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Abstract

The exceptionally preserved Devonian reef complexes of the Canning Basin,
Western Australia, provide an excellent opportunity for testing the utility of different
chronostratigraphic methods. In order to construct a robust temporal framework for
the reef system, an Australian Research Council Linkage Project (LP0883812)
utilised an  integrated approach  involving  sequence  stratigraphy,
magnetostratigraphy, chemostratigraphy and biostratigraphy. This thesis contributed
the biostratigraphic component to this larger chronostratigraphic project, as well as
investigated the novel application of marine microvertebrates in chemostratigraphy.
Conodont biostratigraphy provided the finest temporal resolution of slope facies but
was less successful in reefal platform facies due to a paucity of biostratigraphically
useful conodonts. Microvertebrate taxa offered a potential solution for correlation of
reefal platform and marginal environments as they occurred where other more
traditional biostratigraphical taxa, such as palynomorphs, corals, brachiopods,

ammonoids and conodonts, were absent or long ranging.

A rich microvertebrate fauna was recovered from measured sections of outcropping
Frasnian slope and Famennian to Tournaisian ramp facies along the Lennard Shelf,
northern Canning Basin. Thelodont (jawless fish) scales were recorded from both
Late Devonian strata, with the Famennian aged scales (Late marginifera CZ)
representing the youngest thelodont scales discovered to date. The recovery of
Frasnian phoebodont shark teeth revealed previously undocumented morphological
variation in Phoebodus bifurcatus and Phoebodus latus. In addition, revised
phoebodont age ranges in the Canning Basin are now more comparable to those of

the global phoebodont zonation. The discovery of a new species, Diademodus



dominicus sp. nov., provides the first evidence of this genus in Gondwana. A total of
fourteen chondrichthyan species, twelve of which had not previously been
documented in the Canning Basin, were identified from the Famennian-aged Bugle
Gap Limestone and Virgin Hills Formation. In addition, a diverse shark fauna,
including teeth from Ageleodus sp. Thrinacodus ferox, Cladodus thomasi,
Protacrodus aequalis and Protacrodus sp., are described from early Tournaisian
ramp facies of the Laurel Formation. The presence of Thrinacodus ferox and
Protacrodus aequalis, in addition to the absence of Thrinacodus biscuspidatus,
indicates an age range of sulcata to duplicata Conodont Zones for the lower Laurel
Formation. Prior to this work, only a general Tournaisian Age, based on conodonts,

could be attributed to this formation.

Microvertebrate fossils were analysed to determine if the preserved 880 signatures
were Vviable proxies in palaeoclimatic reconstructions and chemostratigraphic
correlation. Gas isotope ratio mass spectrometry, which involved testing
homogenised tissues, indicated $*®Omicrovertebrate Signatures were typically depleted by
2-4%o0 when compared to conodont apatite, which is considered to record primary O-
isotope ratios. Secondary ion mass spectrometry enabled targeted in-situ analyses of
enamel, dentine and bone microvertebrate tissues. Hypermineralised microvertebrate
tissues (enamel, acrodin, ganoine) were identified as consistently hosting 880
signatures comparable to associated conodont elements. In addition, results indicate
that less mineralised tissues, such as dentine and bone, are more susceptible to
alteration of the constituent phosphate and should be avoided in O-isotope analysis.
The fidelity of O-isotopes in microvertebrate bioapatite indicates that these common,

environmentally ubiquitous Phanerozoic microfossils have the potential to act as a



substitute for other oxygen-isotope media which may be facies-controlled or affected

by diagenesis (e.g. bulk-rock or fossil carbonates).

The Famennian chondrichthyan biofacies model was found applicable to both Late
Devonian and Early Carboniferous strata. Although the Early Carboniferous saw an
increase in the diversity of sharks and the niche space they occupied, those sharks
with a crushing dentitions showed continuous occupation of the shallow, near shore

environments from the Late Devonian to the Early Carboniferous.

Late Devonian microvertebrate fossils, described herein, indicate a significant
cosmopolitan fauna existed within the Canning Basin. Cosmopolitan phoebodont
species, present along the northern margins of Gondwana and throughout Laurussia,
were recorded in Frasnian sediments of the Lennard Shelf. In the Famennian, taxa
such as Thrinacodus tranquillus, Protacrodus serra, Deihim mansureae and
Lissodus lusavorichi indicate faunal relationships with northern Gondwana and to a
lesser extent, the South China terrane. By the Carboniferous, the shallow water
chondrichthyan faunas previously shared with the South China and the Indochina
regions appear to have decreased, with only pelagic taxa in common. The data from
the microvertebrates supports global reconstructions including northward separation

of South China from Gondwana.

The results indicate microvertebrate fossils offer not only a powerful biostratigraphic
tool but may also provide additional palaeoecological and palaeoenvironmental
information in addition to a potential proxy for use in chemostratigraphy. The
utilisation of microvertebrates in biostratigraphy and chemostratigraphy will enhance
the successfulness of integrated chronostratigraphic approaches, particularly where

correlation of restricted facies is involved.
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1.0 Introduction

1.1 Background

Chronostratigraphy is the branch of geology that studies the rock record in
relation to time and integrates event or sequence stratigraphy, magnetostratigraphy,
biostratigraphy and chemostratigraphy to determine the temporal context of
geological events. The main aim of these methods is to correlate temporally
equivalent strata. A successful ARC Linkage Project ‘“Chronostratigraphic
framework for the Devonian Canning Basin - a multidisciplinary study of
environmental change” (LP0883812) aimed to take an integrated approach to
establish a high-resolution chronostratigraphic framework for the Middle to Upper
Devonian Canning Basin reef systems, where extensive carbonate platforms provide
one of the best exposed and least deformed examples of ancient reef systems in the
world (Playford et al., 2009). Despite nearly 350 km of reef outcrop along the
Lennard Shelf, exposure is discontinuous and correlation between different sections
and facies has proved difficult (Playford, 1976; Playford et al., 2009, Playton et al.,
2013). In order to improve chronostratigraphic resolution for the Canning Basin, the
Linkage Project (LP0883812) aimed to utilise magnetostratigraphy (see Appendix 1)
for the first time in the Lennard Shelf, refine sequence stratigraphy (Appendix 2) for
the Devonian, establish enhanced chemostratigraphy (see Appendix 3) and develops
microvertebrate biostratigraphy from the Late Devonian to the Early Carboniferous.
Conodont biostratigraphy provides the correlative control for the sequence
stratigraphic, magnetostratigraphic and chemostratigraphic methods in addition to

providing the temporal ranges for microvertebrate taxa. The aim is to incorporate



data from Western Australia into global schemes and improve global

chronostratigraphy for this time interval.

1.1.1 Microvertebrate Biostratigraphy

The main focus of this thesis is to determine the utility of microvertebrates
from the Canning Basin, Western Australia in biostratigraphy and
chemostratigraphy. Biostratigraphy is an effective tool for relative dating and
chronostratigraphic correlation. Conodonts and ammonoids are well studied in the
Palaeozoic and have proved useful in determining depositional ages in the Canning
Reef slope and basinal facies (Glenister and Klapper, 1966, Druce, 1976; Becker,
2000; Becker et al.,, 1993; Klapper, 2007; summaries in Playford et al., 20009,
appendix 1, 2). Nevertheless, conodont and ammonoid taxa have been of limited use
in resolving time intervals from sub-surface samples and restricted backreef and

lagoonal facies (Seddon, 1970; Nicoll and Druce, 1979; Becker et al., 1991).

Trinajstic and George (2009) recovered co-occurring conodonts and
chondrichthyans at Horse Spring (Virgin Hills Formation) and noted the potential for
chondrichthyans to be useful for dating more restricted depositional environments in
Western Australia where conodonts were absent or long ranging. Chondrichthyan
biozones have been determined for the Frasnian and Famennian based on the teeth of
Phoebodont sharks (Ginter, 2000). However, a lack of data has meant that these
microvertebrate biozones, with the exception of the Gneudna and Virgin Hills
formations (Trinajstic and George, 2009), have not been applied in Western
Australia. Microvertebrates however, have been utilised for both outcrop and

subsurface correlation in Ordovician to Early Devonian strata (see Trinajstic et al.,



2014; Chapter 2 herein). The Frasnian macrovertebrate fauna of the Canning Basin is
well described (see Long and Trinajstic, 2010 for a review), in comparison to
vertebrate faunas from earlier and later Devonian strata (Long and Trinajstic, 2000;
Trinajstic et al., 2014). Despite the use of microvertebrates such as thelodonts
(Trinajstic and George, 2009; Hairapetian et al., 2015); acanthodians (Burrow et al.,
2012) and placoderm scales (Trinajstic, 1999) for correlation of Frasnian strata
across the northern margins of Gondwana, the significant endemic component of the
Canning Basin macrofauna (Long and Trinajstic, 2010) limits their use to more

regional correlation in north-western Australia.

In eastern Australia vertebrate biozonation for the Palaeozoic is more finely
resolved, covering both marine and non-marine strata (Young, 1995; Young and
Turner, 2000; Turner and Burrow, 2000). These zonations have culminated from
extensive studies of both thelodont and acanthodian scales as well as the teeth and
scales of chondrichthyes from over 20 Ages (e.g. Turner, 1986, 1991; Turner and
Long, 1987; De Pomeroy, 1996; Turner and Young 1997; Young, 1997; Burrow et
al., 1998; review in Burrow et al.,, 2010). These works have led to a better
understanding of faunal distribution and biogeography and highlighted major faunal
and temporal differences between eastern and north-western Australia. Current data
suggest that the Western Australian fauna is more similar to that occurring along the
northern Gondwanan margin than to that in eastern Australia and Antarctica (Burrow
et al., 2010; Young et al., 2000; Trinajstic et al., 2014, Hairapetian et al., 2015). This
premise; however, requires further investigation as it is possible that a lack of data
from Western Australian sites has influenced the interpretation of these faunal

relationships.



1.1.2 Faunal turnover in the Late Devonian and Early Carboniferous

The Givetian to end Famennian represented a period of continuous reef
building in the Canning Basin (Playford and Lowry, 1966; Southgate et al., 1993,
Wood, 2000). However, the nature of the reefs changed from metazoan-microbial
dominated (Givetian-Frasnian) to microbial-dominated build-ups in the Famennian,
following the Frasnian-Famennian (F-F) extinction event, recognized as one of the
five greatest biotic crises of the Phanerozoic (Playford et al., 1984; Sepkoski et al.,
1996; George, 1999; Wood, 2000; House, 2002; Stephens and Sumner, 2003).
Although both the Late Devonian extinction events resulted in numerous species
level extinctions in the marine biosphere, the taxa affected varied, with the Frasnian-
Famennian event mostly affecting marine invertebrate species (McGhee, 1982;
Copper, 1986; Sepkoski, 1996; Hallam, 1989), and the Late Famennian Hangenberg
event, which coincided with the cessation of reef building in the Canning Basin
(Playford et al., 2009), affecting primarily vertebrate groups (Walliser, 1996; Sallan

and Coates, 2010; Blieck et al., 2010).

Both conodont (e.g. Klapper, 2007) and ammonoid (e.g. House, 1973;
Becker, 2001; Becker and House, 2009) faunas show the same patterns of extinction
in the Canning Basin as seen in Europe, North America and North Africa. More
specifically, a decrease in species diversity is observed around the F-F boundary at
Conodont Zone (CZ) 13a, followed by a recovery phase during CZ 13b and a further
decrease in diversity at CZ 13c (Becker, 2000; McNamara and Feist, 2006; Klapper,
2007; Feist and McNamara, 2007, 2013; McNamara et al., 2009; Girard et al., 2010).
These decreases in faunal diversity correspond to the lower and upper Kellwasser
events. Sallan and Coates (2010) recognised key global changes in vertebrate faunas

from the Late Devonian to Early Carboniferous. These included a decrease in the
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diversity of agnathans and placoderms during the Famennian and final disappearance
of the placoderms at the end Devonian. The chondrichthyians, sarcopterygians and
tetrapod groups in contrast, saw increased radiation in the Carboniferous. Analysing
these recognised events in the Canning Basin is difficult as only limited data is
available on the vertebrate fauna that inhabited the Famennian to Tournaisian ramp

facies and Famennian fore reef facies of the Canning Basin.

1.1.3 Recognising major geological boundaries

The major biotic crises that occurred around the Frasnian-Famennian
boundary are often associated with the deposition of anoxic black shale facies
(Hallam and Wignall, 1997; Bond et al., 2004; Becker and Kirchgasser, 2007).
These same facies however, are not present in either outcrop or subsurface in the
Canning Basin (Becker et al., 1991; George et al., 2014). It has been hypothesized
that local tectonic activity may be responsible for the lack of these anoxic facies
(Chow et al., 2004). Despite the lack of characteristic lithological changes, carbon
isotope stratigraphy has identified excursions associated with the F-F boundary in
the Canning Basin (Stephens and Sumner, 2003; George et al., 2014; Hillbun et al.,
2015) that correspond to globally recognised §3C excursions. Correlative 820
global excursions are also recorded across the F-F boundary (e.g. Joachimski and
Buggisch, 2002). More data are needed to determine if the 8'®0 excursions are
present across extinction boundaries in the Canning Basin as only minimal data

exists surrounding these boundaries (Playford et al., 1989; Talent et al., 1993).

Due to its resistance to post-mortem modification, bioapatite has become a
preferred medium for eliciting Palaeozoic O-isotope records (Joachimski et al., 2009;

2004). The oxygen isotope ratios of conodont fluorohydroxyapatite have been used
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for palaeoenvironmental reconstructions and the identification of major shifts in sea
water temperature and chemistry associated with key geological boundaries (e.g.
Trotter et al., 2008; Sun et al., 2012). However, the general lack of conodont fossils
in restricted facies of the Canning Basin limits their practical use in O-isotope
analysis to slope and basinal facies. It has been suggested that microvertebrate
remains may be used as a substitute for conodonts in chemostratigraphy (Zigaité et
al., 2009; 2010; Barham et al., 2012). Analyses of Palaeozoic marine vertebrate
fossils however, have often yielded 520 values depleted in O when compared to
the 880 values of associated conodont elements (Joachimski et al., 2004). One of
the contributing factors in this depletion may lie in the analytical technique
employed. Teeth and scales from fossil gnathostomes are typically heterogeneous,
comprising tissues that are mineralised to different degrees. Traditionally,
heterogeneous tissues were homogenized prior to analysis as a single entity via gas
isotope ratio mass spectrometry (GIRMS). The typical depletion in 80 using this
method, likely results from analysing incorporated dentine and/or bone which is
more susceptibility of diagenetic alteration due to its less mineralised tissues. Tissue
specific analysis, using secondary ion mass spectrometry (SIMS), on modern shark
teeth has determined significant variation in 5'80 values between tissues (Zigaité and
Whitehouse, 2014). Crucially however, the data obtained from hypermineralised
tissue revealed that enamel hosted §'80 values are reflective of the water mass in
which it precipitated. Using SIMS on Palaeozoic vertebrate elements to elicit O-
isotope signatures has yet to be performed, but may prove useful as a
chemostratigraphic tool across open, shallow, restricted and fresh- water facies. In

addition, if primary O-isotopes signals can be identified in vertebrate fossils, this



technique has the ability to be applied on fossil vertebrate material as old as the

Ordovician.

1.1.4 Objectives

1. Define a high-resolution microvertebrate chronology between platform and
basin within the Canning Basin for late Givetian through Early Carboniferous
strata, and correlate this to known global records for intercontinental

correlation.

2. Utilise microvertebrate fossil groups to examine the extent of faunal overturn at
key horizons during, and at the end of, the Late Devonian within a robust

sedimentological-stratigraphic framework independently dated by conodonts.

3. Utilise geochemical signatures (notably oxygen isotopes) in conodonts and
microvertebrate as independent indicators of environmental change and potential
proxies for chemical stratigraphy; in order to approximate palaeo- sea-surface
temperature and hydrology fluctuations that are not expressed in the

sedimentological record of the Canning Basin.

1.2 Materials and methods

To avoid repetition in this thesis, details of the geological settings studied are
presented as part of the published papers which comprise subsequent chapters and
Appendices 1, 2 and 3. The following section presents a more detailed methodology

than appropriate for submission in published papers.

1.2.1 Sample origin and stratigraphic techniques



Sections at Horse Spring, Casey Falls and South Oscar Range were initially
measured and sampled by Ted Playton and Eric Tohver in 2008. In 2012 sampling
for chemo- and magnetostratigraphic analysis as well as conodont fossils was
undertaken by Ted Playton, Kelly Hilloun, Eric Tohver, Jerone Hansma and Kate
Trinajstic and Roger Hocking. Subsequent remeasuring of the sections was
undertaken in 2013 by Kate Trinajstic and myself, which including photographing
and structural measurements of the sections, in additional to further bulk rock
sampling (20 kg) for conodont and microvertebrate biostratigraphy. Half of each
sample collected was curated at the Geological Survey of Western Australia as a
reference. Samples used for the extraction of Givetian macro- and microvertebrate
remains were collected in 2012 by Peter Haines and Kate Trinajstic from a site near
Cadjebut Mine. Microvertebrate fossils from the Fairfield Group were sourced from

unprocessed rocks collected in 2011 and 2013.

1.2.2 Extraction of microvertebrates

The extraction of microfossils from the rock matrix followed the
methodology of Jeppsson et al. (1999). Carbonate rock samples weighing between
five and 20 kg were each submerged in a 10% buffered acetic acid solution at
Macquarie and Curtin universities. At 48 hour intervals rocks and microfossil
residues were removed from acid and rinsed in water. Rocks and large fragments
were returned to acid and the process repeated. If macrovertebrate remains were
exposed following digestion, rocks were thoroughly rinsed in water and left to dry.
Cyanoacrelate was then used to coat, support and protect the remains. Once dry the
material was resubmerged in the acetic acid solution. Vertebrate remains used for

isotopic analysis were not coated in any substance.



Residues resulting from disaggregation of the rock were either separated
using a heavy liquid fractionation (Macquarie University) method or sieved (0.125
mm sieve; Curtin University) before being left to dry at room temperature (~24°
Celsius). The residues were placed in picking trays and investigated under a Nikon
stereomicroscope. A fine (No. 00), moistened paintbrush was used to isolate
microvertebrate remains and transfer them to cavity slides.

For SEM imaging, specimens were mounted on adhesive carbon tape, which
was fixed to 10 mm diameter aluminium stubs. Specimens photographed using a
Zeiss Evo 40XVP SEM at the Centre for Materials Research at Curtin University
were coated with 5 pum of platinum. Delicate specimens were left uncoated and
imaged using a Hitachi TM-3030 desktop SEM at Applied Geology at Curtin
University. Specimens were subject to variable pressures and accelerating voltages
ranging from 5-15 kV. Larger fossil specimens were photographed using a Nikon
D7100 with a Tokina 100 mm macro lense.

Microvertebrate remains described herein were placed within cavity slides
and fixed to the base using methylcellulose. Larger specimens were stored in vials
lined in tissue paper. Specimens were registered in the collections at the Western

Australian Museum (WAM).

1.2.3 Description of microvertebrates and biostratigraphic control

Classification of vertebrate remains was based on either one or a combination
of: comparison to type material; comparison to registered museum specimens;
previously determined character states and published diagnosis (Turner, 1991,
Goujet and Young, 1995; Lund and Grogan, 1997; Grogan et al., 2012). If precise

taxonomic determination to species rank was not possible, open nomenclature to the



family and/or genus level was employed. Descriptive terminology for thelodont taxa
followed that of Marss and Ritchie (1998), Marss et al., (2007) and Zigaité and
Goujet (2012), while those of Cappetta et al. (1993) and Ginter et al., (2010) were
used in the description of chondrichthyan fossils.

Age constraints for Frasnian and Fmaennian microvertebrate fossils were
provided by associated conodont elements. For the Frasnian, the 13-division
Montagne Noir (MN) Conodont Zonation (CZ) (Klapper, 1989, 2007) modified by
Girard et al., (2005) was followed. For the Famennian, the standard conodont
Zonation (Zeigler and Sandberg, 1990) was employed. The conodont zonation of

Nicoll and Druce (1979) was used for Carboniferous strata.

1.2.4 Gas Isotope Ratio Mass Spectrometry (GIRMS) analysis

Analyses of phosphatic micro remains and standards were carried out at the
Stable Isotope Laboratory at Geozentrum Nordbayern, Friedrich-Alexander
University of Erlangen-Nirnberg, under the supervision of Prof. Michael

Joachimski.

The methodology was as follows:

1)  Biogenic apatite samples comprising well preserved, clean microfossils
weighing between 0.5 and 2.2 mg (exact weights of each sample were recorded
on a 6 decimal Mettler Toledo AT20 scale) were picked and isolated in 2 ml
plastic vials. Approximately 1 mg aliquots of the standards NBS120c and
Tlbingen apatite were prepared into 2 ml plastic vials in parallel with the

unknowns.
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2)

3)

4)

5)

6)

7)

33 ul of 2M HNO3 was added to each vial of phosphatic material (standards
and unknowns) weighing between 0.5 and 1.5 mg. 66 ul of 2M HNO3 was
added to samples weighing in excess of 1.5 mg. Samples were left for 48 hours
to dissolve. This process resulted in a clear solution over a minor organic

residue situated at the base of the vial.

2M KOH was added to the vials in equivalent volumes (33 pl or 66 pl) as the

acid in step 2 to neutralise the solutions.

Equivalent volumes (33 pl or 66 ul) of 4% HF was added to the samples in

order to precipitate liberated Ca?* ions from the solution.

Vials were placed within a Heraeus multifuge and centrifuged for 10 minutes
at 3000 rpm to separate the clear phosphate-bearing solution from the calcium
fluoride precipitate and organic residues. The supernatant was subsequently
pipetted into new vials. Washings, resulting from the addition of ~20 ul of
distilled water into residual vials, were also pipetted into the fresh containers to
optimise phosphate solution yields. The old vials containing the calcium

fluoride and organic precipitate were then discarded.

500 to 1000 pl of silver amine solution (0.34 g AgNOs, 0.28 g NH4NOs3, 1 ml
25% NHz3) was added to each of the sample vials. Initial addition of the silver
amine solution caused the development of a yellow cloudiness. Sufficient

silver amine solution must be added until the liquid becomes transparent.

The vials were placed within an oven at 60° Celsius and left for between 8 and
24 hours until all the ammonia had evaporated and Ag3POs crystals formed,

lining the vial.
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8)

9)

10)

11)

12)

13)

14)

Approximately 1.5 ml of distilled water was added to, and then pipetted out of,
each of the vials in order to dissolve and remove chemical residues whilst

leaving the insoluble AgsPOs crystals intact.

Step 8 was repeated three times in order to remove all remaining chemical
residue. Each time the vials were filled with 1.5 ml of water, they were placed

in an ultrasonic bath for 15 minutes.

After removal from the ultrasonic bath, the final distilled water washings were
pipetted out leaving the AgsPOj crystals. The vials were then placed in an oven
at 60° for 24 hours until dry. Once dry the samples were left at room

temperature before being weighed with a Mettler Toledo AT20 scale.

The dry AgsPOs crystals were removed from the vials into a clean mortar.
Foreign contaminants were carefully removed under a microscope with a

sterilised pin.

Using a clean pestle, the AgsPOs were ground and homogenised into a fine
powder, followed by transferal of the sample into a new, labelled 2 ml plastic

vial.

Between 0.10 and 0.40 mg of homogenised AgzPO4 was measured into small
0.2 ml silver (Ag 99.99) foil caps. These were then folded to seal in the sample
and expel any air. A total of three analyses were taken from each sample and
placed within a gridded sample tray. The position of each sample was recorded

on to a master sheet.

The folded silver caps were placed within the sample carousel of the TC-EA

(high temperature reduction furnace) before being dropped one at a time into
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the machine. At 1450 °C the silver phosphate is reduced and CO forms as the

analyte gas (Vennemann et al., 2001). The CO is transferred in a helium stream

through a gas chromatograph via a Conflo Il interface to a ThermoFinnigan

Delta Five Plus mass spectrometer and reported in %o relative to Vienna

Standard Mean Ocean Water (Vienna Standard Mean Ocean Water). Accuracy

and reproducibility of results were maintained via:

a) Comparing and averaging the results of triplicate analyses of each
sample.

b)  Running both international (NBS120c) and internal (Tubingen apatite
and a synthesised AgsPQOs) standards at the beginning, middle and end of
every day.

c)  Standards of either NBS120c or Tubingen apatite prepared in the same

batch as the other samples and tested as unknowns every fourth run.

d)  Monitoring standard gas throughflow and backgrounds on the

instrumentation.

15) Results were adjusted for variation, attributed to machine ‘drift’, by monitoring

the values of tested isotopic standards.

1.2.5 Secondary lon Mass Spectrometry (SIMS) analysis

Vertebrate fossils were placed within beakers containing 50 ml of distilled
water and then transferred to a sonic bath for 1-3 minutes (with regular visual
inspections to avoid damage) in order to remove any abiogenic grains or detritus.
The fossils were then removed and left to dry for 48 hours. Microvertebrate remains,

with single pieces of Carcharhinus plumbeus tooth fragments and Durango apatite
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standard grains, were placed within a 10 mm diameter circle on double sided tape
adhered to a glass plate. Large teeth were cut labio-lingually using a Dremel rotary
tool then sanded with 1200 grit sandpaper prior to mounting on the tape along the cut
surface. A 25 mm plastic tube, acting as the mould, was placed on the tape with the
collection of adhered fossils centrally located. Struers EpoFix epoxy resin was
carefully mixed according to manufacture instructions and sonicated in order to
remove all bubbles. The mixture was then slowly poured into the slightly tilted
mould and allowed to flood across the surface in order to reduce bubble formation.
For mounts bearing larger fossil fragments, the moulds were also placed in a vacuum
flask in order to assist resin impregnation. All mounts were filled to ~10 mm (to
account for any leakage as well as loss of volume during curing) and left for a

minimum of 48 hours to set.

Once cured the mount was removed from the mould and adhesive tape and
cut to an initial thickness of 5 mm, removing the irregular meniscus of the mount.
The face bearing fossils was initially ground used a 1200 grit sandpaper to remove
any obvious signs of relief and expose the fossil tissue of interest. The mount was
then fixed in a Struers Rotopol-35 polishing machine and polished with
consecutively finer Largo polishing discs and corresponding Struers Diapro diamond
suspensions (9 um, 3 um and 1 pm) until the scratches from the previous polishing
were sufficiently reduced. The duration for each polishing stage reduced with
successively fine cloths to prevent topographic relief. Struers DP-Lubricant was used
with each polishing run to prevent scratching of the mount face. After each polishing
session, the mounts were rinsed and then placed into a clean 50 ml beaker containing
distilled water. Three minutes cleaning in an ultrasonic bath was used to remove any

residual diamond paste. Mounts were then inspected under a stereomicroscope to
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determine if further polishing was required. Once polishing was complete, the
mounts were cleaned with detergent, distilled water and ethanol prior to being coated

with 30 nm of gold.

Detailed procedure using the CAMECA IMS 1280 is provided in the

materials and methods of Chapter 6.

1.4 Thesis Overview

Chapter 1 introduces the Canning Basin and its importance as a study area due
to the preservation of Late Devonian reef complexes and Late Devonian to Early
Carboniferous ramp deposits. The chapter introduces the various methods used to
correlate different facies and the issues associated with these techniques.
Microvertebrate fossils are introduced as a tool in biostratigraphic and
chemostratigraphic based correlation.

Chapter 2 is a peer reviewed paper detailing the Palaeozoic vertebrate fossils
of Western Australia spanning the Ordovician to the Permian. Contribution towards
this paper included both a review on microvertebrate taxa from various ages and
formations in the Lennard Shelf, as well as information on the use of microfossils in
both regional and global correlation as well as providing data for biogeographic
recontructions.

Chapter 3 provides additional data on a previously described Frasnian
Phoebodont fauna from the Canning Basin. This includes refined age ranges for
known taxa as well as the first documentation of other shark species from the
Lennard Shelf. In addition, a new species of filter feeding shark is described. The
Famennian shark fauna of the Canning Basin is described in detail for the first time

in this chapter and includes species previously undescribed from the basin.
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Chapter 4 focuses on the discovery of Famennian thelodont genera. This
taxon had been previously thought extinct at the Frasnian-Famennian boundary. The
presence of the youngest known thelodont remains in the Canning Basin offer the
potential for a thelodont biostratigraphic scheme to extend into the latest Devonian.
Faunal connections between the central Iran and north-western Australia are further
explored. Contributions to this chapter included the sampling, figuring and writing
up of the Australian material as well as contributions toward the figures of the
Iranian based thelodont scales.

Chapter 5 provides an analysis of 18 shark species from the latest Devonian
to Early Tournaisian. This chapter provides the first known Canning Basin
occurrences of many cosmopolitan shark taxa. Faunal links with other areas of
Gondwana are expanded on from previous chapters.

Further uses of microvertebrates in stratigraphic correlation are explored in
Chapter 6. In order to employ microvertebrates as a basis for chemostratigraphic
correlation, the identification of original O-isotope signatures is necessary. This
chapter explores the O-isotope fidelity and ecological and palaeoenvironmental
significances of signal from a range of taxa in addition to analysing the differences in
O-isotopes between specific tissues. This chapter is included as a corrected version
following recommendations by the examiners. The final version submitted to the
journal of Palaeogeography, Palaeoclimatology, Palaecoecology is included as
Appendix 1.

Chapter 7 summarises the major findings of this thesis, including: newly
resolved biostratigraphic schemes using microvertebrates in the Canning Basin; the

implications of the newly discovered shark species for palaeogeographical
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reconstructions; and the potential for hypermineralised tissue in microvertebrates to

be used in palaeoenvironmental reconstructions and chemostratigraphy.
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2.1 Abstract

A diverse vertebrate fauna, comprising both micro- and macrovertebrate remains, is
known from the Palaeozoic of Western Australia. However, it is the Late Devonian
fauna of the Gogo Formation that shows exceptional preservation and which is the
best known. Advances in tomographic techniques, both micro-CT and synchrotron,
have revealed new histological data providing information on bone growth, muscle
attachments and the evolution of teeth. The fishes from the Gogo Formation have

also revealed new information on the evolution of reproductive structures and live
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birth in early vertebrates. Recent work on the Frasnian reefs that crop out along the
Lennard Shelf and mineral drillcore through Palaeozoic sedimentary rocks have
yielded scales of agnathan thelodonts, and the bones, teeth and scales of sharks,
acanthodians and osteichthyans, all of which have increased our knowledge of
Ordovician-Late Devonian microfaunas in the Canning Basin, contributing to our
understanding of biostratigraphy and correlation within Australia and globally. Less
work has been undertaken in the Carnarvon Basin, although like the Canning Basin
this has concentrated on Late Devonian strata. More recently, work has commenced
on describing Early Carboniferous faunas from the Canning, Carnarvon and
Bonaparte Basins. All this work is providing information on faunal patterns and
exchange of vertebrates through the Palaeozoic. However, the palaeogeographic
evidence provided by the vertebrates is sometimes at odds with palaeogeographic
reconstructions based on palaeomagnetic evidence and further investigation is

required to resolve these differing interpretations.

2.2 Introduction

Palaeozoic fossil fishes of Western Australia, particularly those from the
Gogo Formation Lagerstatten located in the Canning Basin, have been invaluable for
investigating major evolutionary transitions due to the exceptional preservation and
diversity of the fauna. The gnathostomes (jawed vertebrates) recovered from the
Gogo Formation in the Kimberley region comprise members of all the major groups
and demonstrate key evolutionary shifts from the development of jaws and teeth, the
first expression of live-young bearing invertebrates, to the emergence of stem
tetrapods. However, and unlike many other sites in the State, to date no jawless

vertebrates have been recovered from this site. In contrast to the excellent
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preservation found in the fossils of the Gogo Formation, those from the more
southerly Carnarvon Basin are disarticulated but show high faunal diversity.

