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Abstract
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The remote lower Cambrian Byrd group of sedimentary rocks from East Antarctica has been
studied intermittently since its discovery over a century ago. Previous insights into the trilobites
and archaeocyaths indicated a close correlation to the sedimentary sequences of South Australia.
The lowest unit of the Byrd Group is the fossiliferous Shackleton Limestone which overlies
the Neoproterozoic metamorphic rocks of the Beardmore Group and is representative of a long
period of carbonate shelf formation on a passive margin with the palaeo-Pacific. This was
truncated by marine transgression and the deposition of the deeper-water calcareous siltstones
of the fossiliferous Holyoake Formation. This is overlain by the Starshot Formation and all
three units are cross-cut by the Douglas Conglomerate, marking the start of a collisional tectonic
regime between the East Gondwana and palaeo-Pacific plates. The first systematically sampled
and analysed sections through the carbonate Shackleton Limestone and argillaceous Holyoake
Formation has yielded a new fauna of small primarily phosphatic and secondarily phosphatised
shelly fossils. The abundant molluscs, brachiopods and tommotiids are reported here. These
findings are ideal for correlating this section to the fossil biozones of South Australia,
including the Dailyatia odyssei small shelly fossil Zone and the Pararaia janeae trilobite
Zone. Chemostratigraphic data from three sections preserve the profiles of two major stable
carbon isotope excursions: the Mingxinsi Carbon Isotope Excursion and the Archaeocyathid
Extinction Carbon isotope Excursion. The combination of these two lines of evidence are
a strong indicator for Cambrian Series 2, early-mid Stage 4. This is corroborated by newly
described D. odyssei-P. janeae Zone small shelly fossils from the  carbonate clasts from the
Cambrian Stage 4 White Point Conglomerate of South Australia which bear strong similarity to
the fauna of the Shackleton Limestone. Palaeobiogeographically the fauna recovered from the
Byrd Group is similar to the East Gondwanan region of South Australia, with similar brachiopod
assemblages to those recovered from the Xinji Formation of North China and similar molluscan
assemblages to the Bastion Formation of North-East Greenland.
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Introduction 

In the Cambrian period, 541-485 Ma, the continent of East Antarctica sat at a 
far more hospitable latitude, straddling the equator between what is now the 
southern coast of South Australia to its north and the southeastern coast of 
Africa to its south (Fig. 1). The regions of Australia and East Antarctica were 
once part of Gondwana, a long-lived supercontinent, themselves making up 
the region of East Gondwana (Torsvik & Cocks, 2013a, b). South Australia 
has already shown itself to be a rich haven for Small Shelly Fossils (e.g. 
Bengtson et al., 1990; Gravestock et al., 2001) over long periods of uninter-
rupted sedimentary successions (Betts et al., 2018) but its sister region of East 
Antarctica has not seen the same systematic treatment of the its fossils or eval-
uation of its stratigraphy. Filling this lacuna is the core aim of this thesis. 

What are Small Shelly Fossils? 
The main component of this thesis is the description of the small shelly fossils 
of East Antarctica, SSFs a term first used by Matthews & Missarzhevsky 
(1975) to encompass the wide range of shell- and sclerite- bearing inverte-
brates in the early Cambrian. This informal term is an often maligned one (e.g. 
Bengtson, 2004). The Cambrian Period is characterised by a host of issue for 
palaeontologists, from the taxonomy of disarticulated bits of organisms to se-
vere taphonomic biases. So why is such a taxonomically informal and general 
term such as ‘small shelly fossils’ still used in a period when the need for 
clarity and precision is so important? Probably because the terms ‘small’ and 
‘shelly’ actually go some way to describing both the mass-innovation of ex-
ternal skeletons, taphonomic bias of fossil preservation in carbonate facies and 
size dynamics in the lower Cambrian. 

The late Ediacaran to Cambrian Series 2 saw the independent evolution of 
biomineralized skeletal body parts in many metazoan lineages (Murdoch & 
Donoghue, 2011; Kouchinsky et al., 2012), reflected in the very large number 
of strategies used by different lineages to create mineralised skeletons- an ex-
pansion of so-called skeletospace (Thomas & Reif, 1993; Thomas et al. 2000). 
A commonly cited, and perhaps obvious reason for this is for the defence 
against predation (e.g. Vermeij, 1989; Bengtson, 2002). However, a number 
of ‘causes’ for biomineralisation may be important but a different etiological 
approach is required for each. Defence against predation is an intuitive and 
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obvious adaptation and represents an example of escalation between predator 
and prey (e.g. Vermeij, 1989, 1994, 2013; Bengtson, 2002). Perhaps less in-
tuitive is the advent of biomineralization via the ‘dumping’ of calcium ions to 
prevent their toxic build-up within soft-tissues in the calcium-saturated oceans 
of the Ediacaran and earliest Cambrian (Kaźmiercza et al., 1985; Knoll, 2003; 
Marin et al., 1996, 2000; Wood et al., 2017). In this sense, the molecular sys-
tems for the removal of toxic calcium ions would have been a pre-adaptation 
that was exapted to a different function (Marin, 1996). Biomineralised parts 
also constitute an important biomechanical role in metazoa. The hydrostatic 
‘skeleton’ was probably the original biomechanical innovation required for 
complex movements by providing a degree of rigidity to the organism’s body 
and is found in a wide array of lineages, (Kier, 2012) allowing a greater degree 
of mobility through increased musculature (Dzik, 2005). Mineralised skele-

Figure 1 Reconstructions of East Gondwana in the Terreneuvian Series and  
Cambrian Series 2, adapted from Torsvik & Cocks (2013b). 
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tons would have allowed specific, rigid, sites for muscle attachment in Cam-
brian organisms, thus stronger, longer muscles, opening an array of new eco-
logical niches to be exploited (Cohen, 2005). This is not a clear causal rela-
tionship, however. In the Cambrian euarthropod stem lineage (unmineralised 
organisms not included under the SSF umbrella), the muscular systems of hy-
drostatic organisms may have also been exapted to form novel skeletomuscu-
lar systems towards the crown group (Budd, 1998). 

Here lies the problem of explaining the causes of in Cambrian biomineral-
isation. None of the above examples is the ultimate ‘cause’ of biomineralized 
skeletons, rather they are a historically contingent set of proximal causes lead-
ing to an emergent property of the organism. Even within these individual 
proximal causes, the relationship of previous hydrostatic muscle-system and 
the resulting hard-parts may see a series of pre-adaptation and exaptation to 
create a new skeletomuscular system (Budd, 1998). The selective pressures 
that apply to the each biomineralisation strategy are dynamic and also ecol-
ogy- and time-dependent, with early Cambrian skeletal fossils largely benthic 
(Cohen, 2005; Wood, 2011) with nektonic skeletal bilaterians radiating in the 
late Cambrian (Wood & Zhuravlev, 2012) but are also constrained by seawater 
chemistry (Zhuravlev & Wood, 2008; Porter, 2010; Kouchinsky, 2012). A 
summary of this process is shown in Figure 2. 

So, this is why SSFs are shelly, but why are they small? The preservation 
of phosphatic steinkerns is strongly linked to organism size, where they pre-
serve only smaller conch-bearing animals or their small apical portion (Martí-
Mus et al., 2008; Creveling et al., 2014; Datillo et al., 2015). There is also 
strong facies-dependence in the preservation of steinkerns (Pruss et al., 2018; 
Freeman et al., 2019; Jacquet et al., 2019). Generally, the small size of Cam-
brian SSFs might also be biologically attributed to the size-complexity rule 
(Bonner, 2004; Amado et al., 2017). Great jumps in organismal complexity 
occurred twice in life’s evolution: from prokaryotic to eukaryotic unicellular 
organisms (c. 1.9 Ga) and the origin of organ-grade tissue differentiation in 
multicellular organisms which are both followed by an increased maximum 

Figure 2 A model for the advent of biomineralisation from the late Ediacaran to 
post-early Cambrian, based on the references in text. 
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and aggregate size of organisms (Payne et al. 2009; Heim et al., 2017). This 
reflects the relatively small size of SSFs compared to later organisms of the 
same clades which may be attributable the increasing variance in size over 
time of a clade (sometimes falsely attributed to ‘Cope’s Law’). This means 
the aggregate size of SSFs in the Cambrian is closer to the lower-limit of or-
ganism size established at the second size-complexity jump (Gould, 1997). 
Quantitative study of SSF body size over this period does not show a clear 
picture, however, with aggregate size-increase in Cambrian organisms show-
ing little change, with any increase being ecology-specific with much larger 
size increase later in the Ordovician and Devonian fauna (Novack-Gottshall, 
2008) 

With these factors in mind the term small shelly fossils can encompass a 
lot of information in the context of the late Ediacaran and Cambrian, enough 
to constitute a usefulness in retaining it, contra Bengtson (2004). They are a 
group of fossils temporally close to a size-complexity increase which are fur-
ther biased by taphonomy (small) that record a history of a complex increase 
in biomineralisation strategies through the terminal Ediacaran and early Cam-
brian which are contingent on their recent history of seawater chemistry and 
result in novel ecological and organismal interactions (shelly). 

The SSFs are an important record of early animal evolution, and useful in 
biostratigraphic correlation in the Cambrian Period. Only after thorough sys-
tematic treatment of these often-problematic organisms do their utility become 
apparent. This way, the problems associated with distinguishing the taxo-
nomic signal from the noise of taphonomy and preservational bias can be, to 
some extent, overcome to permit SSFs to inform the timing and the mode of 
early animal evolution. 

The (Ediacaran-) Cambrian Radiation 
The Cambrian Explosion, Cambrian Radiation, Ediacaran-Cambrian Radia-
tion (ECR) are all names for the phenomenal increase in diversity and ecosys-
tems complexity that occurred through the late Ediacaran and Cambrian Peri-
ods. The problems this exceptional period causes for different notions of evo-
lution and its character have been some of the most intractable and controver-
sial for palaeontologists since Darwin’s time. Darwin’s dilemma is the famous 
problem set out in On the Origin of Species that sought resolve the apparent 
non-uniformitarian nature of the sudden and dramatic radiation that Charles 
Darwin recognised as a major caveat to his new (uniformitarian) theory of 
natural selection as a source of evolution from common descent (Darwin, 
1859). Natura non facit saltus (nature does not make jumps) was a core prin-
ciple in early natural history, so how can the ECR be explained? 

The first step to solving this problem is by describing it. A number of ap-
proaches and scales can be used, most commonly the diversity of taxa that 
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appeared at this time. The famous ‘Sepkoski Curve’ shows the diversity of 
marine fossil families through the Phanerozoic Eon (Sepkoski, 1981). This 
shows the presence of three evolutionary faunas that characterised the diver-
sity of faunas in three distinct groups: The Cambrian, Palaeozoic and Modern 
evolutionary faunas (Sepkoski, 1981). The Cambrian fauna includes the ma-
jority of families associated with the ECR, bracketed by the late-Cambrian 
extinction and Great Ordovician Biodiversification event that heralds a new 
biotic turnover and the Palaeozoic evolutionary fauna. The emergence of new 
diversity is coupled to a massive increase in trophic complexity and expansive 
ecosystems, as well as associated feedback effects on the environment. 

Seeking out the cause of the Cambrian explosion has been a long-term goal 
of palaeontologists. Simple cause-seeking, however, has come under scrutiny 
in recent years, with a new preference for systems-approach (e.g. Smith & 
Harper, 2013), moving away from single-cause or trigger factors. Older con-
cepts including the relatively plausible oxygenation of sea water (e.g. Canfield 
& Teske, 1996) or outlandish theories such as extra-terrestrial retroviral DNA 
insertion (Steele et al., 2018) have come under recent criticism. Much in the 
way of cause-seeking falls to a chicken-and-egg problem (e.g. Zhang et al., 
2014), partly because of the concomitance of factors that ‘drive’ or ‘trigger’ 
the ECR with the organisms that characterise the radiation itself. These in-
clude factors such as the bioturbation revolution (Bottjer et al., 2000; Bottjer, 
2010; Meysman et al., 2016 but see Tarhan et al., 2015 for a subdued view of 
bioturbation as an important factor in the ECR). Bioturbation may be an ex-
ample of a feedback between the bio- and geospheres, where the increased 
vertical environmental heterogeneity in the benthic ecosystem creates a feed-
back for the evolution of new animal forms, which further engineer the envi-
ronment (Fig. 3, Herringshaw et al. 2017, Cribb et al., 2019). Environmental 
heterogeneity is described by Budd & Jensen (2017), and the relationship be-
tween environmental heterogeneity in both the horizontal and vertical benthic 
ecosystem created by sessile Ediacarans feeding on dissolved organic carbon 
create a strong chemical gradient at the seafloor, providing a stage for an in-
crease in metazoan diversity.  

The concept of feedbacks between the Neoproterozoic environment and 
the biological aspect of the ECR are beginning to be understood. Rather than 
simpler linear models suggesting that increased phosphate and oxygen in the 
oceans triggered the ECR, the palaeochemistry of phosphate seawater may 
have been dependent on euxinic conditions in the late Neoproterozoic, with 
the earliest metazoans radiating prior to oxygenation (Lenton et al., 2014). 
This, and previous evidence, suggests increased concentrations of oxygen in 
the seawater was not a factor involved in the incipience of the ECR (e.g. But-
terfield, 2017). This is in line with observations of modern marine inverte-
brates surviving in dysaerobic conditions (Budd, 2008), again suggesting the 
role of oxygen in the origin of metazoans and their radiation was, at best, mi-
nor.  
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If these extrinsic factors present one half of the feedback systems that drove 
the ECR, what of the intrinsic, organismal, ones? The ECR is also character-
ised by a host of organismal innovations during both the Cambrian and Edia-
caran. Biomineralisation, mentioned above, is one of many and an example of 
how each innovation cannot be understood outside the environmental contin-
gencies (rather than causes) of the Ediacaran, such as calcium ion removal in 
this case (Knoll et al., 2003; Marin et al., 1996, 2000). Another example is the 
evolution of the coelom in metazoans as a precursor for burrowing (Budd & 
Jensen, 2000) and the resulting ecosystem engineering that emerged with bi-
oturbation (Herringshaw et al. 2017, Cribb et al., 2019).  

