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ABSTRACT 
 

The Ediacaran–Cambrian transition is one of the most critical events in Earth history, a time of 

marked biological and sedimentary changes. The nature of the Cambrian explosion has been a 

major topic of discussion and numerous explanations have been posited for these dramatic 

changes.  

Strata in the Central Alborz Mountains, northern Iran are believed to show continuous 

sedimentation from Ediacaran through Cambrian times. The Soltanieh Formation consists of five 

members: Lower Dolomite, Lower Shale, Middle Dolomite, Upper Shale and Upper Dolomite 

members. This formation contains abundant trace fossils and displays a significant vertical facies 

recurrence, allowing comparison of identical environments through time. 

Four ichnozones have been recognized. Ichnozone I, containing Helminthopsis tenuis and 

Cochlichnus anguineus, is lower Fortunian based on small shelly fossils, and is interpreted as a 

distal expression of the Treptichnus pedum zone. Ichnozone II, comprising the first occurrence of 

T. pedum, is middle Fortunian, and is best regarded as the upper half of the Treptichnus pedum 

zone. Ichnozone III is late Fortunian–Cambrian Age 2, characterized by a sudden change in 

abundance and complexity of trace fossils. Cruziana problematica, Curvolithus isp., 

Helminthopsis tenuis, Palaeophycus tubularis, Phycodes isp., and Treptichnus pedum are 

common in this zone. Ichnozone IV is of Cambrian Age 2–Age 3, marked by the first 

appearances of Psammichnites gigas, Rusophycus avalonensis and Didymaulichnus miettensis. 

Integration of trace fossils with small shelly fossils suggests that the Ediacaran–Cambrian 

boundary should be placed at the base of Soltanieh Formation or within the Lower Dolomite 

Member. 

An integrated study of sedimentary facies, small shelly fossil zones, sequence 

stratigraphy, and distribution of associated trace fossils indicates that the delayed appearance of 

T. pedum and the low ichnodiversity in the Lower Shale reflect a complex interplay of 

evolutionary and ecological controls. The distribution and preservation of diagnostic early 

Cambrian trace fossils in the Lower Shale Member of the Soltanieh Formation is very likely to 

have been controlled by facies, whereas trace-fossil distribution in the Upper Shale Member is 

primarily controlled by evolutionary innovations. 

 Our systematic review shows that significant diachronism was involved in the generation 
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of the Great Unconformity suggesting that the sea-level fall that resulted in the formation of a 

sequnce boundary during the Ediacaran–Cambrian boundary dominantly reflects overprint of 

local tectonics on pure eustasy. Our results indicate that the sequnce boundary should not be used 

for inter-basin correlations. 
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Chapter 1 

1. Introduction 
 

1.1. Trace fossils and the Cambrian explosion 

 

The Ediacaran–Cambrian transition is one of the most important times in the history of life. It 

not only encompasses some of the most dramatic environmental changes of the past 2 billion 

years, but also diversification of multicellular animals and development of biomineralization and 

skeletonization, which has lead to what is known as the ''Cambrian explosion'' (Bengtson, 1992; 

Peng et al., 2012; Erwin et al., 2011; Erwin and Valentine, 2013; Schiffbauer et al., 2016). 

 Most evolutionary studies dealing with this transition have been based on the analysis of 

body fossils. However, continuous sections encompassing this critical interval are rare, and body 

fossils are relatively uncommon. Trace fossils, on the other hand, are more common in 

Ediacaran–Cambrian strata, and show a trend of increasing morphological complexity and 

taxonomic diversity (Seilacher, 1956; Zhu, 1997; Jensen, 2003; Mángano and Buatois, 2014, 

2016). The diversity of Ediacaran ichnofaunas is generally low, with a global maximum of nine 

ichnogenera. Ichnodisparity and behavioral complexity is also limited, with only six architectural 

designs recorded globally (Mángano and Buatois, 2014). Simple horizontal grazing trails, mainly 

associated with microbial mat textures, are the most dominant elements, which represent 

matground grazing (59% of all recorded cases) (Mángano and Buatois, 2014). Guided 

meandering grazing trails, arthropod trace fossils and vertical burrows are absent from the 

Ediacaran. Bioturbation is negligible, with the exception of the terminal Ediacaran strata of the 

Nama Group, Namibia, which display localized disruption of the primary fabric (Mángano and 

Buatois, 2014) (Fig. 1.1a). 

 By the Fortunian, this picture changed with the appearance of much more diverse 

ichnofaunas, particularly in shallow-marine environments. A global maximum of 42 ichnogenera 

has been documented for the Fortunian (Mángano and Buatois, 2014).  Ichnodisparity and 

behavioral complexity also show a remarkable increase, with 22 architectural designs recorded 

globally (Mángano and Buatois, 2014). Systematic guided meanders, such as those present in 

Psammichnites saltensis and the elaborate feeding morphologies displayed by various 

ichnospecies of Oldhamia reveal the onset of sophisticated feeding strategies that were notably 
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absent during the Ediacaran (Seilacher et al., 2005; Mángano and Buatois, 2014, 2016). Also, the 

large size of the earliest Cambrian trace fossils (e.g., Psammichnites) contrasts with the typical 

small size of most Ediacaran trace fossils.  A trend of the increase in abundance and diversity of 

branching burrow systems (e.g., Treptichnus, Streptichnus), indicates, at least in part, systematic 

probing of the sediment in search of food (Mángano and Buatois, 2014, 2016). Lowermost 

Cambrian trace fossils are typically oriented parallel to the bedding plane, and reflect shallow to 

very shallow infaunal feeding activities of mobile, bilaterian metazoans, which do not 

significantly disturb the primary sedimentary fabric (McIlroy and Logan, 1999; Buatois and 

Mángano, 2004; Mángano and Buatois, 2014, 2016). As a consequence of trace fossils being 

restricted to bedding planes, the degree of bioturbation in Fortunian deposits remains notably 

low, revealing only a very slight increase with respect to Ediacaran levels. As in the case of 

Ediacaran rocks, there is a conspicuous absence of Skolithos piperock in Fortunian strata 

(Mángano and Buatois, 2007, 2014). Vertically oriented trace fossils are only represented by 

shallow specimens of Gyrolithes (Droser et al., 2002, 2004) (Fig. 1.1b). 

 Maximum number of ichnogenera, ichnodisparity and behavioural complexity in 

Cambrian Stage 2, only show a slight increase, 43 ichnogenera and 23 architectural designs 

recorded globally. However, the degree of bioturbation shows a sharp increase with respect to 

previous levels and a dramatic increase in maximum burrowing depth is recorded (up to 1 m). 

Another significant difference is the appearance of sandstone deposits displaying a profusion of 

vertical burrows forming Skolithos piperock (Mángano and Buatois, 2014, 2016) (Fig. 1.1c). 

 Cambrian Stage 3 shows a significant further increase in global ichnodiversity in 

comparison to Cambrian Stage 2, with a global maximum of 55 ichnogenera. Ichnodisparity and 

behavioural complexity are slightly higher than those of Cambrian Stage 2, with 28 architectural 

designs recorded globally. No further increase in degree of bioturbation has been detected 

(Mángano and Buatois, 2014) (Fig. 1.1d). 

 This consistent vertical increase in the diversity and complexity of trace fossils across the 

Ediacaran–Cambrian transition led to the suggestion that in the absence of body fossils, the 

lowest occurrences of particular ichnotaxa can be used to define the base of the Cambrian (e.g., 

Seilacher, 1956; Alpert, 1977). 
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Figure 1.1. Evolutionary changes in benthic faunas and ecosystem engineering through the Ediacaran–

Cambrian transition (Mángano and Buatois, 2014). 

 

1.2. Global Standard Stratotype-section and Point (GSSP) for the Ediacaran Cambrian 

boundary 

 

The International Union of Geological Sciences in August 1992 ratified the base of the T. pedum 

Zone, 2.4 m above the base of member 2 of the Chapel Island Formation at Fortune Head, Burin 

Peninsula of southeastern Newfoundland (Fig. 1.2b) as the Global Standard Stratotype-section 

and Point (GSSP) for the Ediacaran–Cambrian boundary (Landing, 1994) (Fig. 1.2a). This 

horizon is exposed in coastal cliffs low in the 440-m-thick Fortune Head section, and just above 

the transition to storm-influenced facies (Narbonne et al., 1987; Landing, 1994; Brasier et al., 

1994). The units originally termed members 1 and 2 of the Chapel Island Formation (Narbonne 

et al., 1987) constitute the lower part of what is now called the Mystery Lake Member of the 

Chapel Island Formation (Landing, 1996). As mentioned above, the GSSP coincides with the 

first appearance datum (FAD) of the ichnofossil T. pedum (Fig. 1.2c, d). The FAD of T. pedum 

reflects the appearance of complex sediment disturbing behavior by epifaunal and shallow 

infaunal animals. Since the time of boundary ratification, it has been shown that the lowest 

occurrence of T. pedum is slightly below the GSSP level (Gehling et al., 2001). Strata below the 

GSSP in the lower part of the Mystery Lake Member include uppermost Neoproterozoic 

(Ediacaran) layers assigned to the Harlaniella podolica biozone (previously Harlaniella 

podolica ichnozone). The highest observed occurrence of H. podolica is 0.2 m below the GSSP, 

and the lowest observed occurrence of a low diversity SSF assemblage is about 400 m higher in 

the succession (Narbonne et al., 1987; Landing et al., 1989). The lowest trilobite-bearing strata 

(assigned to the Callavia broeggeri Zone) lies approximately 1400 m above the GSSP (Landing, 

1996). 
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Figure 1.2. (a) and (b) GSSP at the base of the Cambrian System, Terreneuvian Series, and Fortunian 

Stage; Fortune Head section, Newfoundland, Canada; (c) zonation of trace fossils and body fossils 

associated with the basal Cambrian GSSP as recognized at the time of boundary ratification (1992); (d) 

the trace-fossil T. pedum whose first appearance datum (FAD) at the time of boundary ratification 

coincides with the base of the Fortunian Stage (Peng et al., 2012).  
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1.3. Ediacaran–Cambrian Paleogeography 

 

There is significant geologic evidence for the existence of a Mesoproterozoic supercontinent 

(Meert and Torsvik, 2003; Piper, 2000). Laurentia with East Gondwanaland and Siberia lay on 

one side of this supercontinent, while Baltica, Africa and South America occupied the other 

corner (Fig. 3). The name most commonly attached to this supercontinent is Rodinia, although 

other names (Paleopangea) have been used (Piper, 2000). 

  The Rodinia supercontinent started breaking up around 750–725 Ma, and East– 

Gondwanaland including India, Australia and Antarctica separated from Western Laurentia with 

the opening of proto-Pacific (Dalziel et al., 1994; Powell et al., 1994). This event was followed 

by unification of East Gondwana with West Gondwana (Africa and South America) and 

assembly of Gondwana (Meert and Lieberman, 2008). 

Evidence suggests that ruptures developed between 

Baltica and Laurentia during this period leading to 

opening of the Iapetus Ocean around 580 Ma 

(Torsvik et al., 1996).  

 The suggestion that Laurentia drifted rapidly 

to lower latitudes around 550 Ma was contested by 

Bond et al. (1984), who argued that the near absence 

of Neoproterozoic evaporite carbonate facies in the 

contemporary Laurentia makes it a polar continental 

mass. The proposed reconstructions of East 

Gondwanaland during the late Neoproterozoic–Early 

Cambrian times also varied considerably. McKerrow 

et al. (1992) placed it in the temperate belt, while 

Torsvik et al. (1996) placed the East Gondwanaland 

in the tropical rain belt with widespread development 

of evaporite-dolomite sequences in Greater India, 

Afghanistan, Iran, and Arabia.  

 

Figure 1.3. Paleocontinent reconstructions 

from 600, 550, and 530 Ma (Li et al., 2008) 
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1.4. Significance, Hypotheses, and Research Objective 

 
As previously mentioned there are few continuous sections across the E–C transition worldwide, 

and even a lower number of sections that combine the presence of abundant trace fossils and 

small shelly fossils. Due to the mixed nature of the Soltanieh Formation, consisting of both 

carbonate and siliciclastic members, this formation offers an extraordinary opportunity to explore 

some questions and test related hypotheses. In addition, the Soltanieh Formation has not been 

explored so far from an integrated ichnologic, sedimentologic and sequence-stratigraphic 

perspective. In this thesis we will center on the following questions: Do ichnotaxonomic changes 

along the Soltanieh Formation reflect the macroevolutionary event of the Cambrian explosion? 

Are previously proposed trace-fossil zonations across the E–C boundary applicable to this 

particular stratigraphic section? Is it possible to propose a local ichnostratigraphic zonation? Are 

there some interesting anomalies and can we explain them? The fundamentals to understand the 

significance of these questions are explored in the present Chapter (Chapter 1), and the answers 

to these questions are presented in Chapter 2. As result of the apparent late appearance of the 

ichnostratigraphic marker Treptichnus pedum (i.e. anomaly in the global ichnostratigraphic 

scheme), additional questions were explored: Is the late appearance of Treptichnus pedum related 

to evolutionary or ecologic controls? Which is the overall role of evolutionary and ecologic 

factors in trace-fossil distribution in the Soltanieh Formation? Can we “isolate” the 

macroevolutionary signal? These questions require a facies analysis of the Soltanieh Formation 

and understanding its sequence stratigraphic framework in order to determine the sedimentary 

environment where these biogenic structures were formed. Our background hypothesis here is 

that the trace-fossil record of the E–C transition reflects a complex interplay of evolutionary and 

ecologic controls. This hypothesis is tested in Chapter 3. Finally, with the understanding gained 

in the detailed study of the Soltanieh Formation, we move to the global scale and attempt to test 

the hypothesis of the “Great Unconformity” as a trigger of the Cambrian explosion. In Chapter 4 

we review the most significant E–C sections worldwide in order to answer the following 

question. Is the Ediacaran–Cambrian boundary coincident with an unconformity produced by a 

eustatic sea-level change? Or, on the contrary, did tectonic activity represent a major overprint 

on the eustatic signal, resulting in significant diachronism?   

 Based on these questions and related hypotheses the research objectives of this study are 
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to (1) propose a biozonation scheme for the Ediacaran–early Cambrian succession of the 

Soltanieh Formation; (2) suggest the most plausible position for the E–C boundary in the 

Soltanieh Formation by using integration of trace fossils and SSFs biostratigraphy; (3) 

demonstrate the application of ichnologic studies as an aid to interpretation of the 

paleodepositional environments; (4) review the evolution and diversification of trace fossils 

across the Ediacaran–Cambrian (E–C) boundary in the Soltanieh Formation; (5) evaluate the 

interplay between evolutionary and environmental constraints on the vertical distribution of trace 

fossils in the Soltanieh Formation; and (6) evaluate the precise stratigraphic location of the E–C 

boundary with respect to the sequence boundary by a global correlation of key successions 

spanning the Ediacaran–Cambrian interval. 

 

1.5. Literature review 

 

In the last couple of decades significant attention has been placed on exploring the geologic and 

paleontologic record of the Ediacaran–Cambrian transition, with numerous studies focusing on 

the ichnologic content of Ediacaran–lower Cambria. Examples include: 

• Canada: Young, 1972; Fritz, 1980; Fritz and Crimes, 1985; Crimes and Anderson, 1985; 

Nowlan et al., 1985; Narbonne and Hofmann, 1987; Narbonne et al., 1987; Hofmann and 

Patel, 1989; Narbonne and Aitken, 1990; Landing, 1991, 1996; 2004 MacNaughton and 

Narbonne, 1999; Gehling et al., 2001; Droser et al., 2002; Landing, 2004; Buatois et al., 

2014; Carbone and Narbonne, 2014; Carbone et al., 2015. 

• USA: Diehl, 1974; Alpert, 1976; Nelson, 1978; Mount et al., 1983; Bottjer et al., 1988; 

Gibson, 1989; Fedo and Cooper, 2001; Hagadorn and Waggoner, 2000; Corsetti and 

Hagadorn, 2000, Jensen et al., 2002.  

• Argentina: Aceñolaza and Durand, 1973; Aceñolaza, 1978; Regalia and Herrera, 1981; 

Aceñolaza and Durand, 1986; Buatois and Mángano, 2003a, b, 2004b; 2012. 

• Greenland: Cowie and Spencer, 1970; Poulsen, 1978; Pickerill et al., 1982; Morris, 1987. 

• Britain: Crimes, 1970 a,b; Brasier et al., 1978; Brasier and  Hewitt, 1979; Cope, 1977. 

• Spain: Crimes et al., 1977; Legg, 1980; Perejón, 1982; Fedonkin et al., 1983; Liñán, 1984; 

Liñán and Palacios, 1987; Palacios and Vidal, 1992. 

• Russia: Fedonkin, 1997, 1988; Paliji et al., 1983; Urbanek and Rozanov, 1983; Sokolov and 
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Fedonkin, 1984; Sokolov, 1985; Khomentovsky and Karlova, 1993; Knoll et al., 1995. 

• Namibia: Crimes and Germs, 1982; Gresse and Germs, 1993; Jensen et al., 2000; Saylor, 

2003; Jensen and Runnegar, 2005; Wilson et al., 2012; Vickers-Rich et al., 2013. 

• India: Bhargava and Srikantia, 1982; 1985; Kumar et al., 1984; Raina et al., 1983; Brasier, 

1989; Kumar et al., 1997; Hughes et al., 2002; Desai et al., 2010. 

• China: Zhiwen et al., 1982; Zunyi et al., 1982; Yusheng and Huilin, 1984; Crimes and 

Zhiwen, 1986; Huilin et al., 1992; Wen-long and Walter, 1992; Zhu, 1997; Steiner et al., 

2007. 

• Australia: Glaessner, 1969; Webby, 1969, 1970, 1982, 1984; Daily, 1972, 1973; Jenkins et 

al., 1983; Walter et al., 1984, 1989; Mount and McDonald, 1992; Jensen et al., 1998; Droser 

et al., 1999. 

 In spite of this worldwide attention, the Soltanieh Formation, which hosts shallow-marine 

deposits containing trace fossils that may yield crucial insights into changes in ichnofaunal 

composition and ecologic structure, is poorly known from a paleobiologic perspective and only 

sporadic discoveries have been documented (e.g., Hamdi, 1989, Ciabeghodsi, 2007; Ciabeghodsi 

et al., 2006). 

 

1.6. Theses structure  

 
This is a paper-based thesis. Thus, each of the three main chapters corresponds to a manuscript 

submitted for a publication venue. The thesis is organized into five chapters.  

Chapter 1 provides an introduction to the thesis, including the overview of the thesis, the 

main thesis objectives, and the thesis organization. 

 Chapter 2 focuses on ichnostratigraphic and biostratigraphic aspects of the Soltanieh 

Formation, including a general description and interpretation of the trace fossils. This manuscript 

is under review in Journal of Paleontology.  

 Chapter 3 deals with the interplay between ecology and evolution, with a focus on 

sedimentary facies and sequence stratigraphy, and their role in vertical distribution of trace 

fossils in the Soltanieh Formation. This manuscript is under review in Palaeogeography, 

Palaeoclimatology, Palaeoecology.  

 Chapter 4 tests the hypothesis of the “Great Unconformity” as a trigger of the Cambrian 
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explosion. This manuscript will be submitted to Precambrian Research.  

 Chapter 5 provides a final remark, and summary of main findings and conclusions 

obtained during the course of this research.  
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TRANSITION 
 

The previous chapter (Chapter 1) summarizes the conceptual framework of the field, 

underscoring the overall significance of the Soltanieh Formation to illuminate on aspects of the 

Ediacaran–Cambrian transition and outlining the research hypotheses and objectives of this 

thesis. The aim of this chapter (Chapter 2) is to provide an in-depth documentation of the trace-

fossil content of this unit. 
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Chapter 2 

2. Ichnostratigraphy of the Ediacaran–Cambrian boundary: New insights on lower 

Cambrian biozonations from the Soltanieh Formation of northern Iran 

 
Shahkarami, S., Mángano, M.G., Buatois, L.A., Ichnostratigraphy of the Ediacaran–Cambrian 

boundary: New insights on lower Cambrian biozonations from the Soltanieh Formation of 

northern Iran, In review: Journal of Paleontology 

 

ABSTRACT 

 
Strata in the Central Alborz Mountains, northern Iran are believed to show continuous 

sedimentation from Ediacaran through Cambrian times. The Soltanieh Formation consists of five 

members: Lower Dolomite, Lower Shale, Middle Dolomite, Upper Shale and Upper Dolomite 

members. The clastic units (Lower and Upper Shale members) represent sedimentation in distal 

marine settings, ranging from the shelf to offshore, and contain abundant trace fossils of 

biostratigraphic utility. Four ichnozones have been recognized. Ichnozone I, containing 

Helminthopsis and Cochlichnus, is early Fortunian based on small shelly fossils, interpreted as a 

distal expression of the Treptichnus pedum zone. Ichnozone II, comprising the first occurrence of 

T. pedum, is middle Fortunian, and is best regarded as the upper half of the Treptichnus pedum 

zone. Ichnozone III is late Fortunian–Cambrian Age 2, characterized by a sudden change in 

abundance and complexity of trace fossils. Cochlichnus, Cruziana, Curvolithus, Helminthopsis, 

Palaeophycus, Phycodes, and Treptichnus are common in this zone. Ichnozone IV is of 

Cambrian Age 2–Age 3, marked by the first appearances of Psammichnites gigas, Rusophycus 

avalonensis and Didymaulichnus miettensis. Integration of trace fossils with small shelly fossils 

suggests that the Ediacaran–Cambrian boundary should be placed at the base of the Soltanieh– 

Formation or within the Lower Dolomite Member. The delayed appearance of T. pedum and the 

low ichnodiversity in the Lower Shale and lower interval of the Upper Shale reflect limited 

colonization of settings below the storm wave base during the early Fortunian. 
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2.1. Introduction 

 

Defining the Ediacaran–Cambrian boundary and the precise timing of the Cambrian explosion 

has occupied the attention of paleontologists for decades. A very good measure of this interest is 

the huge amount of work performed by the IUGS Cambrian Subcommission to settle a reference 

standard for the base of the Cambrian and internationally accepted series and stage subdivisions 

of the Cambrian system, (that is still in progress) (Narbonne et al., 1987; Brasier et al., 1994; 

Terfelt and Ahlberg, 2010; Ahn et al., 2012; Babcock et al., 2011; Harvey et al., 2011; Peng and 

Babcock, 2011; Ahlberg and Terfelt, 2012; Moczydlowska and Yin, 2012; Peng et al., 2012a, 

2012b; Landing et al., 2013). Defining reference standards for the base of Cambrian and its 

subdivisions have promoted understanding of the successive stages of the Cambrian evolutionary 

radiation (Landing, 1998; Landing et al., 2013).  

 A number of biostratigraphic and geochronologic techniques are used for correlation of 

the Ediacaran–Cambrian boundary and subdivision of pre-trilobitic lower Cambrian. 

Traditionally, biostratigraphy of the lower Cambrian has been based on Small Shelly Fossils 

(SSFs) and trace fossils. Small Shelly Fossils are restricted to carbonates, whereas trace fossils 

are more common in siliciclastics (Narbonne et al., 1987). Despite that, both groups are common 

and diverse, and show rapid changes during this critical time of Earth history (Narbonne et al., 

1987), therefore representing important biostratigraphic tools for the subdivision and correlation 

of pre-trilobitic strata of the Cambrian (e.g., Steiner et al., 2007). 

 In spite of the various attempts to settle internationally accepted series and stage 

subdivisions of the Cambrian system, the Ediacaran–Cambrian boundary and the subdivision of 

pre-trilobitic lower Cambrian strata require continued attention. In northern Iran, the Soltanieh 

Formation is well exposed across the Alborz Mountains, therefore having potential to illuminate 

some of these issues. In comparison with Ediacaran–Cambrian successions elsewhere, the 

ichnologic content of the Soltanieh Formation is poorly known. The aims of this study are to (1) 

document the Soltanieh Formation ichnofauna; (2) propose a biozonation scheme for the 

Soltanieh Formation based on trace fossils; (3) suggest the most plausible position for the 

Ediacaran–Cambrian boundary in northern Iran by using integration of trace fossils and SSFs 

biostratigraphy; and (4) assess the implications of this ichnostratigraphic scheme with respect to 

global schemes establishing biostratigraphic zonations for the lowermost Cambrian. 
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2.2. Geological setting 

 
The Soltanieh Formation of the Alborz Mountains, northern Iran, regarded as Ediacaran–lower 

Cambrian, accumulated in the Proto-paleotethys passive margin of northwestern Gondwana 

(Alavi, 1996). Stöcklin et al. (1964) originally divided the Soltanieh Formation at the type 

section, also known as the Chopoghloo Dolomite, into three major subdivisions, from bottom to 

top: the lower Dolomite Member (123 m), the Chopoghloo shale Member (247 m), and the 

Upper Dolomite Member (790 m). This division was later revised by Hamdi et al. (1989), who 

divided the Soltanieh Formation into five members, in ascending order; the Lower Dolomite 

(165m), the Lower Shale (120 m), the Middle Dolomite (180 m), the Upper Shale (90 m) and the 

Upper Dolomite members (580 m).  

 In addition to its type section in the Soltanieh Mountains, the Soltanieh Formation can be 

traced to several other localities, including Garmab, Vali-Abad and the Dalir area along the 

Tehran–Chalous road, north of Tehran (Fig. 2.1.a). The Soltanieh Formation overlies the 

Bayandor Formation in the Soltanieh Mountains and the Kahar Formation in the Alborz 

Mountains, both being of Ediacaran age. The Soltanieh Formation passes gradationally upwards 

into the overlying Barut Formation (Cambrian Age 3), a succession of greenish and reddish shale 

and siltstone alternating with dark dolomites and chert (Salehi, 1989).  

 This study is mainly based on the well-exposed Garmab section, along the Tehran–

Chalous road, 97 km northwest of Tehran (N36 03.997 E51 18.785) (Fig. 2.1), where a more 

diverse and abundant ichnofauna has been reported. At the Garmab section, the Lower Dolomite 

Member is a 60-m-thick succession of yellowish brown-blue dolomite, the Lower Shale Member 

is a 192-m-thick succession of black shale and silty shale, the Middle Dolomite Member is a 90-

m-thick succession of well bedded greyish-green dolomite, the Upper Shale Member is a 180 

thick succession of silty shale and sandstone, and the Upper Dolomite Member is a 600-m-thick 

succession light blue dolomite. 