In Western Australia the fossil record of Palaeozoic fishes includes both
microvertebrate and macrovertebrate remains (Long and Trinajstic, 2000, 2010;
Burrow et al., 2010). The majority of the research conducted to date has been on the
Devonian, especially Late Devonian marine faunas, with studies on Ordovician,
Silurian, Carboniferous and Permian fossils less common. There are no reports of
Cambrian vertebrate fossils from Western Australia, although rare, purported
vertebrate fossils of this age are known from deposits in central Australia (Young et
al., 1996). Studies on Western Australian Ordovician to Early Devonian taxa are
restricted to microvertebrate faunas recovered from mineral drillcore. However, the
extensive outcrops of Devonian reefs in the Canning Basin are rich in both macro-
and microvertebrate faunas and numerous studies on both have been undertaken.

In the early 20th century predominantly morphological descriptions and
taxonomic studies were undertaken. In the latter part of the 20th century research
began to focus on biostratigraphy, particularly in the areas of marine-non-marine
correlation under the UNESCO: IUGS IGCP328 Palaeozoic Microvertebrates project
led by Alain Blieck, Susan Turner and Gavin Young (Blieck and Turner, 2000).
Unlike many of the currently used invertebrate zone fossils including conodont
elements, Palaeozoic fish often occur in transitional environments, with the same
species inhabiting marine, nearshore and/or non-marine facies. Some marine units
bearing microvertebrates are extremely well dated through tying the vertebrate
faunas to standard conodont zonations (Trinajstic and George, 2009). In continental
rocks microvertebrates are often the only age indicators preserved. Since 1980 there

has been to recover microvertebrate remains from Gondwanan Palaeozoic rocks
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from Australia and neighbouring countries (Long, 1990; Turner, 1982a, b, 1991,
1993, 1997; Young, 1986, 1987; Basden et al., 2000; Young and Turner, 2000;
Burrow, 2002; Macadie, 2002; Burrow et al.,, 2010; Young et al, 2010).
Morphological studies of macrovertebrates have recently taken the forefront again
with the advent of new computerised tomographic techniques, allowing for the first
time non-destructive histological ‘sectioning’ of dermal plates and in situ teeth and
scales at high resolution. The fossils from the Gogo Formation have been significant
in the utilisation of these new technologies in answering questions on the evolution
and development of teeth (Ricklin et al., 2012) and scales (Qu et al., 2013a, b),
muscle attachments to bone (Sanchez et al., 2012, 2013), soft tissue preservation
(Trinajstic et al., 2013) and reproduction in vertebrate animals (Long et al., 2008,
2009; Ahlberg et al., 2009; Trinajstic and Johanson, 2014; Trinajstic et al., in press
a). Knowledge of the diversity and stratigraphy of vertebrate faunas from the three
Palaeozoic basins in Western Australia is variable, with some faunas, e.g. the Gogo
fauna, having been more studied than others, e.g. the Moogooree Limestone and
Utting Calcarenite faunas. However, recent research has given greater insights into
the diversity, taxonomy, phylogeny and biogeographic relationships of the Western
Australian faunas and indicates differences from the longer-studied faunas in central

and eastern Australia.

2.3 Canning Basin

The Palaeozoic Canning Basin is characterised by deposition of fine-grained
marine clastics and carbonates on extensive carbonate platforms and marine shelves
(Cadman et al, 1993). Vertebrate fossils are known from Ordovician to

Carboniferous sedimentary rocks. One of the most studied areas is the Upper
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Devonian reef complexes, which are well exposed along the Lennard Shelf and form
a belt ~350 km long and up to 50 km wide (Hocking et al., 2008). However, the units
can be discontinuous at times, narrow and devoid of complete sections due to margin
collapse, as is evident in the Napier Range (Shen et al., 2008). The Frasnian strata of
Western Australia, especially those in the Canning Basin, have had more numerous
studies undertaken on them than those in other areas and ages, yielding a variety of
macro- and microvertebrate fossils (Long, 1993). The strata are divided into a
number of formations representing different reef facies, some of which are laterally
equivalent. For example, the contemporaneous Gogo, Saddler and Pillara formations

represent basinal, slope and backreef facies, respectively (Playford et al., 2009).

Figure 2.1. Thelodont scales from Wilson Cliffs 1, Kidston Sub-basin. (A) Isolated scales with grains
of quartz attached. (B) Eroded head scale in lateral view. (C) Body scale in anterior view showing
linear micro-ornament. (D) Detail of micro-ornament. (E) Body scale in lateral view. (F) Head scale
in crown view.
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The best known of these in respect to vertebrate fauna is the early Frasnian Gogo
Formation, which represents the basinal facies of the reef complex (Long and
Trinajstic, 2010). This fauna is represented exclusively by macroremains.

The Virgin Hills Formation extends from the lower Frasnian to the
uppermost Famennian and represents both basinal and reef slope facies (Playford et
al., 2009).Rare macrovertebrate remains, mostly of isolated placoderm plates, have
been recovered from the Famennian part of the measured section whereas
microvertebrates are common from the Frasnian and Famennian reef-slope facies

(Trinajstic and Long, 2009; Hansma et al., 2015).

2.4 Vertebrate fossils of the Canning Basin

2.4.1 Ordovician

The first description of an Ordovician fish from the Canning Basin was based
on fragmentary dermal armour in core recovered from Kidson 1 well, attributed to a
new genus and species of arandaspid (jawless fish) Ritchieichthys nibili (Sansom et
al., 2013). Prior to this discovery, reports of Ordovician vertebrate taxa from
Australia, including remains from Early to mid-Ordovician, were restricted to
marginal marine deposits in central and southeast Australia (Ritchie and Gilbert-
Tomlinson, 1977; Young, 1991, 1997, 2009). Arandaspid fishes are also known from
central South America (Bolivia) (Gagnier et al., 1996) and Oman in the Arabian
Peninsula (Sansom et al., 2009) indicating a perigondwanan distribution, in a
narrow, nearshore environment. This is part of the Gondwanan Evolutionary

Assemblage of Blieck and Turner (2003) and Turner et al. (2004).
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2.4.2 Silurian

Fossil vertebrates from the Silurian of Western Australia are represented solely by

microfossils recovered from boreholes. These primarily comprise thelodont and

Figure 2.2. Givetian vertebrate remains from the Cadjebut Formation, Canning Basin. (A)
Chondrichthyan tooth gen. et sp. indet. in labial view. (B) Chondrichthyan scale in crown view. (C)
Placoderm neural spine. (D, E) Arthrodire infragnathal biting division; (D) left lateral view, (E) right
lateral view. (F) Ptyctodont left preorbital plate in visceral view. Scale bar: 0.5 mm in A-C; 0.1 mm in
D-E;5mminF.

acanthodian micro-remains with rare scales attributed to actinopterygians. Upper
Silurian horizons in Pendock 1A well yielded scales tentatively attributed either to
the thelodont Loganellia sp. cf. L. grossi (V N Karatjute-Talimaa pers comm., 1994)

or more probably cf. Niurolepis sp. (per. obs. ST) and acanthodian Nostolepis cf.
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alta and ?stem actinopterygian Andreolepis. These taxa suggest correlation with Late
Silurian (Ludlow) in Iran and northern Europe and suggest a relative closeness
between northern Gondwana and Laurentia, rather than any massive oceanic barrier
at this time. Upper Silurian horizons in Kempfield 1 yield scales similar in
morphology to Thelodus parvidens from Avalonia and Laurentia, and in addition
those from a possible Silurian level in Gingerah Hill 1 resemble other European
loganelliids and Niurolepis susanae from Iran, although these have not yet been
formally described (Burrow et al., 2010; Turner, 2014). There are no known later
Ordovician to Early Silurian vertebrates anywhere in Australia probably because of

the Hirnantian into Early Silurian glaciation (Turner et al., 2004).

2.4.3 Devonian

2.4.3.1 Emsian-Eifelian

Early Devonian (late Pragian?-Emsian) scales of the thelodont Turinia
australiensis (Figure 2.1A-F) and unnamed acanthodians were described from the
Wilson Cliffs 1 borehole (Gross, 1971) from the Tandalgoo Red Beds (now named
Tandalgoo Formation), a unit underlying the well-known reef complexes of the
southern Canning Basin. The recognition of thelodont scales led to the re-dating of
the strata from Permian to Early Devonian, demonstrating the utility of
microvertebrates in dating rocks in the absence of conodonts, or where conodonts are
undiagnostic. The type material was redescribed and refigured by Turner (1995). The
assemblage also includes placoderm dermal scales and bone fragments, an
onychodont tooth and a single shallow-marine unidentified conodont element
(personal observation, CJB, ST). Turner (1997) reviewed known records of T.

australiensis in relation to conodont data across Australia.
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2.4.3.2 Givetian

The Givetian Cadjebut Formation represents a restricted marine environment
and to date only a small number of invertebrate fossils of low diversity have been
reported. In 2010 isolated tooth plates were recovered by Peter Haines (GSWA) and
identified (by KT) as those of a ptyctodont placoderm. Further collecting in 2011
yielded a single chondrichthyan tooth of indeterminate affinity (Figure 2.2A) and
chondrichthyan scales (Figure 2.2B). Additional 3D-preserved placoderm material
was also collected including vertebral elements (Figure 2.2C), dermal plates and
tooth plates (Figure 2.2D, E) representing new genera and species of arthrodires, and
dermal plates from the headshield of a ptyctodont (Figure 2.2F). Elsewhere in
Australia, placoderm remains are common components in Lochkovian to Famennian
strata throughout eastern Australia (Young, 1993; Parkes, 1995; Turner et al., 2000;
Burrow, 2003), as well as in early Givetian strata in the MacDonnell Ranges of
central Australia (Young et al., 1987; Young and Goujet, 2003; Young, 2005). Their
rarity in Lower Devonian strata of Western Australia is possibly a result both of lack

of outcrop as well as lack of exploration.

2.4.3.3 Frasnian

The first fishes were collected from the Gogo Formation in the 1940s by Curt
Teichert who identified placoderm fossils, which he recognised as being similar in
morphology to the European coccosteids (Long, 2006). It was not until Harry
Toombs from the British Museum (Natural History) (BMNH) visited the University
of Western Australia in 1955 and was given material to prepare using his new acetic
acid technique that the full extent of this find was realised (Figure 2.3A1-3). The
limestone concretions were found to contain fossils preserved in 3D with the original

bones intact and undistorted (Figure 2.3B). Toombs returned and represented the
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Figure 2.3. Vertebrate remains of the Gogo Formation, Canning Basin. (A1-3) Gogonasus andrewsae
head at various stages of acetic acid preparation. (B) A split nodule in the field containing a
palaeoniscoid in part and counterpart. (C)Arthrodire Incisoscutum ritchiei head and trunk shield in
lateral view. (D) Head and trunk shield of Bothriolepis sp. (E) Austroptyctodus gardineri
(counterpart) in lateral view. (F) Head of Griphognathus whitei in lateral view. (G) Onychodus
jandemarrai in lateral view. (H) Compagopiscis croucheri upper tooth plate in ventral view. (I) CT
scan of upper tooth plate of Compagopiscis croucheri showing histological detail; (J) lower tooth
plate of C. croucheri in lateral view. (K) Mineralised muscle fibres from Incisoscutum ritchiei. (L)
Mineralised biofilm surrounding muscle fibres in Eastmanosteus calliaspis. (M:) Eastmanosteus
calliaspis with nuchal gap musculature preserved; (M2) detail of nuchal gap musculature. Scale bar: 1
cm in A-J, M; 50 um in K, L. Images A-G from Long, 1995; J from Trinajstic, 2009.
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BMNH in two major expeditions, which systematically collected fish and
crustaceans from the Gogo Formation in 1963 and 1967, in collaboration with the
Western Australian Museum and Hunterian Museum (Glasgow, Scotland). The
Gogo Formation has to date yielded 45 species of fish (Long and Trinajstic, 2010),
the majority being arthrodire placoderms (25%) (Figure 2.3C), with antiarchs (10%)
(Figure 2.3D), and ptyctodonts (5%) (Figure 2.3E), recovered in lesser numbers. Of
the osteichthyans, palaeoniscoids (Figures 2.3B, 5C, D) represent the next most
abundant group (24%), followed by dipnoans (20%) (Figure 2.3F), and
osteolepiforms (2%) (Figure 2.3G). More recently, a single acanthodian was
described by Burrow et al. (2012). In addition two sharks and a coelacanth have been
prepared but await full description. Long and Trinajstic (2010) gave a recent review
of the faunal composition and so only a brief overview of discoveries post-2010 will
be presented here.

With the advent of new technologies, including micro CT and synchrotron
tomography, the first non-destructive examinations of histological structures of the
fishes from the Gogo Formation have been undertaken (Long et al. 2008; Sanchez et
al. 2013; Trinajstic et al. 2013). The ontogenetic history is largely conserved within
the dermal bones preserved as lines of arrested growth (Sanchez et al. 2012, 2013).
This characteristic has enabled changes in growth of the jaws to be ascertained and
led to significant advances in our understanding of the development of teeth (Figure
2.3H-J) in some early jawed vertebrates (Smith and Johanson, 2003; Riicklin et al.,
2012). The presence or absence of teeth in placoderms has been a controversial
topic, particularly since the proposition by Smith and Johanson (2003) that teeth
were secondarily developed in arthrodire placoderms from ‘toothless’ ancestors.

Synchrotron scans of the jaws of an arthrodire (Compagopiscis) showed the pulp
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canal within each tooth became infilled during growth (Rucklin et al., 2012). This
discovery supports Smith and Johanson’s (2003) hypothesis that the dental structures
in arthrodires are true teeth, and teeth might have evolved at least twice in early
vertebrate evolution. Studies on the antiarch Bothriolepis (Figure 2.3D) show tooth-
like structures on biting surfaces that are consistent with the histology of the dermal
armour, further indicating that teeth and jaws may not have evolved simultaneously
(Rucklin et al., 2012), as antiarchs are considered to be basal phylogenetically to
arthrodires (Zhu et al., 2013).

Reconstructing the soft anatomy of extinct animals has often been a pipe
dream in palaeontology, and has until recently mostly relied on functional
interpretation and the preservation of muscle scars on the skeleton. The interolateral
plate (= clavicle) of placoderms was hypothesised to be the site of the
coracobrachialis muscle (Johanson, 2003). Synchrotron studies of the interolateral
plate from Compagopiscis a placoderm from Gogo revealed the presence of
numerous embedded extrinsic fibres indicating muscle attachment points. The
principal fibre alignments are anteroposterior in the anterior part of the attachment
and anterodorsal in the more dorsal part indicating the presence of two muscles
(Sanchez et al., 2012), where previously only one muscle had been predicted
(Heintz, 1932; Miles, 1969; Johanson, 2003). Changes in the distribution of
osteocyte lacunae within the bone indicated where deep enthesis (connective tissue
between the tendon and the bone) of tendon-attached muscles formed, often leaving
a muscle scar on the external bone, whereas more shallow muscle insertions left no
muscle scars (Sanchez et al., 2012). These superficial muscle entheses had not
previously been predicted on the basis of visual examination of the bone and so the

number of muscles present in these extinct organisms has been underestimated
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(Trinajstic et al., 2012). Thus not only can the synchrotron reveal the site of muscle
attachment but also the type of attachment. This technique, pioneered on Gogo fish,
has made the reconstruction of soft anatomy far more accurate than previously
realised.

The exceptional preservation of fossils in the Gogo Formation is not
restricted to the preservation of bone but includes mineralised muscles also
preserved in 3D, in placoderms, chondrichthyans and palaeoniscoids. Initially only
small amounts of muscle were recovered from under the dermal plates of the
headshield (Figure 2.3K, L), which had collapsed onto themselves forming a closed
micro-environment providing the condition conducive to soft-tissue preservation
(Trinajstic et al., 2007). Low pH and rapid burial were important factors in the
preservation of the muscle tissues but recent research on invertebrate taxa from the
Gogo Formation has shown that the action of sulfur-reducing bacteria prior to burial
was also significant in the mineralisation of soft tissues (Melendez et al., 2013). In
some instances individual cells are replicated by a single crystal of apatite, exactly
replicating the structure of muscle and nerve fibres (Trinajstic et al., 2007). The
recognition that mineralised soft tissues were present in the fossils (vertebrate and
invertebrate) from Gogo led to different preparation techniques, reduced
concentrations of acid and virtual preparation through synchrotron scanning. Using
these techniques nearly all the postcranial musculature within the arthrodire
Compagopiscis croucheri and the nuchal gap muscles in Incisoscutum ritchiei and
Eastmanosteus calliaspis (Figure 2.3M1 -M2 ) have been identified (Trinajstic et al.,
2013). The significance of this discovery was that more muscles were found to be
present in the neck than originally predicted from studies based on comparative

morphology. Although the presence of paired head elevator and depressor muscles
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was predicted based on functional consideration, the division of the head elevators
into medial and lateral muscles had not (Trinajstic et al., 2013). In addition, the
presence of the cucullaris muscle, a head depressor muscle presumed to be common
to all jawed vertebrates, was confirmed for the first time. A second group of
specialised muscles, which had never been predicted, was found to be present in the
ventral body wall (Trinajstic et al., 2013). Although their function is yet to be
determined, their position at the junction of the trunk armour and the tail suggests
that they play a role in minimising shear during tail propulsion (Trinajstic et al.,
2013).

Although sexual dimorphism had been recognised in ptyctodonts (Watson,
1934, 1938), it was not until the identification of claspers in the ptyctodontid
Ctenurella (9rvig 1960) that the possibility of internal fertilization in ptyctodonts
was suggested (Patterson, 1965). In a review of the Scottish
ptyctodont Rhamphodopsis, Miles (1967), noted it was impossible at that time to
determine whether the mode of copulation in ptyctodonts resulted in oviparity or
viviparity. This conundrum was finally solved when a single embryo (Figure 2.4A)
was discovered in the ptyctodontid Materpiscis attenboroughi, which demonstrated
beyond doubt the presence of internal fertilisation with live birth almost 200 million
years earlier in the fossil record then previously known (Long et al., 2008; Trinajstic
et al., 2012). One of the most crucial pieces of evidence in the determination of
embryos in placoderms was the presence of the mineralised umbilical cord (Figure
2.4A) in M. attenboroughi (Long et al., 2008). Following this discovery, three
embryos, previously identified as scales, were recorded from Austroptyctodus
gardineri (Figure 2.4B) (Long et al., 2008). Male claspers had previously been

identified by Miles and Young (1977) in Austroptyctodus (Figure 2.4C). Small
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dermal plates had also been recovered from the abdominal area of an arthrodire I.
ritchiei (Figure 2.4D, E), but the absence of any evidence for sexual dimorphism and
the honeycomb nature of the bone, which was originally interpreted as being the
result of digestion, meant that these plates were identified as prey items (Dennis and
Miles, 1981). Comparison with the honeycomb nature of the embryonic plates in the
ptyctodonts (Figure 2.4F) allowed the reinterpretation of the arthrodire plates as
embryonic bones (Long et al., 2009). The presence of an articulation surface on the
pelvic girdle of Austrophyllolepis, interpreted as for claspers (Long et al. 2009),
suggested that sexual dimorphism also occurred in arthrodires. The final piece of the
puzzle was revealed with the discovery of a male clasper (Figure 2.4G-I) in I. ritchiei
(Ahlberg et al., 2009), which could be distinguished from the pelvic girdle (Figure
2.4G, 1, J) and in Holonema westolli (Figure 2.5A, B) confirming sexual dimorphism
with viviparity in ptyctodont and arthrodire placoderms (Trinajstic et al., in press a).
Soft tissues have also been recovered in the first and only acanthodian,
Halimacanthodes ahlbergi described from the Gogo Formation (Burrow et al.,
2012). The body outline is preserved in the resin-embedded side of the nodule, and
was therefore protected during acetic acid preparation. The specimen represents a
juvenile, as there is no scale cover in the mid-body region of the fish and there are a
low number of growth zones in the scales. These features have been recognised as
indicating a juvenile stage from comparison with the ontogenetic series in
Lodeacanthus gaujicus (Upeniece, 1996) from the Frasnian Lode Quarry, Latvia.
The Gogo acanthodian shows a close affinity to Howittacanthus kentoni from the
Frasnian lacustrine mudstones of Mt Howitt, Victoria (Long, 1986).

The palaeoniscoid actinopterygians or ray-finned fishes have been revised in

recent years by Choo et al. (2009) and Choo (2011), who have extended the
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Figure 2.4. Reproductive structure in placoderms from the Gogo Formation. (A) Materpiscis embryo
with detail of the mineralised umbilical cord indicated by a white arrow. (B) Austroptyctodus
gardineri, internal view with 2 embryos within the rectangular outline. (C) Male clasper from
Austroptyctodus gardineri. (D) Internal view of Incisoscutum ritchiei with embryonic bones within
the rectangular outline. (E) Close up of embryonic plate from Incisoscutum ritchiei. (F) Embryonic
plate from Austroptyctodus gardineri. (G) Internal view of Incisoscutum ritchiei showing male
clasper (black arrow) and pelvic girdle (white arrow). (H) Detail of male clasper from Incisoscutum
ritchiei; (1) close up of male clasper (black arrow) and pelvic girdle (white arrow) in Incisoscutum
ritchiei. (J) Female specimen of Compagopiscis croucheri showing the pelvic girdle (white arrow).
Scalebar:1cmin A, B, D, G, H,J; 1mminC, F; 2mminE; 5mmin I.

actinopterygian faunal list of the site to five taxa, from the original two described by
Gardiner (1984). The Gogo actinopterygians also show preserved soft tissues (Figure
2.5C) and, in rare cases, organs including the gut, gill area and liver (Trinajstic et al.,
in press b). The anatomical positions of these organs are comparable to those of

extant actinopterygians. The path of the intestine is identified, as the cavity where

43



the intestine ran has been infilled with calcite cement. Although this sort of
replacement precludes preservation of gut contents (Trinajstic et al., in press b),
conodont animals recovered from within the abdominal cavity (Nicoll, 1977) and the
branchial region (Figure 2.5D) of two specimens indicate that these fish were
carnivores, consistent with the diet indicated by their dentition (Choo et al., 2009).

Most recent work on Gogo lungfishes includes description of new taxa of
holodontid lungfishes including Xeradipterus (Clement and Long, 2010) plus a new
species of rhinodipterid, Rhinodipterus kimberleyensis (Clement, 2012). Clement
and Long (2010) also reported the first record of a marine lungfish showing air
breathing adaptations based on a specimen of Rhinodipterus from the Gogo
Formation with cranial rib articulations on its braincase.

The tetrapodomorph fish Gogonasus andrewsae (Long, 1985) is now known
from several relatively complete specimens (Holland and Long, 2009) (Figure 2.3A).
Holland (2013) has recently described the pectoral girdle and fin in detail. Large
holes on top of the head are identified as spiracles in this genus and were suggested
as accessory breathing structures by Long et al. (2006). Recent work on the
physiology of the modern air-breathing fish Polypterus now confirms that spiracular
breathing was common in basal osteichthyans and most likely explains why fish like
Gogonasus have such large spiracles (Graham et al., 2014).

The other important aspect of the exceptional preservation from the Gogo
Formation has been the ability to identify and compare isolated scales from the
contemporaneous Gneudna Formation, Carnarvon Basin (see below) and the Virgin
Hills Formation, Canning Basin. The variation in scale morphology present in
palaeoniscoids is exhibited in key features including shape and ornamentation,

enabling identification of the body area from which isolated scales originated.
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Following Esin (1990), different squamation areas in the Gogo palaeonsicoids have
been recognised, enabling two species, Moythomasia durgaringa and Mimia toombsi
to be identified from the Gneudna Formation (Figure 2.5E, F) (Trinajstic, 1999c,
2000) and scales from M. durgaringa to be identified from the Virgin Hills
Formation (Trinajstic and George, 2009) and Hull Range (Chow et al., 2013),
Canning Basin, providing biostratigraphic constraints for these strata. In addition
scales from the placoderm Holonema westolli Miles 1971 (Figure 2.5B) were also
identified in the Gneudna Formation (Figure 2.5B1) based on the description of a
complete tail recovered from the Gogo Formation (Trinajstic, 1999a).

As noted above, the Gogo Formation fishes are further contributing important
information on reproduction in early jawed fishes, including viviparity as an early
vertebrate reproductive strategy, multiple embryos and ontogenetic series, which
enable questions of taxonomy, phylogeny and development to be addressed

(Johanson and Trinajstic, 2014; Trinajstic et al., in press b).

2.4.3.4 Virgin Hills Formation: Frasnian

The microvertebrate fauna described from a measured section at Horse
Spring in the Canning Basin is dominated by thelodont scales (Figure 2.5G, H) and
phoebodont teeth (Figure 2.51) with a smaller number of acanthodian and
palaeoniscoid scales as well as protacrodont teeth also recovered (Turner, 1997,
Trinajstic, 2000; Trinajstic and George, 2009). The discovery by Trinajstic (2000)
represented the first record of the thelodont Australolepis seddoni (Figure 2.5G, H)
co-occurring with conodonts and extended the known stratigraphic range to as young
as the standard Montagne Noire conodont zone 10 (CZ10 MN) (Trinajstic and
George, 2009). This thelodont is a useful index fossil that defines the early Frasnian

in East Gondwana (Turner, 1997). The presence of A. seddoni scales in the Hull
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Range has confirmed the Frasnian age of back-reef facies, which are difficult to date
with conodonts and ammonoids (Chow et al., 2013). The biogeographic range of A.
seddoni is now known to have extended westwards along the northern margin of
Gondwana with new discoveries in Iran and possibly Poland (Turner et al., 2002;
Hairapetian et al., 2015).

Numerous small acanthodian scales have also been recovered from the lower
beds of the Horse Spring section and their generic morphology and lack of ornament
led to them to be placed in open nomenclature (Trinajstic and George, 2009).
Following the description of Halimacanthodes ahlbergi the scales from Horse
Spring have now tentatively been referred to this taxon (Burrow et al., 2012).
Smooth-crowned acanthodiform scales are common components in Frasnian strata
(Burrow et al., 2010). Other taxa that co-occur in the Virgin Hills and Gogo
formations are scales attributed to the palaeoniscoid Moythomasia durgaringa and
tooth plates from the lungfish Chirodopterus australis.

Teeth of phoebodont sharks (Figure 2.51) have also been recovered from the
Horse Spring section (Trinajstic and George, 2009) and can be correlated with the
standard phoebodont zonations elsewhere in Australia and worldwide (Young and
Turner, 2000, Ginter et al., 2010). Although known to have a global (at least
Palaeotethyan) range, phoebodont taxa had not been recorded in Western Australia
until their recovery from conodont residues at Horse Spring (Trinajstic and George,
2009). Phoebodonts have proved useful for biostratigraphy in Givetian to Famennian
strata (Ginter et al., 2010) and their range into the Famennian has recently been

reported in Western Australia (Roelofs et al., 2013).

2.4.3.5 Napier Formation: Frasnian
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Long (1988) recorded a large upper tooth plate (supragnathal) of a
ptyctodontid placoderm identified as cf. Campbellodus sp. from the Napier
Formation in the Canning Basin. In addition, a microvertebrate fauna including
scales from thelodonts, acanthodians, chondrichthyans and actinopterygians, and
teeth from at least three species of stethacanthid and cladodont sharks have been

recovered from beds throughout the section at South Oscar Range.

2.4.3.6 Virgin Hills Formation: Famennian

A single large placoderm, Westralichthys, was recovered from the crepida
conodont zone of the Virgin Hills Formation by Curt Teichert and this was
subsequently prepared and described by Long (1987). In 2009, Peter Haines
identified bone from a large placoderm in a measured section at Casey Falls, from
close to where the original specimen was thought to have been recovered. The new
specimen was excavated from the rock in 2011 and is currently undergoing
preparation. The plates represent the trunk armour of a large dinichthyid and have
been tentatively identified as belonging to Westralichthys, but they await formal
description. Towards the top of the section there is a breccia where large isolated, but
broken, placoderm plates are present. It has not been possible to identify these
fragmentary remains but as they occur in a horizon above strata dated by conodonts
as mid-Famennian, this confirms a Famennian age for the uppermost beds.
Placoderms did not survive the end-Famennian extinction event, and therefore a
younger Carboniferous age for the upper part of the section measured at Casey Falls
is ruled out.

The measured section at the Casey Falls locality vyielded few
microvertebrates, mostly shark teeth, with a small number of acanthodian and

palaeoniscoid scales. Preliminary work on the shark fauna confirms the presence of
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phoebodonts, as elsewhere in Australia (Turner 1982b, 1993; Young and Turner
2000). The ramp facies, above the Casey Falls section, is dominated by a diverse
shark assemblage, which includes teeth from protacrodontids, stethacanthids,
lonchidiids and the phoebodont Thrinacodus tranquillus. Numerous palaeoniscoid
scales and teeth and lower numbers acanthodian, scales are also present.
Interestingly, thelodonts, phoebodonts and porolepiformes are yet to be recorded

from the Gogo Formation, even though these taxa are known from the Frasnian and
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Figure 2.5. Vertebrate remains from the Gogo, Virgin Hills and Gneudna Formations. (A) Head
shield of Holonema westolli. (B) Body scales and clasper (white arrow) Holonema westolli from the
Gogo Formation; (B1) body scale of Holonema westolli from the Gneudna Formation. (C)
Moythomasia durgaringa in lateral and internal view showing mineralised soft tissue (white arrow).
(D) Gogosardinia with conodont (rectangular outline) in the branchial regions. (E) Moythomasia
durgaringa type A scale and (F) type B scale from the Gneudna Formation. (G, H) Scales from
Australolepis seddoni in crown view Virgin Hills Formation, Horse Spring, Canning Basin. (I)
Phoebodus bifurcatus tooth in crown view Virgin Hills Formation, Horse Spring, Canning Basin. (J)
Scale from Australolepis seddoni in crown view, Gneudna Formation, Carnarvon Basin. (K)
Cheiracanthus sp. body scale in crown view. (L) Phoebodus sp. tooth in crown view, Gneudna
Formation. (M1) Emerikodus tooth in lingual view from the Gneudna Formation; (M2) line drawing
of Emerikodus. (N1) Head shield plates of Kimbryanodus from the Gneudna Formation; (N2) line
drawing of reconstruction of the head shield of Kimbryanodus, (O) Marginal plate in lateral view of
Kimbryanodus from the Gneudna Formation. (P) Lower tooth plate of Kimbryanodus from the
Gneudna Formation. (Q) Palaeoniscoid scale Gogosardinia coatesi in crown view from the Gneudna
Formation. Scale bar: 2cmin A; 1mmin B, F-M, Q; 2mminE; 1cmin O, N; 5mmin P.

Famennian Virgin Hills and Napier formations in the Canning Basin. This is
probably a reflection of the preferred environments of these fish, with thelodonts
typically in shallower marine, marginal marine to freshwater settings (Turner 1997).
Phoebodont sharks, apart from one thrinacodont from the late Mississippian of the
USA, are only known from isolated teeth but typically occur in marine rocks (Ginter

and Turner 2010).

2.4.3.7 Napier Formation: Famennian

One of the earliest records of Famennian aged vertebrate material in the
Canning Basin is from Barker Gorge, in the Napier Range. The fossil was collected
by H P Woodward in 1906 and identified as: ...a large Devonian fish (new to
science) allied to Coccosteus’ by his father Henry Woodward, then Keeper of
Geology at the British Museum (Glauert, 1910 p. 112). A Smith Woodward, who
took over as Keeper from Henry Woodward (no relation) in 1901, agreed writing:
‘The Western Australian Fossil looks remarkably like a piece of a large Devonian
Coccostean, hitherto unknown in the Australian Region’ (Glauert, 1910 p. 113).

