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Constraining the Ediacaran-Cambrian boundary in South China using acanthomorphic acritarchs  

and Palaeopascichnus fossils 

Kenneth O’Donnell 

ABSTRACT 

The Ediacaran-Cambrian boundary is arguably the most critical transition in Earth history. This 

boundary is currently defined by the GSSP (Global Stratotype Section and Point) at Fortune 

Head (Newfoundland, Canada) at a point that was once regarded as the first appearance of the 

branching trace fossil Treptichnus pedum. However, T. pedum has been subsequently found 

below the GSSP, and its distribution is largely restricted to sandstone facies where 

chemostratigraphic correlation tools are difficult to apply. Thus, the stratigraphic value of the 

Fortune Head GSSP has come under scrutiny, and there is a need to search for an alternative 

definition of this boundary using other biostratigraphic criteria. Investigations of acanthomorphic 

acritarchs in basal Cambrian strata of South China suggest that these microfossils may provide 

an appropriate biostratigraphic marker for the Ediacaran-Cambrian boundary, because of their 

wide distribution in chert-phosphorite layers intercalated with carbonates and shales, thus 

allowing their biostratigraphic occurrences to be calibrated with small shelly fossil (SSF) 

biostratigraphy and carbon isotope chemostratigraphy. Acanthomorphic acritarchs of the 

Asteridium-Heliosphaeridium-Comasphaeridium (AHC) assemblage zone have been identified 

at 11 localities in chert-phosphorite layers in the basal Cambrian Yanjiahe, Liuchapo, and 

Niutitang formations. These localities span a 300 km transect in South China, with depositional 

environments varying from a shallow carbonate shelf, to an outer shelf-slope transition and an 

open ocean slope-basin. The Ediacaran-Cambrian boundary can be bracketed between basal 

Cambrian AHC assemblage and the upper Ediacaran fossils, Horodyskia minor and 

Palaeopascichnus jiumenensis (HmPj assemblage zone), which occur in the lower Liuchapo 
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Formation. There is no stratigraphic overlap between the AHC and HmPj assemblage zones. 

Available data show that the AHC assemblage zone is in close stratigraphic proximity with the 

basal Cambrian SSFs and a negative δ
13

C excursion near the Ediacaran-Cambrian boundary. 

Thus, in South China, the first occurrences of AHC assemblage microfossils and last occurrences 

of HmPj fossils can effectively “bookend” the Ediacaran-Cambrian boundary to fine-scale 

resolution (down to 0.5 m in present study) in the Yanjiahe and Liuchapo formations. We 

propose that the AHC assemblage can be used to redefine the Ediacaran-Cambrian boundary and 

this proposal should be tested with detailed acanthomorph biostratigraphy beyond South China. 
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Introduction 

 

The Ediacaran-Cambrian transition represents the most significant transition in Earth history, 

with rapid, drastic changes in ocean chemistry and rapid diversification of biomineralizers, 

burrowing organisms, and planktonic and nektonic forms. Definition of Cambrian strata is 

essential for understanding the tempo and mode of environmental and ecological changes at this 

critical transition. Traditionally, stratigraphic subdivision relies on the first appearance of widely 

distributed and easily identifiable fossil taxa. To select the Cambrian GSSP, the first appearance 

of the trace fossil Treptichnus pedum  at Fortune Head in Newfoundland of Canada was used 

(Landing, 1994; Narbonne et al., 1987). Treptichnus pedum is a burrow with multiple branching 

probes, probably made by priapulid animals (Vannier et al., 2010). It has a world-wide 

distribution (Seilacher, 2007) and broad environmental tolerance (Buatois et al., 2013), and it 

signifies complex burrowing and undermat mining behaviors (Seilacher, 2007), making them a 

preferred choice to define the Ediacaran-Cambrian boundary (Landing, 1994; Narbonne et al., 

1987). 

However, T. pedum has recently come under question as a reliable biostratigraphic 

marker. In 2001, T. pedum was discovered several meters below the GSSP at Fortune Head, 

Newfoundland (Fig. 1A), overlapping Ediacaran fossil assemblages containing 

Palaeopascichnus delicatus and Harlaniella podolica (Gehling et al., 2001). Treptichnid fossils 

very similar to T. pedum have overlapping stratigraphic ranges with the upper Ediacaran fossil 

Cloudina in Iberia and Namibia (Jensen, 2003; Jensen et al., 2000). Additionally, Seilacher 

(2007) states that “Treptichnus pedum has lately been found in association with the last 

vendobionts in Australia and Namibia”, although illustrations have not been provided. 

Furthermore, different Treptichnus ichnospecies exhibit significant variability (Fig. 1) and 



 
 

2 
 

transitional forms between different time periods and physical environments (Seilacher, 2007), 

making the precise identification of T. pedum problematic. More critically, some argue that T. 

pedum has an environmentally controlled distribution and is restricted to shallow marine habitats 

and transgressive regimes (Geyer, 2005), and its restricted occurrences in sandstone facies 

(Buatois et al., 2013; Wilson et al., 2012) means that the first appearance of T. pedum cannot be 

precisely calibrated against carbon isotope chemostratigraphy and biostratigraphy based on small 

shelly fossils and acanthomorphic (spiny) acritarchs. Carbon isotope chemostratigraphy reveals a 

globally occurring large negative anomaly at the base of Cambrian carbonate successions that is 

roughly coincident with the first occurrence of Cambrian small shelly fossils (SSFs) (Maloof et 

al., 2010). SSFs represent the first widespread biomineralization of calcitic and phosphatic 

skeletons near the base of the Cambrian System, but they typically only occur mainly in 

phosphatic carbonates. Thus, the correlation power of T. pedum is limited to siliciclastic 

successions, whereas chemostratigraphic and SSF-based biostratigraphic markers have been used 

independently to define and correlate the Ediacaran-Cambrian boundary in carbonate-dominated 

successions (Maloof et al., 2010; Steiner et al., 2007).  

SSFs have been suggested for regional and global correlation of the Ediacaran-Cambrian 

boundary (Khomentovskii and Karlova, 2005; Qian et al., 2001; Steiner et al., 2007; Zhu et al., 

2003). However, SFF occurrences have been shown to be controlled by facies and taphonomic 

biases (Porter, 2004), and their stratigraphic distribution in classical sections in southeastern 

Siberia is plagued by a major unconformity (Knoll et al., 1995). There are also major 

inconsistencies between SSF-based biostratigraphy and δ
13

C chemostratigraphy (Maloof et al., 

2010). Thus, although SSFs are useful in regional correlation, much work remains to be done to 

test the feasibility of using a SSF species to define the Ediacaran-Cambrian boundary.  
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Although the problem of correlating carbonate with siliciclastic successions can be 

alleviated to a degree by examining successions with mixed lithologies (Corsetti and Hagadorn, 

2000). Mixed lithologies necessarily mean greater environmental fluctuations and, consequently, 

the facies controlled distribution of T. pedum (Geyer, 2005; Wilson et al., 2012) would have a 

stronger impact on its stratigraphic ranges and limit its biostratigraphic significance. The 

limitations of T. pedum prompt the search for alternative biostratigraphic marker for the 

Ediacaran-Cambrian boundary. 

