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ABSTRACT

This Ph.D. thesis address current issues with ichnotaxonam prectice, and
characterize an exceptionally well preservedchnological assemblagefrom the
Carboniferous Stainmore FormationNorthumberland, United Kingdom. Samples were
collected from closely localized float representative of various units throughout the
successionwhich was deposited in a storrdominated marine shorefac&€hree dominant
ichnotaxa were selected for thrdenensional morphologicalanalysis due to their
complicated morphology and/or unclear taxonomic statuBatjyloidites jordiiisp. nov; 2)
Beaconites capronusnd; 3)Neoeionemoniliformis comb. nov. Using serial grinding and
photographytheseichnotaxa were ground and modelled in true colour.

High-resolutionmodelsof three taxgroduced in this study atbe bais of the first
compete threedimensional consideration dhe traces and forms the basis for refined
palaeobiological and ethologicahalysis of these tax@actyloidites jordiiisp. nov. is a
stellate to palmate burrow composed of numerous long, narrow rays that gxieibibrders
of branching arranged into tiered galleries radiating from a central shaft. It is considered to be
the feeding structure produced by a vermiform organBeaconites capronus a winding
trace with distinctly chevroghapedmeniscate backfildemonstrated herein to backfill the
vertical shafts associated with its burrows in a comparable fashion to the horizontal portion of
the burrow. This lack of a surface connection would result in the trace making organism
being exposed to lowxygen porewter. Coping with this porewater dysoxieould be
approached by burrowing organisms in a number of whysevisiting the sedimeswater
interface; 2) creatingperiodic shafts or 3) employinganaerobic metabolismNeoeione
moniliformis was originally intoduced asEione moniliformis however the genusEione
Tate 1859is a junior homonym oEioneRafinesque1814 This led to the transfer &ione
moniliformis to Parataenidium Throudn careful examination and thre@mensional
characterization of topotgs, the transfer tdParataenidiummoniliformis is demonstrated
herein to le problematicas Parataenidiumrefers to primarily horizontal burrows with two
distinct layersand Eione moniliformisis composed of ondistinct level. As such, the new

ichnogenud\eoeionas created to accommodatieoeionemoniliformis
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CHAPTER ONE

1. Introduction to ichnology and literature review

Ichnology, or the indirect study of organisms via the traces they leaydrécks
burrowsandfaece$, is common in nature ithe form of tracking prey, and as such has
been practiced since early humanbke formal scientific study of ichnology is a relatively
new field, with the first published mention of ichnology occurring in 1858 (Hitchcock,
1858). The field of ichnology isubdivided into palaeoichnology (the study of fossilized
tracks and traces) and neoichnology (the study of modern traces).

The study of applied ichnology is a blend of both geology and palaeontology, and
can be of benefit to both fields of study (Mcllrd®3Q08). By assessing the ichnological
assemblage within a rock unit and delimiting the behaviours involved in modifying the
substrate, inferences can t&de regarding the palaeoenvironmental conditions during
their formation. As ichnology develops it isaiging more acceptance as a critical
component of reservoir characterization by petroleum geologistEKdaleet al.,1984;
Pembertoret al., 2001; Mcllroy, 2004). Organisms are capable of greatly altering the
potential reservoir quality of the sediméhey inhabit and act upon; this emphasizes the
need to characterize the ichnological assemblage and its effect on the sediment (
Gingraset al., 1999, 2004; Pemberton and Gingras, 2005; Mcliroy, 2008; Bednarz and
Mcllroy, 2009). Ichnology is also beinguccessfully applied to biostratigraphy and the

identificationof key sequence stratigraphic surfaceg (MacEacherret al, 1990; Taylor

1-1
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and Gawthorpe, 1992; Taylor and Goldring, 1993; Sawtdal, 2001; Tayloret al,
2003; MacEachern and Burton,(5).

Although ichnological analysis can be used for biostratigraphy and
palaeoenvironmental analysis in association with traditional palaeontology meitieods (
macrofossils and microfossilsichnological analysis has some distinct advantages. As
trace bssils are created within the sediment they are fossilizes#@fimentary reworking
is not an issue; unlike certain body fosgBeilacher, 1967)Sincea single trace maker
can produce a multitude of traces through its lifetime, and multiple typegahiems
can produce the same kind of trace, trace fossils are both abundant and pervasive
throughout the sedimentological record and across long time rambes.practical
application of ichnology is, however, dependant up the proper identification and
differentiation of ichnotaxausing names that convey the maximum amount of

information in a clear and efficient manner.

1.1 History of ichnology

Neoichnology has been practiced since the Palaeolithic times (as documented in
Australian aboriginal art), howewéhe study of palaeoichnology remained unknown until
much later in history (Baucost al, 2012). TheRenaissance period led to a greater
understanding and a more scientific approach to ichnology (Baeicah, 2012). The
work done throughout this timeotvever was not carried forward from one scientist to
another resulting in largely disjointed stud{@auconet al, 2012). Notable work from

this era in ichnology includes draftings and palaeoenvironmental inferences based on

1-2
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marine vermiform traces by beardoda Vinci c. 1500, t he Af oundi ng
ichnol ogyo ( Bautah2012).2010; Baucon

The study of ichnol ogy r e mawher\whriousi s c 0 nt
trace fossils were incorrectly considered as the fossilized remains of plari823n
botanist Adolple Brongniart(1823)published his papefi Ob s er v at iFucades s ur |
et sur quelques autres plantes marines fessi{Osgood, 1970, 1975Brongniart used
the genusFucoides to describe fossils from the Italian Alps that éempaed to the
modern brown algaé;ucus(Bauconet al, 2012). The idea of a botanical origin for trace
fossils was not unique to Brongniaxf.(von Schlotheim, 1822), however dte his
prominence in the scientific c¢ondnmuwnciotiyd 6, E
became widely accepted (Baucenal, 2012). As a result, numerous modern ichnotaxa
were first misidentified as fucoidse.g, Rhizocorallium Scolicia Daedalus
PaleodictyonSpirophytonDiplocraterion, andZoophycosOsgood, 1970

The corept of a botanical origin for trace fossils remained prevalent despite
published work demonstrating an ichnological origin, linking modern tracemaking
activity to fossilized tracese(g. Salter, 1857; Hancock, 1858tathorst, 1881), untit.
1925 Osgood1975; Baucoret al, 2012). Interest in ichnology declined following the
understanding that trace fossils lacked a botanical origin, likely influenced by both
guestionable application of 0fucoi dsd as
settings ad the taxonomic uncertainty in naming trace fos$llsgood, 1975Bauconet
al., 2012). Despite this, significant progress was maidihe Senckenberg Laboratory
through the application afniformitarianism to the study of modern traces from the North

Seato gain insight into fossilized traces (Richter, 192@dée and Goldring, 20Q7)

1-3
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't was, however, the advent and applica
by Adolf Seilacher that highlighted ichnology as a useful tool for inferring
palaeoenviromental conditions. The ichnofacies methodologyinvolves making
inferences of the palaeoenvironmental conditions at the time of deposition on the basis of
the specific ichnological assemblage present (Seilacher, 1967). This classification
facilitated inferences on pakoenvironmental conditions such as salinity, oxygen levels,
nutrient levels, and, perhaps most importantly, environmes&rgy Prior to the
ichnofacies concept, trace fossils were described and classified in a similar fashion to
body fossis (Seilacher, 1953). The development of the ichnofacies concept replaced this
methodology with one of an ethological or preservational b&siowing the work of
Adol f Seilacher in the 195006s, and given |

ichnology has occurre(Seilacher, 1953; Baucaet al, 2012).

In the decades following the advent of the ichnofacies method, the study of
ichnology has developed into a much more objective study used in direct association with
palaeontological and sedimentgical data (Mcllroy, 2008). When used in combination
ichnological analysis is a useful tool for facies characterization (Mcllroy, 2008).is
particularly the case when sediment incorporated into the bufilbwepresents a
depositionakvent that idater winnowed or eroded awgdgacilitating the preservation of

sedimentological data that would otherwise be Idst\Wetzel, 2015).

1-4
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1.2 Introduction to ichnotaxonomy

The goals forthe taxonomy of ichnotaxa are ultimately the samettasse for
biotaxag to identify, describe, name, and classify various taxa (Goldzingl, 1997).
Trace fossils can provide a diverse wealth of informati@ng ( evolutionary,
palaeoecological, stratigraphic, palaeoenvironmengt) and as such, proper
ichnotaxonomy isessential to effectively convey the greatest amount of information
(Seilacher, 1953; Bromley, 1996; Goldriet) al, 1997; Mcllroy, 2008; Wetzel, 2015).
This is problematic due to five reasofh) Many ichnotaxa where originally introduced as
fossilized pants or animalscf. Nathorst, 1881; Osgood 1975; Mcllroy, 2004; Bauebn
al., 2012); 2) Type material for many older ichnotaxa was never collected or has
subsequently been lost or destroyed (Pemberton and Frey, 1982); 3) The recent
proliferation of ichmgenera, with more valid ichnogenera having been erefted987
thanhave ever been erected prito that datgKnaust, 2012); 4) Many early ichnotaxa
have been deemeatbmina nudanomina dubiaor nomina oblita(Hantzschel and Kraus,
1972; Bromley andFursich 1980; Rindsberg, 2012); 5) Inconsistent coverage and
application of a governing set of guidelines (CZN, 1961, 1964, 1985, 1999; Mcllroy,
2004).

Taxonomy is regulated and governed internationally based on the specific branch
of life being addessed. The taxonomy bécteria is governed by the International Code
of Nomenclature of Bacteria (ICNB); algae, fungi, and plant taxonomy is regulated by the
International Code of Nomenclature féitgae, Rungi, andPlants (ICN; formerly the
Internationd Code of Botanical Nomenclature, ICBN); and zoological taxonomy is

governed by the International Code of Zoological Nomenclature (ICZN). As there is no

1-5
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dedicated code for the taxonomy of trace fossils, and trace fossils can be made by plants,
animals, andnicrobes alike, a potential jurisdictional issue arises when the trace maker
cannot be confidently assigned. Of the existing codes only the ICZN has given any
recognition to trace fossils, which hasinfortunately not been consistent or

straighforward rom one edition to the nextf(ICZN, 1961; 1964; 1985; 1999).

1.3 History of ichnotaxonomy

Towards the end of the nineteenth century it became obvious that in order for
taxonomy to progress as a consistent and effective science it required international
consensus and governance. Thusltiternational Congressf Zoology was created in
1895 (ICZN, 1961). The congress officially adopted agxisting French nomenclatural
guide in 1901, and'Régles Internationales de la Nomenclatu# ol ogi queo Wi
trandated to English and German and published in 190&sefrulesd ewe the first
universally accepted zoological nomenclature code (ICZN, 1961).

In the early days of formal ichnology trace fossils wis@cally unrecognised
and, as suclmamed as body fos (Nathorst, 1881; Mcllroy, 2004; Rindsberg, 2012). In
some instances specimens were correctly identified as trace fossils and the maker of such
traces were unknown, in these cases the trace was used in proxy for the unknown
organism which could be named the basis of the trace alone (Rindsberg, 2012).

When an overealous entomologisapparentlybegan naming species of wasps
based on plant galls thought to be produced by an unknown gall (efadpindsberg,
2012) the ICZN (1961) reacted by banningyaof the works of animals that were not

accompanied by a known maker (ICZN, 1961; Rindsberg, 2012). This was incorporated

1-6
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into the first edition of the ICZN (1961). This ruling invalidated all ichnotaxa that could
not be assigned a giveracenaker after e cutoff date of December 31, 1930 (ICZN,
1961; Pickerill, 1994; Mcllroy, 2004; Rindsberg, 2012). This ruling provided a challenge
for individuals working in ichnotaxonomy whereby matrgce fossilnames entered
taxonomic limbo and could only be usedle vernacular (Pickerill, 1994). The majority

of confusion that could have resulted was largely avoided as ichnologists persuaded
workers to continue practicing ichnotaxonomy as if they had the support of the ICZN, and
petitioned for amendments (BromlegdaFursich, 1980; Pickerill, 1994; Mcllroy, 2004;
Rindsberg, 2012). During this time, Walter HantzsatwhpiledPart W of the Treatise

on Invertebrate Palaeontology, which synonymized many of the previously misidentified
trace fossils (Hantzschel, 196296b, 1975). This work greatly advanced the field of
ichnology by consulting essentially everything known about invertebrate trace fossils at
that time, thus providing a thorough basis for the progress of ichnotaxonomy (Hantzschel,
1962, 1965, 1975; Pickdri1994; Mcllroy, 2004).

In 1985 the third edition of the ICZN was published, in which a provision was

made that again allowed the naming of trace fossils (ICZN, 1985).

iAr ti cl-&ooldgical rmenclature is the system of scientific names
applied © taxonomic wunits (taxa; singul ar:
fossilized work of animals (ichnotaxa), and names proposed before 1931 based

on the work ofICZH,X498a nt ani mal s. 0

t
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1.4 International Code of Zoological Nomenclature

Ichnotaxonomy is cuently regulated and governed by the fourth edition of the
ICZN (1999) which provides a level of stability and management for the naming and
classifying of trace fossils beyond the capabilities of the ichnotaxonomic community
alone. The ICZN is managed bthe International Commissiorfor Zoological
Nomenclature, which is a longstanding, well established organization. The commission
operates with plenary power allowing it to regulate, moderate, and otherwise overrule the
Code in order to maintain nomenclastability (ICZN, 1999 Arts. 78.1 and 81). As the
ICZN only governs zoological nomenclature (and neither the ICN nor the ICNB
recognize ichnotaxa), trace fossils with known +4amimal producers are not given
official scientific namesTubbs 2003Rindsbeg, 2012). The reality for the vast majority
of practicing ichnologists is one of uncertainty with respect to the trace maker (Bettling
al., 2003, 2004; Rindsberg, 2012). This fact has been acknowledged Gyprimaission
by changing the terminology oftai cl e one from Afossilized w
(1 CZN, 1985, Ar t . la) to Afossilized work
1.2.1). This change in wording has allowed the naming of numerous ichnotaxa with

uncertain creators to be includethin the code (Bertlingt al, 2004).

1.4.1 Scope and exclusions

The 1 CZN (1999) defines zoological nom
names applied to taxonomic units (taxa; S

(ICZN, 1999, Art. 11). Article 1.2.1 defines the scope of application of the code as:
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nThe scientific names of extant or extin
domesticated animals, names based on fossils that are substitutions (replacements,
impressions, moulds and casts) the actual remains of animals, names based on

the fossilized work of organisms (ichnotaxa), and names established for collective
groups €é& as well as names proposed before
ani ma(lCZN, ©999).

Of the seven exclimns to the scope of the codetiele 1.3.6 excludes the work of extant
animals described after 1930 (ICZN, 1999). Any material based on the work of extant
animals which has been assigned after 1930 does not qualify for eligibility as type
material (ICZN, 199; Art 72.5.1). The code regulates the naming of ichnotaxa at the
family-group, the genugroup and the speciggoup rank with typification ¢f. ICZN,

1999, Art. 61) being required at the genus and speamsfor ichnotaxa named after

1999 (ICZN, 1999Art 13.3.3, 42.2.1, 42.3.2).

