit 

regular branching or ramifying tunnels precluding an assignment to Chondrites. It has 

been suggested that the tracemakers of Trichichnus are tolerant to low in situ oxygen 

levels (Mcbride and Picard, 1991). Trichichnus has been found in association with 

Chondrites in a Cretaceous–Paleogene boundary succession (Rodríguez-Tovar and 

Uchman, 2010). The example in this study is the first reported occurrence in Lower 

Triassic strata. 

 

 

 

Fig. 5.5. Field photos showing horizontal Trichichnus from the Lower Triassic Susong and 

Tianshengqiao sections. A) Dense Trichichnus isp. preserved as dark colored, thread-like burrows that 

cross-cut each other. Straight to gently curved burrows have diameters from 0.6–1 mm (278 m on SS 

section). B) Trichichnus isp. from TS Section. Note the morphological similarity between B and A. 

Burrows in B are ~0.8 mm in diameter on average (282 m on TS section).  
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5.3.2   Vertical traces 

        Vertical burrows discovered in the studied sections include Arenicolites, Laevicyclus, 

Monocraterion and Skolithos. The first three occur in the SS section whereas the TS 

section only contains Arenicolites and Skolithos. 

 

Arenicolites 

          This ichnotaxa forms paired tubes on upper bedding planes in the SS section and 

exhibits U-shaped burrow morphology in vertical profile in the TS section (Fig. 5.6A–B; 

Fig. 5.7B). Arenicolites is generally regarded as a typical element of the shallow marine 

Skolithos and firmground Glossifungites ichnofacies, although such structures can also be 

produced in freshwater deposits (Bromley and Asgaard, 1979). Studies have shown that 

following major environmental fluctuations, the most common opportunistic organisms 

colonizing marine habitats are tube-dwelling suspension-feeding polychaetes that 

produce U-shaped Arenicolites and straight, vertical shafted Skolithos (e.g. Vossler and 

Pemberton, 1988). Arenicolites is a common ichnotaxa in Lower Triassic strata all over 

the world (Twitchett and Wignall, 1996; Wignall et al., 1998; Twitchett, 1999; Pruss and 

Bottjer, 2004; Knaust et al., 2010; Chen et al., 2012). 

 

Laevicyclus 

          This ichnotaxon is found in the SS section and is preserved as regular concentric 

circles with a central canal in plan view (Fig. 5.6B–D; Table 5.1). The cylindrical bodies 

do not form paired groups and have variable diameters, features which distinguish them 

from Arenicolites (Fig. 5.6B; D). The trace in this study resembles Laevicyclus 

mongraensis in size and morphology as reported from the Silurian Melbourne Formation 

in southeastern Australia (Shi et al., 2009).  Laevicyclus has been described from both 
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Fig. 5.6 Vertical burrows from the Lower Triassic Susong section. A) Arenicolites occurs as 

paired tubes (arrowed) on bedding planes (280 m on SS section). White bars in A denote the 

burrow diameter and burrow width.  B) Dense Arenicolites with varied burrow widths (284 m 

on SS section).  C) Laevicyclus mongraensis on an upper bedding plane on carbonate mudstone 

(302 m on SS section). Note that concentric circles define the outer wall and central canal 

(arrowed). D–E) Laevicyclus isp. (302 m on SS section). F) Dense Monocraterion on bedding 

plane. G is a profile view showing weakly curved trumpet-like pipes (213 m).  
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shallow to deep marine environments (Gong, 1988; Leszczyński and Seilacher, 1991; Shi 

et al., 2009). It has been discovered in the Spathian Virgin Limestone Member from 

western United States (Pruss and Bottjer, 2004) and the Smithian Kockatea Shale 

Formation in the Perth Basin (Chen et al., 2012). 

 

Monocraterion 

          This ichnotaxa is only found in the SS section (Table. 5.1). The morphological 

features of the specimen are very similar to Monocraterion tentaculatum figured by 

Häntzschel (1975; p. 81), both of which are characterized by abundant trumpet-like pipes 

that have central plugged tubes (Fig. 5.6F–G). Schlirf and Uchman (2005) re-studied the 

lectotype of M. tentaculatum selected by Jensen (1997) and provided a sketched figure 

that emphasized tentacle structures within the funnel-shaped pipes typical of M. 

tentaculatum. This feature was not observed in the specimen in this study, thus precluding 

an assignment at ichnospecies level. Lower Triassic examples of Monocraterion have 

been discovered in the Spathian Nanlinghu Formation in South China (Chen et al., 2011). 

 

Skolithos 

          Two forms of Skolithos were discovered in the TS section. The first form occurs as 

small vertical burrows in Griesbachian–Dienerian heterolithic siltstone-sandstone facies. 

The burrows are sparsely distributed (Fig. 5.7A). The other form of Skolithos occurs in 

carbonate mudstone, with the burrow filled by overlying coarse bioclastic packstone (Fig. 

5.7B). Skolithos is a common ichnotaxa in the Skolithos ichnofacies and typically 

representative of high-energy foreshore–shoreface environments (e.g. Buatois and 

Mangano, 2011). However, Skolithos is also found to represent opportunistic behaviors 

of organisms in response to environmental instability (Vossler and Pemberton, 1988) and 

is recognized in a range of marine to non-marine settings (Pembertonet al., 2001). Early 
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Triassic Skolithos has been reported from numerous localities around the world (e.g. 

Wignall et al., 1998; Fraisera and Bottjer, 2009; Zonneveld et al., 2010; Knaust, 2010) 

 

 

 

Fig. 5.7 Vertical burrows from the Lower Triassic TS section. A) Skolithos linearis in heterolithic 

siltstone-sandstone  (92 m on TS section). B) Skolithos (white arrows) in a carbonate mudstone in 

association with Arenicolites (black arrow) interpreted as a firmground. Note the vertical burrows in 

mudstone substrate are filled with overlying dark grey bioclastic packstone (351 m on TS section).  

 

 

 

 

5.3.3   Burrow systems 

          Trace fossils forming burrowed systems include Chondrites, Phycodes, 

Rhizocorallium, Thalassinoides and Treptichnus. The traces Phycodes and Treptichnus 

are unique to the SS section whereas the other three ichnotaxa are observed in both studied 

sections. 

 

Chondrites 

          Chondrites is found in Smithian strata in both SS and TS sections. In SS, Two 

specimens are recognized in the SS section in vermicular mudstone facies (Fig. 5.8A), 

with one specimen assignable to type B forms because of its small tunnel size (Fig.5.8A; 

Kotake, 1993). Specimens from the TS section are also characterized by this form (Fig. 

5.8B). Chondrites is seldom reported from Lower Triassic strata around the world 
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(Twitchett and Bottjer, 2004; Fraiser and Bottjer, 2009). Recently, Knaust (2010) and 

Chen et al. (2012) reported the occurrence of Chondrites at two Lower Triassic localities. 

Chondrites has been regarded as a potential indicator of anoxia in sediments (Bromley 

and Ekdale, 1984). This argument is supported by integrated geochemical and 

ichnological studies on Jurassic rocks in North Yorkshire (Martin, 2004). Chondrites is 

found in rocks ranging from Cambrian to Cenozoic in age (Yang et al., 2004). It is also 

wide-ranging environmentally and is associated with the Cruziana, Zoophycos and 

Nereites ichnofacies (e.g. Marintsch and Finks, 1982; MacEachern et al., 2007). 

 

 

 

Fig. 5.8 Burrow systems in Susong and Tianshengqiao sections. A) Chondrites, type B, from SS 

section. Note the regular bifurcating shafts and uniform burrow width (165 m on SS section). B) 

Chondrites, type B (Ch), in association with Planolites (Pl). Specimen from 372 m on TS section. 
 

 

 

Phycodes 

          This trace is only found in the SS section in carbonate mudstone facies and is 

characterized by horizontal branching structures developed from a single proximal tunnel 

(Table 5.1; Fig. 5.9A–B). Two ichnospecies are identified, namely P. templus and P. 

bromleyi (Fig. 5.9A–B). It has been suggested that Phycodes occurs exclusively in 

sediments deposited in low energy, shallow marine environments (Abbassi, 2007). This 

trace is a commomly reported ichnotaxa in Phanerozoic shallow marine environment  
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 Fig. 5.9 Burrow systems from Lower–Middle Triassic SS and TS sections. A) Phycodes templus (Py) 

with dentritic forms (286 m on SS section). B) Branching Phycodes bromleyi (286 m on SS section). 

C)  Rhizocorallium commune preserved as long tongue-like meanders on wackestone. Note the dark 

colored burrow fill (452 m on SS section). D close-up of boxed area in C showing fecal pellets in 

Rhizocorallium burrows. E) Small Rhizocorallium jenense (arrowed) preserved on upper bedding 

plane (Spathian, 465 m on TS section). F–G) large Rhizocorallium jenense with typical spreite 

between U-shaped tubes (Anisian, 853 m on TS section).  
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(Han and Pickerill, 1994). Phycodes has been discovered in Lower Triassic strata in both 

low- and high-latitude regions (e.g. Twitchett and Barras, 2004; Zonneveld et al., 2010; 

MacNaughton and Zonneveld, 2010). 

 

 

Rhizocorallium 

          This U-shaped trace occurs in late Early Triassic strata in the SS section. In the TS 

section, Rhizocorallium first appeared in the Spathian Jialingjiang Formation and 

persisted into Middle Triassic Anisian strata (Fig. 5.9E–G). These specimens are assigned 

to two ichnospecies known as R. commune and R. jenense (Fig. 5.9C–G; Knaust, 2013). 

The former is characterized by clustered individuals with short U-shaped, cross-cutting 

burrows (Fig. 5.9E), whereas the latter features long, tongue-shaped burrows with 

ornamented fecal pellets in limbed burrows (Fig. 5.9C–D). Rhizocorallium, together with 

Thalassinoides, is characteristic of normal, shallow marine environments of the 

Phanerozoic (Enos, 1983). Rhizocorallium is a typical element of the Cruziana 

ichnofacies of the offshore transition environment (Buatois and Mangano, 2011) and is 

also a representative ichnotaxon of the Glossifungites ichnofacies (MacEachern and 

Pemberton, 1992; Buatois and Mángano, 2011). Rhizocorallium has been widely 

recognized from Lower Triassic strata worldwide (e.g. Twitchett, 1999; Twitchett and 

Barras, 2004; Pruss and Bottjer, 2004; Fraiser and Bottjer, 2009; Chen et al., 2011; 2012; 

Hofmann et al., 2013). 

 

Thalassinoides 

          Thalassinoides was only discovered in Smithian strata in the SS section. In the TS 

section, this burrow system first appears in the Anisian Guanling Formation (Fig. 5.10A–

B).  These specimens are assigned to ichnospecies T. callianassa according to  
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Fig. 5.10 Burrow systems observed in SS and TS section. A) Y-shaped dwelling trace Thalassinoides 
horizontalis. (314 m on SS section). B) Large Thalassinoides horizontalis with typical Y-shaped 

bifurcation (arrowed). Specimen from 849 m on TS section. C–D) Treptichnus pollardi showing zig-

zag pattern with variable segment length ranging from 2–3.5 cm (360–376 m on SS section). E–F) 

Bifurcating form of Treptichnus bifurcus (360–376 m on SS section).  
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the Y-shaped burrow at an angle of ~120° and the swollen junction part (Fig. 5.10A; 

Myrow, 1995). It is a common element of the Glossifungites, Cruziana and Zoophycos 

ichnofacies (Pemberton and MacEachern, 2007; MacEachern et al., 2007; Buatois and 

Mángaon, 2011). Thalassinoides has been very commonly reported in Spathian strata all 

over the world (e.g. Twitchett and Wignall, 1996; Twitchett, 1999; Pruss and Bottjer, 2004; 

Chen et al., 2011). 

 

Treptichnus 

          This trace is abundantly preserved in carbonate mudstone in the SS section and is 

characterized by a zig-zag shaped burrow system (Fig. 5.10C–F).  Burrow segments 

lacking pits are assignable to T. pollardi whereas the short twig-like projections and thin 

delicate burrow system observed in some specimens support assignment to T. bifurcus 

(Fig. 5.10C–F; Buatois and Mángano, 1993a). Treptichnus has been reported from the 

Griesbachian Montney Formation in western Canada, the Smithian Kockatea Shale 

Formation of Perth Basin and Lower Triassic strata of South China (Zonneveld et al., 

2010; Chen et al., 2011; 2012). Treptichnus is suggested to represent an eurytopic form 

of behavior, and has been recorded from lacustrine, shallow marine to brackish 

environments (Buatois and Mángano, 1993b). Some ichnospecies of Treptichnus may be 

useful environmental indicators. For example, T. Bifurcus and T. Pollardi seem to be 

associated with fine-grained sediments deposited mainly by suspension settling in low 

energy environments (Buatois and Mángano, 1993a). 

5.3.4   Problematic traces 

Problematic trace 1 

          Traces discovered in Griesbachian–Dienerian strata in the SS section are preserved 

in concave epirelief on upper bedding planes (Fig. 5.11). They usually form ovate-shaped 
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depressions that are 1 cm long and 0.5 cm wide. Depressions are shallow and no more 

than 0.4 mm deep and may display a ‘tail’ at one end (Fig. 5.11B). Traces are typically 

densely distributed on bedding planes. 

        These small structures look like various imprints caused by physical process (e.g. 

raindrop impressions). Detailed scrutiny suggests that these structures are not physical 

structures such as raindrop impressions because the latter typically features rounded 

concave depreswith large and small pits preserved together (e.g. Stow, 2005; p. 37). The 

traces described here are oval in shape and have similar morphological and common size. 

In particular, some individuals show ‘tails’ at one end, further supporting a possible 

biological origin. Based on the smooth inner surface of depression and non-scratching 

structures associated with these depressions, these traces may be resting traces of soft-

bodied organisms on fine-grained carbonate sediments.   

 

 

Fig. 5.11 Problematic trace found from the Griesbacian–Dienerian strata in SS section. A) Traces 

densely occurred on upper bedding plane. B) Close-up of A showing the detailed morphology of traces. 

Note the ovate shaped trace (white arrows) around 1 cm long and 0.5 cm wide. Some of the trace 

showing a tailed-like structures (black arrow) at one end.  

 

 

 

Problematic trace 2  

 

          This trace was discovered in the basal Griesbachian–Dienerian strata in the TS 

section. It is preserved in full relief in heterolithic siltstone and sandstone facies and 
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mudstone facies. Unbranched, cylindrical shafts are straight to gently curved and are 

oriented at various directions to bedding planes (Fig. 5.12). Burrow size is uniform within 

individual burrows but differs slightly between specimens, ranging from 0.4 to 1.7 mm. 

Burrows are unlined and filled with coarsely crystalline calcite cement (Fig. 5.12C–D). 

This type of cement is typical of burial diagenesis (e.g. Scholle and Ulmer-Scholle, 2003) 

and suggests replacement of an earlier calcareous phase that filled the burrow. The 

burrows are common in siltstone beds and produce a mottled appearance in the host rock 

(Fig. 5.12A–B).  