 

2.3. Sedimentary facies and depositional environment 

 

Seven facies have been recognized in the Garmab section, which are grouped into siliciclastic-

dominated and carbonate-dominated facies associations. 
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Figure 2.1. (a) Map showing the location of the studied section; (b), Geological map of Garmab, Tehran–

Chalous road, north of Tehran, Iran. 

 

Facies 1 consists of coarsening upward cycles of interbedded greenish-grey silty shale and 

erosionally based, very fine- to medium-grained sandstone and sandy dolomite. This facies forms 

a discrete package in the uppermost part of the Upper Shale Member. It records deposition in the 

upper offshore, reflecting the alternation of suspension fallout during fair-weather times and 

storm deposition. Facies 2 consists of parallel-laminated, greenish-gray silty shale with 

millimeter-scale lenses and laterally discontinuous laminae of erosionally based, very fine-

grained sandstone. This facies comprises most of the Upper Shale Member. It records deposition 

immediately above the storm wave base, in the lower offshore. Facies 3 is characterized by 

parallel-laminated to massive, dark-gray shale and thinly bedded shale-siltstone alternations. 

This facies is present in the uppermost interval of the Lower Shale Member and in the lowermost 

interval of the Upper Shale Member. It records deposition immediately below the storm wave 

base in the proximal shelf.  Facies 4 is characterized by laterally extensive, dark-grey parallel-
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laminated and massive shale. This facies constitutes most of the Lower Shale Member. It reflect 

deposition from suspension fallout in the distal shelf. Facies 5 consists of laterally continuous, 

grey to blue dolomite with desiccation cracks, peloids, and fenestral structures. This facies 

comprises most of the Lower and Upper Dolomite members, and records deposition in the upper 

intertidal to supratidal zones. Facies 6 is characterized by well-bedded to massive, grey to blue, 

moderately sorted peloidal and intraclastic dolo-grainstone. This facies is present in the Middle 

Dolomite Member, and records deposition in the intertidal to shallow subtidal zones.  Facies 7 

consists of parallel-laminated, current-rippled and low-angle cross-laminated limestone 

(packstone and wackestone) and intercalated dark-gray massive calcareous shale and silty shale. 

This facies occurs in the lowermost interval of the Lower Shale Member, and records deposition 

in a shallow low-energy subtidal setting. The carbonate-dominated facies association represents 

deposition in very shallow water (shallow subtidal to peritidal), whereas the siliciclastic-

dominated facies association comprises for the most part deposition below storm wave base (i.e. 

shelf), and immediately above the storm wave base (lower and upper offshore) (see 

environmental subdivisions in Buatois and Mángano, 2011).  

 

2.4. Materials and methods 

 

Repository and institutional abbreviation.— The trace fossils described herein were all collected 

in the Garmab section, Soltanieh Formation, northern Iran. Ichnotaxa are listed alphabetically. 

Specimens are housed at the Geological Survey of Iran, Tehran. 

 

2.5. Systematic paleontology 

 

Ichnogenus Cochlichnus Hitchcock, 1858 

Cochlichnus anguineus Hitchcock, 1858 

Figure 2.2.a 

 

Materials.—Five slabs (TM07–01, TM09–25, TM09–29, TM09–34, TM09–40) containing six 

specimens. 
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Description.—Simple, small unbranched horizontal, sinusoidal trails. Trail width is 1.0–1.7 mm; 

maximum preserved length is 36.5 mm. Infill is massive. Preserved as positive hyporelief or 

negative epirelief.  

 

 
Figure 2.2. Trace fossils from the Soltanieh Formation, Garmab Section; (a) Cochlichnus anguineus 

(white arrow), and Helminthopsis tenuis from the Lower Shale Member (black arrow) (TM07–02). Scale 

bar is 0.5 cm; (b) Curvolithus isp. from the Upper Shale Member (TM09–40). Scale bar is 0.25 cm; (c) 

Cruziana isp., from the Upper Shale Member (TM11–22). Scale bar is 0.5 cm; (d) Didymaulichnus 

miettensis from the Upper Shale Member (TM11–08). Scale bar is 1 cm; (e) Cruziana cf. problematica 

from the Upper Shale Member (TM09–23). Scale bar is 0.5 cm. 

 

Remarks.—Cochlichnus anguineus Hitchcock, 1858 is the type ichnospecies of Cochlichnus, 

and differs from the two other Cochlichnus ichnospecies, C. annulatus Orlowski 1989, and C. 

antarcticus, Tasch, 1968 by lack of annulations or lateral markings and having the same filling 

as the host rock, respectively (Buatois and Mángano, 1993a; Keighley and Pickerill, 1997). 

Cochlichnus is a grazing trail (pascichnion) produced by many different invertebrates, including 

annelids and nematodes (Fillion and Pickerill, 1990; Lucas et al., 2010). It ranges from the 

Cambrian to Holocene (Mángano and Buatois, 2014), and occurs in a great variety of marine and 

non-marine environments (Fillion and Pickerill, 1990).  

 

Occurrence.— Lower and Upper Shale members. 
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Ichnogenus Cruziana d’Orbigny, 1842 

 

Remarks.—The ichnogenus Cruziana is mostly represented by a bilobate and elongated trail 

covered by transverse or herringbone-shaped ridges. Trails may be bounded by lateral outer 

zones with or without ridges (Häntzschel, 1975; Fillion and Pickerill, 1990). Cruziana comprises 

over 30 ichnospecies mostly separated based on morphologic features resulting from the leg 

morphology of the producer (Seilacher, 1970, 1992). Cruziana is best interpreted as related to 

the combined locomotion and feeding strategy (Pascichnia) (Seilacher, 2007). It is widely 

accepted that the main producers of Cruziana in the marine Paleozoic were trilobites or 

trilobitomorphs (Seilacher, 1970, 1985, 1992; Hofmann et al., 2012). Cruziana ranges in age 

from early Cambrian to Recent (Seilacher, 1970; Muñiz et al., 2015), and have been reported 

from a varied spectrum of paleoenvironments, ranging from typical shallow-water marine to 

freshwater settings (Bromley and Asgaard, 1979; Crimes, 1987). 

 

Cruziana cf. problematica Schindewolf, 1921 

Figure 2.2.e 

 

Materials.—Three slabs (TM09–23, TM11–22, TM11–28) containing five specimens. 

 

Description.—Horizontal, gently winding, strongly convex, small, parallel-sided trails with 

transverse striation, and central groove dividing the trace longitudinally into two lobes. Width is 

2.1–3.5 mm; maximum preserved length is 44.5 mm. Preserved as positive hyporelief.  

 

Remarks.—Relatively small, simple Cruziana with transverse to nearly transverse scratch marks 

are traditionally included in Cruziana problematica (e.g., Schindewolf, 1921; Bromley and 

Asgaard, 1979; Fillion and Pickerill, 1990). Jensen (1997) regarded C. problematica as a junior 

synonym of Cruziana tenella. However, C. problematica is widely reported and is considered the 

most stable ichnospecies (e.g., Mángano et al., 2002b). The specimens documented here are very 

similar to C. tenella (Linnarsson, 1871) described by Jensen (1997) from the Mickwitzia 

Sandstone, south-central Sweden and C. problematica described by Keighley and Pickerill 



 29 

(1996) from eastern Canada. The name C. problematica is preferred here over C. tenella for 

reasons of nomenclatural stability (Mángano et al., 2002b). 

 

Occurrence.—Upper Shale Member. 

 

Cruziana isp. 

Figure 2.2.c 

 

Materials.—Eight slabs (TM08–06, TM09–04, TM09–34, TM09–37, TM09–40, TM09–43, 

TM10–09, TM11–22) containing eight specimens. 

 

Description.—Small, horizontal, slightly oblique, unbranched, small trails with bilobate lower 

surface. Width is 2.3–5.2 mm; maximum preserved length is 46.50 mm. Preserved as positive 

hyporelief and negative epirelief. 

 

Remarks.—Poor preservation does not allow determining the pattern of transverse striation, 

which therefore prevents ichnospecific assessment. 

 

Occurrence.—Lower and Upper Shale members. 

 

Ichnogenus Curvolithus Fritsch, 1908 

Curvolithus isp. 

Figure 2.2.b 

 

Materials.—Five slabs (USM04–05, USM08–09, USM09–03, TM09–40, TM10–08) containing 

six specimens. 

 

Description.—Horizontal, straight to slightly oblique, unbranched trails with trilobate upper 

surface consisting of two outer narrow lobes (each 1.7–2.6 mm wide) and one broad, flat central 

lobe (4.2–5.6 mm wide). The marginal outer lobes are discontinuous along the structure. Width 

of the trace is 6.8–10.8 mm; maximum preserved length is 89.0 mm. Preserved as full relief. 
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Remarks.—Curvolithus comprises two ichnospecies: Curvolithus multiplex and Curvolithus 

simplex (Buatois et al., 1998b). Curvolithus multiplex has a smooth, trilobate upper surface and a 

convex, quadra-lobate lower surface; in contrast to C. multiplex, C. simplex does not have a 

quadra-lobate lower surface. The specimens documented here are assigned to Curvolithus isp. 

due to uncertainties in the number of lobes on the lower surface. Curvolithus has been interpreted 

as the locomotion trace (Repichnia) of predators, including gastropods, flatworms, or nemerteans 

(Buatois et al., 1998b). Curvolithus ranges in age from Cambrian to Miocene and has been 

recorded from shallow-marine siliciclastic successions (Buatois et al., 1998b; Mángano and 

Buatois, 2014). 

 

Occurrence.—Upper Shale Member. 

 

Ichnogenus Didymaulichnus Young, 1972 

Didymaulichnus miettensis Young, 1972 

Figure 2.2.d 

 

Materials.—Six slabs (USM04–01, USM09–16, TM11–04, TM11–08, TM11–18, TM11–22) 

containing sixteen specimens. 

 

Description.—Horizontal, straight or curving bilobate trails. The trails have a shallow median 

groove, which divides the trail into two parts and gently sloping peripheral discontinuous bevels. 

Overlap among specimens is common. Width is 9.1–15.9 mm. The median groove is 2.5–4.0 mm 

wide. The double-furrow is 10.2–12.7 mm wide. The outer bevels vary in width along the length 

of the trail, but where well preserved are 2.5–4.4 mm; maximum preserved length is 143.0 mm. 

Preserved as positive hyporelief and full relief. 

 

Remarks.—There are four valid ichnospecies of Didymaulichnus: D. lyelli (Rouault, 1850), D. 

tirasensis Palij, 1974, D. miettensis Young, 1972, and D. alternatus Pickerill, Romano and 

Melendez, 1984. Didymaulichnus miettensis differs from other Didymaulichnus ichnospecies by 

the presence of lateral bevels (Young, 1972; Jensen and Mens, 2001). The specimens from the 
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Soltanieh Formation closely resemble the type material of D. miettensis described by Young 

(1972) from the upper Miette Group, western Canada. Didymaulichnus is interpreted as 

locomotion traces (Repichnia) of gastropods, bivalves or arthropods (Hakes, 1977; Bradshaw, 

1981), and ranges from Cambrian to Cretaceous (Vossler et al., 1989). Didymaulichnus 

miettensis is restricted to early Cambrian (Jensen and Mens, 2001). A partially preserved 

specimen from the Soltanieh Formation illustrated by CiabeGhodsi (2007) was referred to 

Didymaulichnus miettensis. 

 

Occurrence.—Upper Shale Member. 

 

Ichnogenus Gordia Emmons, 1844 

Gordia marina Emmons, 1844 

Figure 2.3.a 

 

Materials.—One slab (TM09–10) containing a single specimen. 

 

Description.—Horizontal, non-branching, winding and curving, small trail with self-

overcrossing. Width is 2.7 mm; maximum preserved length is 44.0 mm. Preserved as positive 

hyporelief.  

 

Remarks.—There are five valid ichnospecies of Gordia: the type ichnospecies G. marina 

Emmons, 1844, G. arcuata Ksiazkiewicz, 1977, G. maeandria Jiang in Jiang et al., 1982, G. 

nodosa Pickerill and Peel, 1991, and G. indianaensis (Miller, 1889). Gordia marina can be 

easily differentiated from the other ichnospecies of Gordia because it lacks the annulations of G. 

nodosa, the angled turns of G. indianaensis, the apical arcuate bends of G. arcuata, and the 

guided meanders of G. maeandria (Fillion and Pickerill 1990; Buatois et al., 1998a). Fillion and 

Pickerill (1990) questioned the validity of G. maeandria in that guided meander is not typical of 

Gordia. Gordia differs from Helminthopsis in its looped form, having overcrossing and never 

showing meanders (Pickerill and Peel, 1991). The ethology of Gordia and its possible producers 

are not well constrained. Ksiazkiewicz (1977) suggested that it might be a feeding burrow or trail 

produced by polychaetes. 
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Figure 2.3. Trace fossils from the Soltanieh Formation, Garmab Section: (a) Gordia marina, from the 

Upper Shale Member (TM09–10). Scale bar is 0.25 cm; (b) Planolites montanus from the Upper Shale 

Member (TM11–08). Scale bar is 0.25 cm; (c) Palaeophycus tubularis from the Upper Shale Member 

(USM09–22). Scale bar is 0.5 cm; (d) Phycodes isp. from the Upper Shale Member (USM09–22). Scale 

bar is 0.5 cm. 

 

Yang (1984) considered it as a locomotion trace produced by worms or gastropods. Other 

authors (e.g., Aceñolaza and Buatois, 1993; McCann, 1993; Geyer and Uchman, 1995) have 

considered this ichnogenus as a pascichnia produced by worms or worm-like organisms. The 

ichnogenus Gordia ranges in age from Ediacaran to Holocene (Fillion and Pickerill 1990; 

Mángano and Buatois, 2014), and is known from non-marine, and shallow to deep-water marine 

deposits (Narbonne, 1984; Fillion and Pickerill, 1990; Norman, 1996). The ichnospecies Gordia 

arcuata has been documented in the Soltanieh Formation by CiabeGhodsi (2007). 

 

Occurrence.—Upper Shale Member. 
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Ichnogenus Helminthopsis Heer, 1877 

Helminthopsis tenuis Książkiewicz, 1968 

Figure 2.2.a 

 

Materials.—Ten slabs (TM07–01, TM07–02, TM08–16, TM09–16, TM09–25, TM09–29, 

TM09–30, TM09–31, TM09–37, TM09–40) containing thirty three specimens. 

 

Description.—Horizontal, smooth, unbranched, unlined, irregular, high amplitude meandering 

trails. Width is 1.0–1.5 mm; maximum preserved length is 38.5 mm. Preserved as positive 

hyporelief and negative epirelief.  

 

Remarks.—There are three valid ichnospecies of Helminthopsis, separated based on their 

geometrical pattern (Wetzel and Bromley, 1996): H. abeli Książkiewicz, 1977, H. hieroglyphica 

Wetzel and Bromley, 1996, and H. tenuis Książkiewicz, 1968. Helminthopsis tenuis is 

distinguished from H. abeli and H. hieroglyphica by lack of horseshoe-like turns and its high 

amplitude winding (Wetzel and Bromley, 1996), and from Helminthoidichnites by its 

meandering course (Hofmann and Patel, 1989). Helminthopsis is thought to be a grazing trace 

(pascichnion) produced by deposit-feeding organisms. In brackish to fully marine environments, 

polychaete annelids are regarded as potential tracemakers (Ksiazkiewicz, 1977). Helminthopsis 

ranges in age from Ediacaran to Holocene (Buatois et al., 1998a).  

 

Occurrence.— Lower and Upper Shale members.  
 

Ichnogenus Palaeophycus Hall, 1847 

Palaeophycus tubularis Hall, 1847 

Figure 2.3.c 

 

Materials.—Twenty eight slabs (USM01–02, USM02–01, USM08–01, USM09–05, USM09–10, 

USM09–17, TM08–04, TM09–06, TM09–02, TM09–13, TM09–17,  TM09–22, TM09–24, 

TM09–35, TM09–37, TM09–40, TM09–43, TM09–44, TM09–48, TM10–01, TM11–01, TM11–

03, TM11–08, TM11–19, TM11–20, TM11–22, TM11–28, TM12–02) containing sixty four 
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specimens.  

 

Description.—Horizontal, branched and unbranched, straight to slightly curved, unornamented, 

thinly lined cylindrical burrows. Burrow-fill similar to the host rock. Width is 2.6–13.4 mm; 

maximum preserved length is 172.5 mm. Preserved as positive hyporelief. 

 

Remarks.—Palaeophycus is distinguished from Planolites primarily by the presence of wall 

linings and a burrow-fill identical to the host rock. Infills of Palaeophycus represent passive, 

gravity-induced sedimentation within open, lined burrows; collapse features show that some 

segments were incompletely filled by this process. The fillings therefore tend to be of the same 

composition as the surrounding matrix (Pemberton and Frey, 1982). Seven ichnospecies of 

Palaeophycus currently are recognized as valid: P. tubularis Hall, 1847, P. heberti (Saporta, 

1872), P. striatus Hall, 1852, P. sulcatus (Miller and Dyer, 1878), P. alternatus Pemberton and 

Frey, 1982, P. bolbitermilus Kim, Pickerill and Wilson, 2000, and P. imbricatus (Torell, 1870). 

Palaeophycus tubularis is distinguished from the other Palaeophycus ichnospecies by its thin 

wall and the absence of striations (Pemberton and Frey 1982). Palaeophycus is interpreted as 

dwelling burrows (dominichnia) of suspension feeders or predators, such as polychaetes 

(Osgood, 1970; Pemberton and Frey 1982), and ranges in age from the Ediacaran to Holocene 

(Häntzschel, 1975). Palaeophycus is a facies-crossing ichnotaxon found in almost every 

depositional environment (Pemberton and Frey, 1982).  

 

Occurrence.—Lower and Upper Shale members. 

 

Ichnogenus Phycodes Richter, 1850 

Phycodes isp. 

Figure 2.3.d 

 

Materials.—Three slabs (USM08–30, USM09–22, TM09–02) containing three specimens. 

 

Description.—Horizontal, broomlike structure without spreite, consisting of four branches 

originated from the same point of a thick, slightly curved single stem. Width of the branches is 
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4.2–8.2 mm, whereas the main tube is 7.1–9.0 mm in diameter. Maximum length preserved is 

79.9 mm. Preserved as full relief.  

 

Remarks.—Fourteen ichnospecies of Phycodes have been described in the literature, based on 

their overall pattern and size, nature, style, disposition and degree of branching, and presence or 

absence of spreite (Han and Pickerill, 1994): P.antecedens Webby, 1970, P. auduni Dam, 1990, 

P. bromleyi Dam, 1990, P. circinatum Richter, 1853, P. coronatum Crimes and Anderson, 1985, 

P. curvipalmatum Pollard, 1981, P. flabellum (Miller and Dyer, 1878), P. fusiforme Seilacher, 

2000, P. templus Han and Pickerill, 1994, P. parallelum Seilacher, 2000, P. reniforme Hofmann, 

1979, P. ungulatus Fillion and Pickerill, 1990, and P. wabanensis Fillion and Pickerill, 1990. 

Some forms of Phycodes consist of a few main branches showing a spreite-like structure, which 

distally give rise to numerous free branches. In other forms the spreite are lacking and branches 

tend to be more random (Osgood, 1970). Phycodes reflects a variety of behavioral activities by 

the tracemaker (Han and Pickerill, 1994), but two basic interpretations are a feeding trace 

(fodinichnion) produced by an organism that systematically mining a nutrient-rich layer along a 

silt-mud surface, most likely annelids (Seilacher, 1955) or a structure performed by an organism 

that burrowed outwards from a single point and then withdrew to a ‘home-case’ only to re-

burrow outwards again in part the previously excavated tunnel (Marintsch and Finks, 1982; 

Singh et al., 2008). Phycodes ranges in age from Cambrian (Crimes and Anderson, 1985) to 

Miocene (Bradley, 1981). Phycodes has been reported from shallow-marine, deep-marine 

(Crimes et al., 1977; Bradley, 1981; Narbonne, 1984), and brackish-water (Hakes, 1985) 

environments. Non-marine examples are in need of re-evaluation (Pollard, 1985). Although, the 

Soltanieh specimen allows placing in Phycodes, poor preservation prevents an ichnospecific 

assessment. 

 

Occurrence.—Upper Shale Member. 
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Ichnogenus Planolites Nicholson, 1873 

Planolites montanus Richter, 1937 

Figure 2.3.b 

 

Materials.—Nine slabs (TM09–14, TM09–19, TM09–29, TM09–35, TM09–40, TM09–47, 

TM11–08, TM11–18, TM11–28) containing thirty five specimens.  

 

Description.—Horizontal, unbranched, straight to slightly curved, unornamented, cylindrical 

burrows. Burrow-fill similar to the host rock. Width is 0.6–2.8 mm; maximum preserved length 

is 47.1 mm. Preserved as positive and negative hyporelief.  

 

Remarks.—Four ichnospecies of Planolites currently are recognized based on size, curvature, 

and wall characteristics: P. beverleyensis (Billing 1862), P. annularis Walcott, 1890, P. 

montanus Richter, 1937, and P. constriannulatus Stanley and Pickerill, 1994. Planolites 

montanus comprises small, curved to tortuous burrows. Planolites beverleyensis comprises large, 

straight to gently curved burrows. Planolites annularis consists of transversely annulated 

burrows, and Planolites constriannulatus comprises a burrow with both longitudinal striations 

and transverse annulation. Planolites is interpreted as feeding burrows (fodinichnia) of deposit-

feeders (Pemberton and Frey, 1982), and ranges in age from the Cambrian to Holocene 

(Häntzschel, 1975; Mángano and Buatois, 2014). Planolites is found in almost every 

depositional environment (Pemberton and Frey, 1982).  

 

Occurrence.—Upper Shale Member. 

 

Ichnogenus Psammichnites Torell, 1870 

Psammichnites gigas Torell, 1868 

Figure 2.4.a 

 

Materials.—Eleven slabs (USM04–01, USM04–05, TM11–02, TM11–05, TM11–06, TM11–07, 

TM11–15, TM11–16, TM11–18, TM11–20, TM11–24) containing twenty specimens.  
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Description.—Large, unbranched, horizontal, straight to slightly curved bilobate trails. The 

burrow-fill is finer-grained and darker in color compared to the host sediment. Width is 6.7–20.0 

mm; maximum length preserved is 148.8 mm. Overlap among specimens is locally common. 

Preserved as negative hyporelief and positive epirelief. Negative hyporeliefs are gently concave, 

with a median ridge, and positive epireliefs are gently convex with a shallow, straight median 

groove of variable width and depth.  

 

Remarks.—There is general agreement that the ichnogenus Olivellites Fenton and Fenton, 1937 

is a junior synonym of Psammichnites (Chamberlain, 1971; D’Alessandro and Bromley, 1987; 

Maples and Suttner, 1990; Seilacher, 1997; Zhu, 1997; Mángano et al., 2002a). The 

ichnotaxonomic status of the lower Cambrian ichnospecies Taphrhelminthopsis circularis is 

more uncertain. Uchman (1995) demonstrated that the ichnogenus Taphrhelminthopsis is a 

preservational variant of Scolicia and, therefore, its junior synonym. Taphrhelminthopsis 

circularis is most likely a preservational variant of Psammichnites (Mángano and Buatois, in 

press). Psammichnites is distinguished from Didymaulichnus by lack of median groove on the 

lower side and by its overall more complex internal structure (Seilacher, 2007). Psammichnites 

gigas Torell, 1870 is the type ichnospecies of Psammichnites; other valid ichnospecies are P. 

plummeri (Fenton and Fenton, 1937), P. grumula (Romano and Meléndez, 1979), P. implexus 

(Rindsberg, 1994), and P. saltensis (Aceñolaza and Durand, 1973). The Soltanieh specimens are 

very similar in overall shape and size to Psammichnites gigas, as described and illustrated by 

Hofmann and Patel (1989) from the lower Cambrian of New Brunswick, Canada. Psammichnites 

is interpreted as a back-filled structure representing the feeding activities of a subsurface vagile 

animal using a siphon-like device (Mángano et al., 2002a; Jago and Gatehouse, 2007). The 

ichnogenus Psammichnites ranges in age from early Cambrian to Permian (Mángano et al., 

2002a), and the type ichnospecies, Psammichnites gigas, is of early Cambrian age (Jago and 

Gatehouse, 2007). Psammichnites gigas was first recorded in the Soltanieh Formation by 

CiabeGhodsi (2007). 

 

Occurrence.—Upper Shale Member. 
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Figure 2.4. Trace fossils from the Soltanieh Formation, Garmab Section; (a) Psammichnites gigas from 

the Upper Shale Member (USM04–01). Scale bar is 0.5 cm; (b) Rusophycus avalonensis from the Upper 

Shale Member (TM11–08). Scale bar is 0.25 cm; (c) Torrowangea rosei from the Upper Shale Member 

(USM09–04). Scale bar is 0.5 cm. 

 
Ichnogenus Rusophycus Hall, 1852 

Rusophycus avalonensis Crimes and Anderson, 1985 

Figure 2.4.b 

 

Materials.—One slab containing one specimen (TM11–08). 

 

Description.—Short, horizontal, bilobate trace consisting of few scratch marks (6–7) arranged 

transversely to the median furrow. Width is 23.8 mm; maximum length preserved is 17.6 mm. 

Preserved as positive hyporelief.  

 

Remarks.—Rusophycus comprises several ichnospecies, with the type ichnospecies being 

Rusophycus biloba (Fillion and Pickerill, 1990). Rusophycus is distinguished from Cruziana by 
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its length: width ratio; only specimens in which the length to width ratio is less than 2 are placed 

in Rusophycus (Keighley and Pickerill, 1996). The specimens analyzed here are similar to 

Rusophycus avalonensis Crimes and Anderson (1985), because of the overall shape and the 

divided ridges, but the ridges are not arranged in bundles. Paleozoic marine Rusophycus are 

widely accepted as resting trace (cubichnia) made by trilobites (Osgood, 1970; Crimes, 1975).  

 

Occurrence.—Upper Shale Member. 

 

Ichnogenus Torrowangea Webby, 1970 

Torrowangea rosei Webby, 1970 

Figure 2.4.c 

 

Materials.—One slab (USM09–04) containing several specimens, the exact number of each is 

not possible to assess. 

 

Description.—Simple, meandering, horizontal, irregularly curved, multiple crossing worm-like 

trails in which thickenings and constrictions alternate. Specimens are typically overlapped 

forming an irregular meshwork. Width is 1.1–2.6 mm. Preserved as positive hyporelief. 