 

Horodyskia and Palaeopascichnus, the HmPj biozone 

The fossils, Horodyskia Yochelson and Fedonkin (2000) and Palaeopascichnus Palij 

(1976), are two well-studied Proterozoic genera that may help to constrain the Ediacaran-

Cambrian boundary in South China, with high potential for global correlation.  The genus 

Horodyskia was first found by Horodyski (1982) in the Mesoproterozoic Appekuny Formation 

(~1443 ± 7 Ma)  of the Belt Supergroup in Montana, and later systematically described as a body 

fossil by Yochelson and Fedonkin (2000). It has been suggested to represent either an algal fossil 

(Grey and Williams, 1990) or early colonial eukaryotes (Fedonkin and Yochelson, 2002; 

Yochelson and Fedonkin, 2000). The genus Horodyskia has a cosmopolitan distribution and long 

stratigraphic duration, ranging from the Mesoproterozoic of Australia (Grey and Williams, 1990) 

to the Ediacaran of Lesser Himalaya (Mathur and Srivastava, 2004) and South China (Dong et 

al., 2008). It is characterized by a “string-of-beads” structure, in which uniserially arranged 

spheroids of nearly equal size are joined by a filament, with the entire string surrounded by a 

sheath, typically preserved as a quartz-rich halo when it occurs (Dong et al., 2008). Though the 
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genus Horodyskia has a long stratigraphic range, H. minor is well-constrained, known only from 

upper Ediacaran strata of South China. 

The genus Palaeopascichnus was first described as an ichnofossil by Palij et al. (1979) 

and later as a meandering trace fossil (Jenkins, 1995). It has subsequently been demonstrated as a 

body fossil (Jensen, 2003), based on aggregation and subdivision of palaeopascichnid strands, as 

well as seemingly gradational relationships with other known body fossils, including 

Neonereites, Yelovichnus, and the metaphyte Orbisiana, and a lack of evidence for meandering 

movement of limbs. The genus has since been suggested to represent giant protists (Seilacher et 

al., 2003), and Dong et al. (2008) have compared both Palaeopascichnus to agglutinated 

foraminifers. It is known exclusively from Ediacaran sedimentary successions in South China 

(Dong et al., 2008), East European Platform (Palij, 1976), Newfoundland (Landing, 1994), and 

Australia (Gehling et al., 2000). It exhibits a similar form to Horodyskia, but instead has 

uniserially arranged meniscate discs that are joined by a central filament and surrounded by a 

quartz-rich halo (Dong et al., 2008). In South China, silicified fossils of the palaeopascichnid P. 

jiumenensis (Dong et al., 2008), have been observed as sinuous strings of meniscate plates that 

are 0.3 to 1.0 mm wide and 0.9 to 5.0 mm long. It is distinguished from other palaeopascichnid 

species by its smaller size, lack of branched segments, the presence of a spherical terminal 

segment, and presence of a quartz halo surrounding the fossil. One species, Palaeopascichnus 

delicatus, comprises part of an important Ediacaran biostratigraphic assemblage zone below the 

current Cambrian GSSP at Fortune Head, and at sections in Siberia. The affinity between the two 

forms has not been explored, but there is great potential for global correlation of Ediacaran strata 

using Palaeopascichnus. 
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Acanthomorphic acritarchs 

Recognized as a potentially important biostratigraphic tool in Ediacaran and Cambrian 

strata, acritarchs are an enigmatic, diverse group of organic-walled, acid-resistant microfossils 

(Montenari and Leppig, 2003). Despite the 3.2 Ga geological history of the group (Javaux et al., 

2010), its morphological diversity varies widely through the Neoproterozoic and Paleozoic 

climatic events, with a significant increase in abundance and diversity occurring at the base of 

the Cambrian Period (Huntley et al., 2006; Knoll, 1994; Moczydlowska, 2011). Of particular 

importance to recognizing the basal Cambrian System in South China is the Asteridium-

Heliosphaeridium-Comasphaeridium (AHC) assemblage zone (Yao et al., 2005), comprising a 

group of acanthomorphic acritarchs (A. tornatum, H. ampliatum, C. annulare) and co-occurring 

with tubular putative metazoans (Megathrix longus). The AHC zone has been regionally 

correlated in South and Northwest China (Dong et al., 2009; Yao et al., 2005) and globally 

correlated to acritarch assemblages of the Eastern European Platform (Moczydłowska, 1991; 

Yao et al., 2005) and Lower Tal Formation of India (Tiwari, 1999). The AHC assemblage zone 

has also been correlated to the SSF I and SSF II horizons (Anabarites trisulcatus-Protohertzina 

anabarica  and Paragloborilus subglobosus-Purella squamulosa SSF zones, respectively) in 

South China, meaning the base of the AHC assemblage zone may be near the base of the SSF 

assemblage zones (Yao et al., 2005). 

For consistent and reliable identification of basal Cambrian strata, the present study 

proposes the use of Cambrian acanthomorphic (spiny) acritarchs. In the present study, the 

biostratigraphic occurrences of Ediacaran microfossils and early Cambrian acanthomorphic 

acritarchs are correlated at 11 localities across South China (Fig. 2). The goal of this study is to, 
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1) evaluate the consistency of key fossils across facies and depositional environments along a 

carbonate shelf to basin transition, 2) assess the possibility of using AHC and HmPj to bracket 

the Ediacaran-Cambrian boundary in South China, and 3) explore the potential of using the first 

appearance of a species in the ACH assemblage to redefine the Ediacaran-Cambrian boundary. 

 

Geological Setting 

 

The South China Block comprises the Yangtze and Cathaysia cratons (Fig. 2), which were joined 

during the early Neoproterozoic assembly of the supercontinent Rodinia (~850-1100 Ma) (Li et 

al., 2008; Zhao and Cawood, 2012). Between 830 and 750 Ma, South China was separated from 

Rodinia during supercontinental disassembly (Li et al., 2008; Zhao and Cawood, 2012), resulting 

in the formation of a southeast-facing passive continental margin. By the Ediacaran Period, the 

South China Block was completely separated from the supercontinent and developed into a 

carbonate platform on a passive continental margin (Fig. 3).  Shelf facies comprise mixed 

dolomites and shales of the Ediacaran Doushantuo and Dengying formations that are 

disconformably overlain by Cambrian strata, comprising carbonates and shales of the Yanjiahe 

Formation and black shales of the Shuijingtuo Formation. In the slope and basin, strata are 

composed of basinal black shales of the Doushantuo Formation, overlain by silicified shales of 

the Liuchapo Formation and basinal black shales of the Niutitang Formation (Fig. 4). 