1.4.2 Concerns

Great strides have been made in ichnotaxonomy and nomenclature since the first
edition of the ICZN (1961) however there are still concerns that several
ichnotaxonomists argue should be addressed in sulisiegditions of the code (Bertling
et al, 2003, 2004, 2006; Geiet al, 2004, Mcllroy, 2004; Nielson and Nielson, 2001;
Rindsberg, 2012). Although it is obvious why the zoological code would only apply to
animals, and by extension the works of animatsne authors have suggested loosening
the phrasing of the code to make an exception for trace fossils edmmal origin

(Bertling et al, 2003, 2004). Although petitioning the ICN and ICNB for coverage is

1-9



THREE DIMENSIONAL TOMOGRAPHICRECONSTRUCTION OF ANEXCEPTIONALLY WELL PRESERVEDICHNOLOGICAL ASSEMBLAGE

possible, it would be fime-consumingand lenghy process with no guarantee of success.

Also, in the interest ofefficiency, it is desirable to keep pertinent regulations for
taxonomy together in one code. This is especially the case for ichnotaxonomy, as it is
often impractical to delimithe trace poducer. This is partly due to multiple organisms

being capable of producing the same type of traca,single organism being capable of
producingmultiple traces; for this reason information pertaining to the producer cannot

be used to assign taxononstatus (Bromley, 1996; Bertlingt al, 2006; Knaust, 2012).

The argument for future editions of the 1C
of an animal 06 to At r ac eethlo2008,i2008; Génmsesal,s ugges
2004) in ordefor ichnologists to have proper protection of trace fossil names, may in fact

add additional challenggsa ddr essing t he semantics of wha

Article 1.2 (ICZN 1999) defines the scope of the ICZN which restricts ichnotaxa
to fossilized material (ICZN, 1999). This has led some authors to question the
fossilization point for trace fossils, which is often arbitrarily defined (Nielsen and
Nielsen, 2001, Bertlingt al, 2006). Three guidelines for the fossilization point of a trace
suggested by Bertlingt al. (2006) are fA6f ound in 1ithif4ded se
Hol ocene stratad; or 6f ound bel owetdl,bhe t ap
2006). Although these guidelines provide an advantageous starting place forsworker
specificcriteria for the fossilization point are best left to the judgement of the individual
worker. A concern however would be the bioturbation of older sediments by modern
organisms (Bertlingt al, 2006). This is particularly the case for haudstrate borings

(Bertling et al, 2006). Given the fact that delimiting Neocene borings from Holocene
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borings is especially difficult, many modern boririgatcould be named by their maker
would be taxonomically ambiguous should they be named as ichnatarang any

modern boringas ichnotaxa is inadvisable (Bertlingal, 2006; Glaub, 2004).

Naming exclusively fossilized material as ichnotaxa is seen by some authors as a
measure to ensutdat only preservable material is named (Bertligigal, 2006) This
measure protects against naming of labile material such as vehicle tire tracks, human
urination traces, and structures created by birds as they begin &l fbf which were
named by Reineck and Fleming (1997) and have subsequently been deamednas
nuda(Bertling et al, 2006). Individuals working with modern traces (neoichnology) and
comparativeichnology however would benefit from the ability to name or modify
existing names from data observed in the field or laboratory (Mcllroy, 2004)wbhitsl
allow a worker to directly observe behaviours that give rise to structures, in otdedto
perspectiveto the fossil examplesA growing body of neoichnological literature has
provided great insight into trace maker activity leading to morphadgicecurrent
structures €.g. Herringshawet al, 2010, 2013; Dashtgard and Gingras, 2012). The term
Ainci pientd has been pr op o tha cire tompardddo f f er er
fossilized material rather than use modern material for the basisnofaxa (Bromley

and Farsich, 1980).

Several authors have also expressed concern over the phraseology and application
of the principle of priority (ICZN, 1999, Art. 23) with respect to ichnotaxonomy, in
particular concerning the application to synonymy {Bey et al, 2006). Article 23.3.2

of the ICZN (1999) states that when any part is named before the,whaay stage,
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generation, form, or sex of a species is nameda afistinct taon, they require
synonymiation Organisms often make, -veork, or otlerwise change the traces they

produce based on their situational needs thus forming a compound iteace tface

which intergrades between multiple distinct components; Figure 1). Considesittgp
comparative analoguexisitswith respect to biotaxand synonymization of these distinct

traces would be disruptive to practicing ichnologists, Bertkhal. (2006) advocatd
disregarding this principle for compound traces. Disregarding this principle is however
unnecessary, in particular as article 28early stateshatit he Pr i nci pl e of
be used to promote stability and it is not intended to be used to upset-actmpied
nameéo (I C&mMeanl 9 h)not axon i s dtexbnbasedonby t h
the fossilized work of anorgai s mé 6 (I CZN, 1999) distinct ¢
trace, (.e. those that occur independent of the whole), could be considsmidtinct

works of the organism and thus do not require synonymization. As no direct comparison

can be made between ichawd and biotaxa, decisions regarding synonymization of

traces based on well preserved compound taxa should remain at the discretion of the
individual worker. Confusion surrounding the differentiation/synonymization of various
ichnotaxa could be helped iarfe part by ichnotaxonomists using a type series rather

than a single holotype when introducing new ichnotaxa to capture any inherent variations

in morphology.
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Figure 1. An illustration of a hypothetical compound trace with component:

OphiomorphaThalassinoidesGyrolithes andTeichichnus(From Bertlinget al.2006).

1.5 Ichnotaxa as compared with biotaxa

Taxonomy involves the determination of spegifiteaningful criteria (taxobases)
for assigning names to organisms and establishing theseismgainto groups that are
then assigned aank within a taxonomic hierarchy. For biotaxa, that hierarchy is
primarily established on the basis of common ancestry (genetic relationships when
determinable), and runs from its highest rank of domain, thrkimgijdom, phylum, class,
order, family, genus, to the most contentious rank of species. Of these, species, genus,
and family group levels argoverned bythe ICZN (ICZN, 1999). Sub-units of these

taxonomic ranks are also available, albeit not often utiliaed&hnotaxa
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The differences between the taxonomy associated with ichnotaxa as opposed to
biotaxa are notable; they chiefly regarthe establishment and classification of
ichnotaxonomic hierarchies. Hierarchies developed for biotaxa tende along
ewlutionary lines; all species within a particular genus are considered to be of closer
descent than they are to any speciestfergenera. This line afeasoing does not apply
to ichnotaxa as,unlike biotaxa, different groups of ichnotaxa have no geneti
relationships with one anothekny potential genetic relationships existing between the
various trace makers are either indeterminable or irrelevant. Considering numerous non
related organisms are known to engage in similar behaviours creating thdraesse
evolutionary schemes of organization are impracticahifa Ekdale and Lamond, 2003).
Furthermore, this lack of a definitive traoeaker for most ichnotaxa rules out genetics as
an ichnotaxobase. Although there have been numerous ichnotaxa é&@szedponan
inferred tracemaker €.g.Arenicolitesafter thearenicolidpolychaetes; Salter, 1857) this
practice is discourageithough it doeshot render a taxon invali@Bertling et al, 2006;

Bertling, 2007).

The taxonomic rank of species is an grad part of the hierarchical system, yet
for both ichnotaxa and biotaxa defining this rank is a problematic issue. The species
problem for biotaxa results from inconsistencies and confusion regarding the definition of
t he term fspecinekiple currens antd ¢ompetihdy defingionsaconeepts
regarding what exactly constitutes a species (Table 1; for a summary see Queiroz, 2007).
Considering this, the delimitation of species can be a contentious task (Queiroz, 2007).

Although there are multipl definitions of this term (Table 1), all of these definitions
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share the concept that distinct species arrive through the evolution of distinct
metapopulation lineages (Queiroz, 2007). The problem for ichnotaxonomy with regards
to the specieggroup(ichnogecies) is that the differentiation between what qualifies as an
ichnogenus versus an ichnospecies is at the discretion of the individual worker (Rickerill
1994). Although attempts towards empiricism have been made (Bromley, 1990, 1996;
Fursich, 1974 a, ;bGoldring et al, 1997) there remains no universally accepted

objective method (Bertlingt al, 2006).

As different groups of ichnotaxa have no genetic relationships with one gnother
establishing ichnotaxonomic classification based solely on thes rafe biological
classification is fraught with pitfalls. It is therefore important that both the morphology of
the structure and the ethology of the trataking organism are taken into account when
considering their classification (Bertling, 2007). Di#fat groups of ichnologists have
diverseopinions on which of these characteristics holds more vatuehnotaxobases
(Goldring et al, 1997; Ekdale and Lamond, 2003; Bertlieigal, 2006; Bertling, 2007;
Knaust, 2012). An ethological classification woultximize the use of trace fossils in
palaeoenvironmental analyses (Ekdale and Lamond, 2003; Beztladg 2006; Bertling,
2007; Knaust, 2012), however this approach is subjective by nature, as thendiae
itself is often unknown and its ethologyncent confidently be interpreted (Goldriegal,
1997). Alternatively, a classification scheme based primarily on morphology would be
much more objective (Goldringt al, 1997), although this method would arguably
detract from the usefulness of tracesitsin such studiesSchlirf andUchman, 2005

Buatois and Mangano, 2011). Many ichnologists agree that it is best to use a combination
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of both by describing morphology that is significant with respect to the-tnacé&k e r 6 s

ethology (Bertlinget al, 2006;Bertling, 2007; Knaust, 2012).

Concept Property Supporters
Biological Interbreeding, ability to Wright (1940); Mayr (1942);

. . ) ) Dobzhansky (1950); Dobzhansk
(Isolation/Recognition) | recognize potential mate (1970): Paterson (1985): Master

et al.(1987); Lanbert and
Spencer (1995)

Ecological Occupy the same niche or Van Valen (1976); Andersson
. (1990)
adaptive zone
Evolutionary An exclusive evolutionary rolg Simpson (1951); Wiley (1978);
Mayden (1997); Grismer (1999,
2001)
Cohesion Genetic or demographic Templeton (1989, 1998)

exchangeability

Phylogenetic An irreducible groupvhoses | Hennig (1966); Ridley (1989);
o Meier and Willmann (2000);
(Hennigian, membershare a common Rosen (1979); Donoghue (1985
monophyletic, ancestor Mishler (1985); Baum and Shaw
. (1995); Avise and Ball (1990);
genealogical, Nelson and Platnick (1981);

Cracraft (1983); Nixon and

diagnosable) Wheeler (1990)

Phenetic Morphologic similarities Michener (1970); Sokal and
Crovello (1970); Sneath and

Sokal (1973)

Genotypic cluster Fom a genotypic cluster with| Mallet (1995)

few/no intermediates

Table 1L Major contemporary species concepts and their key differentiating properti
(Modified from Queiroz, 2007).
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1.6 Description/characterization methods

Whatqualifiesas @t r acledo fioss ssit i | | being dediated (
al.,, 2003, 2004; Tubbs, 2003; Geniseal, 2004; Rindsberg, 2012). According to the
Il CZN (1999) the term Atrace fossil o is sy
organi smo and c ahe prdavisionsnd the cbde IBZNge X999;t Tubbs,
2003). Amendments proposedtotbe de suggest replacing the
an organism with trace fossil, as there are numerous works of artiratése generally
not accepted as trace fossils foe thurpose of formal nomenclature, notably soails,
embedment structures, peadsid unmodified secretions, among others (Bertletgal,

2003, 2004; Geniset al, 2004; Bertlinget al, 2006, Rindsberg, 2012).

The term trace fossil was introduced by $&impson in 1956 and later defined
a sasédimentary structure resulting from the activity of an animal moving on or in the
sedi ment at its time of accumul ati on; i ncl
(Simpson, 1956; Sarjeant and Kennedy, 3)97his definition was later shortened to
Ai ndication of the activity of a living pl
a body fossil o6 and included stromatolites
1973). This definition againehn ged t o fa morphol ogically r
from the life activity of an individual organism (or homotypic organisms) modifying the
substr at etdl Z086¢ Thisldefimtign has been accepted by many autkbrs (
Mi k udt &.,9200; McLoughlinet al, 2009; Rindsberg, 20)2but what specifically

can be included within this is still being debated (Table 2; Rindsberg, 2012).
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The criteria used to differentiate ichnotaxa are referred to as ichnotaxobases.
Considering that trace foss# lack any evolutionary or genetic relationships
ichnotaxobases must be either morphological or inferred ethologicalarere to the
inherent subjectivity of ethological classificatgynchnotaxobases muse based upon
morphological criteria, theignificance of which can bmferredthrough the perspective

of ethology (Bromley, 1990, 1996; Knaust, 2012; PicketBio4).

Classified as traces Not classified as traces

Footprints, trackways Any component part or representative
Trails stages of an organism

Burrows (e.g, bone, hair, egg)

Borings Calculi

Coprolites Pearls

Gastroliths Embedment structures

Regurgitaliths Secreted cocoons

Nests Plant reaction tissues.@, plant galé)

Spider webs Soils

Woven cocoons Stromatolites

Caddisfly cases Pathological structures.€., signs of disease)
fiSand reefs

Signs of predation

Signs of human biological activity

Table 2 Various works of organisms which are either considered valid or invalig
traces (Modified from Bertlingt al, 2006and Rindsberg, 2012).
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1.6.1Morphometrics

Although ethological interpretations are a fundamental goal in ichnology (Buatois
and Mangano, 2011; Knaust, 2012; Uchman, 1998), any inferred ethology is
fundamentally subjective (Goldringt al, 1997). Mophometricsare an attempt to
objectively characterize morphology, studying not only dimensions, but their raigs (
width to length); alternativelymeasuring relative changes in various components (Rohlf
and Markus, 1993). When describing trace fossilsrphometrics using as maaosteria
as possibleare strongly encouraged (Bertlingt al, 2006). The use of morphometrics
within a given trace assemblage can be useful in differentiating biodiversity from
variations due to ontogeniexacting morphometts hae also been demonstrated as a
valuable tool when analysing sedimdmirrow interactions, in particular as related to

reservoir characterization (Bednarz and Mcllroy, 2012).

1.6.2 Valid Ichnotaxobases

Issues in the application of ichnotaxobases yhat is a valid ichnotaxobase and
for which taxonomic rank) have become more common throughout the literature and have
yet to garner consensusf.(Bromley, 1990, 1996; Pickerill, 1994; Bertlireg al, 2006
Bertling, 2007; Knaust, 2012). Considering iotaxobases are the criteria by which
ichnotaxa are recognized, differentiated, and established, it is important that these

distinguishing traits are both measureable and preservable (Betlalg 2006). Labile
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characteristics, those that are considdredye highly unlikely to be preserved or that
would deteriorate quickly, should be avoided where possible (Bertlingl, 2006).
Characteristics that did not result from the life activity of the organism should also be
avoided as an ichnotaxobase. Exéspf this include geologic age, geographic location,
structure of passive burrow fill, taphonomi@lteration and mode of preservation
(Bertling et al, 2006; Bertling 2007). Any inferred criteria, such as the tracemaker or
related information €.g. size shape, or behaviour), are also unacceptable as
ichnotaxobases (Goldringt al, 1997; Bertlinget al, 2006; Bertling 2007). Certain
morphological criteria, such as size, are less straightforamddheirapplication is only
suggested with caution atetichnospecific level, and never at the ichnogeneric level
(Bertling et al, 2006, Bertling, 2007). Size alone is considered inadequate as an
ichnotaxobaseas issues are likely to arise in characterizing various members of an

ontogenetic group (Bertling al., 2006).