         

 

Fig. 5.12 Problematic trace from the Griesbachian–Dienerian strata in TS section. A) small burrows 

densely packed in siltstone bed. Note the white colored burrow fill in contrasting with the dark colored 

host rock. B) Close-up of cylindrical burrows (arrowed) oriented at various directions in substrate. C–

D) photomicrographs showing the perpendicular to inclined burrrows filled by coarsely crystalline 

calcite. Note the rounded nature of burrow (white arrow) in transverse section in D. Specimen from 

64–69 m on TS section. 
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          The characteristics of these specimens (e.g. morphology and size range) are akin to 

Macaronichnus and Skolithos. Macaronichnus burrows are oriented parallel to bedding 

planes and the burrow fill is different to the surrounding rock (e.g. Clifton and Thomas, 

1978; Seike, 2007).  Skolithos burrows are typically perpendicular to bedding planes and 

the burrow fill is usually structureless (e.g. Alpert, 1974; Pemberton, 2001). Burrows 

described in this study have variable orientations and a cement fill, and thus remain 

problematic. 

5.4  Trace fossil characteristics of the Susong section 

5.4.1  Abundance and diversity 

          Ichnologial data show that FA1 (Griesbachian–Dienerian) strata in this section is 

characterized by low ichnodiversity and abundance, with only rare Planolites preserved 

from a shelfal to basinal setting (Fig. 5.13). Early Smithian FA2 and FA3 show a small 

increase in ichnodiversity, with rare Chondrites and one problematic trace (P1, Fig. 5.13) 

in offshore to offshore transition settings. Ichnodiversity increased markedly in FA3 in 

the late Smithian. A total of 12 ichnogenera including Archaeonassa, Arenicolites, 

Chondrites, Laevicyclus, Monocraterion, Palaeophycus, Phycodes, Planolites, 

Rhizocorallium, Thalassinoides, Treptichnus and Trichichnus are preserved in thinly 

bedded carbonate mudstone facies of the offshore transition environment (Fig. 5.13). The 

most abundant ichnotaxa among assemblage is Palaeophycus, followed by Arenicolites, 

Trichichnus, Laevicyclus and Treptichnus. Subtidal Spathian facies (FA4) show a 

decrease in ichnodiversity, with three ichnotaxa including Planolites, Rhizocorallium and 

Taphrhelminthopsis.  However, these three ichnotaxa are abundant, with dense 

development on bedding planes (Fig. 5.4A–B; Fig. 5.9C). 
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Fig. 5.13 Distribution of trace fossils and trend of ichnofabric indices in the 

Lower Triassic Susong section. Carbonate facies associations and 

depositional environment follow Fig. 4.1 and interpretations presented in 

Chapter 4. 
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5.4.2  Ethology 

          Ichnogenera of the FA1 are represented by rare fodinichnia (discrete Planolites). 

For the late Smithian interval (FA3), ichnoassemblages are dominated by domichinia 

(Arenicolites, Laevicyclues, Monocraterion, Palaeophycus and Thalassinoides), 

fodinichnia (Chondrites, Phycodes, Planolites, Trichichnus and Treptichnus) and with 

pascichnia (Archaeonassa, Table 5.1). Three ichnogenera recognized from Spathian strata 

(FA4) are all characterized by fodinichnia (Planolites, Taphrhelminthopsis and 

Rhizocorallium, Table 5.1). 

5.4.3   Bedding plane bioturbation index (BPBI) and ichnofabric index (ii)  

          The BPBI gives a semi-quantitative measurement of bioturbation on bedding 

planes and provides paleoecological information that supplements data provided by the 

ichnofabric index (Miller and Smail, 1997). Five categories from 1 to 5 are used to 

describe bioturbation level on bedding planes, with 1 representing no bioturbation and 5 

characterized by 60–100% disruption of sediments (Miller and Smail, 1997; see Table 1.2 

in Chapter 1 for details).   

         In the SS section, BPBI was measured on large exposed bedding planes by 

following the method described by Miller and Smail (1997). A total of 119 bedding planes 

were measured for beds ranging from Griesbachian to Spathian in age (Fig. 5.14). For 

most of the Griesbachian–Dienerian strata, no bedding plane bioturbation is visible (BPBI 

of 1), with sporadic Planolites locally generating a BPBI of 2–3. The BPBI shows a 

marked increase in Smithian strata with more than 60% bedding plane bioturbation (BPBI 

2–5). Moderate to high BPBI (3–5) characterize this interval overall. Spathian strata show 

a marked reduction in BPBI. Exposed bedding planes that show low to moderate BPBI 

(1–3) are characteristic of this interval. 

            Ichnofabric indices (ii) have commonly been used to evaluate the amount of 
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bioturbation in vertical profiles. Trends in ii in the Lower Triassic SS section are shown 

in Fig. 5.13. Griesbachian–Dienerian strata are largely devoid of bioturbation. In the 

lower part of the section (FA1–FA3), isolated Planolites increase the ii to 2 (Fig. 5.13). 

The ii in the Late Smithian (FA3) shows a marked increase with bioturbated facies 

comprising about 50 % of this interval. However, ii in the Spathian strata (FA4) show 

noticeable reduction and this decrease in ii persists into the overlying FA5 facies (Fig. 

5.13). 

 

 

Fig. 5.14 Number of beds characterized by BPBI 

from 1–5 in the Susong section. numbers indicate 

beds measured from each substage. 

 

5.4.4   Burrow size 

           Size measurements on burrowed traces were undertaken for the SS section to 

investigate variation in this parameter. Burrowing traces which appear in great  
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Fig. 5.15 Histograms showing the size distribution of Planolites and Palaeophycus from 

the Susong section. Planolites from Griesbachian–Dienerian (FA1; A), Smithian (FA3; 

B) and Spathian (FA4; C) were measured from three short intervals as noted. 

Palaeophycus were measured from four intervals in the late Smithian (FA3) and labeled 

as D, E, F and G.  
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abundance, that were measured to provide statistically valid representative data, include 

Planolites, Palaeophycus, Arenicolites, Skolithos, Treptichnus, Rhizocorallium and 

Thalassinoides. The majority of measurements were taken from well-exposed bedding 

planes, although some were taken from tubed burrows in vertical sections.                  

          Diameters of Planolites from Griesbachian–Dienerian strata vary from 0.5 to 3.2 

mm, with an average of 0.9 mm (Fig. 5.15A). In late Smithian strata (FA3), Planolites 

shows an increase in average size to a mean size of 3.4 m (Fig. 5.15B). This trend of size 

increasing continues into Spathian strata, with an average diameter of 6.0 mm (Fig. 

5.15C). Burrow sizes of Palaeophycus were measured from four short intervals in FA3 

(late Smithian). The data show a gradual increase with an average in the lower most 

sample interval of 3.8 mm and upper most sample interval of 7.6 mm (5.15D–G).  

          Burrow sizes of Arenicolites and Rhizocorallium were also measured because they 

are very abundant in the late Smithian and Spathian strata respectively. The diameter and 

width of U-shaped Arenicolites averages 9.0 mm and 23.4 mm respectively (Fig. 5.16A). 

Sizes of Rhizocorallium burrow widths range from 25 mm to 56 mm with an average of 

41.1 mm (Fig. 5.16B).  

 

 

 

Fig. 5.16 Histograms showing the size distribution of burrowing ichnotaxa from the SS 

section. A) Arenicolites from Smthian (FA3). B) Rhizocorallium from the Spathian (FA4). 

MD and MBW in A represents mean diameter and maximum burrow width respectively. 
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5.4.5   Trace fossil complexity and tiering  

          In the SS section, there is a marked increase in trace fossil complexity from 

Planolites in the Griesbachian–Dienerian to abundant vertical burrows of Arenicolites in 

the late Smithian, together with other vertical ichnotaxa such as Monocraterion and 

Laevicyclus. Complex burrow systems of Treptichnus and Thalassinoides are also present 

in the late Smithian. Although key ichnotaxon such as U-shaped Rhizocorallium are 

present in Spathian strata, other traces (e.g. Planolites and Taphrhelminthopsis) only 

penetrate to a shallow depth (< 3 cm).  

5.5  Trace fossil characteristics of the Tianshengqiao section 

5.5.1  Abundance and diversity 

          In the TS section, Griesbachian–Dienerian strata (FA6–FA8) are characterized by 

low ichnodiversity. FA7 shoreface facies are devoid of trace fossils and only two 

ichnotaxa are observed (Skolithos and problemtic trace 2) in FA8 (Fig. 5.17). A 

moderately diverse ichnoassemblage characterizes early Smithian strata (FA3), where 

eight ichnogenera were recognized including Arenicolites, Chondrites, Didymaulichnus, 

Palaeophycus, Planolites, Skolithos, Taenidium and Trichichnus (Fig. 5.17). The most 

abundant ichnotaxon is Planolites, with Palaeophycus, Didymaulichnus, Trichichnus and 

Chondrites. All of these ichnotaxa were observed in a carbonate mudstone facies of the 

offshore transition, whereas the siliciclastic offshore transition (FA) has no trace fossils 

(Fig. 5.17).  

 Spathian strata (FA3) are characterized by a trace fossil assemblage comprising 

Didymaulichnus, Palaeophycus, Planolites, and Rhizocorallium (Fig. 5.17). Planolites 

and Palaeophycus are the two dominant traces, although Rhizocorallium was also found 

forming one dense horizon (Fig. 5.9E). Trace fossil assemblages in the Anisian strata 
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Fig. 5.17 Distribution and abundance of trace fossils and trend of ichnofabric indices 

in the Lower Triassic Tianshengqiao section. Carbonate and siliciclastic facies 

associations (FA) and deposition environment follow Fig. 4.8 and interpretations 

presented in Chapter 4. 
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(FA4; FA6–FA8) show various abundance, with FA4 having the highest ichnodiversity 

comprising large Rhizocorallium, Thalassinoides, Planolites and Palaeophycus (Fig. 

5.17).  FA8 also exhibits preservation of two ichnotaxa (Planolites and Rhizocorallium). 

In contrast, FA7 (siliciclastic shoreface) is devoid of trace fossils. 

 

5.5.2   Ethology    

          For the TS section, ichnogenera in the Griesbachian–Dienerian are mainly 

domichnia (Skolithos) and rare fodinichnia (Planolites and Problematic trace 2). Trace 

fossils in the early Smithian strata (FA3) are represented by fodinichnia (Chondrites, 

Planolites and Trichichnus), pascichnia (Didymaulichnus and Palaeophycus) and rare 

domichnia (Arenicolites and Skolithos). Four other ichnotaxa appeared in the Spathian 

strata (FA3) are fodinichnia (Planolites and Rhizocorallium) and pascichnia 

(Didymaulichnus and Palaeophycus). Similar ichnotaxa such as fodinichnia (Planolites 

and Rhizocorallium) and pascichnia (Palaeophycus) plus one domichinia (Thalassinoides) 

are characteristic of the ichnoassemblage in the overlying early Middle Triassic strata 

(FA4) (Table 5.1). 

 

5.5.3  Bedding plane bioturbation index and ichnofabric index  

          BPBI is low to moderate (BPBI of 2–3) for bedding planes in the basal FA6 in the 

TS section. Moderate to densely populated problematic trace 2 produce BPBI of 2 and 3 

(Fig. Fig. 5.17; Fig. 5.18A). Smithian strata are characterized by a wide range of BPBI, 

with the majority of measured bedding planes characterized by a moderate BPBI of 3. 

BPBI show an increase in the Spathian strata (FA3) with moderate to high BPBI typically 

observed.  
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Fig. 5.18 Number of beds characterized by BPBI 

from 1–5 from strata of different time intervals at 

Tianshengqiao section. A. Griesbachian–Dienerian; 

B. Smithian; C. Spathian. 

 

          

 Griesbachian–Dienerian strata (FA6–FA8) are mostly characterized by non 

bioturbated beds indicating an ii of 1. There are some thin intervals in FA8 where 

abundant problematic trace (P2) are present, in tidal flat heterolithic sandstone-siltstone 

and mudstone facies, giving rise to a moderate ii of 2–3 (Fig. 5.17). Siliciclastic shoreface 

(FA7), which lacks traces, has an ii level of 1. The ii in early Smithian strata (FA3) varies 

from 1 to 5. In contrast, siliciclastic deposits (FA6) are devoid of bioturbation, suggesting 

an ii level of 1. Spathian strata (FA3) show moderate to high ii (2–5). Overlying Anisian 

strata (FA6–FA8) show a marked decrease in bioturbation. Only the subtidal facies (FA4) 

show a moderate to high ii of 3–5 (Fig. 5.17). 
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5.5.4   Burrow size 

        Sizes for widely distributed burrows were measured in the TS section and include 

Planolites, Rhizocorallium and Thalassinoides. Size distributions of these ichnogenera 

are shown in Fig. 5.19 and 5.20.   

 

 

Fig. 5.19 Histograms showing the size distribution of Planolites from strata of different 

intervals labeled as A (Smithian), B (Spathian) and C (Anisian). Note that more than one 

hundred individuals are measured from strata of each time interval. 

 

        

           Planolites are also found in the very fine sandstone of Griesbachian Dienerian 

strata. Only a few individuals are found on exposed bedding planes and have a burrow 

diameter of approximately 1.8 mm on average.  Planolites in Smithian facies is also 

characterized by small sized individuals. Size measurements of Planolites in three short 

intervals together showed a mean size of 3.3 mm (5.19A). There is a mild increase in size 

of Planolites in the Spathian, with an average size at 4.2 mm based on measurements of 
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216 individuals. This mean value reached to 6.9 mm for Planolites measured from the 

Anisian Guanling Formation.  

          Rhizocorallium from Spathian and Anisian strata show a remarkable size difference 

(Fig. 5.20A, C). The average burrow diameter for Rhizocorallium in the Spathian strata 

is 6.5 mm, and burrow width ranges from 6.5 to 17 mm. The mean width of 

Rhizocorallium increased to 51.8 mm for Anisian individuals. The size of these larger 

individuals ranges from 23 to 104 mm. The Anisian specimens of Thalassinoides range 

from 5 to 30 mm in diameter, with a mean size at 18 mm (Fig. 5.20B). The Problematic 

traces that are densely developed in Griesbachian–Dienerian strata only have an average 

burrow size of 0.9 mm (Fig. 5.20D). 

 

 
 

Fig. 5.20 Histograms showing the size distribution of Rhizocorallium and Thalassinoides 

from the Tiansheingqiao section. A) Rhizocorallium from the Anisian strata (FA4). B) 

Thalassinoides from the Anisian strata (FA4). C) Rhizocorallium from the Spathian strata 

(FA3). D) Problematic trace 2 from Griesbachian-Dienerian strata (FA8). 
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5.5.5   Trace fossil complexity and tiering  

           Low trace fossil complexity is characteristic of the Griesbachian–Dienerian strata 

of the TS section with simple horizontal Planolites and vertical Skolithos. There is no 

remarkable increase in trace fossil complexity in the Smithian. Except for the vertical 

burrows of Arenicolites and Skolithos that are preserved in a firmground, the other six 

ichnotaxa are all horizontal traces penetrating to a very shallow depth (< 2 cm). Spathian 

trace fossils include the appearance of U-shaped Rhizocorallium, suggesting an increase 

in complexity although their burrow size is very small (Fig. 5.9E; Fig. 5.20C).  