 

Remarks.—Torrowangea differs from Helminthoidichnites and from Planolites by having 

multiple, irregular constrictions (Weber et al., 2007). The specimens described here display clear 

similarities to Torrowangea rosei from the Dengying Formation, China (Weber et al., 2007). 

Torrowangea is most likely a feeding trace of deposit-feeding annelids that burrowed 

peristaltically (Narbonne and Aitken, 1990). Torrowangea rosei, the type ichnospecies of 

Torrowangea, has been documented from Ediacaran to early Cambrian shallow-to deep-marine 

successions (Hofmann, 1981; Narbonne and Aitken, 1990). 

 

Occurrence.—Upper Shale Member. 
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Ichnogenus Treptichnus Miller, 1889 

 
Remarks.—Treptichnus is a burrow consisting of segments connected at their ends, each one to 

the next, characteristically but not invariably in a zigzag pattern. At present, there are ten valid 

ichnospecies of Treptichnus: the type ichnospecies, T. bifurcus Miller, 1889 and additional ones, 

namely T. pedum (Seilacher, 1955), T. triplex Palij, 1976, T. coronatum (Crimes and Anderson, 

1985), T. lublinensis Paczesna, 1986, T. pollardi Buatois and Mángano, 1993b, T. tripleurum 

(Geyer and Uchman, 1995), T. rectangularis Orłowski and Zylińska, 1996, T. meandrinus 

Uchman et al., 1998, and T. apsorum Rindsberg and Kopaska-Merkel, 2005. Treptichnus is 

interpreted as feeding structures (fodinichnia) produced by vermiform animals or insect larvae, 

the latter in the case of non-marine occurrences (Uchman, 2005). Treptichnus has been recorded 

from non-marine (Buatois and Mángano, 1993a, 1993b; Buatois et al., 2000), marginal-marine 

(Archer and Maples, 1984; Buatois et al., 1998a), shallow-marine (Fedonkin, 1977; Geyer and 

Uchman, 1995), and deep-marine (Crimes et al., 1981; Uchman et al., 1998) environments. 

Treptichnus is considered to range in age from Cambrian to Eocene (Crimes, 1987; Geyer and 

Uchman, 1995). However, reports of treptichnid trace fossils from terminal Ediacaran rocks in 

the Nama Group of Namibia and the GSSP section in Newfoundland suggest that Treptichnus 

may extend back into the late Ediacaran (Jensen et al., 2000; Gehling et al., 2001; Högström et 

al., 2013). Further work on the relationship between the so-called treptichnids and Treptichnus is 

pending. 

 

Treptichnus pedum Seilacher, 1955 

Figure 2.5.a 

 

Materials.—Thirteen slabs (USM 08–01, USM08–09, TM08–05, TM08–06, TM09–03, TM09–

05, TM09–14, TM09–19, TM09–25, TM09–32, TM09–43, TM09–44, TM09–47) containing 

seventeen specimens. 

 

Description.—Straight or curved sets of individual burrows of similar length connected to one 

another at their lower parts. The burrows alternate in direction forming a zigzag pattern; where 

the burrows are arranged in a nearly straight succession, the segments generally are aligned and 
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the zigzag pattern is rarely developed. In curved portions of the burrow the segments generally 

project outwards. Width is 2.9–6.7 mm; maximum preserved length is 25.2 mm.  

 

Remarks.—Treptichnus pedum was originally described as Phycodes pedum, but Osgood (1970) 

noted that P. pedum differs from other ichnospecies of Phycodes, such as the type ichnospecies 

Phycodes circinatum Richter, 1853, and that it merited a new ichnogeneric designation. 

Treptichnus pedum, as described by Seilacher (2007), includes straight, sinusoidal, curved, or 

looping burrows constructed from upward curving segments. Treptichnus pedum is a feeding 

burrow (Crimes et al., 1977) with several morphological variants (Seilacher, 2007), ranges in age 

from the early Cambrian to Recent (Crimes et al., 1977; Muñiz et al., 2014), and is restricted to 

normal marine salinity conditions (Buatois et al., 2013). There is general agreement that the T. 

pedum tracemaker was a motile bilaterian animal that lived below the sediment-water interface, 

propelling itself forward in upward curving projections that breached the sediment surface 

(Seilacher, 1955; Geyer and Uchman, 1995; Jensen, 1997; Dzik, 2005). Dzik (2005) argued that 

the T. pedum animal was a priapulid worm, a conclusion supported by Vannier et al. (2010) 

based on neoichnologic experiments. Although it is sometimes referred to as Trichophycus 

pedum (e.g., Geyer and Uchman, 1995; Peng et al., 2012a), the overall morphology of 

Trichophycus is remarkably different, consisting of a U-shaped burrow with a retrusive spreite 

(Mángano and Buatois, 2011). Treptichnus pedum has originally been reported from the 

Soltanieh Formation by CiabeGhodsi et al. (2006) and CiabeGhodsi (2007) as Trichophycus 

pedum. 

 

Occurrence.—Lower and Upper Shale members. 

 

Treptichnus pollardi Buatois and Mángano, 1993b 

Figure 2.5.b 

 

Materials.—Ten slab (USM08–01, TM–09–11, TM09–26, TM09–28, TM09–30, TM09–32, 

TM09–34, TM09–44, TM09–48, TM10–09) containing eighteen specimens. 

 

Description.—Horizontal, simple, straight burrows with knots or shafts at semi regular intervals.  
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Figure 2.5 Trace fossils from the Soltanieh Formation, Garmab Section; (a) Treptichnus pedum, from the 

Upper Shale Member (TM09–19). Scale bar is 0.25 cm; (b) Treptichnus pollardi, from the Upper Shale 

Member (TM09–48). Scale bar is 0.5 cm. 

 

Width is 1.3–4.6 mm; individual segments length is 2.6 mm. Spacing between segments is 7.5–

15.9 mm. The maximum number of burrow segments is six. Preserved as positive hyporelief. 

 

Remarks.—Treptichnus pollardi is distinguished from T. bifurcus by the presence of surficial 

pits, absence of twiglike projections, more irregular pattern and longer individual segments. 

Treptichnus pollard differs from T. lublinensis and T. triplex by the absence of terminations 

projecting past the zigzags, the presence of pits associated to the horizontal burrow segment, and 

its thinner segments (Buatois and Mángano, 1993b). Although distinction from the ichnogenera 

Saerichnites and Ctenopholeus may be unclear depending on preservation (e.g., Buatois and 

Mángano, 2004; Fürsich et al., 2006), the overall morphology of the Soltanieh Formation favors 
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inclusion in T. pollardi. Treptichnus pollardi has been typically, though not exclusively (e.g., 

Geyer and Uchman, 1995), recorded from freshwater environments (Buatois and Mángano, 

1993a, 1993b; Fregenal-Martinez et al., 1995; Metz, 1995; Buatois et al., 2000).  

 

Occurrence.— Upper Shale Member. 

 

2.6. Previous work 

 
In order to place in context the new trace-fossil data reported here and to define a biozonation for 

the Soltanieh Formation, previously published reports of trace fossils and SSFs from this unit are 

briefly reviewed and critically re-evaluated. 

 

Lower Dolomite Member.—Hamdi et al. (1989) reported phosphatic tubes, including 

Hyolithellus sp., others resembling Rugatotheca sp., fragments of the protoconodont 

Protohertzina sp., and globomorphs of the Olivooides multisulcatus group in the upper part of 

the Lower Dolomite Member in the Vali-Abad area. 

 

Lower Shale Member.—Hamdi et al. (1989) and CiabeGhodsi (2007) recorded large discoidal 

algal vesicles assigned to Chuaria sp. from the lower interval of the Lower Shale Member in the 

Vali-Abad area, and the type section, respectively. Hamdi et al. (1989) compared their material 

with larger ellipsoidal vesicles of Shouhsienia sp. from the Sinian System in China. CiabeGhodsi 

(2007) reported Diplocraterion isp., Planolites vulgaris, Skolithos isp., and Treptichnus pedum 

from the upper interval of the Lower Shale Member. Planolites vulgaris needs re-evaluation 

because the type specimen of this ichnospecies has been regarded as inorganic (Pemberton and 

Frey, 1982). Based on the illustration provided, an affinity with Helminthoidichnites cannot be 

disregarded. In addition, specimens attributed to Diplocraterion isp. and Skolithos isp. are based 

on bedding-plane expressions, so their true morphology cannot be confirmed. 

 

Middle Dolomite Member.—Hamdi et al. (1989) reported the tubular fossil Hyolithellus 

vladimirovae and protoconodonts of the Protohertzina anabarica group from the lower interval 

of the Middle Dolomite Member. Less common elements include the tubular fossils Anabarites 
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trisulcatus, Cambrotubulus decurvatus, siphogonuchitids, Palaeosulcachites sp., 

Siphogonuchites sp., and globomorphs. These authors mentioned that beds near the top of the 

Middle Dolomite Member contain a similar assemblage, but with more abundant A. trisulcatus, 

C. decurvatus and Siphogonuchites sp., in addition to the primitive mollusks Maikhanella multa 

and Purella sp., and the tubular fossils Tiksitheca licis, Circotheca sp. and Ladatheca isp., as 

well as hyolithids. Tashayoee et al. (2012) recently reported Anabarites lutus, A. rectus, A. 

tripartitus, A. trisulcatus, Cambrotublus isp., Conotheca subcurvata, Drepanochites dilatatus, 

Hyolithellus vladimirovae, Jakutiochrea lenta, Protohertzina anabarica, P. siciformis, P. 

unguliformis, Siphogonuchites triangularis, Siphogonuchites sp., and Yunnanodus dolerus from 

the Garmab section. CiabeGhodsi (2007) documented the ichnotaxa Bergaueria perata, 

Circulichnus montanus, and Gordia arcuata from the lower interval of the Middle Dolomite 

Member at the type section. However, specimens assigned to Bergaueria perata and 

Circulichnus montanus are unconvincing based on the available material. 

 

Upper Shale Member.—Hamdi et al. (1989) mentioned that at the Vali-Abad section the lower 

interval of the Upper Shale Member contains abundant and diverse phosphatized mollusks 

comparable with those found in the upper interval of the Middle Dolomite Member. These 

authors also reported Anabarites cf. trisulcatus, allathecidae hyoliths, and pelagiellids from the 

Dalir section. The upper interval in the Vali-Abad section contains specimens of the Latouchella 

korobkovi group of monoplacophorans, including 'close-coiled' Yangtzespira sp., 'lax coiled' 

Bemella sp., 'uncoiled' Ceratoconus sp., and Obtusoconus sp., which appear approximately 20 m 

from the top of the unit. Other typical elements at this level include Purella tianzushanemis and 

broad monoplacophorans resembling Protowenella sp.; pelagiellids of the Pelagiella lorenzi 

occur in the top 10 m. CiabeGhodsi (2007) added Lopochites latazonalis, Igorella emeiensis, 

Igorella sp., Purella squamulosa, Bemella simplex and Lapworthella sp. to this group. 

CiabeGhodsi (2007) described several trace fossils from the Garmab section, namely Chondrites 

furcatus, Didymaulichnus miettensis, Diplichnites isp., Diplocraterion isp, Hormosiroidea isp.?, 

Monomorphichnus lineatus, Neonereites uniserialis, Palaeophycus alternatus, Paleodictyon 

croaticum, Plagiogmus arcuatus, Psammichnites gigas, and Protovirgularia dichotoma?. 

However, many of these ichnotaxa lack diagnostic features and have been excluded from the list 

of trace fossils used in this study. Structures assigned to Chondrites furcatus do not display the 
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classic dichotomic branching of this ichnogenus (Fu, 1991). The specimen attributed to 

Diplichnites isp. seems to consist of a string of pits rather than appendage imprints and in fact a 

second string of pits is apparent on the same slab, which may suggest an affinity with 

Saerichnites. The specimen attributed to Diplocraterion is only seen on bedding-plane view, so 

their U-shaped morphology cannot be confirmed. The ichnotaxonomy of Hormosiroidea is in 

need of revision (Gaillard and Olivero, 2009). In addition, the specimen illustrated lacks the 

morphologic features typically present in this ichnogenus. Based on the illustrations provided, 

the presence of scratch marks cannot be confirmed in the specimens assigned to 

Monomorphichnus lineatus. Neonereites uniserialis has been regarded as a preservation variant 

of Nereites (Uchman, 1995). However, the specimen illustrated from the Soltanieh Formation 

lacks the diagnostic features of Nereites, actually resembling a simple grazing trail, such as 

Helminthoidichnites. The specimen figured as Paleodictyon croaticum does not display the 

typical morphology of this ichnotaxon; an affinity with Multina cannot be disregarded. 

Plagiogmus arcuatus is now considered a preservational variant of Psammichnites gigas  by 

some (McIlroy and Heys, 1997; Mángano et al., 2002a). The structures figured as 

Protovirgularia dichotoma? do not show the diagnostic chevronate pattern characteristic of 

Protovirgularia (e.g., Seilacher and Seilacher, 1994; Mángano et al., 1998). 

 

Upper Dolomite Member.—Meyer (1967) mentioned that the stromatolites Collenia spissa and 

Hadrophycus immanis are moderately common in the upper interval of this member. 

Problematical records of Salterella have also been reported (Assereto, 1963; Stöcklin et al., 

1964). CiabeGhodsi (2007) and Tashayoee et al. (2012) also reported Hyolithellus filiformis, 

Conotheca subcurvata, Igorella sp., Latouchella krobkovi, Latouchella maidipingensis, and 

Obtusoconus rostriptutea from this unit. 

 

2.7. Ichnostratigraphy of the Soltanieh Formation 

 

Several ichnostratigraphic schemes have been proposed for the Ediacaran–Cambrian boundary 

(Alpert, 1977; Crimes, 1987, 1992; Jensen, 2003; MacNaughton and Narbonne, 1999). The latter 

two schemes have been recently adapted (Buatois and Mángano, 2011; Mángano et al., 2012), 

and two Ediacaran zones and three early Cambrian zones are considered. The lower Ediacaran 
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zone includes simple grazing trails, such as Helminthoidichnites, Helminthopsis, Gordia, and 

Archaeonassa, together with Epibaion and Kimberichnus. The age of this interval is 

approximately 560–550 Ma (Jensen et al., 2006). The upper Ediacaran zone includes the oldest 

branching burrow systems, represented by treptichnids. The age of this zone is 550–541 Ma 

(Grotzinger et al., 1995; Jensen et al., 2006; Schmitz, 2012). The lowermost early Cambrian zone 

or the Treptichnus pedum zone is of Fortunian age and defined by the first appearance of T. 

pedum, as well as other complex forms (Landing et al., 2013, 2015). The Rusophycus 

avalonensis zone contains the oldest bilobate, trilobite-type resting traces (R. avalonensis) and 

the bilobate epichnial trail Taphrelminthopsis circularis (Jensen et al., 2006). The age of this 

zone ranges from the Fortunian to Cambrian Age 2. The Cruziana problematica zone (= C. 

tenella zone), which contains the oldest bilobate, trilobite-like trails (Cruziana problematica) 

associated with Psammichnites gigas, is Cambrian Age 2. 

 The application of the lowest appearance of SSFs for global correlation of Ediacaran–

Cambrian boundary was first proposed at the Bristol plenary session in 1983 (Narbonne et al., 

1987). Biozonations based on SSFs are available in Siberia and South China (Peng et al., 2012a). 

In Siberia, SSF zonation comprises in ascending order the Anabarites trisulcatus and Purella 

antiqua assemblage zones of the Fortunian, and Watsonella crosbyi and Aldanella operosa 

assemblage zones of Cambrian Age 2–Age 3 (Khomentovsky and Karlova, 1993, 2002; Peng et 

al., 2012a). The SSF zonation of south China comprises the assemblage zones Anabarites 

trisulcatus–Protohertzina anabarica (SSF1) of the lower Meishucunian Stage (= Fortunian), 

Paragloborilus subglobosus–Purella squamulosa (SSF2), and Watsonella crosbyi (SSF3) of the 

middle Meishucunian Stage (= lower part of Cambrian Age 2). The upper Meishucunian (= 

upper part of Cambrian Age 2) strata comprise the Sinosachites flabelliformis–Tannuolina 

zhangwentangi Assemblage Zone (SSF4) (Steiner et al., 2007), which directly underlies the 

trilobitic interval of the Cambrian in the shallow-water realm of the Yangtze Platform.  

 Non-biostratigraphic techniques used for correlation of the Ediacaran–Cambrian 

boundary include chemostratigraphic techniques, such as the measurement of carbon and sulfur 

isotopes (Magaritz et al., 1986; Tucker, 1986; Magaritz, 1989; Brasier et al., 1992; Brasier, 1993; 

Shen and Schidlowski, 2000; Ru et al., 2011). The carbon isotopic curve emerges as an 

increasingly important tool for intercontinental and intracontinental correlation, especially in 

regions where the primary biologic marker for a key horizon is absent. The results obtained by 
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applying chemostratigraphic techniques, however, may be influenced by provenance and 

diagenetic alteration, and most importantly they still require biostratigraphy for final calibration 

(Rozanov et al., 2008). In any case, biostratigraphy remains a cost effective means of correlating 

the Ediacaran–Cambrian transition.  

 The biostratigraphy of the Soltanieh Formation is poorly known, and largely based on 

shelly fossils (Hamdi et al., 1989; Tashayoee et al., 2012) with very little published on 

ichnostratigraphy (CiabeGhodsi et al., 2006; Tashayoee et al., 2012). Small shelly fossils 

reported from the Soltanieh Formation are comparable with skeletal assemblages recorded in 

China and northern Siberia (Hamdi et al., 1989), containing elements of A. trisulcatus–P. 

anabarica, W. crosbyi assemblage zones of Meishucunian Stage, and Pelagiella subangulata 

taxon zone of Qiongzhusian Stage (Steiner et al., 2007). 

 Although the carbonate intervals (Lower, Middle and Upper Dolomite members) for the 

most part do not contain trace fossils, the clastic deposits of the Soltanieh Formation (Lower and 

Upper Shale members) contain trace fossils of biostratigraphic utility, which have largely been 

overlooked. The Lower Shale Member contains ichnotaxa that are known from both Ediacaran 

and early Cambrian rocks, and those that are only known from the Phanerozoic. The former 

group includes the simple grazing trail, namely Helminthopsis tenuis, whereas the second group 

consists of the grazing trail Cochlichnus anguineus, and the bilobate trail Cruziana isp. The latter 

occurs on the same bed as the branching burrow Treptichnus pedum. In contrast, the Upper Shale 

Member contains fourtheen ichnospecies, including Cochlichnus anguineus, Cruziana 

problematica, Curvolithus isp., Didymaulichnus miettensis, Gordia marina, Helminthopsis 

tenuis, Palaeophycus tubularis, Phycodes isp., Planolites montanus, Rusophycus avalonensis, 

Torrowangea rosei, Treptichnus pedum, Treptichnus pollardi, and Psammichnites gigas. 
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Figure 2.6. Stratigraphic column of the Soltanieh Formation, showing distribution of trace fossils, small shelly fossils, biozonation based 

on trace fossils and small shelly fossils, and correlation in relation to the Yangtze platform, China. 
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 Our study indicates that four distinctive trace-fossil zones can be recognized in the 

Soltanieh Formation, all belonging to the early Cambrian (Fig. 2.6). Ichnozone I characterizes 

the middle interval of the Lower Shale Member (from 157 m to 171 m above its base). This 

ichnozone is of low ichnodiversity, containing only two ichnotaxa of simple horizontal trails, 

namely Helminthopsis tenuis and Cochlichnus anguineus, collected 157 m above the base of the 

Lower Shale Member (Fig. 2.7). A wrinkled surface associated with these specimens suggests  

the presence of microbial mats (Fig. 2.2.1), which allowed the superb preservation of these 

delicate structures. Cochlichnus anguineus and Helminthopsis tenuis commonly occur in direct 

association with the microbial mat and record microbial grazing as one of the most widespread  

feeding strategies across the Ediacaran–Cambrian boundary (Buatois et al., 2014).  

 Although this ichnofauna shows similarities with that of the Ediacaran (Fedonkin, 1985; 

Narbonne et al., 1987; Jensen, 1997; MacNaughton and Narbonne, 1999; Gehling et al., 2005; 

Buatois and Mángano, 2011; Mángano et al., 2012), the presence of the Anabarites trisulcatus–

Protohertzina anabarica zone (Hamdi et al., 1989) in the dolomites below and above the Lower 

Shale indicates a Fortunian age. The most likely interpretation is to consider this ichnofauna as 

the distal expression of those that characterize the Treptichnus pedum Zone (see Discussion). 

Previous reports of Chuaria sp. from the lower interval of the Lower Shale Member at Vali-

Abad and Soltanieh Mountains (Hamdi et al., 1989; CiabeGhodsi, 2007) indicate that Chuaria 

persisted into the lowermost Cambrian. A similar situation has been observed in the Heziao and 

Jijiapo sections, Hubei province, southern China, where Chuaria sp. has been reported from 

siltstone and chert from the lower Cambrian Yanjahe Formation (Steiner, 1994). Amard (1997) 

also suggested an early Cambrian age for Chuaria from the Pendjari Formation of west Africa. 

These findings question the utility of Chuaria for global correlation of Proterozoic successions. 

If this is the case, then either the whole Soltanieh Formation is of early Cambrian age or the 

Ediacaran-Cambrian boundary is placed within the Lower Dolomite Member below the oldest 

occurrence of SSF.   

 Ichnozone II represents the uppermost interval of the Lower Shale Member, the Middle 

Dolomite Member and the lower interval of the Upper Shale Member (from 171 m above the 

base of the Lower Shale Member to 80 m above the base of the Upper Shale Member. 

 

 



 

 50 

 
Figure 2.7. Distribution of sedimentary facies in the Soltanieh Formation, with a detail on trace-fossil 

distribution in the siliciclastic units, indicating the location where the ichnofossiliferous samples were 

collected. Cochlichnus (Co), Cruziana (Cr), Curvolithus (Cu), Didymaulichnus (Di), Gordia (Go), 

Helminthopsis (He), Planolites (Pl), Palaeophycus (Pa), Phycodes (Py), Psammichnites (Ps), Rusophycus 

(Ru), Treptichnus (Tr). 

 

 A total of five ichnospecies occur in this zone including, Cruziana isp., Gordia arcuata, 

Helminthopsis tenuis, Palaeophycus tubularis, and Treptichnus pedum, indicating higher 

ichnodiversity than in the underlying Ichnozone I. Most of the trace fossils appear in the 

lowermost interval of the zone (from 171 to 173 m above the base of Lower Shale Member) (Fig. 

2.7). This ichnozone is defined by the first appearance of T. pedum, and is regarded as Fortunian 
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in age (Jensen 2003; Buatois and Mángano, 2011). This is consistent with the presence of the 

Anabarites trisulcatus–Protohertzina anabarica zone (Hamdi et al., 1989). In strict ichnologic 

terms, the first occurrence of Treptichnus pedum together with the first bilobate trace Cruziana 

isp. may be taken as evidence that the Ediacaran–Cambrian boundary is placed within the Lower 

Shale Member, 171 m above its base. However, as discussed above, integration with small shelly 

fossils and evaluation of environmental constraints suggest placing the Ediacaran–Cambrian 

boundary at the base of the Soltanieh Formation or within the Lower Dolomite Member, rather 

than within the Lower Shale Member. 

 Ichnozone III characterizes the middle interval of the Upper Shale Member (from 80 to 

178 m above its base). This ichnozone is defined by a sudden increase in the abundance of trace 

fossils and the occurrence of more complex burrows, including Cruziana problematica, 

Phycodes isp., and Treptichnus pollardi. The other elements of this ichnozone are Cochlichnus 

anguineus, Curvolithus isp., Gordia marina, Helminthopsis tenuis, Palaeophycus tubularis, 

Planolites montanus, Torrowangea rosei, and Treptichnus pedum (Fig. 2.7). This ichnozone 

corresponds to ichnozone IV of the global ichnofossil scheme; the lower half of the Rusophycus 

avalonensis Zone of the Chapel island Formation, which represents the upper half of Member 2 

and higher strata of the Chapel Island Formation, Burin Peninsula (Narbonne et al., 1987), and 

the Rusophycus avalonensis Zone of the Mackenzie Mountains, which characterizes the 

Backbone Ranges Formation and the lower interval of the Vampire Formation (MacNaughton 

and Narbonne, 1999). However, R. avalonensis has not been found at comparable levels in the 

Soltanieh Formation. Ichnozone III is interpreted as late Fortunian–Cambrian Age 2 (Buatois and 

Mángano, 2011). 

 Ichnozone IV represents the uppermost interval of the Upper Shale Member (from 178 m 

above its base to the base of the Upper Dolomite Member). This zone is based on the first 

appearance of large back-filled trace fossils (Psammichnites gigas), together with the bilobate, 

trilobite-like resting trace (Rusophycus avalonensis), and large locomotion trace 

(Didymaulichnus miettensis). The other elements of this ichnozone are Cruziana isp., 

Curvolithus isp., Palaeophycus tubularis, Phycodes isp., Planolites montanus, and Treptichnus 

pedum (Fig. 2.7). Ichnozone IV corresponds to ichnozone IV of the global scheme, the upper 

half of the Rusophycus avalonensis Zone of the Chapel Island Formation, Burin Peninsula 

(Narbonne et al., 1987), and Cruziana tenella Zone of the Mackenzie Mountains, which 
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characterizes the upper interval of the Vampire Formation (MacNaughton and Narbonne, 1999). 

This zone is regarded as Cambrian Age 2–3 (Buatois and Mángano, 2011). This is supported by 

the presence of Pelagiella lorenzi (Pelagiella subangulata; Steiner et al., 2007). 

 

2.8. Discussion 

 
The Ediacaran–Cambrian boundary is globally defined by a point placed with specific reference 

to the first appearance of T. pedum in the global stratotype section in Newfoundland (Narbonne 

et al., 1987), and also in other regions including the Mackenzie Mountains of Canada 

(MacNaughton and Narbonne, 1999; Carbone and Narbonne, 2014), the Flinders Ranges of 

South Australia (Jensen et al., 1998), eastern Finnmark, Norway (Føyn and Glaessner, 1979; 

Högström et al., 2013), Sonora, Mexico (Stewart et al., 1984; Sour-Tovar et al., 2007), and the 

Death Valley, Eastern California (Jensen et al., 2002), among many other areas. In the Alborz 

Mountains of northern Iran, however, the first appearance datum of Treptichnus pedum occurs 

stratigraphically higher in the section. Although ichnozone I consists of grazing trails which are 

common in Ediacaran strata elsewhere, these trace fossils are also abundant in Fortunian deposits 

in Burin Peninsula, in connection with microbially stabilized surfaces (Buatois et al., 2014). In 

contrast to the Fortunian of Burin Peninsula, arthropod trackways are absent in Ichnozone I in 

the Soltanieh Formation. We hypothesize that the presence of an ichnofauna of “Ediacaran 

aspect” and the late appearance of Treptichnus pedum in the Soltanieh Formation is due to 

environmental constraints. Buatois et al. (2013) noted that this ichnotaxon has a broad 

environmental tolerance, albeit displaying a preference for sandy substrates. The shelf shales of 

the Soltanieh Formation may have represented the seaward limit of the T. pedum producer. 