Satisfactory answers to the cause of the ECR are probably not forthcoming 
due to the fact that environmental systems and ecosystems of the Ediacaran 
and Cambrian show such great interdependence, forming a perpetual chicken-
and-egg problem. Feedback models for the organismal and environmental 
changes should probably replace outdated, linear sequences of events. The 
origination rates at the base of different clades also show a high degree of non-
linearity. This ‘Push of the Past’ effect (Budd & Mann, 2018) also questions 
generalisable theories of rates of diversification (e.g. niche expansion). Ra-
ther, large clades have an increased rate of diversification at their origination, 
meaning their later success may be a statistical effect, rather than a special 
biological one. These factors are examples of emergence within a highly com-
plex system, where ascribing causal factors to observed phenomena is fraught 
with uncertainty (e.g. Taleb, 2007)  

 

  

Figure 3 Linear and feedback model for the Cambrian Substrate Revolution (CSR),
based on references in text. 
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Timing the ECR and Cambrian Stratigraphy 
Without a well-constrained chronostratigraphy for the Cambrian Period, un-
derstanding the timing of the ECR becomes an impossible task. The Cambrian 
was split into the traditional threefold subdivision (lower, middle, upper). 
Problems with this arose as no global boundaries to these subdivisions could 
be agreed upon (Geyer & Shergold, 2000). To help alleviate this issue, a four-
fold subdivision was created (Babcock et al., 2005, Babcock & Peng, 2007). 
Prior to this, where regional subdivisions were lacking, Cambrian biostratig-
raphy relied heavily on the Siberian regional system (Rozanov & Solikov, 
1984), used due to the extensively developed fossiliferous sediments present 
on the Siberian platform during the Cambrian. Since the new subdivision, cor-
relation of regional schemes has since become more precise (Geyer, 2019). 
One of the reasons for this is the integration of stable carbon isotope stratigra-
phy into global chronostratigraphy, allowing secular carbon isotope excur-
sions in the rock record to be used as a proxy for dating (Zhu et al., 2006; Fan 
et al., 2011; Peng et al, 2012). The integration of this data into high resolution 
regional chronostratigraphies (e.g. Betts et al., 2018) allows for higher-reso-
lution interregional correlation. Progress in defining the new subdivisions has 
been made, most recently with the base of the Miaolingian Series and Wuliuan 
Stage (roughly, the base of the traditional middle Cambrian) given a stratotype 
section (Zhao et al., 2019) which was globally correlated by the FAD of the 
trilobite Oryctocephalus indicus (Sundberg et al., 2016). The traditional lower 
Cambrian still remains problematic, with the Terreneuvian Stage 2 and Series 
2, Stages 3 and 4 still to be defined. 

Aims 
1. The primary goal of this project is to describe what there is in the 

Cambrian Series 2 rocks of East Antarctica. The first systematically 
sampled sections of sedimentary rocks from East Antarctica form the 
backbone of this thesis. The paucity of systematic descriptions and 
analysis of fossils from this continent during the Cambrian has greatly 
hindered our understanding of the biostratigraphic and evolutionary 
context of the continent of East Antarctica with respect to East Gond-
wana and the rest of the world (Papers I-IV). 

 
2. Sampling of coeval rocks (Cambrian Series 2, Stages 4) from South 

Australia to allow better constrained biostratigraphic correlation with 
East Antarctica (Paper V). This is to corroborate the previous notions 
of close biostratigraphic correlation within the regions of East Gond-
wana. 
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3. Finally, combining the fossil data with stable carbon isotope data from 
the new sections in East Antarctica, a combined chronostratigraphic 
scheme can be described, for the first time, for the Byrd Group of East 
Antarctica. (Paper VI) 



 19

The lower Cambrian of East Antarctica 

“Palæontologically, Antarctica is proving a veritable treasure-house” 
-David & Priestley (1914, p. xi) 

Initial research in the Golden Age of Antarctic 
Exploration and 20th Century 
Ernst Shackleton’s British Antarctic Expedition 1907-09 was the first to col-
lect erratic blocks of Shackleton Limestone from the edge of the Beardmore 
Glacier (Taylor & Priestley in David & Priestley, 1914). Described specimens 
were limited to archaeocyaths and a sponge spicule similar to the calcitic Do-
decaactinella (Taylor & Priestley in Edgeworth David & Priestley, 1914, pl. 
76-79, figs. 1-4). At this time, the carbonates of the Central Transantarctic 
Mountains were unnamed, and first referred to the Shackleton Limestone by 
Laird (1963), after a New Zealand expedition that was the first to map the 
primary units of the Byrd Group (Laird, 1963; Laird et al., 1971). 

The stratigraphic relationship of the Shackleton Limestone to the other 
units that make up the Byrd Group took longer to resolve, in part because of 
the pervasive faulting and folding of these rocks along the Transantarctic 
Mountains, caused by the Ross Orogeny (Rowell, et al., 1992; Boger & Miller 
2004; Goodge et al., 2004). The lower bound has never been found for the 
Byrd Group (of which the Shackleton Limestone is the basal unit), it presum-
ably unconformably overlies the Neoproterozoic Beardmore Group (Laird et 
al., 1971; Myrow et al, 2002). Thickness estimates for the Shackleton Lime-
stone vary from around 6000 m (20,000 ft, Laird, 1963, p. 477) to, more re-
cently, 2000 m (Burgess & Lammerink, 1979). The other units of the Byrd 
Group include (from oldest) the Holyoake Formation, the Starshot Formation 
and the Douglas Conglomerate. The Holyoake Formation is a nodular car-
bonate and calcareous siltstone, with onlaps the Shackleton Limestone. This 
was first defined by Myrow et al. (2002) from outcrops in the Holyoake 
Range. The Starshot Formation consists of sandstone and conglomerate units, 
and conformably overlies the Holyoake Formation (Laird et al., 1963, Myrow 
et al., 2002). Finally, the Douglas Conglomerate is a boulder conglomerate 
that cross-cuts the other units of the Byrd Group (Laird, 1963; Myrow et al., 
2002). 
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Only later in the 20th Century did explicitly palaeontological research 
begin on the lower Cambrian of East Antarctica, based on a few sampled lo-
calities (Fig. 4-5). A series of expeditions to the region led to the publication 
of the first systematically described fossil fauna, which included trilobites 
(Palmer & Gatehouse, 1972, Palmer & Rowell, 1995), archaeocyaths (De-
brenne & Kruse, 1986, 1989), tommotiids (Evans & Rowell, 1990), a mol-
lusc (Evans, 1992) and a bradoriid (Rode et al., 2003), as well as a few im-
aged, but not described, specimens from the Shackleton Limestone (Rowell 
et al., 1988).  

Geological and tectonic setting 
The deposition regime of the Byrd Group is dominated by the onset of a col-
lisional plate boundary between the East Antarctic craton and the Proto-Pa-
cific Ocean (Squire & Wilson, 2005; Stump et al., 2006). Structural defor-
mation of the Byrd Group was then caused by the Ross Orogeny. The Shack-
leton Limestone was deposited on a high energy carbonate shelf (Laird & 
Waterhouse 1962; Rees et al., 1989), providing an environment for the large 
microbialite-archaeocyath bioherms that characterize the upper part of this 
formation (Myrow et al. 2002, Paper VI). Phosphate hardgrounds form at the 
top of the Shackleton Limestone, immediately preceding the deposition of the 
onlapping Holyoake Formation, a transition that is likely caused by marine 
transgression and drowning of the carbonate shelf (Squire & Wilson, 2005). 
The excess phosphate that formed the hardgrounds is likely also responsible 

Figure 4 Overview map of Antarctica and the sources of Cambrian Series 2 rocks. 
KGI: King George Island; AR: Argentina Range; CTM: Central Transantarctic 
Mountains. 
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for the mass phosphatic steinkern-type fossils that are found in the uppermost 
biohermal units of the Shackleton Limestone (Southgate 1986; Southgate 
1988; Myrow et al. 2002; Freeman et al., 2019; Jacquet et al., 2019). The mo-
lasse deposits of the Starshot Formation and Douglas Conglomerate mark the 
start and continued uplift associated with the Ross Orogeny (Rowell, et al., 
1992; Myrow et al., 2002; Boger & Miller, 2004; Goodge et al., 2004; Squire 
& Wilson, 2005). 
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Figure 5 Map of the Central Transantarctic Mountains with locations of new sec-
tions in boxes and locations of previously sampled sections (e.g. Evans and Rowell, 
1990) in circles 
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Systematics: Describing the fossil fauna of the 
Byrd Group 

The paucity of lower Cambrian sampling of East Antarctica left the region 
with a low number of described taxa. Prior to this, only the trilobites (Palmer 
& Gatehouse, 1972, Palmer & Rowell, 1995) and archaeocyaths (Debrenne & 
Kruse, 1986, 1989) had received systematic treatment, with only a handful of 
shelly phosphatic specimens (Evans & Rowell, 1990), a mollusc (Evans, 
1995) and a bradoriid (Rode et al. 2003) formally described (Table 1). The 
locations of much of this sampling of the CTM are shown in Figure 5. 

Table 1 Taxa (excluding trilobites and archaeocyaths) previously described from in 
situ samples from East Antarctica 

 
Taxon Unit Location Ref. 
Dailyatia odyssei Shackleton 

Limestone 
Churchill Moun-
tains 

Evans & Row-
ell (1990) 

Dailyatia brad-
docki 

Shackleton 
Limestone 

Churchill Moun-
tains 

Evans & Row-
ell (1990) 

Marocella mira Shackleton 
Limestone 

Churchill Moun-
tains 

Evans (1995) 

Bicarinella evansi Schneider 
Hills lime-
stone 

Argentina Range Rode et al. 
(2003) 

 
The remaining material that has been described from East Antarctica come 
from erratic boulders from the Miocene glaciomarine Cape Melville For-
mation from King George Island of the South Shetland Islands (Wrona, 1989). 
The diversity reported from these carbonate clasts has formed the bulk of 
known diversity from the lower Cambrian of East Antarctica, with systemati-
cally described brachiopods (Holmer et al. 1996), molluscs (Wrona, 2003), 
hyoliths (Wrona, 2003) and shelly phosphatic fauna (Wrona, 2004). The prov-
enance of this material is uncertain, with the only known lower Cambrian fos-
sil-bearing carbonates of East Antarctica (the Shackleton Limestone and 
Schneider Hills limestone) having few taxa in common with those described 
from the Cape Melville Formation erratics (Paper IV, fig. 3). 
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Figure 6 Locations of the new sections collected in the Holyoake Range. 

 
The new sections (CM and HR Figs 4-6) have greatly increased the number 
of known Cambrian East Antarctic taxa. Twelve mollusc taxa have been de-
scribed from the Shackleton Limestone in the Holyoake Range, of which 3 
have been assigned to species (Claybourn et al., 2019, Paper I), an increase 
from the single taxon, Marocella mira, previously described from this area 
(Evans, 1992). Of the brachiopods, only those from King George Island were 
previously known, but in situ sampling from the Holyoake Range has in-
creased this total for East Antarctica by eight, with four assigned to species 

Figure 7 Locations of the new sections collected in the Churchill Mountains. 
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(Claybourn et al. in press, Paper III). Of the tommotiid fauna, Evans & Row-
ell (1990, table 1) had described two species, Dailyatia odyssei and Dailyatia 
braddocki from the Central Transantarctic Mountains. Other Dailyatia species 
from King George Island have also been recovered (Wrona, 2004). Three ad-
ditional new species, left in open nomenclature are also described from in-situ 
samples from East Antarctica, as well as the recognition of D. decobruta, new 
species  

Figure 8 Hyoliths from the Shackleton Limestone. A-B, M-L, N-O: Conotheca sp., 
C-D, G-K, Microcornus sp.; N-P: Hyolith-like fossils; Q-T Cupitheca holocyclata. 
E: Magnified view of the aperture of F; H-J progressively greater magnification of 
the shell microstructure of G; M: oblique apertural view of L. 
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Dailyatia icari and a problematic Kennardiidae indet. from previously col-
lected spot-samples (Paper IV). From the other sections, Dailyatia cf. odys-
sei, Dailyatia braddocki and Shetlandia multiplicata are also recovered. 

Some of the fauna recovered have not been described. This is because of a 
lack of complete specimens allowing for identification and analysis, especially 
those that have questionable systematic taxonomy. The hyoliths are an exam-
ple, with many poorly preserved steinkerns of conchs recovered from the Byrd 
Group, but without any of the associated opercula or helens (Fig. 8). It is a 
similar story for the archaeocyaths, sponges and chancelloriids. The archaeo-
cyaths from the Shackleton Limestone have already been treated systemati-
cally (Debrenne & Kruse, 1986), but the sponges and chancelloriids are 
known only from disarticulated and poorly preserved spicules and sclerites 
(Fig. 9). Unlike the disarticulated phosphatic sclerites of tommotiids, those of 
the chancelloriids are primarily calcitic and do not preserve a suite of charac-
ters with which to base taxonomic affinity.  

The arthropods have also not been treated, as they are very few in number 
and known only from broken fragments. Spines from Mongolitubulus sp. (Fig. 
10A-C) have been recovered from the Shackleton Limestone, as well as other 
bradoriid fragments, disarticulated eodiscids and Hyolithellus tubes from the 
Holyoake Formation (Fig. 10G-J, M-U). Fragments of the carapace of the 
bradoriid Spinospitella sp. (Fig. 10H-L), however, are included in biostrati-
graphic correlation for the Byrd Group (Paper VI) Additional sampling of the 
host rocks for eodiscids could prove useful in biostratigraphic analysis, as they  

Figure 9 Coelosclerotophorans and poriferans from the Shackleton Limestone. A: 
Chancelloriid sp.; B: Dodecaactinella sp.; C: Eiffelia sp.; D: Cambroclavus ab-
sonus; E: heteractinid sponge spicule; F-G: Archaeocyath steinkerns; H: Cambrocla-
vus absonus. 
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are widespread in Cambrian Series 2 and often used as biozonal fossils (e.g. 
Steiner et al., 2001; Yang et al., 2003). 

Figure 10 Hyolithellus and arthropods from the Shackleton Limestone and Holyoake
Formation. A-C: Hyolithellus sp. from the Holyoake Formation; D-F: Mongolitubulus
sp. from the Shackleton Limestone; G-J compatulid brodoriid fragments from the Ho-
lyoake Formation; H-L: Spinospitella sp. fragments from the Holyoake Formation;
M-U: eodiscid spp. from the Holyoake Formation. 