5.6   Summary of ichnological characteristics  

Trace fossil assemblages and parameters have been described from Lower Triassic 

strata in the Susong (SS) and Tianshengqiao (TS) sections and are summarized in Table 

5.2.  Paleoenvironments and recovery stages interpreted in this study are also included in 

the table.  

Griesbachian–Dienerian offshore carbonate deposition in the Susong area in a 

shelfal setting with sparse to absent bioturbation is consistent with  recovery stage 1 of 

Twitchett (2006) and Pietsch and Bottjer (2014; Table 5.2). The Tianshengqiao area, in 

contrast, was a shallow marine siliciclastic setting but Griesbachian–Dienerian deposition 

was also characterised by absent to low ichnodiversity with simple complexity.  In this 

section, problematic trace 2 is locally abundant (ii of 3; Fig. 5.17), however, the burrow 

size of this unknown ichnotaxon is very small (section 5.5.4).  Similarly, Planolites 

burrows, <2 mm in both sections, are typically smaller than their pre- and post-extinction 

(Middle Triassic) counterparts (e.g. Twitchett, 1999; Zonneveld et al., 2010; Fig. 3.9 in 

Chapter 3) consistent with recovery stage 1 (Table 5.2).   

Shallowing environments (offshore to offshore transition) in the early Smithian in 
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the Susong area show similar features to those from Griesbachian–Dienerian strata and 

are indicative of recovery stage 1 (Table 5.2; Fig. 5.13). Following a deepening event, the 

re-established offshore transition environment records the highest ichnodiversity with 12 

ichnogenera recognised in the late Smithian (Fig. 5.13). Ichnofabric indices are 

dominantly moderate to high. The common presence of vertical burrows and burrow 

systems, together with key ichnotaxa such as Thalassinoides, all point to a marked 

increase in complexity (Fig. 5.14). Although Planolites is consistently small (<5mm), 

Palaeophycus burrows show a gradual increase in size through the Smithian (Fig. 5.15).  

These characteristics are interpreted as recovery stages 3–4 because tiering had not 

returned to pre-extinction depths in the Susong area at this time (Table 5.2).  

In comparison, trace fossil assemblages from early Smithian offshore transition 

carbonate facies deposited in the Tianshenqiao area show low ichnodiversity with only 

six ichnogenera observed.  In particular, all ichnotaxa are horizontal burrows indicating a 

low level of complexity and most of the Smithian facies have low to moderate ichnofabric 

indices and low to moderate BPBI (Figs 5.17; 5.18). Together with small Planolites, these 

characteristics are indicative of recovery stages 2–3 (Fig. 5.17; Table 5.2). It is notable 

that facies deposited by influxes of siliciclastic sediment into these offshore areas, both 

in the Dienerian and early Smithian, display limited bioturbation, however, weathering 

and poor exposure of these facies makes recognition of trace fossils very difficult.  

Assignment to recovery stage 1 is, therefore, tentative (Fig. 5.17; Table 5.2).  

In the Spathian, the subtidal carbonate facies in the Susong area are characterized 

by low overall ichnodiversity, ichnofabric indies and diminutive Planolites, despite local 

Rhizocorallium, suggesting a decline in recovery to stage 2 (Fig. 5.13; Table 5.2). A return 

to carbonate offshore transition environmental conditions in the Spathian, in the 

Tianshengqiao area, shows an increase in bioturbation and recovery stages 2–3 are 

intepreted from the various ichnological parameters (Table 5.2).  
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Shallowing siliciclastic environments recorded by Anisian strata in the 

Tianshengqiao area have low overall ichnodiversity (recovery stage 1) with locally 

elevated ichnofabric indices in the upper sandy tidal flat association (Fig. 5.17). This 

association also features multiple bivalve horizons. The Anisian Luoping biota, near the 

Tianshengqiao section, contains abundant invertebrate and vertebrate fossils that have 

been interpreted as recording final recovery after the EPME (e.g. Zhang et al, 2009; Hu 

et al., 2011; Chen and Benton, 2012; Benton et al., 2013). Conditions for body fossil vs 

trace fossil preservation are different such that only body fossils or only trace fossils may 

be present (e.g. Buatois and Mángano, 2011, p.12). Abundant disarticulated bivalve shells 

in convex-up position in tidal flat facies in the Tiashengqiao section indicates reworking 

in conditions less favorable for trace-making organisms. Preferential preservation of 

bivalve horizons in the Tianshengqiao section may partly explain the lower ichnodiversity 

in this stratigraphic interval.  There is a notable increase in bioturbation in subtidal 

carbonate facies at the top of the section. This includes development of complex traces 

such as large Rhizocorallium and Thalassinoides and increased size of Planolites burrows 

(average ~7 mm; Figs 5.19, 5.20) and is interpreted as recovery stages 2–3 (Table 5.2). 

 5.7   Facies control on trace fossil assemblages 

It has long been recognized in extinction-recovery studies that changes in 

depositional setting exert a significant control on diversity because many taxa have 

restricted environmental distribution (e.g. Twitchett, 2006). This paleoenvironmental bias 

affects body and trace fossils, therefore, it is important to assess whether the recovery 

stage represented by the trace fossils in the studied sections is a true signal of recovery or 

a change to more favorable environment/s. 

A comparison of ichnofacies assemblages from the same paleo-environments from 
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different time intervals provides opportunity to examine facies control. Low energy 

offshore to offshore transition environments dominated by fine grained carbonate and 

mudstone facies (FA2 and FA3) is recognized in the latest Greisbachian–Dienerian/early 

Smithian and late Smithian in the Susong section. The older interval has a very low 

ichnodiversity compared to the diverse ichnoassemblage in the younger interval (Fig. 

5.13). Considerable expansion under more favourable conditions in the late Smithian is 

indicated. Ichnological parameters in FA3 in the Tianshengqiao section also indicate 

improved conditions from the Smithian FA3 to Spathian FA3 (Fig. 5.17). This is 

evidenced by the appearance of Rhizocorallium and the common presence of crinoids 

(Fig. 5.17; see also Fig. 4.8 in Chapter 4). The latter has been regarded as an indicator of 

higher epifaunal tiering, thus suggesting an advanced recovery stage (Twitchett, 2006). 

Sandy tidal flat facies (FA8) in the Tianshengqiao section that developed in the 

Griesbachian–Dienerian and later in the Anisian also show ichnological differences that 

support improved conditions for infaunal organisms. Only small Skolithos and 

problematic traces were found in the older interval whereas large Planolites and 

Rhizocorallium, with common brachiopods and bivalves, characterise the upper interval. 
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CHAPTER 6  

Comparison of ichnoassemblages from various environmental 

settings and implications for infaunal recovery in South China  

6.1   Introduction 

            This chapter presents a comparison of the results of this study with previous 

ichnological studies from other regions of South China and elsewhere globally. Potential 

factors contributing to the disparate recovery of organisms between the Susong and 

Tianshengqiao areas and with other regions in South China are discussed. The stepwise 

recovery model is further examined based on the new trace fossil records combing other 

ichnological data from South China and elsewhere. 

 

6.2   Regional comparison with South China  

          Several ichnological studies have been undertaken on Lower Triassic successions 

in South China with the majority focusing on the Lower Yangtze Sedimentary Province 

in which the Susong section is located (e.g. Liu and Wang, 1990; Yang and Li, 1992; Luo 

et al., 2007; Shi et al., 2009; Zhao and Tong, 2010; Chen et al., 2011). Characteristics of 

trace fossil assemblages from these studies are summarized in Table 6.1. 
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          Chen et al. (2011) documented ichnoassemblages with low ichnodiversity, low 

bioturbation level and shallow tiering from Griesbachian–Dienerian strata in three 

different sections in the Chaohu area (Fig. 6.1). Chen et al. (2011) interpreted these 

ichnoassemblages as recovery stage 1.  Trace fossil characteristics documented from the 

well known Meishan Permian–Triassic boundary section (and global GSSP; Fig. 6.1), in 

offshore facies, also indicate stage 1 in the Griesbachian–Dienerian (Zhao and Tong, 2010; 

Table 6.1). Similar ichnoassemblage in this time interval has also been reported in 

adjacent regions in Lower Yangtze Sedimentary Province (Fig 6.1 and Table 6.1).  

 

 

Fig. 6.1 Early Triassic paleogeographic map of Lower Yangtze Sedimentary 

Province with localities of detailed trace fossil studies. 1) Susong, this study. 

2) Majiashan and Pingdingshan (Chen et al 2011). 3) Yashan (Chen et al., 

2011). 4) Meishan (Zhao and Tong, 2010). 5) Jingxian-Ningguo (Liu and 

Wang, 1990). 
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          Recovery typically remained low in the early Smithian with more marked increases 

in ichnodiversity during the late Smithian and Spathian to recovery stages 3 and 3–4 

(Table 6.2). There are some exceptions to this, for example, the late Smithian trace fossil 

assemblage in offshore transition facies at Yashan is characterised by low ichnodiversity, 

low ichnofabric index and moderate complexity interpreted only as recovery stage of 1–

2 (Table 6.2; Chen et al., 2011). Overall, the interpretations from these sections are 

consistent with the results from the Susong section in this study in which ichnodiversity 

and other trace fossil parameters increase in the late Smithian indicative of higher stage 

recovery. 

Trace fossil studies from the Upper Yangzte Sedimentary Province are less well 

studied (Table 6.1). Lower Triassic trace fossils from Guiyang Province reveal low 

ichnodiversity complexity in offshore settings, suggesting recovery stage 1 (Shi et al., 

2009). There is markedly increase in ichnodiversity in the same studied area in Dienerian 

(Table 6.1). Although there is no increase in trace fossil complexity, this highly diverse 

ichnoassemblage is comparable to some pre- and post-extinction deep-water assemblages 

(Trewin et al., 2002; Yang et al., 2000; Cai et al., 2006). It has been interpreted as 

recording a shift by the trace-making community to a deeper water refugium (Beatty et 

al., 2005). The Anisian Guanling Formation in the Luoping area (Yunnan Province) has a 

diverse ichnoassemblage with high complexity and deep tiering. These features indicate 

recovery stage 4 (pers. comm. Zhang QY, June 2014; Table 6.2). 

 

6.3   Global comparison 

          A substantial number of trace fossil studies have been undertaken on Lower Triassic 

successions around the world, mainly from regions around the Panthalassan, Boreal and 

Tethyan Oceans (see Fig. 1.3). Trace fossil characteristics from these regions are 
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summarized on Table 6.2 and show a much more complex history of recovery. Some trace 

fossil assemblages, such as those from the Griesbachian Dinwoody Formation and 

Smithian Sinbad Limestone Member, have been interpreted as opportunistic communities 

(Fraiser and Bottjer, 2009). These data are difficult to evaluate in terms of recovery stage 

and have not been included in Table 6.2. 

          New trace fossil discoveries in the Griesbachian Werfen Formation indicate an 

advanced level of recovery to stages 3–4 (Hofmann et al., 2013) in contrast to previous 

trace fossil assemblages described and interpreted as recovery stage 1 (Twitchett, 1999; 

Twitchett and Barras, 2004).  An assemblage from the lower Montney Formation 

(Griesbachian) also shows advanced recovery interpreted as stages 3–4 (Zonneveld et al., 

2010). Elsewhere Griesbachian ichnoassemblages only show a recovery stage of 1 or 2 

(Table 6.2). The offshore transition setting of the Dienerian Wefern Formation hosts a 

trace fossil assemblage indicating recovery stage 3–4, which is similar to proximal 

offshore settings from high latitude regions (Table 6.2, Zonneveld et al., 2010). Advanced 

recovery stages (3–4) are inferred from lower shoreface to offshore transition setting in 

the Smithian. There is an expansion of diverse ichnofossil communities in the Spathian, 

which show recovery stages of 3–4 in a shoreface to foreshore setting in addition to the 

offshore transition environment (Twitchett, 1999; Twitchett and Barras, 2004; Mata and 

Bottjer, 2011; Table 6.2). 

 

6.4 Discussion 

6.4.1   Factors controlling infaunal activity following the EPME in South China 

          Ichnological results from both the Susong and Tianshengqiao sections record 

inhibited recovery in the Griesbachian–Dienerian, with all ichnological parameters 

suggesting recovery stage 1 (Susong) and 1–2 (Tianshengqiao) in offshore/offshore  
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transition and sandy tidal flat depositional settings (Table 5.2). Several factors have been 

suggested to explain prolonged biotic recovery in the Early Triassic. These include the 

high sea-surface temperatures, marine anoxia and acidification (e.g. Isozaki, 1997; 

Wignall and Twitchett, 2002; Clapham and Payne, 2011; Sun et al., 2012). The migration 

of anoxic waters from deep to shallow water environments was considered one of the 

significant factors for slow recovery of the marine ecosystem during the earliest Triassic 

(Isozaki, 1997; Kato et al., 2002). In South China, geochemical studies support widely 

distributed anoxic facies in the Lower and Upper Yangtze regions ranging from 

Griesbachian to Smithian in age (e.g. Song et al., 2012; Tian et al., 2014).  Evidence from 

Griesbachian–Dienerian strata in the Susong area may support anoxic/dysoxic marine 

conditions. For example, finely laminated carbonate facies have been suggested as an 

evidence for such conditions (e.g. Wignall and Twitchett, 2002) as is commonly seen in 

the Susong section (Fig. 6.2A). Disseminated pyrite, which is locally abundant at 

particular levels within this facies, may support poorly oxygenated conditions (Fig. 6.2B).  

However, geochemical characterisation of these facies was beyond the scope of this study 

and this tentative suggestion remains to be tested. 

 

 

Fig. 6.2 Finely laminated carbonate mudstone (FA2) in the Griesbachian–Dienerian Yinkeng 

Formation in the Susong section. A) Carbonate mudstone with fine planar laminations (69 m on 

section). B) Photomicrograph (PPL) showing abundant disseminated pyrite crystals in this facies. 
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          The Griesbachian–Dienerian tidal flat and shoreface environment in the 

Tianshengqiao area are less likely to be affected by anoxia because they were subjected 

to tidal and wave processes facilitating oxygenation (e.g. Beatty, 2008; Chen et al., 2012; 

Pietsch and Bottjer, 2014). The restricted trace fossils records may reflect strong 

hydrodynamic conditions in these settings coupled with decreased biodiversity after the 

EPME.  