Therefore, ichnozone I in the Alborz Mountains is a distal expression of the Treptichnus pedum 

zone, which is commonly recognized in settings above storm wave base (Buatois et al., 2013). A 

similar situation has been noted in the E–C succession of eastern Yunnan Province, South China 

(Zhu, 1997), western Mongolia (Smith et al., 2015), Lesser Himalaya, India (Singh et al., 2014), 

and southeastern Kazakhstan (Weber et al., 2013), where the first appearance of the trace-fossil 

T. pedum postdates the E–C transition. 

 Ichnozone II of the Soltanieh Formation corresponds in part to ichnozone III of global 

ichnofossil zones and the Treptichnus pedum Zone of the Chapel Island Formation, Burin 
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Peninsula, which characterizes the lower part of Member 2, from 2.4 to 133 m above its base 

(middle part of Mystery Lake Member) (Narbonne et al., 1987; Landing, 1996). This ichnozone 

is also represented in the upper interval of the Ingta Formation in the Mackenzie Mountains 

(MacNaughton and Narbonne, 1999) and the Nomtsas Formation of Namibia (Crimes and 

Germs, 1982; Geyer and Uchman, 1995), among other areas. Integration of trace fossils and 

small shelly faunas suggests that Ichnozone II of the Soltanieh Formation is best regarded as the 

upper half of the global Treptichnus pedum zone to accommodate the shelf deposits of early 

Fortunian age that make up the lower interval of the Lower Shale Member. 

 In sections worldwide, Cruziana and Rusophycus commonly occur stratigraphically 

below the first occurrence of trilobite body fossils, and significantly above the first appearance of 

Treptichnus pedum (Crimes, 1987). In the Chapel Island Formation in Newfoundland, for 

example, Rusophycus avalonensis appears approximately 250 meters up-section from T. pedum, 

and in the global ichnostratigraphic scheme of Buatois and Mángano (2011) this ichnotaxon first 

appears below the Cruziana problematica zone. In the Soltanieh Formation, however, R. 

avalonensis has been collected above Cruziana cf. problematica and together with 

Psammichnites gigas within the ichnozone IV. In this formation, the first appearance of bilobate 

cruzianid trace occurs at the base of the Ichnozone II, whereas Cruziana cf. problematica first 

appears in ichnozone III, considerably above (172 m) the first appearance of T. pedum. In strict 

sense, because Cruziana and Rusophycus are both produced by trilobites or trilobitomorph 

arthropods, there is no a priori reason why Cruziana should occur stratigraphically above 

Rusophycus. 

 Finally, Hamdi et al. (1989) noted that the phosphatic layers near the base of the Upper 

Shale Member might be part of a contemporaneous event across the Palaeotethyan belt, 

underscoring similarities with successions in China, India, Pakistan, Kazakhstan, and Mongolia. 

However, correlations seem to show a more complicated pattern. In South China, the phosphate 

layers of the Upper Phosphate Member occur within the R. avalonensis and Paragloborilus 

subglobosus–Purella squamulosa biozones (Zhu, 1997; Steiner et al., 2007). In southeastern 

Kazakhstan, the phosphate deposits of the Aksai Member occur below the R. avalonensis zone, 

and within the Purella antigua assemblage zone (Weber et al., 2013). In western Mongolia, the 

phosphate layers at the base of Member 2 of the Bayangol Formation occur within the 

Anabarites trisulcatus–Protohertzina anabarica assemblage zone and below the R. avalonensis 
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zone (Smith et al., 2015). The Chert-Phosphate Member of Northern India occurs within the 

Anabarites trisulcatus–Protohertzina anabarica assemblage zone, below the R. avalonensis zone 

(Desai et al., 2010). In northern Pakistan, the phosphate-bearing deposits at the top of 

Abbottabad Formation are believed to be of earliest early Cambrian age (Latif, 1972; Hassan, 

1986). However, due to lack of biostratigraphic and geochronological constraints, the age of the 

Abbottabad Formation is in dispute.  

 Therefore, the phosphatic layers of the Upper Shale Member are most likely coeval with 

those in the Upper Phosphate Member in Yunnan and the Karatau Member in Southeastern 

Kazakhstan, whereas Member 2 of the Bayangol Formation of western Mongolia, the Chert-

Phosphate Member in India and the upper Abbottabad Formation in Pakistan seem to be older 

(Fig. 2.8). To summarize, integration of stratigraphic, sedimentologic and biostratigraphic data 

suggests two phosphatic events (early Fortunian and late Fortunian) rather than one. 

 

2.9. Conclusion 

 
Trace-fossil assemblages recorded from the Soltanieh Formation in northern Iran are 

characterized by low to moderate diversity, dominance of very simple forms, and combination of 

locomotion, grazing, and dwelling structures. Ichnodiversity increases towards the top of the 

unit. An analysis of the Soltanieh ichnofauna indicates that four ichnozones may be recognized. 

Ichnozone I is of early Fortunian age and is characterized by low diversity of simple grazing 

traces. Ichnozone II is of middle Fortunian age, and is defined based on the first appearance of 

Treptichnus pedum and earliest bilobate trace Cruziana isp. Ichnozone III is late Fortunian–

Cambrian Age 2, and is marked by sudden change in abundance and complexity of trace fossils 

and the first appearance of Cruziana problematica. Ichnozone IV is Cambrian Ages 2–3, and is 

characterized by the first appearance of Psammichnites gigas, Rusophycus avalonensis and 

Didymaulichnus miettensis. An integration of trace fossils with small shelly fossils and 

evaluation suggest that the Ediacaran–Cambrian boundary be placed at the base of the Soltanieh 

Formation or within the Lower Dolomite Member. 



 

 

55 

 

 

 
Figure 2.8. Stratigraphic correlation of the phosphate-bearing lower Cambrian successions of northern Iran, South China, southeast Kazakhstan, 

western Mongolia, Northern India and northern Pakistan, based on small shelly fossils and trace fossils.
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TRANSITION 
 
Chapter 2 provides a detailed documentation of the Soltanieh Formation ichnofauna, together 

with a local ichnostratigraphic scheme and a critical evaluation of this scheme with global 

ichnostratigraphic models for the Ediacaran–Cambrian boundary. Chapter 3 moves from the 

vertical distribution of trace fossils to a temporal and spatial understanding, in an attempt to 

assess the role of ecological and evolutionary factors.  
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Chapter 3 

3. Discriminating ecological and evolutionary controls during the Ediacaran–

Cambrian transition: Trace fossils from the Soltanieh Formation of northern 

Iran 
 

Shahkarami, S., Mángano, M.G., Buatois, L.A., Discriminating ecological and evolutionary 

controls during the Ediacaran-Cambrian transition: Trace fossils from the Soltanieh Formation of 

northern Iran, In review:  Palaeogeography, Palaeoclimatology, Palaeoecology 

 

ABSTRACT 

 

The nature of the Cambrian Explosion, one of the most critical events in Earth history, has been 

a major topic of discussion. The trend of increasing morphological complexity and taxonomic 

diversity of trace fossils within this interval has been used as evidence of the true evolutionary 

nature of the Cambrian Explosion. However, the distribution of trace fossils is controlled by a 

complex interplay between evolutionary and ecological constraints. The pre-trilobite Soltanieh 

Formation of northern Iran displays a significant vertical facies recurrence, allowing comparison 

of identical environments through time; therefore provides a test case for evaluating the role of 

evolutionary and ecological controls on lower Cambrian trace-fossil distribution. An integrated 

study of sedimentary facies, small shelly fossil zones, sequence stratigraphy, and distribution of 

associated trace fossils indicates a complex interplay of these two set of factors. The distribution 

and preservation of diagnostic early Cambrian trace fossils in the Lower Shale Member of the 

Soltanieh Formation is very likely to have been controlled by facies, especially within storm-

generated silt-shale intercalations providing better preservation potential for interfacial trace 

fossils, therefore delaying the stratigraphic occurrence of Treptichnus pedum. In contrast, 

evolutionary innovations exerted the primary control on trace-fossil distribution in the Upper 

Shale Member, where the vertical distribution of trace fossils strongly matches that observed 

worldwide. This result suggests that, although trace fossils provide a valid means of global 

correlation, placing trace-fossil assemblages within a paleoenvironmental and sequence-
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stratigraphic framework is a prerequisite of any sound evaluation of the evolutionary 

implications of trace fossils. 

 

Keywords: Ichnology, bioturbation, Cambrian Explosion, evolutionary paleoecology, facies 

controls. 

 

3.1. Introduction 

 

The Cambrian Explosion represents one of the most critical events in Earth history, and has been 

the topic of numerous studies (Brasier, 1992a; Brasier et al., 1994a; Butterfield, 2003; Dzik, 

2005; Jensen et al., 2005; Marshall, 2006; Maloof et al., 2010; Landing et al., 2013; Erwin and 

Valentine, 2013; Mángano and Buatois, 2014, 2016). These studies have elicited a wide range of 

views on the nature of this event, with two main conflicting perspectives historically dominating 

the debate; one view takes the explosion simply as an artefact of changing fossilization potential 

of mineralized skeletons as a result of significant changes in the environmental conditions of the 

Earth (Brasier, 1982, 1992b; Brasier and Lindsay, 2001; Maloof et al., 2010), whereas the 

alternative view sees the Cambrian Explosion as a real biological event indicating a rapid rate of 

animal evolution (Conway Morris, 2000, 2006; Mángano and Buatois, 2014, 2016). In recent 

years, an alternative perspective, which underscores an early Neoproterozoic divergence of 

animal clades and implies a macroevolutionary lag between the initial establishment of the 

bilaterian developmental toolkit and the first appearance of bilaterians in the fossil record, seems 

to be emerging (Erwin et al., 2011). Seilacher (1956) was the first to introduce the term 

“explosive evolution" based on the trend of increasing morphological complexity and taxonomic 

diversity of trace fossils within this interval (Zhu, 1997; Jensen, 2003; Jensen et al., 2006; 

Mángano and Buatois, 2014, 2016). Seilacher, and many authors after him, employed the pattern 

in the distribution of trace fossils to argue that the fact that the evolutionary burst affected trace 

fossils as much as body fossils refutes the notion that the Cambrian Explosion only results from 

higher fossilization potential of mineralized skeletons (Seilacher et al., 2005).  

However, this explanation is not without dispute, because the ichnological record can be 

tied to a number of extrinsic processes that controlled benthic colonization; as a case in point, 

facies control on the distribution of trace fossils is a widely recognized problem for this interval 
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and has been noted by several authors (Mount and McDonald, 1992; Mount and Signer, 1992; 

Brasier et al., 1994b; Goldring and Jensen, 1996; Lindsay et al., 1996; Kouchinsky et al., 2007; 

Maloof, et al., 2010; Landing et al., 2013). Trace fossils are more common in siliciclastics than 

in carbonates (Buatois and Mángano, 2011), show narrow environmental ranges (Frey, 1975; 

Narbonne et al., 1987; Mount and Signer, 1985, 1992; Buatois and Mángano, 2011), and have 

their own set of taphonomic constraints (Hallam, 1975; Seilacher, 1978). As a result, first 

appearances of ichnotaxa and increases in trace-fossil diversity and abundance in early Cambrian 

strata may represent a combination of evolutionary changes and the occurrence of suitable 

sedimentary facies as a reflection of paleoenvironmental conditions. However, despite the 

importance of this complex interplay of evolutionary and ecological constraints, detailed analysis 

of the contribution of both sets of factors are rare (see MacNaughton and Narbonne, 1999 for a 

notable exception).  

  In this paper, we have integrated various datasets, namely sedimentary facies, small 

shelly fossil zones, sequence stratigraphy and the distribution of associated trace fossils, through 

a ~1000-m-thick early Cambrian succession in the Alborz Mountains, northern Iran. The pre-

trilobite Soltanieh Formation displays a significant vertical facies recurrence, allowing 

comparison of identical environments through time, and therefore provides a test case for 

evaluating the role of evolutionary and ecological controls on lower Cambrian trace-fossil 

distribution. In addition, the Soltanieh Formation siliciclastic strata represent deposition in 

relatively distal settings, relative to other E–C boundary successions, allowing evaluating 

infaunal colonization in environments right below and above storm wave base.  

 

3.2. Geological setting 

 

The lower Cambrian Soltanieh Formation of northern Iran is a thick succession of mixed 

carbonate–siliciclastic rocks, containing abundant trace fossils and small shelly fossils, formed 

on a low-angle, relatively low-energy homoclinal carbonate ramp, developed in the Proto-

Paleotethys passive margin of northwestern Gondwana (Alavi, 1996). The Soltanieh Formation 

can be traced along the Soltanieh Mountains, southeast Zanjan and also to several other 

localities, including the Garmab and Vali-Abad areas in the Alborz Mountains, along the 

Tehran–Chalous road, north of Tehran (Figs. 3.1a-b and 3.2a-c). This formation consists of five 
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members, from bottom to top: the Lower Dolomite, Lower Shale, Middle Dolomite, Upper 

Shale, and Upper Dolomite members. At the type section, also known as the Chopoghloo 

Dolomite, the Lower Dolomite Member is a 165-m-thick succession of dolomite to cherty 

dolomite and thin-bedded shale, the Lower Shale Member is a 120-m-thick succession of black 

shale, the Middle Dolomite Member is a 180-m-thick succession of stromatolite-bearing 

dolomite and grey limestone, the Upper Shale Member is a 90-m-thick succession of grey-green 

shale to silty shale interbedded with sandstone and phosphatic limestone, and the Upper 

Dolomite Member is a 580-m-thick succession of stromatolites and cherty dolomite. The 

lithology of the Soltanieh Formation in the Alborz Mountains is similar to that of the type 

section, albeit with the presence of the phosphatic deposits at the base of the Upper Shale 

Member in the more distal Vali-Abad section (Ashkan, 1986; Salehi, 1986; Hamdi et al., 1989), 

and the absence of the black chert in the entire Garmab section and Upper Dolomite Member of 

Vali-Abad section. 

 
Figure 3.1. Location of the study area; (a) General map of Iran; (b) Map showing the location of studied 

sections. 

 
 The Soltanieh Formation overlies the Bayandor Formation in the Soltanieh Mountains 

and the Kahar Formation in the Alborz Mountains, both being of Ediacaran age. The Soltanieh 

Formation passes gradationally upwards into the overlying Barut Formation (Cambrian Age 3), a 

succession of greenish and reddish shale and siltstone alternating with dark dolomites and chert 

(Salehi, 1986) (Fig. 3.2b). 
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Figure 3.2. Geologic map and regional stratigraphy of the study area; (a) Schematic cross-section 

displaying the stratigraphic framework of the Soltanieh region, Zanjan, Iran (modified from Geological 

map of Zanjan; Stöcklin and Eftekharnezhad, 1969); (b) Late Ediacaran–Lower Cambrian stratigraphy of 

northern Iran (based on Stöcklin et al., 1964; Hamdi et al., 1989); (c) Geologic map of the Tehran–

Chalous road, Garmab area, north of Tehran, Iran (modified from Aghanabati et al., 2005). 

 

3.3. Methods  

 

Two stratigraphic sections were measured, analyzed from a sedimentary facies perspective and 

sampled, with emphasis on the trace-fossil content in Garmab Section, along the Tehran–Chalous 

road, north of Tehran, and the Chopoghloo Dolomite, along the Soltanieh Mountains, southeast 

Zanjan. Trace fossils illustrated in this study were all collected from the Garmab section, where 

trace fossils are more abundant and better preserved. Trace fossils were examined in the field 

and/or in the lab. Detailed descriptions have been presented elsewhere (Shahkarami et al., in 

review). In addition to field observations, the rocks were sampled systematically, and 25 thin 
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sections were prepared for microfacies analysis of carbonate members. Previous studies by 

Hamdi et al. (1989) and CiabeGhodsi (2007) provide data on the small shelly fossils and the 

carbonate facies.  

 

3.4. Biostratigraphy 

 

Shahkarami et al. (in review) proposed four ichnozones and three SSF biozones for the Soltanieh 

Formation in the Garmab section. Ichnozone I characterizes the middle interval of Lower Shale 

Member (from 157 m to 171 m above its base). This ichnozone is of low ichnodiversity, 

containing only two ichnotaxa of simple horizontal trails, namely Helminthopsis tenuis and 

Cochlichnus anguineus, whose oldest record occurs 157 m above the base of Lower Shale 

Member. This Ichnozone is of early Fortunian age. Ichnozone II represents the uppermost 

interval of the Lower Shale Member, the Middle Dolomite Member and the lower interval of the 

Upper Shale Member (from 171 m above the base of the Lower Shale Member to 80 m above the 

base of the Upper Shale Member). A total of five ichnospecies occur in this zone, including 

Cruziana isp., Gordia arcuata, Helminthopsis tenuis, Palaeophycus tubularis, and Treptichnus 

pedum. This ichnozone is regarded as Fortunian in age. Ichnozone III characterizes the middle 

interval of the Upper Shale Member (from 80 m to 178 m above its base). This ichnozone is 

defined by a sudden increase in abundance of trace fossils and the occurrence of more complex 

burrows, including Cruziana problematica, Phycodes isp. and Treptichnus pollardi. The other 

elements of this ichnozone are Cochlichnus anguineus, Curvolithus isp., Gordia marina, 

Helminthopsis tenuis, Palaeophycus tubularis, Planolites montanus, Torrowangea rosei, and 

Treptichnus pedum. Ichnozone III is interpreted as late Fortunian–Cambrian Age 2. Ichnozone 

IV represents the uppermost interval of the Upper Shale Member (from 178 m above its base to 

the base of the Upper Dolomite Member). This zone is marked based on the first appearance of 

large back-filled trace fossil (Psammichnites gigas), together with the bilobate, trilobite-like 

resting trace (Rusophycus avalonensis), and large locomotion trace (Didymaulichnus miettensis). 

The other elements of this ichnozone are Cruziana isp., Curvolithus isp., Palaeophycus 

tubularis, Planolites montanus, Phycodes isp., and Treptichnus pedum. This zone is regarded as 

Cambrian Age 2–3. 

   With respect to SSF biozones, the assemblage zone 1 (Anabarites trisulcatus–
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Protohertzina anabarica or SSF1) is of Fortunian age and correlates with Ichnozone I, and 

Ichnozone II of the Soltanieh Formation. Assemblage zone 2 (Watsonella crosbyi or SSF2) is of 

Cambrian Age 2 and correlates with Ichnozone III of the Soltanieh Formation. Assemblage 

zones 3 (Paragloborilus subglobosus or SSF3) is of Cambrian Age 3 and correlates in part with 

Ichnozone IV of the Soltanieh Formation (Shahkarami et al., in review). The Ediacaran–

Cambrian boundary is placed either at the base of the Soltanieh Formation or within the Lower 

Dolomite Member. This is supported by the presence of the Anabarites trisulcatus–Protohertzina 

anabarica zone in the upper interval of the Lower Dolomite Member (Hamdi et al., 1999). 

 

3.5. Sedimentary facies  

 

Eight facies have been recognized in this succession, which can be grouped into the following 

facies associations: (1) siliciclastic-dominated facies association, and (2) carbonate-dominated 

facies association (Table. 3.1). Facies are described in order from proximal (nearshore) to distal 

(basinal). In the paleoenvironmental scheme adopted for the siliciclastic facies association, the 

offshore is located between the fair-weather wave base and the storm wave base, and the shelf 

below the storm wave base (Buatois and Mángano, 2011). Sedimentary facies of the Soltanieh 

Formation are characterized in terms of lithology, sedimentary structures, bed contacts, bed 

geometry, fossil content, color, and texture. Degree of bioturbation in cross-section is assessed 

following Taylor and Goldring (1993), who defined bioturbation indices (BI), ranging from 0 (no 

bioturbation) to 6 (complete bioturbation), based on a previous scale by Reineck (1963). The 

percentage of bioturbation on bedding planes was estimated using the bedding-plane bioturbation 

indices (BP–BI) proposed by Miller and Smail (1997), ranging from 1 (no bioturbation) to 5 (60 

% to full coverage). 
 

3.5.1. Siliciclastic-dominated facies associations 

 

• Sandy shale and sandstone (F1) 

 

This facies is represented by up to 6-m-thick, coarsening upward cycles of interbedded greenish-

grey silty shale and erosionally based, very fine- to medium-grained sandstone and sandy 
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dolomite (Fig. 3.3). Sandstone intercalations form 0.3–1.0-mm-thick laminae and 1.0–6.0-cm-

thick beds. Silty shale is parallel laminated, whereas sandstone displays low-angle cross 

lamination, parallel lamination, wavy bedding, and wave ripples (Fig. 3.3c, d).  

 

Table 3-1. Summary of facies and facies associations from the Soltanieh Formation. 

Facies Lithology Sedimentary structure 
Depositional 

environment 

Sandy shale, and 

sandstone (F1) 

Interbedded greenish-grey silty 

shale and fine- to medium-grained 

sandstone 

Low angle cross lamination, 

parallel lamination, wavy 

bedding, and wave ripples 

Upper offshore 

 Silty shale and 

sandstone 

(F2) 

Greenish-gray silty shale with 

millimeter scale lenses and thin 

beds of very fine-grained sandstone 

Parallel or ripple-cross 

lamination, and less 

commonly tool marks 

Lower offshore 

Silty shale (F3) 
Dark-gray shale and fine- to very 

fine-grained silty beds 
Parallel lamination  Proximal shelf 

 Dark-grey shale (F4) 
Dark-grey shale 

 

Parallel lamination and 

massive with wrinkle marks 
Distal shelf 

Stromatolite-bearing 

cherty-dolomite (F5) 

Stromatolite-bearing, black chert 

and dolomite 

Desiccation cracks, peloids, 

and fenestral structures 

Upper intertidal to 

supratidal 

Peloidal dolo-

grainstone (F6) 
Grey to blue dolo-grainstone 

Well bedded to massive 

dolomite, moderately sorted 

peloids and intraclastic 

Intertidal–Shallow 

subtidal 

 Limestone–shale (F7) 

Dark-gray massive calcareous shale, 

silty shale, and rhythmically bedded 

limestone 

 Shallow subtidal 

Phosphate-bearing 

carbonate (F8) 
Black phosphatic limestone 

Peloidal, intraclastic, 

bioclastic and oolitic  
Deep subtidal 
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Figure 3.3. Sedimentary facies from the Upper Shale Member of the Soltanieh Formation, Garmab section; (a) Outcrop photograph, showing 

general view of the trace-fossil-bearing beds; (b) Close-up view of E, showing silty shale and sandstone layers of facies 1; (c) Rippled bed top; (d) 

Wave ripple on top of sandstone bed; (e) Close-up view of A showing interbedded silty shale and sandstone of facies 1; (f) General bedding-plane 

view of sandy shale deposits, facies 1.  
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 In the Garmab section, this facies occurs in the uppermost interval of the Upper Shale 

Member (from 174 m above its base to the base of the Upper Dolomite Member). The outcrops 

of Upper Shale Member at the type section are poor due to weathering and erosion, therefore 

detailed description of facies at this locality is not provided. The sandy shale contains nine 

ichnotaxa; Psammichnites gigas (Fig. 3.4a) and Didymaulichnus miettensis (Fig. 3.4e) are the 

most dominant. The less common elements include Curvolithus isp., Rusophycus avalonensis, 

Cruziana isp., Palaeophycus tubularis (Fig. 3.4i), Phycodes sp., Planolites montanus, and 

Treptichnus pedum (Table. 3.2). The bioturbation index for this facies is 1, whereas the bedding 

plane coverage is approximately 10–35 %, resulting in a bedding-plane bioturbation index of 2–

3. 

 This facies records low-energy, suspension fallout deposition punctuated by relatively 

frequent storm events represented by the sandstone beds, which are interpreted as proximal storm 

beds (tempestites) (Reineck, 1974; Aigner and Reineck, 1982; Allen, 1982; Dott and Bourgeois, 

1982; Aigner, 1985; Arnott and Southard, 1990; Seilacher and Aigner, 1991; Schieber, 1999). 

The local presence of sandstone beds with oscillatory structures indicates deposition above the 

storm wave base (Myrow et al., 2002; Buatois et al., 2009). This facies is interpreted as having 

been deposited in an upper offshore environment. 

 

• Silty shale and sandstone (F2) 

 

This facies mainly consists of parallel-laminated, greenish-gray silty shale with millimeter-scale 

lenses and laterally discontinuous laminae of erosionally based, very fine-grained sandstone 

(0.5–3.0-mm-thick). The silty shale is composed of laterally continuous alternating, 0.5–4.0-mm-

thick laminae of silty and clayey shale. Individual sandstone laminae show internal parallel- or 

ripple-cross lamination. Millimeter-scale tool marks (Figs. 3.4h and 3.5c), and flute casts (Fig. 

3.5f) are common at the base of the sandstones.  

 In the Garmab section, facies 2 comprises most of the Upper Shale Member (up to 129-

m-thick), from 45 m to 174 m above its base (Fig. 3.5a, d, e). The silty shale and sandstone of 

facies 2 contains eleven ichnospecies. The most common elements include Cruziana 

problematica, Helminthopsis tenuis (Fig. 3.4d), Palaeophycus tubularis (Fig. 3.4d, g), 

Treptichnus pollardi, Treptichnus pedum (Fig. 3.4c), and Planolites montanus. Phycodes isp., 
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Curvolithus isp. (Fig. 3.4f), Cochlichnus anguineus, Gordia marina, and Torrowangea rosei are 

also present in lower numbers (Table. 3.2). The bioturbation index for this facies is 0, whereas 

the bedding plane coverage is approximately 25–60 %, resulting in a bedding-plane bioturbation 

index of 3–4 (Figs. 3.4d, g and 3.5a). 