Etheridge (1918) described (but did not figure) similar material collected in 1916 by
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H Basedow from ‘near Old Napier Downs homestead’ as the stromatoporoid
Stromatoporella kimberleyensis. During a study of the stromatoporoids from the reef
complexes, Cockbain (1976) re-examined the Woodward and Basedow material and
concluded that it was not a stromatoporoid: additional testing including thin
sectioning and X-ray diffraction analyses confirmed the original identification as
arthrodire bone (R S Miles in Cockbain, 1976). The recovery of further vertebrate
fossils from the area has been scant, with a single sharks tooth Stethacanthus cf.
thomasi recovered from mineral drill core (NRD103) at Napier Range and a single
tooth of Thrinacodus ferox recovered from Napier Range 1 well located east of
Chedder Cliffs and dated as Late Famennian (Chow et al., 2004), based on the
associated conodont fauna. Vertebrate remains have been recovered in outcrop from
Chedder Cliffs however, with the exception of some incomplete placoderm dermal
plates, most are so broken they are impossible to identify. Conodont samples from
Barker River have yielded a single phoebodont tooth and some isolated

‘ctenacanthid’ type scales.

2.4.4 Carboniferous

There is a major environmental change towards the end of the Famennian
with the cessation of reef building; the marine habitats of the Carboniferous period
are dominated by carbonate ramps. The end Famennian is also marked by a major
extinction event that affected vertebrates and marked the demise of the placoderms
(although the number of families was already reduced after the Frasnian-Famennian
extinction event) and a major radiation of sharks and actinopterygians, which is
reflected in the shallow-water facies of the Laurel Formation in the Canning Basin.

Palaeoniscoid remains (teeth, scales and radial bones) and acanthodian scales
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dominate the fossiliferous units. Turner (1982a) identified Thrinacodus ferox from
Oscar Hill and renamed earlier Lower Carboniferous shark material described by
Thomas (1957). Edwards (1997) found teeth of a new Thrinacodus sp. from a trench
dug across the Upper Devonian-Lower Carboniferous by Mawson et al. (1988) to
obtain conodont data; Ginter and Sun (2007) named this taxon Thrinacodus
bicuspidatus and its range is within the basal Tournaisian in China and Western
Australia. Recent work (Roelofs et al., 2013) has also uncovered shark teeth, scales
and spines from 21 different taxa including Ageleodus sp., Thrinacodus ferox (Figure
2.6A), Stethacanthus spp., Protacrodont spp., (Figure 2.6B, E), Deihim mansureae,
Cassisodus sp., Helodus spp. (Figure 2.6C), Lissodus spp.), Orodus sp. (Figure
2.6D) and a ctenacanthid sp. (Figure 2.6F). A partial tooth from a large stethacanthid
shark is also of note as it bears strong affinities to teeth in a fragmented but 3D
preserved partial jaw and palate from a large specimen of Stethacanthus sp. from the
Bonaparte Basin (Turner 1991; Turner in Jones et al., 2000; Turner et al., 1994;
Burrow et al., 2010). This indicates the presence of large predatory sharks early in
the Carboniferous across north Western Australia (Burrow et al., 2010).

Further work on the diverse shark fauna of the Viséan Utting Calcarenite,
Weaber Group, of the Bonaparte Basin has brought to light at least 18 different taxa
of eugeneodontid and other sharks as well as sarcopterygian and actinopterygian

remains (Chambers, 2003; Burrow et al., 2010).

2.5 Carnarvon Basin

Fish fossils are mostly known only from Late Devonian sediments in the
Carnarvon Basin. The early Frasnian Gneudna Formation is interpreted as being

deposited along a shallow marine shelf (Hocking et al., 1987). Conformably
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overlying and interfingering with the Gneudna Formation is the Munabia Sandstone
where deposition was initially in a tidal environment grading up to a braided-fluvial

system (Moors, 1981) with conodonts indicative of marine incursion in the upper

part of the section (Nicoll, 1979; Hocking et al., 1987). The Frasnian-Famennian

Figure 2.6. Carboniferous microremains from the Laurel Formation, Canning Basin. (A) Thrinacodus
ferox tooth in crown view. (B) Partial Protacrodus sp. tooth whorl in crown view. (C) Lissodus sp.
tooth in lingual view. (D) Lissodus sp. tooth whorl in crown view. (E) Protacrodus sp. scale in basal
view. (J) Ctenacanthid scale in crown view. Scale bar: 0.4 mm.

boundary occurs within the Munabia Sandstone and the upper part of the section
grades into the Famennian Willaraddie Formation, which is at least partly laterally
equivalent (Gorter et al., 1998). During the latest Devonian and into the Tournaisian
a shallow sea transgressed across the region, reflected by the deposition of the
Moogooree Limestone (Hocking, 1990). The Permian Byro Group represents cold-

water facies, predominantly comprising black shale deposited under anoxic
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conditions in the outer offshore zone and a lighter coloured shale deposited under
less-restricted conditions in the inner offshore zone (Hocking et al., 1987). The
changes in bathymetry are thought to reflect tectonic events related to the breakup of

Gondwana (Hocking et al., 1987).

2.6 Vertebrate fossils of the Carnarvon Basin

2.6.1 Devonian

2.6.1.1 Frasnian

The Gneudna Formation is laterally discontinuous, with most
palaeontological studies (vertebrate and invertebrate) having been concentrated on
the type section. The Gneudna type section was described as depauperate in fossil
taxa (Dring, 1980), however, this statement is only accurate for the invertebrates: the
fish fauna is now known to be one of the most diverse marine vertebrate assemblages
of this age, with nearly 20 taxa present, the majority of which are represented as
microfossils (Turner and Dring, 1981; Trinajstic, 1999a, b, c; Long and Trinajstic,
2000; Trinajstic, 2001a, b; Trinajstic and George, 2009).

George Seddon (1969) discovered the first vertebrate fossils in conodont
residues and determined the remains as either teeth or scales belonging to fish
species. Dring (1980) recovered additional fish remains and recorded the presence of
placoderms, palaeoniscoids, acanthodians and lungfish; only the thelodonts were
formally described following Turner’s identification of some of Seddon and Dring’s
scales, formally described as Australolepis seddoni by Turner and Dring (1981). This
was the first evidence of the thelodonts surviving the Givetian/Frasnian extinction
event and into the Late Devonian and at the time represented the youngest

occurrence of thelodonts in the world. Scales of A. seddoni (Figure 2.5J) have been
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used by Turner (1997) to define the early-mid-Frasnian zone in East Gondwana. So
far this species is confirmed from Frasnian deposits CZ 4-10 of the Gneudna and
Virgin Hills formations, Western Australia (Trinajstic and George, 2009) and eastern
Iran (Hairapetian et al. 2006).

Following these discoveries, a rich microvertebrate fauna was described that
includes additional scales types from Australolepis seddoni, tail scales from the
arthrodire Holonema westolli (Figure2. 5B1 ), body scales from the palaeoniscoids
Mimia gardineri (Figure 2.5E) and Moythomasia durgaringa (Figure 2.5F),
acanthodian scales recently identified as coming from Homalacanthus ahlbergi and
Cheiracanthus sp. (Figure 2.5K), tooth plates from the lungfish Chirodipterus
australis, porolepiform scales, phoebodont teeth (Figure 2.5L), and a new genus of
shark Emerikodus (Figure 2.5M1, M2). At the time of these descriptions (Trinajstic,
2000) the vertebrate fauna was considered far more diverse than that recovered from
the Gogo Formation because shark, acanthodian and coelacanths had not yet been
discovered in it (Long and Trinajstic, 2010). As noted, thelodonts, phoebodonts and
porolepiformes are yet to be recorded from the Gogo Formation although these taxa
are known from the Frasnian and Famennian Virgin Hills and Napier Formations in
the Canning Basin.

In addition to the microvertebrates a small number of macrovertebrates have
also been found, with placoderm remains the most common. An anterior dorsolateral
plate (WAM 91.4.35), part of the shoulder armour, attributed to the actinolepid
placoderm Groenlandaspis sp. was identified by Long (1993). Groenlandaspids
occur in the Early-Middle Devonian Wuttagoonaspis fauna in central New South
Wales and the Toomba Range southern Queensland (Ritchie, 1973, 1975; Young,

1993; Young and Goujet, 2003), and right through the Middle and Late Devonian
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successions throughout Australia. Although common in purported freshwater facies
of this age and yet known to have a global occurrence, Groenlandaspis has not been
reported from the Gogo Formation (Long and Trinajstic, 2010).

Other placoderm material comprises plates from the trunk armour and
includes a right mesial lateral 2 plate, an anterior ventrolateral plate and an anterior
dorsolateral plate of Bothriolepis and a head shield plate (nuchal plate) from the
arthrodire Holonema westolli. The most complete placoderm remains are from the
ptyctodont Kimbryanodus described by Trinajstic and Long (2009) (Figure 2.5N1,
P). The holotype comprises the dermal plates that make up the shoulder girdle and
represent the only articulated remains recovered. However, one bed, in the lower part
of the section, contains a large number of isolated, but associated plates, including a
complete set of dermal head (Figure 2.5 N1, N2 ) and trunk shield plates and some
endochondral elements of the braincase (Trinajstic and Long, 2009). This ptyctodont
is one of four species known from Western Australia, the other three occurring in the
Gogo Formation. A phylogenetic analysis (Trinajstic and Long, 2009) places this
taxon as closely related to Materpiscis and Austroptyctodus, both endemic to the
Gogo Formation.

Long (1985) referred the lungfish, originally ascribed by Seddon (1969) to
Dipterus cf. digitatus, to Chirodipterus australis. Many new specimens of isolated
lungfish tooth plates have been found throughout the section and one partial dipnoan
braincase from near the top of the section. Comparisons with the Gogo osteolepiform
Gogonasus andrewsae (Long, 1985, name amended) show that the Gneudna
specimens are significantly larger. Large sigmoid-shaped symphyseal teeth and a
nearly complete dentary lined with large conical teeth suggest affinity with the genus

Onychodus, in particular to Onychodus jandemarrai from Gogo Formation

55



(Andrews et al., 2006), although the Gneudna species is much larger with more
robust teeth (Long and Trinajstic, 2000). Isolated rounded scales with regions of
small upturned flat tubercles have been referred to an indeterminate porolepiform,
with the scales somewhat similar to those of Glyptolepis sp. (Jarvik, 1980 figure
178).

The dipnoan genera Chirodipterus and Adololopas, as well as the placoderms
Bothriolepis and Holonema, are found in the top of the section, which lies in the
falsiovalis conodont zone and has been dated as lower Frasnian. Holonema is
represented both in the Gneudna and the Gogo Formations by the species H. westolli
(Trinajstic, 1999a). The palaeoniscoid species, including scales attributed to juvenile
specimens, recorded from the Gneudna and Gogo Formations are Moythomasia
durgaringa (Trinajstic, 1997, 1999a, b) and Mimia toombsi (Trinajstic, 1999c), both
species occurring throughout the section. Choo et al. (2009) described three
additional palaeoniscoid taxa from the Gogo Formation. One of these, Gogosardina
coatesi, has scales with linear ornament, which indicates that the juvenile scales from
the Gneudna Formation (Trinajstic, 1999b) were misidentified and thus need to be

attributed to Gogosardina coatesi (Figure 2.5Q).

2.6.1.2 Frasnian-Famennian

A scant macrovertebrate fauna including remains of Bothriolepis sp.,
Holonema sp. and indeterminate scales of an osteolepiform sarcopterygian was
collected from the lowermost outcrops of the Munabia Sandstone and described by
Long (1991). These fossils constitute the only record of macrovertebrates from this
horizon; however, collecting and processing by CJB in 2011 revealed a similar
microvertebrate fauna to the underlying Gneudna Formation. Long (1991) attributed

the fauna to a likely Frasnian age based on the similarities in shape and dermal

56



ornament of the Munabia Holonema anterior median ventral plate to the Gogo

Holonema westolli plates.

2.6.1.3 Famennian

As with the Canning Basin, vertebrate fossils are rare in Famennian strata of
the Carnarvon Basin. Within the Willaraddie Sandstone, John Long in 1995 first
collected placoderm remains preserved as natural impressions including plates from
Bothriolepis and a phyllolepid posterior ventrolateral plate. Recently in 2011, Eva
Papp (ANU) collected additional phyllolepid plates but these are undiagnostic.
Phyllolepids are widespread in the Givetian and younger rocks in Gondwana (around
Australia, Antarctica, Turkey, Venezuela) but do not occur until the Late Devonian
(Famennian) in the Northern Hemisphere (Europe, Russia, Greenland, North
America) following the post-Givetian Laurentia-North Gondwana collision and thus

a Gondwanan origin for the group was proposed by Young (2005).

2.6.1 Carboniferous

The Moogooree Limestone has yielded a rich microvertebrate fauna that has
yet to be formally described, although there is a preliminary report (Trinajstic and
George, 2009). Abundant actinopterygian (palaeoniscoid teeth, radial bones and
scales) and acanthodian (scales) (Figure 2.7B) remains have been recovered. The
chondrichthyan taxa show great diversity with representatives of the Phoebodontidae
(Thrinacodus ferox Figure 2.7A, Thrinacodus bicuspidatus Figure 7C),
Protacrodontidae  (Deihim mansureae Figure 2.7D-E, Protacrodus sp.),
Stethacanthidae (Stethacanthus sp. Figure 2.7F), Ctenacanthidae (scales) and
Helodontidae (Helodus sp.) present. The diverse shark assemblage shows strong

affinities with the Canning Basin shark fauna as well as with faunas from
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Queensland (Turner, 1990; Burrow et al., 2010), South China (Wang and Turner,
1995; Ginter and Sun, 2007), Morocco (Derycke, 1992) and Iran (Hairapetian and

Ginter, 2009).

Figure 2.7. Carboniferous microremains from the Moogooree Formation, Carnarvon Basin. (A)
Palaeoniscoid scale in crown view. (B) Acanthodian scale in crown view. (C) Thrinacodus
bicuspidatus tooth in labial view. (D) Stethacanthid sp. tooth in crown view. (E) Deihim mansureae
tooth in lingual view. (F) Deihim mansureae tooth in occlusal view. Scale bar: 0.4 mm.

2.6.2 Permian

In contrast to eastern Australia (Turner 1993), the Permian record of fossil
fishes in Western Australia is sparse, with chondrichthyans the only taxon so far
represented. The first shark tooth to be recognised from Permian strata in the
Carnarvon Basin comprises 15 teeth arranged along a common spiral root and was
designated as Edestus davisii by Woodward (1886). The specimen was collected in

the valley of the Arthur River, although as the tooth whorl was not found in situ its
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exact locality could not be determined. The discovery represented the first record of
a novel group of chondrichthyans characterised by the presence of a continuous
spiralled tooth whorl. The first description of this unique shark was of Helicoprion
bessonowi from the Ural Mountains by Karpinsky (1899) and in his monograph he
referred the tooth recovered by Woodward to his new genus Helicoprion. However,
Eastman (1902) referred the Western Australian tooth whorl to the genus
Campyloprion, which he had erected, and Hay (1909) referred the material to
another genus Lissoprion. Controversy remained as to the exact taxonomic affinities
of the Western Australian tooth whorl until in 1937 a second specimen comprising 5
teeth was recovered from the bed of the Minilya River near Wandagee Station,
although, it too was not in situ. Two years later a third specimen was recovered in
situ (Teichert. 1940) from the Wandagee Stage (Teichert, 1939) [now Wandagee
Formation (Condon, 1967)] and this new material confirmed the interpretation of
Karpinsky (1912) that Woodward’s original Western Australian tooth whorl
belonged to the genus Helicoprion, and all three specimens were referred to
Helicoprion davissi by Teichert (1940).

Helicoprion has a worldwide distribution and its importance in
biostratigraphy and correlation was documented early (David and Sussmilch, 1931).
However, it is the unique morphology of the continuous spiralled tooth whorl and
how it functioned that has intrigued scientists the most. Karpinsky (1899) variously
reconstructed the spiral tooth whorl at the extreme anterior of the upper mouth, on
the leading edge of the dorsal fin and even on the tail, although most recent
reconstructions show the tooth whorl overhanging the lower jaw (Long, 1995).
Computerised tomographic scans of the only Helicoprion specimen to preserve

endoskeletal elements associated with the tooth whorl have revealed that it occupied
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the complete mandibular arch (Tapinila et al., 2013). The largest teeth on the tooth
whorl were positioned at the back of the mouth and the shark is interpreted to have
eaten soft prey such as squid, using a saw-like motion to slice prey (Tapinila et al.,

2013).

2.7 Biogeography

2.7.1 Ordovician

The distribution of arandaspids indicates interchange between Australia and
South America via northern Gondwana with occurrences in Bolivia, Argentina and
Oman as well as central and western Australia (Sansom et al., 2013), with all
occurrences in a narrow environmental range in nearshore facies. The Larapinta
seaway must have been open between the latter two regions, at least intermittently in
the Middle to Late Ordovician to allow dispersal from the Amadeus to the Canning

Basin (Blewett, 2012).

2.7.2 Silurian

The rare vertebrate faunas recovered from the Silurian of Western Australia
show possible affinities with mid to Late Silurian assemblages from Iran, the Baltic
and northern Eurasia, and possibly South China (Hairapetian et al., 2008; Burrow et
al., 2010; Turner, 2014), all in deposits that are also from shallow marine to
evaporitic environments. The faunas differ markedly from those of a similar age in
southeastern Australia (Burrow et al., 2010). Porosiform poracanthodid remains are
found in several of the eastern Australian deposits, but are so far lacking from
Western Australia. The only described thelodont known from eastern Australia is a

purported turiniid, Turinia fuscina (Turner, 1997). This form, however, is similar to
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that described as Niurolepis susanae in Iran; for now it is best left as ?Turinia
fuscina (Burrow et al., 2010). The new Western Australian thelodont(s) 147
resemble thelodontidid and loganelliid taxa found elsewhere in northern Gondwana
and parts of Laurentia; there are possible links also with rare thelodont scales found

in Indonesia (Turner et al., 1995; Hairapetian and Ginter, 2009).

2.7.3 Devonian

2.7.3.1 Emsian

The key taxon of the Wilson Cliffs borehole assemblage, Turinia
australiensis (Figure 2.1A-D), has an interesting transcontinental distribution. In
southeastern Australia, all occurrences of Turinia australiensis sensu stricto, both
marine and non-marine, are of late Pragian to early Emsian age (Turner, 1997).
Distribution of T. australiensis and closely related species extends westward from
beds referred to the Cravens Peak Formation, western Queensland, from the Mulga
Downs Group, Darling Basin, western New South Wales, and Mt Winter beds of the
Pertnjara Group, Amadeus Basin, central Australia (Young et al., 1987; Turner,
1997), on to the type locality of Wilson Cliffs in the Canning Basin, and other
boreholes in Western Australia (Burrow et al., 2010; Turner, 2014). These records
indicate periodic shallow-water marine incursions of the predominantly non-marine
basins of central Australia, following the alignment of the older ephemeral Larapinta

seaway.

2.7.3.2 Frasnian
The common vertebrate fauna in the three Palaeozoic Basins of Western
Australia supports tectonic data indicating a connection, via the North West Shelf,

between the Carnarvon and Canning Basins (Stuckmeyer and Totterdell, 1992).
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There are also greater faunal similarities between the marine faunas of Western
Australia and those of northern and western Gondwana, consisting primarily of what
are now South America, Africa, Iran and the Arabian Peninsula and Armorica than
with the faunas of East Gondwana comprising eastern Australia, Antarctica and
south-eastern parts of China, a pattern similar to that seen with certain invertebrates
(Feist and McNamara, 2007, 2013; McNamara et al., 2009). This may reflect the fact
that the vertebrate faunas of eastern Australia come from predominantly
marginal/non-marine facies. However, an alternative hypothesis is that during the
early Frasnian, eastern Australia was influenced by different ocean currents, which
favoured migration to regions other than Western Australia. Klapper (1989) reported
a similar pattern in the biogeographic relationship of conodonts, and concluded that
migration of cosmopolitan species (both offshore and nearshore) was affected mainly
by oceanic currents. A palaeogeographic map indicating the main palaeocurrents
supports this view (Hairapetian et al., 2015), with the coast of Western Australia

influenced by different currents than the shores of what is now eastern Australia.

2.7.3.3 Famennian-Carboniferous

The Famennian is characterised by a more cosmopolitan vertebrate fauna
(Young et al., 2010, Hairapetian et al., in press). This is reflected primarily in the
occurrence of chondrichthyan taxa common to the Canning, Carnarvon and

Bonaparte basins in Western Australia.

2.8 Conclusions

In general, studies over recent decades have increased the known biodiversity
of Palaeozoic vertebrate taxa from that part of Gondwana that is now Western

Australia. Both new exploration and re-study of former drill cores and sites is

62



yielding much new data, which is proving valuable in biostratigraphical studies and
understanding of how this part of Gondwana was positioned at that time.

The significance of the macro- and microvertebrate faunas of Western
Australia is their remarkable preservation, predominantly 3D, and in the majority of
cases showing the fine histological details of the original hard tissues, without
recrystallisation or other diagenetic processes obscuring their structure. The
exception is the vertebrates from the Famennian Willaraddie Sandstone, where they
are preserved as impressions, although 3D latex casts can be made of these. This has
allowed significant breakthroughs in understanding of vertebrate faunas in Western
Australia. The Gogo Formation area is also now noted as a rich and important
contribution to Australian and global geoheritage (Long, 2004, 2006; Turner, 2009);
the astonishing detail of preservation is grounds enough for putting this area forward
for World Heritage status.

The recognition of variation in morphology, both ontogenetic and regional
variation on articulated macrovertebrate fossils from the Gogo Formation, has made
the identification of isolated scales to generic and, in some cases, to species level
possible at other sites in Western Australia and globally. This has increased the
known range of some taxa and also enabled the greater use of microvertebrate taxa

for correlation, and phylogenetic, biostratigraphic and biogeographic studies.
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3.1 Abstract

A diverse microvertebrate fauna is described from the Virgin Hills and Napier
formations, Bugle Gap Limestone Canning Basin, Western Australia. Measured
sections at Horse Spring and Casey Falls (Virgin Hills Formation) and South Oscar
Range (Napier Formation) comprise proximal to distal slope carbonates ranging in
age from the Late Devonian Frasnian to middle Famennian. A total of 18
chondrichthyan taxa are identified based on teeth, including the first record of
Thrinacodus tranquillus, Cladoides wildungensis, Protacrodus serra and Lissodus
lusavorichi from the Canning Basin. A new species, Diademodus dominicus sp. nov.
is also described and provides the first record of this genus outside of Laurussia. In
addition, the upper range of Australolepis seddoni has been extended to Late

Devonian conodont Zone 11, making it the youngest known occurrence for this
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species. The Virgin Hills and Napier formations microvertebrate faunas show close
affinities to faunas recovered from other areas of Gondwana, including eastern
Awustralia, Iran, Morocco and South China, which is consistent with known conodont

and trilobite faunas of the same age.

3.2 Introduction

The Canning Basin, Western Australia (Figure 3.1) is well known for the
preservation of Devonian reef complexes as well as both invertebrate and vertebrate
fossils (Playford et al., 2009; Klapper, 2007; Becker et al., 1993), many of which
have proved important in studies of biostratigraphy and correlation. Conodont and
ammonoid faunas have both been extensively used in biostratigraphy over the past
century with conodont zonations established for the Frasnian (Glenister and Klapper,
1966; Klapper, 2007; Nicoll and Playford, 1993; Metzger, 1994) as well as
ammonoid zonations for the Frasnian and Famennian (Peterson, 1975; Becker et al.,
1993; Becker, 2000) recognised in the Canning Basin. These fossils have proven
useful in determining ages of slope and basin strata enabling successful correlation
across physically disconnected localities (Glenister and Klapper, 1966; Becker et al.,
1993; Becker, 2000). However, correlation between slope and platform facies within
the Canning Basin remains problematic as many conodont and ammonoid faunas are
absent or undiagnostic in shallow water environments. In contrast, microvertebrates
have proven useful in correlating such environments (Turner, 1997; Hairapetian et
al., 2000; Trinajstic and George, 2009). To date, globally correlative microvertebrate
zonations are best resolved for the Silurian and early to middle Devonian (Turner,
1993; Young, 1995; Burrow and Simpson, 1995; Valiukevicius, 1995; Burrow,

1996, 1997; Turner, 1997; Burrow and Turner, 1998, 2000; Basden et al., 2000;
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Valiukevicius and Kruchek, 2000). Furthermore, a Late Devonian zonation scheme
based on phoebodont sharks has been established from the Frasnian to the end
Famennian (Ginter and lvanov, 1995a; Ginter, 2000; Jones and Turner, 2000; Young
and Turner, 2000). Where known, the Devonian shark fauna of Western Australia
(Trinajstic and George, 2009; Trinajstic et al., 2014) has been correlated to the
Frasnian phoebodont zonation of Ginter and Ivanov (1995a). However, to date little
work has been published on Famennian shark taxa from Western Australia.
Thelodont zonation has also recently been extended into the Famennian (Hairapetian
et al., 2015), although the known taxa are currently restricted to Iran and north-
western Australia because other thelodonts appear to have become extinct at the end
of the Givetian in other areas of the world (Turner, 1997; Trinajstic, 2001; Mérss et
al., 2007).

Detailed taxonomic studies on vertebrate faunas of Frasnian-age strata have
been undertaken in the Carnarvon (Turner and Dring, 1981; Long, 1991; Trinajstic
and George, 2009) and Canning basins of Western Australia (Long and Trinajstic,
2000; Trinajstic and George, 2009; Long and Trinajstic, 2010) with a greatest
number of studies in Western Australia been done on the Frasnian macrovertebrate
faunas of the Gogo Formation (see Trinajstic et al., 2014 for a review).
Biostratigraphic studies into vertebrate faunas, from both the Canning and Carnarvon
basins however, are less common.

The utility of Western Australian microvertebrates to date strata has been, in
part, due to the ability to identify isolated scales through comparison with the
exceptionally preserved fauna from the Frasnian Gogo Formation. This has been

most successful with placoderms (Trinajstic, 1999a), acanthodians (Burrow et al.,
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2010) and palaeoniscoids (Trinajstic, 1999b). However, a single articulated shark

(Long and Trinajstic, 2010), which is not comparable with any of the isolated teeth
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Figure 3.1. Simplified geological map of the Devonian Reef complexes of the Lennard Shelf,
northern Canning Basin, showing the South Oscar Range, Horse Spring and Casey Falls measured
sections and main facies types (modified after Playford et al., 2009).

recovered so far, has been reported from the Gogo Formation. A second, incomplete
specimen comprising Meckle’s cartilage, a shoulder girdle and associated teeth has
highlighted the high degree of heterodonty present in Frasnian sharks and the
recognition of this variation is important when diagnosing species from isolated

teeth. Previous microvertebrate studies in the Canning and Carnarvon basins have

revealed the presence of the youngest-recorded thelodont scales, first in early
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Frasnian strata of the Carnarvon Basin (Turner and Dring, 1981) and later, younger
scales in the middle Frasnian (Trinajstic and George, 2009) and middle Famennian
of the Canning Basin (Hairapetian et al., 2015).

In contrast to Frasnian vertebrate faunas, Famennian macrovertebrates from
Western Australia are rare (Trinajstic et al., 2014), with bothriolepid and phyllolepid
placoderms reported from the Willaraddie Sandstone in the Carnarvon Basin (Long
and Trinajstic 2000) and coccosteid and dinichthyid placoderms described from the
Napier and Virgin Hills formations in the Canning Basin (Long, 1987; Trinajstic et
al., 2014). Microvertebrate taxa from the Famennian in Canning Basin are even more
understudied than those of the Frasnian with only a few reports of dipnoan,
acanthodian and chondrichthyan remains from the Gumhole Formation and lower
parts of the Yellow Drum Formations (Young, 1987; Turner, 1993; Edwards, 1997,
Burrow et al., 2010; Trinajstic et al., 2014). Although rare, thelodont scales as well
as the teeth of Stethacanthus cf. thomasi and Thrinacodus ferox Turner, 1982, and a
possible late Famennian otolith have been reported from the Middle to Late
Famennian in the Napier Formation (Turner, 1993; Trinajstic et al., 2014;
Hairapetian et al., 2015). Even with a small number of Famennian microvertebrate
fossils, the presence of Thrinacodus ferox and Famennian thelodonts, indicates a
faunal connection with other areas in north Gondwana.

This work readdresses a previous lack of study through the description of a
microvertebrate fauna recovered from measured sections (Figure 3.2; Table 3.1) that
encompass distal slope to platform top facies and crop out along the Lennard Shelf in
the Canning Basin of Western Australia. The discontinuous nature of the reef
complexes has meant the use of microvertebrates adds a significant control to how

the Lennard Shelf carbonate system is correlated and reconstructed. Microvertebrates
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recovered from sampled strata are compared with the known age ranges reported
from other sites globally as well as those species previously described from north-
western Australia. In addition to providing the first comprehensive study into Late
Famennian chondrichthyans within the Canning Basin, this work also determines
faunal links between the Canning Basin and other areas along the margins of

northern Gondwana and southern Laurussia.

3.3 Materials and methods

Carbonate rock samples (~20 kg each) were processed in a 10 % buffered
acetic acid solution at Macquarie and Curtin universities (following the methodology
of Jeppsson et al., 1999), with resulting residues further separated by either heavy
liquid fractionation (Macquarie University) or sieving (0.125 mm sieve; Curtin
University) before being picked under a Nikon stereomicroscope. Both conodont and
microvertebrate remains were well preserved with the conodont elements indicating
a Conodont Alteration Index (CAI) of 1. For SEM photography, specimens were
mounted on adhesive carbon tape fixed to 10 mm diameter aluminium stubs and
coated with 5 um of platinum. Specimens were imaged using a Zeiss Evo 40XVP
SEM at the Centre for Materials Research at Curtin University as well as a Hitachi
TM-3030 desktop SEM at Applied Geology at Curtin University with accelerating
voltages ranging from 5-15 kV and under variable pressure.

The 13-fold Montagne Noir (MN) conodont Zonation (Klapper, 1989, 2007)
modified by Girard et al. (2005) was used to determine the age ranges of the
associated Frasnian microvertebrates recovered in this study, as it provides greater
resolution than that of Zeigler and Sandberg (1990). The standard conodont Zonation

(Zeigler and Sandberg, 1990) is used in the Famennian.
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Microvertebrate specimens are housed at the Western Australian Museum

(WAM).

3.4 Geological Setting

Throughout the Devonian, the Canning Basin (Figure 3.1) occupied an
equatorial position, approximately 12-14° south of the equator, along the northern
margins of Gondwana (Scotese and McKerrow, 1990). Development of the basin
was initiated during the Ordovician. Following a period of uplift and erosion in the
early Devonian, extension during the middle Devonian to Early Carboniferous led to
rapid subsidence of the NW trending Fitzroy Trough along the northern margin of
the Canning Basin (Drummond et al., 1991). The margin successions include the late
Givetian to late Famennian reef complexes, which are well exposed along the inner
Lennard Shelf, and include numerous well-preserved fossilised fringing reefs and
atolls (Playford, 1980). Difficulty in correlating Frasnian and Famennian sections
within the Lennard Shelf is partly due to a complex underlying topography on which
the reef was established, as well as depositional heterogeneity (Playford et al., 2009).
Tectonic activity during the period of reef building (Chow et al., 2013) and
deformation following post-depositional exhumation have also added to a

fragmentary Frasnian and Famennian record across the basin (Playford et al., 2009).

3.4.1 Studied sections

3.4.1.1 Casey Falls
A section was measured at Casey Falls (18°44 0" S, 126°05'8" E; Figures 3.1
and 3.2) approximately 80 km south east of Fitzroy Crossing (Figure 3.1). The

measured section represents 420 m of toe-of-slope to upper slope carbonate
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sediments of the Virgin Hills Formation and overlying Bugle Gap Limestone,
respectively. The lower 100 m of the section mainly comprises resedimented silty
skeletal to non-skeletal wackestone/packstones derived from platform, margin and
slope environments. The upper 320 m consists mostly of stromatactoid microbial
boundstones and microbially stabilised packstones and grainstones (Playton et al.,
2013). Minor platform derived skeletal-peloidal packstones and grainstones occur in
the upper 40 m of the section. The Frasnian strata within the section are limited to
the first 2 m of the section and range from Conodont Zones (CZ) 13a to 13b, with
zone 13c not resolvable. The Frasnian-Famennian boundary is located between 2.2
and 7.9 m above the section base, however finer biostratigraphic resolution was
impossible at this level due to a paucity of conodonts. Overlying Famennian
sediments, from 7.9 m, yield conodont zones from Late triangularis to Late
marginifera CZ. Additional samples were taken from poorly outcropping beds
approximately 580 m north (samples 1984-95 and 1984-96) and 600 m (samples
1984-97 and 1984-98) north-north-east from the top of the measured section at
Casey Falls with conodonts indicating a Late marginifera age. These samples

represent the shallow water carbonate derived material of the Bugle Gap Limestone.