          Trace fossils in the Susong section show clear evidence of recovery during the late 

Smithian which is not simply a reflection of changing depositional environments (section 

5.7). The recovered community is represented by an ichnoassemblage of an advanced 

stage (3–4) in an offshore transition environment. This assemblage is more diverse than 

some of the Spathian ichnoassemblages that have been considered to record the final 

recovery stage of trace-makers elsewhere (e.g. Twitchett and Barras, 2004; Hofmann et 

al., 2011; Mata and Bottjer, 2011; Table 6.2). The diversification of trace-makers in the 

Susong area supports the ‘habitable zone’ model, which suggests that the wave-aerated 

offshore transition environment produces an optimal, oxygenated zone for benthic 

organism survival (Beatty et al., 2008; Zonneveld et al., 2010). However, the following 

decline in recovery in Spathian strata in the Susong section contrasts with continued 

recovery of trace-making organisms in neighboring regions of the Lower Yangtze 

Sedimentary Province (e.g. Chen et al., 2011).   

This decline may reflect the effects of shallowing (relative sea-level fall) during 

peak high temperatures at the Smithian/Spathian boundary (Sun et al., 2012).  Spathian 

strata in the Susong section record deposition in a subtidal environment. Organisms in 

this shallow habitat are likely to be more vulnerable to stress induced by high sea-surface 

temperatures and potentially shallower, more saline lagoons with or without prolonged 

subaerial exposure, than the deeper offshore transition setting. Hence recovery was 

impacted.  Similarly, environmental stress from these sea-surface temperatures may have 
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also impacted recovery of shallow peritidal benthic organisms as reflected in the low 

diversity body fossil records of the Smithian Sinbad Limestone of the western USA (e.g. 

Pietsch and Bottjer, 2014).  

          The prolonged deleterious environmental conditions (e.g. anoxia, high sea-surface 

temperatures, ocean acidification) caused a worldwide proliferation of ecological 

opportunists during the Early Triassic (Harries et al., 1996; Fraiser and Bottjer, 2007; 

Zonneveld et al., 2007). Opportunistic strategies of infaunal organisms, deduced from  

trace fossil records, are shown by low diversity, overall low levels of bioturbation, and 

locally high density of small-sized vertical, horizontal, non-branching burrows made by 

suspension feeders (Fraiser and Bottjer, 2009). Investigation of trace fossil records in the 

Smithian strata in the Tiangshenqao section suggets that ichnoassemblages in this area 

probably represent opportunistic behaviors based on small-sized horizontal burrows, low 

to moderate bioturbation levels and shallowed tiering. Horizontal burrows of Planolites 

show an obvious reduction in diameter to a size that is much smaller than those from the 

Middle Triassic in the Tianshengqiao section and individuals from other Middle Triassic 

localities (Figs 3.9 and 5.19).  In contrast, the diverse ichnoassemblage in late Smithian 

strata of the Susong section, together with high ichnodiversity, moderate to high BPBI 

and ii level, and gradual size increase in Palaeophycus, precludes its origin from the 

activities of opportunistic communities.  

          From the recovery model of Twitchett (2006) and Pietach and Bottjer (2014), trace 

fossils in Tianshengqiao section show protracted recovery through the Early Triassic, 

never exceeding stage 2 (Table 5.2). It is possible that episodic siliciclastic sediment 

influx from the western Khadiam continental area might have contributed to the 

contrasting recovery history between the Susong and Tianshengqiao areas.  The latter 

contains a significant proportion of siliciclastic facies associations and was more 

proximal to a siliciclastic source (Fig. 5.17).  Influx of material through soil erosion and 
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bedrock weathering would have potentially increased nutrient flux into the ocean. 

Different recovery stages represented by Lower Triassic trace fossils from SS and 

TS sections might also reflect the different depositional history in each area.  The Susong 

section represents a carbonate slope and platform system that shows overall shallowing 

from offshore to intertidal settings. There is no evidence for in situ reefal margin or reef 

margin shoals which tends to support an overall carbonate ramp system based on the 

Susong data. The Tianshengqiao section records siliciclastic-carbonate deposition with 

more complex higher order flooding events indicated. Overall deepening from sandy tidal 

flat to offshore setting occurred in the Griesbachian–Smithian (Fig. 5.17). Deepening is 

matched by upward increasing trace fossil parameters suggesting that environmental 

conditions were improving. The Spathian to Anisian shallowing trend is matched by an 

upward decrease in trace fossil parameters but with increasing body fossil preservation in 

this section (Fig. 5.17).  A flooding event in the mid to late Anisian established more 

favourable conditions for infaunal organisms. 

  

6.4.2   Recovery of trace-making organisms in South China and elsewhere 

           New trace fossil materials combined with previous ichnological studies from 

South China suggest a complex history of recovery of trace-making organisms in the 

eastern Paleotethys Ocean. This is supported by observations that trace fossil assemblages 

from the same time intervals indicate contrasting behaviours and recovery stages in the 

Early Triassic. Marked recovery in the late Smithian in the Susong area (stage 4) contrasts 

with the Tianshengqiao area that is characterized by the activities from opportunistic 

communities.  Furthermore, late Smithian strata from areas near the Susong section also 

exhibit ichnoassemblages with low diversity, low ichnofabric indices and complexity 

(stage 2; Table 6.1).  

          The contrasting recovery rate among track makers is further highlighted by 
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comparing ichnological materials from South China with those from elsewhere. Offshore 

transition environments with advanced recovery stages (3–4) have been described from 

both low- and high-latitude regions (Zonneveld et al., 2010). This clearly contasts with 

Griesbachian–Dienerian ichnoassemblages from South China. Such early recovery of 

trace makers in these other regions probably represent preferential development of 

habitable zones notably where oxic conditions were re-established in the earliest Triassic 

(e.g. Twitchett, 1999; Hofmann et al., 2011). 

6.4.3   Re-evaluation of the Four-stage Recovery Model of Twitchett (2006) 

        The generalized recovery model of Twitchett (2006) has provided a practical scheme 

to evaluate the process of biotic recovery during the Early Triassic (Pietsch and Bottjer, 

2014). The four-stage recovery model was based on empirical observations of interaction 

of both trace-fossil makers and shelly fossils within their shallow marine environment 

(Twitchett, 2006; see also Fig. 3.2). Trace fossil studies from some regions, for example 

South China, support this stepwise recovery model (Chen et al., 2011).  In this study, the 

Tianshegnqiao section ichnological record shows protracted recovery over the entire 

Early Triassic. Other studies (e.g. Table 6.2) do not support the stepwise model and the 

Susong section in this study shows a substantial diversification in trace-making organisms 

in the late Smithian followed by a decline in the Spathian subtidal facies.  

     

6.5   Conclusion 

       Ichnological data from both Lower Triassic Susong and Tianshengqiao sections show 

different recovery histories following the EPME. Track-makers in the Susong area 

recovered in the late Smithian but this level of recovery did not continue into the Spathian. 

This decline may have been related to an increase in sea-surface temperatures around the 

Smithian/Spathian boundary although the decline actually appears to pre-date the 
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boundary. In contrast, protracted recovery though the entire Lower Triassic is recorded in 

the Tianshengqiao area. Low recovery stages (1–2) are interpreted in this study from 

Griesbachian–Dienerian trace fossil assemblages in sandy tidal to carbonate offshore 

transition facies associations. Moderately diverse trace fossil assemblages in Smithian 

offshore transition facies suggest opportunistic behavior of track-makers in otherwise 

stressed environmental conditions in the Early Triassic shallow sea.  Wide variations in 

environmental conditions are suggested by the contrasting responses of trace makers in 

the Early Triassic in different parts of South China and elsewhere globally.  
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CHAPTER 7  

Conclusions and Recommendations 

7.1   Conclusions  

            The objective of this project was to document and interpret the history of marine 

ecosystem recovery based on the sedimentology and ichnology of two Lower Triassic 

sections in South China to assess the timing and pattern of biotic recovery of trace makers 

following the end-Permian mass extinction (EPME). Several conclusions derived from 

this study are summarized below. 

         The sections are located on the South China Craton that amalgamated from two 

Precambrian blocks, Yangtze and Cathaysia, to form a single tectonic unit that rifted from 

Gondwana during the early Devonian. By the Early Triassic, the craton was situated at 

low northern paleolatitudes. The two studied sections are Susong in the Lower Yangtze 

and Tianshengqiao in the Upper Yangtze Sedimentary Provinces. The Susong section is 

dominated by carbonate facies of Griesbachian to Spathian age whereas the 

Tianshengqiao section consists of siliciclastic and carbonate facies of Griesbachian to 

Anisian age.   

          A review of global Permian−Triassic compiled trace fossil data shows no change 

in global ichnodiversity or ichnodisparity in the pre- and post-extinction intervals, 

indicating limited long-term effect of the EPME on the behavior of trace makers.  There 

is a substantial increase in global ichnodiversity in moderate- to high-paleolatitude 

regions in contrast to the decrease in global ichnodiversity at low paleolatitudes in the 

Griesbachian. This suggests potential migration of trace makers from equatorial and 



 

Chapter 7 

 

138 

 

low-latitude regions to higher latitudes. Early Triassic ‘habitable zones’ may have been 

preferentially developed in Griesbachian and early Smithian siliciclastic settings in those 

high-latitude regions. Carbonate platform settings appear to have had no development of 

habitable zones especially during the Griesbachian–Dienerian. Comparison of trends in 

global tiering, burrow sizes of Planolites, and regional ichnodiversity records, supports 

faster recovery of trace-making organisms in moderate- to high-latitude regions.  

Facies analysis was undertaken on the two sections to interpret the depositional 

environments and overall depositional history at these sites.  The Susong section is 

composed of five facies associations, namely shelfal (FA1), offshore (FA2), offshore 

transition (FA3), subtidal (FA4) and intertidal (FA5) interpreted as a carbonate ramp 

setting. The section is dominated by fine grained, carbonate-dominated offshore and 

offshore transition facies associations and broadly arranged in an overall shallowing up 

pattern from shelfal to subtidal and intertidal (FA5).  Two smaller scale shallowing up 

patterns separated by a minor deepening event are discerned.  The Tianshengqiao section 

represents a mixed siliciclastic-carbonate shallow marine setting composed of five facies 

associations. These are siliciclastic offshore transition (FA6), shoreface (FA7) and tidal 

flats (FA8) and carbonate-dominated offshore transition (FA3) and subtidal (FA4).  A 

number of deepening events are recognised through the section. 

A comparison of ichnofacies assemblages of different depositional ages and from 

the same paleo-environments in the Susong and Tianshengqiao sections suggests that the 

temporal changes in the assemblages are not simply reflecting facies control.  Trace fossil 

records from both sections indicate delayed recovery of trace makers in both deeper 

(shelfal) and shallower (subtidal–intertidal) marine settings. Inhibited recovery in 

offshore to offshore transition settings in the Susong area may reflect widespread shallow 

marine anoxia/dysoxia in the South China ocean. The low recovery stage represented by 

poor trace fossil records from shallower tidal flat to shoreface settings may, at least in 



 

Conclusions and recommendations 

 

139 

part, reflect hydrodynamic conditions in these settings together with reduced biota in the 

earliest Early Triassic.  There is a marked recovery of trace makers in the late Smithian 

offshore transition environment in the Susong area, with ichnological parameters 

indicating recovery stages 3–4. This observation supports the ‘habitable zone’ model in 

which a hospitable habitat exists for organisms in these settings. However, this is followed 

by a decline in recovery of trace makers in Spathian strata in the Susong area, which may 

have been in response to an increase in sea-surface temperatures around the 

Smithian/Spathian boundary interval (e.g. Sun et al., 2012).  

In contrast, Smithian trace fossils from similar facies in the Tianshengqiao area 

only suggest recovery stages 1 or 2, and locally 3.  This lower recovery level of trace 

makers relative to the Susong area may reflect stresses induced by proximity to 

landmasses and periodic influx of continental-derived sediment into these offshore areas.  

Although trace fossils do not show full recovery in this section, body fossils in Anisian 

strata in the Tianshengqiao area, and observations from the nearby Luoping area, show 

that the marine ecosystem had recovered fully from the EPME.  Comparison of Lower 

Triassic trace fossils from Susong and Tianshengqiao with other regions in South China 

and elsewhere globally suggest a diachronous pattern of recovery phases of trace makers 

in different regions indicating complex controls on ecosystem recovery. These include 

regional paleogeographic and paleooceanographic controls on factors such as 

depositional setting, nutrient supply and timing of re-establishment of oxic facies.   

 

7.2   Recommendations for future work 

          Lower Triassic trace fossils have been substantially studied herein at the two sites; 

however, further work can be undertaken to deepen understanding of the responses of 

infaunal organisms to environmental stresses that influenced biotic recovery following 
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the EPME.  Lower Triassic strata globally show evidence for reduced sediment 

disturbance raising the question of whether there is a loss of mixed layer from the EPME 

(Mata and Bottjer, 2008; Fraiser and Bottjer, 2009; Buatois and Mángano, 2011b, 2013). 

In addition, the common occurrence of microbially induced sedimentary structures (e.g. 

microbialites and wrinkle structures) in the Early Triassic is most likely the result of 

decreased invertebrate grazing and infaunalization (Pruss and Bottjer, 2004; Zonneveld 

et al., 2010). Whether the loss of mixed layer during the Early Triassic is a ubiquitous 

phenomenon or more heterogeneously distributed remains to be answered. 

 

7.2.1   Combined geochemical and ichnological studies  

          Geochemical studies are being increasingly used to provide important evidence 

regarding paleoenvironmental conditions including such as degree of ocean toxicity (e.g. 

anoxia and euxinia, acidification, sea-surface temperatures). There is opportunity to 

integrate geochemical data from Lower Triassic stratigraphic sections in South China that 

could provide greater insight into environmental stresses in which to further consider the 

responses of trace-making organisms.  Techniques such as stable oxygen isotopic studies 

using conodont apatite woud be helpful for establishing patterns of temperature change. 

Modern observations show a strong influence by bioturbation on ecosystem 

function through complex biogeochemical interactions. In particular, bioturbation may 

influence C:P ratios in sediments and the transfer of organic nitrogen (NH4
-) into the water 

column (e.g. Lohrer et al., 2004; Boyle et al., 2014). The Early Triassic is characterized 

by prolonged excursions in stable carbon and sulfur isotopes (e.g. Payne et al., 2004; 

Kampschulte and Strauss, 2004; Horacek et al., 2010) and it remains a topic of future 

work to establish if there is a direct link between the loss of the mixed layer and anomalies 

in element cycling during the Early Triassic. 
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7.2.2   Trace fossil studies on pre-extinction and post-extinction intervals  

          Determining the timing and pattern of biotic recovery following the EPME relies 

heavily on comparison of trace fossil records from pre-extinction and post-extinction 

intervals. There have been substantial efforts to document trace fossil records from the 

Lower Triassic all over the world, however, few detailed and comprehensive ichnological 

studies have been undertaken on Late Permian trace fossils. Attention also needs to be 

paid to trace fossil records from the Middle Triassic. Well preserved biota, e.g. from the 

Anisian Gaunling Formation in southwestern China, may represent a fully recovered 

marine ecosystem (e.g. Zhang et al., 2009; Hu et al., 2011; Chen and Benton, 2012; 

Benton, 2014). Such localities provide an opportunity to examine behaviors of trace-

making organisms in stabilized ecosystems in pre- and post-extinction intervals regionally. 
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Appendix 3.1 Summarized number of ichnogenera from P–Tr interval based on established 

trace fossil database. 