 

 
Figure 3.4. Selected trace fossils from the Soltanieh Formation, Garmab section. (a) Psammichnites gigas, 

facies 1, Upper Shale Member; (b) Treptichnus pedum (white arrow), facies 3, Lower Shale Member; (c) 

Treptichnus pedum on the base of sandstone bed, facies 2, Upper Shale Member; (d) Helminthopsis tenuis 

(red arrows), and Palaeophycus tubularis (white arrow), facies 2, Upper Shale Member; (e) 

Didymaulichnus miettensis, facies 1, Upper Shale Member; (f) Curvolithus isp., facies 2, Upper Shale 
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Member; (g) Palaeophycus tubularis and Planolites montanus, facies 2, Upper Shale Member; (h) 

Cruziana isp, and tool marks on the base of sandstone bed, facies 2, Upper Shale Member; (i) 

Palaeophycus tubularis, facies 1, Upper Shale Member. 

 

 
Figure 3.5. Sedimentary facies from the Lower and Upper Shale members of the Soltanieh Formation, 

Garmab section; (a) Outcrop photograph, showing general view of the trace-fossil-bearing beds, facies 2, 

Upper Shale Member; (b) Wrinkled bed surfaces, facies 4, Lower Shale Member; (c) Tool marks on the 

base of sandstone bed, facies 2, Upper Shale Member; (d) Silty shale deposit of facies 2, Upper Shale 

Member; (e) Bottom view of storm beds, facies 2, Upper Shale Member; (f) Flute cast on the base of 

sandstone bed, Upper Shale Member. 
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 This facies records low-energy, suspension fallout deposition punctuated by very rare 

storm events recorded by the sandstone beds. The thin sandstone beds with erosional bases and 

oscillatory structures are interpreted as distal tempestites (Gadow and Reineck, 1969; Aigner and 

Reineck, 1982; Aigner, 1985; Arnott and Southard, 1990; Seilacher and Aigner, 1991; Bádenas 

and Aurell, 2001; Dumas and Arnott, 2006), representing storm deposition immediately above 

the storm wave base. These tempestites differ from proximal storm deposit of facies 1 by being 

thinner, better sorted, and finer grained (Fürsich and Oschmann, 1993). This facies is interpreted 

as having been deposited in a lower offshore environment. 

 

• Silty Shale (F3) 

 

This facies consists of up to 45 m of parallel-laminated to massive, dark-gray shale and thinly 

bedded shale-siltstone alternations (1.0–3.0-mm-thick). In the type section, facies 3 occurs in the 

lower interval of Lower Dolomite Member (from 27 m to 55 m above its base); this facies also 

comprise most of the Lower Shale Member (up to 95 m) in this section. In the Garmab section, 

facies 3 occurs in the upper interval of Lower Shale Member (from 171 m above its base to its 

top), and in the lower interval of the Upper Shale Member (from its base to 45 m above it). The 

silty shale of facies 3 contains five ichnotaxa: Palaeophycus tubularis, Helminthopsis tenuis, and 

Treptichnus pedum (Fig. 3.4b) are the most dominant ones, but Cruziana isp., and Gordia 

arcuata, are also present (Table. 3.2). The bioturbation index for this facies is 0, while the 

bedding plane coverage is approximately 5–15 %, resulting in a bedding-plane bioturbation 

index of 2–3. 

The dominance of shale and siltstone together with the absence of oscillatory structures 

indicate low-energy, suspension fallout deposition, below storm wave base. The thin siltstone 

beds may represent the distal ends of storm-generated turbidity currents, which carried coarser-

grained material into deeper water below storm wave base (Hamblin and Walker, 1979; Benton 

and Gray, 1981; Pedersen, 1985; Myrow and Southard, 1996). This facies is interpreted as 

having been deposited in a proximal shelf environment.  
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• Dark grey shale (F4) 

 

This facies consists of laterally extensive, dark-grey parallel-laminated and massive shale. The 

thickness of individual bed ranges from a few millimeters (1–4 mm) to a few centimetres (4–10 

cm). Wrinkle marks are present in this facies (Fig. 3.5b). This facies has been only observed in 

the Garmab section, where it comprises most of the Lower Shale Member, from 30 m to 171 m 

above its base (141-m-thick).  

This facies contains two ichnotaxa, Helminthopsis tenuis and Cochlichnus anguineus 

(Table. 3.2). The bioturbation index for this facies is 0, whereas the bedding plane coverage is 

approximately 0–5 %, resulting in a bedding-plane bioturbation index of 1–2. The paucity of 

trace fossils in shelf deposits is commonly taken as evidence of reduced oxygen content (e.g., 

Bromley and Ekdale, 1984; Wetzel, 1991; Uchman and Wetzel, 2011). In the Soltanieh 

Formation, however, no evidence of drastic anoxia is apparent; pyrite is rare and these deposits 

include poorly diverse, non-specialized grazing trails. In any case, reduced oxygen content (4.3–

5.3 mgl–1) well above hypoxic levels can also have a dramatic impact on the health of infaunal 

communities (Dashtgard et al., 2015). The absence of wave- and current-generated structures 

indicates deposition from suspension fallout in quiet-water conditions well below the storm wave 

base (Arnott, 1991; Plint et al., 2010). This facies is interpreted as having been deposited in a 

distal shelf environment.  
 
3.5.2. Carbonate-dominated facies associations 

 

The carbonate facies analysis has been done mainly based on the observation in the field and 

microfacies analysis of thin sections. Carbonates from the Soltanieh Formation are largely 

affected by multiple episodes of dolomitization and dolomite recrystallization, which obscured or 

obliterated the primary fabrics and sedimentary structures in the dolomites, making recognition 

of the precursor lithology difficult. Previous descriptions and interpretations of the carbonate 

facies have been presented by CiabeGhodsi (2007) and his information is integrated within the 

framework of our study. 
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Table 3-2. Environmental distribution of trace fossils in the Soltanieh Formation. 
 

Siliciclastic-dominated facies association 

F 1 F 2 F3  F4 

T
ra

ce
-f

os
si

l a
ss

em
bl

ag
e 

Psammichnites gigas,  

Didymaulichnus miettensis,  

Rusophycus avalonensis 

Cruziana isp., Palaeophycus 

tubularis, Planolites montanus, 

and Treptichnus pedum, 

Phycodes isp., Curvolithus isp 

Cochlichnus anguineus, 

Cruziana problematica, 

Curvolithus isp., Gordia 

marina, Helminthopsis 

tenuis, Palaeophycus 

tubularis, Phycodes isp., 

Planolites montanus, 

Torrowangea rosei, 

Treptichnus isp. 

Cruziana isp., 

Helminthopsis tenuis, 

Palaeophycus 

tubularis, Treptichnus 

pedum 

Helminthopsis 

tenuis and 

Cochlichnus 

anguineus 

 

• Stromatolite-bearing cherty-dolomite (F5) 

 

This facies consists of rhythmic, laterally continuous, stromatolite-bearing, black chert and 

dolomite with desiccation cracks, peloids, and fenestral structure (CiabeGhodsi, 2007) (Fig. 

3.6d) forming up to 85-m-thick unit. Chert intercalations occur as 10–15-mm-thick laminae and 

5–15-cm-thick beds (Fig. 3.6c). In the type section, the cherty dolomite occurs in several 

intervals (up to 64-m-thick) within the Lower Dolomite Member, the upper most interval of 

Middle Dolomite Member (152 m above its base to the base of Upper Shale Member), and also 

through the Upper Dolomite Member (up to 85-m-thick). The chert layers are absent from this 

facies in the Garmab section. Features, such as fenestrae, desiccation cracks and peloids, indicate 

an upper intertidal to supratidal environment for this facies (Shinn, 1968; 1983; Lucia, 1972; 

Mountjoy, 1975; Tucker and Wright, 1990; Pratt, 2010). 

 

• Peloidal dolo-grainstone (F6) 

 

This facies consists of well-bedded to massive, grey to blue, moderately sorted peloidal and 

intraclastic dolo-grainstone (CiabeGhodsi, 2007). The thickness of individual beds ranges from 2 

to 20 cm. The peloids constitute the main components in this facies. Facies 6 occurs in the upper 

half of the Middle Dolomite Member in the two sections (CiabeGhodsi, 2007). Peloids are 
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distinct components of low-energy shallow intertidal and subtidal carbonates (Flügel, 2004). 

This facies is common in protected shallow-marine environments with moderate water 

circulation in intertidal-shallow subtidal zones. 

 

 
Figure 3.6. Sedimentary facies from the Lower Dolomite Member and the Upper Shale Member of the 

Soltanieh Formation, Garmab section; (a) Outcrop photograph, showing general view of the rhythmic 

beds of facies 7; (b) Close-up view of A, showing the lowermost deposits of the Lower Shale Member, 

facies 7; (c) Chert bed and dolomite, facies 5, Lower Dolomite Member; (d) Stromatolitic cherty 

dolomite, facies 8, Lower Dolomite Member. 
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• Rhythmic Lime-mudstone (F7) 

 

This facies is characterized by parallel-laminated, current-rippled and low-angle cross-

laminated limestone (packstone and wackestone) and intercalated dark-gray massive calcareous 

shale and silty shale, forming up to 30-m-thick intervals, with the thickness of the shale 

increasing upward, whereas the limestone thickness decreases. The thickness of individual beds 

ranges from 5 mm to 15 cm. Individual beds can be traced laterally without major thickness 

change (Fig. 3.6a, b). The limestone and shale interlayers commonly display planar or 

undulatory contacts. Bedding boundaries are sharp; irregularity of bedding boundaries where 

present might have been enhanced by compaction during early digenesis (Chen et al., 2010). 

This facies gradationally overlies the cherty-dolomite facies and grades upward to the silty shale 

facies. Chert nodules and lenses are relatively common.  In the type section, this facies occurs in 

the middle interval of Upper Shale Member (from 45 m above its base up to 25 m), and at the 

base of the Upper Dolomite Member (from its base to 10 m above it). In the Garmab section, 

Facies 7 occurs in the lowermost interval of the Lower Shale Member (from its base to 30 m 

above), and at the base of the Middle Dolomite Member in the two sections. 

 The limestone–shale couplets indicate cyclic deposition of siliciclastic and carbonate 

sediments in the transition zone between a clastic sedimentation-dominated zone and a carbonate 

sedimentation-dominated zone. Deposition of the shale from suspension fall-out, and lateral 

continuity of beds indicate period of quiet condition, in the absence of erosion. This facies is 

interpreted as having been deposited by high-energy-storm currents in shallow low-energy 

subtidal setting, where carbonate production and siliciclastic input coexist (Chen et al., 2010; 

Bayet-Goll et al., 2015). 

 

• Phosphate-bearing carbonate (F8) 

 

This facies consists of black phosphatic limestone with diverse SSF-assemblages. The phosphate 

contains pyrite, glauconite, goethite, clays (illite), and some siliceous, feldspathic and calcareous 

particles with peloidal, intraclastic, bioclastic and oolitic structures. Stromatolites are also 

present (Salehi, 1986; Sharifi, 2005). This facies has been only reported from the base of Upper 

Shale Member, in the Vali-Abad section (Ashkan, 1986; Hamdi et al., 1989; Sharifi, 2005).  
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 Lower Cambrian phosphorite deposits of the Soltanieh Formation show similarities to 

those of the Upper Phosphate Member in Yunnan and the Karatau Member in southeastern 

Kazakhstan (Shahkarami et al., in review). These deposits are characterized by associated 

shallow-water carbonates, particularly dolomite, overlain by or in places interdigitating with 

phosphorite and black shale (Zhu, 1997; Weber et al., 2013).  

The phosphatic beds are interpreted to be associated with condensed sections, formed 

during the onset of transgression under a period of slow sedimentation. The condensed, 

phosphate beds preserve abundant small shelly fossils, which are characteristic of open-marine 

conditions. This facies has been deposited in the deep subtidal region, with reducing conditions 

(pyrite and glauconite), although the microfossils indicate that there was sufficient oxygen in the 

water column and sediment for organisms to survive. 
 

3.6. Sequence stratigraphy 

 

Based on sequence stratigraphic concepts and predictable geometric relationships between 

facies, lower Cambrian strata of the Soltanieh Formation have been subdivided into two third-

order depositional sequences. The Lower Dolomite Member records the highstand systems tract 

of an older depositional sequence. Both depositional sequences identified are mixed siliciclastic–

carbonate sequences. There are two main types of mixed-lithology sequences, lower carbonate–

upper clastic sequences, in which the clastics, generally fine- to coarse-grained sandstone, occur 

above carbonates towards the top of a sequence, and lower mudrock–upper carbonate sequences, 

in which the clastics, dominantly mudrocks, occur in the lower part of the units, beneath the 

carbonates (Tucker, 2003; Catuneanu et al., 2011). Depositional sequences of the Soltanieh 

Formation are of the latter type, where the open marine clastic, lower part mostly represents 

transgressive facies, whereas the shallow subtidal to peritidal upper carbonates represent 

prograding shallow-water highstand deposits. In a mixed siliciclastic-carbonate system such as 

this, the sequence boundary is a co-planar surface, an amalgamated flooding surface/sequence 

boundary, and therefore is overlain not by lowstand systems tract deposits, but by transgressive 

systems tract deposits (MacEachern et al., 1992; Buatois and Mángano, 2011). 
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3.6.1. Depositional Sequence 1 (DS1)  

 

Drowning of the carbonate platform followed by deposition of rhythmic limestone–shale, marks 

the beginning of the DS1 as recorded by the top of the Lower Dolomite Member. The basinal 

shales of the Lower Shale Member mantled the sequence boundary on top of the Lower 

Dolomite Member (Fig. 3.7a-c). The upward change from the basinal shale facies (F4) to silty 

shale facies (F3) and progradation from distal to proximal shelf at the top of the Lower Shale 

Member followed by the gradual transition from Lower Shale Member to the Middle Dolomite 

Member suggests a decrease in the rate of relative sea-level rise resulted in shallowing and 

change from retrogradational to aggradational-to-progradational stacking patterns. Thus, this 

transition marks a change from transgressive to highstand systems tracts (Fig. 3.7a-c). Following 

the drowning of carbonate platforms and shale onlap in response to a rapid relative sea-level rise, 

carbonate deposition was re-established through start-up, catch-up, and keep-up phases (Kendall 

and Schlager, 1981; Glumac and Walker, 2000). Deposition of the mixed shale and carbonate 

strata at the base of the Middle Dolomite Member is equivalent to the start-up of carbonate 

platform deposition.  

The rest of the shallow subtidal succession of the Middle Dolomite Member is characteristic of a 

catch-up phase during which the carbonate accumulation rate exceeded the rate of sea-level rise 

and the platform aggraded to sea level. 

 

3.6.2. Depositional Sequence 2 (DS2) 

 

Likewise, the contact between the Middle Dolomite Member and the Upper Shale Member is 

interpreted as a sequence boundary. The sequence boundary is a flooding surface resulting in 

drowning of the carbonate platform, marked by the abrupt change from shallow subtidal 

carbonate facies of the Middle Dolomite Member to the phosphate-bearing carbonate facies (F8), 

and the proximal shelf facies (F3) at the base of the Upper Shale Member (Fig. 3.7a-c). Thus, the 

lower part of the Upper Shale Member represents a retrogradational parasequence set of a 

transgressive systems tract that reflects the backstepping of deeper-water shelfal siliciclastic 

deposits on top of the carbonate platform as a consequence of an increased rate of relative sea-

level rise (Srinivasan and Walker, 1993; Glumac and Walker, 2000). As the transgression 
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continued, phosphate nodules became smaller and carbonate sparser and grading into the silty 

shale facies of the lower Upper Shale Member. Deposition of the proximal shelf, silty shale 

facies (F3) of the Upper Shale Member corresponds to the period of maximum flooding of the 

carbonate platform. 

 

 
Figure 3.7. Correlation of the three sedimentary successions and sequence-stratigraphic interpretation of 

the Soltanieh Formation; (a) Chopoghloo; (b) Garmab; (c) Vali-Abad. Vali-Abad log (modified from 

Hamdi et al., 1989 and CiabeGhodsi, 2007).  
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 The upward change from silty shale facies (F3) to the silty shale and sandstone facies (F2), 

and sandy shale facies (F1) at the top of the Upper Shale Member suggests shallowing, 

consistent with the early phase of highstand. The highstand systems tract of the DS2 is marked 

by deposition of upper offshore facies of the Upper Shale Member, and peritidal facies of the 

Upper Dolomite Member (Fig. 3.7a-c). 

  Phosphates are usually interpreted as the result of an upwelling event (Brasier, 1990). 

However, marine transgressions are also commonly invoked as a mechanism of phosphate 

concentration; rising sea levels lead to higher biologic activity during flooding of shelf 

environments (Mitchell, 1981). Major phosphorite deposition appears to broadly correlate with 

elevated sea levels and, more specifically, with marine transgressions (e.g., McKelvey et al., 

1959; Cressman and Swanson, 1964; Glenn and Arthur, 1990; Follmi, 1990; Herbig and Trappe, 

1994; Abed et al., 2007; Machalski and Olszewska-Nejbert, 2016). This process is associated 

with apparent marine hiatuses, representing omission surfaces or marine hardgrounds (Glenn et 

al., 1994). The phosphate-bearing carbonate of facies 8 exhibits typical characteristics of 

condensed, sediment-starved deposits found directly above transgressive surfaces, including 

enrichment in organics and authigenic minerals (pyrite and phosphate) (Ashkan, 1986; Sharifi, 

2005). 

 

3.7. Evolutionary and ecological controls 

 

Crimes (1992), and Crimes and Anderson (1985) have suggested that the archetypal ichnofacies 

(Seilacher, 1967) had not fully evolved in the early Cambrian. These authors indicated that lower 

Cambrian trace fossils show a lower degree of environmental dependence than at any other time 

in the Phanerozoic. Narbonne et al. (1987) noted that the transition from the Harlaniella 

podolica Zone (Ichnozone I) to the Phycodes pedum Zone (Ichnozone II) in the GSSP at Fortune 

Head does not coincide with significant environmental or lithologic changes. Hence, they 

concluded that environmental factors were only a secondary control on the appearance of the 

Cambrian-type assemblage in that section. MacNaughton and Narbonne (1999) reached a similar 

conclusion for the Ediacaran–Cambrian succession in the Mackenzie Mountains of western 

Canada, proposing that depositional environment and facies exerted significant, but second-order 

controls on the vertical succession of ichnofossils and that evolution was the dominant control on 
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the order of first appearances. However, in contrast to these studies, Mount and McDonald 

(1992), Mount and Signer (1992), Lindsay et al. (1996), and Goldring and Jensen (1996) have 

argued for significant environmental and facies control (as well as the influence of non-

actualistic sedimentary factors) on the first appearance of trace fossils of earliest Cambrian 

aspect in Australia, California, and Mongolia. They therefore casted some doubts on the general 

utility of trace fossils in biostratigraphy of the Ediacaran–Cambrian boundary.  

 In comparison with other Ediacaran–Cambrian successions worldwide, the Soltanieh 

Formation displays a recurrent stacking pattern of sedimentary facies and, therefore, the vertical 

repetition of sedimentary environments. This allows us to track changes in ichnofaunal 

composition in similar environments through this critical time of biotic changes, making possible 

to discriminate between ecologic and evolutionary controls. The siliciclastic facies of the 

Soltanieh Formation bears trace fossils, and hence are directly relevant to the environmental 

interpretation of trace-fossil distribution, whereas the carbonate facies are barren of trace fossils, 

and are therefore excluded from the discussion below. 

 The siliciclastic facies of the Soltanieh Formation represent three depositional 

environments, upper offshore (facies 1), lower offshore (facies 2), and shelf (facies 3 and 4). The 

shelf is divided into two sub-environments, distal and proximal shelf, based on the presence of 

storm-induced turbidity currents in the latter. In the Lower Shale Member, the upward facies 

changes from fine-grained distal shelf deposits of facies 4 to proximal shelf deposits of facies 3 

coincides with a notable change in the trace-fossil assemblages from low diversity, low 

abundance, “Ediacaran-like” assemblage including Helminthopsis tenuis and Cochlichnus 

anguineus in the distal shelf facies (Fig. 3.8a) to a more diverse, more complex assemblage 

containing the earliest branching burrow Treptichnus pedum and the oldest bilobate, trilobite-

type grazing traces Cruziana isp in the proximal shelf facies (Fig. 3.8b). This co-occurrence 

could indicate a strong linkage between trace-fossil distribution and sedimentary facies in the 

Lower Shale Member of the Soltanieh Formation. The strong facies linkage is also responsible 

for the absence of the Cambrian index trace-fossil Treptichnus pedum in these lower Fortunian 

distal shelf deposits and its first appearance within the silty shale deposits of proximal shelf at 

the top of the Lower Shale Member. Buatois et al. (2013) noted that, although Treptichnus 

pedum has a broad environmental tolerance, it exhibits high values of peak abundance in the 

upper offshore and lower intertidal sand flats, displaying a preference for sandy substrates. 
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Therefore, the distal shelf shale of the Lower Shale Member may have represented the seaward 

limit of the T. pedum producer in the analyzed deposits. A similar situation has been noted in the 

E–C succession of eastern Yunnan Province, South China (Zhu, 1997), western Mongolia (Smith 

et al., 2015), Lesser Himalaya, India (Singh et al., 2014), and southeastern Kazakhstan (Weber et 

al., 2013), where the first appearance of T. pedum postdates the E–C boundary. 

 Two distinct trace-fossil assemblages are recognized within the lower offshore deposits 

of the Soltanieh Formation, represented by silty shale and sandstone of facies 2. One is a low 

diversity trace-fossil assemblage, containing Treptichnus isp, Palaeophycus tubularis, and 

Helminthopsis tenuis (Fig. 3.8c). This assemblage occurs in the lower interval of the Upper Shale 

Member (From 45 m to 80 m above its base), corresponding to strata representing ichnozone II. 

The other is a more complex, more abundant and more diverse trace-fossil assemblage, 

containing Cochlichnus anguineus, Cruziana problematica, Helminthopsis tenuis, Palaeophycus 

tubularis, Treptichnus pollardi, Treptichnus pedum, Planolites montanus, Phycodes isp., 

Curvolithus isp., Gordia marina,  and Torrowangea rosei (Fig. 3.8d). This assemblage occurs in 

the middle interval of the Upper Shale Member (from 80 m to 174 m above its base) and 

corresponds to strata representing ichnozone III. Trace fossils in both assemblages are preserved 

at the base of the thin sandstone beds included in facies 2. This type of bed-interfaces generally 

results from event deposition, an interpretation further supported by the tool marks on the base of 

the sandstone beds, and indicates animals burrowing into the sediment to the mud–sand interface 

(Jensen et al., 2005). Heterolithic bedding characterized by moderately thin, generally 

centimeter-scale, commonly sharp-based sandstone and siltstone beds, separated by mudstone 

layers, tend to show greatest diversity of trace fossils in Cambrian rocks and elsewhere (Jensen et 

al., 2005). The upward increase in diversity, abundance, and complexity of trace fossils in the 

lower offshore deposits of the Upper Shale Member occurs within the same facies, and hence, 

cannot be tied to environmental or lithological changes, reflecting instead evolutionary 

innovations. 
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Figure 3.8. Schematic block diagram illustrating the trace-fossil assemblages associated with each depositional enviroment in the Soltanieh 

Formation; (a) Trace-fossil assemblage of facies 4 (distal shelf, Lower Shale Member); (b) Trace-fossil assemblage of facies 3 (proximal shelf, 

uppermost interval of the Lower Shale Member, and lower interval of the Upper Shale Member); (c) Trace-fossil 
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assemblage of facies 2 (lower offshore, lower to middle interval of the Upper Shale Member); 

(d) Trace-fossil assemblage of facies 2 (lower offshore, middle to upper interval of the Upper 

Shale Member); (e) Trace-fossil assemblage of facies 1 (upper offshore, upper interval of the 

Upper Shale Member); (f) Trace-fossil assemblage of facies 1 (upper offshore, uppermost 

interval of the Upper Shale Member). Cochlichnus (Co), Cruziana (Cr), Curvolithus (Cu), 

Didymaulichnus (Di), Gordia (Go), Helminthopsis (He), Planolites (Pl), Palaeophycus (Pa), 

Phycodes (Py), Psammichnites (Ps), Rusophycus (Ru), Treptichnus (Tr), wrinkled structure (Wr). 

No upper offshore deposits occur in the Soltanieh Formation for strata representing ichnozone I 

and ichnozone II, whereas no lower offshore deposits are present in strata corresponding to 

ichnozones I and IV, and no shelf deposits have been identified in strata representing ichnozones 

III and IV. 

 

 Likewise, two discrete trace-fossil assemblages characterize the upper offshore deposits 

of the Soltanieh Formation. One assemblage occurs in the upper interval of the Upper Shale 

Member (from 174 m to 178 m above its base), corresponding to strata that represent ichnozone 

III. This assemblage consists of Cruziana problematica, Palaeophycus tubularis, Treptichnus 

pollardi, and Curvolithus isp (Fig. 3.8e). The other assemblage, however, shows very different 

characteristics in that it contains the first appearance of relatively large trace fossils, including 

the back-filled trace-fossil Psammichnites gigas, the locomotion trail Didymaulichnus miettensis, 

and the trilobite resting trace Rusophycus avalonensis (Fig. 3.8f). This assemblage occurs in the 

uppermost interval of the Upper Shale Member (from 178 m above its base to the base of the 

Upper Dolomite Member), corresponding to strata representing ichnozone IV. The producer(s) 

of Psammichnites and Didymaulichnus, together with trilobites, are believed to be major early 

Paleozoic sediment disturbers (Jensen, 1997), and their first occurrence has been taken as 

evidence of macroevolutionary innovations resulting from the Cambrian Explosion, having been 

reported in the Chapel Island and Random formations, southeastern Newfoundland, Canada 

(Crimes and Anderson, 1985; Narbonne et al., 1987); the Wood Canyon Formation, eastern 

California (Jensen et al., 2002); the Arumbera Sandstone of central Australia (Walter et al., 

1989); the Meishucun section, Yunnan Province, China (Crimes and Jiang, 1986; Zhu, 1997); the 

Mackenzie Mountains, northwest Canada (MacNaughton and Narbonne, 1999); the Uratanna 

Formation, Australia (Droser et al., 1999); and the Bayangol Formation, Mongolia (Goldring and 
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Jensen, 1996; Smith et al., 2015). As in the case of the lower offshore, the differences between 

the two assemblages cannot be attributed to environmental factors because both occur in the 

same facies, therefore most likely reflecting evolutionary innovations. 