 



 28 

Taphonomy and preservational bias 
The identification of fossil taxa from the Byrd Group was hindered by a num-
ber of factors. These include the disarticulation of multi-element skeletons and 
incomplete preservation of facies-dependent steinkerns. Steinkern-type 
preservation is a mode of fossil formation whereby an internal mould (phos-
phatic steinkerns of originally calcareous shells in the case of the Byrd Group 
fossils) of an original shell is formed and the shell is lost during post-deposi-
tion or by fossil extraction techniques (Jacquet et al., 2019). A stratinomic 
model for phosphatic steinkern formation was proposed by Freeman et al., 
(2019), with cyclical phosphate production by the microbially mediated decay 
of animals is gradually precipitated on shells in a low sedimentation environ-
ment. A condensed, phosphate-rich bed containing abundant steinkerns is then 
produced by reworking and destruction of calcareous shell and concentration 
of remaining steinkerns (Freeman et al., 2019). A number of biases affect the 
formation of steinkerns, which often preserved conch-bearing animals such as 
the molluscan helcionelloids and hyoliths. Datillo et al. (2016) recognized the 
incomplete formation of steinkerns in fossil molluscs from the Ordovician of 
Cincinnati, USA, indicating a bias towards smaller-sized fossils (Creveling et 
al., 2014, Jacquet & Brock, 2016, Jacquet et al., 2016), leading some to sug-
gest steinkerns may only represent the juvenile portions of preserved fossils 
(Marti-Mus et al., 2008). This also leaves only gross morphology for the dis-
crimination of many steinkern-based taxa. The requirement of phosphate in 
the depositional environment is another factor affecting the distribution of 
steinkern-type fossils (Porter, 2004; Creveling et al., 2014). Jacquet et al. 
(2019) noted the strong facies control over the formation of phosphate stein-
kerns (from the Terreneuvian to Cambrian Series 2 sediments of the Arrowie 
Basin, South Australia) to firm-grounds, incipient hardgrounds, bioclastic 
floatstones and bioclastic lime mudstones. 

This is a pattern followed by the steinkern-preserved taxa from the Byrd 
Group. Their preservation is restricted to the phosphatic horizons in the Shack-
leton Limestone at the boundary with the Holyoake Formation (Claybourn et 
al., 2019- Paper I) where large numbers of mollusc and hyolith fossils are 
recovered. Incomplete steinkern formation and loss of original characters are 
apparent in the number of specimens of mollusc recovered from the Shackle-
ton Limestone left in open nomenclature. The steinkerns can be confidently 
discriminated into eleven different forms, but only three have been assigned 
to species. These issues are more apparent in the hyoliths from the Shackleton 
Limestone, which are known only from steinkerns of their conchs, with no 
opercula or helens recovered. The steinkerns of these conchs are barren of 
characteristics used to assign them to taxa (Fig. 8). 

An attempt to solve some of the issues related to species discrimination in 
the molluscs of East Gondwana is the theme of Paper II (Jackson & Clay-
bourn, 2019). Outline-based morphometrics were used in this analysis in an 
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attempt to improve the use of the continuous characters that constitute gross 
morphology of steinkerns. This in part overcomes the need for smaller-scale 
structures to characterise fossils, which are often lost during or post-preserva-
tion. 

The disarticulation of multi-element animal skeletons is a much longer rec-
ognized issue in palaeontology. Phosphatic and calcitic skeletonised taxa in 
the Cambrian are common (Kouchinsky et al., 2012) and any study of these 
organisms must resolve the problems of the naming of parts of the organism 
(Bengtson, 1985; Dzik, 1994). Serendipitous finds of articulated fossils can 
resolve some these issues, such as specimens of the scleritome mollusc Halk-
ieria from North Greenland (Conway Morris & Peel, 1990). Most of the the 
tommotiids, a paraphyletic group of scleritome organisms related to the 
phoronids and brachiopods, (Skovsted et al., 2009b; Larsson et al., 2014) has 
experienced no such luck. Rare articulated Eccentrotheca scleritomes from 
South Australia (a potential stem-group Phoronid) is currently the exception 
to this (Skovsted et al., 2008). The taxonomy and palaeobiological interpreta-
tion of these fossils suffered from a lack of articulated specimens. Resolving 
their species-level taxonomy has relied on widespread sampling and the anal-
ysis of thousands of specimens (e.g. Skovsted et al., 2015). Although speci-
mens of tommotiids from East Antarctica demonstrate both variable and dis-
crete enough morphology to discriminate seven different species, only two 
were assigned to previously described taxa, one to a new taxon and with the 
other four left in open taxonomy due the low number of whole sclerites found 
(Paper V).  
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Understanding Lophotrochozoan evolution 

The lophotrochozoans represent one of the three great supergroups of bilateri-
ans, along with the ecdysozoans and deuterostomes. They include the mol-
luscs, annelids, brachiopods, phoronids and a number of other minor phyla. 
Phylogenetics reveal that although the relationships of these clades within the 
lophotrochozoan are poorly resolved, the lophotrochozoans are probably mon-
ophyletic (Philippe et al., 2005; Paps, et al., 2009; Nensidal et al., 2013; 
Laumer, et al., 2015). The lophophorate group of lophophore-bearing organ-
isms (brachiopods, bryozoans and phoronids) has recently been resolved as 
monophyletic in phylogenomic sampling (Laumer et al., 2019). 

The two main fossil lophotrochozoan groups present in the Cambrian are 
the brachiopods and the molluscs. The early evolution of the brachiopods has 
been much better resolved thanks to the widespread preservation of phos-
phatic-shelled linguliforms, a number of which are described in Paper III. 
Conchiferan molluscs are abundant in the Cambrian, and include the helcio-
nelloids described and analysed in Papers I and II. The micromorphic, cap-
shaped helcionellids have been allied to both the gastropods and the mono-
placophorans or been treated as their own separate group (see Paper I for 
summary of hypothesised helcionelloid relationships; Parkhaev, 2008, table 
3.1).  

The brachiopods have a long and rich Palaeozoic fossil record that began 
with a radiation in diversity and ecology in the Cambrian Terreneuvian Series 
and Series 2 (Topper et al., 2017; Harper et al., 2017). The cladistic analysis 
of Cambrian and Ordovician brachiopods by Williams et al. (1996) resolved 
three large clades: Linguliformea, Craniiformea and Rhynchonelliformea. Re-
solving the phylogenetic relationships of the groups within these three clades, 
especially amongst early Palaeozoic taxa has received much less attention in 
the two decades since the publication of this phylum-wide analysis. Steps to 
fill this gap in palaeobiological research was partially filled in Claybourn et 
al. (in press- Paper III) with an analysis of Cambrian lingulate brachiopods. 
This analysis had the explicit intent of testing whether informal hypotheses of 
the relationships and evolutionary paths of acrotheloid brachiopods (a com-
mon component of Cambrian brachiopod faunas) could be resolved by cla-
distic analysis. 

Around the base of the brachiopod + phoronid clade, the tommotiids form 
a complex of stem-group relationships to this clade and the brachiopod and 
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phoronid crown groups (Fig. 11). Recent advances in resolving these relation-
ships has been made, with these previously problematic fossils finding homes 
within total group Lophophorata. Within this complex of plesions, tommotiids 
fall in two main groups (Skovsted et al., 2009b; Larsson et al., 2014, fig. 22).  

The vermiform camenellan tommotiids are probably sister-group to the 
brachiopods + phoronids (Skovsted et al., 2009b). They share a number of 
characteristics such as a series of cone-shaped, polygonal cross-sectioned scle-
rites, with up to three sclerite types and multiple subtypes with growth series 
of comarginal ribs (Skovsted et al., 2009b; Devaere et al., 2014). The tubular 
eccentrothecimorphs form stem groups to the crown of the linguliform brachi-
opods, with a paraphyletic cluster at the base of the paterinate brachiopods 
(Holmer et al., 2008, 2011; Balthasar et al., 2009; Skovsted et al., 2009a; 
Skovsted et al., 2014; Larsson et al. 2014). Eccentrotheca is also interpreted 
as a stem-group phoronid (Skovsted et al., 2008, 2011). A difficult point to 
resolve with this phylogenetic interpretation is the transition from a vermiform 
bauplan interpreted for the camenellans (Evans & Rowell, 1990, fig. 5; 

Figure 11 Simplified phylogeny of the tommotiids and associated crown groups. 
Based on Skovsted et al., 2011, fig. 21; Larsson et al., 2014, fig. 22. *Taxa studied 
in this thesis 
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Skovsted et al., 2015, p. 100-103, fig. 79) to a tubular one seen in the brachi-
opods, phoronids and eccentrothecimorphs (Holmer et al., 2008; Skovsted et 
al., 2011, Murdoch et al., 2014).  
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East Antarctica in context: 
Palaeobiogeographic distribution  

One of the goals of this project was to see how the fauna of East Antarctica 
compares with the rest of the Cambrian Series 2 world. Some previous early 
Cambrian palaeobiogeographic analyses resolve a close East-Gondwanan re-
lationship between South Australia and East Antarctica in Cambrian Series 2. 
These include analyses of archaeocyaths and radiocyaths (Kruse & Shii in 
Brock et al., 2000), molluscs (Parkhaev, 2019) and SSFs (Yang et al., 2015). 
Analysis of other animal groups does not resolve a strong link between South 
Australia and East Antarctica. This likely reflects low sample sizes for East 
Antarctic faunas, such as bradoriid arthropods (Topper et al., 2011), polymerid 
trilobites (Jago in Brock et al., 2000, Liebermann, 2003; Meert & Liebermann, 
2004; Álvaro et al., 2013) and brachiopods (Engelbretsen in Brock et al., 2000; 
Brock in Brock et al., 2000).  

The palaeobiogeographic similarity of the molluscs of East Antarctica re-
capitulate the findings of Parkhaev (2019), now with the addition of eleven 
taxa with three species and eleven left in open nomenclature but assigned to 
genera. The fauna now demonstrates a strong affinity for not only South Aus-
tralia but also North China and East Laurentia (Fig. 12 and references therein). 
With South Australia four species and eleven genera now shared, with North 
China, four species and eight genera and with Laurentia, two species and 
seven genera. 

The brachiopods were also severely under-sampled in East Antarctica. 
They are also a more reliable source for intercontinental comparison of fauna 

Figure 12 Palaeobiogeographic distribution of molluscan fauna known from the Cam-
brian Series 2 Byrd Group and glacial erratics from King George Island (Wrona 1989,
2003). East Antarctic and South Australian taxa in bold described as part of this thesis.
1: Claybourn et al. (2019- Paper I), 2: Evans (1992), 3: Wrona (2003), 4: Li et al.
(2019), 5: Bengtson et al. (1990), 6: Gravestock et al. (2001), 7: Topper et al (2009),
8: Smith et al (2015), 9: Guo et al (2014), 10: Skovsted (2004), 11: Atkins & Peel
(2004), 12: Landing & Bartowski (1996), 13: Landing et al. (2002), 14: Peel &
Skovsted (2005), 15: Skovsted (2006), 16: Wotte & Sundberg (2017), 17: Devaere et
al (2019), 18: Kouchinsky et al (2015). Map adapted from Torsvik & Cocks (2013b)
and Yang et al (2015). Taxon names in bold are taxa described in Paper I. 
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as the taxonomy of specimens is based on primary shell material, as opposed 
to the steinkerns used for molluscan taxonomy (Betts et al. 2016, 2017a but 
see also Kruse et al., 2017; Betts et al., 2017b). Similarity of the East Antarctic 
fauna to other regions is more constrained to Gondwana, with little in common 
with Laurentian fauna (Fig. 13 and references therein). Six new brachiopod 
taxa can be used for comparison to complement the three described from the 
glacial erratics of King George Island (Holmer et al., 1996). Neither Obolidae? 
gen. et sp. indet. or Trematobolus? sp. from Claybourn et al. (in press- Paper 
III) can be reliably used owing to uncertainty in their taxonomy. Of the other
six, four are assigned to species and two to genera with species assignment
left open. Two species and four genera are shared with North China, two spe-
cies and five genera are shared with South Australia, one species and two gen-
era with South China and three genera with the Himalayas. Notable is the dis-
tribution of Eohadrotreta which is widespread across Gondwana but restricted
to it, with no known specimens from other Cambrian palaeocontinents.

New taxa from East Antarctica that have not been formally described but 
are biostratigraphically important and have broad palaeobiogeographic ranges 
(Fig. 14 and references therein). These include Cambroclavus absonus, 
Cupitheca holocyclata and Spinospitella (Paper VI). Representatives of Cam-
broclavus and Cupitheca are widespread in Cambrian Series 2 rocks, includ-
ing from the well age-constrained South Australian basins (Skovsted et al., 
2016; Betts et al., 2017). Spinospitella is also known from South Australia, 
where it appeared endemic to East Gondwana until recovery of carbonaceous 
cuticular material from North Greenland (Slater et al., 2018). 

Figure 13 Palaeobiogeographic distribution of brachiopod fauna known from the 
Cambrian Series 2 Byrd Group. East Antarctic taxa in bold described as part of this 
thesis. 1: Paper III Claybourn et al. (in press), 2: Holmer et al (1996), 3: Pan et al. 
(in press), 4: Gravestock et al. (2001), 5: Betts et al. (2017a), 6: Paper V Betts et al. 
(2019) 7: Kruse (1990), 8: Kruse (1998), 9: Percival & Kruse (2014), 10: Li & 
Holmer (2004), 11: Zhang et al. (2016), 12: Popov et al (2015), 13: Ushatinskaya & 
Korovnikov (2014), 14: Skovsted & Holmer (2005). Map adapted from Torsvik & 
Cocks (2013b) and Yang et al (2015). Taxon names in bold are taxa described in Pa-
pers III and IV. 
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Cambrian Series 2 chronostratigraphy in East 
Gondwana 

Dating in the Cambrian 
Three techniques are available for palaeontologists for dating rocks. Two are 
relative, and require correlation between different areas: bio- and chemostra-
tigraphy and one is absolute: radioisotope dating.  