Ichnogenus 

(Late Permian) 

No.  References Remarks 

Arenicolites 1 Knaust, 2010; Nabbefeld et al., 2010  

Asterosoma 2 Knaust, 2010  

Balanoglossites 3 Knaust, 2010  

Bergaueria 4 Lima and Netto, 2012  

Catenichnus 5 Zonneveld et al., 2007  

Chondrites 6 Wignall et al., 1998; Yang and Gao, 2000  

Cochlichnus 7 Lima and Netto, 2012  

Conichnus 8 Knaust, 2010  

Cruziana 9 Skwarko and Seilacher, 1993; Lima and Netto, 

2012 

 

Cylindrichnus 10 Knaust, 2010  

Cylindricum 11 Skwarko and Seilacher, 1993  

Dendrotichnium 12 Yang and Gao, 2000  

Didymaulichnus 13 Skwarko and Seilacher, 1993  

Diplocraterion 14 Wignall et al., 1998; Twitchett, 1999; 

Twitchett and Barras, 2004; Knaust, 2010; 

Lima and Netto, 2012 

 

Diplopodichnus 15 Lima and Netto, 2012  

Gastrochaenolites 16 Knaust, 2010  

Gordia 17 Yang and Gao, 2000  

Helminthopsis 18 Lima and Netto, 2012  

Lingulichnus 19 Zonneveld et al., 2007  

Lockeia 20 Lima and Netto, 2012  

Lophoctenium 21 Yang and Gao, 2000  

Macaronichnus 22 Knaust, 2010  

Megagrapton 23 Yang and Gao, 2000  

Multina 24 Lima and Netto, 2012  

Nereites 25 Yang and Gao, 2000  

Oldhamia 26 Lima and Netto, 2012 only restricted in the Cambrian 

Palaeophycus 27 Twitchett et al., 2001 (Geo Jour); Twitchett 

and Barras, 2004; Lima and Netto, 2012 

 

Palaeosabella 28 Knaust, 2010  

Paleoscolytus 29 Yang and Gao, 2000  

Parahaentzschelinia 30 Knaust, 2010  

Planolites 31 Wignall et al., 1998; Twitchett, 1999; 

Twitchett et al., 2001 (Geo Jour); Twitchett 

and Barras, 2004; Gates et al., 2004; Knaust, 

2010 

 

Phycodes 32 Yang and Gao, 2000  

Phymatoderma 33 Lima and Netto, 2012  

Phycosiphon 34 Knaust, 2010  

Protopaleodictyon 35 Yang and Gao, 2000  

Rhizocorallium 36 Twitchett, 1999; Twitchett et al., 2001 (Geo 

Jour); Twitchett and Barras, 2004 

 

Rosselia 37 Knaust, 2010  

Scolicia 38 Skwarko and Seilacher, 1993  

Siphonichnus 39 Knaust, 2010  

Skolithos 40 Twitchett, 1999; Twitchett and Barras, 2004; 

Gates et al., 2004 

 

Taenidium 41 Knaust, 2010  

Teichichnus 42 Knaust, 2010; Lima and Netto, 2012  

Trypanites 43 Knaust, 2010  

Thalassinoides 44 Kamola and Chan, 1988; Wignall et al., 1995; 

Cao and Shang, 1998; Knaust, 2010; Lima and 

Netto, 2012 

 

Zoophycos 45 Knaust, 2010; Wignall et al., 1995; Wignall et 

al., 1998; Twitchett, 1999; Twitchett and 

Barras, 2004; Gates et al., 2004 
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Appendix 3.1 (continued) Summarized number of ichnogenera from P–Tr interval based 

on established trace fossil database. 

Ichnogenus 

(Griesbachian) 

No

. 

References Remarks 

Arenicolites 1 Fraiser and Bottjer, 2009; Twitchett and Barras, 2004  

Asteriacites 2 Fraiser and Bottjer, 2009  

Asterosoma 3 Zonneveld et al., 2010  

Aulichnites 4 Zonneveld et al., 2010 Junior synonym 

of 

Psammichnites 

Catenichnus 5 Twitchett and Wignall, 1996; Twitchett and Barras, 2004; Hofmann et 

al., 2011; Wignall and Twitchett, 2002 

 

Chondrites  6 Zonneveld et al., 2002 (abstrac)  

Cochlichnus 7 Twitchett and Wignall, 1996; Twitchett and Barras, 2004  

Conichnus 8 Zonneveld et al., 2010  

Cruziana 9 Zonneveld et al., 2010; MacNaughton and Zonneveld, 2010  

Curvolithus 10 Hofmann et al., 2011  

Cylindrichnus 11 Zonneveld et al., 2010  

Didymaulichnus 12 Zonneveld et al., 2010; MacNaughton and Zonneveld, 2010  

Diplichnites 13 Zonneveld et al., 2010; Fraiser and Bottjer, 2009  

Diplocraterion 14 Zonneveld et al., 2010; Fraiser and Bottjer, 2009; MacNaughton and 

Zonneveld, 2010 

 

Fustiglyphus 15 Zonneveld et al., 2010  

Gordia 16 Hofmann et al., 2013  

Gyrochorte 17 MacNaughton and Zonneveld, 2010  

Haentzschelinia 18 Beatty et al., 2005a (abstract)  

Halopoa 19 Zonneveld et al., 2010  

Helicodromites 20 Zonneveld et al., 2010  

Helminthopsis 21 Zonneveld et al., 2010; MacNaughton and Zonneveld, 2010; Hofmann et 

al., 2011 

 

Kouphichnium 22 Beatty et al., 2005a (abstract)  

Lingulichnus 23 Zonneveld et al., 2007  

Lockeia 24 Zonneveld et al., 2010; Twitchett and Barras, 2004; Hofmann, et al., 

2011; MacNaughton and Zonneveld, 2010 

 

Megagrapton 25 Twitchett and Barras, 2004  

Monomorphichnus 26 Zonneveld et al., 2010; MacNaughton and Zonneveld, 2010  

Palaeophycus 27 Zonneveld et al., 2010; Twitchett and Barras, 2004; Hofmann, et al., 

2011 

 

Phycodes 28 Zonneveld et al., 2010; Twitchett and Barras, 2004; MacNaughton and 

Zonneveld, 2010 

 

Piscichnus 29 Zonneveld et al., 2010  

Planolites 30 Twitchett and Wignall, 1996; Zonneveld et al., 2010; Fraiser and Bottjer, 

2009; Twitchett and Barras, 2004; Hofmann, et al., 2011; Wignall and 

Twitchett, 2002 

 

Protovirgularia 31 Zonneveld et al., 2010  

Phycosiphon 32 Zonneveld et al., 2010  

Rhizocorallium 33 Zonneveld et al., 2010; Fraiser and Bottjer, 2009; Hofmann, et al., 2011  

Rosselia 34 Zonneveld et al., 2010  

Rusophycus 35 Zonneveld et al., 2010;MacNaughton and Zonneveld, 2010  

Scolicia 36 Zonneveld et al., 2010  

Skolithos 37 Zonneveld et al., 2010; Twitchett and Barras, 2004; Hofmann, et al., 

2011 

 

Spongeliomorpha 38 Zonneveld et al., 2010; MacNaughton and Zonneveld, 2010  

Sublorenzinia 39 MacNaughton and Zonneveld, 2010  

Taenidium 40 Hofmann et al., 2011  

Teichichnus 41 Zonneveld et al., 2010; MacNaughton and Zonneveld, 2010  

Thalassinoides 42 Zonneveld et al., 2010; Hofmann et al., 2011; Wignall and Twitchett, 

2002 

 

Treptichnus 43 Zonneveld et al., 2010  

Trichophycus 44 Zonneveld et al., 2010  

Unarites 45 Twitchett and Barras, 2004 Senior synonym 

of Megagrapton 
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Appendix 3.1 (continued) Summarized number of ichnogenera from P–Tr interval 

based on established trace fossil database. 

Ichnogenus 

(Dienerian) 

No. References Remarks 

Arenicolites 1 Twitchett and Barras, 2004  

Asteriacites 2 Twitchett and Barras, 2004; Twitchett and Wignall, 1996  

Catenichnus 3 Twitchett and Wignall, 1996; Twitchett and Barras, 2004  

Cochlichnus 4 Twitchett and Barras, 2004  

Conichnus 5 Zonneveld et al., 2010  

Cruziana 6 Zonneveld et al., 2010  

Cylindrichnus 7 Zonneveld et al., 2010  

Dendrotichnium 8 Twitchett and Wignall, 1996  

Diplichnites 9 Twitchett and Barras, 2004  

Diplocraterion 10 Twitchett and Barras, 2004; Zonneveld et al., 2010; Twitchett 

and Wignall, 1996 

 

Helminthopsis 11 Zonneveld et al., 2010  

Lingulichnus 12 Zonneveld et al., 2007  

Lockeia 13 Twitchett and Wignall, 1996; Twitchett and Barras, 2004; 

Zonneveld et al., 2010 

 

Palaeophycus 14 Twitchett and Barras, 2004  

Phycodes 15 Twitchett and Wignall, 1996; Twitchett and Barras, 2004  

Planolites 16 Zonneveld et al., 2010; Chen et al., 2011  

Skolithos 17 Twitchett and Wignall, 1996; Twitchett and Barras, 2004; 

Zonneveld et al., 2010 

 

Teichichnus 18 Zonneveld et al., 2010  

Treptichnus 19 Chen et al., 2011  

Thalassinoides 20 Zonneveld et al., 2010  

Unarites 21 Twitchett and Barras, 2004 Senior synonym of 

Megagrapton 
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Appendix 3.1 (continued) Summarized number of ichnogenera from P–Tr interval based on 

established trace fossil database. 

Ichnogenus 

(Smithian) 

No. References Remarks 

Arenicolites 1 Fraiser and Bottjer, 2009; Chen et al., 2011; Midwinter, 

2012; Chen et al., 2012 

 

Asteriacites 2 Twitchett and Barra, 2004  

Beaconites 3 Chen et al., 2011  

Cochlichnus 4 Twitchett and Wignall, 1996; Twitchett and Barra, 2004; 

Chen et al., 2011 

 

Didymaulichnus 5 Chen et al., 2012  

Diplichnites 6 Fraiser and Bottjer, 2009; Chen et al., 2012  

Diplocraterion 7 Twitchett and Wignall, 1996; Twitchett and Barra, 2004; 

Midwinter, 2012; Chen et al., 2012 

 

Gyrochorte 8 Fraiser and Bottjer, 2009  

Gordia 9 Chen et al., 2011  

Laevicyclus 10 Chen et al., 2012  

Lingulichnus 11 Zonneveld et al., 2007  

Lockeia 12 Chen et al., 2012  

Kouphyichnium 13 Chen et al., 2011  

Ophiomorpha?? 14 Chen et al., 2012  

Palaeophycus 15 Twitchett and Barras, 2004; Fraiser and Bottjer, 2009; 

Chen et al., 2011 

 

Planolites 16 Twitchett and Barras, 2004; Fraiser and Bottjer, 2009; 

Chen et al., 2011 

 

Psilonichnus 17 Midwinter, 2012  

Radichnus 18 Luo and Chen, 2014  

Rhizocorallium 19 Fraiser and Bottjer, 2009  

Scalpoichnus 20 Luo and Chen, 2014  

Scoyenia 21 Midwinter, 2012 Scoyenia is restricted to 

continental environment 

Skolithos 22 Twitchett and Barras, 2004; Fraiser and Bottjer, 2009; 

Midwinter, 2012 

 

Taenidium 23 Chen et al., 2012  

Thalassinoides 24 Fraiser and Bottjer, 2009; Midwinter, 2012; Chen et al., 

2012 

 

Treptichnus 25 Chen et al., 2011; Chen et al., 2012  
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Appendix 3.1 (continued) Summarized number of ichnogenera from P–Tr interval 

based on established trace fossil database. 

Ichnogenus 

(Spathian) 

No. References Remarks 

Archaeonassa 1 Chen et al., 2011 (Problematic)  

Arenicolites 2 Simo and Olsavsky, 2007; Mata and Bottjer, 2011; Chen 

et al., 2011 

 

Asteriacites 3 Twitchett and Wignall, 1996; Pruss and Bottjer, 2004; 

Twitchett and Barras, 2004; Mata and Bottjer, 2011 

 

Asterosoma 4 Mata and Bottjer, 2011  

Beaconites 5 Chen et al., 2011  

Chondrites 6 Chen et al., 2011  

Circulichnus 7 Zhao XM, Personal communication  

Conichnus 8 Mata and Bottjer, 2011; Hofmann et al., 2013  

Cruziana 9 Hofmann et al., 2013  

Cylindrichnus 10 Mata and Bottjer, 2011  

Diplichnites 11 Hofmann et al., 2013  

Diplocraterion 12 Twitchett and Wignall, 1996; Twitchett and Barras, 

2004; Simo and Olsavsky, 2007; Mata and Bottjer, 2011; 

Chen et al., 2011; Hofmann et al., 2013 

 

Furculosus 13 Chen et al., 2011  

Gyrochorte 14 Pruss and Bottjer, 2004; Mata and Bottjer, 2011; 

Hofmann et al., 2013 

 

Helminthopsis 15 Mata and Bottjer, 2011  

Laevicyclus 16 Pruss and Bottjer, 2004  

Lingulichnus 17 Zonneveld et al., 2007  

Lockeia 18 Twitchett and Wignall, 1996; Twitchett and Barras, 

2004; Mata and Bottjer, 2011; Hofmann et al., 2013 

 

Monocraterion 19 Chen et al., 2011  

Oldhamia 20 Zhao et al., 2015 Only confined to the 

Cambrian 

Ophiomorpha 21 Hofmann et al., 2013  

Palaeophycus 22 Twitchett and Wignall, 1996; Twitchett and Barras, 

2004; Chen et al., 2011; Hofmann et al., 2013 

 

Planolites 23 Twitchett and Wignall, 1996; Pruss and Bottjer, 2004; 

Twitchett and Barras, 2004; Mata and Bottjer, 2011; 

Chen et al., 2011; Hofmann et al., 2013 

 

Rhizocorallium 24 Twitchett and Wignall, 1996; Pruss and Bottjer, 2004; 

Twitchett and Barras, 2004; Worsley and Mork, 2001; 

Mata and Bottjer, 2011; Chen et al., 2011 

 

Skolithos 25 Twitchett and Wignall, 1996; Twitchett and Barras, 

2004; Simo and Olsavsky, 2007; Hofmann et al., 2013 

 

Spongeliomorpha 26 Hofmann et al., 2013  

Treptichnus 27 Zhao XM, Personal communication  

Trichichnus 28 Luo PhD thesis (TSQ and SS)  

Taphrhelminthopsis 29 Chen et al., 2011  

Thalassinoides 30 Pruss and Bottjer, 2004; Mata and Bottjer, 2011;  Chen et 

al., 2011; Hofmann et al., 2013 
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Appendix 3.1 (continued) Summarized number of ichnogenera from P–Tr interval based 

on established trace fossil database. 