3.4.1.2 South Oscar Range

The section measured at the southern end of South Oscar Range (17°54'53"
S, 125°17'56" E, Figures 3.1 and 3.2) spans 585 m of the Napier Formation and
represents an the seaward side of an offshore island and fringing reef complexes
(Playford et al., 2009). The preserved sequence comprises transported slope facies
dominated by platform derived packstones and grainstones/rudstones with
commonly occurring peloids, coated grains and skeletal fragments. Debris deposits

consisting of allochthonous blocks and megabreccias of reefal margin material can
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occur locally and are concentrated in particular parts of the section, reflecting brittle
failure of the early-lithified bound margin. Bioclasts are abundant throughout the
entire section and dominated by branching and laminar stromatoporoids (in the

Frasnian; George, 1999; Stephens and Sumner, 2003), crinoids, corals and
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Figure 3.2. Simplified stratigraphic columns of the sections at Horse Spring, Casey Falls and South
Oscar Range, showing main facies types and locations of recovered microvertebrate remains
(modified after Playton et al., 2013).
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brachiopods. The Frasnian beds range from MN 6 to 13b CZ and in addition to
conodonts, yielded chondrichthyan teeth and scales as well as acanthodian scales.
The Frasnian-Famennian boundary was located between 228.7 and 233 m above the
section base. The Famennian portion of the section ranges from Upper triangularis
to marginfera CZ with only the uppermost bed containing microvertebrate remains
including acanthodian and palaeoniscoid scales as well as the youngest thelodont

scales currently known (Hairapetian et al., 2015).

3.4.1.3 Horse Spring

The section measured at Horse Spring (GSWA reference section WCB 364)
is located approximately 42 km east of Fitzroy Crossing, at the northern extremity of
the Hull and Horse Spring Ranges (18°41'11" S, 126°05'12"; Figures 3.1 and 3.2).
The section represents a lower slope succession dominated by platform derived
skeletal to non-skeletal packstones and grainstones, slope derived rudstones, and
margin-derived megabreccias. Stromatolitic and stromatactoid boundstones are
minor and found in Frasnian beds, representing periods of deep-water in situ
encrustation. The section at Horse Spring has been previously dated using conodonts
(Klapper, 1989; 2007) and goniatites (Becker et al., 1993), with the Frasnian-
Famennian boundary located between 34.6 and 36.6 m above the section base. A
diverse Frasnian microvertebrate fauna has also been recorded by Trinajstic and
George (2009) with scales of the thelodont Australolepis seddoni Turner and Dring,
1981 recorded as occurring with conodont elements and phoebodont teeth for the
first time, thus allowing the age of A. seddoni to be constrained to MN 4-10 CZ. The
phoebodont teeth were also correlated to the known phoebodont based zonation of

Ginter and lvanov (1995a).
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Table 3.1. Distribution and abundances of microvertebrate remains from sections measured at Horse
Spring, South Oscar and Casey Falls, Canning Basin, Western Australia. Abbreviations: Fr =

Frasnian.

Localities

Age

Samples

Taxa

(CL)

Casey Falls

South
Oscar
(SO)

Horse Spring

(VHS)

Fr Famennian

Fr

Fr

CL-9
CL127.5
CL-471
1984-94
1984-96
1984-97
1984-98

SO-200

VHS-308

VHS-310

VHS-311

VHS-312

Australolepis seddoni

Phoebodus bifurcatus

N

Phoebodus fastigatus

N

=IN1E VHS-315

Phoebodus cf. fastigatus

Phoebodus latus

IS

Phoebodus sp. 1

RN

Diademodus dominicus

Thrinacodus tranquillus

Stethacanthus sp. 1

Cladoides cf.
wildungensis

Ctenacanthiform gen. et
sp. indet 1

Ctenacanthiform gen. et
sp. indet 2

Protacrodus serra

Deihim mansureae

Deihim cf. mansureae

Deihim sp. 1

Protacrodontidae gen. et
sp. indet. 1

?Protacrodontidae fam.
gen. sp. indet.

Lissodus lusavorichi

Total

11

13

3.5 Systematic Palaeontology

Class Thelodonti Jaekel, 1911

Order Thelodontiformes Kiaer, 1932

Family Turiniidae Obruchev, 1964
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Genus Australolepis Turner and Dring, 1981

Type species. Australolepis seddoni Turner and Dring, 1981

Australolepis seddoni (Turner and Dring, 1981)

(Figure 3.3A)

1969. Fish tooth type b; Seddon, p 30, fig. 2a-b.

1981. Australolepis seddoni sp. nov.; Turner and Dring, 43, figs. 3A-P, 4A-K.
1981. Nikoliviid gen. et sp. indet. Turner and Dring: 46, fig. 6A-C.

1993. Australolepis seddoni Turner and Dring, 1981; Turner 1993, p. 183, fig. 8.3.
1997. Australolepis seddoni Turner and Dring, 1981; Turner 1997, p. 309, fig. 8.
2000. Australolepis seddoni Turner and Dring, 1981; Long and Trinajstic, p. 472,
fig. 1.

2000. Australolepis seddoni Turner and Dring, 1981; Yazdi and Turner, p. 225, fig.
2.1.

2001. Australolepis seddoni Turner and Dring, 1981; Trinajstic, p. 239, fig. 2A-L,
fig. 4.

2002. Australolepis seddoni Turner and Dring, 1981; Turner et al., p. 151, fig. 8.
2009. Australolepis seddoni Turner and Dring, 1981; Trinajstic and George, p. 647-
648, p. 11, figs 1-8.

2013. Australolepis seddoni Turner and Dring, 1981; Chow et al., pl. 1C.

2014. Australolepis seddoni Turner and Dring, 1981; Hairapetian et al., in press.

Material. One broken scale from the Virgin Hills Formation, Horse Spring, sample

VHS-315.
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Description. A damaged scale, less than 1 mm in length, with part of the base and
neck not preserved. Unornamented, conically shaped crown possessing six primary
ribs radiating from the apex, with the two anterior ribs bifurcating towards the crown
base (Figure 3.3A). The posterior of the scale is complete and preserves a shallow
neck separating the crown from the elliptical base that has a well-developed pulp
canal surrounded by tubercular swellings.

Remarks. Scales attributed to A. seddoni are found along the northern margins of
Gondwana (Yazdi and Turner, 2000; Turner et al., 2002; Marss et al., 2007;
Hairapetian et al., 2006; Trinajstic and George, 2009) and their presence in mainly
shallow-water facies indicate that they inhabited a near-shore, marine to marginal
marine environment (Burrow, 1997; Turner, 1999; Mérss et al., 2007). Within the
Canning Basin, the majority of scales (46) have been recovered from the Virgin Hills
Formation at Horse Spring (Trinajstic and George, 2009; this work). This locality
represents a distal slope environment formed in depths in excess of 200 m (Playford
et al., 2009). This is in contrast to the high numbers (730) recovered from the
shallow marine environment of the contemporaneous, Gneudna Formation,
Carnarvon Basin, Western Australia (Turner and Dring, 1981; Trinajstic, 2001) and
suggests that the scales were transported downslope, to deeper water prior to
fossilization. This transport and likely consequential abrasion might have contributed
to the lack of fine ornament, diagnostic for the taxon. However, as the co-occurring
phoebodont teeth preserve the delicate lateral carinae and striations on the cusps, this
explanation no longer seems likely for all scales. Another possibility for the absence
of ornament is intraspecific variation, with both ornamented and non-ornamented

scales present in shallow water facies at Hull Range (Chow et al., 2013).
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Distribution and stratigraphic range. Associated conodont elements extend the
upper-known age range of A. seddoni in the Canning Basin from MN 10 CZ to MN
11 CZ. As the upper age of the Gneudna Formation type section is constrained by
the remains of A. seddoni, the youngest age for the Gneudna may now be extended
to MN 11 CZ. Outside Australia scales of A. seddoni have been reported in the
Shishtu Formation, Shotori Range, eastern Iran and Chahriseh section, Esfahan,
Central Iran from falsiovalis to rhenana CZ (= MN 1-10 CZ) (Yazdi and Turner,

2000; Turner et al., 2002; Hairapetian et al., 2006).

Class Chondrichthyes Huxley, 1880
Subclass Elasmobranchii Bonaparte, 1838
Order Phoebodontiformes Ginter, Hairapetian and Klug, 2002
Family Phoebodontidae Williams, 1985

Genus Phoebodus St. John and Worthen, 1875

Type species. Phoebodus sophiae St. John and Worthen, 1875

Phoebodus bifurcatus Ginter and lvanov, 1992

(Figure 3.3B-E)

1991. Phoebodus sp.; Ginter 1991: p. 74, pl. 8, figs. 1-2.

1992. Phoebodus bifurcatus sp. nov.: Ginter and Ivanov, p. 65-66, figs 4A-F, 5D-H,
6A.

1995a. Phoebodus bifurcatus Ginter and Ivanov, 1992; Ginter and Ivanov, pl. 1,
figs. 5-6.

1995. Phoebodus bifurcatus Ginter and Ivanov, 1992; Ginter, p. 61, fig. 1F-G.
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1995. Phoebodus bifurcatus Ginter and Ivanov, 1992; Turner and Youngquist, p.
390-391, fig. 1.

1995. Phoebodus bifurcatus Ginter and Ivanov, 1992; Wang and Turner, p. 65, pl. 7,
fig. 7.

2009. Phoebodus bifurcatus Ginter and Ivanov, 1992; Trinajstic and George, p. 648,
fig. 9.

2010. Phoebodus bifurcatus Ginter and Ivanov, 1992; Hairapetian and Ginter, p.

360-361, fig. 2B-C.

Material. Six teeth from the Virgin Hills Formation, Horse Spring, samples VHS-
308, VHS-310, VHS-311, VHS-315.

Description. Teeth with three lingually inclined cusps bearing a thin, lateral carinae
extending from the bases of the cusps to the apices and lacking a distinct neck
between the base and crown (Figure 3.3B-E). The cusps are generally of nearly equal
size however the size of the central cusp is significantly reduced in one specimen
(WAM 14.8.2, Figure 3.3D). The base is characterised by a labially directed
semicircular arch which defines the lingual border and varies between specimens
from strongly (Figure 3.3C) to weakly bifurcated (Figure 3.3E). A distinct button is
lacking on most specimens, although a rounded thickening, close to the lingual rim is
sometimes present (Figure 3.3E). A large foramina is located in the centre of the
lingual arch and in some specimens there are smaller adjacent canal openings.
Remarks. The teeth typical of Phoebodus bifurcatus Ginter and lvanov, 1992 are
characterised by having five ornamented cusps and a bifurcating base with a distinct
button surrounded by foramina (Ginter and Ivanov, 1992). However, tricuspid forms,
lacking intermediate cusplets, are known from the Confusion Range, Utah, USA and

were attributed to juveniles (Turner and Youngquist, 1995). Within the Canning
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Basin only tricuspid forms of Ph. bifurcatus have been identified but were
previously attributed to juvenile sharks based on deeply bifurcated bases, an
indistinct button and lack of ornament on the cusps (Trinajstic and George, 2009, pl.
1, Fig. 9). The teeth attributed to juvenile individuals have been found in association
with adult forms in the South Urals, Holy Cross Mountains and central Iran (Ginter
and Ivanov, 1992; Hairapetian and Ginter, 2010) whereas in the Confusion Range,
Utah, USA and the Canning Basin only juvenile teeth have been reported. Here we
question the assignment of these tricuspid teeth to juvenile sharks as the size of some
deeply bifurcated, tricuspid teeth (Figure 3.3C-D, measuring up to 1.2mm from
furthest point on the lingual margin of the base to the labial edge), recovered from
Horse Spring, are of comparable or larger size than other teeth attributed to adult
forms previously reported (Ginter and Ivanov, 1992, fig. 4B-F)). It is also unlikely
that these larger teeth are symphyseal due to the asymmetry of the base and crown
on one specimen (WAM 14.7.4, Figure 3.3C). This would leave the possibility that
the Canning Basin teeth, and potentially other smaller tricuspid teeth, represent
sexual dimorphism (e.g. Peyer 1968; Bass et al., 1973; Pfeil, 1983; Straube et al.,
2008), a sub species of Ph. bifurcatus, intraspecific variation or even a separate,
closely related species.

Distribution and stratigraphic range. In the Canning Basin, Australia Ph.
bifurcatus has only been recorded from MN 11 CZ; within the Holy Cross
Mountains, Poland, South Urals, Russia, southern China and Utah, USA Ph.
bifurcatus ranges from MN 11-12 CZ; in Kale Sardar, eastern Iran the range extends

from the rhenana-lower linguiformis Zones (MN 11-13b C2).

Phoebodus fastigatus Ginter and Ivanov, 1992
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(Figure 3.3F-H)

1973. Phoebodus floweri Wells, 1944; Gross, p. 131. pl. 35, fig. 7a-b.

1990. Phoebodus limpidus sp. nov.; Ginter, p. 75-76, pl. 4, fig. 6a-b.

1992. Phoebodus fastigatus sp. nov.: Ginter and Ivanov, p. 66-67, fig. 3A-B, G.
1993. Phoebodus sp.: Liszkowski and Racki, fig. 3F, H, K.

1995. Phoebodus fastigatus Ginter and Ivanov, 1992; Ginter, p. 59, fig. 1C-D.
1995. Phoebodus aff. fastigatus Ginter and lvanov, 1992; Wang and Turner, p. 65,
pl. 7, fig. 6.

1997. Phoebodus cf. Ph. fastigatus Ginter and Ivanov, 1992; Turner, p. 112-113, figs
4,11, 12,

1998. Phoebodus fastigatus Ginter and Ivanov, 1992; Kaufmann, pl. 13, figs. 1-4.
2000. Phoebodus fastigatus Ginter and lvanov, 1992; Ginter and Ivanov, p. 327, pl.
1, fig. E.

2003. Phoebodus fastigatus Ginter and lvanov, 1992; Aboussalam, pl. 27, figs 13-
16.

2004. Phoebodus fastigatus Ginter and lvanov, 1992; Ginter, fig. 2H-J.

2004. Phoebodus fastigatus Ginter and lvanov, 1992; Hampe et al., p. 494-495, fig.
5.

2007. Phoebodus fastigatus Ginter and Ivanov, 1992; Liao et al., p. 173. fig. 3A-M.
2008. Phoebodus fastigatus Ginter and lvanov, 1992; Ginter et al., p. 170, text fig.
2E-H.

2009. Phoebodus fastigatus Ginter and Ivanov, 1992; Trinajstic and George, p. 649-

650, fig. 11-16.
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Material. Fourteen teeth from Virgin Hills Formation, Horse Spring, samples VHS-
310, VHS-311, VHS-312 and VHS-315.

Description. Teeth with three main cusps. The medial cusp is approximately a third
of the length of the lateral cusps and one half to one third the size at the base of the
lateral cusps (Figure 3.3F-H). When present the accessory cusps are reduced in size,
approximately half the size of the central cusp. The lateral cusps are long and slender
with some specimens bearing slight torsion (Figure 3.3F). The central and lateral
cusps are all rounded in cross section (Figure 3.3G), however, the labial faces of the
cusps vary between teeth from smooth (Figure 3.3H) to ornamented with faint to
strongly developed striations (Figure 3.3F). The base is rectangular to trapezoidal in
outline, extending further mesio-distally than labio-lingually and bearing a straight to
slightly convex thin lingual edge. The lingual face of the base is perforated by
numerous small foramina with a round to slightly ovoid centrally located button
(Figure 3.3F).

Remarks. The teeth are attributed to Phoebodus fastigatus Ginter and Ivanov, 1992
based on the thin elongate lingual base with a straight lingual margin and centrally
located ovoid button (Ginter and lvanov 1992). The tooth crowns vary from the
diagnostic thin elongate recurved lateral cusps (Figure 3.3F-G) to shorter more
robust cusps with less distal divergence (Figure 3.3H). A smooth labial cusp face is
described as a diagnostic feature of Ph. fastigatus (Ginter and Ivanov, 1992, 2000)
and one of the features distinguishing it from Ph. bifurcatus. This feature is not
present in all teeth from the Canning Basin with faint to coarse cristae observed here
and on teeth previously described by Trinajstic and George (2009, pl 1, fig. 11-16).
As there is no correlation between tooth size and the presence of or lack of ornament,

these differences are attributed to intraspecific variation rather than ontogeny.
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Distribution and stratigraphic range. This species ranges from MN 6-11 CZ in the
Canning Basin, Western Australia. Worldwide the range is greater, from the Givetian
to Frasnian rhenana CZ in the USA, Morocco, Mauritania, Spain, Poland, China,

Russia and eastern Australia.

Phoebodus cf. fastigatus (Ginter and lvanov 1992)

(Figure 3.31-J)

Material. Three teeth from the Virgin Hills Formation, Horse Spring, sample VHS-
312.

Description. Three small teeth, measuring less than 0.5 mm mesio-distally across
the base, with damage to both the cusps and bases (Figure 3.31-J). Crowns with three
to five lingually inclined cusps, comprising a main central cusp, two lateral cusps
and, when present, smaller intermediate cusplets (Figure 3.3J). The lateral cusps,
when preserved, are slightly larger in size than the medial cusp and in one specimen
show torsion towards the apex of one lateral cusp (Figure 3.31). When present, the
intermediate cusps are small and fused to the base of the mesial margin of the lateral
cusps. Prominent striations are present on the labial faces of the cusps, whereas the
lingual faces are smooth. The base forms a roughly rectangular to trapezoid outline
and is perforated by numerous small foramina. A rounded oval button is often
difficult to determine on most specimens, however a faint outline can be seen,

positioned centrally on one specimen (Figure 3.3I).

103



Figure 3.3. Late Frasnian phoebodonts from the Virgin Hills Formation, Horse Spring, Canning
Basin, Western Australia. A - Australolepis seddoni scale, WAM 14.7.3, sample VHS-315, in crown
view; B-E, Phoebodus bifurcatus teeth in occlusal view. B - WAM 14.8.1, sample VHS-315; C -
WAM 14.7.4, sample VHS-310; D - WAM 14.8.2, sample VHS-315; E - WAM 14.7.5, sample VHS-
310. F-H, Phoebodus fastigatus teeth in occlusal view. F - WAM 14.7.9, sample VHS-311; G - WAM
14.7.11, sample VHS-312; H - WAM 14.7.10. 1-J, Phoebodus cf. fastigatus in occlusal view. | -
WAM 14.8.5, sample VHS-311; J - WAM 14.7.12, sample VHS 310. K-O, Phoebodus latus. K -
WAM 14.8.3, sample VHS-312, in labial view; L - WAM 14.7.7, sample 311, in occlusal view; M -
WAM 14.7.8, sample 312, in lingual view; N - WAM 14.9.13, sample VHS-312, in occlusal view; O
- WAM 14.8.4, sample 311, in labial view; P, Phoebodus sp. 1 WAM 14.7.6, in lateral and occlusal
views. Scale bar 0.5 mm.
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Remarks. The teeth described here are too poorly preserved for a definitive
diagnosis, however they share similarities to the teeth attributed to the ornamented
forms of Ph. fastigatus in this work. When preserved, the lingual margin of the base
in Ph. cf. fastigatus is thin; a diagnostic feature of Ph. fastigatus (Ginter and Ivanov
1992), however, the cusps of Ph. cf. fastigatus are ornamented with strong striations,
ovoid in cross section and lack a distinct rounded button. The bases are not well
enough preserved for an outline to be determined. Despite poor preservation, in one
specimen the base appears lingually narrow (Text-fig. 31). The teeth described here
are consistently smaller than other teeth attributed to Ph. fastigatus and this may be
evidence of ontogenetic variation. Furthermore the teeth commonly lack a distinct
button, a feature attributed to juvenile forms in both Phoebodus gothicus Ginter,
1990 and Phoebodus bifurcatus (Ginter and Ivanov 1992). One tooth (WAM 14.7.10,
Text-fig. 3G) may represent an intermediate form between teeth designated Ph.
fastigatus and the smaller teeth of Ph. cf. fastigatus as it possesses an elongate lateral
cusp and more prominent ovoid button similar to Ph. fastigatus, but exhibits the
coarse cristae and smaller size of Ph. cf. fastigatus. Therefore an ontogenetic series is
supported by the presence of this transitional form.

Distribution and stratigraphic range. This species ranges from MN 6-11 CZ in the
Canning Basin, Western Australia. Worldwide the range is greater, from the Givetian
to Frasnian rhenana CZ in the USA, Morocco, Mauritania, Spain, Poland, China,

Russia and eastern Australia.

Phoebodus latus Ginter and Ivanov, 1995a

(Figure 3.3K-0)

105



1992. Phoebodus sp. A Ginter and Ivanov 1992, p. 70, fig. 7A-1.
1993. Phoebodus sp. Liszkowski and Racki, p. fig. 5L-M.
1995a. Phoebodus latus sp. nov.; Ginter and Ivanov, p. 355, pl. 1, figs 3-4.
1995b. Phoebodus latus Ginter and lvanov, 1995b; Ginter and Ivanov, p. 19, fig. 1.
1995. Phoebodus latus Ginter and Ivanov, 1995b; Ginter, fig. 1E.
2009.Phoebodus latus Ginter and Ivanov, 1995b; Trinajstic and George, pl. 1, fig.
18-19.
2011. Phoebodus latus Ginter and lvanov, 1995b; Ivanov and Lucas, fig. 2A-B.
Material. Eight teeth from the Virgin Hills Formation, Horse Spring, samples VHS-
310 VHS-311 and VHS-312.
Description. The teeth here attributed to Phoebodus latus Ginter and Ivanov, 1995a
are highly variable with three different morphotypes identified here. The first
morphotype (Figure 3.3K-L) comprises five to seven smooth and almost straight
conically shaped cusps with well-developed lateral carinas. The cusps diverge from
the centre of the crown, which is defined by a central cusp with a base approximately
25% smaller than the base of the two lateral cusps (Figure 3.3K-L). A pair of
intermediate cusplets, slightly smaller than the medial cusp, are present on all
specimens. One specimen (WAM 14.7.7, Figure 3.3L) exhibits a second pair of
small broken cusplets fused at the base of the lateral cusps. The base is roughly
trapezoidal in outline, thickened along the lingual edge and slightly arched. A faint
outline of an ovoid button is preserved.

A single, well preserved tooth represents the second morphotype (Figure
3.3M). The crown comprises three main cusps of almost equal size with a pair of
intermediate cusplets approximately a third of the length of the lateral cusps. The

cusps are ovoid in cross section and all lingually directed, with the medial and lateral
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cusps extending beyond the lingual margin of the base (Figure 3.3M). The cusps
exhibit a well-defined lateral carina as well as striations on the labial faces. The
lingual faces of the cusps are smooth .The base forms a roughly rectangular outline
with the very faint outline of a centrally located ovoid button.

Morphotype three (Figure 3.3N-O) is characterised by three main cusps and
two pairs of intermediate cusplets, all of which are smooth with well-developed
lateral carinas and a slight lingual inclination. The size of the central cusp ranges
from small (Figure 3.30), with the basal width approximately half of the size of the
first intermediate cusplets, to significantly larger (Figure 3.3N), almost the same size
as the lateral cusps. The second pair are approximately half the size of the
intermediate cusplets. The base is arched and slightly bifurcated (Figure 3.3N) along
the lingual rim which is also perforated by a horizontal row of foramina. The mesio-
distally elongate button is positioned toward the edge of the lingual rim of the base
(Figure 3.3N).

Remarks. The crown morphology of Phoebodus latus Ginter and lvanov, 1995a is
highly variable with the presence of intermediate cusplets greater than other known
species attributed to Phoebodus (Ginter 2008). The third morphotype (Figure 3.3N-
O) resembles other Ph. latus teeth recovered from the South Urals, Russia and the
Holy Cross Mountains, Poland (Ginter and Ivanov 1992, fig. 7A). The tooth also
bears strong resemblance to another tooth from Horse Spring, previously described
by Trinajstic and George (2009, pl 1. fig. 18-19). The first and third morphotypes
identified here lack the ornament on the labial faces of the cusps (Figure 3.3K, O)
seen in other examples of Ph. latus (Ginter and Ivanov, 1995a). The crown of the
second morphotype more closely resembles other teeth from Ph. latus (Figure 3.3M)

with the presence of three almost equally sized main cusps ornamented with ridges
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on the labial faces. However the base does not show the diagnostically distinct ovoid
button positioned close to the lingual rim (Figure 3.3M). There appears to be a great
deal of diversity attributed to Ph. latus that would suggest a high degree of
heterodonty. Until more specimens are found, it is difficult to determine whether the
teeth attributed to Ph. latus in the Canning Basin are products of heterodonty or if
they represent intraspecific variation.

Distribution and stratigraphic range. Within the Canning Basin, the range of this
species is confined to MN 9-11 CZ. In other regions, the species is longer ranging,
from the falsiovalis to linguiformis conodont Zones (MN 1-13b) in Poland, the

Middle and South Urals, and Timan of Russia.

Phoebodus sp. 1

(Figure 3.3P)

Material. One tooth from the Virgin Hills Formation, Horse Spring, sample VHS-
312.

Description. A robust tooth comprising two lingually inclined, almost equally sized
laterally diverging cusps, which are rounded in cross section and bear a single faint
lateral carina on the inner face (Figure 3.3P1-2). There is no evidence of a third cusp
forming. The base is asymmetric and perforated by numerous pores concentrated
along the basal rim (3P2). The base is thickest along the lingual rim, forming a
rounded bulbous edge. A well-defined circular button is located centrally on the base
and reaches almost to the lingual edge. A rounded, striated labiobasal thickening
extends from the base (Figure 3.3P1).

Remarks. The thin, smooth cusps, which are rounded in cross section, and the

centrally located spherical button are similar to the morphological features that
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diagnose Ph. fastigatus (Ginter and Ivanov 1992 fig. 3A-B). In addition, the tooth
shares a similar cusp morphology to teeth from the same horizon, attributed to Ph.
fastigatus (Figure 3H). However, the bicuspid crown, asymmetric outline of the base
and thickened lingual rim makes an accurate diagnosis problematic. It is suggested
that these differences are pathological, and that the tooth is most likely from Ph.
fastigatus. However, as less than 1% of chondrichthyan teeth, both fossil and extant
(Becker et al., 2000) are known to exhibit pathology, the diagnosis of Ph. fastigatus
cannot be confirmed and until further teeth are recovered this tooth is placed in open

nomenclature.

Genus Thrinacodus St. John and Worthen, 1875

Type species. Thrinacodus nanus St. John and Worthen, 1975

Thrinacodus tranquillus Ginter, 2000

(Figure 3.4A-C)

2000. Thrinacodus tranquillus sp. nov.; Ginter, p. 374-377, figs 2a-C, 3a-F, 4a-C,
5h-k.

2000. Thrinacodus cf. ferox (Turner); Long and Hairapetian, p. 214-216, fig. 4n.
2002. Thrinacodus tranquillus Ginter, 2000; Ginter et al., p. 186-188, text-fig. 9F-h,
pl. 2, fig. h, pl. 3, fig. h, pl. 11, figs h-I.

2008. Thrinacodus tranquillus Ginter, 2000; Derycke et al., p. 988, text-fig. 4(1-2).
2009. Thrinacodus tranquillus Ginter, 2000; Hairapetian and Ginter, p. 191, text-fig
9c-d.

2010. Thrinacodus tranquillus Ginter, 2000; Ginter et al., p. 41, fig. 33A.

2010. Thrinacodus tranquillus Ginter, 2000; Ginter and Turner, p. 1668, fig. 2C.
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Material. Four teeth from the Virgin Hills Formation, Casey Falls, samples CF-
127.5 and CF-471; ten teeth from the Bugle Gap Limestone, Casey Falls, samples
1984-97 and 1984-98.

Description. A total of three morphotypes are attributed to Thrinacodus tranquillus
in this work. The first morphotype (Text-fig 4A), is the most common and features a
symmetrical crown with three sub-equal cusps, often with one dominant lateral cusp.
When preserved, the lingually extended base is positioned asymmetrically in relation
to the crown. A centrally located canal is present on the occlusal face of the base,
which also shows slight torsion towards the distal end.

The second morphotype (?symphyseal teeth sensu Ginter 2000; symphyseal
tooth Ginter pers comm.), represented by a single tooth (Figure 3.4B), comprises a
symmetrical crown with three thin, straight, equally sized and lingually directed
cusps, each with lateral carinae and faint striations on the labial face. The base is
thin, extends lingually further than the cusp apices and bears a small nutritive canal
approximately half way down the occlusal face of the base. There is no obvious sign
of torsion towards the end of the base.

The third morphotype is represented by a single asymmetric tooth (WAM
14.7.29, Figure 3.4C) that is characterised by a crown consisting of three unequal
cusps. The straight, lingually directed central cusp is preserved with lateral carinae
and faint striations on the labial face. The thin base extends further lingually than the
apex of the central cusp and is curved distally in relation to the crown. The posterior
end of the base is contorted toward a vertical orientation with a small nutritive canal
located approximately half way down the occlusal face.

Remarks. These teeth largely conform to the diagnosis of Thrinacodus tranquillus

Ginter, 2000, and the differences between the tooth forms are attributed to
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heterodonty. Previous work (Ginter, 2000; Ginter et al. 2002; Duncan 2003; Ginter
and Turner, 2010) has suggested the presence of two tooth types; the first with a
flattened base positioned asymmetrically in relation to the crown and a smaller
almost completely symmetrical form (Duncan, 2003). The first morphotype (Figure
3.4A) is the most common tooth form attributed to Th. tranquillus and has been
reported from various locations across northern Gondwana (Ginter and Turner
2010). The second, smaller morphotype (Figure 3.4B), which has had its assignment
to Th. tranquillus recently questioned (Ginter and Turner, 2010), is less common and
with few examples recorded from the Montagne Noire (Ginter, 2000). Based on
reconstructions of tooth placement within thrinacodont jaws (Turner,1982; Ginter et
al. 2002; Duncan 2003), the supposed symmetrical symphyseal teeth only comprise a
small proportion of teeth thus likely lower yields of these teeth are to be expected.

A third morphotype (Figure 3.3.4C) has been attributed to Th. tranquillus
with similar teeth previously recorded from Montagne Noire and Oum EI Jerane and
Tizi Nersas, Morocco, conversely these specimens were designated Thrinacodus cf.
ferox (Ginter ,2000, fig. 2; Ginter et al., 2002, fig. 9A-E). It was suggested by Ginter
et al., (2002) that the teeth of Th. cf. ferox may represent the lateral most teeth of Th.
tranquillus, which was supported by the presence of intermediate forms between the
typical teeth of Th. tranquillus and Th. cf. ferox. A similar variety of tooth forms is
present in the Canning Basin, however the teeth are recovered from Late marginifera
CZ dated deposits making their attribution to the Th. ferox unlikely as it is regarded
as a late Famennian to late Tournaisian species (Ginter and Turner, 2010).
Distribution and stratigraphic range. In the Canning Basin this species is recorded
from the Late marginifera CZ. A similar age rhomboidea or Late marginifera CZ is

recorded for Chahriseh, Iran (Long and Hairapetian, 2000; Ginter et al., 2002;
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Hairapetian and Ginter, 2009) and also a marginifera CZ for Hunan, China (Lelievre
and Derycke, 1998). In Oum El Jerane and Tizi Nersas, Morocco this species ranges
from rhomboidea or Late marginifera CZ to Middle to Late expansa (Ginter et al.,
2002; Derycke et al., 2008). Younger known occurrences have been recorded from
the Late trachytera CZ, Holy Cross Mountains, Poland, Lower to upper expansa CZ,
Thuringia, Germany and expansa CZ in Montagne Noire. Within the South Urals the
range of this species is recorded from the Late expansa to Early praesulcata CZ

(Ivanov, 1996).