Biostratigraphy 
Biostratigraphy is hindered by a number of issues in the Cambrian and include 
facies-dependent fossil preservation, high Cambrian endemicity and diachro-
nous appearance and disappearance between regional fossil records. These 
problems are apparent in Cambrian Series 2. The facies dependence, particu-
larly for fossils of steinkern-based taxa have been discussed previously. The 
issues that directly result from this are a highly discontinuous sequence of 
fossil assemblages which are contingent on local conditions providing the 
window for preservation (Landing, 1992; Mount & Signor, 1992; Jacquet et 
al., 2019). The HRA section from the Holyoake Range of East Antarctica, 
whose bio- and chemostratigraphy are presented in Paper VI, has a clear ex-
ample of this. Steinkern preservation is rare throughout the section until the 
upper 3 m of the Shackleton Limestone at the boundary with the Holyoake 
Formation, where the drowning of the carbonate platform has been inferred 
(Squire & Wilson, 2005) which led to a saturation of phosphate in the water 
column (Southgate 1986, 1988). This concentration of fossilised material at 
the top of the HRA section leads to issues in confident correlation with other 
regions. Issues with steinkern-based taxa were raised by Betts et al. (2016, 

Figure 14 Palaeobiogeographic distribution of biostratigraphically important taxa
(Paper VI) zhinitiid Cambroclavus, hyolith Cupitheca and bradoriid Spinospitella
found from the Cambrian Series 2 Byrd Group. 1: Wrona (2003), 2: Skovsted et al.
(2016), 3: Li et al. (2015), 4: Bengtson et al. (1990), 5: Betts et al. (2017a), 6: Skovsted
et al (2006), 7: Steiner et al. (2007), 8: Mambetov & Repina (1979), 9: Xiao & Duan
(1992), 10: Malinky & Skovsted (2004), 11: Slater et al. (2018), 12: Devaere et al
(2019). Map adapted from Torsvik & Cocks (2013b) and Yang et al (2015). 
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2017a, but see Kruse et al., 2016, Betts et al., 2017b; Parkhaev, 2019 for dis-
cussion), who used primarily phosphatised tommotiids and brachiopods for a 
biozonal scheme for the Terreneuvian to Cambrian Series 2 sedimentary rocks 
of South Australia to assuage this issue. 

This in turn can produce a diachroneity in the first appearance data for 
steinkern- based taxa (Landing et al., 2013). Another factor in both the dia-
chroneity of first appearance data (FAD) for fossil taxa and endemicity is the 
dispersal of species. Two major factors can influence this, which include the 
ontogeny of the juvenile of the species and rate of ocean surface current  
circulation. Conchiferan molluscs of Cambrian age again provide an example 
where this becomes an issue. The larval life-mode of the helcionelloids can be 
inferred to be lecithotrophic (free-swimming, non-feeding), based on the mor-
phology and size of the protoconch. Helcionelloids have a single-stage proto-
conch (Chaffee & Lindberg 1986; Nützel et al. 2006; 2007; Runnegar 2007; 
Nützel 2014) whereas later, Palaeozoic, marine gastropods typically have two-
stage protoconch growth and a free-swimming, feeding, planktotrophic larval 
stage (Nützel 2014).  Planktotrophic larvae typically have a longer larval stage 
than lecithotrophic larvae, or are at least notnutrient-limited like lecithotrophic 
developers are. This has the effect that taxa with a planktotrophic larval life-
mode are capable of much farther dispersal (Jablonski & Lutz, 1983), a factor 
lacking in Cambrian conchiferan molluscs (Fig. 12). 

This partially describes both the endemicity and diachronous FAD of at 
least lecithotrophic-developing Cambrian organisms. Brachiopods are 
planktotrophic developers (Zhang et al., 2018) so are not constrained by this 
factor. A broader explanation could be provided by the implied sluggish ocean 
circulation patterns caused by the greenhouse conditions present in at least 
Cambrian Series 2 (Tucker, 1992; Hearing et al., 2018), resulting in reduced 
dispersal, causing increased endemicity and diachroneity. 

Chemostratigraphy 
Carbon isotope chemostratigraphy from bulk carbonates has become a com-
mon tool for stratigraphic correlation in Cambrian palaeontology. Fractiona-
tion of the stable isotopes carbon-12 and carbon-13 is provided by the reduced 
energy requirement for biological processes to incorporate lighter carbon-12 
into organic molecules (Brand & Vezeir, 1981). A Cambrian global che-
mostratigraphic scheme has only recently been formalised, with a series of 
carbon isotopic excursions throughout this period, with four isotopic curves 
in Series 2 alone (Zhu et al., 2006; Fan et al., 2011; Peng et al., 2012). Ob-
servable secular variations in Cambrian carbon isotope excursions make them 
an ideal candidate proxy for both correlation and creation of a Cambrian time-
scale, circumventing issues in biostratigraphy (Landing et al., 2013). Carbon 
isotope signatures in bulk carbonates both prior to their formation and post-
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depositionally (e.g. Wendler, 2013, fig. 1; Betts et al., 2018) may yet have 
regional and local influence on the magnitude of the excursion.  

Two events are of interest in East Antarctica: The Mingxinsi Carbon Iso-
tope Excursion (MICE) and the Archaeocyathid Extinction Carbon isotope 
excursion (AECE) (Paper VI). The MICE is a positive excursion that starts 
from around the base of Cambrian Series 2, Stage 4. The MICE has a complex 
presentation in different successions, with dramatically different regional 
characteristics in terms of magnitude, extent and number of peaks. A single 
peak is recorded in the CM2 section from the Churchill Mountains of East 
Antarctica (Paper VI), a single broad peak of the Yangtze platform (Chang et 
al., 2017), a broad plateau in the North-western territory, Canada (Dilliard et 
al., 2007) and four peaks in the Lena-Aldan area of Russia (Brasier et al., 
1994). The complex character of the MICE may be down to regional variation 
in conditions. The multi-peak presentation recorded from the Siberian plat-
form may be related to the concurrent Sinsk Event, a period of marine trans-
gression and movement of anoxic waters onto shallow water carbonates, re-
sulting in black shale formation and the Botoman Extinction event (Zhuravlev 
& Wood, 1996, 2018). The AECE is a positive excursion that immediately 
follows the MICE, in the middle of Cambrian Stage 4 (Zhu et al., 2006; Peng 
et al. 2012). The AECE is characterised by the extinction of the bioherm-
building archaeocyaths and their concomitant ecological complexity (Pratt et 
al., in Zhuravlev & Riding, 2001), where regional extinction of this group has 
been globally observed (e.g. Hicks & Rowland, 2009; Adachi et al., 2014). 
Although no evidence exists for their lower Cambrian reef-building glory-
days after this event, Antarctica seems to have provided a holdout for some, 
with discoveries of archaeocyaths in the Wuliuan Stage Nelson Limestone in 
East Antarctica (Wood et al., 1992) and the Paibian Stage Minaret Formation 
in West Antarctica (Debrenne et al., 1984). 

The boundary between Cambrian Series 2, Stage 4 and the Miaolingian 
Series, Wuliuan Stage is marked by the Redlichid-Olenellid Extinction Car-
bon isotope Excursion (ROECE, Zhu et al., 2006; Fan et al., 2011; Peng et al., 
2012). Although yet to be described from East Antarctica and South Australia, 
this negative excursion is an important identifier for the Series 2-Miaolingian 
Boundary (e.g. Fagetter et al. 2017; Chang et al., 2017). The ROECE has been 
recorded in East Gondwana, in the Tempe and Chandler Formations of the 
Amadeus Basin of Central Australia (Schmid et al., 2017). 

Radiometric dating 
The decay series of Uranium-235 to Lead-206 (U235-Pb206) is measured by 
mass spectrometry to give absolute dates to the formation of ancient rocks. 
Zircons incorporate uranium but not lead into their crystal lattice so are the 
ideal mineral for use in radiometric dating, especially in the stratigraphically 
problematic Cambrian record (Bowring et al., 1993). The zircons required for 
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dating are found in volcanic tuff beds interspersed in normal sedimentary stra-
tigraphy. This creates a new set of issues in the relative rarity of suitable zir-
con-containing tuffs through the Cambrian rock record. As these spot-dates 
are rare, they are better used for bracketing and constraining other relative 
dating techniques. 

Chronostratigraphy and East Gondwana 
Betts et al., (2018) recently published the combined chronostratigraphy for 
South Australia, building on previous biostratigraphic schemes (Betts et al., 
2016, 2017a), for the Terreneuvian series and Cambrian Series 2. The combi-
nation of biostratigraphy, carbon-isotope chemostratigraphy and radiometric 
dates provided the first opportunity for high resolution correlation between 
South Australia and the rest of that world previous, primarily biostratigraphic 
studies (e.g. Gravestock et al., 2001) had not achieved. 

The chronostratigraphic framework from Betts et al. (2016, 2017, 2018) 
was expected to be the first point of comparison between East Antarctica and 
South Australia, the two main regions of East Gondwana. Prior work sug-
gested a potential correlation to the Dailyatia odyssei Zone described in Betts 
et al., (2016, 2017, 2018), due to the common fauna found in South Australia 
and the Shackleton Limestone, especially Dailyatia odyssei. This was first re-
ported from the Shackleton Limestone by Evans & Rowell (1990) and is the 
eponym of the biozone from the Base of Series 2 to at least the lower Stage 4 
(Pararaia janeae Zone) in South Australia (Betts et al., 2017). Trilobites also 
suggest a biostratigraphic correlation between the two, such as Holyoakia 
granulata from the Shackleton Limestone (Palmer & Rowell, 1995) and Ho-
lyoakia simpsoni from the Cambrian Series 2 Stage 4 Emu Bay Shale of Kan-
garoo Island, South Australia (Paterson & Jago, 2006). The picture became 
muddied through the course of studying the Byrd group rocks of East Antarc-
tica owing to the lack of D. odyssei in the measured sections of the Shackleton 
Range and Churchill Mountains (Paper IV). The carbon isotope profiles from 
the chemostratigraphic sections from the Byrd Group also do not appear to 

Figure 15 Simplified chronostratigraphic scheme, showing the approximate period
the fossiliferous parts of the Byrd Group were deposited. Lower part of the scheme
based on Betts et al., 2018. Upper part of the scheme in red boxed area has not been
correlated in within the Cambrian of Australia and has been inferred from the present
state of Cambrian chronostratigraphy in general. Roman numerals based on Siberian
excursions of Brasier 
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orrelate to South Australia (Paper VI). The combined results of the  che bio 

Fi
gu

re
 1

5 



 43

correlate to South Australia (Paper VI). The combined results of the biostra-
tigraphy stratigraphy of the molluscs (Claybourn et al., 2019- Paper I), bra-
chiopods (Claybourn et al., in press- Paper III) and tommotiids (Paper IV) 
and the mostratigraphy presented in Paper VI suggest a Cambrian Series 2 
Stage 4 age for the measured sections from the upper of the Shackleton Lime-
stone. Cambrian Stage 4 is less well studied in South Australia, when com-
pared to the well-developed sedimentary successions from Terreneuvian, 
Stage 2 and Series 2, Stage 3 (Betts et al., 2016, 2017, 2018). Better potential 
correlation for the Byrd Group may include the less well studied Wirrealpa 
Limestone  and Aroona Creek Limestone from the Arrowie Basin and Ramsey 
Limestone of the Stansbury Basin of South Australia (Brock & Cooper, 1993) 
and the limestone blocks from the White Pont Conglomerate of Kangaroo Is-
land in South Australia (Betts et al., 2019- Paper V). A summary of these 
findings and an estimated date for the deposition of the fossiliferous sampled 
units of the Byrd Group is presented in Fig. 15. 
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The future of Antarctic Research 

The apparent chronostratigraphic offset between East Antarctica and South 
Australia also requires resolving. The Byrd Group has not received the same 
repeated sampling of the much better-studied stratigraphy of South Australia, 
which be required to resolve some of these issues. Further systematic sampling 
and carbon isotope chemostratigraphy of the originally sampled outcrops in 
the Holyoake Range (e.g. Evans & Rowell, 1990; Palmer & Rowell, 1995) 
can help resolve these issues, especially as the important zonal fossil for Cam-
brian Series 2 Stage 4 for South Australia Dailyatia odyssei was originally 
described from these outcrops. The few reported fossils from the Cambrian 
Series 2 carbonates from the Argentina Range also prevent accurate regional 
correlation for East Antarctica. Systematic sampling of this region, which has 
had reported archaeocyaths of Siberian timescale Botoman Stage (Debrenne 
& Kruse, 1989), would perhaps help resolve this problem. 

The presence of the new tommotiid Dailyatia icari presented in Paper V 
from the Schneider Hills limestone of the Argentina Range also presents an 
extension of the palaeobiogeographic range of Dailyatia from the northern 
East Gondwanan species of South Australia to the southern coast of East Ant-
arctica (Paper IV, fig. 3). Synthesis of this and the rest of the novel data pre-
sented in the systematics in Papers I, III-V into new palaeobiogeographic 
analyses may yield new links not reported from previous analyses. Correlation 
has been inferred between of the molluscs from the Shackleton Limestone 
(Paper I) and Laurentia (Fig. 12) and the brachiopods from the Shackleton 
Limestone and Holyoake Formation (Paper III) and North China and the 
Himalayas (Fig. 13).  
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Conclusions 

1. The lower Cambrian diversity of known East Antarctic lophotrocho-
zoans has increased from a handful of described species (Table 1) 
Newly described from East Antarctica are twelve mollusc species 
(Paper I, II), eight brachiopods (Paper III) and seven tommotiids 
(Paper IV), with but one tommotiid from the upper Byrd Group. 

2. Biostratigraphic correlation using these newly described taxa, in par-
ticular the acrotretoid brachiopod Eohadrotreta zhenbaensis, pateri-
nate brachiopod Cordatia erinae and tommotiid Dailyatia decobruta 
allow for correlation with the upper Dailyatia odyssei Zone and 
Pararaia janeae Zone of South Australia. New taxa from the clasts of 
Dailyatia odyssei Zone/Pararaia janeae Zone age from the White 
Point Conglomerate of South Australia (Paper V) shows a number of 
conspecifics with the Byrd Group, including Dailyatia decobruta and 
Cordatia erinae, improving correlation within the Cambrian Series 2, 
Stage 4 of East Gondwana.  