Shelf carbonates of the Doushantuo Formation (ca. 635-551 Ma) (Condon et al., 2005) 

was deposited in a shelf-lagoonal system on a passive continental margin (Jiang et al., 2011), that 

developed into a shallow subtidal to peritidal platform during the deposition of Dengying 

limestones and dolomites. Subaerial exposure features, such as dissolution breccias and 

paleokarst, are documented at the top of the Denying in South China (Siegmund and Erdtmann, 

1994).  
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The Yanjiahe Formation disconformably overlies the Dengying Formation, consisting of 

interbedded shelf carbonates, gray to black shale, and cm- to dm-scale black, organic-rich chert 

layers (Guo et al., in press), that were deposited during a marine transgression in a carbonate 

ramp setting. The inner shelf is composed almost entirely of limestone and dolomite that 

gradually increases in phosphoritic chert and shale content vertically and towards the shelf edge. 

It has been previously subdivided into five informal members based on lithostratigraphy (Guo et 

al., in press). The first and lowest member is represented by interbedded silty dolostone and 

chert, with Micrhystridium-like, acanthomorphic acritarchs occurring several meters above the 

base (Ding et al., 1992; Guo et al., in press). The second member is defined by phosphatic 

intraclastic dolomitic wackestones and packstones, containing the first SSF assemblage (A. 

trisulcatus-P. anabarica) and AHC microfossils. The third member consists of grey mudstone-

wackestone interbedded with silty shale, containing the SSF Purella antiqua. The fourth member 

contains carbonaceous limestones and the fifth and uppermost member, grey intraclastic 

limestones containing Aldanella yanjiaheensis (Guo et al., in press). The Ediacaran-Cambrian 

boundary is inferred to occur within the Yanjiahe Formation, near the first occurrence of A. 

trisulcatus-P. anabarica and AHC assemblages, as well as a negative δ
13

C isotope excursions 

within the lower Yanjiahe  Formation (Ishikawa et al., 2008; Jiang et al., 2012). 

The Shuijingtuo Formation represents a subsequent major marine transgression, 

depositing basinal black shale facies on top of platform carbonates (Wang et al., 2012b). The 

Shuijingtuo can be split into two informal members: a lower black shale with interbedded and 

nodular limestone, and an upper unit of silty shale and argillaceous limestone (Li and Holmer, 

2004). In the lower Shuijingtuo Formation, eodiscoid trilobites (Li et al., 2012), lingulid 
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brachiopods (Li and Holmer, 2004), and bradoriids (Li et al., 2004) corresponding to Cambrian 

Stage 2 strata indicate a maximum age of approximately 520 Ma. 

In the slope to basin transition, black shales of the Doushantuo Formation underlie 

silicified black shales of the Liuchapo Formation. The Liuchapo Formation was first established 

in central Hunan based on its characteristic siliceous lithology (Wang and Pien, 1949) and has 

been regarded as Ediacaran sediments, equivalent in age to the Dengying Formation (Zhu et al., 

2003), although some researchers have proposed that the Liuchapo Formation is partly Cambrian 

in age based on limited chemostratigraphic data (Chen et al., 2009). It comprises silicified 

organic-rich black shale interbedded with infrequent silt and carbonate beds. Equivalent strata 

have been named as the Piyuancun Formation in southern Anhui and the Laobao Formation in 

northern Guangxi (Dong et al., 2012; Zhu et al., 2003). The Liuchapo Formation interfingers the 

Dengying Formation, and overlies Doushantuo black shales in basinal settings. Though algal 

fossils are rarely observed within the Liuchapo Formation (Steiner et al., 1992; Steiner, 1994), a 

lack of detailed biostratigraphic analysis has limited efforts to constrain the Ediacaran-Cambrian 

boundary in relation to the Liuchapo Formation. Based on radiometric age dates in the 

underlying and overlying Doushantuo and Niutitang formations, its age is constrained between 

551 Ma (Condon et al., 2005) and 532.3 ± 0.7 Ma (Jiang et al., 2009), rendering the Ediacaran-

Cambrian boundary possibly within the Liuchapo Formation. Such a view is supported by a 

report of the early Cambrian Kaiyangites SSF in the uppermost Liuchapo Formation of central 

Guizhou Province (Qian and Yin, 1984). High-resolution biostratigraphic data may properly 

augment existing geochemical and lithostratigraphic data to constrain the boundary within the 

Liuchapo Formation. 
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Overlying the Dengying Formation in outer shelf facies or the Liuchapo Formation in 

slope to basinal facies, the Niutitang Formation (and its equivalent units) represents a major 

marine transgression with the deposition of black shale and contains a lower silicified 

phosphoritic layer that is below metalliferous ore-rich layer (Ni-Mo-PGE) close to its base 

(Wang et al., 2012b; Zhang et al., 2008). The Niutitang Formation is recognized as part of the 

Lower Cambrian “black rock series,” of South China, and is stratigraphically equivalent to the 

Shiyantou Formation in Yunnan, Shuijingtuo Formation in Hubei, Xiaoyanxi Formation in 

Hunan, Hetang Formation in Guizhou, and Guojiaba Formation in Sichuan Province (Steiner et 

al., 2005; Wang et al., 2012b). The Niutitang Formation can be subdivided into four informal 

units. The lowermost unit is recognized as a basal phosphoritic chert that occurs within the first 

meter of the lower Niutitang boundary. This unit is observed in Hunan provinces and has been 

noted to contain sparse microfossils and SSF (Steiner et al., 2001; Zhang et al., 2001). Potential 

for biostratigraphic correlation exists, though detailed study of fossil occurrences in the lower 

phosphorite bed has not been conducted. An organic-rich metalliferous Ni-Mo-PGE sulfide ore 

layer in the lower Niutitang Formation about 2 m above the base, serves as a laterally persistent 

marker bed for regional correlation of the Niutitang. This ore layer can be used to distinguish 

between upper Niutitang strata, with well-defined biostratigraphy, and lower Niutitang strata 

comprising basal phosphorite and shales, which are not as well-studied. The upper Niutitang 

comprises carbonaceous “stone coal” beds containing articulated hexactinellid and demosponge 

fossils. In addition to sponges, exceptional “Burgess-shale type” preservation of 

archaeocyathians, trilobites, bradoriids, and brachiopods is observed (Peng and Babcock, 2001; 

Zhang et al., 2008). A volcanic tuff layer has been radiometrically dated to be approximately 

532.3 ± 0.7 Ma (Jiang et al., 2009). 
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In the present study, field sampling of strata focuses on sampling across wide 

depositional environments on the Yangtze carbonate shelf to basin transition in South China 

(Fig. 2). Phosphoritic chert of the Yanjiahe Formation, siliceous rocks of the Liuchapo 

Formation, and the basal Niutitang phosphorite bed are sampled because exquisitely preserved 

acritarch fossils have been frequently associated with cherts and phosphorites (Dong et al., 2009; 

Guo et al., in press; McFadden et al., 2009; Tiwari, 1999; Yao et al., 2005). Sampling of the 

Yanjiahe, Liuchapo, and Niutitang formations at multiple sections allows for increased facies 

coverage, ranging from a shallow carbonate shelf to basinal black shale facies. 