Genus Diademodus Harris, 1951

Type species. Diademodus hydei Harris, 1951

Diademodus dominicus sp. nov.

(Figure 3.4D-E)

Etymology. In honour of Mr Dominicus ‘Tim’ Mueller, M.Sc., who guided the
careers of many aspiring geoscientists.

Holotype. Specimen WAM 14.7.1 from the Virgin Hills Formation, Horse Spring,
Canning Basin, Western Australia; sample VHS-310; Frasnian, MN 11 CZ; Figure
3.4D.

Material. Two teeth from the Virgin Hills Formation, Horse Spring, sample VHS-
310.

Diagnosis. Teeth with a multicuspid phoebodont type crown comprising three cusps
and three to four pairs of intermediate cusplets (Figure 3.4D). The cusps are thin and
ovoid in cross section, becoming circular towards the cusp apex and bearing

prominent lateral carinae. A slight lingual inclination is present on all cusps with the
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larger lateral cusps recurving occlusally. The base is highly arched, trapezoid in
outline and becoming narrower labially (Figure 3.4E>). The labial margin is rounded
and perforated by a row of foramina. A mesio-distally elongate hump occupies the
majority of the baso-labial shelf with the labial margin abutting the base of the cusps.
There is a slight decrease in height of the shelf towards the lingual margin.
Description. Distinctive teeth with symmetrical crowns that fan out mesio-distally
and comprise three mains cusps and three to four pairs of lateral cusps (Figure 3.4D-
E). The medial cusps are broken in both specimens, however the bases are
approximately half the width of the lateral cusps. A pair of small, first lateral
cusplets are independent of the medial cusp but are fused at the base with the second
lateral cusplets which are slightly smaller in size than the lateral cusps. In one
holotype (WAM 14.7.1, Figure 3.4E) a small fourth cusplet is present and erupts
from the base of the lateral cusp. The preserved cusps appear ovoid in cross section
(elongate labio-lingually), at the base and exhibit smooth lingual and labial faces
with well-developed lateral carinae. No discernible crown-base interface is present
on the labial faces of the teeth. The base is highly arched (Figure 3.4E1),
approximately twice as long mesio-distally as it is labio-lingually (Figure 3.4E2). A
roughly trapezoid to almost rectangular shape of the base can be determined, with
rounded lingual corners. A row of foramina is present running along the lingual rim.
An ovoid button is positioned centrally on the base extending between the third
lateral cusplets and gradually dissipates towards the lingual margin of the base. The
labial face of the button preserves the openings to a row of canals and terminates
abruptly, close to the base of the crown.

Remarks. The teeth of the type specimen Diademodus hydei Harris, 1951 are

partially obscured in matrix thus similarities to the genus are based on the visible
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labial tooth face of Diademodus hydei as well as comparison to the other member of
this genus, Diademodus utahensis Ginter, 2008. The teeth of Diademodus all share
the typical phoebodont tooth crown but can be differentiated on the number of
intermediate cusplets (Ginter 2008). The cusp arrangement and variation in cusplet
size present in D. dominicus sp. nov (Figure 3.4E) is similar to D. utahensis (Ginter
2008, fig. 1B) and differs from the original description of D. hydei which was
figured having two prominent central cusps and intermediate cusplets of almost
equal size (Harris, 1951, fig. 3b), however, reinterpreted by Ginter (2008) as
possessing a single prominent central cusp. The teeth of D. dominicus sp. nov are
further distinguished as some cusplets are fused at the base with the adjacent cusp or
cusplets, a feature not apparent in D. hydei or D. utahensis. The lingual face of teeth
from D. dominucus sp. nov. most closely resemble those of D. hydei as these teeth
lack both the mesio-distal extension of the base beyond the crown as well as the
presence of a baso-labial shelf, features both present in D. utahensis. The tooth is
distinguished from both D. hydei and D. utahensis by a shorter mesio-distal length of
the base which is also significantly arched. The basal outline of D. dominicus sp.
nov. narrows lingually and is substantially different from that of D. utahensis which
forms a trapezoid shape becoming wider lingually and slightly compressed centrally
on the lingual margin. The orolingual hump of D. dominicus is also far more
prominent than that of D. utahensis. We believe these differences are significant
enough for the establishment of the species Diademodus dominicus sp. nov.

Despite the low number of teeth recovered from D. utahensis and the
obscured nature of teeth from D. hydei, heterodonty within each species is so far
limited to variation in the number of intermediate cusplets, reported in D. utahensis

(Ginter 2008) and D. domincus sp. nov.. Ginter (2008) suggests that anterior teeth of
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D. utahensis may be narrower and speculates they would be similar in form to teeth
attributed to Ph. fastigatus (in Ginter 2008, fig. 3B). This would appear more likely
than the teeth of D. dominicus sp. nov. representing anterior D. utahensis teeth as the
base and cusp morphology is far more similar between D. utahensis and the Ph.

fastigatus tooth examples.

Order Symmoriida Zangerl, 1981
Family Stethacanthidae Lund, 1974

Genus Stethacanthus Newberry, 1889

Type species. Physonemus altonensis St. John and Worthen, 1875.

Stethacanthus sp. 1

(Figure 3.4F-G)

Material. One tooth from the Virgin Hills Formation, Casey Falls, sample CL-471;
one tooth from the Bugle Gap Limestone, Casey Falls, sample 1984-97.

Description. Small teeth, less than 1 mm mesio-distally and consisting of a slender
prominent central cusp and two smaller, slightly diverging lateral cusps
approximately one third of the size of the medial cusp (Figure 3.4F-G1). A pair of
small intermediate cusplets is present with one specimen possessing a second pair of
cusplets on the distal side of the lateral cusps (Figure 3.4F1-). Thin vertical striations
extend from the base to tip on the lateral and intermediate cusps on the well
preserved cusps. The base forms a distinct triangular outline (Figure 3.4Gy),
extending beyond the crown mesio-distally with rounded edges and a low profile.
The apex of the lingual projection on the base is slightly thickened and possesses

multiple foramina along the lingual rim.
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Remarks. The teeth described here possess characters found in other stethacanthid
tooth types including upright, unconnected cusps ornamented in sub-parallel cristae
and a base lacking a labial depression. The triangular shaped lingual extension of the
base (Figure 3.4G>) is a common feature of Moroccan stethacanthid teeth (Ginter et
al., 2002, pl. 10C) and also seen in other Famennian teeth from the Montagne Noire
(Ginter, 2000, fig 7C) and Dalmeh, Iran (Long and Hairapetian, 2000, fig 41). The

teeth from the Canning Basin also appear to exhibit a thickening around the lingual

Figure 3.4. Shark teeth from the middle Famennian at Casey Falls (A-C, F-G) and Upper Frasnian at
Horse Spring (D-E). A-C, Thrinacodus tranquillus in occlusal view. A - WAM 14.7.15, sample 1984-
97; B - WAM 14.7.16, sample 1984-97; C - WAM 14.7.29, sample 1984-98. D-E, Diademodus
dominicus sp. nov. teeth, sample VHS-310. D - WAM 14.7.2, in lingual view; E - WAM 14.7.1,
holotype, in lingual and occlusal views; F-G - Stethacanthus sp. 1. F - WAM 14.7.26, sample CI-471,
in lingual and labial views; G - WAM 14.7.27, sample 1984-98 in lingual and occlusal views. A-E,
scale bar = 0.5 mm; F-G, scale bar = 0.5 mm.

apex of the base, which is similar to a tooth from Dalmeh, Iran (Long and
Hairapetian 2000, fig. 4e) but lack a well-formed labial boss. One tooth variant
(WAM 14.7. 26, Figure 3.4F) exhibits a sixth cusp, a feature not usually found in

Famennian stethacanthid teeth from Morocco and Iran (Ginter et al., 2002). Further
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specimens are required to determine if this tooth represents a non-typical variant of

Stethacanthus sp. 1 or if there is a degree of heterodonty within this species.

Order Ctenacanthiformes Glikman, 1964
Family Ctenacanthidae Dean, 1909

Genus Cladoides Maisey, 2001

Cladodoides wildungensis Jaekel, 1921

(Figure 3.5A)

1921. Cladodoides wildungensis sp. nov.: Jaekel, 1921.

1991. Stethacanthus sp.; Ginter, p. 75, pl. 8: 4, pl. 9: 2, 3.

1992. Cladodus cf. C. thomasi Turner; lvanov et al., p. 89, pl. 36: 3, 4.

1992. Stethacanthus thomasii Turner [sic]; Derycke, p. 39-40, fig. 14, pl. 2: 10, 11.
1995b. Stethacanthus cf. thomasi Turner; Ginter, fig. 2A.

1996. “symmoriid with button partially divided”; Ginter and Ivanov, fig. 4C.

1996. “stethacanthid?”; Ginter and Ivanov, fig. 5C, D.

2000. Stethacanthus cf. thomasi (Turner); Ginter and Ivanov, pl. 1: J.

2002. Stethacanthus resistens sp. nov.; Ginter et al., figs 2, 3, 4C-I, 5C.

2010. Cladodoides wildungensis Jaekel; Ginter et al., fig. 66A-J.

Material. Two teeth from the Virgin Hills Formation, Horse Spring, sample VHS-
310; Casey Falls, sample CI-9.

Description. Symmetrical teeth with five lingually inclined and strongly diverging
cusps. The central cusp is large, almost twice the width at the base of the lateral
cusps (Figure 3.5A:). The intermediate cusps are significantly smaller,

approximately half the height of the lateral cusps. Both the lingual and labial faces of
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the cusps are ornamented with sub parallel ridges. The base is ovoid in outline,
slightly arched and elongated mesio-distally, extending beyond the crown. A small
baso-labial projection is preserved on one tooth (Figure 3.5A 2.3), between the distal
edges of the medial cusp. Due to abrasion, only the remnants of a mesio-distally
elongate button are preserved on both teeth. One tooth (Figure 3.5A1) preserves an
outline of a button, extending the distance between the two intermediate cusps, as
well as a series of grooves, presumably once pore canals running labio-lingually.
Remarks. Ginter et al. (2010) recognises two morphotypes of Cladodoides
wildungensis Jaekel (1921). The first morphotype, characterised by its larger size
and long, slender medial cusp; and the second smaller morphotype, to which the
Canning Basin teeth are here assigned, that are less than two mm across the length of
the base with diverging cusps ornamented in coarse sub-parallel cristae. The teeth
described here are markedly similar to the holotype of C. wildungensis (figured in
Ginter et al., 2010, fig. 66l) as well as resembling teeth from Poland (Ginter et al.
2002, fig. 2C-F) designated Stethacanthus resistens. Ginter et al., (2010) suggests
that it is possible that some, if not all teeth previously attributed to Stethacanthus
resistens belong to the C. wildungensis. If so, at appears C. wildungensis is
considerably cosmopolitan in nature.

Distribution and stratigraphic range. This species ranges from MN 11 CZ- lower
crepida in the Canning Basin, Western Australia. Due to a degree of synonymy with
S. cf. thomasi a definitive range is difficult to ascertain, however a range from the
Upper Frasnian - middle Famennian is likely in Poland, Moravia, Germany,

Morocco and Russia.

Ctenacanthiform gen. et sp. indet 1
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(Figure 3.5B)

Material. One tooth from the Napier Formation, South Oscar Range, sample SO-
200.

Description. This highly symmetrical tooth is well preserved, by comparison to
other teeth in the sample, and possesses five slender, lingually inclined cusps that fan
out mesio-distally (Figure 3.5B1 -2). A large prominent central cusp is flanked by two
smaller intermediate cusps. The lateral cusps are approximately two thirds the length
of the medial cusp and diverge at approximately 45 degrees to the medial cusp. In
labial view, the cusps appear more triangular and connected at the bases (Figure
3.5B3). All cusps are ovoid in cross section and ornamented on both the lingual and
labial faces with strong vertical striations. The base is trapezoid in shape extending
further lingually than labially and broadest along the lingual margin (Figure 3.5B5).
The base is thickest in a trapezoid area between the labial edge of the lingual button
and lateral cusps. A thin baso-labial projection is present with a row of foramina. A
well developed, ovoid shaped button is positioned close to the lingual border and
perforated by a row of four large foramina (Figure 3.5B1).

Remarks. The tooth shares commonalities between many cladodont-like teeth
outlined by Duffin and Ginter (2006). The connection of the tooth cusps by an
enameloid or orthodentine layer (Figure 3.5B3) excludes this tooth from belonging to
the symmoriids and stethacanthids (sensu Duffin and Ginter, 2006). The tooth lacks
a baso-labial depression as seen in Cladodus and Ctenacanthus and is thereby more
similar to Cladoides which may also lack this feature. The baso-labial shelf is
straight which is characteristic of Cladoides but is far more developed in
Ctenacanthiforme gen. et. sp. indet 1 and this projection may obscure the presence of

any baso-labial depression. The tooth is differentiated from other Ctenacanthiformes
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based on the strongly rounded or biconvex central cusp and lateral cusps, which are
almost two thirds the size of the central cusps. The tooth is referred to the
Ctenacanthiformes, perhaps temporally, based on the orthodentine or enameloid
connective tissue present between the cusps and similarities with the genus

Cladoides.

Ctenacanthiform gen. et sp. indet 2

(Figure 3.5C)

Material. One tooth from the Virgin Hills Formation, Casey Falls, sample 1984-97;
one tooth from the Napier Formation, South Oscar Range, sample SO-200.

Description. Heavily abraded teeth with a large medial cusp flanked by four smaller
triangular shaped cusps consisting of a pair of small lateral cusps and a pair of
intermediate cusplets approximately half the size of the lateral cusps (Figure 3.5C;-
2). The medial cusp is inclined slightly and convex along the lingual edge in cross
section. Where the outer enameloid is preserved on the central cusp, faint vertical
striations can be observed. The intermediate and lateral cusps do not show any
ornamentation with the lateral cusps diverging at a 45 degree angle. A distinct rim is
preserved on the labial face of the teeth and marks the crown base interface (Figure
3.5C1.2). The base extends lingually almost three times the width of the crown and
forms a large dome shape that extends beyond the crown mesio-distally (Figure
3.5A;). A very faint ovoid button, approximately twice as long as it is wide, is
preserved on one specimen and positioned closer to the lingual margin than the
crown (Text- fig. 3.5A2). A series of foramina perforate the lingual face of the base

with a single large nutritive canal positioned centrally along the lingual margin. The
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labial face of the base in both specimens is highly abraded (Figure 3.5A3), however
remnants of a thickened baso-labial shelf and slight depression are present.

Remarks. These teeth have been attributed to the Ctenacanthiformes based on
features shared with other members of this group. The prominent central cusp and
diminished lateral and intermediate cusps are similar to Cladodus conicus Agassiz,
1843 although the base on the tooth from the Canning Basin specimens is much
thicker and the striations preserved on the cusps are coarser. The central cusp is
flattened along the labial face and exhibits a convex lingual face, and in this respect
closely resembles Cladodus. The significant abrasion to the labial faces of the teeth
does not allow further taxonomic refinement. The teeth do feature a unique rim
running across the crown base interface that is not typically seen in other cladodont

type teeth.

Figure 3.5. Ctenacanthiform teeth from the Famennian at Casey Falls (A) and South Oscar Range (B-
C). A, Cladoides wildungensis, WAM 14.7.14, sample CL-9, in lingual, occlusal and labial views. B,
Ctenacanthiform gen. et. sp. indet 1, WAM 14.7.19, sample SO-200, in lingual, occlusal and labial
views; C, Ctenacanthiform gen. et. sp. indet 2, WAM 14.7.20, sample SO-200, lingual, occlusal and
labial views. A-B, scale bar = 0.5 mm; C, scale bar 1 mm.
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Distribution and stratigraphic range. Frasnian conodont Zone 13b to Late

marginifera conodont Zone in the Canning Basin, Western Australia.

Cohort Euselachii Hay, 1902
Order indet.
Family Protacrodontidae Zangerl, 1981
Genus Protacrodus Jaekel, 1925

Type species. Protacrodus vetustus Jaekel, 1925

Protacrodus serra Ginter, Hairapetian and Klug, 2002

(Figure 3.6A-B)

1990. “Cladodus” sp.; Ginter, p. 77, pl. 4, fig. 9.

2000 .Protacrodus cf. vetustus Jaekel; Ginter, p. 378-379, fig. 8.

2002. Protacrodus serra, sp. nov.; Ginter, Hairapetian and Klug, p. 195, figure 11,
pl. 2, figs. L-N; pl. 11, figs. A-C.

2007. Protacrodus serra Ginter, Hairapetian and Klug, 2002; Gillis and Donoghue,
p. 40, fig. d-e.

2007. Protacrodus cf. serra Ginter, Hairapetian and Klug, 2002; Ginter and Sun, p.
711, 4C.

2010. Protacrodus serra Ginter, Hairapetian and Klug, 2002; Ginter et al., p. 87, fig.
80A-C.

2011. Protacrodus serra Ginter, Hairapetian and Klug, 2002; Ginter et al., p. 168,

fig. 101-J.

Material. Two teeth from the Bugle Gap Limestone, Casey Falls, samples 1983-94;

1984-97.
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Description. The teeth described here can be assigned to morphotype one of
Protacrodus serra (Ginter et al., 2002, fig. 11 C-E) and comprise asymmetrical
crowns with three cusps directed distally to one side (Figure 3.6A). The medial cusp
is large, over twice the size of the lateral cusps with a narrow labio-lingual profile.
Both the lingual and labial faces of the cusps are ornamented in strong cristae. In one
specimen (WAM 14.7.23, Figure 3.6B), a row of small pointed cusplets is present
along the crown base interface on the labial face. The base is narrow lingually, with
a slightly extended and straight lingual rim (Figure 3.6B) that is perforated by a large
canal located centrally. The labial face of the base does not protrude and is
perforated by a row of small foramina (Figure 3.6A2).

Remarks. Evaluating variation present in the teeth of different shark taxa is difficult
as odontological studies remain incomplete (Straube et al., 2008). The presence of
labial cusplets (Figure 3.6B) on P. serra may be evidence of intraspecific variation
or the presence of sexually based heterodonty which is seen in the dentition of some
fossil (Parmley and Cicimurri, 2003) and extant shark species (Raschi et al., 1982).
The same labial cusplets are apparent in other teeth attributed to P. serra from Iran
(Ginter et al., 2002, pl. 2L-M; Ginter et al., 2011, text-fig 101-J), which rules out
regional influences for variation. Cusplets also appear on teeth independent of size
(Figure 3.6A-B) and morphotype (Ginter et al., 2002, pl. 2L-M) which makes
ontogenetic variation unlikely.

Distribution and stratigraphic range. This species has an older occurrence in the
Canning Basin, Western Australia (Lower crepida to Upper marginifera Zone) as
compared to other areas of the world where it occurs in the Early expansa Zone in
Dalmeh, Iran, Late expansa Zone, Tizi and Oum EIl Jerane, Morocco and probable

expansa Zone Khor Virap, Armenia. In China this species has been recorded from
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the middle Tournaisian. Another protacrodont species, D. masureae (Burrow et al.,

2010) is known to range from the Late Devonian into the Carboniferous.

Genus Deihim Ginter, Hairapetian and Klug, 2002

Type species. Deihim mansureae Ginter, Hairapetian and Klug, 2002

Deihim mansureae Ginter, Hairapetian and Klug, 2002

(Figure 3.6C-D)

2000. ?Protacrodus sp. Long and Hairapetian, p. 217-218, fig. 40.

2000. Protacrodus sp. ¢f. “P. aequalis ““ sensu Ginter and Turner; Yazdi and Turner,
p. 226, figs 3.4-7, 4.4.

2002. Deihim mansureae gen. et sp. nov.; Ginter, Hairapetian and Klug, p. 191-193,
figure 10; pl. 1, fig. r; pl. 2, fig. k; pl. 4, figs F-G, J-M; pl. 5, figs A-M.

2005. Polycrodontidae insertae sedis Derycke-Khatir, p. 76, pl. VI, figs 7-10.

2005. Bobbodus sp. Derycke-Khatir, p. 95-96, pl. XIlI, figs 1-2.

2009. Deihim mansureae Ginter, Hairapetian and Klug, 2002; Hairapetian and
Ginter, p. 176, 179, fig. 2D, 4H.

2010. Deihim mansureae Ginter, Hairapetian and Klug, 2002; Hairapetian and
Ginter, p. 362, fig. 3A.

2010. Deihim mansureae Ginter, Hairapetian and Klug, 2002; Ginter et al., p. 88, fig.
81A-J.

2011. Deihim mansureae Ginter, Hairapetian and Klug, 2002; Ginter et al., p. 166,
169, 8A-E, 11C.

2011. Deihim mansureae Ginter, Hairapetian and Klug; Ivanov and Lucas, p. 60, fig.

8.
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2013. Deihim mansureae Ginter, Hairapetian and Klug; Habibi et al., p. 30, fig. 4.

Material. One tooth from the Virgin Hills Formation, Casey Falls, sample CL-471
and seven teeth from the Bugle Gap Limestone, samples 1984-96, 1984-97, 1984-98.
Description. Four morphotypes were originally assigned to the species Deihim
mansureae Ginter et al. (2002), of which, two are represented here (Figure 3.6C-D).
A single tooth attributed to morphotype one (Figure 3.6D1.2) appears to possess a
significantly worn central and lateral cusps with only the base of the crown
preserved. The base of a large main central cusp can be distinguished, flanked by
two smaller highly fused lateral cusps. Cristae is present on the base of the lateral
cusps on the lingual face. The labial face of the crown possesses three large, robust
cusplets (Figure 3.6D2), immediately above the base. The crown-base interface on
the lingual face is highly arched and defined by a shallow groove. The base is
narrower, mesio-distally, than the crown and extends lingually with a series of deep
canals.

Two teeth (Figure 3.6C1-2), assigned to morphotype four were recovered and
are characterised by an elongate central cusp and two well-spaced diverging lateral
cusps approximately a third of the size of the medial cusp. Sub-parallel cristae are
present on both the labial and lingual faces of each cusp. Four cusplets are present
above the crown-base interface on the labial face. The base is roughly ovoid in
outline (Figure 3.6C2) and does not extend beyond the crown mesio-distally. The
lingual face of the base forms an arch, protruding lingually and is perforated by a
few foramina.

Remarks. The teeth described here conform to the diagnosis of D. mansureae with
the presence of a prominent central cusp and lateral cusps that bear strong cristae, on

a convex crown-base interface. A row of labial cusplets are also present above the
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crown base interface is also characteristic of this species. The teeth assigned to
morphotype four resemble those of Ginter et al. (2010, pl. 5 D-F) with the presence
of a slender central cusp with two lateral cusps, approximately half the size of the
central cusp and diverging at 45 degree angles. These teeth also appear less
perforated by foramina on the lingual face of the base and lack the fusing of the
central and lateral cusps that is seen in the other morphotypes of this species.

Distribution and stratigraphic range. D. mansureae ranges from the Late
marginifera CZ to possibly the Tournaisian in the Canning Basin. An older
occurrence of this species is known from the rhenana (MN 11 CZ) in Kale Sardar
area of Iran (Hairapetian and Ginter 2010). In the Famennian of Iran and Armenia D.
mansureae ranges into the Upper crepida conodont Zone. Teeth attributed to this
species have also been found in the Sly Gap Formation, New Mexico, USA (lvanov
and Lucas 2011), however no concise age range beyond the Late Devonian and Early

Carboniferous can be ascertained.

Deihim cf. mansureae

(Figure 3.6E)

Material. Two teeth from the Bugle Gap Limestone, Casey Falls, sample 1984-98.

Description. Teeth with prominent central cusps and two smaller lateral cusps
approximately one third the size of the medial cusp, diverging at approximate 45
degree angles (Figure 3.6E1). Each cusp is rounded with sub parallel striations on
both the labial and lingual faces. A row of seven rounded cusplets, ornamented in
strong cristae are present on the base of the crown along the labial face (Figure

3.6E2). The base is ovoid in outline, extending lingually and possessing a single
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small pore located centrally on the lingual rim. On the labial face the base is thin and
forms an undulated contact with the crown.

Remarks. These teeth are similar to the morphotype 1 of Deihim mansureae as they
comprise a crown with a large central cusp with two strongly diverging lateral cusps,

all ornamented in a strong cristae as well as a row of lingual cusplets along the labial

face of the tooth. The cusplets present on the teeth described here are unusual but

Figure 3.6. Protacrodont teeth from Casey Falls. A-B, Protacrodus serra. A - WAM 14.7.21, sample
1984-97, in lingual and labial views; B - WAM 14.7.23, sample CL-471, in occlusal view; C-D -
Deihim mansureae. C - WAM 14.7.25, sample 1984-98, in lingual and occlusal views; D - WAM
14.7.28, sample 1984-97, in lingual and occlusal views; E, Deihim cf. mansureae, WAM 14.7.24,
sample 1984-98, in lingual and labial views; F, Deihim sp. 1, WAM 14.7.17, sample CL-471, in
lingual, baso-labial and occlusal views Scale bar 0.5 mm.
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bear a strong resemblance to the cusplets on a tooth from D. mansureae in central
Iran (Hairapetian and Ginter 2009, figs. 5H2.3). Despite the similarities with D.
mansureae, the tooth lacks both the arched lingual groove associated with the crown
base interface as well as the series of deep pore canals on the lingual face diagnostic
of this species (Ginter et al. 2002).These features are also lacking on a tooth
attributed to Protacrodus cf. vetustus from the Montagne Noire (Ginter 2000, fig.
8C). The Montagne Noire tooth shares the similar sub-parallel cristae to the teeth

from the Canning Basin, however it lacks labial cusplets.

Deihim sp.1

Figure 3.6F

Material. One tooth from Bugle Gap Limestone, Casey Falls, sample CL-471.

Description. A well preserved, almost symmetrical tooth with a prominent central
cusp and two pairs of highly fused lateral cusplets (Figure 3.6Fi). Cusps are
ornamented on the lingual face in strong cristae along the base of the cusps with a
single ridge running up the centre of the central cusp. A crown-base interface is
prominent, marked by a groove on both the lingual and labial faces of the tooth
(Figure 3.6F1). A triangular labial peg is positioned at the base of the central cusp
with accompanying smaller projections on either side (Figure 3.6F2.3). The base is
approximately the same height as the central cusp with a straight lingual edge and
rounded distal margins. A series of foramina are present on the lingual face of the
base in almost two rows, one slightly below the crown base interface and another
close to the lingual rim (Figure 3.6F1). A large articulation socket is present on the

baso-labial face of the base (Figure 3.6F>).
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Remarks. The tooth described here comprises a large central cusp with diverging
cusps ornamented in strong cristae which are diagnostic of the genus Deihim (Ginter
et al., 2002). Further similarities include the presence of a crown base interface
separating a lingually extended base perforated by a series of canals. Despite the
similarities, Deihim sp. 1 comprises a central cusp which is more prominent than that
found on morphotype 1 of D. mansureae and it also lacks the characteristic labial
cusplets. Instead the tooth from the Canning Basin bears small tubercle-like
projections above the crown base interface on the extended labial face of the crown.
The general morphology of Deihim sp. 1 also bears a slight resemblance to
Protacrodus orientalis Li, 1988 with the high central cusp, fused laterals and a labial
projection of the central cusp (Li, 1988, pl. 1, fig. 2), however the size difference in
the cusps excludes this tooth from P. orientalis (Ginter et al., 2002). There is also a
very strong resemblance to another tooth attributed to P. orientalis from the
Menggongao Formation, South China (Lelievre and Derycke, 1998, fig. 7B) which is
narrower mesio-distally with the same cusp morphology and deep base. Recently,
the inclusion of P. orientalis as a species of Protacrodus has been questioned (Ginter
et al., 2010). It is possible P. orientalis belongs to the genus Deihim and the tooth

from the Canning Basin represents a less abraded form of this species.

Protacrodontidae gen. sp. indet. 1

(Figure 3.7A)

Material. One tooth from the Bugle Gap Limestone, Casey Falls, sample 1984-94.
Description. Highly elongate and slightly arched tooth comprising a prominent
pyramidal central cusp accompanied by four to five fused lateral cusps

approximately a quarter of the size of the central cusp (Figure 3.7A1). Both the labial
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and lingual faces of the cusps are ornamented in coarse wavy cristae directed
towards the cusp apices. Approximately 80% of the lingual face of the base is
broken, however the preserved section is the same height as the lateral cusps and
extends both lingually and further mesio-distally than the crown on one side (Figure
3.7A2). A small number of foramina are present on the lingual face of the base. The
labial margin of the base is thin and perforated by small foramina and lacks a distinct
crown base interface (Figure 3.7A2).

Remarks. The tooth is placed under Protacrodontidae based on the coarse cristae
and lack of articulation devices also found in other Devonian Protacrodonts as well
as its occurrence within the middle Devonian. The tooth is also similar to a partial
tooth of a ?Protacrodontid (Ginter and Sun 2007, fig. 4E) from Muhua, southern
China in that it shares the highly elongate shape, with extensively fused lateral cusps
flanking a prominent central cusp and a well-developed cristae. However, the tooth
described here lacks the festoon-like sculpture on the lower aspect of the crown

present on the Chinese tooth (Ginter and Sun 2007).

?Protacrodontidae fam. gen. sp. indet.

(Figure 3.7B)

Material. One tooth from the Bugle Gap Limestone, Casey Falls, sample CL-471.

Description. A mesio-distally elongate tooth with a crown consisting of highly fused
cusps that are almost indistinguishable. Strong cristae are present on the labial and
lingual faces as well as the occlusal surface (Figure 3.7B1-3). The labial face of the
crown is higher and slopes lingually. The distal margins of the crown taper inward to
the crown-base interface, whereas the labial and lingual faces are almost straight.

The base is roughly rectangular in outline with a slightly thickened, protruding
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lingual margin. A row of pore canals are present along the lingual face of the base
(Figure 3.7B>), where as possible remnants of canals are present on the labial face
(Figure 3.7B3).

Remarks. Teeth with coarse cristae, a reduced base lacking both a lingual extension
and articulation devices are common among Devonian protacrodonts. The crown of
the tooth described here, retains more highly fused cusps than other protacrodont
teeth and in this respect it more closely resembles an orodont. The reduced base and
lack of distinct margin between the crown and base along the labial margin appear
similar to the lingual face of the teeth attributed to P. serra and P. aequalis Ivanov
1996. The samples taken above the section measured at Casey Falls are dominated
by protacrodontid-type teeth (Protacrodus serra, Deihim mansureae, D. cf.
mansureae, Deihim sp. 1, Protacrodontidae gen. et sp. indet.; Table 3.1), which
could suggest it belongs to the family Protacrodontidae and is highly modified,

possibly representing a lateral crushing tooth.

Order Hybodontiformes Cappetta, Duffin and Zidek, 1993
Superfamily Hybodontoidea Owen, 1846
Family Lonchidiidae Herman, 1977

Genus Lissodus Brough, 1935

Type species. Hybodus africanus Bloom, 1909.

Lissodus lusavorichi Ginter, Hairapetian and Grigoryan, 2011

(Figure 3.7C)

2011 Lissodus lusavorichi sp. nov.: Ginter, Hairapetian and Grigoryan: 160, fig.

10E-F.
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Material. Two teeth from the Virgin Hills Formation, Casey Falls, sample 1983-94.
Description. The tooth crown is broadly triangular with a well-developed occlusal
crest (Figure 3.7C1). The crown extends laterally beyond the base terminating in
triangular shoulders. The crown base interface is slightly arched on the lingual face
and prominent on the labial face (Figure 3.7C2). A well-developed labial peg is
present and accompanied by small cusplets or tubercle like projections. The base is
typically euselachian, projecting lingually with a rounded margin. A series of deep,
elongated canals perforate the lingual face of the base (Figure 3.7Cy).