3. This is corroborated by chemostratigraphic data, with the MICE rec-
orded in two sections and the AECE events recorded in three, giving 
a lower age bracket for these sections as the base of Cambrian Series 
2, Stage 4 when compared to the global standard (Paper VI). 
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Svensk sammanfattning 

De unika fossila djuren från kambrium (för 541–485,4 miljoner år sedan) har 
varit intressanta för paleontologer sedan Darwins dagar. De dramatiska för-
ändringar av jordens biologi och miljö som inträffade under denna period bru-
kar vi kalla den kambriska explosionen. Denna händelse markerar den snabba 
utvecklingen av otaliga livsformer och de första välkända djuren som repre-
senterar nutida grupper. Många av dessa intressanta organismer är kända från 
fossila fyndplatser som Burgess Shale faunan i Rocky Mountains, Kanada och 
Chengjiang faunan i södra Kina. Dessa fossil är anmärkningsvärda eftersom 
de inte bara bevarade djurens mineralskelett, utan också deras mjuka organ. 
Mycket av vår förståelse av den kambriska explosionen och ursprunget till 
moderna djurgrupper kommer från fossil som dessa. Men hur är det med de 
fossil som bara bevarar de hårda skelettet? 

De fossiliserade resterna av djurens hårda mineraliserade skelett är absolut 
det vanligaste fossilfynd som vi hittar genom jordens hela historia. I tidigt 
kambrium inkluderar dessa framförallt vad vi kallar Small Shelly Fossils 
(SSFs). Dessa fossil börjar först dyka upp något före den kambriska perioden, 
och är då främst representerade av tub-formade djur med karbonat. Senare, i 
tidigt kambrium, använde företrädare för nästan alla djurgrupper för ryggrads-
lösa djur antingen kalciumfosfat eller kalciumkarbonat i sina skal. 
Lophotrochozoerna är en stor grupp av djur, inkluderande bl.a. blötdjur och 
armfotingar, som är en viktig komponent bland de tidiga kambriska SSFs, där 
många arter har utvecklat skal för skydd, rörelse eller både och. 
Under kambrium var de tektoniska plattorna som utgör jordskorpan ordnade 
på ett helt annat sätt än hur de ser ut i dag. Gondwana var den största av dessa 
kontinenter och inkluderade Australien, östra Antarktis, Afrika och Sydame-
rika samt många andra mindre plattor. Australien och östra Antarktis (västra 
Antarktis kolliderade senare med östra Antarktis) utgör kärnan i östra Gond-
wana. I södra Australien har de SSF-rika sedimentära bergarterna undersökts 
väl, särskilt under de senaste decennierna. Detta står i kontrast till de okända 
och avlägsna, bergiga områdena i östra Antarktis, där de fossilrika sediment-
ära lagren finns längs Transantarktiska bergen, en bergskedja som korsar 
större delen av hela kontinentens bredd. Dessa viktiga fossil upptäcktes först 
i samband med Ernst Shackletons äventyrliga expeditioner i början av 1900-
talet. Det var dock först under 1960-talet och tiden efter som den paleontolo-
giska forskningen i Antarktis började på allvar, men det finns ännu endast ett 
fåtal detaljerade stratigrafiska studier av dessa lager. Denna avhandling är den 
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första detaljerade stratigrafiska undersökningen av kambriska fossil från östra 
Antarktis, där fältarbetet koncentrerats till Churchill Mountains och Holyoake 
Range i de centrala Transantarktiska bergen. Alla prover kommer från Byrd-
gruppen, en sedimentär lagerföljd som inkluderar Shackleton-kalksten, 
Holyoake-formationen, Starshot-formationen och Douglas konglomeratet. 

Av de fossil som samlats in är armfotingarna, mikroskopiska blötdjur och 
andra SSF-fossil, som tommotider, av största intresse på grund av deras ut-
bredda spridning i kambriska bergarter även utanför Antarktis. Armfotingarna 
som samlats in här representeras mest av fosfat-skaliga lingulider, som är an-
vändbara för biostratigrafisk korrelation. Hundratals enskilda lingulidskal 
samlades in från Shackleton-kalken and Holyoake-formationen vilket möjlig-
gjorde en god korrelation med kambriska sektioner i södra Australien. Tom-
motiderna är en av de första grupperna av kambriska fossil som hittades från 
Antarktis. Men den nya provtagningen resulterade i en mångfald av nya for-
mer, och våra faunor kan nu korreleras direkt med de i södra Australien. 
De mikroskopiska blötdjursfossilen från Shackleton-kalken kommer från ett 
mycket begränsat intervall i de översta delarna av formationen. De flesta av 
dessa blötdjurfossil är s.k. stenkärnor (dvs avtryck av insidan av skalen) be-
stående av kalciumfosfat, där det ursprungliga skalet av kalciumkarbonat är 
upplöst. Totalt analyserades över 100 av dessa fossil genom att använda en 
teknik som kallas morfometri, dvs man skapar en matematisk beskrivning av 
fossilens morfologi som kan analyseras med hjälp av statistiska metoder. 
Tillsammans med de fossil som samlats in från östra Antarktis samlades även 
bergprover för kemisk analys. Kol finns i två stabila former (isotoper), kol-12 
och kol-13 (antalet protoner och neutroner i atomen). Båda finns i jordens 
miljöer men förhållandena kan variera mycket. Levande organismer föredrar 
den lättare formen, kol-12, så miljöer med mycket liv har normalt ett lägre 
förhållande mellan kol-12 och kol -13. Detta kan vara en indikator för miljö-
förhållandena genom jordens historia, eftersom när förhållandena blir ogynn-
samma för större, mer komplexa ekosystem, ökar mängden kol-12 i bergar-
terna. Dessa fluktuationer är globalt välkända genom jordens historia. Två så-
dana fluktuationer kunde registreras i proven som samlats in från Shackleton-
kalken och tillsammans med de fossila bevisen möjliggör detta en mycket mer 
pålitlig metod för relativ datering av dessa sedimentära bergarter. 



 48 

Acknowledgements 

This work has been supported by a CTiMRTP scholarship at MQU and a Betty 
Moyne grant from the Linnean Society of NSW as part of a Cotutelle agree-
ment between Uppsala and Macquarie Universities. There have been an in-
credible number of people to have helped me along in the last four-and-a-half 
years spent between Sweden, Australia and parental leave. First, my supervi-
sors Lars Holmer, Glenn Brock, Christian Skovsted and Graham Budd. I think 
I created just as much administrative work for them as I did academic. 
Thankyou also to Lars and Christian for translating the Swedish summary. 
The administrative staff at Geocentrum also played a big role in fixing a com-
plicated candidature, especially Fatima Ryttare-Okorie and Jeanette Flygare 
who I came to depend on for so much problem-solving. Members of the pal-
aeobiology program in Uppsala are acknowledged for support over the years. 
These include Mchael Streng for his help and patience and Jorijntje Hendricks, 
Malgorzata Moczydlowska-Vidal, John Peel, Sebastian Willman, Aodhan 
Butler and Boris Karatsolis, for their support over the years. The palaeobiol-
ogy lab at Macquarie University were a great group to work alongside. Dave 
Mathieson is thanked especially for his endless help and kindness. Marissa 
Betts, Timothy Topper and Sarah Jacquet are thanked for the support through-
out my candidature. The admin staff at Macquarie were also great, especially 
Anna Borba helping getting parental leave fixed. Illiam Jackson and Giannis 
Kesidis at Uppsala have contributed positively and negatively to my produc-
tivity over the years, but my time in Uppsala wouldn’t have been half as good 
without them. 

Both Yvonne’s family and mine have been incredibly supportive over the 
years, especially with help looking after the twins (thanks also to Isadora Bi-
las!). Working with a six-month old on my knee is not easy, so I couldn’t have 
done it without them all. Finally, to Yvonne, who’s suffered living in Sweden 
for more than five years and supported me every step of the way. Yvonne and 
our children, Adam and Alexandra are present in every word.   



 49

References 

Adachi, N., Ezaki, Y. & Liu, J. 2014. The late early Cambrian microbial reefs imme-
diately after the demise of archaeocyathan reefs, Hunan Province, South China. 
Palaeogeography, Palaeoclimatology, Palaeoecology, 407, 45-55. 

 
Amado, A., Batista, C. & Campos, P. R. 2018. A theoretical approach to the size‐

complexity rule. Evolution, 72, 18-29. 
 
Atkins, C. J. & Peel, J. S. 2004, New species of Yochelcionella (Mollusca; Helcionel-

loida) from the lower Cambrian of North Greenland. Bulletin of the Geological 
Society of Denmark, 1020, 1–9. 

 
Álvaro, J. J., Ahlberg, P., Babcock, L. E., Bordonaro, O. L., Choi, D. K., Cooper, R. 

A., Ergaliev, K. H., Gapp, I. W. Ghobadi Pour, M., Hughes, N. C., Jago, J. B., 
Korovnikov, I., Laurie, J. R. Lieberman, B. S. Paterson, J. R. Pegel, T. V. Popov, 
L. E. Rushton, A. W. A, Sukhov, S. S. Tortello, M. F., Zhou, Z. & Żylińska, A. 
2013. Chapter 19 Global Cambrian trilobite palaeobiogeography assessed using 
parsimony analysis of endemicity. Geological Society, London, Memoirs, 38, 
273–296. 

 
Babcock, L. E. & Peng, S., 2007. Cambrian chronostratigraphy: current state and fu-

ture plans. Palaeogeography, Palaeoclimatology, Palaeoecology, 254, 62-66. 
 
Babcock, L. E., Peng, S., Geyer, G. & Shergold, J. H. 2005. Changing perspectives 

on Cambrian chronostratigraphy and progress toward subdivision of the Cam-
brian System. Geosciences Journal, 9, 101-106. 

 
Balthasar, U. Skovsted, C.B., Holmer, L.E. & Brock, G.A., 2009. Homologous skel-

etal secretion in tommotiids and brachiopods. Geology, 37, 1143-1146. 
 
Bengtson, S. 1985. Taxonomy of disarticulated fossils. Journal of Paleontology, 59, 

1350-1358. 
 
Bengtson, S. 2002. Origins and early evolution of predation. Paleontological Society 

Papers, 8, 289-317. 
 
Bengtson, S. 2004. Early skeletal fossils. Paleontological Society Papers, 10, 67-78. 
 
Bengtson, S., Conway Morris, S., Cooper, B. J., Jell, P. A. & Runnegar, B. N. 1990. 

Early Cambrian fossils from South Australia. Memoirs of the Association of Aus-
tralasian Palaeontologists, 9, 1–364. 

 



 50 

Betts, M. J., Paterson, J. R., Jacquet, S. M., Andrew, A. S., Hall, P. A., Jago, J. B., 
Jagodzinski, E. A., Preiss, W. V., Crowley, J. L., Brougham, T. & Mathewson, 
C. P. 2018. Early Cambrian chronostratigraphy and geochronology of South Aus-
tralia. Earth-Science Reviews, 185, 498-543. 

 
Betts, M. J., Paterson, J. R., Jago, J. B., Jacquet, S. M., Skovsted, C. B., Topper, T. P. 

& Brock, G. A., 2016. A new lower Cambrian shelly fossil biostratigraphy for 
South Australia. Gondwana Research, 36, 176-208. 

 
Betts, M. J., Paterson, J. R., Jago, J. B., Jacquet, S. M., Skovsted, C. B., Topper, T. P. 

& Brock, G. A., 2017b. A new lower Cambrian shelly fossil biostratigraphy for 
South Australia: Reply. Gondwana Research, 44, 262-264. 

 
Betts, M. J., Paterson, J. R., Jago, J. B., Jacquet, S. M., Skovsted, C. B., Topper, T. P. 

& Brock, G. A. 2017a Global correlation of the early Cambrian of South Aus-
tralia: Shelly fauna of the Dailyatia odyssei Zone. Gondwana Research, 36, 240–
279. 

 
Betts, M. J., Claybourn, T. M., Brock, G. A., Jago, J. B., Skovsted, C. B. & Paterson, 

J. R. 2019. Early Cambrian shelly fossils from the White Point Conglomerate, 
Kangaroo Island. Acta Paleontologica Polonica, 64, 489–522. 

 
Boger, S. D. & Miller, J. M. L. 2004. Terminal suturing of Gondwana and the onset 

of the Ross-Delamerian Orogeny: The cause and effect of an Early Cambrian re-
configuration of plate motions. Earth and Planetary Science Letters, 219, 35–48. 

 
Bonner, J. T. 2004. Perspective: The size-complexity rule. Evolution, 58, 1883-1890. 
 
Bottjer, D. J., 2010. The Cambrian substrate revolution and early evolution of the 

phyla. Journal of Earth Science, 21, 21-24. 
 
Bottjer, D. J., Hagadorn, J. W. and Dornbos, S. Q., 2000. The Cambrian substrate 

revolution. GSA today, 10, 1-7. 
 
Bowring, S. A., Grotzinger, J. P., Isachsen, C. E., Knoll, A.H., Pelechaty, S. M. & 

Kolosov, P. 1993. Calibrating rates of Early Cambrian evolution. Science, 261, 
1293-1298. 

 
Brand, U. & Veizer, J. 1981. Chemical diagenesis of a multicomponent carbonate 

system; 2, Stable isotopes. Journal of Sedimentary Research, 51, 987-997. 
 
Brasier, M.D., Corfield, R.M., Derry, L.A., Rozanov, A.Yu. & Zhuravlev, A.Y. 1994. 

Multiple 813C excursions spanning the Cambrian explosion to the Botomian crisis 
in Siberia. Geology 22, 455-458. 

 
Brock, G. A., & Cooper, B. 1993. Shelly Fossils from the Early Cambrian (Toyonian) 

Wirrealpa, Aroona Creek, and Ramsay Limestones of South Australia. Journal of 
Paleontology, 67, 758–787. 

 
  



 51

Brock, G. A., Engelbretsen, M. J., Jago, J. B., Kruse, P. D., Laurie, J. R., Shergold, J. 
H., Shi, G. R. & Sorauf, J. E. 2000. Palaeobiogeographic affinities of Australian 
Cambrian faunas. Memoirs of the Association of Australasian Palaeontologists, 
23, 1-61. 