Only characteristics intrinsically related to the life activity which first modified
the substrate should be used as ichnotaxobases. Although characteristics such as lithology
are rejected, substrate (restricted to the prai¢ypes) can besed with caution (Bertling
et al, 2006).Skolithos linearigHaldeman andrypanites weiseviagdefrau are both valid
ichnotaxa despite similar morphological expression, as different behaviour and body
At ool so0 are requir ecetalf2006)pin softlsedingent anhosgamish Be r t
can displace or rearrange grains to form the required burrow morphology; however
mechanical techniques or chemical abrasion is required in hard substrate (Beérding

2006).
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Morphological ichnotaxobases are diwidento different categories for ease in
classification. 1) The general form, or overall shagean ichnotaxonncludes elements
such as the path (burrow or trail), arrangement/pattern, size (as described above), and
branching; 2the burrow boundariesncluding the presence or absence of a burrow wall
(including any ornamentation), lining, or mantles(an outer zone of burrow fikensu
Keighley and Pickerill, 1994) as well as whether it was actively or passively formed; 3)
orientation with respect tosubstrate, which is considered a substantial differentiating
characteristic; 4xctive internal structure aridr fill (structure ofpassive fill is rejecteds
an ichnotaxobage including meniscate bafik and spreite (Bromley, 1990, 1996;

Pickerill 1994; Bertlinget al, 2006; Bertling, 2007).

Ichnology pertains to the life activity of all life that has ever existed,aas@hy
fossilized trace from an animal or unknown origin is eligible to be described as an
ichnotaon, no universal approach to defigi ichnotaxobasesxisits Ichnotaxobases
should relate to intrinsic characteristics, but beyond that will reg@fi@eementby

specialists in different areas of ichnology (Bertletel, 2006).

1.6.3 Ichnotaxobase hierarchy

Biotaxa shar@ common anestry anceach species holds a place witthie tree of
life. Cladistic schemes are creatacattempting to understarel/olutionary relationships
When conflict or disagreements arise within the created systems, biotaxa may be

considered asincertae sedis or of unknown placement. An inherent issue in
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ichnotaxonomy is the lack of ancestry or relationshipong traces, rendering all
ichnotaxaincertae sedisThis creates an obvious issue with ichnotaxonomic ranking. The
inconsistencies in theriteria (ichrotaxobasesjhat qualify to differentiate ichnogenera
from ichnospeciesire a substantial issue that requires resolution for ichnotaxonomy to

progress (Schlirf and Uchman, 2005; Bertletgal, 2006; Knaust, 2012).

Two competing ideologies have been pregmb to provide stability and
consistency in how ichnotaxobases are appligdifferentiating ichnotaxobases based
on morphologieswith inferred significance to ethology (Bertlingt al, 2006); 2)
differentiating ichnotaxobases based on fundamental mtwgical elements and

subsequent modifications thereof (Goldretgal, 1997).

Although ethology is rejected for use as an ichnotaxobase, any morphological
element that is considered to represent significant ethological differences should be used
at theichnogeneridevel, and elements inferred to reflect minor ethological differences
should be used at the ichnospecific le¢@thlirf and Uchman, 2005; Bertlingt al,

2006). Wall linings, which are considered to represent a more substantial behaviour for
horizontal burrows than for vertical burrows, are used to separate horizontal burrows at
the ichnogenus level, but are used at the ichnospecies level for vertical burrows (Bertling
et al, 2006; Schlirf and Uchman, 200Boyd et al, 2012. Polykladichnus a vertically
orientated burrow can be lined or unlinedP( irregularis and P. aragonensis
respectively) whereas despiteghe morphologically similar Planolites (unlined) and
Palaeophycuglined) are separated at the ichnogeneric level (Schlirf and Ugh2085).

Branching is also inconsistently ranked as an ichnotaxobase as its importance is treated
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differently in different burrow systems (Schlirf and Uchman, 2005). For example,
Skolithos and Polykladichnusare vertical ichnogenera differentiated by lmtang,
whereasseveral ichnogenera can either branched or unbranched (eAgthrophycus
Oldhamiag PalaeophycusTrichichnug. Ethological methods of sorting ichnotaxobases is
a logical approachthoughit is fundamentally based on inferences and teusherently

subjective(Goldringet al, 1997).

Alternatively, ichnotaxobases can be sorted using primary and secondary
morphological ichnotaxobases (Goldrimg al, 1997). Primary ichnotaxobases, those
pertaining to the burrow segment occupied by thgawmism, are used for ichnogeneric
differentiation, and secondary ichnotaxobases, those reflecting subsequent modifications
are used at the ichnospecific level (Goldratcal, 1997). Primary ichnotaxobases would
include the cone and shaft, shaft andeggll open burrowfootprint, et. (Goldringet al,

1997). Secondary ichnotaxobases include lateral dispkae branching, backfilling,

etc.(Goldringet al, 1997).

Recently a third morphological approach to the hierarchy of ichnotaxobases
identifies \arious elements and ranks their significance, placing them into an
identification flow chart (Knaust, 2012). The proposed order of significance is:
orientation (subvertical, subhorizontal, complex); branching; general shape (cylindrical,
sinuous, lobate, piral, radial, bifurcated, biserial, nkke, winding/meanderingU-
shapéd, Jshapé, dumbbell, boxwork, rodlike); fill (passive or active); and burrow
boundary (Knaust, 2012). While Knaust acknowledges that the classification is not

perfect, it certaily has the potential to beusefultool for ichnotaxonomy.
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Ichnofamily designation is available to ichnotaxonomists, however very little has
been written regarding their classification or how they should be employed. The few

methods of characterizationathhave been proposed are summarized in table 3 (Bromley,

1996).
Ichnofamily Description References
Zooichnofamilies Ichnotaxa based on te¢hologies | Rindsberg, 1994; Seilache

of a high taxon tracemaker and Seilacher, 1994

Paraichnofamilies | Ichnotaxahat morphologically Walter, 1983

resemble their producer

Euichnofamilies Ichnotaxa reflecting morphologicg Richter, 1926; Fu, 1991
and (interpreted) functiah
similarities of the trace fossil

Table 3 Methods of characterizinghnofamilies {rom Bromniey, 1996)

1.7 Near burrow sedimentary structures

Trace fossils are sedimentary structures which represent the life activity of an
organism (or homotypic group of organisnas)d as suchiyace fossils could be named
and classified in two possible way$) as primary sedimentary structures; 2) more
formally using binomial Latin names comparable to biotaxa (Bertling, 2B@3aust,
2012) The convention of using the Linnaean system for nomenclatasemade without
purposeful consideration due to the eanligidentification of many trace fossils as plants,

which were then assigned a biological name by early palaeontologists (Bertling, 2007;
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Bromley, 1990). As the traces themselves are biologically induced sedimentary
structures, determining which near bwvrsedimentary structures are related to the
burrow and qualify for formal nomenclaturean often be a challengéeamanet al,

2015)

1.7.1 Structures that reflect ethology

The use of sedimentary structures as ichnotaxobases is argued against by several
authors (Schlirf and Uchman, 2005; Bertliegal, 2006; Bertling, 2007). When naming
and characterizing biogenic structures, it is detractive to include abiotic comptrants
do not reflect ethology. The delimitation of components that reflect ethaodythose

that do not can be a difficult task.

Following a studyexamining the burrowing strategy and mechanismeaitianid
polychaetesthey were proposed as the possikiecenaker of the ichnotaxdasselia
ordamensigFigure 2; Dufouret al, 2008 Olivero et al, 2010).Tasselia ordamensisad
traditionally been interpreted as an equilibrium burrow created by a suspension feeder
(D Alessandro and Lannone, 1993; Wetzel and Bromley, 1996; Rarade 2007). The
incipient GensuBromley and Fursich, 980) T. ordamensigproduced by the maldanid
polychaetes is the result of a complex suite of behaviours which involvedoead
depositfeeding, detritus feeding, and gardening (Dufetiral, 2008; Oliveroet al,

2010). As the polychaetes deposit feedytlmgest sediment from the bottom of the
burrow and defecate the waste partiddesthe sedimenwaterinterface (Dufouret al,

2008; Oliveroet al, 2010). The pharynx of the organism has a limited capacity with
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respect to grain sizand as the organisfeeds, itforms a biogenic graded bed (Rhoads
and Stanley, 1965; Oliveret al, 2010). As graded bedding is typically considered a
primary sedimentary structure, it is generally rejected as an ichnotaxatiaBerfling et

al., 2006, Bertling 2007). Thgraded bedding of. ordamensishowever, is a direct

reflection of the organismbés physical <char

Sedimentary structures in the ndarrow environment are absent from the
literature, outside of those adwaimg for its exclusion as an ichnotaxobase (Schlirf and
Uchman, 2005; Bertlingt al, 2006; Bertling, 2007)These structures haviee potential
to yield valuable information that merits the expansion of the generally accepted
ichnotaxobases to includeome of the neaburrow environment. This discussion would
not include any structure, feature, or trethdtis of abiotic origin but should revolve
around featurethat are biogenicbut arenot currently accepteds criteriafor diagnosis

of ichnotaxa(e g. burrow funnel.

A burrow funnel refers to the conical opening of a burrow as it meets the
sedimemwater interface. The vertically orientated cylindrical burrtonocraterion
Torell, 1870 is partially defined by the presence of an upper fisiragledaperture. Due
to confusion surrounding a radiating component on the upper surface, the taxonomic
status of Monocraterion is contentious (Schlirf and Uchman, 2005 for discussion).
Additionally the funnelshaped aperture is considered an unsuitable ichrimdaraas it is
easily erodedby seafloor processeqSchlirf and Uchman, 2005). It has also been
suggested tha®kolithoscan also be found with a funrghaped aperture (Schlirf and

Uchman, 2005), despite both the type material and type description laokiag
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(Haldeman, 1840). Examination of the funredaped aperture oMonocraterion
demonstrates thah at least some materjahe cylindrical portion of the burrow extends
into and crosscuts the funnel portion, demonstrativaj the organism inhabited e¢h
burrow during, and was potentiallgsponsible for, the surrounding sediment collapse
(Figure 3; Mcllroy and Garton, 2010). The rejection of all furstelped apertures on the
basis that some may be creatduidogically, when many can be demonstratechaging
been inhabited durinthe sediment collapssndare thus probably formedtentionally, is

not beneficial.

Sediment collapse structures are well documented in assocwitionvarious
ichnotaxa, includingOphiomorphaand ThalassinoidegFigure 4; Bick and Goldring,
2003; Leamanet al, 2015. Neoichnological experimentation has documented the
creation of collapse cone structures as a method of sediment transport into burrow
galleries for feeding and/or acquisition of building materials (Figure amamet al,
2015. Similar structures have been observed associatedDipibcraterion which are
also inferred to have been created for feeding (Leaghah. in press Seven scenarios
have been identifiethat lead to sediment collapse structuresdervarying conditions
(Buck and Goldring2003):
fil) sand coll apse into a cavity (decompose
upward (escape) or downward locomotion by an organism through the sediment,
(3) upward adjustment (equilibration), (4) castingcob el ent er at esd® excava
(5) organismmediated sofsediment deformation in heterolithic sediment, (6)

biodeformational small and large excavations by organisms, and (7) fluid (gas or

Il i gui d) e s cBuskendsGoldringsc 20@Br e s 0
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This study deterimedcriteria hataid in the distinction of the cause of the collapse (Buck
and Goldring, 2003). Although collapse structures are commonly thought of as
sedimentary structurethey are often associated with biogenic structures and a biogenic
mode of formation can often be determined by examining the collapse morphology and
its associations (Buck and Goldring; 2003; Leansanal, 2015. Considering these
structures are morphologically recurrent modifications of substrate as a result of the life
activity of an organism, their inclusion as an ichnotaxobase has potential to aid in the

characterization of trace fossils and with ethological studies.

Some authors have expressed concern regarding the preservation potential
required for a structure to be a valahnotaxobase, which would include furhsélaped
apertures and sediment collapse structuBehl{rf and Uchman, 2005; Bertlingt al,

2006; Bertling, 2007). Shouldiumerousfossil examples be found, and given their
potentially ethological origin, thesdrsctures should be considered when describing
ichnotaxa. The preservation potential alone should not be grounds for rejection of a
structure or characteristic as an ichnotaxobase as this has the potential to eliminate
valuable data. If a criterion with W preservation potential is maintained as an
ichnotaxobais to delimit an ichnospecies or ichnosubspecies, the worker has the ability
to gain the additional information should it be observed. In the interest of stability, criteria
with low preservation pential should only be considered at the ichnospecific or

ichnosubspecific level.
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Figure 2. A-B) Sketch showing morphologic componentd agselia ordamens(s)
Biogenicgraded beddemferred to have been produced byaldanid polychaetike
organism(modified from Olivercet al, 2010)

Figure 3. Skolithosburrow (A) compared wittMonocrateriondisplaying funnekshaped
aperture (B) (from Mcllroy and Garton, 2010)
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Figure 4. Collapse cones in relation @phiomorphaandThalassinoide#\) Collapse
structure in association to &@phiomorphaandThalassinoidesDotted white line
approximately delimits the collapse struct@reurtesy of DanieNique?; Collapse cone
(icon labeled c) in association @phiomorpharregulaire (Oi) from offshore
Newfoundland (B) and offshore Norway (odified fromMcllroy 2004b;Leamaret
al., 2015.

Figure 5. A) Neotrypaea californiensisurrow, producing anncipientOphiomorpha
irregulaire burrow with lined burrow roof, and collapse cone (C)N&ptrypaea

californiensisfeeding beneath a collapse cqmodified from Leamaret al, 2015)

1-30



THREE DIMENSIONAL TOMOGRAPHICRECONSTRUCTION OF ANEXCEPTIONALLY WELL PRESERVEDICHNOLOGICAL ASSEMBLAGE

1.7.2 Nonethological sedimentary features

Abiogenic sedimentary structures asommonly directly associated with trace
fossils. Skolithos musicalisvas introducedfor a burrow that includedsedimentary
structures between the vertical tubes as the key diagnostic characteristic of the
ichnospecies (Schallreuther and Hiehallreuther, 2003), but has subsequentlgnbe
rejected on the basis that tlsedimentarystructuresbetween the burrowsre not
considered a valid ichnotaxobase (Schlirf and Uchman, 2005). Vertebrate footprints are
often associated with undertracks (depressions of the sediment beneath the footprint),
which only reflect local rheological information rathitan any ethological information
(Manning 2004;Milan and Bromley, 2006). Any sedimentary structtihat does not
reflect information pertaining to the formation of the trace must be rejected as an
ichnotaxobase. This would include ripplesps$edding,desiccation cracks, and any
other primary sedimentary structure. Specific criteria have been suggested to facilitate
this process, although they are not meardct asa strict checklistused collectively they

providea practical guide (Table 4; Pickibril994).