Remarks. The teeth from Casey Falls are attributed to Lissodus lusavorichi Ginter et
al. 2011, as they possess the same smooth broad triangular crown, well developed
occlusal crest and horizontal longitudinal crown shoulders as well as the tubercles
associated with the labial peg. The presence of this species represents the oldest
record of the family Lonchiididae in the Canning Basin.

Distribution and stratigraphic range. The species has been previously described

from the expansa zone in Dalmeh, Iran and probable expansa zone, Khor Virap

Figure 3.7. Shark teeth from the Casey Falls. A, Protacrodontidae gen. et. sp. indet 1, WAM 14.7.22,
sample 1984-94, in occlusal and labial views; B, ?Protacrodontidae gen. et sp. indet WAM 14.7.31,
1984-98,.in occlusal, lingual and labial views; C, Lissodus lusavorichi, WAM 14.7.30, sample 1984-
98, in labial and lingual views. A, scale bar 0.5 mm; B-C, scale bar 0.5 mm.
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Armenia. Its presence in the Upper marginifera conodont Zone in the Canning

Basin, refines the lower age range of this species.

3.6 Discussion

3.6.1 Biostratigraphy

Thelodonts have been successfully used in biostratigraphy since the 1960’s
(Gross, 1967) with current global zonation schemes (in Gradstein et al., 2012)
developed for the Silurian (Turner, 1973; Bassett et al., 1982; Mérss et al., 1995;
Blom, 1999; Talimaa, 2000) and Devonian (Turner, 1995a, 1999; Blom and Goujet
2002; Hairapetian et al., in press). Subsequent to the Givetian-Frasnian boundary,
thelodonts are restricted to the margins of northern Gondwana (Turner, 1997;
Trinajstic 2001; Maérss et al., 2007) and there is a marked reduction in diversity with
the Turinidae Family represented by the species Australolepis seddoni (Seddon,
1969; Turner and Dring, 1981; Trinajstic and George, 2009), Turinia hutkensis
(Blieck and Goujet, 1978; Hairapetian et al., 2006) and a new genus and species of
turiniid (Hairapetian et al., in press). Of these, A. seddoni has been particularly useful
in defining shallow water Frasnian strata in northern Gondwana (Turner et al., 2002).
The species is known from the falsiovalis to rhenana conodont Zones (MN 1-10 CZ)
in Iran and provided a lower Frasnian age constraint for the Chariseh section (Turner
et al., 2002). Within Australia this species is now recognised as ranging from MN 6-
11 CZ and has been previously used to constrain a Frasnian age for the base of the
Gneudna Formation type section in the Carnarvon Basin (Turner and Dring, 1981,
Trinajstic and George, 2009). Within the Canning Basin A. seddoni has been used to

confirm a Frasnian age for the Hull platform (Chow et al. 2013). Although the
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increased range of A. seddoni, decreases the ability to obtain more finely resolved
ages for strata, its confinement to the Frasnian still makes this species an important
zone fossil.

The phoebodont taxa recovered in this study conform to previously established
age ranges obtained for these species in the Canning Basin (Trinajstic and George,
2009) with the exception of Phoebodus latus where the range has been extended
from MN 10 CZ to MN 11 CZ. This newly extended range of Ph. latus in the
Canning Basin brings it closer in line with the known upper age range for this
species (MN 13 CZ) in the Southern Urals and South Timan in Russia as well as the
Holy Cross Mountains in Poland (Ginter and lvanov 1995b; lvanov 1999; Ivanov
and Lucas 2011). The extension of the known age ranges for A. seddoni and Ph.
latus in the Canning Basin indicates further refinement of the age ranges for other
Phoebodont taxa such as Ph. bifurcatus and Ph. fastigatus is likely with further
collecting. Work so far undertaken describing the phoebodont fauna from the
Canning Basin (Trinajstic and George 2009), has proven their utility in
biostratigraphy as well as increasing the geographic distribution in which these
species can be used.

A disappearance in phoebodont fauna is seen in the section at Horse Spring
from MN 11 CZ and occurs too early to be attributed to the global Kellwasser
Events. Despite the distinct anoxic black limestones and shales associated with the
Kellwasser horizons not being recognised in the Canning Basin (Becker et al., 1993),
perturbations are recorded in the faunas. Reductions in the species diversity and
abundances are recorded within conodonts (Klapper, 2007), ammonoids (Becker et
al., 1993) and trilobites (Feist and McNamara, 2013) in the Canning Basin which are

also seen in the rest of the world. The absence of microvertebrates at Horse Spring
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above MN CZ 11 was previously noted by Trinajstic and George (2009) who
suggested post depositional dolomitisation as the main factor contributing to the lack
of microvertebrates. However, this does not seem to be the cause as microvertebrates
are often recovered from dolomitised beds. In addition, conodonts were found in the
dolomitised beds from 13-19 m (Figure 3.2) in the section at Horse Spring where
microvertebrate fossils were lacking. A global non-occurrence of the Phoebodus
bifurcatus group from the linguiformis Zone (MN 13b CZ) in the Frasnian to the
Famennian late crepida conodont Zone has been identified in the Northern
Hemisphere (Ginter and Ivanov, 1995b; Ginter et al., 2002). Ginter et al. (2002)
suggests the disappearance mainly resulted from global cooling (Copper, 1998)
rather than fluctuations in sea level or anoxia. Given the much earlier disappearance
of phoebodonts in the section at Horse Spring, and no evidence of major temperature
excursions in sea surface temperatures during the MN 11 CZ (Joachimski et al.,
2004), it is not likely temperature fluctuations are the reason for the disappearance of
a phoebodont non-occurrence at Horse Spring.

Another notable global change recorded towards the end of the Frasnian is
the semichatovae Transgression (Sandberg et al., 1997). This event occurs at the
base of the MN 11 Zone and coincides with the absence of phoebodont taxa in the
Canning Basin. Despite reported localised tectonic overprinting (Southgate et al.,
1993; George and Chow, 2002; Chow et al., 2013), evidence of a longer-term 2"
order transgressive event is observable in these sections. The effect of these localised
and global events may be highly influential in the faunal changes and extinctions
seen in the basin (George and Chow, 2002). The phoebodont group has been
previously noted as niche sensitive (Ginter and Turner, 1999), which may explain

their apparent confinement to specific sites in the Canning Basin. Following any
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ecological disturbance within the Horse Spring area, a migration of phoebodont taxa
may have occurred. In this scenario, the disappearance in MN 11 CZ would reflect a
movement of these sharks rather than the extinction seen in other areas of the world,
such as Poland at the linguiformis CZ (13b) (Ginter et al., 2002). It is important to
note that a re-emergence of the phoebodont group in the Famennian is present along
both the North and Eastern margins of Gondwana as well as Laurussia (Ginter and
Turner, 1999; Ginter and lvanov, 2000; Ginter et al., 2002). Interestingly, this re-
emergence is not reflected in the studied sections here and could indicate the factor
or factors influencing the non-occurrence of phoebodonts in the Canning Basin were
potentially long lasting and perhaps localised. A collecting bias can also not be
ignored as there have only been limited studies in the Canning Basin focusing on
Frasnian microvertebrate faunas.

The current phoebodont based zonation established for the Famennian
(Ginter and Ivanov, 1995b; Gradstein et al., 2012) has not yet been correlated in the
Canning Basin and this is partly due to the study of Famennian vertebrates being in
its infancy. The sections described also do not encompass the open shelf
environment where this scheme is most applicable (Ginter et al., 2002) and may
account for the lack of Phoebodus teeth in the Famennian dated intervals. Despite a
lack of Phoebodus species in the Bugle Gap Limestone, the recovered shark species
exhibit comparable ages for the same species found in other areas of the world. Of
these, Thrinacodus tranquillus has been recorded as occurring from the Middle to
Late Devonian in Laurussia and North Gondwana (Ginter and Turner, 2010). The
presence of this species in the Canning Basin makes it one of the oldest global
occurrences (Upper marginfera CZ) with similar ages recorded in Morocco, South

China and Iran (Leliévre and Derycke, 1998; Hairapetian and Long, 2000; Ginter et
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al., 2002). The oldest report of the protacrodont Deihim mansureae is from the Late
Frasnian, rhenana (MN 11 CZ) in Kale Sardar area of Iran (Hairapetian and Ginter,
2010). This species is far more widespread in the Famennian, extending from the
east of Laurussia (Ivanov and Lucas, 2011) to the north-west of Gondwana. An
Upper crepida conodont Zone is recorded as the upper range of D. mansureae in
both Iran and Armenia. In the Canning Basin, Australia the range extends further,
from Upper marginifera CZ, into the lower Tournaisian (Burrow et al., 2010). Two
other shallow water shark species, Protacrodus serra and Lissodus lusavorichi, been
recorded from the expansa CZ of the Khor Virap region in Armenia and Dalmeh in
Iran (Ginter et al., 2011). The presence of both P. serra and L. lusavorichi in the
Canning Basin extends the lower age range of these species from the expansa
conodont Zone to Upper marginifera. Like D. mansureae, an increased Famennian
distribution of Th. tranquillus, L. lusavorichi and P. serra in Northern Gondwana is
established. The presence of small, shallow water genera such as Deihim, Lissodus
and Protacrodus across the margins of North Gondwana, would support the presence
of a continuous shallow platform and reef environmental (Golonka, 2007) suitable

for faunal exchange.

3.6.2 Biogeography and chondrichthyan assemblages

Chondrichthyan biofacies present in the depauperate Famennian intervals of
the Virgin Hills and Napier formations are often difficult to determine. These
intervals often comprise largely shallow water and slope derived material. This
results in the microvertebrate remains often not representing an original environment
of habitation. In contrast to the described sections, samples taken from the shallow

fore-reef deposits of the Bugle Gap Limestone (Guppy et al., 1958; Playford and

137



Lowry, 1966; Playford et al., 2009) preserve a more original chondrichthyan
biofacies. A diverse shark genera including Thrinacodus, Stethacanthus,
Protacrodus, Deihim and Lissodus were present in these shallow water facies.
Despite the low numbers of teeth recovered from the Bugle Gap Limestone, the
proportionally higher number of protacrodont and hybodont type sharks (62% of the
overall number of teeth) as well as the absence of Phoebodus and Jalodus, is
indicative of a shallow water Protacrodus biofacies (Ginter, 2000, 2001). Similar
assemblages have also been recorded in Famennian strata from both Dalmeh and
Chahriseh, Iran (Ginter et al., 2002; Hairapetian and Ginter, 2010).

An increase in cosmopolitanism is seen in many Late Devonian marine
groups, including brachiopods (Copper, 1998), ammonoids (House, 1973), trilobites
(McNamara and Feist, 2006), crustaceans (Rode and Lieberman, 2005), conodonts
Girard et al., 2010) and fish (Ginter and Turner, 1999; Burrow et al., 2010). This
faunal exchange between areas was likely driven by the closure of the Rheic Ocean
(Nance et al., 2012; Domeier and Torsvik, 2014) during the Late Devonian,
culminating in an increased proximity of Laurussia and Gondwana (Young, 2003;
Burrow et al., 2010; Young et al., 2010). This period also saw the rifting of the
Palaeotethys resulting in a separation of the north China, Indochina, Tarim and
South China blocks from Gondwana (Metcalfe, 1984, 2011). Connections between
South China and north-west Australia were maintained in the Late Devonian by the
occurrence of an extensive, shallow water shelf (Golonka, 2007; Metcalfe, 2011;
Golonka and Gaweda, 2012). Previous work on Late Devonian conodonts (Burrett et
al., 1990; Girard et al., 2010) and fish (Long, 1993) support a close relationship
between the two areas. In addition, Trinajstic and George (2009) had previously

shown close affinities, in regards to the temporal ranges, of the Frasnian
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phoebodonts Ph. fastigatus and Ph. bifurcatus in the Canning Basin and South
China. The presence of a likely shallow water taxon, Deihim sp.1 (Figure 3.6G13) in
both the Canning Basin and Menggongao Formation of South China (Leliévre and
Derycke, 1998, figure 7B), would support the presence of a shallow water platform
between the two areas into the middle part of the Famennian. Determining the extent
of faunal exchange further into the Famennian or even Carboniferous is difficult to
determine as studies into shark faunas of these ages are limited for the north west of
Australia. However Th. ferox has been reported in the late Famennian in both South
China and Australia (Long and Burrett, 1989). The similarities between the tooth
identified here as Protacrodontidae sp. 1 (Figure 3.7A1.2) found in a middle
Famennian of the Virgin Hills Formation and a tooth from the middle Tournaisian in
Muhua, South China (Ginter and Sun, 2007, fig. E1-2) provides further support for a
close connection between China and Australia (Metcalfe, 2001) however, further
data from microvertebrates are required.

Clear links between the shark taxa in the north-west of Australia and other
parts of Laurussia, South China and Northern areas of Gondwana are demonstrated
here. Despite the similarities, there is also a degree of endemism amongst some of
the shark species present in the Canning Basin. This is not unusual as endemism in
some conodont (Klapper, 1995, 2007) and many placoderm (Long, 2006) species has
also been noted. Of the Frasnian taxa Diademodus dominicus sp. nov. had not been
previously recorded outside of Laurussia. The presence of this species along the
eastern margins of North Gondwana would also suggest a greater distribution of this
genus than previously recognised. Of the other phoebodontids, Phoebodus tooth
forms found in the Horse Spring section often possess unusual features. These

include the tricuspid form of Ph. bifurcatus which appear relatively common in the
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Canning Basin but rare in other areas of the world. The teeth of Ph. fastigatus also
differ from the diagnostic smooth cusps, often possessing cusps with heavy
ornament on the labial face. In addition to the Frasnian taxa, there are two types of
ctenacanthiform and a species of Stethacanthus that have not been found anywhere
else. Despite an increased cosmopolitanism in Devonian shark faunas, a considerable
endemic component is present in the Canning Basin. The mechanisms for this are
difficult to determine and may be the result of lack of sampling, although unique
palaeoenvironmental conditions or environmental niches might have existed in this

part of East Gondwana (north-western Australia) at this time.

3.7 Conclusions

A largely undescribed chondrichthyan fauna ranging in age from MN 11 CZ
in the late Frasnian to the late marginifera Zone in the middle Famennian was
recorded from the Virgin Hills Formation, and the Bugle Gap Limestone, and Napier
Formation in the Canning Basin. The section at Horse Springs reveals a similar
diversity of phoebodonts to that previously described by Trinajstic and George
(2009). A new species of diademodont, Diademodus dominicus sp. nov., a genus
which until now had only previously been described from Laurussia was recovered
from the phoebodont-rich beds. This species, in addition to variation in Phoebodus
fastigatus, as well as newly described cladodont and stethacanthid teeth, reveals a
potentially endemic Frasnian component to the Canning Basin.

The Famennian Bugle Gap limestone and uppermost beds of the section at
Casey Falls reveals a diverse shark fauna that had not been previously described
from the Canning Basin. Many of these, including Th. tranquillus, C. wildungensis,

P. serra, D. mansureae and L. lusavorichi, represent ages similar to or the same as
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those previously described for these species. The presence of this shark fauna in the
Canning Basin also allows for a more comprehensive understanding of species
distribution in the Famennian. A number of genera including Phoebodus and
Protacrodus occur in both eastern Australia and Western Australia (Turner and
Young, 2000), however, these new reports on chondrichthyans from the Canning
Basin indicate stronger faunal links between the Canning Basin and other areas of
Gondwana such as Iran and Morocco as well as Poland and the United States of
America in Laurussia. In addition, faunal similarities between South China and the
Canning Basin are present, with some shark species indicating potential faunal

exchange extending into the Late Famennian and possible Early Carboniferous.
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4.1 Abstract

Microvertebrate samples from the Upper Devonian Hojedk section, southeastern
Iran, and the Napier Formation, northwestern Australia, have yielded scales of
agnathan thelodonts, dated as early/mid-Famennian (crepida-marginifera/trachytera
conodont zones). These scales are referred to Arianalepis megacostata, a new genus
and species, and Arianalepis sp. indet., a second indeterminate species of this new
turiniid genus. Further recorded scales of Australolepis seddoni from the Napier
Formation confirm the age range for this taxon as extending into the late Frasnian.
The new remains post-date the previously youngest thelodonts from Iran and
Western Awustralia and provide the first evidence of thelodonts surviving the

Frasnian-Famennian extinction events.
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4.2 Introduction

Thelodonts (jawless fishes) have a long history in the fossil record, appearing
at least by the Late Ordovician (Turner et al., 2004) and becoming extinct at some
point before the end of the Devonian along with most other agnathans, with the
exception being the extant cyclostomes (Mérss et al., 2007). Despite the relative lack
of taxa based on articulated remains compared to scales (c. 25: c. 140), the latter
have proved useful in biostratigraphic correlation for many decades, particularly
between shallow-marine and non-marine sequences (e.g. Turner, 1993, 1997; papers
in Blieck and Turner, 2000). Although articulated taxa are fewer (Marss et al., 2007),
most are known from Silurian deposits and none are known from the Southern
Hemisphere or in post-Emsian or younger sediments. The youngest known
occurrences of thelodont taxa were previously reported from Western Australia and
Iran as isolated scales in Frasnian strata (Turner and Dring, 1981; Trinajstic, 2000,
2001; Turner et al., 2002; Trinajstic and George, 2009) until the discovery in the
early 2000s of the first Famennian thelodont scales from Iran (Hairapetian and
Turner, 2003; Turner and Hairapetian, 2005; Hairapetian, 2008). Here we report in
detail the first Famennian thelodonts that co-occur with conodont elements and
jawed vertebrate assemblages in the Hojedk section in the north of Kerman,
southeastern Iran (Figure 4.1), and also the recent discovery of thelodont scales from
a mid-Famennian sequence in the South Oscar Range, Canning Basin, northwestern
Australia (Figure 4.2). The lranian scales are placed within a new turiinid genus
Arianalepis gen. nov., which represents the youngest known thelodont remains; the
Australian material is more sparse and so its assignment is less certain. These new
discoveries furthermore support the closeness of faunal relationships in the mid-

Palaeozoic of northern Gondwana, especially between Iran and Australia. In
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addition, the finds offer an opportunity to further establish and extend
biostratigraphic schemes utilizing thelodont taxa in the Devonian (Turner, 1997

Long and Trinajstic, 2000; Young and Turner, 2000).

4.3 Geographical and geological setting

4.3.1 Iran

The Hojedk section (c. 4 km west of Haruz village and c. 48 km north of
Kerman; 30843'N, 5780'E; Figure 4.1) is measured on the southeastern flank of Kuh-
e-Kanseh Mountain, Kerman Province, central Iran. The stratigraphy of the Hojedk
Devonian strata has recently been studied in detail by Wendt et al. (2005),
Gholamalian and Kebriaei (2008) and Gholamalian et al. (2013). The underlying
Lower (?) Devonian/Eifelian Padeha Formation commences with a breccia unit
followed by sandstones and dolomites. There is a disconformity at the top of the
Padeha Formation, where a sandstone unit is overlain by a dolomitic horizon of the
Bahram Formation containing small gastropods, large plates of the placoderm
Holonema and plant remains; the unit has been dated as late Givetian based on
conodonts (see Gholamalian and Kebriaei 2008). The limestones in the uppermost
Bahram Formation are overlain with an apparent major temporal unconformity by
dolomites of the Permian Jamal Formation. Conodont samples collected from the
limestone beds in the upper part of the section, however, revealed an early
Famennian age, from the Lower Palmatolepis crepida Zone (see Gholamalian and
Kebriaei, 2008, fig. 1, table 1, pp. 183-184).

The new thelodont material came from Sample R4, a red sandy limestone bed

in the uppermost part of the section, just below the level of the Devonian/Permian
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unconformity (Figure 4.1) (Hairapetian and Turner 2003; Turner and Hairapetian
2005; Hairapetian 2008). The bed is now dated as early Famennian based on
conodonts and fish remains. Associated with the thelodont scales are conodont
elements indicative of a shallow-water fauna, including Icriodus alternatus cf.
helmsi Sandberg and Dreesen, 1984, Icriodus cornutus Sannemann, 1955,
Pelekysgnathus inclinatus Thomas, 1949, Polygnathus semicostatus Branson and
Mehl, 1934 and the Polygnathus communis group Branson and Mehl, 1934, dating of
which spans the Middle-Upper Palmatolepis crepida Zone (Hairapetian, 2008). The
new thelodont taxon is associated with stratigraphical index chondrichthyan species
from the Hojedk section (Figure 4.1); the assemblage comprises several
chondrichthyan and actinopterygian taxa, with shark teeth of phoebodonts
Phoebodus gothicus gothicus Ginter, 1990, Phoebodus turnerae Ginter and lvanov,
1992 and Phoebodus aff. Turnerae Ginter and Ivanov, 1992, the protacrodonts
Protacrodus sp. and Deihim mansureae Ginter, Hairapetian and Klug, 2002, the
cladodontomorphs Ctenacanthus sp. and Elasmobranchii gen. et sp. indet., as well as
sarcopterygian and actinopterygian scales, all supporting an early Famennian age

(Ginter et al., 2002; Hairapetian, 2008, fig. 4).

4.3.2 Australia

A section through the proximal slope facies of the Napier Formation was
measured at South Oscar Range (17855'S, 125817'E; Figure 4.2) (Playton et al.,
2013), located along the southwestern edge of the Lennard Shelf in the Kimberley
Region of NW Western Australia (Playford et al., 2009). The Napier Formation
unconformably overlies Proterozoic basement and in outcrop ranges from early

Frasnian to late Famennian. The lithology of the measured section is predominantly
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168



limestone with the basal part of the section comprising marginal and slope-derived
mega breccias with minor dolomitic microbial boundstones, rudstones and breccias.
The upper interval of the South Oscar Range section from approximately 185 m
consists mainly of platform-derived skeletal packstone-grainstone facies as well as in
situ stromatactoid boundstones and skeletal-peloid-coated packstones to grainstones.
Overlying the mixed slope facies of the Napier Formation are the siliciclastic shelf
deposits of the uppermost Devonian to Lower Carboniferous Fairfield Group
(Playford and Lowry 1966). The Frasnian-Famennian boundary is placed within
the upper part of the section, between 223.8 and 233.2 m, with its location based on
conodont data (Hansma et al., 2015) in addition to the last occurrence of Frasnian
stromatoporoids (Hurley, 1986; Playford et al., 1989).

The new thelodont material comes from Sample South Oscar Range (SOC)
600 in the uppermost bed of the section and co-occurs with acanthodian and
palaeoniscoid scales. This horizon has been dated as ranging from the Upper
Palmatolepis marginifera to Palmatolepis trachytera conodont zones, which is
supported by the overlap of Palmatolepis gracilis gracilis Branson and Mehl, 1934,
and Palmatolepis minuta minuta Branson and Mehl, 1934 in Sample SOC 600. A
lower Palmatolepis rhomboidea age is not supported because Scaphignathus velifer
Helms, 1959 is not known below the Upper Palmatolepis marginifera conodont
Zone within the Canning Basin and this taxon has been recovered below from
Sample SOC 500 (Figure 4.2). The Frasnian conodont succession at South Oscar
Range is conformable with the Montagne Noire (MN) conodont zonation (Klapper
1989).

Additional thelodont scales identified here as Australolepis seddoni Turner

and Dring, 1981 (Figures 4.3 and 4.4) have been found in the lower part of the
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section (SOC 124), dated as Frasnian MN Zone 10. Immediately above this horizon
(MN 13Db), there are shark teeth of Stethacanthus sp. as well as palaeoniscoid and
acanthodian scales. The Frasnian part of the section has a diverse palmatolepid

conodont fauna indicative of open-marine conditions (Sandberg and Ziegler 1979).

4.4  Materials and methods

A buffered solution of 10% acetic acid was employed to extract the Iranian
Sample R4 residue and specimens were then picked using a sieve of 0.177 mm
mesh. Sixteen thelodont scales (Figure 4.5-7) have been found, most of which are
broken and reddish brown in colour (Figure 4.7). The scales are densely covered
with adhering sedimentary quartz grains, which are not easy to remove with a needle

(Figure 4.7).

Figure 4.3. Scale of Australolepis seddoni WAM 13.10.2 from Sample SOC 124, South Oscar Range
section, Canning Basin, Western Australia. A1, crown view; A2, dorsolateral view. Scale bar 0.2 mm.

170



Scanning electron micrographs were prepared in Esfahan with a Leica 360
scanning electron microscope and in the Institute of Palaeobiology, Polish Academy
of Sciences (Warsaw, Poland) using a Philips XL 20. The Iranian specimens are

deposited in the Department of Geology, Azad University, Esfahan (AEU).

Figure 4.4. Drawings of scales of Australolepis seddoni WAM 13.10.2 (A); WAM 13.10.3 (B) from
Sample SOC 124, South Oscar Range section, Canning Basin, Western Australia. Al, crown view;
A2, ventral view; B1, crown view; B2, ventral view. Scale bar 0.2 mm. Bulk rock samples (20 kg)
were taken within the measured South Oscar. Range section
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Acid digestion of the carbonates in 10% acetic acid and heavy-liquid
separation of the residue was undertaken at Macquarie University and the
fractionated residues returned for picking. One of two scales recovered from SOC
124 was photographed using a Zeiss EVO 40X VP and both scales were drawn while
magnified using a binocular microscope. One scale from SOC 600 was photographed
using a Leica XX2V 7S stereomicroscope camera version 3.4.1 at the Western
Australian Museum and drawn under a binocular microscope. Owing to the paucity
and poor preservation of the SOC 600 scale, scanning electron microscope or
histological work was not possible. Specimens are deposited in the Western
Australian Museum (WAM). The 13-fold Frasnian conodont zonation, first proposed
for the MN succession (Klapper ,1989) and subsequently modified to a 15-fold
zonation (Girard et al., 2005), was used to describe the stratigraphic ranges of the
conodont and vertebrate taxa recovered from the Canning Basin sections. The
standard conodont zonation of Ziegler and Sandberg (1990) were used for both
sections to describe Famennian age ranges and for the Frasnian in the Iranian
sections, because the ranges of MN zonal markers have not yet been replicated for

Iran.

4.5 Systematic Palaeontology

Thelodonti Jaekel, 1911
Order Thelodontiformes Kiaer in Kiaer and Heintz, 1932

Family Turiniidae Obruchev, 1964

Australolepis seddoni Turner and Dring, 1981

(Figures 4.3 and 4.4)
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Material: WAM 13.10.2; one scale.

Locality and geology. South Oscar Range, Canning Basin, Western Australia
(17855’ S, 125817’ E). Bed SOC 124, CZ 10, reef, margin and slopederived skeletal
limestone: Upper Devonian Napier Formation.

Stratigraphic range. Australia: Napier Formation, South Oscar Range, Canning
Basin: MN Zone 10, MN Zones 6-10, Virgin Hills Formation, Horse Spring,
Canning Basin; earliest Frasnian to MN Zone 10 in the Gneudna Formation type
section, Carnarvon Basin, Western Australia (Turner and Dring, 1981; Trinajstic,
2000, 2001; Turner et al., 2002; Trinajstic and George, 2009). In Iran the range
extends from the early Frasnian Mesotaxis falsiovalis Zone, MN Zones 1-3, to, in the
Chabhriseh section, Palmatolepis hassi Zone, MN Zone 10 (Hairapetian et al., 2000;
Yazdi and Turner, 2000).

Description. The scales measure less than 1 mm in length with an elliptical base and
triangular crown, terminating in a sharp apex. The anterior face of the tripartite
crown has two bifurcating ribs that fuse to form a single rib that extends to the crown
apex (Figures 4.3 and 4.4, drawing Al). The anterior ribs are ornamented with small
tubercles (Figure 4.4, drawing Al). A well-developed, ridged lateral lappet is present
at the medial region of the scale (Figures 4.3 and 4.4, drawings Al, B1). The lateral
extent of the lappet curves posteriorally and bifurcates to form two anteriorward-
pointing projections (Figure 4.4, drawing B1).The posterior lappets are reduced
compared with the medial lappets and lack the terminal projections. The mesial face
adjoins the central ridge. A shallow neck separates the crown from a narrow base,
which does not possess an anterior spur. The base exhibits the lobate thickenings
typical in scales of this species (Figure 4.4, drawings A2, B2). An elongate pulp

canal is visible on the underside of the scale.
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Figure 4.5. Scanning electron micrographs of early Famennian thelodont scales of Arianalepis
megacostata gen. et sp. nov. from sample R4, Hojedk, Kerman Province, Iran. A, B, head scales; C,
cephalopectoral scale; and D-G, trunk scale. A, AEU 720 in crown view; B, AEU 721 in lateral crown
view; C, AEU 722 in lateral view; D, AEU 723 in antero-crown (D1) and lateral (D2) view; B, AEU
724 in lateral view; F, AEU 725 in crown view; G, AEU 726, holotype in antero-crown (G1) and
lateral (G2) view. Scale bar 0.2 mm.
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Figure 4.6. Drawings of scales of Arianalepis megacostata gen. et sp. nov. from sample R4, Hojedk,
Kerman Province, Iran. A, AEU 720 in crown view; B, AEU 721 in lateral crown view; C, AEU 722
in lateral view; D, AEU 723 in antero-crown (D1) and lateral (D2) view; E, AEU 724 in lateral view;
F, AEU 725 in crown view (F1) and ventral (F2) view; G, AEU 726, holotype in antero-crown (G1)
and lateral (G2) view. Scale bar 0.2 mm.

Histology. As only two single scales were recovered no thin sections were made.

However, the large pulp cavities are typical of turiniid histology (Maérss et al.,
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2007).

Figure 4.7. Photographs of early Famennian thelodont scales from sample R4, Hojedk, Kerman
Province, Iran, to show colour and taphonomic nature of the adhering quartz grains. (A) AEU 782 in
crown (Al) and lateral-crown views (A2); (B) AEU 783 in lateral crown view; (C) AEU 783, in basal
view; (D) AEU 784 in antero-crown (D1) and lateral-crown (D2) view; (E) AEU 785 in crown view.
Scale bars, 0.2 mm.

Taphonomic analyses. The scale is pristine. The crowns are uniformly light
brownish in colour with a white base, typical of thelodont scales, where the two hard
tissues - dentine in the crown and neck, and aspidin in the base (see e.g. Marss et al.,
2007) - are often present, with very different colours related to the varying
mineralization effects based on the porosity of the tissue. No diagenetic alteration is
detectable and associated conodont remains have a conodont alteration index (CAl)
of 0.5.

Remarks. These scales conform to the original diagnosis of A. seddoni (Turner and
Dring, 1981) and are attributed to this taxon. Their small size, gracile construction,

bifurcating crown ribs and smooth shallow neck, with a base wider than the crown,

176



are all consistent with the type diagnosis. Small tubercles are present on the crown
ribs, which are also seen in scales from Horse Spring (Turner, 1997; Trinajstic and
George, 2009). Following currently accepted concepts of squamation patterns (Marss
et al., 2007), the scales originate from the cephalopectoral region of the body.

The scale conforms to those from the known uppermost range of A. seddoni (MN
Zone 10) within Australia based on well-constrained conodont remains (Trinajstic

and George, 2009).

Genus Arianalepis gen. nov.

Etymology. From ‘Ariana’, an old name for the country of origin of the first
Famennian thelodonts; and Greek: lepis, a scale.

Diagnosis. As for type and only species. Stratigraphic range. Early Famennian,
crepida Zone.Type and only species. Arianalepis megacostata sp. nov.

Remarks. The Iranian and Western Australia thelodont scales are the youngest to be
recorded to date; those from Iran were reported earlier and considered tentatively to
be within the family Turiniidae, which is the only clade found thus far in post-
Lochkovian Gondwana (Hairapetian and Turner, 2003; Marss et al., 2007).
Hairapetian and Turner (2003) and then Marss et al. (2007) retained them as an
undetermined turiniid taxon. However, as there are significant morphological
differences from earlier turiniid taxa and considering their much younger age, the

new scales are referred here to a new genus (see further discussion below).