 
Budd, G. E. 1998. Arthropod body-plan evolution in the Cambrian with an example 

from anomalocaridid muscle. Lethaia, 31, 197-210. 
 
Budd, G. E. 2008. The earliest fossil record of the animals and its significance. Phil-

osophical Transactions of the Royal Society B: Biological Sciences, 363, 1425-
1434. 

 
Budd, G. E. & Jensen, S. 2000. A critical reappraisal of the fossil record of the bilat-

erian phyla. Biological Reviews. 75, 253-295. 
 
Budd, G. E. & Jensen, S. 2017. The origin of animals and a ’Savannah’ hypothesis 

for early bilaterian evolution. Biological Reviews, 92, 446-473. 
 
Budd, G. E. & Mann, R. P. 2018. History is written by the victors: The effect of the 

push of the past on the fossil record. Palaeobiology, 72, 2276-2291. 
 
Burgess, C. J. & Lammerink, W. 1979. Geology of the Shackleton Limestone (Cam-

brian) in the Byrd Glacier area. New Zealand Antarctic Record, 2, 12–16. 
 
Butterfield, N. J., 2018. Oxygen, animals and aquatic bioturbation: an updated ac-

count. Geobiology, 16 3-16. 
 
Canfield, D. E. & Teske, A. 1996 Late Proterozoic rise in atmospheric oxygen con-

centration inferred from phylogenetic and sulphur-isotope studies. Nature, 382, 
127-132 

 
Chaffee, C. & Lindberg, D.R., 1986. Larval biology of Early Cambrian molluscs: the 

implications of small body size. Bulletin of Marine Science, 39(2), pp.536-549. 
 
Chang, C., Hu, W., Wang, X., Yu, H., Yang, A., Cao, J. & Yao, S. 2017. Carbon 

isotope stratigraphy of the lower to middle Cambrian on the eastern Yangtze Plat-
form, South China. Palaeogeography, Palaeoclimatology, Palaeoecology 479, 
90-101. 

 
Claybourn, T. M., Jacquet, S. M., Skovsted, C. B., Topper, T. P., Holmer, L. E., & 

Brock, G. A. 2019. Mollusks from the upper Shackleton Limestone (Cambrian 
Series 2), Central Transantarctic Mountains, East Antarctica. Journal of Paleon-
tology, 93, 437-459. 

 
Claybourn, T. M., Skovsted, C. B., Holmer, L. E., Pan, B., Myrow, P. M., Topper, T. 

P. & Brock, G. A. in press. Brachiopods from the Byrd Group (Cambrian Series 
2, Stage 4) Central Transantarctic Mountains, East Antarctica: Biostratigraphy, 
phylogeny and systematics. Papers in Palaeontology, 35pp. 

 
Cohen, B, L. 2005. Not armour, but biomechanics, ecological opportunity and in-

creased fecundity as keys to the origin and expansion of the mineralized benthic 
metazoan fauna. Biological Journal of Linnean Society, 85, 483-490. 



 52 

Conway Morris, S. & Peel, J.S. 1990. Articulated halkieriids from the Lower Cam-
brian of north Greenland. Nature, 345, 802. 

 
Creveling, J.R., Knoll, A.H. & Johnston, D.T., 2014. Taphonomy of Cambrian phos-

phatic small shelly fossils. Palaios, 29, 295-308. 
 
Cribb, A. T., Kenchington, C. G., Koester, B., Gibson, B. M., Boag, T. H., Racicot, 

R. A., Mocke, H., Laflamme, M. and Darroch, S. A. 2019. Increase in metazoan 
ecosystem engineering prior to the Ediacaran–Cambrian boundary in the Nama 
Group, Namibia. Royal Society open science, 6, 190548. 

 
Darwin, C. R. 1859. On the Origin of Species. John Murray, London, 502 pp. 
 
Dattilo, B. F., Freeman, R. L., Peters, W. S., Heimbrock, W. P., Deline, B., Martin, 

A. J., Kallmeyer, J. W., Reeder, J. & Argast, A. 2016. Giants among micro-
morphs: were Cincinnatian (Ordovician, Katian) small shelly phosphatic faunas 
dwarfed? Palaios, 31, 55-70. 

 
David, T. W. E. & Priestley, R. E. 1914. British Antarctic Expedition 1907-9 under 

the command of E. R. Shackleton, C. V. O. Reports on the scientific investiga-
tions. Geology vol. 1 glaciology, physiography, stratigraphy, and tectonic geol-
ogy of South Victoria Land. William Heinemann, London, 319 pp. 

 
Debrenne, F. & Kruse, P. D., 1986. Shackleton Limestone archaeocyaths. Alcheringa: 

An Australasian Journal of Palaeontology, 10, 235–278. 
 
Debrenne, F. & Kruse, P. D. 1989. Cambrian Antarctic archaeocyaths. Geological 

Society, London, Special Publications, 47, 15-28. 
 
Debrenne, F., Rozanov, A. Yu. & Webers, G. F. 1984. Upper Cambrian Archaeocy-

atha from Antarctica. Geological Magazine. 121, 291-299. 
 
Devaere, L., Clausen, S., Monceret, E., Vizcaïno, D., Vachard, D. & Genge, M. C. 

2014. The tommotiid Kelenella and associated fauna from the early Cambrian of 
Southern Montaigne Noire (France): Implications for camenellan phylogeny. Pal-
aeontology, 57, 979-1002. 

 
Devaere, L., Clausen, S., Sosa-Leon, J. P., Palafox-Reyes, J. J., Buitron-Sanchez, B. 

E. & Vachard, D. 2019. Early Cambrian Small Shelly Fossils from northwest 
Mexico: Biostratigraphic implications for Laurentia. Palaeontologia Electronica, 
22. https://doi.org/10.26879/880 

 
Dilliard, K.A., Pope, M.C., Coniglio, M. Hasiotis, S.T. & Lieberman, B.S. 2007. Sta-

ble isotope geochemistry of the lower Cambrian Sekwi Formation, Northwest 
Territories, Canada: Implications for ocean chemistry and secular curve genera-
tion. Palaeogeography, Palaeoclimatology, Palaeoecology 256, 174–194. 

 
Dzik, J. 1994. Evolution of 'small shelly fossils' assemblages of the Early Paleozoic. 

Acta Palaeontologica Polonica. 39, 247-313. 
 
Dzik, J. 2005. Behavioural and anatomical unity of the earliest known burrowing an-

imals as the cause of the “Cambrian explosion”. Paleobiology, 32, 503-521. 



 53

Evans, K, R. 1992. Marocella: Antarctic specimens of an enigmatic Cambrian animal. 
Journal of Paleontology, 66, 558-562. 

 
Evans, K. R. & Rowell, A. J. 1990. Small Shelly Fossils from Antarctica: An Early 

Cambrian Faunal Connection with Australia. Journal of Paleontology, 64, 692–
700. 

 
Faggetter, L. E., Wignall, P. B., Pruss, S. B., Newton, R. J., Sun, Y. & Crowley, S. F. 

2017. Trilobite extinctions, facies changes and the ROECE carbon isotope excur-
sion at the Cambrian Series 2–3 boundary, Great Basin, western USA. Palaeoge-
ography, Palaeoclimatology, Palaeoecology, 478, 53-66. 

 
Fan, R., Deng, S. & Zhang, X., 2011. Significant carbon isotope excursions in the 

Cambrian and their implications for global correlations. Science China Earth Sci-
ences, 54, 1686-1695. 

 
Freeman, R. L., Dattilo, B. F. & Brett, C. E., 2019. An integrated stratinomic model 

for the genesis and concentration of “small shelly fossil”-style phosphatic mi-
crosteinkerns in not-so-exceptional conditions. Palaeogeography, Palaeoclima-
tology, Palaeoecology, 535, 109344. 

 
Geyer, G., 2019. A comprehensive Cambrian correlation chart. Episodes, 42, 321-

332. 
 
Goodge, J. W., Williams, I. S. & Myrow, P. M., 2004. Provenance of Neoproterozoic 

and lower Paleozoic siliciclastic rocks of the central Ross orogen, Antarctica: De-
trital record of rift-, passive-, and active-margin sedimentation. Bulletin of the 
Geological Society of America, 116, 1253–1279. 

 
Gould, S. J. 1997. Cope’s rule as psychological artefact. Nature, 385, 199-200. 
 
Gravestock, D. I., Alexander, E. M., Demidenko, Y. E., Esakova, N. B., Holmer, L. 

E., Jago, J. B., Lin, T.-R., Melnikova, N., Parkhaev, P. Y., Rozanov, A. Y., Ush-
atinskaya, G. T., Sang, W.-L., Zhegallo, E. A. & Zhuravlev, A. Y. 2001. The 
Cambrian biostratigraphy of the Stansbury Basin, South Australia. Transactions 
of the Palaeontological Institute of the Russian Academy of Sciences, 282, 1–341. 

 
Guo, J., Li, Y. & Li, G. 2014. Small shelly fossils from the early Cambrian Yanjiahe 

Formation, Yichang, Hubei, China. Gondwana Research 25, 999-1007. 
 
Harper, D. A. T., Popov, L. & Holmer, L. E. 2017. Brachiopods: Origin and early 

history. Palaeontology, 609-631. 
 
Hearing, T. W., Harvey, T. H., Williams, M., Leng, M. J., Lamb, A. L., Wilby, P. R., 

Gabbott, S. E., Pohl, A. & Donnadieu, Y. 2018. An early Cambrian greenhouse 
climate. Science advances, 4, eaar5690. 

 
Heim, N. A., Payne, J. L., Finnegan, S., Knope, M. L., Kowalewski, M., Lyons, S. K., 

McShea, D. W., Novack-Gottshall, P. M., Smith, F. A. & Wang, S. C. 2017. Hi-
erarchical complexity and the size limits of life. Proceedings of the Royal Society 
B: Biological Sciences, 284, 20171039. 

 



 54 

Herringshaw, L. G., Callow, R. H. T. & Mcilroy, D. 2017. Engineering the Cambrian 
explosion: the earliest bioturbators as ecosystem engineers. Geological Society, 
London Special Publications. 448, 369-382. 

 
Hicks, M. & Rowland, S. M. 2009. Early Cambrian microbial reefs, archaeocyathan 

inter-reef communities, and associated facies of the Yangtze Platform. Palaeoge-
ography, Palaeoclimatology, Palaeoecology, 281, 137-153. 

 
Holmer, L. E., Popov, L. & Wrona, R. 1996. Early Cambrian lingulate brachiopods 

from glacial erratics of King George Island (South Shetland Islands). 37–50. In 
Gazdzicki, A. (ed.) Palaeontological Results of the Polish Antarctic Expeditions, 
Part 2. Palaeontologia Polonica, 55pp. 

 
Holmer, L.E., Skovsted, C.B., Brock, G.A., Valentine, J.L. & Paterson, J.R. 2008. The 

early Cambrian tommotiid Micrina, a sessile bivalved stem group brachiopod. 
Biology Letters, 5, 724-728. 

 
Holmer, L.E., Skovsted, C.B., Larsson, C., Brock, L.E. & Zhang, Z. 2011, First record 

of a bivalved larval shell in the early Cambrian tommotiids and its phylogenetic 
significance. Palaeontology, 54, 235-239 

 
Jackson, I. S. C. & Claybourn, T. M. 2018. Morphometric analysis of inter- and intra-

specific variation in the Cambrian helcionelloid mollusk Mackinnonia. Palaeon-
tology, 61, 761-773. 

 
Jablonski, D. & Lutz, R. A. 1983. Larval ecology of marine benthic invertebrates: 

paleobiological implications. Biological Reviews, 58, 21-89. 
 
Jacquet, S. M., Betts, M. J., Huntley, J. W. & Brock, G. A. 2019. Facies, phosphate, 

and fossil preservation potential across a Lower Cambrian carbonate shelf, Ar-
rowie Basin, South Australia. Palaeogeography, Palaeoclimatology, Palaeoecol-
ogy. 533, 109200. 

 
Jacquet, S. M. & Brock, G. A., 2016. Lower Cambrian helcionelloid macromolluscs 

from South Australia. Gondwana Research, 36, 333-358. 
 
Jacquet, S.M., Jago, J.B., & Brock, G.A., 2016, An enigmatic univalve macromollusc 

from the lower Cambrian (Series 2, Stage 3) Heatherdale Shale, South Australia. 
Australian Palaeontological Memoirs, 49, 21–30. 

 
Kaźmierczak, J., Ittekkot, V. & Degens, E. T. 1985. Biocalcification through time: 

environmental challenge and cellular response. Paläontologische Zeitschrift, 59, 
15. 

 
Kier, W. M. 2012. The diversity of hydrostatic skeletons.  Journal of Experimental 

Biology, 215, 1247-1257. 
 
Knoll, A. H. 2003. Biomineralization and evolutionary history.  Reviews in mineral-

ogy and Geochemistry, 54, 329-356. 
 



 55

Kouchinsky, A., Bengtson, S., Clausen, S. & Vendrasco, M. J. 2015. An early Cam-
brian fauna of skeletal fossils from the Emyaksin Formation, northern Siberia. 
Acta Palaeontologica Polonica, 60, 421-512. 

 
Kouchinsky, A., Bengtson, S., Runnegar, B., Skovsted, C., Steiner, M. & Vendrasco, 

M., 2012. Chronology of early Cambrian biomineralization. Geological Maga-
zine, 149, 221-251. 

 
Kruse, P. D. 1990. Cambrian palaeontology of the Daly Basin. Northern Territory 

Geological Survey, Report 7, 58 pp. 
 
Kruse, P. D. 1998. Cambrian palaeontology of the eastern Wiso and western Georgina 

Basins. Northern Territory Geological Survey, Report 9, 68 pp. 
 
Kruse, P. D., Zhuravlev, A. Yu., Parkhaev, P. Y. & Zhu, M. 2016. Comment: A new 

lower Cambrian shelly fossil biostratigraphy for South Australia by Marissa J. 
Betts, John R. Paterson, James B. Jago, Sarah M. Jacquet, Christian B. Skovsted, 
Timothy P. Topper & Glenn A. Brock. Gondwana Research, 44, 258-261. 