Although nonethological sedimentary structures cannot be used as an
ichnotaxobase, their presence and associatiinvarious traces should be documented.
An ichnologist working to understand these fossilized structures, behaviours, and by
extension palaeoenvironmental conditions, should be careful not to overlook information
present in the sedimentary/geological record as it can potentially lead to a more complete

understanding of the ichnological record.
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Evidence for ethological origin

Evidence for abiotic origin

Uniform size and/or continuity of an
individual structure

Resemblance to a primary inorganic
sedimentary structure

Regular complex andepetve geometric form

Resemblance to a secondary diagene
structure

Lining or wall structue

Variable or tapering dimensions

Spreite or meniscate fill

Non-uniform size and or shape of
multiple structures

Pellets or an organic residue

Irregular geometric pattern

Very delicate morphologic features

Strict preferred orientation

Preservation indll relief

Obvious mineral replacement

Preservation of a body fossil in direct
association with the structure

Table 4. Criteria for distinguishing ethological versus pethological structures

(Modified from Pickerill, 1994)

2. ThesisObjectives

Recent studies involving threBmensional morphological reconstructions of

various trace fossils have highlighted that prior to complete -threensional

characterizationthese structures are rarely fully understoed.(Bednarz and Mcliroy,

2009; 2a2; Boydet al, 2012; Bednarzt al,

aims to characterize the well preserved

Carboniferous heterolithic silt and sandstone deposits near Howick, Northumberland in

the United Kingdom. Additional aims include further developing and refining the
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modelling techniques laid out in Bednaatzal, (2015) to achieve greater preservation of
lithological data and achieve more accurate digital models. Particular focus is given to
three pominent ichnotaxa which are in need of detailed examinabantyloidites jordii

isp. nov., Beaconites capronysand Neoeionemoniliformis igen. nov., comb. nov.

(Chapters 24 respectively).

2.1 Aims and objectives ofCHAPTER TwO

Chapter two review the ichnogenusDactyloidites and introduces the new
ichnospeciesD. jordii. Specimes were collected from closely localized float and
processed using petrographic techniques{-ray diffraction, and serial
grinding/photography to produce ahighresolution threedimensional model.
Dactyloidites jordiiisp. nov. is compared to the morphologically similar ichnospecies
Dactyloidites ottoiandD. peniculus The complex thregimensional morphology of the
D. jordii burrow system was noted in the field prior to samgdllection. These burrows
form relatively large,multitiered, stellate to palmate structures composed of a large
number of radiatingpranches The probes of the burrow tend to followpeogrammed
pattern; however, the burrow design is alteospdn encoutering nonideal conditions.
The resultanvariationhighlights the need for ichnologists to provide a type series rather
than a single holotype in order to capture bheadrange in burrow morphologie¥he
complex burrow morphology and the inherent ®ng morphology, reflecting the
adaptive nature in burrow constructiohthe tracemaker are assessed in high resolution

andforms the basis faihe palaeobiological and ethological analysis
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2.2 Aims and objectives ofCHAPTER THREE

Chapter three aims téully characterize and document tipeevalentwinding
meniscate backilled trace Beaconites capronufeaconitesburrows are differentiated
from other meniscate badlied burrowsTaenidiumand Ancorichnusby the presence of
a simple, yet prominent, bnaw lining lacking ornamentatiolaenidiumlacks, or hasa
minimal, burrowing lining; whereagincorichnusdisplay a mantlei.e., an outer zone of
burrow fill; sensuKeighley and Pickerill, 1994).

TheB. capronusof the Howicksuccession areommonly asstated withvertical
pipeswhoseform is morphologically identical tohat of the horizontal sections of the
burrow system.As these vertical components are also actively {fidlek, the
tracanaking organism would have been isolated from the sedimatd interface,
exposing the organism to leexygen porewater. Samples Bf capronusare studied
herein in highresolution threalimensional models assessing the connection between the
horizontal winding portions, and the backfilled vertical tubéhile the B. capronus
burrows assessed for this study dot tend to sel€ross, they do regularly demonstrate
secondary successive branchisgisuD 6 Al essandr o a nTdeseBdistmehl ey ,
morphological elements are analysed to provide insight into thet@dtealaeobiological

and ethologicamode of burrow construction.

2.3Aims and objectives ofCHAPTER FOUR
Chapter four aims to review burrows thBate (1859)originally introduced a<tione
moniliformis and incorrectly considered as a fossil exampleaof annelid. The name

Eione however, had been previously used for a genus of gastropod (Rafinesque, 1814),
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making Eiong Tatea junior homonym oEione Rafinesque. Attempting to correct this,
Buckman (2001) createal new ichnogenus to accommodate burroarmmosed of two
distinct layers, andransferredEione moniliformisto Parataenidium This study aims to
clarify the current taxonomic status Barataenidiummoniliformisas well ago provide
an updated ethological model for the burrow construction. $higsly also aims to
elucidate the probable type locality fod. moniliformis and the neotype material

designated by Buckman (2001).

2.4 Aims and objectives ofCHAPTER FIVE
Chapterfive aimsto provide a systemati@nalysisof the ichnological assemblage time
coastal outcrop of the Stainmore Formation located near Hpwiokhumberland. A
systematicfield study was carried out using photographs, and analysis of sample
collected from closely localised float. Several samples were serially ground and

photogaphed to assess complex ichnotaxa.

3. Methodology

The methodology and analytical approaches employed in this study are a
combination of established and novel techniques. These include the serial grinding and
photographic modelling techniques examinedednarzet al. (2015; cf. appendixA),

field assessment and sample collection/characterization (including the useagf X
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diffraction), and petrographic analysis (including automated porosity calculation using

petrographic imagesf. appendixB).

3.1 Serial grinding and photographic digital modelling

An objective of this study is to build upon the techniques employed by Bednarz
and Mcllroy (2009), and later refined in Bednatzal. (2015; appendix A)This method
involves encasing a sample in gxsand squaring the edges which will later act as a
constant frame of reference. The sample is then placed within an automated computer
guided milling machine. The machine is equipped with a diamond carbide grinding tool
traditionally used for hard metalrocessing. After the initial surface of the sample is
registered within the machine the grinding head is lowered by a precise increment
depending on the desired resolution; the samples processed in this study used a grinding
interval of c. 0.1 mm. After he grinding tool has passed over the entire sample, the
specimen is removed from the machine and photographed under constant lighting
conditions in a dedicated photography lab. The photography setup isvb&/esample
being laid on its side on a glossy itéhbackdrop with the exposed face of the sample
facing outward towards high-resolution remote controlled, digital singlens reflex
camera. The freshly ground surface is aligned on the backdrop, maintaining a constant
distance from the camera sensbine sample is photographédth dry and wetted with
oil to enhancehe colour contrast and clarity of the exposainple surfaceThe sample
is then returned to the milling machine where it is restrained using a precision clamp,

ensuring the sample returttsthe same place on the milling machine table. This process
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is repeated until the entire sample is ground and photographed, or the structure of interest
has been completely process@athis process produces a series of hundreds of images,
depending on theample size and resolution of the grinding increment. These images are
then processed in phetoanipulation software to ensure consistent colour and exposure
of each image. These edited images are imported into a digital sk ingle digital

file containing multiple layers of images) within the software Adobe Photoshop®. Each
image is meticulously aligned using the square corners of the plaster block encasing the
sample as the constant frame of reference. After the gtagtbsare aligned specific
features of interest are digitally extracted using a variety of methods. 1) The structure of
interest is selected using an automated selection algorithm based on colour contrast of
surrounding pixels (the O0magi c w@nadéw t ool s
layer. 2) A selection brush is usedn@rk an area which iselected anthen copied to a

new | ayer (the o6équick selectbd tool set wi t
directly traced onto a new layer using a pen or marker tool. Thiseps creates an
additional stack of images containing only the extracted feature of interest that is
displayed over a solid black or white background. Using scale images the pixel
dimensions are calculated.e( the physical distance across the specimieat tis
represented in each pixel). The pixel dimensionstlaea used to calculate the voxel
dimensions used in the modelling proce&svpxel is a three dimensiongbixelb with
dimensions X, Y, and Z. X and Y are calculated from the pixel dimensionZ &the
grinding interval). This stack of extracted images is imported into volume graphic
software that renders the images as a solid three dimensional ebjedGStudio Max

®). The resultant higiesolution digital model is highly accurate, and bamanipulaed
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or crosssectiored in any plane. Additional rendering algorithms are available with the
volume graphic software that capable oprodudng renderings of external and internal

structures (comparable to X-radiograph image).

3.1.1 Improements on the basic technique

While completing this study several improvements have been made to the
techniques explained abovd-ormerly the serial grinding images are processed
monochromatically producing colourless digital models tfzat thenbe falsecoloured.

By improving the consistency in the lighting and editing of the serial grinding images,
true colour models were produced using-fdlour images. These tr®lour models

allow for easy visualization of any lithological information representethé rock colour
(e.g.sandstones versus mudstone). Additionally, using improved comgdateges digital
models and combinations of separate structures were rendered individually within a given
model. This allows for the ability to turn on and off sfieccomponents of a burrow
system for easy visualization of distinct components in digit@itgwded areas of the
model.

The digital selection and extraction of burrow components is often challenging
when considering a thretmensional structure and kiag selections from two
dimensional images. This is particularly challenging when the burrow morphology is
complex or poorly understood. In order to have a better ideahath structures to
include in a modelthe whole rock images were imported and nledeusing the volume
graphic software. The resultant whoteek model is comparable to a computerized

tomography image that can be dissected in any plane and rendered to gain early insight in
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related structural components. Additionally, this method oflershmck modelling allows
for easy visualization of sedimentary structures relating to a burrow thabedhfficult
to extract from the overall image.. conical collapse structures, sediment lamination,

etc).

3.2 Field assessment and sample collemticharacterization

Samples for this study were collected from closely localized float from the coastal
cliffs near Howick. Approximately 4.5n of succession werlbgged analytically at the
cm scale as well as using a seriefigh-resolutiondigital images which were aligned to
form both lateral panoramic and vertical phtiigs of the succession. The ichnological
diversity was noted and photographed. The succession is composed in interbedded
sandgtoneand fine grain siftonémudstone. Xray diffractionwas used to determine the
likely mineralogical composition of the clays present throughout the samples and

succession.

4. Study Area

Samples for this study were collected from the coastal cliffs near Howick,
Northumberland in the United Kingdoniihe age of thesuccession is Bashkirian and is

within the Milestone Gritunit of the Stainmord-ormation (within the Yordale Group;
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Dean et al, 2011). The StainmoreFormation is typically composed ofinterbedded
sandstone, siltstone, mudstone, and limest@earf et al, 2011). It is considered to
represent various marine through deltaic cycles ([2¢ah, 2011).

All of the samples examined for this study were collected from an approximately
4.5 m thick succession within a small cove located at 58238N, 1°338¢.32W. This
outcrop displays excellent preservation of various trace fossils dispersed throughout the
inter-beddedsandtoneand siltstone beds that range in size from cm to dm in thickness.
Bioturbation generally ranges from20% with localisedzonesof intensebioturbation,
approximately 90%, within clagich mudstone beds. The succession displays a net
upwardcoarseing trend and iscomposed of several upwatcdarsening parasequences.
The clean sandstone units often exhibit trough ebesklirg as well as hummocky cress
stratification. This succession is inferred to have been deposited between-theathier

wave base and storm wave base, as a part of a-dtmmmated marine shoreface.
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Abstract

The diverse ichnological assemblage from the outcrops near Howick,
Northumberland United Kingdom, is exceptionally well preserved. Among these
Carboniferous ichnotaxa is a n&atinospecies dDactyloidites Specimens were
collected and processedinghigh-resolutionserial grinding and photography to produce
an accurate and precise thwiensional model of these new burrows in full colour. The
model produceth association witlpetrographic thin sections and field observatigns
used as thedsis for comparison betwe@&uactyloidites jordiiisp. nov. and other
ichnospecies dDactyloidites The current taxonomic status of the ichnogenus is
examined and revieweBactyloidites jordiiisp. nov. is a broadly bisymmetrigaitellate
to palmate buow composed of numerous long, narrow rays that exhibit three orders of
branching arranged into tiered galleries radiating from a central shaft. Thenkeas
suggested to be a vermiform organism with an adaptive burrowing strategy that facilitates
alteration of its burrow constructidn accommodatsuloptimalsediment conditions.

The adaptive nature of traceaking organisms and the inherent anisotropy of many
burrowed medidighlightthe need for ichnologists to provide a type series rather than a

single holotype, in order to capture the inherent range of common burrow morphologies.
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1. Introduction

Exceptionally weHpreserved stellate trace fossils of itlenogenudactyloidites
from theinterbeddedandstones and siltstones of the CarbonifeBtammore Formation
of the Yoredale Group in Northumberland, United Kingding.(1) wereinvestigated
using serial grinding and threkmensional reconstruction (cf. Bednarz and Mcllroy,
2009; Boydet al, 2012; Bednaret al, 2015). The detailed recansctions allow
consideration of the bauplan for the construction of the ichnodeactyloiditesHall,
1886 The modelling approach employed herein, when integrated with field observations
and petrographic analysillows the trace fossil to be considdreithin the context of

the surrounding sediment.

The ichnogenuBactyloidites like many of the radiating trace fossil taxa, has a
complex taxonomic history and is in need of thorough revision. This paper aims to
summarize the current ichnotaxonomic gsabfDactyloiditesandto consider the present
material within that framework. Outside the material presented herein are four valid
ichnospeciesD. asteroideg-itch, 185Q D. cabanas{Meléndez in Cabana$966) D.
ottoi (Geinitz, 1849) andD. peniculs( D6 Al e s s andr, 086a AsbotlBr o ml ey
asteroidesandD. cabanasdiffer significantly fromD. ottoiandD. peniculusour

material is compared only with the more similarottoiandD. peniculus.

Dactyloiditesis found ininterbeddediltstones ad sandstones that range from
centimeterto decimetetin thickness. The Stainmore Formation shows net upward

coarsening, and is composed of several upwasisening parasequences. The
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Dactyloiditesbearing part of the succession consists of clean samdstdgth hummocky
cross stratificatiomterhbeddedwith micaceous siltstones in which bioturbation generally
ranges from %o 20%, except for rardnighly bioturbated mudstones that are upwards of
90% bioturbated. The depositional setting is inferred t@ eaen that of a storm
dominated marine shoreface, with actyloiditesbeing found in strata deposited below

the fairweathemwavebase, but above the storm wave b#&sg. Q).
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FIGURE 2. Sedimentary field log of the Stainmore Formation located near the town o
Howick, Northumberlan@55° 278D.38N, 1° 398¢.320W). The stas indicate the

location wheréDactyloiditesspecimens were collected.
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2. Methodology

Eight field samples were collected and analysed for this study using the serial
grinding and photographic methods developed by Bednarz et al. (2015). This method
involves encasing the samples in plaster and thgueswially removing minute
increments using a computguided milling machine with an abrading tool. The grind
increment used in this study was . After each increment was ground, the sample
surface was coated with oil, to enhance colour contrasplaoidgraphed under
controlled conditions. The stack of photographs was then wpaapessed and aligned
using Adobe Photoshop. The features of interest were then extracted from the images and
modelled using the volume graphic software VG Studio Mg 8). All images were
left in full colour so as to facilitate visualization of any feature within the volume in its
natural lithologicakexpression. The resultahnigh-resolutioninteractive models can be
digitally crosssectioned in any plane as well asdered partially transparent to facilitate
morphological and morphometric analy@se supplementary materials for interactive
model) The threedimensional model allows examination of burrow morphology (e.g.
branching characteristics) thatdifficult to achieve in a handample. Modellinghe
fossil burrows and the host sediment importantly allows consideration of the interaction
between the trace fossils and adjactrdta, whictcan be invaluable tonprove

palaeobiological understanding of organisadiment interactions in threkmensions.
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FIGURE 3. Digital model ofDactyloiditesjordii viewed from all sides, in true colour.