Ichnogenus 

(Anisian) 

No. References Remarks 

Archaeonassa 1 Chrzastek, 2013  

Arenicolites 2 Pollard, 1981  

Barrenjoeichnus 3 Naing, 1990 Ichnotaxonomic status is 

controversial 

Balanoglossites 4 Szulc, 2000; Knaust, 2004; 2010; Chrzastek, 2013; 

Jaglarz and Uchman, 2010;  

 

Bergaueria 5 Zhang and Li, 1998 CHN  

Bifungites 6 Naing, 1990  

Chirotherium 7 Pollard, 1981 Vertebrate trace 

Chondrites 8 Yang and Sun, 1982; Naing, 1991; Zhang and Li, 1998; 

Szulc, 2000; Mork an Bromley, 2008 

 

Cochlichnus 9 Knaust, 2010 (Lethaia)  

Colichnites 10 Naing, 1991  

Ceratomorpha 11 Yang and Sun, 1982, CHN  

Cosmorhaphe 12 Zhang and Li, 1998  

Cylindrycum ?? 13 Szulc, 2000  

Curvolithus-like 

trace 

14 Knaust, 2010 (Lethaia)  

Dikoposichnus 15 Zhang et al., 2014 Ichnotaxonomic status is 

controversial 

Diplocraterion 16 Pollard, 1981  

Gastrochaenolites 17 Chrzastek, 2013  

Glockeria 18 Zhang and Li, 1998  

Gyrolithes 19 Yang and Sun, 1982, CHN  

Imbrichnus 20 Naing, 1991  

Isopodichnus 21 Pollard, 1981; Zhang et al., 2014 Junior synonym of Cruziana/ 

Rusophycus 

Lingulichnus 22 Pollard, 1981; Zonneveld et al., 2007  

Helminthopsis 23 Zhang and Li, 1998 CHN  

Megagrapton 24 Zhang YQ, Per. Commu.  

Muensteria 25 Zhang and Li, 1998 CHN Junior synonym of 

Taenidium 

Palaeophycus 26 Szulc, 2000; Mork and Bromley, 2008; Chrzastek, 2013  

Pelecypodichnus 27 Naing, 1991  

Pholeus 28 Szulc, 2000  

Planogloba 29 Szulc, 2000  

Planolites 30 Szulc, 2000; Chrzastek, 2013  

Phycodes 31 Pollard, 1981; Jaglarz and Uchman, 2010  

Phycosiphon 32 Mork and Bromley, 2008; Jaglarz and Uchman, 2010  

Polykladichnus 33 Mork and Bromley, 2008; Knaust, 2010 (Lethaia)  

Protovirgularia  34 Chrzastek, 2013   

Radulichnus 35 Kanust, 2010 (Lethaia)  

Rhizocorallium 36 Yang and Sun, 1982; Szulc, 2000; Knaust, 2004; Mork 

and Bromley, 2008; Kowal-Linka and Bodzioch, 2011; 

Chrzastek, 2013 

 

Scalarituba 37 Naing, 1991 Preservational variant of 

Nereites 

Scoyenia 38 Naing, 1991  

Skolithos 39 Naing, 1991; Chrzastek, 2013; Mork and Bromley, 2008  

Spirophycos 40 Zhang and Li, 1998  

Spongeliomorpha 41 Baud, 1976; Naing, 1991  

Taenidium 42 Mork and Bromley, 2008  

Teichichnus 43 Mork and Bromley, 2008  

Terricolichnus 44 Knaust, 2010 (Lethaia)  

Talpina 45 Szulc, 2000  

Teichichnus 46 Szulc, 2000  

Thalassinoides 47 Yang and Sun, 1982; Zhang and Li, 1998; Szulc, 2000; 

Chrzastek, 2013 

 

Torrowangea 48 Knaust, 2010 (Lethaia)  

Trypanites 49 Szulc, 2000; Chrzastek, 2013  

Undichna 50 Zhang YQ, Per. Commu.  

Zoophycos 51 Zhang and Li, 1998; Knaust, 2004  
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Appendix 3.1 (continued) Summarized number of ichnogenera from P–Tr interval based 

on established trace fossil database. 

Ichnogenus 

(Ladinian) 

No. References Remarks 

Arenicolites 1 Baud, 1976; Zonneveld et al., 1997; Zonneveld et al., 2001  

Asteriacites  2 Zonneveld et al., 2007;   

Asterosoma 3 Gibson, 1971; Willis and Moslow, 1994  

Balanoglossites 4 Knaust and Costamagna, 2012  

Bergaueria 5 Cai et al., 2006; Zonnevled et al., 2007  

Circulichnis 6 Cai et al., 2006  

Chondrites 7 Zonneveld et al., 1997; Vaziri and Fursich, 2007; Willis and Moslow, 

1994 

 

Conichnus 8 Zonneveld et al., 2001  

Cosmorhaphe 9 Cai et al., 2006  

Cruziana 10 Zonneveld et al., 2007;Knaust and Costamagna, 2012  

Ctenopholeus 11 Vaziri and Fursich, 2007  

Cylindrichnus 12 Zonneveld et al., 2001; Zonneveld et al., 1997  

Dictyodora 13 Jin and Li, 1995  

Diplocraterion 14 Zonneveld et al., 2001; Zonneveld et al., 1997; Rodriguez-Tovar et al., 

2007; 2008 

 

Fucusopsis 15 Jin and Li, 1995  

Gordia 16 Jin and Li, 1995; Cai et al., 2006  

Gyrochorte 17 Zonneveld et al., 2001  

Gyrolithes 18 Zonneveld et al., 2001  

Lingulichnus 19 Zonneveld et al., 1997  

Helminthoida 20 Jin and Li, 1995 Junior synonym of 

Nereites 

Helminthoidichnites 21 Cai et al., 2006; Knaust and Costamagna, 2012  

Helminthopsis 22 Cai et al., 2006; Zonneveld et al., 1997; Vaziri and Fursich, 2007  

Isopodichnus 23 Zonneveld et al., 1997 Junior synonym of 

Cruziana/ 

Rusophycus 

Laevicyclus 24 Zonneveld et al., 1997; Zonneveld et al., 2001; Vaziri and Fursich, 2007  

Lingulichnus 25 Zonneveld et al., 2007  

Lockeia 26 Zonneveld et al., 1997; Zonneveld et al., 2001; Knaust and 

Costamagna, 2012 

 

Lophoctenium 27 Jin and Li, 1995  

Lorenzinia 28 Vaziri and Fursich, 2007  

Megagrapton 29 Vaziri and Fursich, 2007; Jin and Li, 1995  

Monocraterion 30 Cai et al., 2006; Zonneveld et al., 2001; Willis and Moslow, 1994  

Neonereites 31 Jin and Li, 1995  

Nereites 32 Jin and Li, 1995  

Ophiomorpha 33 Zonneveld et al., 2001; Vaziri and Fursich, 2007  

Palaeodictyon 34 Cai et al., 2006; Jin and Li, 1995; Vaziri and Fursich, 2007  

Palaeophycus 35 Willis and Moslow, 1994; Zonneveld et al., 1997; Cai et al., 2006; 

Zonneveld et al., 2001; Vaziri and Fursich, 2007 

 

Phycosiphon 36 Zonneveld et al., 1997; Cai et al., 2006; Zonneveld et al., 2007  

Planolites 37 Zonneveld et al., 1997; Willis and Moslow, 1994; Knaust and 

Costamagna, 2012 

 

Protopaleodictyon 38 Vaziri and Fursich, 2007  

Protovirgularia 39 Vaziri and Fursich, 2007; Knaust and Costamagna, 2012  

Rhizocorallium 40 Zonneveld et al., 1997; Zonneveld et al., 2001; Rodriguez-Tovar et al., 

2007; 2008; Knaust and Costamagna, 2012 

 

Rosselia 41 Willis and Moslow, 1994; Zonneveld et al., 1997; Zonneveld et al., 

2007 

 

Scalarituba 42 Zonneveld et al., 1997 Preservational 

variant of Nereites 

scolicia 43 Zonneveld et al., 1997  

Siphonites/ 

Siphonichnus 

44 Zonneveld et al., 1997; Zonneveld et al., 2001; Zonneveld et al., 2007  

Skolithos 45 Willis and Moslow, 1994; Zonneveld et al., 1997; Zonneveld et al., 

2001; Zonneveld et al., 2007 

 

Spongeliomorpha 46 Baud, 1976; Zonneveld et al., 1997  

Taenidium 47 Zonneveld et al., 2001; Zonneveld et al., 2007  

Teichichnus 48 Willis and Moslow, 1994; Zonneveld et al., 1997; Zonneveld et al., 

2001; Zonneveld et al., 2007 

 

Terebellina 49 Willis and Moslow, 1994 now regarded as 

body fossil 

Trichichnus 50 Zonneveld et al., 2001; Zonneveld et al., 2007  

Thalassinoides 51 Zonneveld et al., 1997; Zonneveld et al., 2001; Iannace, 2005  
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Appendix 3.2 Compilation of Permian, Early and Middle Triassic ichnofossil diversity (alpha ichnodiversity) 

System 

period 

Stage Age No. of 

ichnogenera 

Member/ 

Formation 

Locality Depositional  

system 

Environment *Paleo-

latitude 

References/superscript 

  
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 Middle 

Triassic 

Ladinian 8 Punta del Lavatoio Fm. Sardinia, Italy carbonate platform mid-ramp low Knaust and Costamagna, 2012 

Ladinian 7 Punta del Lavatoio Fm. Sardinia, Italy carbonate platform Restricted platform low Knaust and Costamagna, 2012 

Ladinian 1 S. Agata Fm. Calabria, Italy carbonate platform foreshore low Iannace, 2005 

Ladinian 11 Ashin Fm. Nakhlak Area, Central Iran siliciclastic shelf deep water low Vaziri and Fürsich, 2007 

Ladinian 2 -- Western Alps, France carbonate platform lagoon low Baud, 1976 

Ladinian 14 Liard Fm. British Columbia, Canada mixed shelf intertidal flats high Zonneveld et al., 2001 

Ladinian 6 Liard Fm. British Columbia, Canada mixed shelf washoverfan-lagoon high Zonneveld et al., 2001 

Ladinian 6 Liard Fm. British Columbia, Canada mixed shelf upper shoreface high Zonneveld et al., 2001 

Ladinian 5 Liard Fm. British Columbia, Canada mixed shelf offshore 

transition/shoreface 

high Zonneveld et al., 2001 

Ladinian 6 Liard Fm. British Columbia, Canada mixed shelf tidal flats high Zonneveld et al., 1997 

Ladinian 4 Liard Fm. British Columbia, Canada mixed shelf back shore/lagoon high Zonneveld et al., 1997 

Ladinian 10 Liard Fm. British Columbia, Canada mixed shelf shoreface high Zonneveld et al., 1997 

Ladinian 6 Liard Fm. British Columbia, Canada mixed shelf offshore high Zonneveld et al., 1997 

Ladinian 13 Liard Fm. British Columbia, Canada mixed shelf offshore transition high Zonneveld et al., 1997 

Ladinian? 10 -- Gansu, China mixed shelf deep sea high Cai et al., 2006 

Ladinian? 11 Bayankelashan Group Qinghai, China mixed shelf deep sea low Cai et al., 2006 

Ladinian 2 Siles Fm. southern Spain carbonate platform inner ramp low Rodríguez-Tovar et al., 2007 

Anisian 4 Meissner Fm. German Basin, Germany carbonate platform mid-ramp low Knaust, 2004 

Anisian 11 Waterstone Fm. North Cheshire, Germany siliciclastic shelf intertidal low Pollard, 1981 

Anisian, Ladinian 26 Lower and Upper 

Muschelkalk 

Germany --- upper shoreface-

foreshore 

high Knaust., 2007 

Anisian 10 -- Qinling, China siliciclastic shelf deep sea high Jin and Li, 1995 

Anisian-Ladinian 11 Heweitan Group Kunlun mountain, Xinjiang, 

China 

siliciclastic shelf deep sea fan high Zhang and Li, 1998 

Anisian 13 Guanling Fm.  Yunnan, China carbonate platform outer ramp low personal communication with QY 

Zhang (June, 2014) 

Anisian 10 Low Muschelkalk Fm. North Sudetic Basin, Poland carbonate platform inner ramp low Chrzastek, 2013 

Anisian 5 Low Muschelkalk Fm. North Sudetic Basin, Poland carbonate platform mid-ramp low Chrzastek, 2013 

Anisian 8 Low Muschelkalk Fm. North Sudetic Basin, Poland carbonate platform outer ramp low Chrzastek, 2013 

Anisian 3 Gogolin Fm. southern Poland carbonate platform mid-ramp low Kowal-Linka and Bodzioch, 2011 

Anisian 5 Guanling Fm. Guizhou, China carbonate platform inner ramp low Yang and Sun, 1982 

Anisian 9 Bravaisberget 
Fm. 

western Spitsbergen, Norway siliciclastic shelf offshore high Mørk and Bromely, 2008 

Anisian-?Lower 

Ladinian 

7 Sulphur Mountain. Fm. western Canada siliciclastic shelf lower shoreface high Gibson, 1971; Zonneveld et al., 2007 

Anisian 7 Gutenstein Limestone Southern Poland carbonate platform mid-ramp low Jaglarz and Uchman, 2010 

Anisian 17 Newport Fm. Sydney basin, Australia siliciclastic shelf shallow marine high Naing, 1990 

Anisian 4 -- Western Alps, France carbonate platform restricted platform low Baud, 1976 

Anisian 10 Newport Fm. Sydney basin, Australia siliciclastic shelf shallow marine high Naing, 1990 

 

 
 

 

 
 

 

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

Lower 

Triassic 

Spathian 7 Werfen Fm. northern Italy mixed shelf lower shoreface low Twitchett and Barras, 2004 

Spathian 6 Hronsek Beds Western Carpathians, Slovakia siliciclastic shelf subtidal low Šimo and Olšavský, 2007; 2013 

Spathian 7 Virgin Limestone Mb. western USA epicontinental sea lower shoreface low Pruss and Bottjer, 2004 

Spathian 3 Virgin Limestone  Mb. western USA epicontinental sea offshore low Pruss and Bottjer, 2004 

Spathian 0 Bac Thuy  Fm.  An Chau Basin, Vietnam caronbate platform lower slope low Komatsu et al., 2014 

Spathian 9 Virgin Limestone Mb. western USA mixed shelf shoreface low Mata and Bottjer, 2011  

Spathian 8 Virgin Limestone Mb. western USA mixed shelf offshore transition low Mata and Bottjer, 2011  

Spathian 1 Virgin Limestone Mb. western USA mixed shelf offshore low Mata and Bottjer, 2011  

Spathian 11 Nanlinghu Fm. Chaohu, Anhui, China carbonate platform mid-ramp  low Chen et al., 2011 

Spathian 6 Virgin Fm. Utah, western USA mixed shelf mid-ramp low Hofmann et al., 2013 

Spathian 8 Virgin Fm. Utah, western USA mixed shelf shoreface low Hofmann et al., 2013 

Spathian 5 Virgin Fm. Utah, western USA mixed shelf lagoon low Hofmann et al., 2013 

Spathian 2 Tvilligodden Fm. Svalbard, Norway siliciclastic shelf Shoreface-offshore 
transition 

high Worsley and Mørk, 2001 

Spathian 5 Jialingjiang Fm.  Sichuan, China carbonate platform inner ramp low Wang, 2010; Zhang and Wang, 2010 

Spathian 7 Jialingjiang Fm. Hubei, China carbonate platform inner ramp low Yang  et al., 1992 

Smithian 8 Sinbad Limestone Mb. western USA epicontinental sea offshore- shoreface low Fraiser and Bottjer, 2009 

Smithian 6 Werfen Fm. northern Italy mixed shelf lower shoreface low Twitchett and Barras, 2004 

Smithian 8 Pell Point Mbr., Bjorne 
Fm. 