 
Laird, M. G. 1963. Geomorphology and stratigraphy of the Nimrod glacier–Beaumont 

bay region, Southern Victoria land, Antarctica. New Zealand Journal of Geology 
and Geophysics, 6, 465–484. 

 
Laird, M. & Waterhouse, J.B., 1962. Archaeocyathine limestones of Antarctica. Na-

ture, 194, 861-861. 
 
Laird, M. G., Mansergh, G. D. & Chappell, J. M. A. 1971. Geology of the central 

Nimrod Glacier area, Antarctica. New Zealand Journal of Geology and Geophys-
ics, 14, 427–468. 

 
Landing, E., 1992, Lower Cambrian of southeastern Newfoundland: Epeirogeny and 

Lazarus faunas, lithofacies-biofacies linkages, and the myth of a global chronos-
tratigraphy, in Lipps, J.H. & Signor, P.W. eds., Origins and Early Evolution of 
the Metazoa: New York, Plenum Press, p. 283–309. 

 
Landing, E., & Bartowski, K. E. 1996. Oldest shelly fossils from the Taconic Alloch-

thon and late early Cambrian sea-levels in eastern Laurentia. Journal of Paleon-
tology, 70, 741–761. 

 
Landing, E., Geyer, G., Brasier, M. D. & Bowring, S. A. 2013. Cambrian evolutionary 

radiation: context, correlation, and chronostratigraphy—overcoming deficiencies 
of the first appearance datum (FAD) concept. Earth-Science Reviews, 123, 133-
172. 

 
Landing, E., Geyer, G., & Bartowski, K. E. 2002. Latest early Cambrian small shelly 

fossils, trilobites and Hatch Hill dysaerobic interval on the Québec continental 
slope. Journal of Paleontology, 76, 287–305. 

 
Larsson, C.M., Skovsted, C.B., Brock, G.A., Balthasar, U., Topper, T.P. & Holmer, 

G.A. 2014. Paterimitra pyramidalis from South Australia: Scleritome, shell struc-
ture and evolution of a lower Cambrian stem group brachiopod. Palaeontology, 
57, 417-446. 



 56 

Laumer, C.E., Bekkouche, N., Kerbl, A., Goetz, F., Neves, R. C., Sørensen, M. V., 
Kristensen, R. M., Hejnol, A., Dunn, C. W., Giribet, G. & Worsaae, K. 2015. 
Spiralian phylogeny informs the evolution of microscopic lineages. Current Bi-
ology, 25, 2000-2006. 

 
Laumer, C.E., Fernández, R., Lemer, S., Combosch, D., Kocot, K.M., Riesgo, A., 

Andrade, S.C., Sterrer, W., Sørensen, M.V. & Giribet, G. 2019. Revisiting meta-
zoan phylogeny with genomic sampling of all phyla. Proceedings of the royal 
society B, 286, 20190831. 

 
Lenton, T. M., Boyle, R. A., Poulton, S. W., Shields-Zhou, G. A. & Butterfield, N. J. 

2014. Co-evolution of eukaryotes and ocean oxygenation in the Neoproterozoic 
era. Nature Geoscience, 7, 257-265. 

 
Li, G. & Holmer, L. E. 2004. Early Cambrian lingulate brachiopods from the Shaanxi 

Province, China. GFF, 126, 193–211. 
 
Li, L., Zhang, X. Skovsted, C. B., Yun, H., Pan, B. & Li, G. in press. Revisiting the 

molluscan fauna from the Cambrian (Series 2, Stages 3-4) Xinji Formation of 
North China. Papers in Palaeontology, 44pp. doi: 10.1002/spp2.1289 

 
Li, L., Zhang, X., Yun, H., & Li, G. 2015. New occurrence of Cambroclavus absonus 

from the lowermost Cambrian of North China and its stratigraphical importance. 
Alcheringa: An Australasian Journal of Palaeontology, 40, 1–8. 

 
Lieberman, B. S., 2003. Taking the pulse of the Cambrian radiation. Integrative and 

Comparative Biology, 43, 229-237. 
 
Mambetov, A. M. & Repina, L. N. 1979. Nizhniy kembriy Talasskogo Ala-Too i ego 

korrelyatsiya s razrezami Malogo Karatau i Sibirskoy Platformy. [The Lower 
Cambrian of Talasskij Ala-Too and its correlation with the section of the Malyi 
Karatau and the Siberia Platform.] Biostratigrafiya i Paleontologiya Nizhnego 
Kembriya Sibiri Trudy Instituta Geologii i Geofiziki, Akademiya Nauk SSSR, 
Sibirskoe. 

 
Marin, F., Smith, M., Isa, Y., Muyzer, G. & Westbroek, P. 1996. Skeletal matrices, 

muci, and the origin of invertebrate calcification. Proceedings of the National 
Academy of Science, USA, 93, 1554–1559. 

 
Marin, F., Corstjens, P., de Gaulejac, B., de Vrind-de Jong, E. W. & Westbroek, P. 

2000. Mucins and molluscan calcification: molecular characterization of muco-
perlin, a novel mucin-like protein from the nacreous layer of the fan mussel Pinna 
nobilis (Bivalvia, Pteriomorpha). Journal of Biological Chemistry, 275, 20667–
20675. 

 
Matthews, S. C. & Missarzhevsky, V. V. 1975. Small shelly fossils of late Precam-

brian and early Cambrian age: a review of recent work. Journal of the Geological 
Society of London, 131, 289-304. 

 
Meert, J. G. & Lieberman, B. S., 2004. A palaeomagnetic and palaeobiogeographical 

perspective on latest Neoproterozoic and early Cambrian tectonic events. Journal 
of the Geological Society, 161, 477-487. 



 57

Meysman, F. J., Middelburg, J. J. & Heip, C. H. 2006. Bioturbation: a fresh look at 
Darwin's last idea. Trends in Ecology & Evolution, 21, 688-695. 

 
Mount, J.F., & Signor, P.W., 1992, Faunas and facies-fact and artefact. Paleoenviron-

mental controls on the distribution of early Cambrian faunas, in Lipps, J.H. & 
Signor, P.W. eds., Origins and Early Evolution of the Metazoa: New York, Ple-
num Press, p. 27–51. 

 
Murdoch, D. J. E. & Donoghue, P. C. J. 2011. Evolutionary origins of animal skeletal 

biomineralisation. Cells Tissues Organs, 194, 98-102. 
 
Murdock, D. J. E., Bengtson, S., Marone, F., Greenwood, J. M. & Donoghue, P. C. J. 

2014. Evaluating scenarios for the evolutionary assembly of the brachiopod body 
plan. Evolution and Development, 16, 13-24. 

 
Malinky, J. M. & Skovsted, C. B. 2004. Hyoliths and small shelly fossils from the 

Lower Cambrian of North-East Greenland. Acta Palaeontologica Polonica, 49, 
551–578.  

 
Martí-Mus, M., Palacios, T. & Jensen, S., 2008. Size of the earliest mollusks: Did 

small helcionellids grow to become large adults? Geology, 36, 175-178. 
 
Myrow, P. M., Pope, M. C., Goodge, J. W., Fischer, W., & Palmer, A. R. (2002). 

Depositional history of pre-Devonian strata and timing of Ross orogenic tec-
tonism in the central Transantarctic Mountains, Antarctica. Geological Society of 
America Bulletin, 114, 1070-1088. 

 
Meert, J. G. & Lieberman, B. S. 2004. A palaeomagnetic and palaeobiogeographical 

perspective on latest Neoproterozoic and early Cambrian tectonic events. Journal 
of the Geological Society, 161, 477-487. 

 
Nesnidal, M. P., Helmkampf, M., Meyer, A., Witek, A., Bruchhaus, I., Ebersberger, 

I., Hankeln, T., Lieb, B., Struck, T.H. & Hausdorf, B. 2013. New phylogenomic 
data support the monophyly of Lophophorata and an Ectoproct-Phoronid clade 
and indicate that Polyzoa and Kryptrochozoa are caused by systematic bias. BMC 
evolutionary biology, 13, 253. 

 
Novack-Gottshall, P. M. 2008. Ecosystem wide body-size trends in Cambrian-Devo-

nian marine invertebrate lineages. Paleobiology, 34, 210-228. 
 
Nützel, A. 2014. Larval ecology and morphology in fossil gastropods. Palaeontology, 

57, 479–503. 
 
Nützel, A., Lehnert, O. & Fryda, J. 2006. Origin of planktotrophy-evidence from early 

molluscs. Evolution & Development, 8, 325–330. 
 
Nützel, A., Lehnert, O. & Fryda, J. 2007. Origin of planktotrophy-evidence from early 

molluscs: a response to Freeman and Lundelius. Evolution and Development 9, 
307–310. 

 
Palmer, A. R. & Gatehouse, C. 1972. Early and middle Cambrian trilobites from Ant-

arctica. U.S Geological Survey Professional Paper, 456–D, 1–36. 



 58 

Palmer, A. R. & Rowell, A. J. 1995. Early Cambrian Trilobites from the Shackleton 
Limestone of the Central Transantarctic Mountains. Journal of Paleontology, 45, 
1–28. 

 
Pan, B., Skovsted, C. B., Brock, G. A., Topper, T. P., Holmer, L. E., Li, L. & Li, G. 

in press. Early Cambrian organophosphatic brachiopods from the Xinji For-
mation, Shuiyu section, North China. Palaeoworld, 51. doi.org/10.1016/j.pal-
wor.2019.07.001 

 
Paps, J., Baguñá, J. & Riutort, M. 2009. Bilaterian Phylogeny: A Broad Sampling of 

13 Nuclear Genes Provides a New Lophotrochozoa Phylogeny and Supports a 
Paraphyletic Basal Acoelomorpha. Molecular Biology and Evolution. 26, 2397-
2406. 

 
Parkhaev, P. Y. 2008. The early Cambrian radiation of Mollusca, in Ponder, W., & 

Lindberg, D.R., eds., Phylogeny and Evolution of the Mollusca: Oakland, Uni-
versity of California Press, p. 33–69. 

 
Parkhaev, P. Y. 2019. Cambrian Mollusks of Australia: Taxonomy, Biostratigraphy, 

and Paleobiogeography. Stratigraphy and Geological Correlation, 27, 181-206. 
 
Paterson, J. R., & Jago, J. B. 2006. New trilobites from the Lower Cambrian Emu Bay 

Shale Lagerstätte at Big Gully, Kangaroo Island, South Australia. Memoir of the 
Association of Australasian Palaeontologists, 32, 43–57.  

 
Payne, J. L., Boyer, A. G., Brown, J. H., Finnegan, S., Kowalewski, M., Krause, R. 

A., Lyons, S. K., McClain, C. R., McShea, D. W., Novack-Gottshall, P. M. & 
Smith, F. A. 2009. Two-phase increase in the maximum size of life over 3.5 bil-
lion years reflects biological innovation and environmental opportunity. Proceed-
ings of the National Academy of Sciences, 106, 24-27. 

 
Peel, J. S. & Skovsted, C. B. 2005. Problematic cap-shaped fossils from the lower 

Cambrian of North-East Greenland. Paläontologische Zeitschrift, 79, 461–470. 
 
Peng, S., Babcock, L. E. & Cooper, R. A. 2012. The Cambrian Period. The geologic 

time scale, 12, 437-488. 
 
Percival, I. G. & Kruse, P. D. 2014. Middle Cambrian brachiopods from the southern 

Georgina Basin of central Australia. Memoirs of the Association of Australasian 
Palaeontologists, 45, 349–402. 

 
Philippe, H., Lartillot, N. & Brinkmann, H. 2005. Multigene analyses of bilaterian 

animals corroborate the monophyly of Ecdysozoa, Lophotrochozoa, and Proto-
stomia. Molecular biology and evolution, 22, 1246-1253. 

 
Popov, L., Holmer, L. E., Hughes, N. C., Ghobadi Pour, M. & Myrow, P. M. 2015. 

Himalayan Cambrian brachiopods. Papers in Palaeontology, 1, 345–399. 
 
Porter, S.M., 2004. Closing the phosphatization window: testing for the influence of 

taphonomic megabias on the pattern of small shelly fossil decline. Palaios, 19, 
178-183. 

 



 59

Porter, S. M. 2010. Calcite and aragonite seas and the de novo acquisition of carbonate 
skeletons.  Geobiology, 8, 256-277. 

 
Pruss, S. B., Tosca, N. J. & Stark, C. 2018. Small shelly fossil preservation and the 

role of early diagenetic redox in the Early Triassic. Palaios, 33, 441-450. 
 
Rees, M. N, Pratt, B. R. & Rowell, A. J. 1989. Early Cambrian reefs, reef complexes, 

and associated lithofacies of the Shackleton Limestone, Transantarctic Moun-
tains. Sedimentology, 36, 341–361. 

 
Rode, A. L., Liebermann, B. S. & Rowell, A. J. 2003. A new early Cambrian bradoriid 

(Arthropoda) from East Antarctica. Journal of Palaeontology. 77, 691-697. 
 
Rowell, A. J., Evans, K. R. & Rees, M. N. 1988. Fauna of the Shackleton Limestone. 

Antarctic Journal, 20, 13–14. 
 
Rowell, A.J., Rees, M.N. & Evans, K.R., 1992. Evidence of major Middle Cambrian 

deformation in the Ross orogen, Antarctica. Geology, 20, 31-34. 
 
Rozanov, A. Y. & Sokolov, B.S. 1984. Yarusnoe raschlenie nizhnego kembriya, 

stratigrafiya. [Lower Cambrian Stage Subdivision, Stratigraphy], Nauka, Mos-
cow (in Russian) 

 
Runnegar, B. 2007. No evidence for planktotrophy in Cambrian molluscs. Evolution 

& Development, 9, 311–312. 
 
Schmid, S. 2017. Chemostratigraphy and palaeo-environmental characterisation of 

the Cambrian stratigraphy in the Amadeus Basin, Australia. Chemical Geology, 
451, 169-182 

 
Sepkoski, Jr. J. J. 1981. A factor analytic description of the Phanerozoic marine fossil 

record. Paleobiology, 7, 36-53 
 
Skovsted, C. B. 2004. Mollusc fauna of the Early Cambrian Bastion Formation of 

North-East Greenland. Bulletin of the Geological Society of Denmark, 51, 11-37. 
 