Burrow is divided into two portions denoted by the letters A an8dale bar: 5 cm
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3. Systematic ichnology

Ichnogenu®PactyloiditesHall, 1886

Type ichnospeciesButhotrephisasteroidegFitch, 185(; lower Cambrian, New

York State USA.

Emendeddiagnosis Mid-to-deep burrow system forming stellate to palmate
rosettes composed of branched or unbranched activelydiltede-bearingbranches
radiating horizontally to suhorizontally from a single vertical to swertical central

shaft.

Remarks: The ichnogenuBactyloiditesHall, 1886 has a complicated taxonomic
history and has undergone numerous significant revisiiadcott, 1898; Hantzschel,
1970, 1975; F¢rsich and Br oml e yVyalog,985;
1989; Schweigert, 1998; Ciampaglio ef 2a006; Uchman and Pervesler, 200fijmsen
and Niebuhr, 2013 The type ichnospecieBactyloiditesasteroices,was originally
introduced as the fossil algaythotrephis asteroiddsitch, 1850 The type material of
Buthotrephisasteroidess considered as junisynonymsof pre-existingichnospecief
Chondritesand as sucB. asteroidesieeded to be reassgphto another ichnogenus
(Fillion and Pickerill, 1990). The ichnogenDsictyloiditeswas introduced as an
unknown body fossil, and was considered to be a fualg@aeor a sponge (Hall, 1886).
The type speciefactyloiditesbulbosuswas synonymized witButhotrephisasteroides
(Walcott, 1898)but sinceB. asteroideshad priorityd and the genuButhotrephisvas

invalidd this structure was assignedRactyloiditesHall, 1886 andD. bulbosusecame
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a junior synonym ob. asteroidegWalcott, 1898)Walcott(1898) designated the
original material of Fitch (1850) as the tyggecimerof Dactyloidites asteroides
(Walcott, 1898). Fursich and Broml€é}985)reviewedDactyloiditesandsynonymized
Haentzschelinid/yalov, 1964 androoksellawalcott, 1896 wittDactyloidites and

considered three ichnospecis canyonensis, D. ottoandD. asteroidesto be valid

The radiating structurBrooksellais superficially similar tdactyloidites andis
known from two specie8. alternataWalcott, 1896andB. confusaValcott, 1896 which
wereintroduced along with the genuaotira Walcott, 1896 Laotira cambria(the sole
species ot aotira) andB. confusavere later considereasjunior synonyms of
Brooksella alternataValcott 1896 (Willoughby and Robinson, 1979; Ciaraglio et al,
2006). Threedimensional CT tomographic examinationBofalternatahas demonstrated
that the type material consists of body fossils of a protospongiid poriferan, and as such
cannot be synonymized wiactyloidites(Ciampaglioet al, 2006).Brooksella
canyonensig¢Bassler, 1941 which was originally considered to be a jellyfish, has
subsequently been: 1) reinterpreted first as a gas escape structure 1868)d2)
considered to belong to the trdossil Asterosomaon Otto, 1854 (Glaessr, 1969); 3)
synonymized witlDactyloidites(Fursich and Bromleyl985); and 4) considered to be a
pseudofossil (Runnegar and Fedonkin, 1992). The pseudofossil interpretation is
tentatively supported herein based on study of morphologically comparnztlescape
structures associated with microbial matgrourder(on et al.in pres3. The issue of the
taxonomic position and biogenicity Bf canyonensigequires reexamination of the type

material to look for evidence of underlying fluid escape strestu
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The radiating ichnogenudaentzscheliniavas created in 1964 with two
ichnospeciedi. kolymensi&/yalov, 1964andH. pygmea/yalov, 1964 with a third
ichnospecies being added following reinterpretation of the spdpgegia ottolGeinitz,
1849 as aadiating trace fossil (Hantzschel, 1970). Witaentzscheliniavas
synonymized witlDactyloiditesall three ichnospecies were synonymized and the oldest
name Dactyloidites(formerly Spongia ottoi, took priority (Fursich and Bromley, 1985).
This synonynmuation has, however, been contested by some authors (Vyalov, 1989;
Schweigert, 1998). Reconsideration of the statdagntzschelinia kolymensasdH.
pygmeds made problematic by the loss of the type matdsiglfrom examination of
photographs, thegre both tentatively placed in synonymy widhottoi (Firsich and

Bromley, 1985).

Two more recent ichnospecies@dctyloidites are: 1)Anthoichnites cabanasi
Meléndez in Cabanas, 19@#ich has recently been transferredocabanasiGamez
Vintaned etal.,, 2006); and 2P. peniculudD 6 Al essandr o awhbseBr oml ey,

diagnosis was subsequently emended (Uchman and Pervesler, 2007).

Ichnospecie®actyloidites jordiiisp. nov.

Figs 3-9

Derivation of the name The naméDactyloidites jordiihonours thevork of the

late Dr. JordMariade Gibert.
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Type material: We hereby designate two specimens as syntype material as well
as two syntype petrographic thin sections. SamykM F-997) and slidesNNFM F-996.1
andNFM F-996.2 are currently being housedtime care of The Rooms, Provincial
Museum of Newfoundland. Due to the destructive nature of our analysis, the physical
syntype nuUkKi-8r inaol loofngher exi st s. I n accordan
maintain its utility as a syntypend the 86 digél rawimages used in processing the

above model are included herein as-digntype materialdfenstAdamset al, 2010).

Type locality: The type series was collected from BeshkirianStainmore
Formation, in coastalliffs nearHowick, NorthumberlandJnited Kingdom(55°

27630. 380N, FEg125634.320W,

Material : 8 specimens (destructive analysis of one of which produced a high

resolution threelimensional model presented herein); 4 thin sections.

Diagnosis Broadly bisymmetrical trace fossil casténg of narrowradiating
burrows that fan out between®7@8(° degreesn each side of a central shaft that is
orientated oblique to bedding. The burrows may exhibit multiple orders of primary
successive branching within a fan, with several fans bemag@ed in successive tiers
that are laterally oblique to one another. The component burrows can branch both

horizontally and vertically.

Description: The specimen chosen to be modelled in three dimensions measures
203.0 mm by 67.4 mm across and is 25.8 de®p Fig. 3), and is composed of two

radiating portions that diverge from a central burrow that bifurcates to create the two
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broadly symmetrical halves of the traégg; 3). The complete tradessilis composed of
approximately one hundred and fortyifaadiating burrows, consisting of approximately
sixty in portion A, and approximately eighty four in portion B. The branch&s mfrdii

become progressively more steeply inclined with each consecutive branch. Burrow
diameter and angle of inclination reemeasured throughout the specimen using eighty
burrow segments for the diameter and twenty seven point measurements for the angle of
inclination (Table 1). Burrow segments in section A have an average burrow diameter of
2.42 mm, with a standard deviatioh0.34. The average angle of inclination of the tubes

in section A is 13.3close to the primary branching point, and 2@ligtally, with a mean

of 25.9. Tubes in section B have an average burrow diameter of 2.60 mm, with a
standard deviation of 81 mm. The average angle of inclination of tubes in this section is
10.63 close to the primary branching point and P3listally, with a mean angle of
inclinationof 122 Transverse cross sections-of the

like morphology(Fig. 4)

Both sides of the specimen show multiple orders of branching, demonstrating in
excess of four orders of vertical and horizontal oriented primary successive brgiehing
when an organism actively fills a systematically branched structure,Béngul e s sandr o
and Bromley, 198)/. The two sides of the reconstructed burrow differ in that: in section
A the initial branch is the longest and deepest branch, with subsequent branches being
more proximal to the primary branching point; and in section Btaeching is less
regular and subsequent orders of branching form progressively deeper tiers of the

structurefig.3) . The different burrowing fiprogram
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to the trace maker interacting with an erosional sedisediimem contact Fig. 5). The
erosional contact and overlying sedimentgage the burrow, as demonstrated by the
disruption of sedimentary laminae above burrow terminatibigs %). Dactyloiditesis
composed of fineto mediumgrained quartsandwith low clay content X-ray

diffraction demonstrates that the burrows have a-aigd clayrich lining approximately
0.21 0.5 mm thick (average 0rBm) that is composed predominantly of illite, chlorite, and

biotite. The grains making up the lining are oriented pelred the tubeKig. 6).

TABLE 117 Morphometrics oDactyloidites jordiiisp. nov.

Section| Average | Proximal Distal | Totalnumbers| Diameter| Max/Min
angle angle angle of Probes
25.89° 13.29° 29.9° 60+ 2.4mm | 3.1/1.7mm
B 12.22° 10.63° 13.36° 84+ 2.6mm | 3.2/1.8mm

Remarks: Dactyloiditesjordii isp. nov. is morphologically similar . ottoi and
D. peniculusbut differs in that the radial tubesDf jordii have many unilateral serial
branches that argsuallynarrower (1.53.5mm) than those of botD. ottoi (47 6 mm)
andD. peniculug4i 5 mm). DactyloiditespeniculusandD. jordii can have comparable
high numbers of radiating burrow probes, howevercthesativeourrowsin D. peniculus
form tight cluster®f unbranchegrobeswhich often overlappingwhereas irD. jordii
thebranchedurrows are evenly separated and do not@els. The prominent lining
associated with the probes also differenti@eprdii from those oD. ottoiandD.
peniculug(Fig. 7). Dactyloiditesjordii also differs fronD. ottoi andD. peniculusn being

bisymmetrical, and having incomplete rosettes of burrows that range ffon8m)
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whereas the radial portion of othiehnospeciesf Dactyloiditesusuallyradiate over

200

FIGURE 4. Transverse cross section throubh tiered fans of burrows that make up
Dactyloidites jordiiisp. nov.that areorientated perpendicular to bedding showing the

t ypi cshdpediburrow cross secti@cale bar: Tm.
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FIGURE 5. The effect of sediment heterogeneity on burrow morgholo Dactyloidites
jordii isp. nov.A) threedimensional view of the erosional surface against wbicjordii
abuts;B-E) Sequential images 0.6mm apart that show the erosional caacigfey
icon) within the sampleA) and overlying sediment that eldy predates the burrow

since the erosional surface is affected by the underyauayloidites Scale bars: 10 cm
(A), 1 cm (BE).
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FIGURE 6. Thin sections of a radiating branch@éctyloiditesjordii in plane polarized

light. A) Longitudinalsecton showing the grain orientation in burrow lining, and the
cleaner sandstone of the burrow fill; B) Transvensess section showing the typical n
shaped burrow cross section. M indicates the matrix, L points to the burrow lining, |

indicates the burrowlfi Scale bar: 1 mm.
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FIGURE 7. Line drawing comparison dactyloidites jordii(A), D. ottoi (B), andD.
peniculugC). Images are drafted to relative scale. B is redrafted from Gilbert et al.,
(redrafting from Firsich and Bromley, 1985); Casdlrafted from Uchman ariRervesler
2007.

4. Palaeobiology

Thetracanakerof Dactyloiditesottoi is widely considered to be an organism
analogous to the modern polychaatenicola marinaFursich and Bromley, 1985;
Wilmsen and Niebuhr, 2013). The feeglibehaviour oA. marinain nutrientdense
sediment involves bulk sediment depdeiding from a stable shaft position to produce a
series of radiating burrows (Rijken 1979) in a manner similar to that propodeddtioi
(Bromley, 19901996; Wilmsen ad Niebuhr, 2013). We note that the original

observations of Rijken would result in longer, narrower radiating limbs, with more
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frequent branching than . ottoi (though similar to ouD. jordii). The redrafting of
Rji kends diagr am ,1996)and Wimse and Ni¢bahy (2013) 9 9 0
includes modifications to create the impression Aranicolaproduces shorter, broader
limbs without branching, and thereby more closely resemBlingftoi. It is unclear
whether these changes are conceptual adoaporunpublished experimental

observations.

The probing tubes dd. jordii extend outward through the sediment from its
central shaft forming two broadly symmetrical rosatt@ped groups of burrowsigs. 3,
7) that aregenerallyarranged irgalleries The groups of radiating burrows display in
excess of four orders of primary successive branching, and can branch both vertically and
horizontally Eig. 8). The radial burrows are considered to have been open structures that,
based on the presence of ampment lining that may have conferred stability to the
burrow, were maintained for a period of time before being progressively fillectlsah
sand Prior to being filled, the burrows bifurcate, possibly providing the source of clean
sediment to fill tle previous brancibactyloiditesis concentrated in areas of the sediment
with higherconcentrations of organic detritus, high clay content, and are observed in one
case to terminate at an inclined erosional surface that is overlain withsaledstone

poor in organiecmatter(Fig. 5).

The burrowing strategy d@. jordii involves forming the deepest probe first, with
each subsequesuthorizontalto upwardly inclined set of branches developing proximal
to the previous branchrig. 9). As sedimenivas excavaed for each new probe, a

relatively thick burrow lining is constructed whiglas continuous along the complete
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length of all burrows. Removed sedimaras processed and likely packed in previous
open probes, or deposited at the sedimeter interface. fier completing the first layer
of radiating probes, thieacanakeris inferred tchaveproduce branches at successively
shallower depths in the sediment, repeatingstiiorizontalradial branching stage to
produce stacks of radiating burrovi&d. 9). This ideal pattern of branching can be
disrupted where the lateral branches encounter clean (ongatier poor) sediment.
Upon encountering clean sand overlying an erosional surfaceatiamakerof the
reconstructed burrow terminated the normal dgwelent of the radial portion of the
burrow, and created progressively deeper tiers of radiating burrovisgefs and 9).

The anomalous downward stacking of the sets of radiating burrows may be repeated
several times from the outer portion of the presishallower rosettd-(g. 9). All the
successive deeper tiers of the burrows were found to extend to the erosional surface
before repeating the pattern of downward branching to produce deeper Deljsrafii

(Fig. 5). This hypidiomorphic burrow develo@nt demonstrates that the response of the
tracemaking organism to chemosensontactilestimuli that detect low organic matter
contentor textureis to terminate lateral branching and search deeper levels of the

sediment for detrital footksairces

Transverse cross secti omsbkaped.fThit he burrow
morphology is considered to reflect the body design of the-treténg organism,
potentially reflecting the ventral morphology of a vermiform organism, or the bilateral
appendages of arthropod. The fill of a single branch Dactyloiditeswas determined

from petrographic analysis to have higher porosity than that of the surrounding matrix
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(6% versus P3%), and the burrow lining was found to have a porosity of less than 1%
(see suppleentary materials). The claych, low-porosity burrow lining may have
served as a form of protection from either predation and/or adverseaterconditions

(cf. Kristensen and Kostka, 2005).