Sverdrup Basin, Canada siliciclastic shelf estuarine high Midwinter, 2012 

Smithian 3 Helongshan Fm. Chaohu, Anhui, China carbonate platform mid-ramp low Chen et al., 2011 

Smithian 0 Lang Son Fm.  An Chau Basin, Vietnam carbonate platform  upper slope low Komatsu et al., 2014 

Smithian 7 Helongshan Fm. Chaohu, Anhui, China carbonate platform platform interior low Chen et al., 2011 

Smithian 1 Nanlinghu Fm. Chaohu, Anhui, China carbonate platform outer ramp low Chen et al., 2011 

Smithian 6 Kockatea Fm. Perth Basin, Australia siliciclastic shelf offshore transition high Chen et al., 2012 

Smithian 14 Kockatea Fm. Perth Basin, Australia siliciclastic shelf shoreface high Chen et al., 2012 

Induan 13 Daye Fm. -- carbonate platform abyssal low Beatty et al., 2005c 

Induan 13 Khuff Fm. Persian Gulf, Iran carbonate platform shoal and tidal flats low Knaust, 2010 

Dienerian 2 Yinkeng Fm. Chaohu, Anhui, China carbonate platform outer ramp low Chen et al., 2011 

Dienerian 0 Sulphur Mtn. Fm western Canada siliciclastic shelf offshore transition high Gibson, 1968 

Dienerian 1 Montney Fm. British Columbia, Canada siliciclastic shelf foreshore high Zonneveld et al., 2010a 

Dienerian 9 Montney Fm. British Columbia, Canada siliciclastic shelf offshore high Zonneveld et al., 2010a 

Dienerian 2 Lower sulphur 

Mountain 

western Canada siliciclastic shelf offshore-shoreface high Beatty et al., 2005c 

Dienerian 10 Werfen Fm. northern Italy mixed shelf offshore transition low Twitchett and Barras, 2004 

Griesbachian 3 Montney Fm. British Columbia, Canada siliciclastic shelf offshore  high Zonneveld et al., 2010a 

Griesbachian 30 Montney Fm. British Columbia, Canada siliciclastic shelf offshore transition high Zonneveld et al., 2010a 

Griesbachian 1 Yinkeng Fm. Chaohu, Anhui, China carbonate platform outer ramp low Chen et al., 2011 

Griesbachian ? 4 Kapp starostin Fm. Spitsbergen, Norway siliciclastic shelf offshore transition high Nabbefeld et al., 2010 

Griesbachian 26 Toad Fm. Yukon, western Canada siliciclastic shelf offshore transition high MacNaughton and Zonnevled., 2010 

Griesbachian 5 Toad Fm. Yukon, western Canada siliciclastic shelf offshore  high MacNaughton and Zonnevled., 2010 

Griesbachian 1 Toad Fm. Yukon, western Canada siliciclastic shelf shoreface high MacNaughton and Zonnevled., 2010 

Griesbachian 10 Siksaken Mb. Salbard, Spitsbergen, Norway siliciclastic shelf shoreface high Wignall et al., 1998 

Griesbachian 10 Werfen Fm. northern Italy mixed shelf offshore transition low Twitchett and Barras, 2004 

Griesbachian 10 Werfen Fm. northern Italy mixed shelf offshore transition low Hofmann et al., 2011 

Griesbachian 9 Dinwoody Fm. western USA epicontinental sea offshore low Beatty et al., 2005a 

Griesbachian 6 Dinwoody Fm. western USA epicontinental sea offshore low Fraiser and Bottjer, 2009 

Griesbachian 7 Confederation point -- siliciclastic shelf distal fan high Beatty et al., 2005a 

Griesbachian 5 Lindstrom Creek -- siliciclastic shelf offshore transition high Beatty et al.,  2005a 

Griesbachian 1 Lindstrom Creek -- siliciclastic shelf offshore high Beatty et al., 2005a 

Griesbachian 0 Grayling Fm. -- siliciclastic shelf offshore high Beatty et al., 2005a 

Griesbachian 2 Lower sulphur 
Mountain 

western Canada siliciclastic shelf offshore-shoreface high Beatty et al., 2005a 

Griesbachian 3 Wordie Creek Fm.  Jameson Land, east Greenland mixed shelf lower shoreface high Wignall and Twitchett, 2002 

For multiple descriptions of ichnofossil assemblages from the same rock unit, published journal papers were preferentially included here rather than older conference abstracts. Mixed shelf denotes mixed 

carbonate/siliciclastic shelf; *Paleolatitude: Low represents tropical to subtropical areas within 30 degrees north and 30 degrees south. Moderate/high refers to paleolatitudes above 30 degrees north and 

south. 
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Appendix 3.2 (continued) Compilation of Permian, Early and Middle Triassic ichnofossil diversity (alpha ichnodiversity) 

System 

period 

Stage Age No. of 

ichnogenera 

Member/ 

Formation 

Locality Depositional  

system 

Environment *Paleo- 

latitude 

References/superscript 

 

 

 

 

 

 

 

 

 

 

Upper 

Permian 

Changhsingian 4 Kapp Starostin Fm. Spitsbergen, Norway siliciclastic shelf offshore high Wignall et al., 1998 

Changhsingian 10 Lingru Fm. Guizhou, China siliciclastic shelf deep sea low Yang and Gao, 2000 

Changhsingian 2 Dalung Fm. Sichuan, China carbonate platform outer ramp low Ma et al., 2008 

Changhsingian 3 Schuchert Dal Fm. Jameson Land, Greenland siliciclastic shelf offshore high Twitchett et al., 2001 

Changhsingian 5 Kapp starostin Fm. Spitsbergen, Norway siliciclastic shelf shoreface high Nabbefeld et al., 2010 

Changhsingian 6 Bellerophon Fm. northern Italy mixed shelf shoreface Low Twitchett and Barras, 2004 

Changhsingian 2 Dalung Fm. Sichuan, China carbonate platform basin low Wignall et al., 1995 

Changhsingian 5 Maqam Fm. Northern Oman carbonate platform lower slope low Twitchett and Barras, 2004 

Changhsingian 6 Van Hauen & 

Lindstrom Fm. 

Sverdrup Basin, Canada siliciclastic shelf offshore-lower 

shoreface 

high Zonneveld and Beatty, 2007 

Changhsingian 6 Changxing Fm. Meishan, Zhejiang, China carbonate platform outer ramp low Cao and Shang, 1998; 

Zhao and Tong, 2010 

Wuchiapingian 3 Lindstrom Fm. Sverdrup Basin, Canada carbonate platform outer ramp high Gates et al., 2004 

Wuchiapingian 5 Hardman Fm. Caning Basin, Western Australia siliciclastic shelf shoreface to offshore 

transition 

high Skwarko and Seilacher, 1993 

Lopingian 4 Fantasque Fm. ? siliciclastic shelf basin high? Beatty et al., 2005a 

Lopingian 4 Lindstrom Fm. Sverdrup Basin, Canada carbonate platform mid-ramp high Gates et al., 2004 

Lopingian 21 Khuff Fm.  Persian Gulf, Iran carbonate platform shoal, tidal flat and 

lagoon 

low Knaust, 2010 

Lopingian 3 Rex Chert Fm. ---  ? ? Beatty et al., 2005a 

Lopingian 14 Teresian Fm. Paraná Basin, southern Brazil siliciclastic shelf offshore transition high Lima and Netto, 2012 

 

 

 

 

 

 

Middle 

Permian 

Guadalupian 4 Grayburg Fm. Brokeoff Mountains, Mexico mixed shelf shoreface-offshore  low Fitchen, 1993 

Guadalupian 1 Assitance Fm. Sverdrup Basin, Canada carbonate platform inner ramp high Reid et al., 2007 

Guadalupian 4 Broughton Fm. Sydney Basin, Australia siliciclastic shelf offshore transition high Gong et al., 2008 

Guadelupian 5 Betts Creek Beds Queensland, Australia siliciclastic shelf ? estuary/Coastal 

embayment 

high Allen and Fielding, 2007 

 

Guadalupian 6 Kaibab Fm. Arizona, USA mixed shelf offshore to shoreface low Decourten, 1980 ? 

Guadalupian 10 Brenton Loch Fm. Falkland, South Africa siliciclastic shelf base of slope high Trewin et al., 2002 

Guadalupian 3 Kapp Starostin Fm. Spitsbergen, Norway mixed shelf deep water, basin high Ehrenberg et al., 2001 

Guadalupian 11 Mungadan Sandstone Canning Basin, Western Australia siliciclastic shelf shoreface to offshore 

transition 

high Skwarko and Seilacher, 1993; Lan 

and Chen, 2010 

Guadalupian 3 Maokou Fm. Guangxi, China carbonate platform inner ramp low Li et al., 1986 

Guadalupian 6 -- Gansu, China siliciclastic shelf deep sea low Jin and Li, 1995 

 

 

 

 

 

 

 

 

 

Lower 

Permian 

Cisuralian 12 Collio Fm. northern Italy siliciclastic shelf marginal marine low Avanzini et al., 2011 

Cisuralian? 10 Bayakelashan Group Qinghai, China siliciclastic shelf deep marine high Yang, 1988 

Cisuralian 7 Chase Group Oklahoma, USA mixed shelf marginal marine low Chaplin, 1996 

Cisuralian 1 Wasp Head Fm. Sydney Basin, Australia siliciclastic shelf offshore high McCarthy, 1979 

Cisuralian 9 Wasp Head Fm. Sydney Basin, Australia siliciclastic shelf shoreface high McCarthy, 1979 

Cisuralian 1 Wasp Head Fm. Sydney Basin, Australia siliciclastic shelf foreshore high McCarthy, 1979 

Cisuralian 1 Snapper Point Fm. Southern Sydney Basin siliciclastic shelf offshore high Carey, 1978 

Cisuralian 6 Rio Bonito Fm. Paraná Basin, Brazil siliciclastic shelf tidal dominated 

estuarine 

high Buatois et al., 2007 

Cisuralian 7 Palermo Fm. Paraná Basin, Brazil siliciclastic shelf lower offshore high Buatois et al., 2007 

Cisuralian 5 Sabine Bay Fm. Sverdrup Basin, Canada siliciclastic shelf shoreface high Reid et al., 2007 

Cisuralian 6 Grant Group Canning Basin, Western Australia siliciclastic shelf lower shoreface high Eyles and Eyles, 1998 

Cisuralian 11 Lercara Fm. Western Sicily, Italy siliciclastic shelf deep water low Kozur et al., 1996 

Cisuralian 5 Abo member South-central New Mexico mixed shelf offshore low Mack, 2007 

Cisuralian 14 Palermo Fm. Paraná Basin, Brazil siliciclastic shelf upper offshore high Buatois et al., 2007 

Cisuralian 16 Palermo Fm. Paraná Basin, Brazil siliciclastic shelf offshore transition high Buatois et al., 2007 

Cisuralian 10 Palermo Fm. Paraná Basin, Brazil siliciclastic shelf shoreface high Buatois et al., 2007 

Cisuralian 10 Biyoulety Group Tarim Basin, China mixed shelf deep sea high Ding et al., 2000 

Cisuralian 11 Taiyuan Fm. Henan, China mixed shelf Lagoon, tidal fats high Hu et al., 2010; Song et al., 2012 

Cisuralian 7 Shoushangou Fm. Inner Mongolia, China siliciclastic shelf offshore to basin high Huang et al., 2013 

For multiple descriptions of ichnofossil assemblages from the same rock unit, published journal papers were preferentially included here rather than older conference abstracts. Mixed shelf denotes mixed 

carbonate/siliciclastic shelf; *Paleolatitude: Low represents tropical to subtropical areas within 30 degrees north and 30 degrees south. Moderate/high refers to paleolatitudes above 30 degrees north and 
south. 
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Appendix 3.3 Reported tiering levels represented by penetrating depths from Permian and Middle Triassic strata. 