 To summarize, the Soltanieh ichnofauna was controlled by an interplay of environmental 

and evolutionary factors. The “Ediacaran” aspect of the lower Fortunian shelf trace-fossil 

assemblage and the delayed appearance of Treptichnus pedum in the stratigraphic succession 

most likely reflects environmental controls. Both features of these shelf environments may 

reflect the delayed colonization of sub-storm wave settings during the early Fortunian with 

respect to their more proximal counterparts. Although the absence of coeval deposits formed 

above storm wave base in the Soltanieh Formation precludes testing this hypothesis, the delayed 

colonization scenario is consistent with ichnologic information from settings above storm wave 

base elsewhere (e.g., Mángano and Buatois, 2014, 2016). In addition, the lack of lithologic 

interfaces in shale may have been detrimental for trace-fossil preservation. On the contrary, the 

contrasting nature between upper and lower offshore trace-fossil assemblages throughout the 

Soltanieh Formation cannot be explained by environmental controls, reflecting instead 

evolutionary innovations within specific sub-environments along the depositional gradient. 

 

3.8. Conclusions 

 

Distribution of trace fossils and preservation of diagnostic early Cambrian trace fossils in the 

Lower Shale Member of the Soltanieh Formation is very likely to have been controlled by facies, 

especially within storm-generated silt-shale intercalations providing better preservation potential 

for interfacial trace fossils. Also, the “Ediacaran” aspect of the shelfal lower Fortunian trace-

fossil assemblage may reveal a delayed colonization of sub-storm wave environments. In 

contrast, evolutionary innovations exerted the primary control on trace-fossil distribution in the 

Upper Shale Member, where the vertical distribution of trace-fossils strongly matches that 

observed worldwide. Environmental controls on trace-fossil distribution in these deposits are 

unlikely because identical sedimentary facies representing specific areas along the depositional 

gradient (e.g., upper offshore) were compared through time. Integration of the trace-fossil record 

in the context of facies analysis, sequence stratigraphy and SSF zonations, suggests that, 

although trace fossils could provide a valid means of global correlation, placing trace-fossil 
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assemblages within a paleoenvironmental and sequence-stratigraphic framework is a prerequisite 

of any sound evaluation of the evolutionary implications of trace fossils.  
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TRANSITION 
 

Whereas Chapters 2 and 3 have dealt exclusively with the Soltanieh Formation of northern Iran, 

it is now important to shift the scale of analysis to the global record of the Ediacaran–Cambrian 

transition. Therefore, next chapter provides an analysis of fourteen selected stratigraphic sections 

worldwide that serve to place the case of northern Iran into a broader context, to fully understand 

its significance and test previously proposed hypothesis, such as the “the Great Unconformity”. 
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Chapter 4 

4. Sequence stratigraphic architecture of the Ediacaran–Cambrian boundary: 

Origin and significance of a relative sea-level fall at the dawn of the 

Phanerozoic 
 

ABSTRACT 

 

The Ediacaran–Cambrian (E–C) transition was a time of marked biological and sedimentary 

changes, representing a significant evolutionary breakthrough in Earth’s history. Numerous 

explanations have been posited for these dramatic changes. One view emphasizes an extensive 

period of widespread continental denudation during the Neoproterozoic followed by extensive 

reworking of the basement during the early Cambrian, resulting in the formation of what is 

known as the “Great Unconformity”. Geologic events leading to the formation of this sequence 

boundary (SB) are regarded as a main environmental trigger for the Cambrian explosion. Here 

we review fourteen key successions around the globe with a focus on sedimentary facies and 

sequence-stratigraphic architecture in search for the precise stratigraphic location of the E–C 

boundary with respect to the sequence boundary (SB). This study also documents the nature of 

the discontinuity, whether it was eustatic in origin and therefore of global stratigraphic 

significance or the result of local tectonics, or fluvial incision implying marked inter-basin 

diachronism. Our systematic review shows that significant diachronism was involved in the 

generation of the Great Unconformity, suggesting that the sea-level fall that resulted in the 

formation of a SB during the E–C dominantly reflects overprint of local tectonics on pure 

eustasy. Our results indicate that the SB should not be used for inter-basin correlations.  

 

Keywords: Ediacaran–Cambrian boundary, sequence stratigraphy, sea-level changes, 

macroevolution, Cambrian explosion 
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4.1. Introduction 

 

The Ediacaran–Cambrian boundary (E–C boundary, 541.0 ± 1.0 Ma) is one of the most 

important points of the geological time scale because it encompasses a critical period in the 

history of life. This boundary separates rocks containing a biota of problematic affinities below 

from strata above hosting a fauna dominated by representatives of almost all the main animal 

body plans (Brasier et al., 1994; Landing, 1994; Narbonne et al., 2012; Peng et al., 2012; Peters 

and Gaines, 2012; Landing et al., 2013). The E–C boundary is defined by the first appearance of 

the ichnospecies Treptichnus pedum (Narbonne et al., 2012; Peng et al., 2012; Buatois et al., 

2013), although recent refinements suggest using a T. pedum zone, which includes other 

ichnotaxa as well (Landing et al., 2013). This view has been recently challenged (Babcock et al., 

2014), making detailed integrated analysis of the boundary remarkably timely. 

 Many explanations have been put forward to account for these dramatic changes, 

including environmental, geochemical and biotic factors (Marshall, 2006; Squire et al., 2006; 

Budd, 2008; Maloof et al., 2010; Erwin and Tweedt, 2012; Laflamme et al., 2013; Schiffbauer et 

al., 2016). Peters and Gaines (2012) proposed that an extended period of continental denudation 

during the Neoproterozoic followed by extensive physical reworking of soil, regolith and 

basement rocks during the first continental-scale Phanerozoic marine transgression resulted in 

worldwide occurrence of the so-called Great Unconformity. These authors suggested that "the 

Great Unconformity might “have been an environmental trigger for the evolution of 

biomineralization and the ‘Cambrian explosion’ of ecologic and taxonomic diversity following 

the Neoproterozoic emergence of animals” (Peters and Gaines , 2012). 

 Despite its importance, the precise location of the E–C boundary has been a highly 

contentious issue, further complicating evaluation of the chronostratigraphic framework of major 

evolutionary events (Buatois et al., 2013). Although the potential significance of the Great 

Unconformity in macroevolution has been underscored (Peters and Gaines, 2012), it is an ill-

defined and often diachronous surface that spans as much as 1.2 billion years, even within the 

same basin (e.g., Karlstrom et al., 2003). Moreover, within the presumably well-defined 

“Cambrian” epicratonic sheet sandstones that cap this unconformity, emerging stratigraphic and 

geochronometric work is revealing that many of these “Cambrian” sandstones to be, at least in 

part, Ediacaran (e.g., Sanford and Arnott, 2010; Hagadorn et al., 2011) and/or even Furongian 
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(“Late”) Cambrian and Early Ordovician in age (e.g., Amato and Mack, 2012; Holm-Denoma et 

al., 2016; Lowe and Arnott, 2016). Such records imply that up to 150 million years of time is 

represented by units previously thought to represent entirely Cambrian onlap.  

 Thus, it has been challenging to decipher the precise timing of the Cambrian portion of 

the Great Unconformity event, to correlate it from basin to basin, and to distinguish the role of 

eustasy and local tectonics as controlling factors on associated relative sea-level fall. All of these 

are key elements in our understanding of the biologic and oceanographic changes surrounding 

the E–C transition (Corsetti and Hagadorn, 2000).  

 The objectives of this paper are to (1) evaluate the precise position of the unconformities 

with respect to the E–C boundary; and (2) examine if these discontinuities were eustatic in origin 

and therefore of global stratigraphic significance or, if on the contrary, some of them are the 

result of local tectonics, implying marked inter-basin diachronism. These results are a starting 

point for evaluating which strata might be used to test hypotheses about the link between 

tectonics, eustasy, and biotic changes of the E–C transition.  

 

4.2. The Great Unconformity and the Ediacaran–Cambrian boundary 

 

In this section we summarize and assess fourteen key successions, focusing on sedimentary 

facies and sequence-stratigraphic architecture in order to evaluate the precise stratigraphic 

location of the E–C boundary with respect to the sequence boundary (SB). The best estimate of 

the E–C boundary is indicated in each section based on the latest available radiometric dating, 

chemostratigraphic information and biostratigraphic data. 

 

4.2.1. Southeast Newfoundland, Canada 

 

The Chapel Island Formation at Fortune Head, Burin Peninsula of southeastern Newfoundland 

was deposited in a transtensional basin (Landing, 2004). The base of the T. pedum zone, 2.4 m 

above the base of Member 2 (also known as “the lower Mystery Lake Member”; Landing, 1996) 

has been ratified as the Global Standard Stratotype-section and Point (GSSP) for the E–C 

boundary (Landing, 1994) (Fig. 4.1). 
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 Subsequently, T. pedum was 

recorded 3.11 and 4.4 m below the GSSP 

(Gehling et al., 2001). The uppermost part 

of Member 1 (also known as “the lower 

Mystery Lake Member”; Landing, 1996) 

in the Fortune Head area contains red-

and-green sandstone and shale deposited 

in tidal-flat and shallow subtidal 

environments, and grey to black parallel-

laminated sandstone and shale deposited 

in semi-restricted low-energy 

environment (Myrow et al., 1988). The 

lowermost part of Member 2 (the lower 

Mystery Lake Member; Landing, 1996) 

spanning the E–C boundary consists 

primarily of very thin to thin-bedded 

gray-green sandstone and siltstone 

deposited in a storm-influenced shallow 

marine environment, probably with some 

deltaic influence (Myrow et al., 1988; 

Myrow and Hiscott, 1993). The marine 

succession comprises both transgressive 

(TST) and highstand systems tract (HST) 

deposits and passes upward into a red-bed 

interval consisting of thin- to thick-

bedded, massive and parallel-laminated 

sandstone, siltstone and shale with 

abundant syneresis and desiccation cracks 

formed in a fluvial environment (Myrow 

et al., 1988) (Fig. 4.2). 

This sharp basinward facies change 

Figure 4.1. Generalized stratigraphy of E–C succession 

in the Chapel Island Formation, southeastern 

Newfoundland, Canada (GSSP) (modified from Myrow 

et al., 1988). The presence of Treptichnus pedum below 

the GSSP Ediacaran–Cambrian boundary was recorded 

after the official decision was made (Gehling et al., 

2001). 
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suggests that the base of the red-bed interval represents a SB resulting in the establishment of a 

lowstand systems tract (LST) fluvial system dissecting the shelf (Fig. 4.1). 

 

 
Figure 4.2. Sedimentary facies and stratal stacking patterns in the Fortune Head Formation of Burin 

Peninsula, Newfoundland; (a) Red bed interval; (b) Ripple cross lamination; (c) Convolute lamination; 

(d) Convolute lamination; (e) Cracks; (f) Contact between the red-beds and overlying transgressive 

shoreface. TS is transgressive surface. Images: L.A. Buatois. 
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4.2.2. Northwest Canada 

 

The E–C succession of the Mackenzie Mountains, northwest Canada records the early evolution 

of the passive continental margin of Laurentia (Fritz et al., 1991), and consists, in ascending 

order, of the Sheepbed, June beds, Gametrail, Blueflower, and Risky formations (all in the upper 

Windermere Supergroup), and the overlying Ingta, Backbone Ranges, and Vampire formations 

(MacNaughton et al., 2000). The Sheepbed Formation is a shale-dominated unit deposited on a 

continental slope (Dalrymple and Narbonne, 1996; Carbone and Narbonne, 2014), and is 

unconformably overlain by thin-bedded carbonate and siliciclastic strata of the June beds 

Formation (Macdonald et al., 2013), which passes gradationally up into the Gametrail Formation. 

The Gametrail Formation consists of dolomitized, evenly-bedded limestone, and is 

conformably overlain by the Blueflower Formation. The Blueflower Formation consists of two 

members, a lower, carbonate dominated member and an upper, siliciclastic-dominated member 

(MacNaughton et al., 2000), and contains simple trace fossils, such as Archaeonassa, Gordia, 

Helminthopsis, Helminthoidichnites, Palaeophycus, Planolites and Torrowangea (Hofmann, 

1981; Aitken, 1989; Narbonne and Aitken, 1990; Carbone and Narbonne, 2014). A number of 

Ediacara-type body fossils have been documented from the June beds and Blueflower 

formations, including Annulatubus flexuosus, Aspidella sp., Charniodiscus sp., Ediacara sp., 

Eoporpita sp., Hiemalora sp., Inkrylovia sp., Pteridinium sp., Sekwitubulus annularis, Sekwia 

excentrica, and Windermeria sp. (Hofmann, 1981; Narbonne and Aitken, 1990; Narbonne, 1994; 

Carbone and Narbonne, 2014; Carbone et al., 2015). Macdonald et al. (2013) inferred an age 

somewhere between 553–541 Ma for the Blueflower Formation. The Risky Formation consists 

of dolostone to sandy dolostone (MacNaughton et al., 2000), and lies gradationally upon the 

Blueflower Formation and unconformably beneath siliciclastic and minor carbonate rocks of the 

Ingta, Backbone Ranges, and Vampire formations (MacNaughton et al., 2000) (Fig. 4.3). The 

Ingta Formation is dominated by green, purple, and red colored shale with minor sandstone beds, 

and a limestone cap deposited in an offshore to shallow-shelf environment (Aitken, 1989; 

Carbone and Narbonne, 2014). The Ingta Formation is overlain by the Backbone Ranges 

Formation consisting of two members, a lower member containing nearshore siltstone and 

sandstone similar to those of the underlying Ingta Formation, and an upper member, containing 

deposits encompassing various shallow-marine to non-marine environments, including wave-
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influenced braid-delta systems. The uppermost 

unit, the Vampire Formation, is dominated by 

siltstone and sandstone of wave-dominated shelf 

and prodelta origin, and contains the lowest 

occurrence of trilobite body fossils 

(MacNaughton and Narbonne, 1999).  

 The E–C boundary in the Mackenzie 

Mountains was recognized by the first 

occurrence of T. pedum in the upper interval of 

the Ingta Formation (MacNaughton and 

Narbonne, 1999) (Fig. 4.3). The proposed 

position for the boundary was supported by the 

first occurrence of Cambrian-type small shelly 

fossil Protohertzina in carbonate strata at the 

top of the Ingta Formation (Conway and Fritz, 

1980; Narbonne and Aitken, 1995), coupled 

with a pronounced negative carbon isotopic 

excursion ~ -10 ‰ in the basal beds of the Ingta 

Formation (Narbonne et al., 1994) (Fig. 4.3). 

However, Carbone and Narbonne (2014) have 

recently reported examples of Treptichnus cf. T. 

pedum, T. bifurcus, and other undetermined 

ichnospecies of Treptichnus, arthropod tracks and 

trails and other Cambrian-type trace fossils, 

including possible U-shaped vertical burrows and 

Psammichnites below the originally proposed E–

C boundary. The occurrence of these trace fossils suggests that the Ediacaran-Cambrian 

boundary in NW Canada is tentatively placed within the lower interval of the Ingta Formation at 

the abrupt incoming of ichnospecies of Treptichnus, thereby co-occurring with or immediately 

overlying the prominent negative carbon isotope excursion (Fig. 4.3). These authors also 

suggested that the E–C boundary might lie in the prominent unconformity at the top of the 

Figure 4.3. Generalized stratigraphy and carbon 

isotope chemostratigraphy of E–C succession in 

the Mackenzie Mountains, northwest Canada 

(modified from Narbonne and Aitken, 1995; 

MacNaughton and Narbonne, 1999). R. Fm. is 

Risky Formation. See Fig. 4.1 for other symbols. 
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underlying Risky Formation. However, trace fossils although present in these strata, are highly 

diminutive relative to trace fossils elsewhere in the Ingta Formation, which may suggest either an 

Ediacaran age or a significant environmental limiting factor (Carbone and Narbonne, 2014) 
 

4.2.3. Eastern California 

 

The E–C succession in Death Valley, Eastern California, includes in ascending order, the 

Johnnie, Stirling Quartzite, and Wood Canyon formations. The Johnnie Formation, Stirling 

Quartzite, and the lower member of the 

Wood Canyon Formation represent early 

development of a passive continental 

margin along the western margin of 

Laurentia (Fedo and Cooper, 2001), 

whereas the middle member of the Wood 

Canyon Formation and younger strata are 

interpreted to represent a mature passive-

margin phase of dominantly fluvial 

sedimentation (Fedo and Cooper, 2001; 

Hogan et al., 2011). The lower member of 

the Wood Canyon Formation consists of 

siltstone and sandstone abruptly overlaying 

the LST deposit of the underlying Stirling 

Quartzite (Fedo and Cooper, 2001) (Fig. 

4.4). The lower interval of the lower 

member consists of TST deposits, whereas 

the rest were formed as part of a prograding 

HST (Hogan et al., 2011). The LST 

deposit of the middle member comprises 

trough cross-bedded, pebbly medium- to 

very coarse-grained feldespatic quartzite 

and interbedded siltstone interpreted as 

Figure 4.4. Generalized stratigraphy and carbon isotope 

chemostratigraphy of E–C succession in Death Valley, 

Eastern California, United States (modified from 

Corsetti and Kaufman, 2003; Hogan et al., 2011). See 

Fig. 4.1 for symbols. 
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braid-plain deposits (Fedo and Cooper, 1990). Progradation of fluvial deposits of the middle 

member of the Wood Canyon Formation over the shallow-water deposits of the lower member at 

the onset of sea level fall has caused a minor amount of incision at the contact between the lower 

and middle members (Fig. 4.5). The erosive base of this fluvial unit is regarded as a sequence 

boundary (Fig. 4.4). 

  

 
Figure 4.5. Sedimentary facies and stratal stacking patterns in the Wood Canyon Formation, California; 

(a) Basal part of the middle member of the Wood Canyon Formation, locally displaying a trough- and 

planar cross-bedded sandstone, in sharp contact overlying offshore transition and upper offshore 

hummocky cross-stratified sandstones and shales of the lower member of the Wood Canyon Formation, 

Nopah Range, California. Image: T. Prave; (b) Middle member of the Wood Canyon Formation, 

illustrating fluvial facies that cap and locally incises into the lower member of the Wood Canyon 
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Formation, at Emigrant Pass, California; (c) Basal part of the middle member of the Wood Canyon 

Formation, locally comprising a fluvially derived cross-bedded quartz pebble conglomerate, in sharp 

contact on offshore shales of the lower member of the Wood Canyon Formation, Kingston Range, 

California. Image: T. Prave; (d) Cross-bedded quartz pebble conglomerate and braided fluvial facies of 

the basal part of the middle member of the Wood Canyon Formation, which locally truncate the shallow 

marine lower member of the Wood Canyon Formation, at Chicago Pass, California. Images: F. Corsetti 

and J. Hagadorn. 

 

 Radiometric age constraints are not available for these successions; therefore, the exact 

position of the E–C boundary is unclear. However, the first occurrence of T. pedum within or 

near the middle portion of the lower member of the Wood Canyon Formation suggests an 

approximate position of the boundary within or near the middle interval of the lower member of 

the Wood Canyon Formation (Hagadorn and Waggoner, 2000) (Fig. 4.4). This is also supported 

by the report of probable Ediacaran fossils in the lower portion of lower member of the Wood 

Canyon Formation and the underlying Stirling Quartzite, including, Archaeichnium, Cloudina, 

Corumbella, Nimbia, Onuphionella, Swartpuntia, and various tubular forms (Hagadorn and 

Waggoner, 2000; Smith et al., in press), together with carbon isotope stratigraphy (Corsetti and 

Hagadorn, 2000; Smith et al., in press). 

 

4.2.4. Northwest Mexico 

 

The E–C succession of the Caborca terranes, Sonora, northwest Mexico consists of the La 

Ciénega and Puerto Blanco formations deposited in a passive margin setting along the western 

margin of Laurentia (Stewart et al., 1984; Loyd et al., 2012). The La Ciénega Formation consists 

of four units (Stewart et al., 1984). Unit 1 is dominated by dolostone, sandy dolostone and minor 

basalt; it contains the Ediacaran index fossil Cloudina (Grant, 1990; Hagadorn et al., 2008) (Fig. 

4.6). Unit 2 consists of dolostone and sandy dolostone, Unit 3 contains interfingering siltstone, 

quartzite, dolostone and basalt, and Unit 4 is dolostone or intraclastic dolostone. There has been 

report of an arthropod trace fossil from Unit 3 (McMenamin, 1984), but this was later described 

as an inorganic structure (Sour-Tovar et al., 2007); tool marks are common in interbedded 

clastics of this unit but bona fide trace fossils are thus far lacking.   
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 The overlying Puerto Blanco Formation is subdivided into four units (Stewart et al., 

1984). Unit 1 consists of interfingering volcaniclastic sandstone and conglomerate, basalt, tuff, 

quartzite, siltstone, and silty dolostone, and contains abundant trace fossils (Stewart et al., 1984; 

McMenamin, 1984; Sour-Tovar et al., 2007). Although the lowest occurrence of T. pedum is ~20 

m above the base of this unit, tens of meters of the basal trace-fossil-bearing part of this unit is in 

places removed by local incision, and a Cambrian-aspect assemblage of ichnofossils, including 

Archaeonassa, Diplichnites, Gordia, Monomorphichnus, Palaeophycys, Planolites, and 

Treptichnus-like forms, occurs in these 

sub-incision strata (Sour-Tovar and 

Hagadorn, 2008). Unit 2 is predominantly 

siltstone with minor quartzite and 

limestone. Trace fossils are abundant in 

the siliciclastic strata, and carbonate 

lenses near the base of the unit bear non-

age-diagnostic brachiopods, such as 

Obolella and Lingulella, and rare 

Fallotaspis zone trilobites including 

Parafallotaspis (Hagadorn, 2011). Near 

the top of the unit occur Nevadella zone 

trilobites, such as Nevadia (Hagadorn et 

al., 2016). Unit 3 is dominated by 

archaeocyathan-bearing limestone and 

siltstone and Nevadella zone trilobites 

(Pope et al., 2012). Unit 4 is dominantly 

interbedded limestone, dolostone, 

quartzite, and siltstone, and contains 

Skolithos piperock, and abundant 

biomineralized fossil coquinas that bear trilobites of the Bonnia-Olenellus zone (Stewart et al., 

1984; Pope et al., 2012). The contact between the La Ciénega and Puerto Blanco formations is 

transitional. However, an erosional unconformity occurs within the lower portion of Unit 1 

above the first occurrence of T. pedum like trace fossils and locally cuts out portions of the 

Figure 4.6. Generalized stratigraphy and Carbon isotope 

chemostratigraphy of E–C succession in Caborca 

terranes, northwest Mexico (modified from Sour-Tovar 

et al., 2007; Loyd et al., 2012). See Fig. 4.1 for symbols. 
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lowermost Puerto Blanco Formation (Figs. 4.6 and 4.7). This erosional unconformity has been 

correlated with the cratonal nonconformity at the top of the lower member of the Wood Canyon 

Formation (Loyd et al., 2012), but recent work suggests that the Sonoran contact may reflect 

local volcanic doming and uplift (Hagadorn, 2009; Hogan et al., 2011). 

 

 
Figure 4.7. Sedimentary facies and stratal stacking patterns in the Puerto Blanco Formation of Sonora, 

Mexico. (a-e) Boulder conglomerate at the base of Unit 1 of the Puerto Blanco Formation, shown at Cerro 

Rajon, Sonora, incising cross-bedded granular sandstones near its base. Elsewhere it rests atop or incises 

down into Unit 4 of the La Ciénaga Formation. Images: J.W. Hagadorn. 
 

The base of the Cambrian in Sonora, Mexico is defined based on the first occurrence of 

T. pedum at the lower interval of Unit 1 of the Puerto Blanco Formation (Fig. 4.6). However, 

Loyd et al. (2012) suggested that considering the environmental range of T. pedum, and the 

carbon isotope excursion correlation between the lower member of the Wood Canyon Formation 

and the La Ciénega/lowermost Puerto Blanco formations, the E–C boundary could occur lower 

in the section, coincident with the large negative carbon isotope excursion within the upper 

interval of La Ciénega Formation (~ 60 m below its top contact), close to the uppermost 
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stratigraphic occurrence of Cloudina (Loyd et al., 2012) (Fig. 4.6). This hypothesis is difficult to 

test, however, because marine siliciclastic strata, required to preserve T. pedum, are uncommon 

in Unit 4 of the La Ciénega Formation. 

 

4.2.5. South Australia 

 

The E–C strata in Flinders Ranges, South Australia 

comprise the Rawnsley Quartzite and Uratanna 

formations representing deposition in a passive margin 

setting followed by a rifting event (Powell et al., 

1994). The Rawnsley Quartzite is subdivided into 

three members, in ascending order, Chace Quartzite, 

Ediacara and Upper Rawnsley Quartzite (Gehling, 

2000). The Ediacara Member contains fossils of the 

classic Ediacara biota and is interpreted as the distal 

part of a shallowing-upward, prograding delta 

sequence (Goldring and Curnow, 1967; Gehling and 

Rigby, 1996; Droser et al., 1999; Gehling, 2000; 

Gehling and Droser, 2012) (Fig. 4.8). The Rawnsley 

Quartzite, above and below the Ediacara Member is 

unfossiliferous, and features barren, shoreface and 

tidal sand-flat facies with distinctive petee lamination 

(Droser et al., 1999; Gehling, 2000; Gehling and 

Droser, 2012). The overlying Uratanna Formation 

consists of massive, channel-filling sandstones of 

fluvio-estuarine origin, followed by a single 

coarsening-upward succession of monotonous, 

laminated siltstone that grades into estuary mouth 

trace-fossil-bearing, thinly bedded sandstone beds, and 

shoreface hummocky cross-stratified and cross-

bedded sandstone (Droser et al., 1999). The Uratanna 

Figure 4.8 Generalized stratigraphy of E–C 

succession in Flinders Ranges, South 

Australia (modified from Jensen et al., 

1998; Droser et al., 1999). R. Q. Mbr. is 

Rawnsley Quartzite. See Fig. 4.1 for other 

symbols. 
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Formation cuts down and forms erosive channels into the underlying Rawnsley Quartzite (Daily, 

1973; Zang et al., 2007), and passes up into the shallow marine, shoreface and lagoonal 

Parachilna Formation (Gehling and Droser, 2012) (Figs. 4.9). This erosive surface at base of the 

Uratanna Formation is a SB associated with a marked basinward shift in the facies (Fig. 4.8).  