FIGURE 8. Primary successive branching as observed in bhotizontal A) and vertical
(B) cross sections @actyloiditesjordii displaying horizontal (A) and vertical (B)
branching. Bedding plane is the¥Xplane. Serial grinding was performed along the Z

axis.Scale bar: tm.
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FIGURE 9. Hypidiomorphic burow construction observed in sections A (left) and B
(right) of Dactyloiditesjordii burrow as it terminates against an erosional surface ove
by clean sandstone (demarcated by the dotted line). In prebéselidiomorphic pattern
of branching is upéld. Where there is insufficient space to allow a more proximal
burrow to probe 5, the burrowing program is altered to produce a deeper tier burrov
(probes 67), which are in turn followed by an even deeper tier (probes 8 and 9). Th
deviations from th idiomorphic burrow pattern produces the hypidiomorphic

morphology of the reconstructed specimen in the type series.

5. Conclusion

Fiveichnospecies dDactyloiditesare currentlyalid; D. asteroided-itch 1850
(the type ichnospecigd. cabanasMeléndez in Cabanas, 196B. ottoi Geinitz 1849
D. peniculudD 6 Al essandr o agandD. j8diidsm how geschib@dBhérein.
Dactyloiditesjordii differs from the other ichnospecies@dctyloiditesin having
numerous clayined radiating burrows ilh multiple orders of primary successive
branching. These burrows are typically narrower than those of any other ichnospecies, are

much longer than those Bf. ottoi, and do not have the s&lfossing and tight
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overlapping clusters d. peniculugFig. 7). As the rays of the Cambrian ichnospecies,
D. asteroides-itch (1850) and. cabanasMeléndez in Cabanas (196&ebroad,and

do not display any branching, they are consideretifter significantly fromD. jordii; as
suchwe do not directly comparedke ichnospecies hereReexamination of the type

material for both ichnospecies is recommended.

The complex thredimensional morphology ddactyloidites jordiiis inferred to
be the result of a marine invertebrate sequentially excavating burrow pnadsssch of
organic material. The probesgerecreated as open structures supported by a constructed
burrowing lining prior to being actively filled with the organic matter and-plagr
sediment derived from the newly opened adjacent burrow probd Tbrlii making
organism systematically created tiers of both horizontally and vertically branched probes.
The idiomorphic burrow morphology is such that the deepest pvabereated first and
shallower probewere created subsequently. It is suggested tila@emaking organism
could alter its search pattern upon encounteringideal conditions (cfFigs 5 and 9).
The adaptive nature of trace making organisms highlights the need for ichnologists to
provide a type series rather than a single holotyperdar to capture the inherent range

of possible burrow morphologies.
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ABSTRACT

Beaconites capronus a winding meniscatebackfilled tracefossil differentiated from
comparable ichnotax&aenidium and Ancorichnuson the basis of its distinct and
unornamented burrow lining. Typically horizontal to dwsizontal B. capronusalso
includes vertical pipes which serve as a point of entry for endobenthic deposit feeding
activity. The burrows do not setfoss but often display secondary successive branching
potentially indicating coprophagous feeding strasgin lower nutrient sediment.
Beaconites capronuwmaterial is examined and discussed fromG@heboniferousoffshore
transition zone deposits near Howick, Uniteiigdom. Samples were collected and
analysed usindnigh-resolutionserial grinding and modéflg techniques documenting
fine detail in three dimensions. As the burrowere actively backfilled anddid not
maintain a connection to the sedimavdter interfacethe tracanaking organism must
havehada method of coping with low oxygen porewater ctinds. Threemethods are
considered hereih) revisiting the sedimeswater interfaceg?) creating periodic shafter

3) employing the use of obligate anaerobic metabol&ased on the material presented

herein an emended ichnospecific diagnosis isvited.
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INTRODUCTION

The type material of the linedackfilled meniscate winding tracossil was
originally described from shoreface through offshore deposits of Carbon Chliaty
Beaconites capronus distinguished from all other ichnospecieBefconites/ialov by
the distinctive chevroghaped crossection of its backfill. The primary ichnotaxobase
used to differentiatamongmeniscate ichnogenera is the presence or absence of a burrow
lining (Keighley and Pickerill, 1994). The ichnogenBgeaconites encapsulates all
meniscate trace fossils with a pronounced burrow lining (Keighley and Pickerill, 1994).
Meniscate traces that are thinly lined or unlined burrows are classified under the
ichnogenudraenidiumHeer, and those with an outer mantles(j an outer zone of burrow
fill; sensuKeighley and Pickerill, 1994) belong fincorichnusHeinberg Beaconitesvas
created as a monotypic ichnogenus, containing only the ichnosg&ciastarcticus.
Although the original diagnosis d@eaconitesdid not mention the presence of a lining
(Vialov, 1962) its presence has been suggested by examinatitwpotypes (Bradshaw,
1981). The ichnogeneric diagnosis was therefore subsequeendigdedto include the
presence of a distinct, smooth and unornamenteedwdming (Keighley and Pickerill,
1994). Upon examination of additionBl antarcticusmaterial the prominence of the
burrow lining described by Bradshaand its significance in differentiating it from the
lining associated witAraenidiumwasquestionedGoldring and Pollard, 1995; Retallack,
2001).Althoughthe taxonomic status @eaconitedas been discussed, it has never been
deemed a nomen nudum, nomen dubium, nomen oblitum, or otherwise invalidated and is

in continued use throughout the literatukecording to the International Commissitor
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Zoological Nomenclature (2010) the designation of a type species is purely for
nomenclatural purposes, and a type species nettb best typify the genus. As such,
regardless of the status Bf antarcticuswe consider that the nanBeaconitess useful

to describe meniscate tracedsth a pronounced liningand are of the opinion that it

should remain in use.

For this study, samples of exceptionally waleéservedBeaconitesapronuswere
collected from hterolithic sandstoneand siltstonebeds of the Carboniferous Stainmore
Formation, which outcrops near Howick in the United Kingdding (). These samples
were processed using the serial grinding and reconstruction methods described in Bednarz
et al. (2015) to produce higtresolution threalimensional models that were used to
investigate the burrow morphology Beaconites capronuand its interactions with the

nearburrow environment.
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Craster

Howick

Figure 1.Black icon indicates location of field work between thers of Howick and
Craster, United Kingdom. The Carboniferonterheddedsandstone ansiltstonebeds of
the Stainmore Formation are inferred to have been deposited in adsionimated marine

setting, below the fair weather base but above the storm veaee b

GEOLOGIC SETTING

The samples for this study were collected from the Carboniferous (late
Mississippian/early Pennsylvanian) Stainmore Formation of the Yoredale Group in a
small cove between the towns of Howick and Craster, Northumberland, Unitedoiing
(Fig 1; N 55° 271800.38y W 1° 35/8¢4.32). The succession is composedcehtimetreto
decimetre scale interbedded siltstoneand sandstone forming upwardcoarsening
parasequences. The inteeds are composed of alternating clean sandstone and clay/mica
rich siltstones rich in illite, muscovite, biotite, and chlorite/serpentine of both detrital and

diagenetic origins. The thickest sandstone beds show evidence ofengigy wave
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reworking including hummocky cross stratification. Timereddedclean sanstones
and clay rich siltstones are considered to have been deposited indstmimated

offshore environments around the offshore transition zone.

METHODOLOGY AND M ODELLING

The methodology employed for this study follows that of Bedetat.(2015).
The samples studied were from closely localized float material that was encased in plaster
and serially ground using a CNC milling machine with a diaracarthide cutting tool.
The grind interval for this studgonsisted of0.3 mm increments. After each&essive
surface was ground, the samples were wetted with oil and photographed. The photographs
were then imag@rocessed to create consistent exposure and colour corrections. The
stack of corrected images was subsequently imported into Adobe Photosheeadte
image was aligned and burrows were digitally extracted from the overall image. This
series of extracted selections were then modelled in the volume graphics software VG
Studio Max. Modelling the burrows in this way allows for digital sectionirgniy plane
and study of the specimen from any angligg ). More than 1Beaconitesvere
modelled for this study, some of which were only partially preserved. The precise
morphology of some burrows was difficult to visualize becauskenfhigh densty. To
aid in interpretation, a single wedreserved burrow was selected and modelled separately
to best visualize its component pafsy(2B). In addition to modelling the burrow

selections, the complete succession of rock imagesexarainedproducing a radel of
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the full sample comparable to a CT scan image aF@ay2A). The wholesample model
allows for visualization of the burrows in relation to one another and in the context of the
sediment surrounding the burrpthie latter being a significant advage to

palaeobiological interpretation.

Figure 2.A) Beaconitesapronusfabric illustrating complex association of various
burrows, which do not setfross. Burrows are typically horizontal to suizontal with
vertical shafts being associated wéthme specimens. BjolatedB. capronusurrow
(highlighted in A) display connection between vertical pipe and théstibontal
portion which displays secondary successive branching (begdnmgndicular view); C)
Beaconites capronusbric viewed fromabove beddingparallel) demonstrating burrow
density and sinuosity; D) Highlighted burrow in A sectioned to show chdik®n

meniscate backfill in horizontal cross section.
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RESULTS

BURROW MORPHOLOGY

Approximately fifteenburrowsbelonging toBeaconies capronusvere modelled,
of which only four arelongerthan a couple of centimetres in length. The remaining
burrow fragments are truncatéy the edges of the sampte by an erosive boundary
within the sample, oelseare discontinuous within the sarmaplThe burrows display a
range of morphologies including distinct verticahjpvertical and horizontal components.
Nevertheless,the burrow dimensions are relatively consistent, being on average
approximately 7 mm in diameter, and with a burrow lining thd®.51.2 mmthick. The
burrows are composed of alternating-gith and clayrich mudstone menisci that have
approximate thicknesses ofrim and 6 mm respectively. The backfill is arranged in a
blunt chevrorasseen in cross sectiorif) 3), which s diagnostic oBeaconitecapronus
(Keighley and Pickerill, 1994). The average chevron angle is arouhdvi a corner
radius between 0.&nd1 mm (Fig 3). The overall ratio of clay to siltstone in the burrow
fill rangesgreatly Fig 4). The ratio of ay-rich to siltrich menisci is not considered to
reflect ethological differences so much as grainsize differences in the host sediment as the
tracemaker passed through the stratifibdterolithic beds. Changes in mineralogy of the
burrow fill commonly occur along the length of a single burrow in response to
heterogeneity of the burrowed sediment rather than being controlled Ina¢kenaking

organism Fig 4B).
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While Beaconites capronuss generally a predominantly horizontal burrow,
several vertical brrows with B. capronudike wall and fill have been found to be
continuous with the sinuous$orizontal segmentsof the burrow Fig 2). The vertical
segmentgpreserved in this sample aak least2.4 cm long, buthear complete length is
unknown as theyut the upper surface of the sample. Vertical pilpeger than5 cm
were observed in the fieldrig 5), and broadly resemble tiseibvertical components of
the trace fossilSSiphonichnusor Schaubcylindrichnuseberti (cf. Evans and Mcllroy,
2016. The verical segment®f B. capronusshow a gradual change in orientation where
they are continuous with the more familiar horizontal burrows. The burrow lining
thickness and shape of the meniscate backfill of the vertical componeBisabronus
are identicala those ofthe horizontal portions of the burrowi@ 6). The only difference
between the horizontal and vertical components is that the-sectisns of vertical
burrows are circular, while those of horizontal burrows are oval. This is considered to be
the result of burial compaction that causesBhe&apronusn transverse section to have

cross sections that are approximately twice as wide as they are high.

The original diagnosis oBeaconites(Ancorichnu$ capronusstatedthat it is
rarely branched (bward and Frey, 1984), but the rare presence of branching was omitted
from the emended diagnosis Béaconites capronuly Keighley and Pickerill (1994).
Although the removal of rare branching as a diagnostic chanaegenot discussed, it
may be that theare branching noted by Howard and Frey (1984) was considered to be
false branching or secondary successive branching by Keighley and Pickerill (1994). No

true branching has been observed in our material, in all cases of apparent branching,

39
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secondary su@ssive branching can be demonstrat&dg (7). This suggests that
secondary successive branching, which is the result of an organism reworking a pre
existing burrow before diverging from it
common behaviour of thB. cgronustracemaker in these stratand additionally no
evidence has been observed indicating reworking by the same orgahisrtwo most

likely reasons for rdourrowing a preexisting burrow are: 1) the traceaking organism
re-burrowed an earlier burrowo exploit microbial growth on faecal material mucus
deposited by an earlier trace maker (coprophagy); or 2) in well compacted sands less
energy mayhave beerrequired for reburrowing a burrow than excavating the host
sediment. The burrows observedthis study do not selfross though the sample is
comparatively smallsuggesting that if the purpose oflrerrowing is coprophagy, then

the behaviour is allocoprophagy. The burrows in this sample are all sinuous ineplan

with some showing relatile tight meandetike loops where the corner radius is on
average equal to the burrow diameteig(8). These burrows are commonly cut by later
burrows in the ichnofabric, primarilyDactyloidites isp., which B. capronusnever
cros€uts suggesting thaheseBeaconitesepresent early colonization of the substrate by

adult immigration(cf. Mcllroy, 2004).
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Figure 3.ThreeBeaconitesapronudongitudinatsections showing the diagnostic

chevronshaped backfill.

Figure 4.A) Variation in fill compositon of twoburrows belonging t8eaconites

capronus B) Model for variation in fill composition resulting from a lag between the
points of ingestion and egestionedraftedrom Seilacher, 2007).
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Figure 6.Vertical portion ofBeaconitecapronusburrow with lining and meniscate
backfill.
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Figure 7.Secondary successive branching showBeaconitesapronus Images AD
are sequential images takele hhm apart: E) Composite crosgction image generated

from stacked serigroundimages; F) Draft showing the orientation of menisci.

\VATAY

Figure 8.Turning angle/corner radius for thrBeaconitexapronus Gaps in A and D are

from cross cutting relationship witbactyloiditesisp.
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SYSTEMATIC ICHNOLOGY

The ichnogenuBeaconitesvas introduced in 1962 by monoty®. (@ntarcticus)
for material from a sandstone unit at Beaberghtsin Antarctica (Vialov, 1962). No
type specimen was collected, the rock slabs of the uncollected typeahare highly
weatheredand the description of the type material was lacking in detail (Vialov, 1962).
The taxonomic status &eaconitedas thus been controversial (Gevetrsl, 1971,
Bradshaw, 1981), but was somewhat stabilized by the emendgusis of Keighley and
Pickerill (1994), who restricteBeaconited 0 me ni s c at distinay smoatlws wi t h
and unor nament eRg9)bThe presence bfia hurrowdirsing in the type
specieof BeaconitegB. antarcticugd the basis upon whicBeaconitexan be
distinguished fronTaenidiund has beemliscussedby several authors, whyuestioned
the validity ofBeaconitegGoldring and Pollard, 1995; Retallack, 2001). Regardless of
the status oBeaconitesantarcticus we preserv8eaconitess auseful name
taxonomically and maintaithatit should be used on the grounds of nomenclatural
stability for meniscate traces per the emended diagnosis provided by Keighley and
Pickerill (1994) Maintaining ichnotaxa on the basis of emended diagnoses fo
nomenclatural stability has been previously appliedlémolitesNicholson and
Palaeophycusiall. AlthoughPlanoliteswas strictlyspeakinga junior synonym of
Paleophycusboth names were maintained on the basis of its emended diagnosis

(Keighley and Ekerill, 1995).
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Ancorichnus Taenidium
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Figure 9i Diagrammatic representation of the differences betwemorichnus

BeaconitesandTaenidium from Keighley and Pickerill, 1994.