 

Method and Material 

523 samples of black phosphoritic cherts and siliceous sediments were collected, with 

stratigraphic heights recorded, from 15 measured sections along a 300-km north-south transect 

(Fig. 2). Microfossils of the AHC and HmPj assemblage were found at 11 sections. Sampled 

strata focused on the Yanjiahe Formation (shelf carbonates intercalated with phosphorites and 

shales), Liuchapo Formation (outer shelf to basin black siliceous rocks), and the lowermost 

Niutitang Formation (outer shelf to shelf slope black shales with basal phosphorites). These 

formations comprise uppermost Ediacaran and lowermost Cambrian successions during early 

Cambrian transgression on a carbonate shelf ramp system. 

Samples from the Yanjiahe Formation are dominantly nodular and bedded phosphoritic 

cherts, representing silicified carbonates and silty mudstones. The Yanjiahe was sampled at 

Baiguotang, Jijiapo, Jiuqunao, Hezi’ao, and Wangzishi sections (Appendix 1-5). The Niutitang 

Formation was at the Ganziping, Sancha, and Daping sections (Appendix 6-8), representing 

outer shelf, slope, and basinal facies. Samples were collected from the Liuchapo Formation at 
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Taoying, Siduping, Xugongping, Louyixi, Longbizui, Yanwutan, Jianxincun (Appendix 9-15), 

representing slope and basinal facies. Among these sampled sections, carbon isotope 

chemostratigraphic data have been published for the Jijiapo, Jiuqunao, Longbizui, and Yanwutan 

sections (Compston et al., 1992; Guo et al., in press; Guo et al., 2007; Jiang et al., 2012; Wang et 

al., 2012a), allowing a direct comparison of biostratigraphic with chemostratigraphic data. 

Radiometric ages have been published from the Doushantuo Formation at Jiuqunao (Condon et 

al., 2005) and the Niutitang Formation  tuffaceous ash bed at the Taoying section (Jiang et al., 

2009). 

Thin section analysis of samples was conducted using an Olympus BX51 petrographic 

microscope. Abundances of microfossils were recorded semi-quantitatively (rare = 1 individual; 

common = 2–7 individuals; abundant = 8+ individuals in a 24×36 mm thin section). 

Stratigraphic columns are constructed to record the occurrence and abundance of microfossils. 

Fossils are grouped among AHC acritarchs, HmPj assemblage taxa, tubular microfossils 

(Megathrix longus), SSFs, and stratigraphically non-diagnostic taxa. Stratigraphic occurrences of 

AHC acritarchs are calibrated against Cambrian SSFs and δ13C chemostratigraphic data to 

constrain the Ediacaran-Cambrian boundary. Lithological description of carbonate thin sections 

follows Dunham (1962). Thin sections are reposited at the Department of Geosciences, Virginia 

Polytechnic Institute, Blacksburg, VA.  

 

Lithostratigraphy 

 

Shelf to basin correlation of Ediacaran and lower Cambrian strata is displayed in Fig. 4. 

Individual stratigraphic columns of each locality with lithologic information and fossil 

distributions can be found in Appendix 1-15. 
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Yanjiahe Formation 

The Yanjiahe Formation is dominated by interbedded limestones and dolostone, with minor 

amounts of shale and chert (Fig. 4; Appendix 1-5). In the present study, the Yanjiahe can be 

divided into five informal lithologic units. The lowermost unit comprises 6.8-11.5 m of clay- and 

silt-rich massive dolomitic mudstones and wackestones (Fig. 5A). This unit is observed at 

Jijiapo, Jiuqunao, and Hezi’ao (Appendix 2-4). It contains phosphatic grains (< 300 μm) 

occurring with sparse peloids. It has low organic content and bears no diagnostic microfossils or 

skeletal fragments. Previous studies note Micrhystridium-like acritarchs in the lowermost 

Yanjiahe (Ding et al., 1992), but Micrhystridium-like forms are not observed near the base of the 

Yanjiahe at Hezi’ao. 

Unit two occurs directly above unit one, measuring approximately 7.5 to 14 m in 

thickness. It is defined by silicified phosphatic dolomitic wackestones and packstones with 

phosphoritic layers (Fig. 5C) that can contain AHC assemblage microfossils. This unit is 

observed at Jijiapo, Jiuqunao, Hezi’ao, and Wangzishi sections (Appendix 2-5). Fossiliferous 

peloids are common (up to 400 μm), and the unit is organic-rich, with some microbored grains 

(Fig. 5B) and sparse silicified lithoclasts. Beds are typically structureless, though roughly planar 

bedding is infrequently observed.  

The third unit is defined by 1.1 to 5 m of phosphoritic silicified phosphatic lime 

wackestones and packstones containing microfossils (Fig. 5D, 5E). Peloids range typically 

between 40 and 200 μm in size. This facies forms the basal unit at Baiguotang and is observed at 

Jijiapo, Jiuqunao, and Hezi’ao (Appendix 1-5).  
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The fourth unit ranges in thickness between 15 and 38 m in the upper Yanjiahe 

Formation, as observed in outcrop. It is characterized by a variably thick assemblage of thinly 

interbedded black shales and lime mudstones and wackestones. This facies always occurs above 

the first occurrences of acritarchs and SSF. It is primarily observed at Hezi’ao, and is recorded at 

Jijiapo and Jiuqunao by Jiang et al. (2012). 

Unit five measures 13-17 m thick and is defined by the occurrence of coarse 

recrystallized limestone. Sparse skeletal fragments (phosphatic SSFs, Chancelloria-like 

sclerites), lingulid brachiopods, and fossilized embryos are found. This facies occurs at Hezi’ao 

and Wangzishi sections (Appendix 4-5). 

 

Liuchapo Formation 

The Liuchapo Formation comprises successions of silicified black organic-rich to silty shales and 

thin silicified dolomitic mudstones, with a total thickness of about 5-9 m on the outer shelf 

(Ganziping and Daping) that increases basinward to a maximum thickness of 65 m at Longbizui 

(Fig. 4). All facies observed in the Liuchapo Formation contain small to moderate amounts of 

anhedral dolomite crystals (< 5%). Phosphatic grains are less common in basinal sections 

(Longbizui, Louyixi, Jianxincun), but more frequent on the slope transition (Daping, Taoying, 

Siduping, Xugongping). 

Facies one (0.2-10 m) forms the basal unit of the Liuchapo Formation and is a peloidal 

packed shale that contains abundant disarticulated H. minor and P. jiumenensis. It typically 

occurs near the base of the Liuchapo Formation between Daping on the outermost shelf rim and 

Jianxincun in the deep basin (Appendix 8-15). Peloids are commonly less than 200 μm. At 
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Ganziping, micritic lithoclasts bearing disarticulated sponge spicules can also be observed (Fig. 