 Treptichnus pedum first appears in sandy facies more than 200 m above the base of the 

Uratanna Formation (Jensen et al., 1998) (Fig. 4.8). Kullingia concentrica, sabelliditids and 

Swartpuntia-like fronds have been reported within or close to the beds containing T. pedum 

(Jensen et al., 1998; Droser et al., 1999) (Fig. 4.8), which may indicate the extension of 

Ediacara-type organisms into the Cambrian period (Jensen et al., 1998). Other trace fossils 

reported from the Uratanna Formation includes Curvolithus isp., Hormosiroidea isp. (probably 

Saerichnites isp.), Phycodes cf. palmatus, Phycodes coronatum, Rusophycus avalonensis, and 

Taphrhelminthopsis circularis (Jensen et al., 1998; Droser et al., 1999).The base of the Cambrian 

succession is considered to be at the basal unconformity that sits at top of the Rawnsley 

Quartzite, 200 m below the first occurrence of T. pedum (Daily, 1973; Zang et al., 2007; Gehling 

and Droser, 2012) (Fig. 4.8). The delayed appearance of T. pedum could result from inhospitable 

conditions, notably marked dilution of marine salinity, during deposition of the lower part of the 

Uratanna Formation, which took place within the context of an estuary system; only the estuary 

mouth (the upper interval of Uratanna Formation) may have experienced near-marine salinity 

conditions.  

 

 
Figure 4.9. The incised valley at the contact between the Uratanna Formation and the underlying 

Rawnsley Quartzite. Image: L.A. Buatois. 
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4.2.6. Central Australia 

 

The E–C strata of the intracratonic Amadeus Basin in Central Australia comprise the shallow 

marine to deltaic Arumbera Formation, containing four informal subdivisions (Wells et al., 1967; 

McIlroy et al., 1997) (Fig. 4.10). These four members, together with the overlying Todd River 

Dolomite, make up two depositional sequences. Sequence 1 (Members I and II) represents a 

large-scale coarsening-upward cycle, with deposition 

as small-scale deltas prograding across the underlying 

carbonate platform deposited as part of TST and HST. 

Sequence 2 (Members III and IV) is also a 

coarsening-upward cycle, but was deposited in major 

deltaic complexes prograding as part of a lowstand 

systems tract (Lindsay 1987; Lindsay and Korsch, 

1991; Lindsay and Gorter, 1993). Members I and III 

consist of prodelta silty shale overlain by thinly 

interbedded shale, siltstone and fine-grained arkosic 

sandstone. The sandstones become coarser-grained, 

increase in number and thickness up-section, and were 

deposited in a delta-front environment, reflecting 

storm-flood events. Members II and IV are massive 

cliff forming fine- to coarse-grained arkosic sandstone 

that formed on a delta plain with laterally restricted 

distributary channels (Mapstone and McIlroy, 2006). 

 Ediacaran type fossils, including incomplete 

frond Rangea cf. ionga and discoid Aspidella, were 

reported from members I, II, and the lower interval of 

Member III (Glaessner, 1969; Mapstone and McIlroy, 

2006), suggesting an Ediacaran age for these units. 

The occurrence of Plagiogmus arcuatus (= 

Psammichnites) and Treptichnus pedum, together with probable arthropod trackways resembling 

Diplichnites, Rusophycus and Archaeonassa (Scolicia-like molluscan trails in the original 

Figure 4.10. Generalized stratigraphy of 

E–C succession of Amadeus Basin, 

Central Australia (modified from 

Mapstone and McIlroy, 2006). See Fig. 

4.1 for symbols. 
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publication) in the upper units suggests a Cambrian age for the upper part of Arumbera 

Sandstone (Glaessner, 1969). The first occurrence of small shelly fossils has been reported 45 m 

above the base of Member III, within the lower part of Member IV, about 2 m below the level of 

Plagiogmus arcuatus (Haines, 1991). 

 Locally the Ediacaran–Cambrian boundary is hypothesized to coincide with a widespread 

seismic reflector at the contact between members II and III (Lindsay, 1987, 1993; Lindsay and 

Gorter, 1993). However, McIlroy et al. (1997) re-positioned the boundary based on 

biostratigraphic data to the erosional unconformity, 12–25 m above the base of Member III (Fig. 

4.10). 

 

4.2.7. Southern Namibia 

 

The E–C succession in the Nama Group, southern Namibia, known as the Schwarzrand 

Subgroup, comprises mixed shallow marine, fluvial, siliciclastic and carbonate rocks deposited 

in a foreland basin (Saylor, 2003; Wilson et al., 2012). The Schwarzrand Subgroup is divided 

into three formations, in ascending order, the Nudaus, Urusis, and Nomtsas formations. The 

Nudaus Formation contains the Ediacaran body fossils Pteridinium and Rangea (Grotzinger et 

al., 1995b; Narbonne et al., 1997). The overlying Urusis Formation is divided into three 

members, Huns, Feldschuhhorn, and Spitskopf members. The Urusis Formation contains 

abundant populations of the probable alga Vendotaenia (Cohen et al., 2009), calcified metazoans 

associated with microbial reefs (Grotzinger et al., 1995a), Ediacaran body fossils (Narbonne et 

al., 1997; Darroch et al., 2015), and a few trace fossils (Jensen and Runnegar, 2005). Treptinids 

have been recorded in the Huns Member, albeit displaying lower level of complexities than T. 

pedum (Jensen et al., 2000). In particular, the uppermost member of the Urusis Formation, the 

Spitskopf Member, consists of a succession of shale and siltstone that grade upward into black, 

thin-bedded, lime mudstone (Fig. 4.12a), containing the trace-fossil Streptichnus narbonnei, 

which is of comparable complexity to T. pedum (Jensen and Runnegar, 2005). The lower part of 

the overlying Nomtsas Formation contains two distinct episodes representing formation of 

sequence boundaries and valley incision, referred to as Valley Fill 1 and 2 (Wilson et al., 2012) 

(Fig. 4.11), cutting at least 30 m deep into the Urusis Formation, forming a composite valley-fill 

(Saylor, 2003) (Fig. 4.12c, b). The basal and axial LST facies in both incised valleys consists of 
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conglomerate with carbonate pebbles, cobbles and 

boulders derived from the underlying Spitskopf 

Member (Fig. 4.12d, e). 

 The dominant TST facies in the valley-fill 

deposits are parallel-laminated shale and siltstone, 

and sandstone (Fig. 4.12f, g). Wilson et al. (2012) 

interpreted these deposits to be deeper marine in 

origin, therefore implying deposition within 

submarine canyons. However, this is inconsistent 

with the fact that these deposits are incised into 

shallow marine deposits not into shelf-edge to 

slope facies, indicating instead incision and infill of 

fluvio-estuarine valleys. 

 Treptichnus pedum first occurs within the 

fine-grained sandstone of VF2 (Wilson et al., 2012) 

(Fig. 4.11). The first occurrence of T. pedum within 

the Nomtsas Formation coupled with no record of 

pronounced negative excursion from this interval 

(Kaufman et al., 1991; Grotzinger et al., 1995b; 

Jensen and Runnegar, 2005) has led to the 

suggestion that the E–C boundary is contained in 

the unconformity at the base of the Nomtsas 

Formation (e.g., Germs, 1995; Grotzinger et al., 

1995b; Jensen and Runnegar, 2005) (Fig. 4.11). 

However, a U–Pb zircon date of 538.18 ± 1.24 Ma 

(Grotzinger et al., 1995b) for an ash-bed at the base 

of the valley fill deposit and age recalibration of a 

sample from a volcanic ash-bed within the Spitskopf Member indicating a U–Pb zircon age of 

540.61 ± 88 Ma (Grotzinger al., 1995b) suggest that the E–C boundary is placed well below the 

valley incision (Fig. 4.11); therefore it is likely that the first appearance of the trace-fossil T. 

pedum significantly postdates the E–C boundary in southern Namibia. 

Figure 4.11. Generalized stratigraphy of E–C 

succession in Nama Group, Southern Namibia 

(modified from Wilson et al., 2012; Wood et 

al., 2015). See Fig. 4.1 for symbols. 
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Figure 4.12. Sedimentary facies and stratal stacking patterns in the Nama Group, Namibia. (a) Spitskop 

Member limestone (upper limestone in figure), Koedoelaagte farm, Namibia; (b) Contact between the 

Huns Member (left) and the Nomtsas Formation (right), Koedoelaagte farm, Namibia; (c) Nomtsas 

Formation incision, Sonntagsbrunn, Namibia; (d) Base of Nomtsas Formation, Koedoelaagtefarm, 

Namibia; (e) Nomtsas Formation conglomerate, Sonntagsbrunn, Namibia; (f-g) Marine deposits of the 

Nomtsas Formation, Koedoelaagte farm, Namibia. Images: L.A. Buatois. 
 

4.2.8. South Africa 

 

The E–C succession of the Vanrhynsdorp Group, South Africa was deposited in a foreland basin, 

and comprises the Knersvlakte Subgroup, consisting of six formations, in ascending order, 
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Arondegas, Gannabos, Besonderheid, Kalk-Gat, Dolkraals and Astynskloof (Gresse, 1992) (Fig. 

4.13). The basal Arondegas Formation, grades from a residual arkose to turbiditic sandstone beds 

interfingering with shelf and basinal shale of the Gannabos Formation (Germs et al., 2009) 

(4.14a–c). Horizontal trails, such as Helminthoidichnites tenuis, associated with microbial mats 

and vendotaenids have been reported from the Arondegas Formation (Almond et al., 2008). 

 The Gannabos Formation is 

unconformably overlain by the 

Besonderheid Formation, which contains 

green shale, siltstone, sandstone and 

conglomerate. The lower part of this unit 

records deposition within an incised 

valley complex, cutting down into the 

underlying Gannabos Formation (Fig. 

4.14e, d). The basal strata of valley fill 

contain coarse-grained fluvial-estuarine 

deposits (LST and TST) overlain by finer-

grained distal deltaic deposits (HST) 

(Buatois et al., 2013). Tide-dominated 

shallow-marine deposits of Kalk Gat 

Formation overlie the Besonderheid 

Formation. Oldhamia geniculata co-

occurring with wrinkle structures has 

been reported from the Besonderheid 

Formation, whereas Treptichnus pedum 

first appears in the overlying Kalk Gat 

Formation (Gresse and Germs, 1993; 

Buatois et al., 2007, 2013; Almond et al., 2008) (Fig. 4.13). Wave-dominated to tide dominated 

shallow marine deposits of Dolkraals are gradually overlain by supratidal to upper intertidal 

deposit of Astynskloof Formation. 

 The current consensus view regarding the stratigraphic position of the E–C boundary in 

the Vanrhynsdorp Group is to regard the base of Besonderheid Formation, which contains the 

Figure 4.13. Generalized stratigraphy of E–C succession 

in Vanrhynsdorp Group, South Africa (modified from 

Buatois et al., 2007). See Fig. 4.1 for symbols. 
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complex ichnospecies Oldhamia geniculata, as marking the boundary (Almond et al., 2008; 

Buatois et al., 2013) (Fig. 4.13). Similar to the earliest Fortunian of South Australia and 

Namibia, the late occurrence of Treptichnus pedum and the stratigraphic position of the 

Oldhamia below the level of Treptichnus in the Vanrhynsdorp Group have been explained by 

environmental constraints, in this case the relatively deeper water of the Besonderheid Formation 

being detrimental for colonization by the T. pedum producer (Buatois et al., 2013). 

 

 
Figure 4.14. Sedimentary facies and stratal stacking patterns in the Vanrhynsdorp Group, South Africa. 

(a) Gannabos Formation lower offshore deposits; (b) Gannabos Formation upper offshore deposits; (c) 

Gannabos Formation offshore transition deposits; (d) Besonderheid Formation valley-fill deposits incised 

into the Gannabos Formation; (e) Close-up of Besonderheid Formation braided channel deposits filling 

incised valley. Images: L.A. Buatois. 

 

4.2.9. Southeastern Poland 

 

The E–C succession in the Lublin slope, southeastern Poland represents deposition in an active 

rift basin (Pacześna and Poprawa, 2005). The Lublin Slope succession comprises the Polesie, 

Sławatycze, Białopole (or Siemiatycze), Lublin, Włodawa, Mazowsze, Kaplonosy and Radzyn 

formations (Moczydłowska, 1991). The LST deposits of the Sławatycze Formation consist of 
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basalt, tuff, agglomerate and conglomerate, unconformably overlying the feldspathic and 

quartzitic continental sandstones of the Polesie Formation. The Sławatycze Formation has 

yielded a U–Pb zircon date of 551 ± 4 Ma (Compston et al., 1995). 

 The erosive base of the 

Sławatycze Formation marks a major 

unconformity at the beginning of the 

Ediacaran (Pacześna and Poprawa, 2005) 

(Fig. 4.15). The Białopole Formation 

comprises quartzite intercalated with 

mudstone and shale, representing 

lagoonal to coastal marine facies of an 

embayment, with tidal-flat, channels and 

shoreface environments (Moczydłowska, 

1991; Poprawa and Pacześna, 2002). 

Characteristic marine cyanobacteria and 

vendotaenids occur in this formation 

(Moczydłowska, 1991). The succeeding 

Lublin, Włodawa and Mazowsze 

formations are shallow-marine sandstone, 

siltstone and shale, representing 

deposition as part of a TST to HST 

(Pacześna and Poprawa, 2005). A rich 

and diverse acritarch assemblage was 

recovered from the Mazowsze Formation 

together with the earliest shelly fossils 

(Lendzion, 1983). The lowermost 

occurrence of Torrowangea rosei and 

Gordia isp. is in the Lublin Formation 

(Pacześna, 1986), being both ichnotaxa 

known in Ediacaran strata (Máangano and Buatois, 2014). The first occurrence of T. pedum and 

an increased diversity of trace fossils are recorded at the base of the Mazowsze Formation 

Figure 4.15. Generalized stratigraphy and carbon isotope 

chemostratigraphy in Lublin slope, southeastern Poland 

(modified from Strauss et al., 1997). See Fig. 4.1 for 

symbols. 
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(Pacześna, 1986) (Fig. 4.15). The HST deposits of the Mazowsze Formation are overlain by TST 

deposits of the Kaplonosy Formation; the contact between the two formations is marked by a co-

planar surface revealed by the presence of the Glossifungites Ichnofacies (Pacześna and 

Poprawa, 2005) (Fig. 4.15). The base of Cambrian in the Lublin region is defined within the 

uppermost part of the Włodawa Formation on the basis of the stratigraphically lowest occurrence 

of a diagnostic early Cambrian acritarch (Moczydłowska, 2008) (Fig. 4.15). 

 A large negative carbon isotope excursion at the base of the Mazowsze Formation (Fig. 

4.15), that elsewhere in the world is taken as approximating the E–C boundary (Maloof et al., 

2010), further supports the proposed position for the E–C boundary (Strauss et al., 1997). The 

Ediacaran-Cambrian boundary has been convincingly correlated with successions elsewhere on 

Baltica (Moczydłowska, 1991), with the Global Stratotype Section and Point of the base of 

Cambrian in Newfoundland, and with successions on other paleocontinents (Moczydłowska, 

1999, 2002; Vidal et al., 1999; Moczydłowska and Zang, 2006). 

 

4.2.10. Eastern Finnmark  

 

The E–C succession of the Vestertana Group, eastern Finnmark, northern Norway consists of 

five formations, in ascending order, Smalfjord, Nyborg, Mortensnes, Stappogiedde and Breivik. 

The Smaltjord, Nyborg, and Mortensnes formations were deposited in an extensional tectonic 

setting (Røe, 2003), and contain Cryogenian–Ediacaran acritarchs of a wide stratigraphic range 

(Gorokhov et al., 2001), whereas other units represent deposition in a foreland basin (Røe, 2003). 

The rocks of the Nyborg and Stappogiedde formations have yielded a Rb-Sr whole-rock age of ~ 

560 Ma (560 ± 28 Ma to 558 ± 36 Ma) (Gorokhov et al., 2001). The two tillite-bearing 

formations (Smalfjord and Mortensnes) are separated by interglacial turbiditic deposits of the 

Nyborg Formation and overlain by deposits of high to low energy nearshore and shelf 

environments of the Stappogiedde Formation (Banks et al., 1971; Edwards, 1975, 1984). A 

major unconformity between the Nyborg and Mortensnes formations is signaled by both the 

microfossil assemblage and the mappable erosional relief (Vidal, 1981; Edwards, 1984) (Fig. 

4.16). The Stappogiedde Formation is divided into three members, the Lillevatn, Innerelv and 

Manndraperelv members. The LST deposits of the Lillevatn Member consist of a lower unit of 

parallel-laminated siltstone and sandstone and an upper sandstone-dominated unit. The Lillevatn 
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Member is in abrupt but apparently continuous succession with the Mortensnes Formation, and 

has been interpreted as a fluvial to shallow-marine. The TST deposits of the Innerelv Member 

are dominated by parallel-laminated mudstone 

with several coarsening-upward successions 

terminating in sandstone, and are interpreted 

to have formed on a quiet marine shelf with 

occasional storm influence (Banks, 1973). 

The shallow-marine Manndraperelv Member 

includes three levels of quartzitic sandstone 

separated by two coarsening-upward horizons 

of greywacke sandstone in mudstone (Banks 

et al., 1971), representing deposition as part of 

HST. 

 The Breivik Formation conformably 

overlies the Stappogiedde Formation (Reading 

and Walker, 1966; Banks et al., 1971). This 

formation is divided into two members; the 

Lower Breivik and Upper Breivik. The Lower 

Breivik Member contains common sandstone 

interbedded with mudstone, and is interpreted 

to have been deposited in a shallow-marine 

setting. The Upper Breivik Member is 

mudstone-dominated, and interpreted to have 

been deposited in an offshore-shelf setting 

(Nielsen and Schovsbo, 2011). The interval 

from the Innerelva Member to the Lower 

Breidvika Member has been interpreted as 

recording several episodes of relative 

shallowing but lack clear evidence for any 

substantial break in sedimentation (e.g., Banks 

et al., 1971). A sandstone unit at the top of the 

Figure 4.16. Generalized stratigraphy of E–C 

succession in Eastern Finnmark, Northern Norway 

(modified from McIlroy and Logan, 1999; Nielsen 

and Schovsbo, 2011). See Fig. 4.1 for symbols. 
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Lower Breidvika Member represents a regional unconformity (Nielsen and Schovsbo, 2011) 

(Fig. 4.16). The trace-fossil T. pedum was first reported 3 m above the base of the Breivik 

Formation (Banks, 1970), which together with the presence of the zone fossil Platysolenites 

antiquissimus from the top of the Lower Breivik Member, suggest an early Cambrian age for the 

unit (Føyn and Glaessner, 1979). However, Högström et al. (2013) have recently reported T. 

pedum 20 m below the top of the Manndraperelv Member, suggesting that the transition between 

the Ediacaran and the Cambrian is most likely placed at the upper part of the Manndraperelv 

Member (Fig. 4.16). 

 

4.2.11. Western Mongolia 

 

The E–C succession of the Zavkhan terrane, western Mongolia comprises in ascending order, the 

Shuurgat (previously referred to as the Ulaan Bulaagyn Member), Zuun-Arts, Bayangol, 

Salaagol, and Khairkhan formations, and is interpreted to be deposited in a foreland basin 

(Macdonald et al., 2009). The basal contact of the Zuun-Arts Formation is defined as a karst 

surface at the top of the Shuurgat Formation (Bold et al., 2013) (Fig. 4.17). The carbonate rocks 

of the Zuun-Arts Formation are overlain by phosphatic shale of the Bayangol Formation with 

carbonate nodules thought to represent a transgressive succession followed by a thinly bedded 

limestone (Petach, 2015). The uppermost interval of the Zuun-Arts Formation records the largest 

negative carbon excursion (~ 7‰) in this section (Smith et al., 2015) (Fig. 4.17). The Bayangol 

Formation is divided into four members, BG2, BG3, BG4 and BG5. This formation hosts a rich 

assemblage of small shelly fossils and abundant trace fossils referred to as Cochlichnus isp, 

Didymaulichnus miettensis, Helminthoida miocenica (probably Psammichnites isp.), 

Hormosiroidea isp. (probably Saerichnites isp.), Monomorphichnus isp., Oldhamia radiata, 

Palaeophycus tubularis, Treptichnus pedum, Planolites isp., Psammichnites isp. (Plagiogmus 

isp.), Rusophycus avalonensis, Treptichnus bifurcus, Treptichnus triplex, and Zoophycos isp. 

(Goldring and Jensen, 1996; Smith et al., 2015). The small shelly fossils were originally thought 

to first appear near the base of the Zuun-Arts Formation (Brasier et al., 1996). 
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 However, Smith et al. (2015) suggested that the first appearance of SSFs occurs 200–300 

m stratigraphically higher at the base of Bayangol Formation (Fig. 4.17). The flooding surface at 

the base of the BG2, which overlies the HST deposit of the Zuun-Arts Formation, is overlain by 

transgressive phosphatic marine shale of 

BG2, thus denoting a sequence boundary 

(Fig. 4.17). The E–C boundary is 

originally defined based on the first 

occurrence of T. pedum at the contact 

between BG3 and BG4 of the Bayangol 

Formation (Goldring and Jensen, 1996; 

Smith et al., 2015) (Fig. 4.17). However, 

the first appearance of T. pedum in the 

Zavkhan terrane contradicts other lines of 

evidence, including the first occurrence of 

small shelly fossils (~ 250 m below the 

first appearance of T. pedum) (Smith et 

al., 2015), and report of early arthropod 

trace fossils from the middle part of BG3, 

which suggest that the E–C boundary is 

actually much lower in the section, 

probably at the base of the Bayangol 

Formation, above the large negative 

excursion in the Zuun-Arts Formation 

(Smith et al., 2015) (Fig. 4.17).  

 

4.2.12. Northeastern Siberia 

 

The E–C succession in the Olenek Uplift, northeastern Siberia includes the Khorbusuonka and 

Kessyusa groups containing mixed siliciclastic and carbonate rocks. The carbonates represent 

part of a passive margin succession that developed along the eastern margin of the Siberian 

craton during Neoproterozoic time, whereas the siliciclastic succession records early Cambrian 

Figure 4.17. Generalized stratigraphy and carbon isotope 

chemostratigraphy in Zavkhan terrane, western Mongolia 

(modified from Smith et al., 2015). See Fig. 4.1 for 

symbols. 
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rift event (Pelechaty et al., 1996). The uppermost formation of the Khorbusuonka Group, the 

Turkut Formation, consists of thickly-laminated dolostone and minor thinly-laminated limestone, 

overlain by dolomitic intraclast-ooid grainstone and stromatolitic biostromes. It is interpreted to 

represent HST shallowing from basinal to shallow ramp environments (Knoll et al., 1995; 

Pelechaty et al., 1996). The overlying Kessyusa Group consists of siliciclastic and minor 

limestone and is subdivided into the 

Syhargalakh, Mattaia, and Chuskuna 

formations (Rogov et al., 2015; 

Nagovitsin et al., 2015). The boundary 

between the Syhargalakh and Turkut 

formations is irregular and fills paleokarst 

caverns (Rogov et al., 2015). This 

paleokarst unconformity represents a 

sequence boundary (Fig. 4.18). A tuff 

breccia at the base of Syhargalakh 

Formation has yielded a U–Pb zircon date 

of 543.9 ± 0.24 Ma (Rogov et al., 2015). 

The lowermost stratigraphic occurrence 

of T. pedum occurs within the upper 

interval of the Syhargalakh Formation, 

slightly below the lowermost occurrence 

of R. avalonensis (Rogov et al., 2015) 

(Fig. 4.18).  

 The base of Cambrian in Russia is 

placed at the beginning of the Tommotian 

stage (Cambrian Stage 2) in the middle of 

the Mattaia Formation at the first 

appearance of small skeletal fossils of the Nochoroicyathus sunnaginicus Assemblage zone 

(Peng et al., 2012). The uppermost stage for the Ediacaran in Siberia, Nemakit–Daldynian Stage 

(Fortunian–Cambrian Age 2), is characterized by the appearance of the first skeletal fossils 

belonging to the Anabarites trisulcatus zone at or just beneath the base of the Kessyusa Group 

Figure 4.18. Generalized stratigraphy of E–C succession 

in Olenek Uplift, northeastern Siberia (modified from 

Rogov et al., 2015). Sy Fm. is Syhargalakh Formation, 

Mt Fm. is Mattaia Formation, and Ch Fm. is Chuskuna 

Formation. See Fig. 4.1 for other symbols. 
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(Knoll et al., 1995; Peng et al., 2012), which is consistent with the markedly negative carbon 

excursion in the upper Turkut Formation (Knoll et al., 1995). However, the recent report of the 

small shelly fossil Cambrotubulus decurvatus 1.4 m above the base of Turkut Formation (Rogov 

et al., 2015) suggests that the base of the Cambrian may lie lower in the section, possibly near 

the base of the Turkut Formation (Fig. 4.18). 

 

4.2.13. Northern Iran 

 

The E–C succession of the Alborz Mountains, in northern Iran comprises mixed siliciclastic–

carbonate deposits of the Soltanieh Formation. The Soltanieh Formation was developed in the 

Proto-Paleotethys passive margin of northwestern Gondwana (Alavi, 1996). This formation 

consists of five members, from bottom to 

top: the Lower Dolomite, Lower Shale, 

Middle Dolomite, Upper Shale, and 

Upper Dolomite members (Fig. 4.19).  

 At the type section, the Lower 

Dolomite Member is a 165-m-thick 

succession of dolomite to cherty dolomite 

and thin-bedded shale, the Lower Shale 

Member is a 120-m-thick succession of 

black shale, the Middle Dolomite 

Member is a 180-m-thick succession of 

stromatolite-bearing dolomite and grey 

limestone, the Upper Shale Member is a 

90-m-thick succession of grey-green 

shale to silty shale interbedded with 

phosphatic limestone, and the Upper 

Dolomite Member is a 580-m-thick 

succession of stromatolites and cherty 

dolomite. The dolomite members 

represent HST deposits accumulated in 

Figure 4.19. Generalized stratigraphy of E–C succession 

in Alborz Mountains, northern Iran. See Fig. 4.1 for 

symbols. 
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very shallow water (shallow subtidal to supratidal), whereas the shale members were 

predominantly deposited below storm wave base (i.e. shelf), and immediately above the storm 

wave base (lower offshore) recording two main transgressive episodes. The sequence boundary 

is marked by a co-planar surface at the base of Lower Dolomite Member (Fig. 4.19). 

 Treptichnus pedum occurs in the upper part of the Lower Shale Member (CiabeGhodsi, 

2006; Shahkarami et al., in review), and Chuaria sp. occurs in the lower part of this member 

(Hamdi et al., 1989). Therefore, these suggest that the E–C boundary should be placed within the 

Lower Shale Member, which implies an Ediacaran–Fortunian age for the Soltanieh Formation. 