IchnogenudBeaconitesVialov, 1962

Type ichnospecieBeaconites antarcticugialov, 1962 (bymonotypy).

Diagnosis: Small, cylindrical, walled, meniscate burrow occasionally exhibiting
secondary successive branchimurrows are saight or sinuous, horizontal or more

rarely inclined or verticalBurrows consist of wakly to strongly arcuate meate
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packets or segments enclosed by distinct, smooth and unornamented burrowditengs (

Keighley and Pickerill, 1994).

Remarks The presence and prominence of a burrow lining is the key feature that
distinguishesBeaconitesfrom other meniscate tras (Keighley and Pickerill, 1994).
Beaconitesvasdistinguishedas a monotypic ichnogenusth no mentionof the presence

or absence of a burrow liningnd with only one field photograph serving as the type
material (Vialov, 1962). Examination of topotya&lowed a diagnosis to be created for

B. antarcticusthat mentioned a poorly developed sand lining (Bradshaw, 1981). The
presence of a burrow lining was later used as the differentiating characteristic that
separatedBeaconitesfrom comparable meniscateaces Taenidiumand Ancorichnus
(Keighley and Pickerill, 1994)Although the radiating limbs ofhoebichnusare
comparably lined with meniscate filled tubes, the burrow structure as a whole is distinctly
stellate (Evans and Mcllroy, 2015Y.he taxonomicstatus of Beaconiteshas been
guestioned on the basis that the liningscribed forB. antarcticusis insufficient to
differentiate it from the ichnogenuRaenidium(Goldring and Pollard, 1995; Retallack,
2001). AsBeaconiteshas not been formally invalitkd andthe fixation of a type species

is for purely nomenclatural purposes, and not on the basis of which species best typifies
the genus, we consid&eaconitesa valid and useful name in differentiating meniscate

traces and recommend its continued use.
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Beaconites capronusloward and Frey, 1984

Emended diagnosisPredominantly horizontal to subhorizontal, straight to sinuous, lined
cylindrical burrows with chevreshapedmeniscate backfillBurrows ypically does not
seltcross and does not display trieeanching, but occasionally exhibits secondary
successive branching. Rare vertical pipes with identical lining and meniscate fill may be
present.

Remarks The type material oBeaconitescapronus,which was in the possession of
RobertW. Frey, has been mplaced following his passing (Andrew Rindsberg, pers.
comm., 2015)lt is recanmended that the Panther Member of $t@r Point Formatioof

the Cordingly Canyon, near Price, Utah (the type locality) be revisited and sampled and a
neotype be fixed in itabsenceBeaconites capronus differentiated fronB. coronusby

the distinct chevron shape of the meniscate Bi#aconites antarcticus differentiated

from B. capronusand B. coronusby having larger and typically heterogeneous packets

composing théurrow fill.

DISCUSSION

Palaeobiology

The maker of Beaconitescapronusremainsunknown as no body fossil of a
potential tracanaker has been discovered within these burrows. Modern meniscate
burrows are produced by a wide range of organisms includingusesli(bivalves or

gastropods), arthropodsarval insecs, softbodied wormlike organisms, and some
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vertebrates (e.g., Howard 1966; Frey et al., 1984nganoet al., 1998; Counts and
Hasiotis, 2009; Melchor et al., 2012; Neto de Carvalho gR@l5). The morphology of

the burrow does, however, provide some evidence for both thentraker bodyplanand

the mechanics involved in thproduction of B. capronus From this information
inferences can be made about trawaker ethology. Theneniscate backll and the
vertical shaftsthat descend into the sediment and pass through an erosive surface
demonstrate that the organism was moving endobenthically. The generally broad
meandering pattern, wide turning radius, and few relatively tight bentlse durrovs
suggests a long but flexible body desidfig(8). The circular burrow cross section
indicates that the traamaker likely had an axially circular body. This line of evidence is

consistent with a vermiform tragaaker.

Nutrition

Meniscate backfill ofourrows similar toBeaconitesn marine environments is
often interpreted as being the result of endobenthic dejeesliing behaviour (e.g.,
Howard and Frey, 1984; Plaziat and Mahmoudi, 1988; Bromley, 1996; Mangano et al.,
1998). These menisci have besnerpreted as the result of graselective deposit
feeding behaviour of the trageaking organism in which grains of suitable size and food
guality are ingested and passed through the organism, whereas rejected or sorted material
is passed around the bo(Clifton and Thompson, 1978; Keighley and Pickerill, 1994;

Bromley, 1996). Thiskind of feeding behaviour can lead to large amounts of both
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ingested and rejected material being packed behind the organism as meniscate backfill

(Bromley, 1996; Counts andadiotis, 2009; Brasier et a2013).

The presence of a burrow lining is also suggestive of selective feeding, as some
materials are passed around the organism, rather than exclusively passing through its gut.
As burrowing organisms force their way thrbughe sediment during sediment
processing, internal pressures within the open portion of the burrow are increased, which
can force water out of the burrow and cause -giagle material to become trapped
against the burrow wall, formingsemiconsolidatethurrow lining (Jumars et al2015).
Additionally, the burrowing organism is likely to have secreted a mucous burrow lining
that may have aided in the adherence of clay grains to the burrow walls as rejected

sediment passdshckwardduring burrowing.

Burrowers may selectively digest particles based on various physical traits such as
grain size, roughness, and specific gravity (Clifton and Thompson, $8f&nd Jumars,
1978, 1988; Bednarz and Mcllroy, 2012). Grains are also potentially selected based on
various organic criteria such as the presence or absence of a bacterial or organic grain
coating (Taghon, 1982; Guieb et,&004). Whether the graiselection process during
feeding was sensory or mechanical, it is highly unlikely that it was a perfdfitiye rat
process (cf. Jumarset al, 2015). Bulksediment deposit feeding organisms
characteristicallyhave low gut residence times and need to ingest large amounts of
sediment to gain sufficient nutrients (Kemp, 1988).these suggest thahé¢ Beaconits
capronustracemakewas likely a microphagousermiformdepositfeederthat processed

large amounts of sediment.
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Newly backfilled meniscate packages likely contained both faecal anthacal
elements with some nutrient content (Keighley and Picket94). Over time this
material mayhave stimulatel additional microbial biomass, which would encourage
ingestion of the meniscate backfill. The increase in labile organic matter content may
haveencourage the trace maker to return to its ovieecal matte (autocoprophagy) or
exploit the preexisting burrow fill of other organisms (allocoprophagy), which might
lead to the secondary successive branching observed in the present maBerdaoniites

capronugFig 7).

Locomotion

The meniscate backfill presein B. capronusis also potentially related to
locomotory processes. Some organisms burrow within sediment by relocating material
that is excavated from in front of the organism and packing it behind during forward
movement (Chamberlain, 1971; Kanaza®@92; Keighley and Pickerill, 1994; Bromley,
1996; Fu and Werner, 2000; Gingras et al., 2008). Alternative or additional burrowing
processes include sedhchoring via localized body swelling (cf. Truman, 1968), crack
propagation (Dorgan et al., 2005), oy propulsion via setae or parapodia (Dorgan et al.

2006).
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Vertical shafts

Vertical, cylindrical shafts are demonstrably connected to the begdiradjel
portions of theBeaconites capronusxamined in this study~(g 2). The vertical pipes are
menscate backfilled in a manner identical with that of the horizontal portion of the
burrows into which they turn As the menisci are oriented convex up, and therefore
indicate a downward direction of movement they are interpreted as the point of entry of
the tracemaking organism into the sediment. The vertical shafts are in excess of five
centimetres and, since they are continuously {idlekl, demonstrate that trageaking
organism did not maintain an open connection to the sedwweget interface. Since
most seafloor sediments experience raj@dreasén porewater oxygenation after burial
(Precht et a).2004), and since there was no connectivity between the burrow and the
overlying seawater, it is likely that tlieacanakerexperienced significant oxgg stress.
Coping with this porewater dysoxigan beapproached by burrowing organisms in a
number of ways: 1) revisiting the sedimevdter interface; 2) creating periodic shafts
(e.g., Bromley and Asgaard, 1975; Plaziat and Mahmoudi, 1688);employng the use
of obligate anaerobic metabolism (cf. Danovaro et al., 2010; Mentel and Martin), 2010
At present too little work has been aimed at understanding the behavioural and metabolic
approaches to surviving below the sedimeater interface in assot¢ian with low

oxygen porewaters.
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CONCLUSION

Beaconites capronus a lined meniscate trace known from marine environments
(Howard and Frey, 1984; Keighley and Pickerill, 1994). It is distinguished from other
ichnospecies ofBeaconitesby its distinctivdy chevronshaped backfill. The three
dimensional reconstructions created herein allow detailed investigation of the
morphology ofB. capronus and facilitate palaeobiological consideration of the trace
fossil. TheBeaconites capronusace maker was likg an endobenthicmicrophagous
depositfeedingermiform organism that may have engagedaprophagous activitylhe
newly described vertical shafts and prevalence of secondary successive branching allow
refinement of the ichnogeneric diagnosiBafacoites Secondary successive branching
reflects thereworking of preexisting burrows in order to exploit organic material
contained within meniscate packages including mucudaewl material by subsequent
coprophagous burrowers. The presence of versibafts inB. capronusand the near
absence of burrows cresst by the tracesuggesting that thB. capronustracemaker
was probably a pioneer colonizer of rapidly deposited storm event beds, probably
colonizing by adult immigration (cf. Mcllroy, 2004).As a result of this study the

diagnosis oBeaconites capronus emended to incorporate the details observed herein.
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ABSTRACT

Samples of the burrows studied hereingioally introduced agione moniliformis Tate

have been collected from the heterolithic sandstone and siltstone beds of a coastal outcrop
near the town of Howick, Northumberlardnited Kingdom Theseinterbeddedand
hummocky cross stratified beds, bejorg to the Stainmore Formation, are
Carboniferous and represent offshore marine sediment deposited between fair wave base
and storm wave base. As the naHKiene was usedpreviously to describe a genus of
gastropod,Eione Tate is a junior homonym ofEione Rafinesque Therefore a new
ichnogenus wasestablished Parataenidium Buckman to accommodate burrows
composed of two distinct levels and which includeéd moniliformis Using three
dimensional morphologicahodelingtechniquesthis study aims 1)o clarify the current
taxonomic status dParataenidiummoniliformis and 2)to provide an updated model for

its constructionvia inferring the possible traemaker ethologyThe transfer ofEione
moniliformisto Parataenidiumwas problematic; primarilypbecausat is not composed of

two distinct levels but instead composed of backfilled reniform sediment packages. These
packagesvere created through a multistage process whereby the organantaired a

small open cavity from which ifed. Accordingly a new ichngenus, Neoeiong is

proposed to accommodate the material originally described by Tate.
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Introduction

The material described herein was collected from coastal outcotipsted (coordinates

55° 27%80.381N, 1° 3584.32W) of the Stainmore Formation tfie UpperMississippian

to Lower Pennsylvanian Yoredale Group (Dean et al.,, 2011; Fig. 1). The diverse
ichnological assemblage of the Stainmore Formation includes burrow$atea{1859)

first introduced a&ione The nameEionewas subsequently discoeerto be unavailable

owing to its previous use for the gastroftidne Rafinesquel814, which has led several
authors to consider ias a junior homonym Héantzschel, 1975Rindsberg, 1994;
Buckman, 2001) , and | e d Eidne moniliformis withirc | usi o
ParataenidiumBuckman 2001. Parataenidium(Eioneé moniliformis has, to date, only

been described from Carboniferous sediment. It has also been documented in the Salem
Formation, which was heavily quarried and used extensively as a buildire istdime

eastern United States including in the construction of many famous buildings such as the
empire state building and the pentagon (cf. Shrock, 1934). As such, many public

buildings across the eastern United States exBdrataenidiumEiong moniliformis.

Our field siteis the locality from whichBuckman (2001) collectetthe neotype of
Parataenidium(Eiong moniliformis by Buckman, (2001). Given the close similarities
amongthe lithology and morphology of our materidlat e 6 s , ahd theneatyg
(Fig. 2), we consider Howick to be the most probable type localitiyastaenidium
(Eion@ moniliformis. The Stainmore Formation consists witerbeddedclay-rich

siltstones and hummocky cressatified clean sandstones that comprise a net upward
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coarsening and bethickening succession. The constituent stolominated marine
parasequences typically shallow from the offshore transition zone to just above fair
weather wave base. The intensity of bioturbation is highly variabB5¥®), but is
highest in association with clagich lithologies, and shows a net decrease in intensity

through the coarseningpward shallowing cycles in the Stainmore Formation.

The tracefossilswerefirst describedmore thanl50 years ago (Tate, 1859). The
original desaption of the assemblage included introductionCossopodia embletonia
(anomen oblitumandC. media(a nomen dubiumthat were subsequently synonymized
with Psammichnites plummeaind Psammichnites implexugspectively (Mangano and
Rindsberg 2003). Hein we apfty the serial grinding and molieg techniques of
Bednarzet al. (2015)to study the morphology dParataenidium(Eione moniliformis
Serial grinding and digital reconstruction were used to produce: 1) detailed high
resolution threalimensionalmodels; 2)to reconstructions of the internal and external
morphology ofN. moniliformis andmodels of the interaction between the trace fossil and
the surrounding sediment. This study aims to thoroughly characterize the morphology of
P. moniliformis in order. 1) to clarify its current taxonomic statusnd2) to provide an

updated model for its construction through inferring the possible-tnager ethology.

4-4
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Figure 1. , Map of field location, black arrow indicates the sample location from w
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5cm

Figure 2. Compari®n of: A, a field sample collected as part ofgtstudy, with B) the

neotype ofParataenidium (Eione) moniliformi@ate) BMNH T163 housed at the Biriti¢
Museum of Natural History as designated by Buckman (2001) and photographed
Jill G. Darrell, and a mirror image of the original figure of T&t859) demonstrating th

morphological and lithological similaritie€.