Skovsted, C.B. 2006. Small shelly fossils from the basal Emigrant Formation (Cam-

brian, uppermost Dyeran Stage) of Split Mountain, Nevada. Canadian Journal of 
Earth Sciences, 43, 487–496. 

 
Skovsted, C.B., Balthasar, U., Brock, G.A., & Paterson, J.R. 2009b. The tommotiid 

Camenella reticulosa from the early Cambrian of South Australia: Morphology, 
scleritome reconstruction, and phylogeny. Acta Palaeontologica Polonica 54, 
525–540. 

 
Skovsted, C. B., Betts, M. J., Topper, T. P. & Brock, G. A., 2015. The early Cambrian 

tommotiid genus Dailyatia from South Australia. Memoirs of the Association of 
Australasian Palaeontologists, 48, 117 pp. 

 



 60 

Skovsted, C.B., Brock, G.A., Paterson, J.R., Holmer, L.E. & Budd, G.E. 2008. The 
scleritome of Eccentrotheca from the lower Cambrian of South Australia: Lopho-
phorate affinities and implications for tommotiid phylogeny. Geology, 36, 171-
174. 

 
Skovsted, C.B., Brock, G.A., Topper, T.P., Paterson, J.R. & Holmer, L.E. 2011. 

Scleritome construction, biofacies, biostratigraphy and systematics of the Tom-
motiid Eccentrotheca helenia sp. nov. from the early Cambrian of South Aus-
tralia. Palaeontology, 54, p. 253-286. 

 
Skovsted, C.B., Clausen, S., Álvaro, J.J. & Ponlevé, D. 2014. Tommotiids from the 

early Cambrian (Series 2, Stage 3) of Morocco and the evolution of the tannuoli-
nid scleritome and setigerous shell structures in stem group brachiopods. Palae-
ontology 57, p. 171-192. 

 
Skovsted, C. B. & Holmer, L. E. 2005. Early Cambrian brachiopods from North-East 

Greenland. Palaeontology, 48, 325–345. 
 
Skovsted, C.B., Holmer, L.E., Larsson, C.M., Högström, A.E.S., Brock, G.A., Top-

per, T.P., Balthasar, U., Petterson Stolk, S. & Paterson, J.R. 2009a. The scleritome 
of Paterimitra: an early Cambrian stem group brachiopod from South Australia. 
Proceedings of the Royal Society B, 276, 1651-1656. 

 
Skovsted, C. B., Pan, B., Topper, T. P., Betts, M. J., Li, G. & Brock, G.A., 2016. The 

operculum and mode of life of the lower Cambrian hyolith Cupitheca from South 
Australia and North China. Palaeogeography, Palaeoclimatology, Palaeoecol-
ogy, 443, 123-130. 

 
Slater, B. J., Willman, S., Budd, G. E. & Peel, J. S. 2018. Widespread preservation of 

small carbonaceous fossils (SCFs) in the early Cambrian of North Greenland. Ge-
ology, 46, 107-110. 

 
Smith, P. M. & Harper, D. A. T. 2013. Causes of the Cambrian Explosion. Science, 

341, 1355-1356. 
 
Smith, P. M., Brock, G. A. & Paterson, J. R. 2015. Fauna and biostratigraphy of the 

Cambrian (Series 2 Stage 4; Ordian) Tempe Formation (Pertaoorrta Group), 
Amadeus Basin, Northern Territory. Alcheringa, 39, 40–70. 

 
Southgate, P. N. 1986. Cambrian phoscrete profiles, coated grains, and microbial pro-

cesses in phosphogenesis: Georgina Basin, Australia. Journal of Sedimentary Pe-
trology, 56, 429–441. 

 
Southgate, P. N. 1988. A model for the development of phosphatic and calcareous 

lithofacies in the middle Cambrian Thorntonia Limestone, northeast Georgina Ba-
sin, Australia. Australian Journal of Earth Sciences, 35, 111–130. 

 
Squire, R. J. & Wilson, C. J. L. 2005. Interaction between collisional orogenesis and 

convergent-margin processes: evolution of the Cambrian proto-Pacific margin of 
East Gondwana. Journal of the Geological Society, 162, 749–761. 

 



 61

Steele, E. J., Al-Mufti, S., Augustyn, K. A., Chandrajith, R., Coghlan, J. P., Coulson, 
S. G., Ghosh, S., Gillman, M., Gorczynski, R. M., Klyce, B. & Louis, G. 2018. 
Cause of Cambrian explosion-terrestrial or cosmic? Progress in biophysics and 
molecular biology, 136, 3-23. 

 
Steiner, M., Zhu, M., Weber, B. & Geyer, G., 2001. The Lower Cambrian of eastern 

Yunnan: trilobite-based biostratigraphy and related faunas. Acta Palaeontologica 
Sinica, 40, 63–79. 

 
Steiner, M., Li, G., Qian, Y., Zhu, M., & Erdtmann, B. D. 2007. Neoproterozoic to 

Early Cambrian small shelly fossil assemblages and a revised biostratigraphic 
correlation of the Yangtze Platform (China). Palaeogeography, Palaeoclimatol-
ogy, Palaeoecology, 254, 67–99.  

 
Stump, E., Gootee, B. & Talarico, F. 2006. Tectonic model for development of the 

Byrd Glacier discontinuity and surrounding regions of the Transantarctic Moun-
tains during the Neoproterozoic—Early Paleozoic, p. 45-54. In:  Fütterer, D. K., 
Damaske, D., Kleinschmidt, G., Miller, H. & Tessensohn, F. (eds.), Antarctica: 
contributions to global earth sciences, Springer, Berlin, Heidelberg, New York. 

 
Sundberg, F. A., Geyer, G., Kruse, P.D., McCollum, L. B., Pegel, T. V., Zylinska, A. 

& Zhuravlev, A.Y., 2016. International correlation of the Cambrian Series 2-3, 
Stages 4-5 boundary interval. Australasian Palaeontological Memoirs, 49, 83-
124. 

 
Taleb, N. N., 2007. The black swan: The impact of the highly improbable (Vol. 2). 

Random house, New York, 400pp. 
 
Tarhan, L. G., Droser, M. L., Planavsky, N. J. & Johnston, D. T. 2015. Protracted 

development of bioturbation through the early Palaeozoic Era. Nature Geosci-
ence, 8, 865-869. 

 
Thomas, R. D. & Reif, W. E. 1993. The skeleton space: a finite set of organic designs. 

Evolution, 47, 341-360. 
 
Thomas, R. D. K., Shearman, R. M. & Stewart, G. W. 2000. Evolutionary exploitation 

of design options by the first animals with hard skeletons. Science, 288, 1239-
1242. 

 
Topper, T. P., Brock, G. A., Skovsted, C. B., & Paterson, J. R. 2009. Shelly Fossils 

from the Lower Cambrian ‘Pararaia bunyerooensis’ Zone, Flinders Ranges, 
South Australia. Memoirs of the Association of Australasian Palaeontologists, 37, 
199–246. 

 
Topper, T. P., Skovsted, C. B., Brock, G. A. & Paterson, J. R. 2011. The oldest bi-

valved arthropods from the early Cambrian of East Gondwana: systematics, bio-
stratigraphy and biogeography. Gondwana Research, 19, 310-326. 

 
Topper, T. P., Zhang, Z., Gutiérrez-Marco, J. C & Harper, D. A. T. 2017. The dawn 

of a dynasty: life strategies of Cambrian and Ordovician brachiopods. Lethaia, 
51, 254-266. 

 



 62 

Torsvik, T. H. & Cocks, L. R. M., 2013a. Gondwana from top to base in space and 
time. Gondwana Research, 24, 999–1030. 

 
Torsvik, T. H., & Cocks, L. R. M., 2013b, New global palaeogeographical reconstruc-

tions for the early Palaeozoic and their generation. Geological Society of London 
Memoirs, 38, 5–24. 

 
Tucker, M. E. 1992. The Precambrian–Cambrian boundary: seawater chemistry, 

ocean circulation and nutrient supply in metazoan evolution, extinction and bio-
mineralization. Journal of the Geological Society, 149, 655-668. 

 
Ushatinskaya, G. & Korovnikov, I. V. 2014. Revision of the Early–Middle Cambrian 

Lingulida (Brachiopoda) from the Siberian Platform. Paleontological Journal, 
48, 26–40. 

 
Vermeij, G. J. 1989. The origin of skeletons. Palaios, 4, 585-589. 
 
Vermeij, G. J. 1994. The evolutionary interaction among species: Selection, escalation 

and coevolution. Annual Review of Ecology and Systematics, 25, 219-236. 
 
Vermeij, G.J., 2013. On escalation. Annual Review of Earth and Planetary Sciences, 

41, pp.1-19. 
 
Wendler, I., 2013. A critical evaluation of carbon isotope stratigraphy and biostrati-

graphic implications for Late Cretaceous global correlation. Earth-Science Re-
views, 126, 116-146. 

 
Williams, A., Carlson, S. J., Brunton, C. H. C., Holmer, L. E. & Popov, L. E. 1996. A 

supra-ordinal classification of the Brachiopoda. Philosophical Transactions of the 
Royal Society B, 351, 1171–1193. 

 
Wood, R. A., 2011. Paleoecology of the earliest skeletal metazoan communities: Im-

plications for early biomineralisation. Earth-Science Reviews 106, 184-190. 
 
Wood, R. A., Evans, K. R. & Zhuravlev, A. Yu., 1992. A new post-early Cambrian 

archaeocyath from Antarctica. Geological Magazine, 129, 491-495. 
 
Wood, R & Zhuravlev, A, Yu. 2012. Escalation and ecological selectively of miner-

alogy in the Cambrian Radiation of skeletons. Earth Science Reviews, 115, 249-
261. 

 
Wood, R. A., Ivantsov, A. Yu. & Zhuravlev, A, Yu. 2017. First macobiota biominer-

alization was environmentally triggered. Proceedings of the Royal society B, 284, 
20170059. 

 
Wotte, T. & Sundberg, F. A. 2017. Small shelly fossils from the Montezuman-Delma-

ran of the Great Basin in Nevada and California. Journal of Paleontology, 91, 
883–901. 

 
Wrona, R. 1989. Cambrian limestone erratics in the Tertiary glacio-marine sediments 

of King George Island, West Antarctica. Polish Polar Research, 10, 533-553. 
 



 63

Wrona, R. 2003, Early Cambrian molluscs from glacial erratics of King George Is-
land, West Antarctica. Polish Polar Research, 24, 181–216. 

 
Wrona, R., 2004. Cambrian microfossils from glacial erratics of king George Island, 

Antarctica. Acta Palaeontologica Polonica, 49, 13–56. 
 
Xiao, B & Duan, C. 1992. Review of the small shelly fauna of Yultus, early Cambrian 

of Xinjiang. Xinjiang Geology, 10, 212-232. in Chinese with English abstracts. 
 
Yang, A., Zhu, M., Zhang, J. & Li, G. 2003. Early Cambrian eodiscoid trilobites of 

the Yangtze Platform and their stratigraphic implications. Progress in Natural 
Science, 13, 861-866. 

 
Yang, B., Steiner, M. & Keupp, H., 2015. Early Cambrian palaeobiogeography of the 

Zhenba–Fangxian Block (South China): independent terrane or part of the Yang-
tze Platform? Gondwana Research, 28, 1543-1565. 

 
Zhang, Z., Popov, L. E., Holmer, L. E. & Zhang, Z. 2018. Earliest ontogeny of early 

Cambrian acrotretoid brachiopods—first evidence for metamorphosis and its im-
plications. BMC evolutionary biology, 18. doi.org/10.1186/s12862-018-1165-6 

 
Zhang, X., Shu, D., Han, J., Zhang, Z., Liu, J. & Fu, D. 2014. Triggers for the Cam-

brian explosion: hypotheses and problems. Gondwana Research, 25, 896-909. 
 
Zhang, Z., Zhang, Z., Li, G. & Holmer, L. E. 2016. The Cambrian brachiopod fauna 

from the first-trilobite age Shuijingtuo Formation in the Three Gorges area of 
China. Palaeoworld, 25, 333–355. 

 
Zhao, Y., Yuan, J., Babcock, L.E., Guo, Q., Peng, J., Yin, L., Yang, X., Peng, S., 

Wang, C., Gaines, R. R. & Esteve, J. 2019. Global standard stratotype-section and 
point (GSSP) for the conterminous base of the Miaolingian Series and Wuliuan 
Stage (Cambrian) at Balang, Jianhe, Guizhou, China. Episodes, 42, 165-184. 

 
Zhu, M. Y., Babcock, L. E. & Peng, S. C., 2006. Advances in Cambrian stratigraphy 

and paleontology: integrating correlation techniques, paleobiology, taphonomy 
and paleoenvironmental reconstruction. Palaeoworld, 15, 217-222. 

 
Zhuravlev, A. Yu. & Riding, R. 2001. The ecology of the Cambrian Radiation. Co-

lombia University Press, New York, 536 pp. 
 
Zhuravlev, A. Yu. & Wood, R. A. 1996. Anoxia as the cause of the mid-Early Cam-

brian (Botomian) extinction event. Geobios, 24, 311-314. 
 
Zhuravlev, A. Yu. & Wood, R. A. 2008. Eve of biomineralization: Controls on skel-

etal mineralogy. Geology, 36, 923-926. 
 
Zhuravlev, A. Yu. & Wood, R. A. 2018. The two phases of the Cambrian Explosion. 

Scientific Reports, 8, 16656. 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1907

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through
the series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-405216

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2020


	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	What are Small Shelly Fossils?
	The (Ediacaran-) Cambrian Radiation
	Timing the ECR and Cambrian Stratigraphy
	Aims

	The lower Cambrian of East Antarctica
	Initial research in the Golden Age of Antarctic Exploration and 20th Century
	Geological and tectonic setting

	Systematics: Describing the fossil fauna of the Byrd Group
	Taphonomy and preservational bias

	Understanding Lophotrochozoan evolution
	East Antarctica in context: Palaeobiogeographic distribution
	Cambrian Series 2 chronostratigraphy in East Gondwana
	Dating in the Cambrian
	Biostratigraphy
	Chemostratigraphy
	Radiometric dating

	Chronostratigraphy and East Gondwana

	The future of Antarctic Research
	Conclusions
	Svensk sammanfattning
	Acknowledgements
	References