6A). 

Facies two is 0.2 – 7 m thick, represented by planar bedded to laminated organic-rich 

black shales (Fig. 6B). This facies typically occurs in the basinal sections between Siduping and 

Louyixi (Appendix 10-12), and less frequently at Jianxincun (Appendix 15).  Strata at Louyixi 

are dominated by siliceous organic-rich shales. 

In facies three (0.5 – 3 m thick), there are convoluted laminae and massively layered 

shales with lithoclasts (Fig. 6C) and disarticulated microfossils (Fig. 6D) commonly observed in 

localities at Ganziping, Siduping, and Xugongping (Appendix 6, 10, 11). Soft-sediment 

deformation structures at Ganziping are observed at decimeter scale (Fig. 6E). Thin sections 

from Daping, Siduping, and Xugongping exhibit massive to convoluted lamination, frequently 

occurring with disarticulated bioclasts and rare peloids. 

Facies four comprises 0.2 – 2 m of silty shales and dolomitic mudstones that commonly 

occur at or near the top of the Liuchapo formation at Ganziping, Daping, and Longbizui 

(Appendix 6, 8, 13). Angular quartz silt grains are common, as are parallel-oriented clay 

minerals (typically illite). Silicified microcrystalline lithoclasts are rare, but occur in several 

strata between Ganziping and Daping. 

 Facies five (0.8 – 6 m) is dominated by silicified phosphatic wackestones and packstones 

(Fig. 6F). This facies occurs at the top of Longbizui, Yanwutan, and Jianxincun (Appendix 13-

15), and contains sparse to abundant AHC assemblage fossils. Peloids range in size from 100-

400 μm and are common to abundant in each section. 
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Niutitang Formation 

The basal unit of the Niutitang Formation has been sampled at Sancha, Longbizui, and Taoying. 

This unit comprises a succession of organic-rich black shale with a basal siliceous phosphoritic 

bed. At all three localities, the Niutitang exhibits bioclastic thin lenses rich in sponge spicules. 

The lowermost portion of the Niutitang at Sancha is characterized by peloidal phosphatic 

shales exhibiting planar lamination to massive bedding, with outsized chert lithoclasts rarely 

observed. The basal silicified phosphoritic unit is recognized in thin section as an organic-rich 

peloidal, spicular shale that contains AHC assemblage microfossils at both Sancha and 

Longbizui. The metalliferous ore layer was also observed in the Niutitang from outcrops at 

Sancha, Daping, and from Taoying. 

 

Biostratigraphy 

The stratigraphic distributions of Ediacaran macrofossils and Cambrian microfossils are 

presented in Appendix 1-15. Microfossils of the AHC assemblage zone occur in the Yanjiahe 

Formation, basal Niutitang phosphorite, and upper Liuchapo Formation. The Ediacaran fossils of 

the HmPj assemblage occur exclusively in the Liuchapo Formation, with no representatives in 

the Yanjiahe or Niutitang formations. In all 11 localities in which both assemblages are 

observed, the first occurrence of the AHC assemblage postdates the last occurrence of the HmPj 

assemblage. With the exception of the Baiguotang section, the innermost shelf locality observed, 

AHC assemblage microfossils occur before the first occurrence of any SSF assemblage fossils. 

 

HmPj Assemblage Zone 
 



 
 

16 
 

P. jiumenensis is frequently observed as disarticulated meniscate plates (Fig. 7A), though it is 

more commonly articulated than H. minor. It exhibits a smaller size range (0.1-0.5 mm width), 

than other palaeopascichnid species (e.g., P. delicatus), and is commonly observed inside quartz-

pure haloes. Plate concavity (length to depth ratio) ranges between 1.2 and 4.0. It is typically less 

abundant than H. minor, with few isolated exceptions, and strings are seen in close proximity 

each other in thin sections, but never crossing.  

Horodyskia minor is observed at Ganziping, Daping, and most slope and basin outcrop 

sections (Appendix 6, 8-13, 15). Specimens observed from thin sections consist of beads ranging 

in size from 0.1 to 1 mm in maximum diameter. Length varies with degree of disarticulation, but 

beads are typically flattened along bedding planes (~ 1.5 to 2.7:1 L:W ratio). Spheroids are 

typically separated within a quartz-rich halo, but contact between beads is rarely observed, 

especially among disarticulated specimens (Fig.7B). Specimens do not typically cross bedding 

planes. In fact, most specimens are disarticulated spheroids that are randomly oriented within 

bedding planes, and in some instances, comprise thin bioclastic laminae. Some exceptionally 

preserved specimens have quartz-pure haloes surrounding the string of beads. Specimens are 

infrequently observed pressed against each other, but never crossing each other.  

All specimens of both H. minor and P. jiumenensis are silicified. Some occurrences of 

discs and meniscate plates contain pyrite crystals, and still others contain sub-parallel-oriented 

platy clay minerals (illite). The HmPj assemblage is dominated by P. jiumenensis and H. minor, 

with infrequent occurrences of large, smooth-walled acritarchs of the genus Leiosphaeridia (Fig. 

7C). 
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AHC Assemblage Zone 

In most cases, AHC microfossils occur in high abundance within a single thin section, with 

vesicle walls and processes intact and undamaged. Many acritarchs are observed in clumps, 

though some can be found individually. Some are observed within silicified mudstones, but AHC 

acritarchs are most typically found in siliceous and phosphatic peloidal wackestones and 

packstones, frequently in peloids. Species diversity is low, comprising up to 5 acritarch taxa, 

with 3-6 co-occurring SSFs, tubular microfossils, and non-diagnostic morphotypes, including 

Leiosphaeridia sp. (Fig. 7D) and the cyanobacterium Siphonophycus robustum. However, 

diversity is much higher within the AHC assemblage zone than in the HmPj assemblage zone. 

 Among the acanthomorphic acritarchs specifically used to identify the AHC horizon, 

Heliosphaeridium ampliatum (formerly Micrhystridium ampliatum) is the most abundant (Fig. 

8A-C), in some instances reaching population densities of several hundred per cm
2
 in thin 

sections. H. ampliatum is observed across the entire inner carbonate shelf, and occurs in the 

lower Niutitang phosphorite at Sancha and Taoying, as well as in the uppermost Liuchapo 

Formation at Xugongping, Longbizui, Louyixi, Yanwutan, and Jianxincun in the slope and basin. 

In observed sections, H. ampliatum vesicles range in diameter from 3.4 to 10.8 μm, with hollow, 

distally-tapering processes ranging in length from 5.0 to 15.6 μm. Up to 12 processes are present 

in a circumferential view. Modeled surface area to volume ratios of individuals ranges between 

1.2 and 1.6 μm
-1

, with spine to body length ratios of 0.7 to 1.9. This species is frequently 

observed in clumps and in rounded organic-rich peloids, many of which have broken processes, 

or are stripped of processes, with varying degrees of damage to vesicle walls. Specimens 

observed outside of these peloids are solitary, and are usually undamaged. 
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 Comasphaeridium annulare is the second most abundant acritarch observed (Fig. 8D-E). 