4-6
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Methodology andModeling

Field samples oParataenidiummoniliformiswere described, photographed and collected
from closely localized float anth situ samples. Of the collectecamples, two were
analyzed using the methods described by Bedatia. (2015). This method involves
encasing the specimen in plaster, which is shaped inéatangular prismthe corners

being used for reference points. The sample was then seriallydgusimg a computer
guided milling machine in controlled incrementsbetweer).1-0.3mm using a diamond
carbide grinding tool. After each subsequent increment of grinding the sample was
removed from the machine, cleaned, wet with oil, and photographedtack of digital
images was processed for consistent color and digitally aligned using Adobe Phtoshop
Sedimentary structures of interest (burrows, sedimentary layers etc.) were then selected
and extracted from their background image and exported adefyar The series of
extracted images of the isted structures were then méetk using volume graphic
image software (VGStudio M&X The voxel dimensionwere calculated manually from

scale images and grinding intervals to produce a-fegblution thre-dimensional model

that could be manipulated in three dimensions and digitally sectioned in any plane. For
this study the extracted images were selected so as to retain the original color, which
allowed for easy visualization of lithological differencds.addition to modeling the
selected burrows, models were produced of the entire rock volume, allewingl
sectioning of the entire sample in any plane to view the burrows in context of the

surrounding sedimenthis type of analysis can elucidate muofpgical elements that are
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often absent in the craekut or weathered specimegenerallyused by ichnologists.
Fine-resolution serial grinding also allows detailed study of the internal structure of the

burrows as well as the surroundisediment

Twosampl es from the t vy pParatdemidium Imonilifprmie f Buc
were serially ground and photographed for this studsy;primary sample contained two
P. moniliformis whereas the second sample contained a specimen Bf afbniliformis
The grindng increment for the primary sample was initially set to 0.3 mm but was
decreased after 36 grinds to 0.1 mm to increase resolution. The grinding increment for the

secondary sample was 0.3 mm throughout.

Taxonomic background: from Eione to Parataenidium

The ichnogenu&ionewasestablishedn 1859 by George Tate as a part of his study of

the geology and paleontology of the Beadnell amethe United Kingdonm(Tate, 1859).

Tate initially consideredioneto be the fossilized remains of an anndilke creatire that
reached upwards of three feet in length, but was confused by the absence of any setae,
cirri, appendages, and internal structure (Tate, 1859). Onepyesaiously Hancock
(1858)describediad ul ous t r ac kEoaefranoanppvate @lketlore butaso

he considered it to be a burrow rather than a preserved orgdr@shd not provide a

name for it. Hancock1858) considered the burrows to have been produced by an

amphipod similar tdPontocrates arcticusfter observing the formatioon thebeachof

4-8
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what he deemed similar trackisate (1859; p.68)statal thatEionewa s f oHiowick, at 0
Scremerston, and Haltwhistle in Northumberland, and | believe also in YoxksHie

holotype material as originally figured cannot be positively identifiedh Tat eods
collections,but Buckman (2001) selectechaotype, BMNH T163, thought to have been
collected by TateThe haned r af t ed i mage i n Tatebs paper
version of BMNH T163 with some liberties taken on the outline of the stali and

some minor details of the slab surfaceisaommon in works of that period. Tineotype

sample location is listed as Yorkshiteut considering the lithological similarities with

t he Stainmore Formati on s andmsitdeoinhmostlikeband Ta

to have originated fromearHowick.

Fortyf i ve year s pri or Eiome Rafiresqeed(B8l4dmamearlir i pt i
genus of gastropoBione SinceEione Tate was introduced for a new genus of animal,
despite its subsequeassessentas a trace fossil, it continues to compet&amonyny
(ICZN 1999, Article 2.2), therefore requiring a new name (Benton, 1982; Rindsberg,
1994; Mangancet al., 2000; Buckman, 20p1Buckman (2001) createdarataenidium
for backfilled tubular traces thaonsist oftwo separate layers in order to accommodate
EioneTate (Buckman, 2001) and the new type spe@ataenidiummullaghmorensis
Buckman, 2001This work provides the first detailed reconstructionPafrataenidium
moniliformis for comparison withthe type material and ichnogeneric diagnosis of

Parataenidium
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Descriptive ichnology

In order to compareParataenidium moniliformis with the type speciesP.
mullaghmorensisthis study describeB. moniliformisin detail and assesses its position
with respect to the ichnogeneric diagnosi$afataenidium. Parataenidium moniliformis
occurs as chains &fandfilled, mudlined, subsphericasediment packages that are-0.5
1.75 cm in width. Burrow chains can loager thar85 cm, are commonly highly sinusu
(sinuosity indexgreater tharfour; Fig. 2A), and are not restricted to a single bedding
plane (Fig. 3). AlthoughP. moniliformistends to remain within a particular bed, it has
been documented as crosscutting beds obliquely upward (Fig. 3). The blsoosthaws

a subvertical component that tapers and terminates within the sample #&AQ.
Parataenidiumhasnot previously been documented to exhibit any form of branching
however a small portion of a burrow displays secondary successive brandhigg (
4A,B; cf. D6Al essandro and Broml ey, 1987) .
approximately 120 mnbong, 9 mmwide, 7 mm high, and composed of 22 sediment
packages arrangedughly parallel to bedding, with only a small portion of the burrow
inclined steeplyto bedding (approximately 85(Fig. 4A). The sediment packages within

P. moniliformisare composed of clean sandstone though the lower portion may be clay
rich (Fig.5). The upper portion of the sediment packetgeserallythickly lined with

mud on both hie sides and top, but the junctions between the packets and the lower

boundary of the burrow is commonly thinly lindéidgs. 5, 6B).

4-10
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The sediment packagesf Parataenidium moniliformisare either broadly
spheroidal ovoid or reniform. Successive sedimackpges demonstrabtyossculder
packagescreating a chain of overlapping bulbs, each having a lagging rounded edge and
a leading flat or cylindrical edge positioned under the rounded edge of the subsequently
formed sediment package (Fidgs.6, 7). The dimensions of each sediment packet within
a single burroware usually relatively consistenbut the morphology in beddirggarallel
cross section can vary along the length of the burrow from spherical to crescentic,
gibbous, or oblatelepending on thelane of intersectiomand the alignment of adjacent
sediment packets (Figgl, 6A). In longitudinal cross sections taken perpendicular to
bedding, the long axes of the sediment packets are typically inclined to give an imbricated
appearance (Figs3, 6B). The lateral margins of burrows are typically irregular and
exhibit a broadly corrugated pattern (Figs.6A). When sectioned transversely, the
burrows commonly appear to have a distinct lower level that is isolated frogarioe
upper portion (Fig7) andcomparable to the lower portion Bf mullaghmorensigcf Fig.
7A). Whenassessed in three dimensions it is clear that the lower portion is the result of
crosssectioning the arcuate lower surface of adjacent sediment package$,(Fjg4.is
clear theefore thatt he appar ent Pimanlif@misislaecrosskectionab f
artefact and di ssi mi | &rmullaghmordngéct.iFig.&p Asc hni al
suchit is clear thatParataenidium mullaghmorensis morphologically dissimilar and
was produced in a different manner to the taxon hitherto consideredP@ardi@enidium
(Eion@ moniliformis  As such Parataenidium remains a validichnotaxon, with
Parataenidiummullaghmorensisas its type ichnospecies, buatoniliformis does not

belongwithin Parataenidiumandthuswe nameat Neoeionagen. nov. below.

4-11
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Figure 3. Neoeionemoniliformis showing muerich outer layer and a series of broau
globular sandstone packages: Beddmegpendicular cross section througtiNaoeione

moniliformistha cuts through a bedding plane.

4-12
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from above, bedding parallelA] and perpendicularB). Occurrence of seconda

successive branching indicated by thlack icon. Steply inclined subvertical burrow
termination enclosed in grey circl¢C) Secondary successive branching observe
Neoeionemoniliformisigen. nov., comb. noy from a topotype.(D) The second branc
(2) crosscuts the first (1).

4-13
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Figure 5. The crosscutting backfilled sediment packagesNgoeionanoniliformisigen.
nov., comb. nov.displaying variableeontentsof clay. The junctions betweeghe burrow

sediment packages (indicated by white icon) are often thinly lined with clay.

4-14



THREE DIMENSIONAL TOMOGRAPHICRECONSTRUCTION OF ANEXCEPTIONALLY WELL PRESERVEDICHNOLOGICAL ASSEMBLAGE

Figure 6. A, Top down, beddingarallel view of Neoeionemoniliformis igen. nov.,
comb. nov.displayingvariability in sediment package morphology and lateral variak
of successive packageB; longitudinal coss section produced from moidgl stacked

grind images
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Figure 7. Neoeionemoniliformis igen. nov., comb. novis composed of a chain «
backfilled inclined sediment packagewithin only one level despite its superficie
appearance.A, Transverse sections of the backfilled sediment packagesN.c
moniliformiscan give the false impression of two distinct levels, the proportions of v
vary greatly depending on the plane of intersection (1B Z)rans/ersesection producel
from modeling stacked grinidtervals;C, Field photograph of transverse sectioDsX-

radiograpHlike rendering of detailed spatial relationship of sediment packages \tt

moniliformisburrow highlighting the lack of two distinct burrow levels
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Systematic Ichnology

IchnogenusNeoeionenew ichnogenus

non 1814EioneRafinesque. 155

non 1826EioneRisso: p. 121

non 1961PetromonileCasey: p. 600.
non 1967Cylindrichnussp. Bandel: p. 6.

non 1969Cylindrichnussp. Bandel; Glaessner: 380, fig. 5a.

Type ichnospecie®. Eione moniliformisTate 1859
Otherichnospecie®. NeoeioneseymourensifJc hman and Ga¥dzi cki ,

Diagnosisd  Straight to sinuous primarily horizontal tsuthorizontal trace fossil
composed of inclined backfilled sedimgraickage which crosscut one another giving the
appearance of an upper beadedfamg, with a shared smooth lower surface. Rarely

displayssub\erticalcomponents and secondary successive branching.

Etymologyd The Qeek prefixin e o 6 me awas adgledta &ione forming
Neoeiondo connectthe new ichnogenus with its original nafmne Tate following its

distinction fromParataenidiumBuckman

Remarksd The ichnogenusleoeionds establishedherein to accommodat&ione Tate

1859, the junior homonym ofEione Rafinesque 1814. Parataenidiumseymourensis
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Uchman andGa ¥ d zwas &stablished on the basis of a single highly weathered
specimen collected from Seymour Island, Antarctica (UchmanGad¥ d z 2006k i
Despite the poor quality of the specimen, it demonstrates many morphological similarities
to Eionemoniliformis Tate, andappears to be composed of a single layer. It is tentatively
reassigned tdNeoeioneon this basis. Examination of topotype would be beneficial in

determining the differentiating criteria froBilonemoniliformisTate 1859.

Neoeione moniliforins (Tate, 1859)

Figures 28

1858 Nodulous tracks; Hancock: 4880, pl. 15 (4), pl. 17.
1859Eione moniliformisTate: 68, pl. 1 (6).

non 1928HormosiroideaSchaffer: p. 214.

? 1935Worm castings; Shrock: 175, fig. 1.
1941 Large gastropod trails; Teiched85, fig. 4.
1955 Trails; Westolét al: 91, fig. 2.

non 1975TaenidiumHeer; Hantzschel: @12
1984 Constricted burrows; Archer: 287, fig. 4cE.

non 1984Margaritichnus?Bandel; Narbonne: 407, fig. 6c.

? 1985MuensteriaSternberg; Eagar et al.: 11d. 6, fig. c.
1987?MargaritichnusBandel; Lockley, et al.: 258, fig. 3a
198Eongsp; Dever.a: 68, pl. 2

1990Eioneichnosp. Tate; Maples and Suttner: p. 869, fig. 12.9, 13.

4-18



THREE DIMENSIONAL TOMOGRAPHICRECONSTRUCTION OF ANEXCEPTIONALLY WELL PRESERVEDICHNOLOGICAL ASSEMBLAGE

1990Margaritichnus reptilisHakes; Seilacher: pl. 32.3f.
1994EionemoniliformisTate; Ainsworth and Crowley: 687, figs 7a, 9.
non 1996Eione;Mangancet al.: p.133
non 1 9 9HEond moniliformis Gg u s 228, kig. 8
2001 ParataenidiunmoniliformisTate; Buckman: 86, figs 2,5,6,7,8,9c
2004 Parataenidiunmoniliformis; Mangano and Droser: 378, fig. 34.3a
2007Margaritichnus Seilacher: 53, pl. 17
2008Parataenidiunmoniliformis Baucon and Carvalho: 94, fig. 6
2012 ParataenidiumKnaust: 85, 89f

2013 ParataenidiumGi mo, and TomagovIich, p. 366
Neotyped BMNH T163(Buckman, 2001).

Diagnosisd Straight to sinuouspredominantlyhorizontal tosubhorizontatrace fossil
backfilled with inclined, clay or silt lined, sediment packages that crosscut one another.
Upper surface is a series of broadly trapezoidal psans. Lower surface is smooth and

convex. Successive branching and subvertical portions are rarely present.

Description & Burrows are commonly winding and 615/5 cm wide, forming long
chains (in excess of 85cm) of inclined packages that are ovaidnttorm in shape.
Burrows can occur in moderate densities but tend not tecsed, although secondary
successive branching has been observed. The burrows are predominantly -bedding
parallel, but can include short subrtical, sectionsPackages areompmsed of sandier

fill with clay lining and areinclined approximately 3660 degreed$rom horizontal. The

upperportion of the sedimemgackages are commonly prominently linedile the lower
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and the adjoining portions exhibit only a thin lining. The sedinpackages tend to be

fairly consistent in their broad form but display variation in their specific morphology

Remarksd Parataenidiummoniliformisis reassigned aNeoeionemoniliformis comb.
nov. following the discovery that it is composed of a sirglel. As these burrows are
not composed of multiple distinct leveNeoeionemoniliformisis significantly different
thanthe type species dtarataenidiumP. mullaghmorensisand does not conform to the

diagnosis oParataenidium(cf. Buckman, 2001).

The terminal portion of a probable N. moniliformis

The secondsample processed for this study contained a burrow that shares many
characteristics witiNeoeionemoniliformisigen. nov., comb. no\(Fig. 8). It is composed
of a chain of bulbousedimentay packages of sediment that terminate at an erosive
sediment boundary within the sample. The serial chambers of this probiable
moniliformis burrow are approximately 10 mm in diameter and are-lat@g. The
contents of the chambers are typically hetenegeis sand and clay. THaminae
surrounding the burrow chambers are highly distorted and are pushed up around the
burrow chambers (Fi@).

Unlike commonlypreservedNeoeione moniliformiburrows described above, this
structure has been reworked by agamism that created two parallel meniscate tunnels
on the lower surface of the burrow (FB). These tubes are filled with clesandand

have a prominent clay lining. Each tube hasdarBmdiameter and they converge into a
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single meniscate tunnel withdiameter of 10 mm (Fi@). This structure is interpreted as
the terminal portion of a probabMeoeione moniliformishat wasreworked by another

tracanaker

Figure 8. Terminal portion of a probabl&leoeione moniliformisA-C, The beadec
appearancef upper surfaceA) resulting from the uplift of sediment inside the burr
(B), deflecting the enveloping sedime@)( D, Postconstruction, the burrow chambe
collapse;E, Topdown longitudinal section of crogsitting burrow which reworked th

probale N. moniliformisburrow (indicated by thblackicons inA andB).
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