Epoch Maximum 

penetrating 

depth/cm 

Producing 

ichnotaxa 

Formation Locality Environment *Paleolatitude Reference 

Ladinian 27 Balanoglossites -- Germany shallow marine high Szulc, 2000 

Anisian 42 Rhizocorallium Bravaisberget Fm. western Spitsbergen, 

Norway 

shallow sea high Mørk and Bromely, 2008 

Anisian 30 Thalassinoides Guanling Formation Yunnan, China offshore transition low Zhang QY, pers. comm. 2014 

Anisian 8 Zoophycos Meissner Fm. Germany nearshore high Knaust, 2004 

Anisian 26 Turimettichnus Newport Fm. Sydney Basin, Australia Shallow marine high Naing, 1991 

Anisian 50 Skolithos Newport Fm. Sydney Basin, Australia Shallow marine high Naing, 1991 

Spathian 10-13 Diplocraterion Hronsek Beds Western Carpathians, 
Slovakia 

subtidal low Šimo and Olšavský, 2007 

Spathian 32 Skolithos Bjorn Fm. Sverdrup Basin, Canada intertidal high Midwinter, 2012 

Spathian 13.9 Skolithos Tvilligodden Fm. Svalbard, Norway shallow shelf high Worsley and Mørk, 2001 

Spathian 5  Thalassinoides Moenkopi Fm.  Western USA Lower shoreface-

offshore transition 

low Pruss and Bottjer, 2004 

Spathian 10 Thalassinodies Werfen Fm. Northern Italy shoreface low Twitchett, 1999 

Spathian 5 Thalassinoides Nanlinghu Fm. Anhui, China -- low Chen et al., 2011 

Smithian 62 Arenicolites Sinbad Limestone Utah, USA shoreface /offshore 

transition 

low Olivier et al., 2014 

Smithian 18 Diplocraterion? Sinbad Limestone Mb. western USA offshore- shoreface low Fraiser and Bottjer, 2009 

Smithian 10 -- -- Western USA shoreface low Schubert and Bottjer, 1995 

Smithian 0.8 Diplocraterion? Werfen Fm. Northern Italy shoreface low Twitchett, 1999 

Smithian 0.8 Arenicolites Helongshan Fm. Anhui, China shoreface low Chen et al., 2011 

Smithian 3 Thalassinoides Kockatea shale Fm. Perth Basin, Western 
Australia 

lower shoreface high Chen et al., 2012 

Dienerian 10 Diplocraterion Werfen Fm. Northern Italy offshore transition low Twitchett, 1999; Twitchett and 

Barras, 2004 

Induan 4 Diplocraterion Khuff Fm. Persian Gulf, Iran carbonate platform low Knaust, 2010 

Dienerian 12 Diplocraterion ? Montney Fm. western Canada proximal offshore  high Zonneveld et al., 2010 

Dienerian 0.3 Planolites Yinkeng Fm. Anhui, China outer ramp low Chen et al., 2011 

Griesbachian 1-2 Arenicolites Werfen Fm. Northern Italy offshore transition low Twitchett, 1999; Twitchett and 

Barras, 2004 

Griesbachian 0.3 Planolites Yinkeng Fm. Anhui, China outer ramp low Chen et al., 2011 

Griesbachian 8-12 Diplocraterion Montney western Canada offshore transition high Zonneveld et al., 2010 

Griesbachian 6 Arenicolites Dinwoody Fm. western USA offshore low Fraiser and Bottjer, 2009 

Griesbachian 70 Skolithos/ 

Arenicolites 

Kapp Starostin Fm. Spitsbergen, Norway offshore high Wignall et al., 1998 

*Paleolatitude: Low represents tropical to subtropical areas within 30 degrees north and 30 degrees south. Moderate/high refers to paleolatitudes above 30 

degrees north and south.
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Appendix 3.4 Recorded global distribution of the complex trace Rhizocorallium in the Permian–Triassic strata. 

Series  

Epoch 

Stage Age Formation Locality Depositional Environment/system *Paleo-

latitude 

Reference/s 

 

 

 

 

Middle  

Triassic 

Ladinian Siles Fm. southern Spain offshore transition low Rodríguez-Tovar et al., 2007 

Ladinian Grabfeld Fm/ Meißner Fm. Germany shallow marine low Knaust, 2013 

Ladinian Liard Fm. British Columbia, Canada intertidal-lagoon high Zonneveld et al., 2001 

Anisian Guanling Fm. Yunnan, China Shoreface low personal communication 

Anisian Low Muschelkalk Fm. North Sudetic Basin, Poland carbonate ramp low Chrzastek, 2013 

Anisian  Gogolin Fm. southern Poland carbonate ramp low Kowal-Linka and Bodzioch, 2011 

Anisian Guanling Fm. Guizhou, China intertidal low Yang and Sun, 1982 

Anisian Röt Fm.; Jena Fm. Germay shallow marine/marginal marine low Knaust, 2013 

Anisian Bravaisberget Fm. western Spitsbergen, Norway Shallow marine high Mørk and Bromely, 2008 

Anisian Gutenstein Limestone Southern Poland restricted carbonate ramp low Jaglarz and Uchman, 2010 

Anisian Newport Fm. Sydney basin, Australia shoreface-offshore transition high Naing, 1990 

 

 

 

 

   Early 

 Triassic 

Spathian Werfen Fm/Servino  Fm. northern Italy shoreface low Twitchett and Barras, 2004 

Spathian Moenkopi Fm. southern Nevada, USA lower shoreface-offshore transition low Pruss and Bottjer, 2004; Mata and Bottjer, 

2011 

Spathian Nanlinghu Fm. Chaohu, Anhui, China proximal ramp low Chen et al., 2011 

Spathian Virgin Fm. Utah, western USA lagoon low Hofmann et al., 2013 

Spathian Tvilligodden Fm. Svalbard, Norway shallow shelf high Worsley and Mørk, 2001 

Spathian Jialingjiang Fm. Hubei, China shallow marine low Yang and Li, 1992 

Spathian Jialingjiang Fm. Sichuan ,China offshore low Wang, 2010; Zhang and Wang, 2010 

Smithian Moenkopi Fm. Utah, western USA upper shoreface to offshore low Fraiser and Bottjer, 2009 

Griesbachian Dinwoody Fm. Utah, western USA lower shoreface to offshore low Fraiser and Bottjer, 2009 

Griesbachian Montney Fm. western Canada lower shoreface to offshore high Zonneveld et al., 2010a; 2010b 

Griesbachian Werfen Fm. northern Italy lower shoreface-offshore transition low Hofmann et al., 2011 

Griesbachian  Vardebukta Fm. western Spitsbergen, Norway offshore high Wignall et al.,m 1998 

Griesbachian Toad Fm. Southeastern Yukon, Canada offshore transition high MacNaughton and Zonneveld, 2010 

Upper 

Permian 

Changhsingian Hardman Fm. Canning basin,  Australia shallow marine/paralic condition High Yeates et al., 1984 

Changhsingian Changxing Fm. Meishan, Zhejiang, China carbonate ramp low Zhao and Tong, 2010 

Mid. Permian -- Grayburg Fm. Brokeoff Mountains, Mexico shoreface-offshore  low Fitchen, 1993 

 

Lower 

 Permian 

-- Talchir Fm. Satpura Basin, India outer shelf high Sarkar et al., 2009 

-- Talchir Fm. Raniganj Basin, India marginal shoreface-shelf high Bhattacharya and Bhattacharya, 2007 

-- Qixia Fm. Laibi, Guangxi, China shelf to sublittoral Low Gong et al., 2010 

Sakmarian ? Palermo Fm. Paraná Basin, Brazil offshore-offshore transition high Buatois et al., 2007 

-- Tupe Fm. San Juan, western Argentina restricted bay high Desjardins et al., 2010 

Sakmarian Pebbley Beach Fm. Sydney Basin, Australia lower shoreface high Bann et al., 2004; Fielding et al., 2006 

Sakmarian Chase Group Kay County, Oklahoma, USA marginal marine Low Chaplin, 1996 

Sakmarian Wasp Head Fm. Sydney Basin, Australia shoreface high McCarthy, 1979 

-- Snapper Point Fm. Sydney Basin, Australia foreshore high Carey, 1978 

*Paleolatitude: Low represents tropical to subtropical areas within 30 degrees north and 30 degrees south. Moderate/high refers to paleolatitudes above 30 degrees north 

and south. 
 



197 
 

Appendix 3.5 Recorded global distribution of the complex trace Thalassinoides in the Permian–Triassic strata 

Series  

Epoch 

Stage Age Formation Locality Depositional 

environment/system 

*Paleo-

latitude 

Reference/s 

 

 
 

 

Middle 

Triassic  

Ladinian Liard Fm. British Columbia, Canada lower shoreface high Zonneveld et al., 2001 

Ladinian S. Agata Fm. Calabria, Italy foreshore Low? Iannace, 2005 

Anisian Low Muschelkalk Fm. North Sudetic Basin, Poland middle ramp low Chrzastek, 2013 

Anisian Heweitan Group Kunlun mountain, Xinjiang, China deep sea fan low Zhang and Li, 1998 

Anisian Gutenstein Limestone Southern Poland restricted carbonate ramp low Jaglarz and Uchman, 2010 

Anisian Gogolin Fm. southern Poland carbonate ramp low Kowal-Linka and Bodzioch, 2011 

Anisian Bravaisberget Fm. western Spitsbergen, Norway Shallow sea high Mørk and Bromely, 2008 

Anisian Newport Fm. Sydney basin, Australia shoreface-offshore transition high Naing, 1990 

Anisian Favret Fm. Nevada, USA -- low Huynh and Bottjer, 2000 

Anisian Waterstone Fm. North Cheshire, Germany intertidal low Pollard, 1981 

 

 

 
 

 

Lower 

Triassic 

Spathian Jialingjiang Fm.,  Huangshi, Hubei, China -- low Ma, Huizhen 

Spathian Jialingjiang Fm. Sichuan ,China shoreface low Wang, 2010; Zhang and Wang, 2010 

Spathian Nanlinghu Fm. Chaohu, Anhui, China lower shoreface low Chen et al., 2011 

Spathian Virgin Fm. Southwestern Utah, western USA offshore transition low Hofmann et al., 2013 

Smithian Moenkopi Fm. Utah, western USA shoreface to offshore low Fraiser and Bottjer, 2009 

Smithian Kockatea Shale Fm. Perth Basin, Western Australia lower shoreface high Chen et al., 2012  

Dienerian Montney Fm. western Canada proximal offshore high Zonneveld et al., 2010b  

Griesbachian Montney Fm. western Canada offshore transition high Zonneveld et al., 2010 (Palaios) 

Griesbachian Werfen Fm. northern Italy shoreface-offshore transition low Hofmann et al., 2011 

Griesbachian Feixianguan Fm. Shangsi, Sichuan, China offshore low Wignall et al., 1995 

Griesbachian Vardebukta Fm. western Spitsbergen, Norway offshore high Wignall et al., 1998 

Griesbachian Toad Fm. Southeastern Yukon, Canada offshore transition high MacNaughton and Zonneveld, 2010 

Upper  

Permian 
 

Changhsingian Changxing Fm. Meishan, Zhejiang, China carbonate ramp low Cao and Shang, 1998; Zhao and Tong, 

2010 

Changhsingian Kapp starostin Fm.  Spitsbergen, Norway shoreface high Nabbefeld et al., 2010 

Wuchiapingian- 
Changhsingian 

Teresian Fm. Paraná Basin,southern Brazil shoreface-offshore 
transition 

high Lima and Netto, 2012 

Middle  

Permian 
 

 

Roadian- Wordian Kaibab Fm. Western United States outershelf low Whidden, 1990  

Wordian-

Capitanian 

Betts Creek Beds Queensland, Australia estuary/Coastal embayment high Allen and Fielding, 2007 

Lower  

Permian 

Sakmarian Chase Group Kay County, Oklahoma, USA marginal marine low Chaplin, 1996 

Sakmarian-
Artinskian 

Palermo Fm. Paraná Basin, Brazil Offshore-offshore transition high Buatois et al., 2007 

Sakmarian Pebbley Beach Fm.  Southern Sydney Basin, Australia wave-tidally influenced coastal 

basin 

high Field et al., 2006 

-- -- New Mexico --- low Mack, 2007 

-- QIxia Fm. Laibin, Guangxi, China subtidal low Yan et al., 1997 

Sakmarian Wasp Head Fm. Sydney Basin, eastern Australia shoreface high McCarthy, 1979;  

*Paleolatitude: Low represents tropical to subtropical areas within 30 degrees north and 30 degrees south.Moedrate/high refers to paleolatitudes above 30 degrees 

north and south. 
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Appendix 3.6 Recorded global distribution of the complex trace Zoophycos in the Permian–Triassic strata. 

System 

period 

Series Epoch Stage Age Formation Locality Depositional 

environment/system 

*Paleo- 

latitude 

Reference/s 

 

 

 

 

 

 

Triassic 

 

 

 

Upper 

Rhaetian ODP drilling core northwestern Australia margin neritic high Borella et al., 1992 

Carnian-
Rhaetian 

ODP drilling core northwestern Australia margin Open marine high Droser and O’ Connell, 1992 

Norian-Rhaetian Al Ayn Fm Sultanate, Oman base of slope to abyssal 

plain 

low Wetzel et al., 2007 

Carnian Laishike Fm. Guizhou, China fhysch low Enos et al., 1998; 2006 

Carnian Oretian rocks South Otago, New Zeland neritic ? Cave, 1982 

 

 

Middle 

Ladinian Upper Meride 

Limestone Fm. 

Monte San Giorgio, 

Switzerland 

 

Marginal basin low Stockar et al., 2013 

Anisian-

Ladinian 

Heweitan Group Kunlun mountain, Xinjiang, 

China 

deep sea fan low Zhang and Li, 1998 

Anisian Meissner Fm. German Basin, Germany nearshore high Knaust, 2004 

 

 

 

 

 

Upper 

Permian 

 

 

 

 

 

 

Lopingian 

Changhsingian Van Hauen & 
Lindstrom Fm. 

Sverdrup Basin, Canada Offshore-lower shoreface high Zonneveld and Beatty, 2007 

Changhsingian Kapp Starostin Fm. Salbard, Spitsbergen, Norway deep sea basin  high Wignall et al., 1998 

Changhsingian Bellerophon Fm. Northern Italy subtidal high Twitchett, 1999 

Changhsingian Dalung Fm., Shangsi 

Section 

Shangsi, Sichuan, China deep water to basin low  Wignall, 1995; Ma et al., 2008 

Changhsingian Dalung Fm. Guangxi, China offshore low Gong et al., 2007; Zhang et al., 2011 

Changhsingian Khuff Fm.  Persian Gulf, Iran carbonate platform low Knaust, 2009b; 2010 

Wuchiaping? Echooka Fm. Brooks Range, Alaska, USA inner shelf high Crowder, 1990 

Wuchiapingian Wujiaping Fm. Laibin, Guangxi, China Glacio-shallow marine high Gong et al., 2007 

Wuchiapingian Lindstrom Fm. Sverdrup Basin, Canada middle to outer ramp high Gates et al., 2004 

Wuchiapingian Kuling Formation Delhi, India slope and rise high Bhargava et al., 1985 

 

 

 

Middle 

Permian 

 

 

 

 

 

Guadalupian 

Capitanian Broughton Fm. southern Sydney Basin, 

Australia 

Offshore transition high Gong et al., 2008  

Capitanian Tempelfjorden Group Svalis Dome, Barents Sea, 
Norway 

basin  high Nakrem et al., 2001 

Wordian Khuff Fm. Haushi-Huqf cliff, Oman Offshore transition 

(nearshore) 

high Knaust, 2009a;  

Roadian Assitance Fm. Sverdrup Basin, Canada inner ramp high Raid et al., 2007 

Roadian Maokou Fm. Laibin, Guangxi, China inner ramp low Gong et al., 2007; Gong et al., 2010 

Roadian Ruteh Formation Central Alborz, Iran open marine low Vaziri et al., 2005 

*Paleolatitude: Low represents tropical to subtropical areas within 30 degrees north and 30 degrees south. Moderate/high refers to paleolatitudes above 30 degrees 

north and south. 
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Appendix II 

 

Geological loggins of Susong and Tianshengqiao sections 
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SuSong Section_A 
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Suong Section_B 
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Suong Section_B 
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Suong Section_B 
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Suong Section_B 
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Suong Section_B 
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Susong Section_B 

_B  
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Susong Section_B 

 

 



209 
 

Susong section_C
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Susong section_C 

 



211 
 

Susong section_C 
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Susong setion_C 
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Tianshengqiao section
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