It is observed to have smaller vesicle sizes (3.9 – 7.9 μm), and shorter, though more abundant, 

hollow processes (0.9 – 1.6 μm in length, up to 28 processes in circumferential view), than those 

observed in H. ampliatum. The densely packed processes sometimes have organic matter or 

pyrite on or near their tips. The modeled surface area to volume ratio ranges between 0.8 and 

1.61 μm
-1

, with spine to body length ratio between 0.17 and 0.22. C. annulare is never observed 

in close aggregation with other acritarchs, commonly observed individually in the matrix of 

peloidal wackestones and packstones, though, like Heliosphaeridium, it can be present inside 

peloids with significant degradation of processes. C. annulare also has basin wide distribution in 

the Yanjiahe Formation and the uppermost Liuchapo Formation at Taoying (also in Niutitang), 

Xugongping, Longbizui, Louyixi, Yanwutan, and Jianxincun. 

Less frequently observed in thin section are the tubular fossil Megathrix longus and the 

acanthomorph Asteridium tornatum (Fig. 8F). M. longus varies in its occurrence, appearing as 

individual tubes or tubular aggregates. Internal structure is marked by a characteristic corrugated 

transverse cross-wall (Fig. 8G). Specimen width is typically 90-100 μm. A. tornatum is an 

acanthomorphic acritarch that is only observed as solitary specimens and, like H. ampliatum, it 

can be observed in close association with organic-rich peloids. A. tornatum has an observed size 

range of 5.5 to 8.2 μm with process lengths ranging between 1.5 and 2.4 μm and arranged 

sparsely on vesicle wall (up to 16 processes in circumferential view). Modeled surface area to 

volume ratio is 0.78 to 0.85 μm
-1

, with a spine to body length ratio of 0.21 to 0.31. A. tornatum is 

observed in the Yanjiahe Formation at Jiuqunao and Hezi’ao, the uppermost Liuchapo Formation 

at Longbizui and Jianxincun, and the basal Niutitang phosphorite bed at Sancha. 
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Skeletal Fragments (SSF and Sponge Spicules) 

 Small shelly fossils commonly occur alongside AHC acritarchs, but are comparatively 

rare in most sections. Kaiyangites novilis is the most frequently observed SSF across localities 

(Fig. 9A-B), occurring in the Yanjiahe Formation at Baiguotang, Jiuqunao, and Hezi’ao. K. 

novilis specimens exhibit an arcuate shape in thin section that reflects their rounded, conical 

shape. Size dimensions range in length between 167 and 455 μm, with a concavity depth of 87 to 

327 μm, and shell thickness ranging between 6.0 and 48 μm. Also reported, from the upper 9 m 

of the Yanjiahe Formation at Wangzishi, abundant brachiopods, including acrotretid and 

obolellid brachiopods can be found. Abundant Chancelloria-like sclerites are also observed in 

the upper 12 m in the same section, as are calcitized putative animal embryo fossils (uppermost 

11 m). Sponge spicules are also present within these strata as calcitized casts. SSFs exhibit 

variable preservation quality, as they occur within recrystallized limestone that dominates the 

upper Yanjiahe at Wangzishi. Anabarites trisulcatus has been identified from Yanjiahe float at 

Jijiapo (Fig. 9C) and a triangular tubular SFF has been observed in situ from Yanjiahe 

phosphoritic chert at Baiguotang (Fig. 9F). 

 Sponge spicules occur within Cambrian strata alongside AHC assemblage fossils (Fig. 

9D-E, 9G). All observed spicules probably belong to the Class Hexactinellida (glass sponges). 

Spicules are typically monactine or diactine, with less abundant hexactine spicules, occurring in 

the Yanjiahe Formation at Baiguotang, Jijiapo, Jiuqunao, and Hezi’ao (Appendix 1-4), in 

siliceous sediments of the Liuchapo at Siduping, Xugongping, Louyixi, Longbizui, Yanwutan, 

and Jianxincun, and in shales of the Niutitang Formation at Ganziping, Sancha, Taoying, 

Siduping, and Longbizui. Spicules are typically preserved as casts. In some cases, a black 
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organic coating is preserved (Fig. 6F, 9G), possibly representing the axial filament of sponge 

spicules. In the Niutitang Formation at Siduping, pyritized sponge body fossils and spicules up to 

several centimeters in length are observed in shale slabs. Spicules in thin section are 3.2 to 107 

μm in diameter and up to ~1.7 mm in length. 

 

Non-diagnostic Fossils 

Nondiagnostic fossils include the cyanobacterium Siphonophycus robustum, triad and tetrad 

Archaeophycus yunnanensis, and the smooth-walled Leiosphaeridia (Eisenack, 1958) (Fig. 7C, 

7D). Leiosphaeridia is by far the most common. Vesicles are collapsed, and vesicle walls are 

thick (0.9 – 1.5 μm). Vesicle diameters estimated from the perimeters of collapsed specimens are 

1.5 mm and 1.7 mm for individuals co-occurring with Ediacaran and Cambrian fossils, 

respectively. These fossils are less abundant in strata associated with Ediacaran fossils, and much 

more abundant (up to dozens per thin section) in Cambrian strata. Leiosphaeridia is more 

frequent in mudstones than AHC microfossils, though like AHC microfossils, they are more 

abundant in peloidal packstones. Some Leiosphaeridia are broken, but most have intact vesicle 

walls. Being so large and without surface ornamentation, their surface area to volume ratio is 

estimated between 0.004 and 0.027 μm
-1

. 

 

Fossil Assemblages and the Carbon Isotopic Record 

When compared to the carbon isotope record of the Yanjiahe Formation (Figure 10A-C) (Jiang et 

al., 2012), AHC acritarchs at Jijiapo and Jiuqunao first occur alongside a large negative isotope 

excursion in the lower Yanjiahe Formation. AHC acritarchs appear to reach their peak 

abundance within 1-2 m after their first occurrence, a pattern that aligns with the negative carbon 
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isotope excursion. Ishikawa et al. (in press) also note the negative excursion within the Yanjiahe 

Formation from drill core in the Yangtze Gorges area (from 0‰ at the base, decreasing to -7‰ 

approximately 13 m above the base) that coincides with increasing acritarch abundance and 

diversification. The lack of Micrhystridium-like acritarchs at observed basal strata in the present 

study does not support acritarch origination coinciding with the base of the Yanjiahe Formation. 

Instead, the occurrence of AHC acritarchs approximately 11 to 16 m above the base of the 

formation (Appendix 2-5), indicates that Yanjiahe Formation deposition may have occurred prior 

to the deposition or preservation of Cambrian forms. The first occurrence of AHC acritarchs 

consistently occurs within the negative carbon isotope excursion, typically near the most 

negative values. 