However, Shahkarami et al. (in review) suggest that the presence of the Anabarites trisulcatus–

Protohertzina anabarica zone in the upper interval of the Lower Dolomite Member and in the 

Lower Shale Member indicates that the whole Soltanieh Formation may be of early Cambrian 

age; therefore placing the E–C boundary either at the base of the Soltanieh Formation or within 

the Lower Dolomite Member (Fig. 4.19). 
 

4.2.14. South China 

 

The E–C succession in eastern Yunnan Province, South China was deposited in a passive 

continental margin (Jiang et al., 2012), and comprises in ascending order, the Baiyanshao, 

Xiaowaitoushan (also known as Daibu) (Fig. 4.21a), Zhongyicun (also known as Lower 

Phosphate, White Clay and Upper Phosphate members) and Dahai members (Qian et al., 

2001b)(Fig. 21. d). 

The Baiyanshao, Xiaowaitoushan, and Dahai members are mainly dolomite, whereas the 

Zhongyicun Member is dominantly phosphorite and tuff (Zhu et al., 2009). A karst surface 

occurs at the contact between the Xiaowaitoushan and Zhongyicun members (Zhu, 1997) (Fig. 

21b, c) representing a sequence boundary (Fig. 4.20). Treptichnus pedum has only been reported 

from the Meishucun section in the upper interval of the Zhongyicun Member (middle interval of 

the Upper Phosphate Member) (Li, 1991) or near the middle interval of the Zhongyicun Member 

(near the top of the Lower Phosphate Member) (Zhu, 1997), whereas small shelly fossils first 

occur considerably lower in the section (Fig. 4.20). Therefore, the E–C boundary has been 

defined by the first appearance of the early Cambrian small shelly fossil Anabarites trisulcatus 

(Qian et al., 2001a, 2001b; Zhu et al., 1997), which coincides with the base of the Zhongyicun 



 

 139 

Member (Zhu, 1997; Zhu et al., 2001; Qian et al., 2001b) (Fig. 4.20). 

  

 
Figure 4.20. Generalized stratigraphy of E–C succession in Eastern Yunnan, South China (modified from 

Qian et al., 2001b; Zhu et al., 2009). See Fig. 4.1 for symbols. 

 

 Radiometric ages of 539.4 ± 2.9 Ma (Compston et al., 2008), 532.3 ± 0.7 Ma (Jiang et al., 

2009), 536.3 ± 5.5 Ma (Chen et al., 2009), and 535.2 ± 1.7 Ma (Zhu et al., 2009) obtained from 

the middle interval of the Zhongyicun Member, together with a report of a negative carbon 

excursion below the first appearance of small shelly fossils (Brasier et al., 1990) support the 

proposed position of the E–C boundary. However, small shelly fossils have also been recovered 

from the underlying Xiaowaitoushan Member (Zhang Shishan, personal communication to LAB 

and MGM, 2015) (Fig. 4.20), adding uncertainties to the position of the base of the Anabarites–

Protohertzina zone (Zhu, 1997) and, therefore, of the E–C boundary. 
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Figure 4.21. Sedimentary facies and stratal stacking patterns in Eastern Yunnan, South China. (a) Lower 

interval of the Xiaowaitoushan Member; (b) Contact of the Xiaowaitoushan and Lower Phosphate 

members; (c) Close-up of contact between the Xiaowaitoushan and Lower Phosphate members; (d) 

Contact between of the Upper Phosphate and Dahai members. See Fig. 4.1 for symbols. Images: G. 

Mángano 
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4.3. Discussion 
 

Our systematic review of key E–C successions worldwide shows that a sea-level fall took place 

close to the E–C transition in most localities. In southeastern Poland, northern Norway, eastern 

California and northwest Canada, the E–C boundary occurs between two sequence boundaries 

above and below. In southeastern Newfoundland, northwest Mexico, southern Namibia, and Iran 

the E–C boundary rests below a SB, whereas in South and Central Australia, South Africa, 

western Mongolia, northeastern Siberia and South China, the E–C boundary is coincident with a 

SB (Table 4.1). However, and given the uncertainties regarding the precise position of the 

boundary, it is clear that significant diachronism was involved, arguing in favor of local factors 

(i.e., tectonics) overprinted on global eustasy. Such basinward shifts of facies associated with 

stages of base-level fall are not necessarily related to global changes in sea level, but are often 

linked to a combination of eustasy and local tectonics (e.g., Christie-Blick et al., 1990; Christie-

Blick and Driscoll, 1995). Tectonics is commonly equated with basin subsidence. Each of these 

basins is unique in terms of subsidence patterns; hence the stratigraphic architecture and the 

nature of depositional systems that fill the basin are at least in part a reflection of the structural 

mechanisms controlling the formation of the basin (Catuneanu, 2006). This is particularly 

important in tectonically active basins, such as grabens, rifts or foreland systems, where 

stratigraphic cyclicity is commonly controlled by cycles of subsidence and uplift triggered by 

various tectonic, flexural, and isostatic mechanisms (Catuneanu, 2006). During the Ediacaran to 

Cambrian transition the impact of local tectonics is magnified by large-scale paleogeographic 

changes and major plate tectonic reconfigurations (Bowring et al., 2003). Therefore, in reviewing 

the E–C successions, basin tectonic setting should be considered, and the dominance of each of 

the allogenic mechanisms should be assessed on a case-by-case basis (Miller at al., 2005). 

 

4.3.1. Southeast Newfoundland, Canada 

 

The GSSP for the E–C in southeastern Newfoundland is known to be a continuous section 

through the upper part of Member 1 and all of Member 2 of the Chapel Island Formation 

(Narbonne et al., 1987). However, the red-bed interval with abundant syneresis and desiccation 

cracks above the GSSP indicates a period of subaerial exposure later in the early Fortunian. The 



 

 142 

depositional history of the Chapel Island Formation has been considered as a transitional stage 

from deposition in tectonically active fault-bounded basins related to strike-slip tectonics to a 

more quiet tectonic condition (Smith and Hiscott, 1984; Myrow and Hiscott, 1993). Many strike-

slip basins form adjacent to uplifted blocks with pronounced topographic relief, which leads to 

deposition of very coarse-grained sedimentary facies along some basin margins and to abrupt 

lateral facies changes. Local vertical movements of blocks result in localized unconformities 

(Christie-Blick and Biddle, 1985), which can explain the thick sandstone interval above the E–C 

boundary at Fortune Head, Burin Peninsula. 

 

Table 4-1. Paleogeographic position, tectonic setting, and position of E–C boundary with respect to the 

sequence boundary in the studied successions. 

Position of the E–C 
boundary in relation to 

SB 
Section 

Paleogeographic 
position at the time of 

E–C 
Tectonic setting 

Below a SB 

Southeastern 
Newfoundland, Canada 

Northwest margin of the 
Avalon terrane Transtensional 

Caborca terranes, 
northwest Mexico Southwestern Laurentia. Passive margin 

Nama Group, southern 
Namibia 

Western margin of the 
Kalahari Craton Foreland basin 

Northern Iran Northwestern margin of 
Gondwana Passive margin 

In between two SB 

Mackenzie Mountain, 
Canada 

Western margin of 
Laurentia Passive margin 

Death Valley, Eastern 
California Southwestern Laurentia Passive margin 

Lublin slope, 
southeastern Poland South western Baltica Rift 

Vestertana Group, 
Northern Norway 

Northwestern Margin of 
Baltica (Baltoscandian 

margin) 

Extensional/foreland 
basin 

Coincide with a SB 

Flinders Ranges, South 
Australia 

South eastern Australian 
continent Passive margin/Rift 

Amadeus Basin, 
Central Australia 

Central Australian 
continent Intracratonic basin 

Vanrhynsdorp Group, 
South Africa 

Western margin of the 
Kalahari Craton Foreland basin 

Zavkhan terrane, 
western Mongolia 

Zavkhan terrane / 
adjacent to Siberian 

craton 
Foreland basin 

Olenek Uplift, 
northeast Siberia 

Northern margin of 
Siberian craton Passive margin/rift 

Eastern Yunnan, South 
China 

South China Craton 
(Yangtze Passive margin 
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4.3.2. Northwest Canada 

 

The precise position of the E–C boundary in northwest Canada is unclear. However, both 

proposed positions for the boundary are between two major unconformities, one at the base of 

the Ingta Formation and the other within the lower interval of the Backbone Ranges Formation. 

It is believed that the terminal Ediacaran to basal Cambrian succession of the Mackenzie 

Mountains was deposited on a passive margin in response to rifting, apparently under conditions 

of little tectonic disturbance; therefore contain a fairly sensitive record of eustatic sea-level 

changes (MacNaughton and Narbonne, 1999). However, Macdonald et al. (2013) challenged the 

idea of a simple Ediacaran passive margin and argued that major facies changes (Aitken, 1989; 

Narbonne and Aitken, 1995) and large overlapping unconformities within Ediacaran strata 

(MacNaughton et al., 2000), coupled with the ~ 570 Ma late Ediacaran syn-rift volcanics in the 

southeastern Canadian Cordillera (Colpron et al., 2002) indicate a more complex 

tectonostratigraphic architecture and probably a more nuanced subsidence history.  

 

4.3.3. Eastern California 

 

The E–C boundary in Death Valley, Eastern California is placed between two major 

unconformities, a major one at the top of the Stirling quartzite and a transitional unconformity 

(sensu Hogan et al., 2011) at the base of the middle member of the Wood Canyon Formation. 

The sequence boundary at the base of the middle member of the Wood Canyon Formation occurs 

above the E–C boundary, and lacks evidence for significant incision. Given that the E–C strata in 

Eastern California represent deposition along a craton margin hinge zone, formed on a thermally 

subsiding passive margin following late Neoproterozoic rifting, Fedo and Cooper (2001) 

proposed that the main unconformities in this section, including the one at the base and top of 

lower member of the Wood Canyon Formation, were formed mostly by eustatic processes that 

were possibly modified by the effects of differential subsidence across the hinge zone (Fedo and 

Cooper, 2001; Hogan et al., 2011). 
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4.3.4. Northwest Mexico 

 

The E–C boundary interval in Sonora, northwest Mexico occurs below the SB that extends to the 

base of Unit 1 of the Puerto Blanco Formation. The Sonoran succession reflects a depositional 

and paleogeographic history similar to the Death Valley succession, with depocenters occurring 

along the same passive margin (Stewart et al., 1984). However, its depositional history was 

locally overprinted by uplift and associated incision linked to local volcanism (Hagadorn, 2016). 

 

4.3.5. Australia 

 

The proposed E–C boundary in the Flinders Ranges, South Australia, coincides with a major 

unconformity forming an incised valley at the base of the Uratanna Formation. The same 

situation has been observed in the Amadeus Basin, Central Australia, where the unconformity at 

the base of Member III marks the E–C boundary. However, the lack of quantitative temporal 

constraint on the position of the E–C boundary in Australia, together with discovery of 

Ediacaran-type fossils on two beds in the upper part of the Uratanna Formation put the precise 

position of the E–C boundary in question. The unconformity at the base of the Uratanna 

Formation is interpreted to be of tectono-eustatic origin, most likely formed as the consequence 

of Rodinia supercontinent breakup, either representing a rift-drift transition or the onset of 

starved basin deposition (Powell et al., 1994). In the central part the Petermann Orogeny (~550 

Ma), which was either synchronous with (Lindsay and Korsch, 1991) or slightly earlier than 

(Shaw, 1991) the Neoproterozoic–Cambrian transition, may have strongly influenced the 

architecture and subsequent Palaeozoic evolution of the Amadeus Basin (Mapstone and McIlroy, 

2006). 

 

4.3.6. Southern Namibia and South Africa 

 

The E–C boundary in the Nama Group, Namibia rests below an unconformity, forming a 

composite sequence boundary at the base of the Nomtsas Formation, whereas the E–C boundary 

in the Vanrhynsdorp Group coincides with the sequence boundary. Both the Nama and 

Vanrhynsdorp groups were deposited in a foreland basin, which developed as a peripheral basin 
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along the western margin of the Kalahari Craton (Gresse and Germs, 1993). These foreland 

basins experienced flexural bulging related to compressional tectonics in the flanking orogens 

throughout its history. Gresse and Germs (1993) proposed that sedimentation of the Nama and 

Vanrhynsdorp Group is the depositional response to tectonism in the flanking orogens and it can 

therefore be assumed that these composite sequence boundaries were mostly influenced by 

tectonism rather than eustasy. In this scenario, a relative fall in sea level as a result of renewed 

tectonic loading and depression and retraction of flexural bulging toward the orogen led to the 

formation of a major SB at the base of the Nomtsas Formation in close vicinity of the E–C 

boundary. 

 

4.3.7. Southeastern Poland 

 

In the Lublin slope, the E–C boundary interval is positioned between two major unconformities, 

at the base of the Sławatycze Formation and at the top of the Mazowsze Formation. The SB at 

the base of the Sławatycze Formation indicates a period of relative sea-level fall in the early 

Ediacaran, whereas the SB at the top of the Kaplonosy Formation, which is marked by a co-

planar surface, was formed at the onset of transgression in the early Fortunian (Pacześna and 

Poprawa, 2005). These authors suggested that a complex interplay between tectonic and eustatic 

process were major controls on basin evolution. Considering the significant role of local 

tectonics in the Lublin region, it is most likely that the development of the basin was mainly 

controlled by an Ediacaran (to earliest Cambrian) rifting event and subsequent Cambrian to 

middle Ordovician post-thermal subsidence (Pacześna and Poprawa, 2005). 

 

4.3.8. Eastern Finnmark  

 

Similar to the Lublin slope, the E–C strata of the Vestertana Group of eastern Finnmark do not 

record subaerial exposure at the exact timing of E–C transition. The E–C boundary in this region 

is best located between two major unconformities at the top of the Nyborg Formation and the 

lower Breivik Member. The lower unconformity is placed at the base of glacial deposits of the 

Mortensnes Formation a few hundred meters (~ 550 m) below the E–C boundary, where it 

locally cuts down through the Nyborg Formation. The Mortensnes Formation is believed to be 
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equivalent to the Gaskiers glaciation (the third Neoproterozoic glaciation) (Halverson et al., 

2005), recording a short-lived glaciation event at 580 Ma (Bowring et al., 2003), suggesting that 

the Mortensnes unconformity is partly attributable to glacio-eustasy (Halverson et al., 2005). The 

upper sequence boundary corresponds to a regional subaerial unconformity marked by a 

conspicuous 10-m-thick sandstone unit forming the top of the lower member, ~ 250 m above the 

E–C boundary. Nielsen and Schovsbo (2011) suggested that the sandstone unit at the top of the 

Lower Member might reflect a glacio-eustatic driven major forced regression event in the early 

Fortunian. However, the lower Cambrian strata of eastern Finnmark were deposited in a foreland 

basin associated with the Timanide orogeny, and were therefore exposed to strong subsidence 

and uplift events and high clastic supply, which make them poor candidates for recording 

eustatic signals. 

 

4.3.9. Western Mongolia 

 

The E–C boundary in the Zavkhan terrane, western Mongolia, is placed at the base of the 

Bayangol Formation, coincident with a co-planar surface marking the SB. The sequence 

boundary is overlain by transgressive phosphatic marine shale of the Bayangol Formation, 

recording a large positive carbon excursion. Smith et al. (2015) applied the correlation between 

positive carbon excursions and occurrence of major sequence boundaries in the Bayangol 

Formation to suggest that the larger-scale transgressions associated with positive carbon 

excursions, such as the one at the base of Bayangol Formation (coincide with positive carbon 

excursion B of Brasier et al., 1996), are product of local tectonism. Given that Ediacaran to early 

Cambrian strata in the Zavkhan terrane were deposited in a foreland basin (Macdonald et al., 

2009), tectonically driven changes of sea level seem to be the most plausible scenario. 

 

4.3.10. Northeastern Siberia 

 

The sequence boundary in the E–C succession of Olenek Uplift is defined by a regionally 

extensive paleokarst unconformity at the base of the Syhargalakh Formation. Two possible 

positions have been proposed for the E–C in this section, one at the base of the Syhargalakh 

Formation, and the other near the base of the Turkut Formation. The later is placed a few meters 
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below the SB, whereas the former coincides with the sequence boundary. Given that the strata 

overlying the SB were deposited in a rift setting and the paleokarst unconformity at the base of 

Kessyusa group is associated with volcanism, Pelechaty et al. (1996) suggested that the 

paleokarst unconformity reflects onset of regional rift-related uplift that continued to Cambrian 

Age 2 (530 Ma) rather than a eustatic fall in sea level. 

 

4.3.11. Northern Iran 

 

Given the paucity of reliable radiometric dates in the Alborz Mountains succession, the exact 

position of E–C boundary is unclear. However, the biostratigraphic data place the boundary 

below the co-planar surface at the top of Lower Dolomite Member. The Cambrian deposits of the 

Alborz Mountains are part of an epicontinental platform basin related to a passive margin with 

slow thermal subsidence (Alavi, 1996), formed on a low-angle, relatively low-energy homoclinal 

carbonate ramp. Gradual facies transitions of the Cambrian deposits of the Alborz Basin suggest 

that the role of tectonics on the relative sea-level changes was minor (Bayet-Goll et al., 2014), 

which makes the E–C succession of Iran a suitable candidate for examining the eustatic signal of 

the Great Unconformity. 

 

4.3.12. South China 

 

As in the case of Olenek Uplift, the most plausible position proposed for the E–C boundary in 

South China co-occurs with a karst unconformity at the base of the Zhongyicun Member. 

Although, the E–C succession of Eastern Yunnan was deposited in the passive margin of 

Yangtze platform, the basin was crossed by several northeast southwest trending syn-

sedimentary faults and it seems that the activity along theses faults controlled the development of 

sedimentary facies and stratigraphic sequences during the Ediacaran–Cambrian transition (Qian 

et al., 2001b). 

 

4.4. Conclusion 

 

Understanding the sequence-stratigraphic architecture of the E–C boundary has implications that 
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exceed the issue of correlation and affects our ability to test tectono-evolutionary hypotheses 

using stratigraphic paleobiology approaches (Buatois et al., 2013). Historically, the general 

proximity and common co-occurrence of the E–C boundary with a SB related to establishment of 

a fluvial system was thought to impair reliable paleontologic sampling, owing to erosion, implied 

hiatus and lack of adequate facies (Mount and McDonald, 1992). However, the recognition of 

significant diachronism in this interval, coupled with decades of scrutinizing these successions 

for erosional remnants, microfossils, and chemostratigraphic evidence have increasingly allowed 

even the most incomplete succession to provide insights into the E–C transition. Also, the fact 

that in many localities (e.g. Namibia) incision may have taken place during the earliest Cambrian 

underscores the importance of detailed sampling in strata below the sequence boundary with the 

aim of refining the location of the Ediacaran–Cambrian transition. Specifically, exploring 

terminal Ediacaran deposits located in interfluve positions may be particularly rewarding 

because these settings may have preserved thick shallow-marine strata below the sequence 

boundary, which have been eroded along axial positions of the paleovalleys. 

 Our synthesis of fourteen widely separated E–C successions suggests that significant 

diachronism was involved in the generation of the Great Unconformity. Even at the classic 

Tapeats Sandstone exposures where this unconformity was defined, new stratigraphic work 

(Rose, 2006) and detrital zircon geochronology (K. Karlstrom, pers. comm. to James Hagadorn, 

2016) is showing it to be a highly diachronous surface, with deposition often not commencing 

until Furongian (late Cambrian) or younger time. The sea-level fall, or falls, that resulted in the 

formation of a SB during the E–C transition most likely reflect overprint of local tectonics on 

pure eustasy, intimating that the “Great Unconformity” might not be as “great” as previously 

thought, and that the SB on which its identity hinges should not be used for inter-basin 

correlations. If anything, this work underscores the importance of focusing on conformable 

successions like the one in Fortune Head, because they represent a more complete record of 

shallow-marine facies across the E–C transition.  
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TRANSITION 
 

 

After a critical evaluation of the global significance of the Soltanieh Formation to yield insights 

into the nature of the Ediacaran–Cambrian boundary and the problems associated with the so-

called “Great Unconformity”, we now provide some final remarks highlighting the 

interconnection among different Chapters and the results obtained during the course of this 

research.  
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Chapter Five 

5. Conclusions 
 
In Chapter 1 we discussed the significance of the Soltanieh Formation as a source of information 

that allows us to test some of the hypotheses surrounding the E–C transition. The taxonomic 

composition of the Soltanieh Formation ichnofauna, a local ichnostratigraphic scheme and the 

relation of trace-fossil distribution to global ichnostratigraphic models for the Ediacaran–

Cambrian boundary were addressed in Chapter 2. The results of our research indicates that the 

Soltanieh ichnofauna is of low to moderate ichnodiversity, consisting of very simple to relatively 

complex forms, and showing a combination of locomotion, grazing, resting, feeding, and 

dwelling structures. Similar ichnotaxa have been recorded in E–C successions worldwide. 

 The local ichnostratigraphic zonation scheme proposed for the Soltanieh Formation, 

although corresponds in part to the previously proposed trace-fossil zonations across the 

Ediacaran–Cambrian boundary, includes some modifications to the original scheme. This 

ichnozonation comprises four ichnozones. Ichnozone I is of early Fortunian age and is 

characterized by low diversity of simple grazing trace fossils. This ichnozone in the Alborz 

Mountains is a distal expression of the Treptichnus pedum zone elsewhere. Ichnozone II of the 

Soltanieh Formation is of middle Fortunian age, and is defined based on the first appearance of 

Treptichnus pedum and the earliest bilobate trace fossils, represented by Cruziana isp. This 

ichnozone corresponds in part to ichnozone III of global ichnofossil zones and the Treptichnus 

pedum Zone of the Chapel Island Formation, Burin Peninsula, and is best regarded as the upper 

half of the global Treptichnus pedum zone. Ichnozone III is late Fortunian–Cambrian Age 2, and 

is marked by a sudden increase in abundance and complexity of trace fossils and the first 

appearance of Cruziana problematica. This ichnozone corresponds to ichnozone IV of the global 

ichnofossil scheme and the lower half of the Rusophycus avalonensis Zone of the Chapel Island 

Formation. Ichnozone IV is Cambrian Ages 2–3, and is characterized by the first appearance of 

Psammichnites gigas, Rusophycus avalonensis and Didymaulichnus miettensis. Ichnozone IV 

corresponds to ichnozone IV of the global scheme and the upper half of the Rusophycus 

avalonensis Zone of the Chapel Island Formation, Burin Peninsula.  

Integration of trace fossils and small shelly faunas suggests that the Ediacaran–Cambrian 

boundary be placed at the base of the Soltanieh Formation or within the Lower Dolomite 
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Member. 

 In Chapter 3, an integration of facies and sequence-stratigraphic analysis was applied to 

explain the vertical ichnotaxonomic changes, and the anomaly in the global ichnostratigraphic 

scheme (i.e. delayed appearance of Treptichnus pedum) observed in the Soltanieh Formation. 

The facies analysis of the Soltanieh Formation indicates eight facies, which are grouped into 

siliciclastic-dominated and carbonate-dominated facies associations. The carbonate-dominated 

facies association represents deposition in very shallow water (shallow subtidal to peritidal), 

whereas the trace-fossil-bearing, siliciclastic-dominated facies association comprises for the most 

part deposition below storm wave base (i.e. shelf), and immediately above the storm wave base 

(lower and upper offshore). The result suggests that the “Ediacaran” aspect of the lower 

Fortunian trace-fossil assemblage in the shelfal deposits of Ichnozone I, and the delayed 

appearance of Treptichnus pedum within the lower offshore deposits of Ichnozone II reveal a 

complex interplay between evolutionary and environmental constraints. In the Lower Shale 

distribution of trace fossils and preservation of diagnostic early Cambrian trace fossils is very 

likely to have been controlled by facies, especially within storm generated silt-shale 

intercalations providing better preservation potential for interfacial trace fossils. In the Upper 

Shale Member, where the vertical distribution of trace fossils strongly matches that observed 

worldwide, evolutionary innovations exerted the primary control on trace-fossil distribution. 

Environmental controls on trace-fossil distribution in these deposits are unlikely because 

identical sedimentary facies representing specific areas along the depositional gradient (e.g., 

upper offshore) were compared through time. The results of our study stress the importance of 

placing the trace-fossil assemblages within a paleoenvironmental and sequence-stratigraphic 

framework for a sound evaluation of the evolutionary implications of trace fossils. 

 Finally, in an attempt to test the hypothesis of the “Great Unconformity” as a trigger of 

the Cambrian explosion, we studied fourteen widely separated areas from where a sufficiently 

good chronostratigraphic record is available. The results suggest that a sea-level fall took place 

close to the E–C transition in most localities. In southeastern Poland, northern Norway, eastern 

California and northwest Canada, the E–C boundary occurs between two sequence boundaries 

above and below. In southeastern Newfoundland, northwest Mexico, southern Namibia and Iran, 

the E–C boundary rests below a SB, whereas in South and Central Australia, South Africa, 

western Mongolia, northeastern Siberia and South China, the E–C boundary is coincident with a 
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SB. However, the sea-level fall that resulted in the formation of a SB during the E–C transition 

most likely reflects overprint of local tectonics on pure eustasy. Our results indicate that the SB 

should not be used for inter-basin correlations. This systematic review of key E–C successions 

worldwide underscores the importance of the Burin Peninsula succession given the fact that it 

represents a continuous record of shallow-marine facies with the SB located well above the E–C 

boundary.  

 To summarize, an integrated ichnologic, sedimentologic and sequence-stratigraphic 

analysis of the Soltanieh Formation yields insights into the E–C transition. Unlike most units 

worldwide, the Soltanieh Formation provides a continuous succession through the boundary, 

containing both small shelly fossils in the carbonate units and trace fossils in the siliciclastic 

units, therefore allowing for a careful integration of both datasets in biostratigraphic schemes. 

This holistic approach allows delineating the role of environmental and evolutionary controls on 

trace-fossil distribution, providing valuable evidence to understand the timing and nature of the 

Cambrian explosion. 
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APPENDIX ONE 

List of Abbreviations 
 
 

BI Bioturbation Index 

BP–BI Bedding-Plane Bioturbation Index 

E–C Ediacaran–Cambrian 

FAD First Appearance Datum 

Fm. Formation 

FS Flooding Surface 

GSSP Global Standard Stratotype-section and Point 

HST Highstand Systems Tract 

IUGS International Union of Geological Sciences 

LST Lowstand Systems Tract 

Ma  Mega-annum (a million years) 

Mbr. Member 

SSF Small Shelly Fossil 

TST Transgressive Systems Tract 

TS Transgressive Surface 

 