Arianalepis megacostata gen. et sp. nov.

(Figure 4.5-7)

2003 new turiniid Hairapetian and Turner: 26-27.
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2005 new turiniid Turner and Hairapetian: 24.

2007 Turiniidae gen. et sp. indet. Marss et al.,: 110.

Type specimens. Holotype: AEU 726, trunk scale (Figures 4.5, micrographs G1, G2
and 6, drawings G1, G2); paratypes: 15 scales (Figure 4.7A-E), AEU 720-725, 782-
790.
Type locality and stratigraphy. Section c. 4 km W of Haruz village; 30843'N,
5780'E, SE Kuh-e-Kanseh Mt, Hojedk, c. 48 km N of Kerman, central Iran. Sample
R4, red sandy limestone bed, Bahram Formation, Late Devonian, early Famennian,
crepida Zone.
Stratigraphic range. crepida Zone, early Famennian.
Etymology. From Latin mega ‘large’ and costata,‘ribs’ for the ribbed nature of the
crowns.
Diagnosis. Turiniid with robust medium-sized scales with a few simple coarse ribs
on crowns. Base is horizontally extended with anterior basal extensions.
Description. The scales all show a robust structure and measure less than 1 mm in
length. The head scales are rounded as in most thelodonts with robust crowns having
a few, up to eight, strong ribs. There are eight ribs radiating from a high, rounded
central apex to a shallow neck; wide troughs separate the ribs (Figures 4.5,
micrographs A, B and 6, drawings A, B). Cephalopectoral scales are poorly
preserved but can be seen to be more elliptical (Figure 4.5, micrograph C and 6,
drawing C). The crowns exhibit simple coarse ribbing and well developed bases.
Trunk scale crowns (Figures 4.5, micrographs D2-G2 and 6, drawings D1,
D2, G1, G2) are characterized by simple coarse ribbing and a protruded, prominent
median area, which can be flat and horizontally placed as in the holotype scale

shown in Figure 4.5, micrograph G1, G2. One scale (Figure 4.5, micrograph F)
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shows a smooth, wide median and two lateral areas at a lower level. Another scale
shown in side view (Figure 4.5, micrograph E) exhibits the high crown with ribs
down to the shallow neck and the horizontally placed base with the scale axis at
around 458. Some indication of split ribs is seen in other scales (Figure 4.7). The
anterior base is developed into a single, thick basal root or spur, which extends in a
lateral plane (Figure 4.5, micrograph F). The holotype scale (Figures 4.5,
micrographs G1, G2 and 6, drawings G1, G2) exhibits a relatively deeper base with
an incomplete anterior anchoring root directed vertically downwards.

Unlike many turiniid taxa, especially in Gondwana (e.g. Turner 1997), there
is no sign of microornament on the crown surface of any scales but this is probably a
factor of the removal of the external shiny layer of dentine (see taphonomic remarks
below).
Histology. Owing to the relatively few scales and poorly preserved material, direct
histological studies were not possible. However, all exhibit the typical single
rounded pulp opening in the base found in thelodontidid scales as is usual in turiniids
(cf. Mérss et al., 2007); a quite large pulp cavity is seen in Figure 4.5, micrograph B,
and remnants of the pulp canal in Figure 4.5, micrograph C. Based on comparison
the crowns are formed of typical thelodont orthodentine and the base of aspidin. As
noted above, the outer layer of dentine (vasodentine called ‘enameloid’ by some
workers) is not as shiny as normal and the dentine tubules of the crown are exposed
clearly in some scales (Figure 4.5, micrographs G1, G2). The pulp cavity is
relatively large and the scales are neither in their first dentine crown ‘cap’ stage nor
senescent with large overgrown bases with closed pulp openings.
Taphonomic remarks. There are two possibilities that could explain why some of

the Iranian thelodont scales are densely covered with adhering sedimentary quartz
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grains (e.g. Figures 4.5, micrographs G1, G2 and 7A-E). This could imply reworking
and mean that the thelodont scales are older than the other remains, that is, not
Famennian, and the presence in some scales of crown ribs divided into two might
support this, as there is a similarity to the older Iranian turiniid Turinia hutkensis
Blieck and Goujet, 1978. However, comparing the state of preservation of the
thelodont scales with the other fish microfossils, they are identical in preservation
and with the same deep red colour taken from the surrounding rock/grains. The
conodont elements were also checked for evidence of reworking but all are light grey
in colour, indicating an identical and low CAl, so that reworking does not seem to be
a possibility.

Therefore, this leaves the alternative option that the fossils are diagenetically
affected and therefore we need to look at post-depositional environmental conditions
to account for these changes. The most likely explanation is that the phenomenon is
a consequence of water chemistry after the scales were shed or lost from the dead
animal; there is no sign of algal or fungal boring as seen in certain marginal
environments (e.g. Mérss et al., 2007). Other Gondwana samples of turiniid scales
show similar adhering grains, such as those from central Australia and New Zealand,
but these scales also show more extreme diagenetic effects such as silicification or

loss of tissue structure (Turner, 1997; Macadie, 2002).

?Arianalepis sp. indet.

(Figures 4.8 and 4.9)

Materia. WAM 13.10.1; one cephalopectoral scale.
Locality and stratigraphy. The South Oscar Range section (17855'S, 125817'E)

lies 42 km NW of Fitzroy Crossing, South Oscar Range, Canning Basin, Western
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Australia. Sample SOC 600, white crinoidal packstone, Napier Formation, Late

Devonian, Middle Famennian, marginifera/trachytera conodont zones.

Stratigraphic range. Middle Famennian, marginifera/trachytera conodont zones.

Figure 4.8. Transmission microphotographs of scales of ?Arianalepis sp. indet. WAM 13.10.1 from
sample SOC 600. Al and A2 in lateral view. Scale bar 0.2 mm.

Description. The one almost complete specimen is a young, medium-sized (0.8 mm)
robust scale with a small break anteriorly across the crown, neck and base (Figures
4.8A2 and 4.9, drawing Al-3). The total range of the number of ribs cannot be
determined; however, 12 broad crown ribs are reconstructed based on the spacing of
the ten preserved ones. The ribs radiate from a dome-shaped apex with a centrally
raised point directed posteriorly (Figures 4.8Al1 and 4.9, drawing A4). Two of the
medial anterior ribs bifurcate halfway between the crown apex and neck-crown
interface. Deep troughs separate the ribs, which diminish at a deep, narrow neck
(Figure 4.8A1 and 4.9, drawing A4). A series of small crenulations occurs on the

terminal dorsal edge of each rib (Figure 4.9, drawing A2).
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Figure 4.9. Drawings of scale of ?Arianalepis sp. indet. WAM 13.10.1 from SOC 600. Al and A2,

lateral view; A3, basal view; A4, crown view. Scale bar, 0.2 mm.

Histology. Histology was not possible as only a single scale was recovered.
However, the complete scale exhibits the typical large pulp cavity of a
morphogenetically young turiniid scale where dentine has not yet grown
centripetally to form a narrow pulp opening on the base.

Taphonomic analyses. The colour of the scale is uniformly white with no evidence
of biogenic alteration. Numerous, well-preserved acanthodian scales are also present
within Sample SOC 600, suggesting a deeper-marine environment where thelodonts
are relatively scarce (cf. Mérss et al., 2007). The associated conodont elements are
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pristine with a CAIl of 0.5. There is no evidence to suggest reworking in this sample
as the conodont assemblage conforms to the other assemblages immediately below
Sample SOC 600.
Remarks. The scale from SOC 600 is referred tentatively to the new genus
Arianalepis with indeterminate species, on the basis of similar morphology of a
crown with few coarse ribs. Not being a body scale, however, specimen WAM
13.10.1 generally resembles all turiniid head scales and probably lacks diagnostic
features. The head scale from SOC 600 has a higher number of radiating ribs: 12
compared with 8, and also seems to be more robust than the specimens from Hojedk.
This might be because of normal variation, the different age of the scales, or
dependent on the age of the individual animal (Mérss et al., 2007).

Microcrenulation of scale crowns also seems to be phylogenetically
significant in the Turiniidae; however, the relatively poor preservation of the
Iranian scales means that micro-ornament is not preserved and, because most turiniid
taxa do exhibit some ornament on the ribs, the crenulations in the Australian scale
may just be due to variation within individual scales or within species.

For now we tentatively place the Australian scales within the genus

Arianalepis gen. nov. based on the single scale.

4.6 Comparison and discussion

The scales of Arianalepis megacostata gen. et sp.nov. from Hojedk are
superficially more simple than other turiniid species from the Devonian of
Gondwana and, interestingly, are most like those of the late Silurian Turinia fuscina
Turner, 1986 of southern Australia, and mid-Late Devonian taxa, such as T.

hutkensis Blieck and Goujet, 1978. The single complete scale from South Oscar
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Range shows some resemblance to the scales of Jesslepis johnsoni Turner, 1995 in
being relatively robust, having bifurcating and deeply dissecting ribs, and a large
pulp cavity. The complete scale from South Oscar Range can be distinguished based
on the greater number of ribs, which do preserve microcrenulations.

The scales from Hojedk and South Oscar Range are distinguishable from any
known species. Most interesting is that these youngest thelodont scales have large
robust crowns and bases unlike the slightly older taxa known from Iran and Western
Australia, especially Australolepis seddoni, which has delicate ribbing and sculpture
on the crowns. Other older Devonian taxa from the same region are Turinia
antarctica Turner and Young, 1992 and J. johnsoni from the Givetian of eastern
Australia and Antarctica (Turner 1995, 1997).

T. hutkensis of Iran is most similar to scales from Thailand and Antarctica
(see Turner and Young, 1992; Turner, 1997). Some of the Turinia cf. hutkensis
scales from the Chahriseh locality resemble Turinia pagoda Wang, Dong and Turner,
1986 and Turinia spp. from the western Yunnan Province and A. seddoni in their
out-turned ridges. Scales that share features with T. hutkensis, such as the
tight crown double-ribbing, have also been found in the central Australian basins and
were earlier thought to be related to the older Turinia australiensis (Turner, 1997:
see Table 4.1). Could Australolepis be the result of paedomorphic evolution from T.
hutkensis or T. pagoda? Heterochrony in the morphogenesis would leave all the
scales with wide-open pulp cavities throughout life and shallow bases with only
small anterior prongs, and with a base capable of only thickening sporadically,
resulting in the lobate papillae that are typical of A. seddoni bases (cf. Figure 4.9,

drawing A2).
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Table 4.1. Turiniid taxa from the Middle (Givetian) and Upper (Frasnian and Famennian) Devonian
of Gondwana. Abbreviations: CEIM, central-east Iran microcontinent; NT, Northern Territory; QLD,
Queensland; SA, South Australia; SS, Sanadaj Sirjan; WA, Western Australia.

Epoch/Age

Australia

Conodont zonation

WA

NT

SA

QLD

Antarctica

Iran

SS CEIM

China

Famennian

372.2

Si. praesulcata =

Pa. gracilis expansa

Pa. periobata postera —

Pa. rugosa trachytera —

Pa. marginifera

? Anianalepis
sp.

Pa. rhomboidea —

Pa. crepida

Pa. triangularis

Frasnian

382.7

Pa. linguiformis

o “@lojo

MN 13

Pa. rhenana
MN 12

MN 11

P3 famleas

MN 10
MN9
_mne
MN 7

Pa. rhenana

MN 6
MN S

Pa. punctata

Pa. transitans | Mn4

M.
(= falsiovalis)

MN 2

Australolepis

seddoni

MN 1

Givetian

normsi

K. disparilis -

Sc. hermanni

Po. varcus -
/—\

387.7

Po. hemiansatus

Turinia sp.

?

Turinia sp.
cfid, pagoda]

Turinia sp.

?

Arianalepis
megacostata

Jesslepis

Jjohnsoni

Turinia
antarctica

Australolepis
seddoni

Australolepis
seddoni

Turinia
hutkensis
Turinia

hutkensis

Turinia pagodal

Turinia hutkensis and T. antarctica both share the fine ultrastructual lines on

the crown, seen in earlier T. australiensis (see e.g. Turner, 1997; Marss et al., 2007)

but these are not apparent in A. seddoni (Figure 4.4A1-2) or A. megacostata gen. et

sp. nov. (Figure 4.7, photographs A1, D2) although the latter does have the double

ribbing seen in some scales of T. hutkensis.

Historically, studies on Laurasian/Laurentian thelodonts have been more

numerous than those on Gondwana (Marss et al., 2007). This disparity began to be

addressed especially during IGCP work from the 1980s onwards, when several new

thelodont taxa and increased stratigraphic ranges were reported from Gondwanan

faunas (e.g. Blieck et al., 1980; Turner et al., 1981, 2000; Turner, 1986; Wang et al.,
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1986; Turner and Young, 1992; Young and Turner, 2000; Trinajstic, 2001,
Hairapetian, 2008; Trinajstic and George, 2009, table 1). Most notable was the
discovery that thelodont taxa survived the Givetian-Frasnian boundary event (Turner
and Dring, 1981). Turiniid remains recovered from the Aztec siltstone in Antarctica
(Turner and Young ,1992) have shown a potential age range from the middle
Givetian to the early Frasnian based on faunal associations with Antarctilamna
(Young, 1993). However, the presence of the spore Geminospora lemurata Balme,
1960 has dated this unit as Givetian (Young 1988; Young and Turner 2000).
Thelodont remains were first found in the Middle Devonian of Iran in the 1970s and
other taxa in Australia, Thailand and China in conodont-dated strata (e.g. J. johnsoni
in Queensland) (Turner and Janvier ,1979; Blieck et al., 1980; Hamdi and Janvier,
1981; Turner, 1997).

The first early Frasnian thelodont scales, A. seddoni, were recorded from the
Gneudna Formation, Carnarvon Basin, of Western Australia (Turner and Dring,
1981). Spore assemblages (Balme, 1988) gave a possible Givetian to Frasnian age
for the lower part of the section; however, microvertebrate assemblages suggested a
Frasnian age for the whole section (Trinajstic, 2001). In the last decade thelodont
scales identified as T. hutkensis and A. seddoni were reported from the early-middle
Frasnian of Iran (e.g. Yazdi and Turner, 2000; Turner et al., 2002) and poorly
preserved scales possibly from A. seddoni were recovered from slightly younger
Frasnian strata in the Canning Basin of Western Australia (Turner, 1997, 1999).
Until recently, this was the youngest record of any thelodont taxon (Turner, 1997).
Ranges for thelodonts have been further refined in Western Australia based on the
co-occurrence of thelodonts and phoebodonts in conodont-dated sequences at Horse

Springs, with the age range of A. seddoni extended into the upper Frasnian
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(Trinajstic and George, 2009). Younger thelodont scales were recovered from
younger early Famennian strata in the Canning Basin of Western Australia; however,
as the preservation was poor these were not formally identified (Turner, 1997, 1999).
Subsequent studies by Hairapetian and Turner (2003) and Hairapetian (2008)

reported the first Famennian scales in Iran.

4.6.1 Palaeobiogeography

The continuance of thelodont taxa into the Famennian may suggest a
displacement post the Givetian-Frasnian extinction and the foundation of a refuge in
Northern Gondwana (Kauffman and Harries, 1996; Harries et al., 1996). As the
Frasnian and Famennian turiniid fish are found in shallow to very shallow water,
‘challenging’ environments, for example, marginal, lagoonal and hyper-saline, were
they then pre-adapted or opportunistic survivors and thus these new taxa are
evidence of a survival lineage? There is no sign yet of any thelodont in the
immediate earliest Famennian ‘bloom’ of recovery, but with evidence now in two
disparate parts along the Palaeotethyan southern shore we consider Arianalepis gen.
nov. as a Lazarus taxon. Few agnathan fishes survived the massive Late Devonian
extinctions and until recently only two thelodont taxa, T. hutkensis from the early-
middle Frasnian of Iran (Turner et al., 2002) and A. seddoni from the early-late
Frasnian (MN zones 6-10) of Western Australia and Iran (Yazdi and Turner, 2000;
Trinajstic, 2001; Turner et al., 2002; Trinajstic and George, 2009; Burrow et al.,
2010) were known. However, now at least one thelodont genus with one or more
species appears to have weathered the Frasnian-Famennian extinction and appears to
represent a surviving Lazarus taxon (Kauffman and Harries, 1996). Australolepis

seddoni is now known from the Gneudna and Virgin Hills formations of Western
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Australia and the Shotori Range and Chahriseh sections in Iran (Turner, 1997; Yazdi
and Turner, 2000; Turner et al., 2002; Trinajstic and George, 2009). To date, scales
have been recovered from different facies including distal and medial slope and back
reef in the Canning Basin (Chow et al., 2013), as well as shallow carbonate ramp in
Iran and the Carnarvon Basin (Hocking et al., 1987; Wendt et al., 2002; Trinajstic
and George, 2009). A few possible Australolepis scales are recorded from the Late
Devonian of Holy Cross Mountains (M. Ginter and S. Turner, pers. obs. 1990). The
presence of thelodonts in sediments from Hull Range, Western Australia, has
confirmed an early Frasnian age for these strata (Chow et al., 2013), where
previously the date could only be constrained to the late Givetian-early Frasnian.
This demonstrates again the utility of microvertebrates in general and thelodont
scales in particular to help date strata where conodonts and other open-marine taxa
are absent. The first appearance has been linked to conodonts by Long and Trinajstic
(2000). The younger Frasnian Australolepis scales from the Horse Spring section
(GK 364), Canning Basin, Western Australia, were also identified as A. seddoni
(Trinajstic and George, 2009). Scales from A. seddoni are therefore being reported
from a number of sections throughout northern and East Gondwana and are proving
useful for correlating early to late Frasnian sections.

Most thelodonts had died out in the Early to early Mid-Devonian and after
this the only taxa are known outside of the Laurentian continental terranes (Turner,
1997; Turner et al., 2004). Later Middle and Late Devonian thelodonts are known
in East and northern Gondwana as far ‘south’ as Antarctica, that is, possibly up to
50-608S in Gondwana (Turner, 1997; Marss et al., 2007). From the records now

available, it seems that the turiniids were most widespread in Gondwana in the Early
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to Mid-Devonian, with restriction in range by late Frasnian times to Iran and
Western Australia.

The fact that at least a small population of thelodonts seems to have survived
the Frasnian-Famennian Kellwasser extinction events and lived well into the
Famennian is most surprising. We can only speculate on the factors that protected
these turiniids from that dramatic time in vertebrate evolution (e.g. Hart, 1996).
However, it is clear that the area was home to several thelodont taxa from the late
Silurian (Hamedi et al., 1997; Turner, 1997; Hairapetian et al., 2008) onwards and
their ability to adapt to high-latitude climatic zones must have been in their favour.
Chen et al., (2002) have attributed a major transgression and eutrophic fluctuations
that led to severe algal blooms especially in low-latitude continental shelves to
related anoxic events. Now it is certain that least one thelodont taxon and possibly
more did weather the Frasnian-Famennian extinction events with recovery and
survival of the turiniids.

Blieck and Goujet (1978) and Turner (in Turner and Tarling, 1982; Turner,
1997) considered the relationship of Iranian thelodonts to others in Asian localities.
We have seen above further evidence of the Gondwanan distribution of turiniid
thelodonts and showed the links between Iran and Western Australia in the Mid- to
early Late Devonian, supporting a Palaeotethyan dispersal route in shallow water
between Gondwana and Euramerica (Laurentia) in the Mid-Late Devonian along the
northern Gondwana shoreline. Other vertebrate taxa show a similar biogeographical
pattern: Ginter et al. (2002) discussed the Famennian Acanthodian populations of the

Palaeotethys; the youngest known ischnacanthiform Grenfellacanthus zerinae Long,
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Burrow and Ritchie, 2004 exhibits a similar pattern with a possible second species of
Grenfellacanthus occurring in the early Famennian of Chahriseh, Iran (Long et al.,
2004; C. Burrow, pers. comm. August 2013).

Lebedev and Zakharenko (2010) put forward a new hypothesis of vertebrate
provinces for the Givetian, one of which is the Phyllolepid-Thelodont Province;
several taxa of phyllolepid placoderms being endemic and earlier in East and
northern Gondwana, whereas turiniid thelodonts occur there later. However, they
seem to have been unaware that thelodonts did exist in western Gondwana in the
Early Devonian (Turner et al., 2004) and also that thelodonts occur in the Broken

River, North Queensland/China realm in the Mid-Devonian (Turner, 1997).

Famennian
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Figure 4.10. Palaeogeographical map showing the position of the Famennian thelodont localities in southeastern Iran
and Western Australia during the Late Devonian (Famennian). Base map after Golonka (2007) and Lebedev and
Zakharenko (2010), with modifications.

Although they put northern Gondwana further south, the south of central Iran
including Hojedk is positioned in the subtropics.
A different opinion on the palaeoposition of central Iran was presented on a

recent map by Torsvik and Cocks (2013, fig. 10), which they considered at c. 408S.

190



This southern latitude still might be feasible as thelodonts are thought to have been

able to live in relatively high latitudes (see Turner, 1997).

4.7 Conclusions

The new genus and species of turiniid thelodont, Arianalepis megacostata
gen. et sp. nov., found in the Upper Devonian (early Famennian) Bahram Formation
of the Hojedk section of Iran, and a further uncertain species referred tentatively here
to the same genus from the Upper Devonian (middle Famennian) Napier Formation
of Western Australia, are younger than the previously youngest known thelodonts
from Iran and Western Australia. These are the first thelodont scales known from
the early-middle Famennian in both countries and worldwide, and their presence
provides new data for biostratigraphic correlation between Iran and Australia.  The
conodont successions at South Oscar Range and in the Hojedk section constrain the
dating.

Most agnathan fishes did not survive the Frasnian-Famennian event and so
the presence of a survivor ‘Lazarus’ thelodont taxon is surprising. Arianalepis
megacostata gen. et sp. nov. in northern Gondwana (central Iran) and the turiniid
?Arianalepis sp. indet. in East Gondwana (Western Australia) provide evidence of
the only thelodont lineage surviving the Frasnian-Famennian extinction. These
records extend the evolutionary history of the Thelodonti by some 2-6 Ma beyond
the Kellwasser events into the crepida (Kerman) to Upper marginifera/trachytera
(South Oscar Range) zones.

We emphasize here that it is now necessary to seek more diligently for
further examples in the Famennian of the broad northern and eastern Gondwana

area, especially in the carbonates of Western Australia.
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5.1 Abstract

Teeth from 18 shark taxa are described from Upper Devonian to Lower
Carboniferous strata of the Lennard Shelf, Canning Basin, Western Australia. Spot
samples from shoal facies in the upper Famennian Gumhole Formation and shallow
water carbonate platform facies in the Tournaisian Laurel Formation yielded a
chondrichthyan fauna including several known species, in particular Thrinacodus
ferox, Cladodus thomasi, Protacrodus aequalis and Deihim mansureae. In addition,
protacrodont teeth were recovered that resemble formally described, yet unnamed,
teeth from Tournaisian deposits in North Gondwanan terranes. The close faunal
relationships previously seen for Late Devonian chondrichthyan taxa in the Canning

Basin and the margins of northern Gondwana are shown here to continue into the

202


mailto:brett.roelofs@postgrad.curtin.edu.au
mailto:milo.barham@curtin.edu.au
mailto:arthur.mory@dmp.wa.gov.au
mailto:K.Trinajstic@curtin.edu.au

Carboniferous. However, a reduction in species overlap for Tournaisian shallow
water microvertebrate faunas between the Canning Basin and South China is evident,
which supports previous studies documenting a separation of faunal and terrestrial
plant communities between these regions by this time. The chondrichthyan fauna
described herein is dominated by crushing type teeth similar to the shallow water
chondrichthyan biofacies established for the Famennian and suggests some of these

biofacies also extended into the Early Carboniferous.

5.2 Introduction

The Late Devonian saw an increase in the cosmopolitanism of many
vertebrate taxa across parts of North and East Gondwana, and extending into South
China and south-east Asia (Young et al., 2010). A shallow seaway along the
northern margins of Gondwana is thought to have, at least in part, facilitated large
scale faunal exchanges during this period (Lebedev and Zakharenko, 2010). At that
time, the Canning Basin was located on the north-west corner of the East
Gondwanan margin, which was contiguous with the North Gondwanan margin, with
South China and south-east Asian landmasses further north (Golonka, 2007;
Metcalfe, 2011). The Canning Basin was thus situated at the junction of major
terranes and is therefore an ideal study area to evaluate Late Devonian faunal
exchanges between these landmasses. Common faunal components between the
Canning Basin and areas in South China and south-east Asia are known for several
vertebrate groups from the Late Devonian, including placoderms (Young, 1984;
Young et al., 2010) and chondrichthyans (Trinajstic and George, 2009; Roelofs et
al., 2015). In addition, the jawless thelodonts are known from the uppermost

Devonian in Iran (Hairapetian et al., 2015) North Gondwana and north-western
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Australia (Trinajstic, 2001; Hairapetian et al., 2015). Of these groups, only the
sharks survived the Devonian-Carboniferous extinctions (Janvier, 1996). Whether
the same chondrichthyan taxa persisted into the Carboniferous in intermediate
regions between the Canning Basin and areas surrounding South China and the
northern margin of Gondwana, is difficult to resolve. This is partly due to a
significant faunal overturn in the Early Carboniferous with subsequent radiations of
many groups including osteichthyes, chondrichthyes and tetrapods (Janvier, 1996;
Sallan and Coates, 2010). In addition, Early Carboniferous tectonic movements, such
as the northwards migration of the South China block, led to increased separation
between this terrane and East Gondwana (Scotese and McKerrow, 1990).

Recent studies on Carboniferous shark faunas of Western Australia have been
limited. Earlier works (Thomas, 1957, 1959) described a rich shark assemblage from
the Lower Carboniferous Laurel Formation that included both “cladodont” and
“bradyodont” teeth (for a review see Trinajstic et al., 2014). In addition, Turner
(1982) described a species of ctenacanthiform, Cladodus thomasi Turner, 1982, and
attributed associated teeth to the genus Helodus. Edwards (1997) detailed further
chondrichthyan genera from a trench across the Devonian-Carboniferous boundary,
approximately 45 km north-west of Fitzroy Crossing (Figure 5.1). Despite the
paucity of published material, some similarity of the shark fauna between north-
western and eastern Australia was recognised by Turner (1982). Here we aim to
show the extent of the faunal links between the Canning Basin and the margins of
Palaeo-Tethys along North and East Gondwana and southern Laurussia.

In addition to providing information on faunal ties, the rich chondrichthyan
assemblage (Table 5.1), comprising 16 taxa from the Laurel Formation, allows a

detailed analysis of a shark fauna from Tournaisian shallow water facies. The
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Figure 5.1. Simplified geological map of the Upper Devonian and Lower Carboniferous Fairfield
Group outcrop, Lennard Shelf, northern Canning Basin, showing sampled sites at Oscar Hill and
Laurel Downs (after Druce and Radke, 1979).

association between chondrichthyan taxa and the environments they inhabited has
been analysed by Ginter (2000, 2001), who established three shark biofacies based
on the percentages of shark teeth in Famennian pan-tropical regions. This biofacies
model has been applied to a shallow water Famennian shark assemblage from the
Canning Basin (Roelofs et al., 2015). Here we test if the Famennian shark biofacies

model is applicable for the Carboniferous. This is in light of the Late Devonian mass

extinction that caused significant niche reorganisations in which the placoderms, the
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dominant faunal component of the Devonian (Young, 2010) and the last of the
thelodonts, which had survived into the Famennian only in Western Australia and

Iran (Hairapetian et al., 2015), became extinct.

5.3 Geological setting

Extensive carbonate platforms with associated slope and basin facies
developed along the northern margin of the Canning Basin, northern Western
Australia from the late Givetian to late Famennian (Playford et al., 2009). Outcrops
of these deposits extend along the Lennard Shelf for approximately 350 km and are
amongst the world’s best preserved examples of a Devonian reef complex (Hocking
et al., 2008; Playford et al., 2009). Near the end of the Famennian an abrupt
regression along the northern margin of the basin led to exposure, erosion and minor
karstification of the reef platform prior to a change to ramp facies including
carbonate, mudstone and sandstone, of the Fairfield Group (Druce and Radke, 1979;
Southgate et al., 1993) (Figure 5.2). Along the southern, basin-ward margin of the
Lennard Shelf and throughout much of the Fitzroy Trough, deposition of mostly
fine-grained siliciclastic facies with minor carbonate appears to have been
continuous into the Tournaisian. These southern basin-ward facies are only known
from the subsurface and are largely attributed to the Upper Famennian Luluigui and
Clanmeyer formations (Willmott, 1962). However, this part of the succession needs
revision (Jones, 1987) given the somewhat arbitrary formation designations for
petroleum wells in Druce and Radke (1979).

The oldest stratigraphic unit of the Fairfield Group, the Gumhole Formation,
consists mostly of bioclastic and oolitic sandy limestone with interbedded carbonate,

siltstone and shale. The formation is best exposed at Oscar Hill, approximately 19
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km west-northwest of Fitzroy Crossing (Druce and Radke, 1979). Within the
Horseshoe Range and Red Bluffs, the Gumhole Formation overlies a birdseye
limestone likely to be the uppermost facies of the Nullara Limestone, whereas Druce
and Radke (1979) and Edgell (2004) claim the Gumhole Formation overlies the
Luluigui Formation in the Napier and Oscar Ranges. The overlying Yellow Drum
Formation (Figure 5.2) consists of a series of massive calcareous sandstone and

carbonate beds, with minor mudstone, breccia and evaporitic facies.

Canning Basin
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Figure 5.2. Stratigraphy and correlation of Upper Devonian and Lower Carboniferous units of the
Lennard Shelf (after Playford et al., 2009; Smith et al., 2013). Approximate temporal positions of the
sampled localities: 1, OH4; 2, 198480; 3, 198404; 4, LG-1; and5, TS-1. Abbreviations: Fm,
Formation; and Lst, Limestone.

The Devonian-Carboniferous boundary has been located in a trench 1 km
northwest of Linesman Creek (Figure 5.1), excavated by researchers from Macquarie
University, Sydney, Australia. In this section the boundary was placed at 7.5 m
above the base of the Yellow Drum Sandstone based on the first appearance of the

conodont Siphonodella sulcata Huddle, 1934. Unfortunately little data from the
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trench has been published apart from brief mentions by Andrew et al., (1994) and
Burrow et al., (2010), the latter incorrectly indicating a location near Oscar Hill. The
boundary also appears to lie within the Yellow Drum Formation in many petroleum
wells, including near the base of BMR Noonkanbah 4 (Figure 5.1) based on
palynomorphs (Playford, 1976) and conodonts (Nicoll and Druce, 1979); however,
the position of the boundary in these sections is approximate at best.

A transgressive interval in the Early Carboniferous following deposition of
the Yellow Drum Formation led to the development of lagoonal and shallow ramp
facies of the Laurel Formation, the uppermost unit of the Fairfield Group (Figure
5.2). The formation is poorly exposed in a 2-10 km wide belt southwest of the
Napier and Oscar Ranges, with somewhat better exposures in the vicinity of Twelve
Mile Bore. The Laurel Formation is characterised by a series of interbedded
fossiliferous calcarenite, siltstone, sandstone and minor dolomitic beds, and contains
a diverse fauna including bryozoans and corals (Thomas, 1959), foraminifera
(Edgell, 2004), ostracods (Jones, 1959, 1974), rare ammonoids (Glenister and
Klapper, 1966) and fish (Thomas, 1957, 1959; Turner, 1982; Long, 1989; Burrow et
al., 2010). Studies of the brachiopod (Veevers, 1959; Thomas, 1971) and conodont
(Glenister and Klapper, 1966; Nicoll and Druce, 1979) faunas indicate a general

Tournaisian age, later revised to early to mid-Tournaisian by Jones (1995).