 A similar agreement of data occurs between the first occurrences of AHC within the 

Liuchapo Formation at Longbizui, Hunan Province, South China (Fig. 11). Though inorganic 

carbon is not available for the Liuchapo Formation, organic carbon isotope data have been 

published (Wang et al., 2012a), suggesting the Ediacaran-Cambrian boundary at approximately 

40 m above the base of the Liuchapo based on a negative organic carbon isotope shift (–34.6 to  

–7.3 ‰). In the current study, the first occurrence of AHC acritarchs directly coincides with the 

negative isotope excursion (Fig. 11). 

 

Discussion 

In light of issues surrounding the reliability of the current position of the GSSP at Fortune Head, 

Newfoundland, there is need to reconsider the official definition of the Ediacaran-Cambrian 

boundary. Gehling et al. (2001) suggest leaving the GSSP in place, as it marks first occurrence of 

diverse, abundant, complex trace fossils that likely reflect major behavioral change among 
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metazoans. However, such a solution does not address the larger problems associated with facies 

dependence of T. pedum and with its limited global correlation potential. The same is true for the 

prospect of moving the GSSP to the new FAD of T. pedum. 

The prospect of using SSF should be taken with caution, as many SSF occurrences of late 

Ediacaran and earliest Cambrian are strongly facies dependent, occurring in mainly phosphatic 

carbonates. Currently recognized assemblages are of demonstrably regional importance, but their 

global occurrence remains to be shown. The negative carbon isotope anomaly itself could be 

used to define Cambrian strata and a new GSSP selected, but the carbon isotope anomaly cannot 

be correlated to siliciclastic strata. Furthermore, given that facies-related δ
13

C variations are 

superimposed on secular variations, it is difficult to precisely define a point in δ
13

C excursions 

for global correlation. 

 Conversely, AHC microfossils display desirable qualities of index fossil candidates. They 

occur within lime mudstones, wackestones, packstones, and shales deposited within a variety of 

environments along a shelf to basin transect. Though they are taphonomically dependent, 

occurring only in silicified sediments, they are environmentally independent. Morphological 

characters, including vesicle diameter and ornamentation, are readily observable quantities for 

ease of species identification. AHC assemblage fossils also consistently overlie the last 

occurrences of HmPj assemblage fossils, displaying no overlap with previously established 

Ediacaran fossils. Though the lack of HmPj fossils in the lowermost Yanjiahe may be facies 

controlled, AHC microfossils display very little facies control, occurring in silicified mudstones, 

wackestones, packstones, and siliceous shales. The fact that both assemblages occur in silicified 

strata supports the interpretation that the lack of overlap observed between the two assemblages 

is real. AHC acritarchs have proven useful in correlation at regional- (Yao et al., 2005) and 
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global-scale (Moczydlowska, 2011; Yao et al., 2005). Furthermore, the constrained stratigraphic 

distribution of HmPj and AHC assemblages, specific to Ediacaran and Lower Cambrian strata 

worldwide, respectively, supports the use of these assemblages to bracket the Ediacaran-

Cambrian boundary. 

These assemblages also occur in chert-carbonate successions  at Jijiapo, Jiuqunao, 

Hezi’ao, Longbizui, and Yanwutan, where carbon isotopic data are available, making it possible 

to calibrate the AHC-based biostratigraphy with carbon isotope chemostratigraphy (Jiang et al., 

2012). Both the δ
13

Ccarb (Jijiapo, Jiuqunao, Hezi’ao) and δ
13

Corg (Longbizui) display negative 

isotope excursions that are used to identify the Ediacaran-Cambrian boundary. The consistent 

alignment of the FAD of AHC acritarchs with the negative δ
13

C anomalies demonstrates that 

redefining the Cambrian GSSP with an AHC candidate will not significantly displace the base of 

the Cambrian System from its current chronostratigraphic position.  

 

Conclusions 

Recent discoveries have raised significant questions about the reliability of using the trace fossil 

T. pedum to define the base of the Cambrian System, including facies dependence, poor 

resolution on morphology and preservation, and its discovery several meters below the GSSP at 

Fountain Head, Newfoundland. Defining a new GSSP, based on a new index fossil, is necessary, 

as the current definition is undermined by the presence of complex burrow structures below the 

current GSSP and by the facies dependence of T. pedum, limiting its correlation potential to 

carbonate successions, where SSF and carbon isotope data is most useful. It is proposed that 

acanthomorphic acritarchs of the AHC assemblage be considered for defining the base of the 

Cambrian System. Facies independence, cosmopolitan distribution across carbonate and fine-
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grained siliciclastic successions, and short stratigraphic range establish the AHC assemblage as a 

useful biostratigraphic tool to redefine the base of the Cambrian System. 

Of the AHC acanthomorphs, Heliosphaeridium ampliatum exhibits the widest areal 

distribution and greatest abundance. H. ampliatum is easily distinguishable from other AHC 

acritarchs by their long and rigid processes. It is also temporally restricted to Cambrian Stage 1 

and Stage 2 (Terreneuvian) strata (Wang, 1985; Yao et al., 2005). In order to ensure precise 

definition of the base of the Cambrian System, the FAD of H. ampliatum from the AHC 

assemblage is proposed to define the new Cambrian GSSP in South China.  
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Figure 1. Trace fossil occurrences at the Ediacaran-Cambrian boundary GSSP section at Fortune 

Head, Newfoundland, Canada. A) Schematic diagram of fossil occurrences across the Cambrian 

GSSP, from Peng et al. (2012) and Gehling et al. (2001). Harlaniella podolica and 

Palaeopascichnus delicatus do not persist above the GSSP. Treptichnus pedum, Skolithos 

annulatus, and Gyrolithes polonicus, are shown in red. B) Oblique view, schematic diagram of T. 

pedum sub-horizontal burrowing pattern, and  C) Plane view, schematic diagram of T. pedum 

burrowing pattern (http://en.wikipedia.org/wiki/Treptichnus_pedum). 

 

http://en.wikipedia.org/wiki/Treptichnus_pedum
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Figure 2. Locality map of South China Block with depositional environment subdivisions. 

Modified from (Jiang et al., 2007). 
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Figure 3. Yangtze carbonate platform to basin cross-section. Numbers correspond to numbered 

localities in Figures 2 and 4. Positions along cross section indicate position of locality on shelf to 

platform transect. Modified from Jiang et al. (2012).  
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Figure 4. Stratigraphic sections and correlation of studied localities. A) Localities of South 

China. B) Yangtze Platform cross-section. Bottom) Stratigraphic relationship of Ediacaran 

(Doushantuo, Dengying, Liuchapo, and Yanjiaheformations) and Cambrian (Yanjiahe, Liuchapo, 

Shuijingtuo, and Niutitang formations). AHC and HmPj zones are shown next to each column. 

The red line represents disconformable contacts between Yanjiahe and Dengying formations. 

The yellow line represents the placement of the Ediacaran-Cambrian boundary based on fossil 

evidence. 
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Figure 5. Transmitted light and SEM photomicrographs of lithology of the Yanjiahe Formation. 

Thin section numbers are followed by Olympus coordinates in parentheses. Scale bars equal 500  

μm in A, C, D, and E; 200 μm in B. 

A) Randomly oriented clay minerals (illite) and quartz silt in chert matrix, original lithology  

calcisiltite. 11-HZA-YJH-1.6 (18 × 129.8). 

B) Secondary electron image of microbored siliceous grain. HZA-YJH-18.3. 

C) Laminated peloidal packstone laminae and chert layers. 11-HZA-YJH-0.5 (12 × 116.7). 

D) Peloidal packstone. GYE-16.5. (15.2 × 125.7). 

E) Phosphoritic packstone containing abundant peloids in silicified micrite matrix, with a large  

smooth-walled acritarch (arrow). HZA-YJH-D (12.7 × 125.9). 
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Figure 6. Transmitted light photomicrography and field photography of lithology of the 

Liuchapo Formation. Thin section numbers are followed by Olympus coordinates in parentheses.  

Scale bars equal 500 in for A & D; 200 μm in  

B & C; 10 cm in E; 100 μm in F. 

A) Spicular and phosphatic grains in silicified layer. 11-GZP-LCP-4.4. (16.5 × 117). 

B) Polycrystalline quartz silt lithoclasts and anhedral carbonate crystals. 11-GZP-LCP-8.8. 

(5.2 × 119.7). 

C) Wavy organic-rich laminations. 11-LYX-LCP-15.0 (14.5 × 131.5). 

D) Rolled up Horodyskia in siliceous sediments. 11-GZP-LCP-4.4 (13.6 × 119.8) 

E) Partially silicified soft-sediment deformation in outcrop, wavy to convoluted bedding.  

Ganziping, Hunan Province, South China. 

F) Hexactinellid sponge spicule in phosphatic wackestone from the upper Liuchapo Formation,  

Longbizui. 11-LBZ-LCP-3.8. (20 × 115.7). 

1             2 
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Figure 7. Transmitted light photomicrographs of HmPj assemblage fossils and Leiosphaeridia 

sp. Thin section numbers are followed by Olympus coordinates in parentheses. Scale bars are 

100 μm. 

A) Palaeopascichnus jiumenensis. Specimens are randomly oriented, some articulated. 11- 

GZP-LCP-0.6 (7.8 × 113.2). 

B) Horodyskia minor. 11-SDP-LCP-11.0 (20 × 124). 

C-D) Large, smooth-walled Leiosphaeridia. C) Ediacaran, 08-HZA-YJH-0.4 (9.0 × 136.8); 

D) Cambrian, 11-HZA-YJH-22.0 (13.5 × 112.1). 

3 3 
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Figure 8. Transmitted light photomicrography of Cambrian acanthomorphic acritarchs             

and Megathrix longus. Thin section numbers are followed by Olympus coordinates in 

parentheses. Scale bars equal 20 μm in A &B; 50 μm in C & D; 30 μm in E & F; and 200 μm in 

G. 
 

A-C) Heliosphaeridium ampliatum. A) 08-HZA-Cam-5.6 (16.2 × 138); B) 08-HZA-Cam-5.4  

(10.6 × 123.9); C) 08-HZA-Cam-6.3 (10 × 146.5). 

D-E) Comasphaeridium annulare. D) JQN-YJH-10.4 (8 × 125); E) JQN-YJH-10.5 (8 × 125.7). 

F) Asteridium tornatum (arrows). JQN-YJH-9.8 (5.6 × 137.4). 

G) Megathrix longus. 08-HZA-Cam-6.3 (19.2 × 127).  
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Figure 9. Transmitted light photomicrography of Cambrian small shelly fossils. Thin section 

numbers are followed by Olympus coordinates in parentheses. Scale bar equals 200 μm for A-E;  

and 500 μm for F & G. 

A & B. Kaiyangites novilis. A) 08-HZA-Cam-6.3 (4.7 × 137.7). B) 08-HZA-Cam-6.3  

(17.8 × 126.4). 

C. Anabarites trisulcatus. 11-JPY-YJH-F-a (5.4 × 126.1). 

D, E, G. Disarticulated sponge spicules. D) HZA-YJH-0.5 (16.6 × 108); E) 11-SC-NTT-0.7 (17  

× 125); G) 11-LBZ-NTT-0.7 (19 × 136.6). 

F. Triangular small shelly fossil. 11-BGT-YJH-0.01b (10.1 × 125). 
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Figure 11. Comparative organic carbon isotope stratigraphy and HmPj-AHC biostratigraphy. The 

Ediacaran-Cambrian boundary defined from biostratigraphy coincides with a negative isotope 

shift interpreted as a chemostratigraphic proxy for the boundary by Wang et al. (2012a). 
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Appendix1. Lithostratigraphic column and fossil distributions of the Yanjiahe Formation at 

Baiguotang (innermost shelf). 
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Appendix 2. Lithostratigraphic column and fossil distributions of the Yanjiahe Formation at 

Jijiapo. 
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Appendix 3. Lithostratigraphic column and fossil distributions of the Yanjiahe Formation at 

Jiuqunao. 
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Appendix 4. Lithostratigraphic column and fossil distributions of the Yanjiahe Formation at 

Hezi’ao.  
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Appendix 5. Lithostratigraphic column and fossil distributions of the Yanjiahe Formation at 

Wangzishi. 
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Appendix 6. Lithostratigraphic column and fossil distributions of the Liuchapo and Niutitang 

formations at Ganziping. Ash bed dated to 536.3 ± 5.5 Ma (Chen et al., 2009). 
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Appendix 7 Lithostratigraphic column and fossil distributions of the Niutitang Formation at 

Sancha. 
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Appendix 8. Lithostratigraphic column and fossil distributions of the Liuchapo and Niutitang 

formations at Daping. 
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Appendix 9. Lithostratigraphic column and fossil distributions of the Liuchapo and Niutitang 

formations at Taoying. 
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Appendix 10. Lithostratigraphic column and fossil distributions of the Liuchapo Formation at 

Siduping. 
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Appendix 11. Lithostratigraphic column and fossil distributions of the Liuchapo Formation at 

Xugongping. 
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Appendix 12. Lithostratigraphic column and fossil distributions of the Liuchapo Formation at 

Louyixi. 
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Appendix 13. Lithostratigraphic column and fossil distributions of the Liuchapo and Niutitang 

formations at Longbizui. 
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Appendix 14. Lithostratigraphic column and fossil distributions of the Liuchapo Formation at 

Yanwutan. 
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Appendix 15. Lithostratigraphic column and fossil distributions of the Liuchapo Formation at 

Jianxincun. 