5.4 Materials and methods

The examined teeth were extracted from 5 kg rock samples collected in 2012
from carbonate beds exposed at Oscar Hill and on Laurel Downs Station, Canning
Basin, Western Australia (Figure 5,1). Samples were dissolved in buffered acetic

acid following the methodology of Jeppsson et al. (1999). Residues were
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Table 5.1. Distribution and abundance of Devonian and Carboniferous chondrichthyan teeth from the
Lennard Shelf, Canning Basin, Western Australia.

Oscar Hill Laurel Downs
Localities (Famennian) (Tournaisian)
Taxa Sample OH-2 OH-4 LG-1 | 198404 | 198480 | TS-1
Ageleodus sp. - - - 1 - 3
Phoebodus cf. turnerae - 1 - - - -
Thrinacodus ferox - - 5 8 12 9
Stethacanthus? sp. - - 2 - -
Cladodus thomasi - - - 4 1 8
Cladodoides cf. wildungensis - - - 3 1 2
Cladodontomorphi indet. sp. - - - - 1 -
Ctenacanthiform gen. et sp. indet 1 - - - 3 1 4
Ctenacanthiform gen. et sp. indet 2 - - - - - 1
Protacrodus aequalis - - - - - 1
Protacrodus sp. 1 - - - - 1
Deihim mansureae 1 - - 12 2 6
Dalmehodus cf. turnerae - - 7 11 - 2
Protacrodontidae gen. et sp. indet - 1 - - - -
Lissodus sp. - - - - - 1
Hybodontoidea gen. et sp. indet. - - - 1
Euselachii gen. et sp. indet - - - 6 2 9
Holocephali gen. et sp. indet. - - - 7 - 9
Total 1 2 12 57 20 57
3 146

washed and sieved (mesh size of 0.250 mm) before being picked under a Nikon

stereomicroscope.

Teeth used for imaging under a scanning electron microscope (SEM) were
adhered to carbon tabs on 10 mm aluminium stubs. The mounted fossils were then
coated with 10 pum platinum and imaged using a Zeiss Evo 40XVP SEM at the
Centre for Materials Research at Curtin University. A Hitachi TM-3030 desktop
SEM at the Department of Applied Geology (Curtin University) was also used for
imaging fragile teeth. Imaging was undertaken using accelerating voltages ranging

from 5 to 15 kV under variable pressure.

The standard conodont zonation of Ziegler and Sandberg (1990) cannot be

readily applied to the Famennian shallow water facies in the Canning Basin due to
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the dominance of polygnathids and paucity of palmatolepids (Klapper, 2007; Mory
and Hocking, 2011). However, it is possible to indirectly correlate the succession at
Oscar Hill to the standard conodont zones (CZ) using ammonoids (Becker and
House, 2009). Similarly, the Carboniferous conodont zonation of Nicoll and Druce
(1979) is dominated by shallow-water conodont genera, the ranges of which are
strongly tied to local facies, and so do not provide a direct correlation to the standard
zonation. According to Jones (1995), the conodont faunas from the Laurel Formation
do not extend above the range of Siphonodella (Tn 1-2) in spite of the paucity of that

genus.

All microvertebrate specimens are housed in the Western Australian Museum

(WAM).

5.4.1 Sample Localities

5.4.1.1 Oscar Hill

Two samples (OH2, OH4) were taken in 2012 from large cross stratified,
sandy oolitic grainstone beds at the base of Oscar Hill (Figure 5.1, 18° 04' 07" S,
125° 26" 41" E), approximately 15 km north west of Fitzroy Crossing. That section
consists mainly of ooidal and bioclastic sandstone deposited within a shoal
environment (Druce and Radke, 1979). Previous work at Oscar Hill documented a
diverse fauna including ostracods (Jones and Thomas, 1959), brachiopods (Veevers,
1959), goniatites (Teichert, 1949), corals (Hill, 1954) and bryozoans (Ross, 1961).
Numerous crinoid, bivalves, and gastropod fossils have also been identified (Druce
and Radke 1979) but are yet to be described. Conodont faunas (Nicoll and Druce,
1979; West Canning Basin [WCB] section 002) place the section within the

Devonian Icriodus  platys Assemblage Zone (A.Z), equivalent to the

210


http://palaeo-electronica.org/content/2016/324-583/1395-d-c-boundary-sharks-figures

praesulcata conodont zone of Ziegler and Sandberg (1990). A range of vertebrate
material has been reported from the Oscar Hill area including arthrodire plates
(Druce and Radke, 1979) and dipnoan remains (Young, 1987). Shark teeth have been
previously found in the area (Edwards, 1997 unpublished thesis; Burrow et al., 2010)

with some beds yielding abundant orodont teeth.

5.4.1.1 Laurel Downs

Exposure of the Lower Carboniferous Laurel Formation on Laurel Downs
station (Figure 5.1) is poor and largely confined to thin shallowly dipping limestone
beds. Muddy intervals are weathered and covered by black soil. Determining
detailed stratigraphic relationships between sections is hindered by poor exposure
and numerous faults. Spot samples from thickly bedded, fossiliferous silty
boundstone contain intact bryozoans, brachiopods and tabulate corals (Sample
198404, Figure 5.1, locality 18° 01' S, 125° 18' E). Samples TS-1 (Figure 5.1, 18°
01'S, 125° 17" E), 198480 (Figure 5.1, 18° 02' S, 125° 20' E) and LG-1 (Figure 5.1,
18° 01' S, 125° 19' E) were extracted from a series of sandy bioclastic grainstone
beds containing a rich ichthyolith fauna as well as minor, disarticulated brachiopod
valves and crinoid ossicles. Conodonts from sample 198404 include Bispathodus
aculeatus  plumulus Rhodes, Austin, and Druce, 1969 and Clydagnathus
cavusformis Rhodes, Austin, and Druce, 1969, indicating an Early Carboniferous

age.
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5.5 Systematic Palaeontology

Class CHONDRICHTHYES Huxley, 1880
Family INCERTAE SEDIS sedis

Genus AGELEODUS Owen, 1867
Type Species. Ctenopychius pectinatus Agassiz, 1838

Ageleodus sp.

Figure 5.3.1-4

Material. Four incomplete teeth: one tooth from sample 198404, and three teeth
from TS-1, Laurel Formation, Laurel Downs, Tournaisian.

Description. Labio-lingually compressed crown that is slightly arched along the
occlusal margin (Figure 5.3.1-3). The crown comprises a single row of four to five
unornamented triangular cusps, decreasing in size distally (Figure 5.5.3.1). Most
teeth bear cusp apices with a slight lingual inclination that are typically worn flat or
slightly rounded (Figure 5.3.2-3). One specimen, WAM 15.6.33, (Figure 5.3.4)
preserves three pointed triangular cusps with little wear. Shallow, vertical grooves
originating at the juncture of the cusps are present on the top half of both crown
faces. On one tooth (WAM 15.6.34, Figure 5.3.2), the crown is labio-lingually
convex between the base of the cusps and the crown base interface. The lateral sides
of the crown are rounded and taper mesially to a shallow depression along the
crown-base interface (Figure 5.3.1-3). The labio-lingually flattened base is short and

bears small foramina and longitudinal furrows.

212


http://palaeo-electronica.org/content/2016/324-583/1395-d-c-boundary-sharks-figures#f3
http://palaeo-electronica.org/content/2016/324-583/1395-d-c-boundary-sharks-figures#f3
http://palaeo-electronica.org/content/2016/324-583/1395-d-c-boundary-sharks-figures#f3
http://palaeo-electronica.org/content/2016/324-583/1395-d-c-boundary-sharks-figures#f3
http://palaeo-electronica.org/content/2016/324-583/1395-d-c-boundary-sharks-figures#f3
http://palaeo-electronica.org/content/2016/324-583/1395-d-c-boundary-sharks-figures#f3
http://palaeo-electronica.org/content/2016/324-583/1395-d-c-boundary-sharks-figures#f3

Remarks. Due to the high level of heterodonty previously recorded for Ageleodus
pectinatus Agassiz, 1838 and the absence of multiple complete teeth from the

samples, species determination is not possible. The teeth do share similarities with

Figure 5.3. Late Devonian and Early Carboniferous shark teeth from the Lennard Shelf, Canning
Basin, Western Australia. 1-4,Ageleodus sp., WAM 15.6.23, sample 198404, in lingual view (1),
WAM 15.6.34, sample TS-1, in labial (2) and lingual (3) views, and WAM 15.6.33, sample TS-1, in
lingual view (4); 5-7, Phoebodus cf. turnerae, WAM 15.6.28, sample OH-4, in occlusal (5 ), labial (6)
and lateral (7) views; 8-11, Thrinacodus ferox , WAM 15.6.32, sample LG-1, in occlusal view (8),
WAM 15.6.8, sample 198404, in occlusal view (9), WAM 15.6.11, sample 198404, in lateral view
(10), and WAM 15.6.9, sample 198404, in occlusal view (11); 12-16, Stethacanthus ? sp., WAM
15.6.6, sample 198404, in occlusal view (12), and WAM 15.6.7, sample 198404, in basal (13), lingual
(14), occlusal (15) and labial (16) views. Scale bar length: 1-4, 1 mm; 5-7, 0.5 mm; 8-11, 0.25
mm; 12, 0.5 mm;13-16, 0.5 mm.

other known Ageleodus species. One partial tooth crown (WAM 15.6.33, Figure
5.3.4) possesses the pointed triangular cusps typical of the Late Devonian Ageleodus

pectinatus Downs and Daeschler, 2001 and the Ageleodus teeth described by
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Lebedev (1996, figure 13). The rounded apicies on one tooth (WAM 15.6.23, Figure
5.3.1) are similar to Ageleodus altus Garvey and Turner, 2006 from the
Carboniferous of Victoria, Australia. As cusp morphology appears to diagnose
different species of Ageleodus, it is possible more than one species inhabited the
Canning Basin at this time. However, given the large amount of variation in the
small sample size, it is more likely physical wear has contributed to the cusp shape

than species specific morphology.

Subclass ELASMOBRANCHII Bonaparte, 1838
Order PHOEBODONTIFORMES Ginter, Hairapetian and Klug, 2002
Family PHOEBODONTIDAE Williams, 1985

Genus PHOEBODUS St. John and Worthen, 1875

Type Species. Phoebodus sophiae St. John and Worthen, 1875

Phoebodus cf. turnerae

Figure 5.3.5-7

Material. One tooth from sample OH-4, Gumhole Formation, Oscar Hill,
Famennian.

Description. Tooth within complete crown, comprising a single medial cusp flanked
by two mesio-distally diverging lateral cusps (Figure 5.3.5-6). The central cusp is
broken with a faint sub ovoid basal outline (Figure 5.3.5). The lateral cusps are
rounded along the lingual margins and flattened on the labial face. Faint vertical
striations are preserved on the baso-labial face of one cusp (Figure 5.3.6). The base
is sub-rectangular in outline with well-rounded margins (Figure 5.3.7). A large

lenticular button, with a single medially located canal, is positioned centrally on the
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lingual face of the base and extends between the mesial margins of the lateral cusps
(Figure 5.3.5). The labial face of the base is thickened and borders a well-developed
concave under-surface.

Remarks. This tooth resembles Phoebodus turnerae Ginter and lvanov, 1992 in
having a rounded, lingually extended base and hemispherical button perforated by a
large canal along its lingual face. The thin, sub-parallel cristae diagnostic of this
species are not clearly recognisable on this tooth; however, faint ornament is present
on the baso-labial face of the broken lateral cusp (Figure 5.3.6). The rounded nature
of the tooth and low relief of the button may be due to abrasion consistent with the
high energy shoal facies from which this tooth was recovered. The current upper age
range for Ph. turnerae is from the lower (crepida CZ) to middle (marginifera CZ)
Famennian (Ginter et al., 2010) whereas the Oscar Hill area is dated as latest
Famennian (Nicoll and Druce, 1979), and suggests either the tooth does not belong
to Ph. turnerae, or the range of Ph. turnerae extends into the late Famennian in the
Canning Basin. Further phoebodont teeth need to be recovered, along with more

precise age constraints, before the taxonomy of this tooth can be resolved.

Genus THRINACODUS St. John and Worthen, 1875

Type Species. Thrinacodus nanus St. John and Worthen, 1875

Thrinacodus ferox (Turner, 1982)

Figure 5.3.8-11

v. 1982 Harpago ferox sp. nov.; Turner, pp. 119, 121-122, figs. 2-4.
v. 1985 Harpagodens ferox Turner; Wang and Turner, pp. 226-227, pl. 2, figs. 11-

12.
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v. 1989 Harpagodens ferox Turner; Wang, pp. 105-106, pl. 28, figs. 6-7, pl. 29, fig.
2a, b, pl. 30, figs. 1-4.

v. 1991 Thrinacodus (Harpagodens) ferox Turner; Turner, fig. 6, pl. 2, fig. G.
v. 1992 cf. Thrinacodus ferox Turner; Kietzke and Lucas, p. 18, fig. 2D-H.

v. 1993 Thrinacodus ferox Turner; Turner, fig. 8.7F.

v. 1996 Thrinacodus ferox Turner; Ginter and Ivanov, p. 267, figs. 1, 2C-D.

v. 1999 Thrinacodus ferox Turner; Ginter, p. 34, pl. 3, figs. 1-3, 5-7.

v. 1999 Thrinacodus sp. Ivanov, p. 273, pl. 4, figs. 2-4.

v. 2001 Thrinacodus ferox Turner; Ginter, p. 719, figs. 3C-E, 4A-C.

v. 2003 Thrinacodus incurvus Duncan, pp. 119-120, figs. 5-6.

v. 2010 Thrinacodus ferox Turner; Ginter and Turner, p. 1669, fig. 3A-H.

v. 2010 Thrinacodus ferox Turner; Ginter, Hampe and Duffin, p. 41, fig. 33B-F.
v. 2011 Thrinacodus ferox Turner; Habibi and Ginter, pl.1, fig. A-B.

v. 2011 Thrinacodus ferox Turner; Ivanov and Lucas, p. 55, fig. 3A-L.

v. 2012 Thrinacodus ferox Turner; Behan, Walken and Cuny, p. 1249, fig. 3A-M.

Material. Eight teeth from sample 198404, 12 from TS-1, and nine teeth from
sample LG-1, Laurel Formation, Laurel Downs, Tournaisian.

Description. Tricuspidate teeth with symmetrical (Figure 5.3.11) to highly
asymmetrical forms (Figure 5.3.10). All cusps are strongly inclined lingually,
circular in cross section and typically bear faint striations on both lingual and labial
faces. The symmetrical tooth form (WAM 15.6.9, Figure 5.3.10-11) is incomplete
but comprises a crown and three cusps with equally sized basal circumferences.
Asymmetrical teeth comprise one enlarged lateral cusp, a second medial cusp
approximately one-third to two-thirds its size and the third smaller lateral cusp

varying from a quarter of the size of the central cusp to equal in proportion. The

216


http://palaeo-electronica.org/content/2016/324-583/1395-d-c-boundary-sharks-figures#f3
http://palaeo-electronica.org/content/2016/324-583/1395-d-c-boundary-sharks-figures#f3
http://palaeo-electronica.org/content/2016/324-583/1395-d-c-boundary-sharks-figures#f3

tooth base is elongate lingually and when preserved, shows a greater than 45 degrees
of torsion towards the distal end of the base. A large canal is present on the occlusal
face of the base (Figure 5.5.3.8-11) with a few smaller foramina on both the lingual
and labial faces of the base (Figure 5.5.3.10).

Remarks. We consider both the symmetric and asymmetric teeth to be from the one
species due to the gradation from symmetric to asymmetric forms recovered from the
sample. The presence of just one symmetrical tooth (Figure 5.3.11) supports
Turner’s (1982, figure 5) reconstruction of the Thinacodus ferox Turner, 1982 jaw
placing the symmetrical forms in a symphyseal position of the jaw and the
asymmetric teeth in more lateral positions. The teeth with lower degrees of
symmetry (Figure 5.3.9) were not figured in the original description (Turner, 1982)
but appear similar in form to end member teeth figured in a reconstruction of
Thrinacodus incurvus Newberry and Worthen, 1866 by Duncan (2003).

Among the teeth attributed to Th. ferox, are six significantly smaller teeth.
These teeth typically have a well-formed base; however, the cusps are shorter than in
larger specimens and bear well-rounded apices (Figure 5.3.8). It is possible the teeth
belong to juvenile specimens and the susceptibility to wear contributed to the well-
rounded cusps.

Distribution and stratigraphic range. In Australia Th. ferox is recorded
from the latest Famennian in Queensland (Turner, 1982) and Tournaisian in both the
Canning and Carnarvon basins of Western Australia (Trinajstic et al., 2014) and New
South Wales (Turner, 1982). Globally, Th. ferox is known from the Famennian in
southern China (Wang, 1993), Germany (Ginter, 1999), Morocco (Derycke, 1992;
Derycke et al., 2008) and Utah, USA (Ginter, 2001). Teeth have also been recorded

around the Devonian-Carboniferous boundary in New Mexico, USA (Kietzke and
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Lucas, 1992). Thrinacodus ferox is known from the Mississippian in the South Urals
and Moscow syncline Russia (Ivanov, 1996), Belgium (Delsate et al., 2003), Ireland

(Duncan, 2003).

Superorder CLADODONTOMORPHI Ginter, Hampe and Duffin, 2010
Order SYMMORIFORMES Zangerl, 1981
Family STETHACANTHIDAE Lund, 1974
Genus STETHACANTHUS Newberry, 1889
Stethacanthus ? sp.

Figure 5.3.12-16

Material. Two teeth from sample TS-1, Laurel Formation, Laurel Downs,
Tournaisian.

Description. The description is primarily based on the most intact specimen (WAM
15.6.7, Figure 5.3.12-16) in which the tooth crown includes three (Figure 5.3.14-16)
to four cusps (Figure 5.3.12). The tooth possesses a distinct and highly elongate
medial cusp with a basal width occupying approximately one-third of the mesio-
distal length crown (Figure 5.3.14-16). Two small, rounded lateral cusps are directed
approximately 45 degrees from the centre of the tooth. The larger specimen (WAM
15.6.6, Figure 5.3.12) bears a single smaller, laterally-divergent cusplet between the
medial and lateral cusp. The cusps are relatively smooth apart from very faint
vertical ridges on specimen WAM 15.6.7 (Figure 5.3.16). In the smaller specimen
(WAM 15.6.7) the base extends lingually beyond the crown and is roughly
rectangular in outline (Figure 5.3.15). The lingual margin is rounded with a small
central indentation. The lateral margins of the base extend furthest at the corner of

the lingual margin. In the larger specimen the base is asymmetrical, having a roughly
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ovoid outline (Figure 5.3.12). A distinct crown-base interface is lacking on the labial
face of the tooth (Figure 5.3.16) with only a slight thickening along the baso-labial
margin. An ovoid button, approximately the same width as the base of the central
cusp (Figure 5.3.14), is located close to the lingual margin of the tooth base. A large
canal opening is positioned in the centre of the button (Figure 5.3.14) with the
opposing end on the underside of a very shallow concave base (Figure 5.3.13).

Remarks. Stethacanthid affinities are suggested by the elongate and thin, biconvex
central cusp, the lack of a baso-labial depression (with slight labial projection under
the main cusp) and a large foraminal opening on the lingual face of the orolingual
button (Duffin and Ginter, 2006). Furthermore, the larger tooth, which bears a single
intermediate cusplet, suggests some of the teeth belonging to this species may be

pentacuspid.

Order CTENACANTHIFORMES Glikman, 1964
Family CTENACANTHIDAE Dean, 1909
Genus CLADODUS Agassiz, 1843
Cladodus thomasi Turner, 1982

Figure 5.4.1-7

v. 1959 “Cladodont; Thomas, p. 36, fig. 4a.

v. 1982 Cladodus thomasi sp. nov.; Turner, pp. 125, 127, figs. 6C, 7J.

Material. Four teeth from sample 198404, two teeth from sample 198480, eight
teeth from TS-1, Laurel Formation, Laurel Downs, Tournaisian.
Revised diagnosis. Teeth with nine cusps; a large central cusp, a pair of large lateral

cusps and three smaller pairs of intermediate cusplets (Figure 5.5.4.1-4). The central
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cusp is the largest followed by the outer cusps, which diverge in a slight distal

direction. The first and third lateral cusps are small, approximately a quarter to one-

Figure 5.4. Ctenacanthiform teeth from the Lower Carboniferous Laurel Formation, Laurel Downs,
Lennard Shelf, Canning Basin, Western Australia. 1 - 7, Cladodus thomasi, WAM 15.6.50, sample
198404, in lingual view (1), WAM 15.6.25, sample 198404, in occlusal view (2 ), WAM 15.6.12,
sample 198404, in lingual (3) and labial views ( 4), WAM 15.6.19, sample 198404, partial platform
and crown in lingual view (5), and WAM 15.6.13, sample TS-1, in occlusal (6) and labial (7)
views; 8 - 12, Cladodoidescf. wildungensis, WAM 15.6.15, sample 198404, in lingual (8), occlusal
(9) and labial (10) views, WAM 15.6.16, sample 198404, in labial (11) and lingual (12) views. Scale
bar length: 1 -7, 1 mm; 8 - 10, 0.25 mm; 11 - 12, 0.5 mm.

third the size of the lateral cusps (Figure 5.4.5). The second pair of intermediate
cusplets are almost equal in size to the outer lateral cusps. Converging ridges are
present on the base of the main cusp (Figure 5.4.7) whereas the lateral cusps all bear
strong, non-bifurcating ridges (Figure 5.4.6-7). The central cusp bears a slight
depression along the baso-labial face and is rounded along the lingual face. A

secondary row of small labial cusplets is present on the crown base of larger teeth

(Figure 5.4.6-7). The basal outline is lozenge shaped in smaller teeth (Figure 5.4.2)
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becoming trapezoid in larger specimens (Figure 5.4.6). An elongate oro-lingual
button bearing four canal openings abuts the lingual margin. Small foramina
accompany the pore canals on the lingual and the occlusal surface of the oro-lingual
button. A row of small foramina also occur within an arched groove on the labial
surface immediately below the crown-base interface (Figures 5.4.4, 5.4.7). A baso-
labial shelf extends between the first set of lateral cusplets and is slightly thickened
at the distal edges (Figures 5.4.4, 5.4.7). A shallow depression is present on the
labial underside of the base, which also bears multiple canal openings. The lingual
portion of the base is flattened under the oro-lingual button but may be flared
occlusally along the distal edges of the lingual margin (Figures 5.4.1, 5.4.3).

Description. Teeth range in size from 2.2 mm to 90 mm in length, mesio-distally.
The crown includes a prominent triangular central cusp, which is flattened to
depressed along the labial margin and convex along the lingual face (Figure 5.4.6). A
pair of lateral cusps and three pairs of intermediate cusplets flank both sides of the
medial cusp. The outermost cusps are the largest and approximately one quarter
larger than the second lateral cusplets. The first and third pairs of intermediate
cusplets are of smaller size, ranging from a quarter to half the size of the lateral
cusps (Figures 5.4.3, 5.4.5). Prominent, non-bifurcating ridges are present on both
the labial and lingual faces of each lateral cusp. Larger specimens (Figure 5.4.6-7)
show a small row of cusplets along the baso-labial face of the crown. Small teeth
show a more lenticular outline to the base (Figure 5.4.2). A roughly trapezoid basal
outline with rounded edges (Figure 5.4.6) is present in larger specimens. An elongate
ovoid button, extending between the inner margins of the second pair of lateral
cusps, is positioned close to the lingual rim and is perforated by four canal openings

on the lingual face. A small baso-labial shelf, between the first lateral cusps, borders
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an often weakly developed baso-labial depression below the central cusp (Figure
5.4.4).

Remarks. The original diagnosis of Cladodus thomasi Turner, 1982 was based on a
small tooth from the Upper Bundock Formation, Queensland (Holotype UQG
F73007) as well as a tooth partially obscured by matrix (Thomas, 1959, figure 4a)
collected from the Laurel Formation in the vicinity of Twelve Mile Bore (Figure
5.1). The teeth recovered here, also collected from the Laurel Formation, conform to
the original diagnosis for this species in addition to providing further diagnostic
characters which allow for these teeth to be reassigned to the genus Cladodus. The
central cusp morphology of C. thomasi, with its flattened labial face and convex
lingual surface (Figure 5.4.6), is quite different to the biconvex cusp-type
in Stethacanthus. Cladodus thomasi is further differentiated from Stethacanthus by
multiple intermediate cusps. The baso-labial shelf and elongate oro-lingual ridge,
typical of the genus Cladodus, are also found in C. thomasi.

The new specimens of C. thomasi from the Canning Basin have highlighted
previously undescribed variation in tooth morphology. Differences are typically seen
in the basal outline with smaller teeth possessing a more lozenge shaped outline that
becomes more trapezoid in form as the size of the tooth increases. Further variation
is present in some of the larger teeth (Figure 5.4.6-7) which bear a second small row
of labial cusplets. These accessory cusplet rows are also found in other
Carboniferous ctenacanthiform teeth such as Tamiobatis vetustus Eastman, 1897
(Williams, 1998, figure 5A-B) and Saivodus striatus Agassiz, 1843 (Ginter et al.,
2010, figure 72A-B).

Several Famennian cladodont teeth, possessing a single intermediate cusplet,

were previously attributed to “Stethacanthus” thomasi (Derycke, 1992, plate 2:10-
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11; Hampe, 2000, plate 2:1-4). Given the morphological variation and large number
of teeth, it is clear the teeth of C. thomasi possess three sets of intermediate cusplets,
independent of the tooth size. This suggests the teeth figured in Derycke (1992) and
Hampe (2000) are unlikely those of C. thomasi but instead belong to another
ctenacanthiform shark. The tooth (MCD 177) formally figured by Derycke (1992,
figure 14, plate 2: 10, 11) was synonymised firstly with Stethacanthus resistens
Ginter, 2002 and then with Cladodoides wildungensis by Ginter et al., (2010), who
also suggested many of the teeth formally attributed to “Stethacanthus thomasi”
belong to C. wildungensis.

Cladodus thomasi was considered as a junior synonym of Stethacanthus
obtusus Trautschold, 1874 by Lebedev (1996); however, Hampe (2000) noted
S.obtusus had a greater number of cusps than C. thomasi in addition to more
foramina along the edge of a less distinguished button and therefore the species
determination of S. thomasi was retained. The holotype of C. thomasi (Turner, 1982,
figure 6C) is an asymmetric tooth possessing eight cusps. The newly recovered teeth
of C. thomasi indicate the possession of nine cusps is common for these teeth,
similar to S. obtusus. The lingual button appears more developed in C. thomasi, as
noted by Hampe (2000) and typically possesses four large foramina on the lingual
face. In comparison, S. obtusus is described as possessing two to six large foramina.
The larger forms of C. thomasi, comparable in size to S. obtusus figured by Lebedev
(1996), possess a distinct secondary row of cusplets along the labial face of the tooth,
a feature lacking in the 40 specimens of S. obtusus. Further distinguishing C.
thomasi from the Canning Basin is the shape of the base, which takes on a more
trapezoid form in larger specimens compared to the lozenge shape seen inS.

obtusus. The baso-labial shelf is also more elongate inS. obtusus, than C.
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thomasi, extending to the medial cusplets. In C. thomasi the baso-labial shelf only
extends between the distal margins of the first pair of intermediate cusplets. We
believe these differences are sufficient for C. thomasi to be retained as a distinct
species.

We note there are similarities between the teeth, designated here as C.
thomasi and Tamiobatis sp. (Ginter and Sun, 2007) from Muhua, south China,
including the presence of three pairs of intermediate lateral cusplets, that alternate in
height, as well as a basal outline, which extends lingually furthest in front of the
lingual button. However, the teeth from the Canning Basin are distinct in that they
lack a small lateral cusplet often present in the teeth from Muhua and have a far
more angular basal outline. The teeth of Tamiobatis sp. (Ginter and Sun, 2007) also
lack the row of accessory labial cusplets despite being of comparable size to the teeth
of C. thomasi. Another member of the genus, Tamiobatis vetustus Eastman, 1897
(Williams, 1998), is known for the presence of labial cusplets, however they are
present behind the main cusp, a feature not found in the teeth of C. thomasi (Figure
5.4.7). Although there are some features of the genus Tamiobatis, which are present
in the teeth of C. thomasi, the greater number of morphological differences precludes
these teeth from being assigned to Tamiobatis.

Distribution and stratigraphic range. Given the revised diagnosis, C. thomasi is
restricted to the Lower Carboniferous of Australia. Teeth have been recovered from
the Lower Carboniferous upper Bundock Formation, North Queensland and from the

Tournaisian Laurel Formation, Canning Basin, Western Australia.

Cladodoides cf. wildungensis

Figure 5.4.8-12
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Material. Three teeth from sample 198404, one tooth from sample 198480, two
teeth from sample TS-1, Laurel Formation, Laurel Downs, Tournaisian.

Description. The pentacuspid crown comprises a large triangular central cusp with a
pair of distally diverging lateral cusps and small (approximately two thirds the size
of the lateral cusps) intermediate cusplets (Figure 5.4.8-12). Cusp faces are
ornamented in coarse, predominantly parallel ridges converging toward the cusp
apex (Figures 5.4.8, 5.4.12). The labial face of the central cusp is flattened with a
slight baso-labial depression. The base is lenticular in outline (Figure 5.4.9) and
extends furthest in front of the central cusp. The crown-base interface is marked by a
low arch along the labial face (Figure 5.4.8). The lateral end of the base extends
beyond the crown in most specimens; however, this is significantly less extended in
one specimen (Figure 5.4.12). A row of small pores is present along the crown base
interface on the labial side. An ovoid button extends between the distal margins of
the intermediate cusplets and is positioned centrally along the occlusal edge of the
baso-lingual rim. The baso-labial thickening lies between the intermediate cusps and
does not protrude far lingually (Figures 5.4.10, 5.4.12).

Remarks. The teeth bear a resemblance to the teeth originally described
as Stethacanthus resistens by Ginter (2002) and later synonymised with Cladodoides
wildungensis Jaekel, 1921 (Ginter et al., 2010). The teeth from the Canning Basin
share the pentacuspid crown and strong divergence of the lateral cusps seen in the
smaller tooth forms of C. wildungensis (Ginter et al., 2010, figure 66F). The basal
features are also comparable, with an elongated lenticular base extending beyond the
crown foot as well as possessing the mesio-distally elongated lingual button. Despite
these similarities, the cusps on the Canning Basin teeth appear shorter and more

robust than those seen in teeth attributed to C. wildungensis, including the holotype
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(Ginter et al., 2010, figure 66). Similar teeth with shorter cusps are evident in a tooth
from the Famennian of north-western Iran (Hampe, 2000, plate 2.1-4). Whether
these Carboniferous forms belong to C. wildungensis is difficult to determine given

the limited number of teeth recovered.

Cladodontomorphi indet. sp.

Figure 5.5.1-5

Material. One tooth from sample 198404, Laurel Formation, Laurel Downs,
Tournaisian.

Description. Asymmetrical tooth comprising five cusps with a large laterally
inclined medial cusp and a pair of diverging lateral cusps approximately twice the
size of the intermediate cusplets (Figure 5.5.1). There are fine ridges on the cusp
faces with bifurcating ridges on the basal margins of the lateral cusps (Figure 5.5.1-
3). The labial face of the crown is concave at the base with a row of small pores
along the base-crown limit. The lingual extension of the base is short and almost
trapezoid in outline, extending furthest between the mesial margins of the lateral
cusps (Figure 5.5.4-5). There is a slight lateral extension of the base where it forms a
laterally directed point (Figure 5.5.4). The lingual torus hosts a highly elongate ridge,
which along the lingual face. The oro-lingual ridge is thickened at its termination
point on one distal end and gradually reduces its size at the other (Figure 5.5) The
baso-labial shelf is thickest between the accessory cusps, becoming less distinct at
one distal margin as opposed to thickening at the other end (Figure 5.3-4). The
underside of the tooth bears a shallow depression under the lingual torus that
deepens below the main cusp (Figure 5.5.4).

Remarks. This tooth bears a few features associated with the genus Cladodus. These
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