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Abstract

The Ediacaran—Cambrian (E-C) boundary is based on the
first appearance of the ichnofossil Treptichnus pedum.
Investing an ichnotaxon with such biostratigraphic pre-
eminence has been the focus of criticism. Points of
contention have revolved around four main issues: (1)
ichnotaxonomy, (2) behavioural significance, (3) facies
controls and (4) stratigraphic occurrence. First, confusion
results from the fact that Treptichnus pedum was originally
referred to as Phycodes pedum and, more recently, some
authors have placed it in Trichophycus or Manykodes.
However, the overall geometry of these burrows indicates
they belong in Treptichnus. Second, regardless of its precise
mode of feeding, the behaviour involved is iconic of the
Cambrian explosion. Third, objections are based on the
idea that trace fossils show a closer link to facies than body
fossils. Notably, in contrast to common assumptions, 7.
pedum is not only present in the low-energy offshore of
wave-dominated marine settings, but it occurs at consid-
erably shallower water in intertidal and shallow-subtidal
zones of tide-dominated systems, as well as in mouth bars
of deltaic systems and lower shoreface to offshore transition
zones of wave-dominated marine settings. Its broad envir-
onmental tolerance supports evolutionary innovations rather
than facies controls as the main mechanism underlying the
observed vertical pattern of distribution of 7. pedum in
most E-C successions comprising shallow-marine depos-
its. Fourth, although treptichnids have been documented
below the E-C boundary, 7. pedum is not known from
Ediacaran rocks. The delayed appearance of 7. pedum in
E-C successions should be analysed on a case-by-case basis.

Keywords: Ichnology, trace fossils, biostratigraphy, ich-
nostratigraphy, Global Stratotype, Fortunian

1. Introduction

The Ediacaran—Cambrian (E-C) boundary is arguably the
most important transition in the geologic timescale. Inter-
estingly, this is the only stratigraphic boundary based on
the occurrence of a trace fossil, namely Treptichnus pedum
(Brasier, Cowie & Taylor, 1994; Landing, 1994; Peng,
Babcock & Cooper, 2012), an ichnospecies interpreted as
produced by priapulids (Vannier et al. 2010). Unsurprisingly,
investing a trace-fossil taxon with such biostratigraphic pre-
eminence has been the focus of criticism (e.g. Babcock
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et al. 2014; Smith et al. 2016a). The utility of 7. pedum
has been criticized based on its ichnotaxonomy, behavioural
significance, facies controls and stratigraphic occurrence.
The aim of this paper is to critically assess each of these
issues in order to evaluate the potential and caveats of using
Treptichnus pedum as an indicator of the E-C boundary.

2. A critical assessment of the utility of Treptichnus
pedum as a biostratigraphic index

Overall, points of contention have revolved around four main
issues (1) ichnotaxonomy, (2) behavioural significance, (3)
facies controls and (4) stratigraphic occurrence.

2.a. Ichnotaxonomical aspects

First, from an ichnotaxonomical standpoint, confusion
among non-specialists results from the fact that Treptich-
nus pedum was originally referred to as Phycodes pedum
by Seilacher (1955) and, more recently, some authors have
placed it in Trichophycus (Geyer & Uchman, 1995) or
Manykodes (Dzik, 2005). Trichophycus consists of endi-
chnial burrows displaying a flattish U-shaped geometry,
typically retrusive spreiten, and striations on the ventral
and lateral surface of the burrow (Osgood, 1970; Mangano
& Buatois, 2011). Also, although Trichophycus may loc-
ally display rare vertical bifurcations, it never develops the
systematic branching pattern that characterizes Treptichnus
pedum. In short, the overall geometry of Treptichnus pedum,
which consists of branching burrow systems comprising
straight to slightly curved segments (Fig. 1), is clearly dif-
ferent from that shown by Trichophycus (Jensen, 1997; cf.
plates 17 and 64 in Seilacher, 2007).

The name Manykodes has been suggested by Dzik (2005)
as a genus to place some ichnospecies of Treptichnus, in-
cluding T pedum. Unfortunately, this practice is based on
the assumption that trace fossils can be understood in the
same way as body fossils and that a particular trace fossil
can be directly and invariably linked to a producer. However,
behavioural convergence rules out establishing a one-to-one
relationship between a producer and an ichnotaxon. At least
40 years of ichnotaxonomical work has led to the consensus
that nomenclatures of biotaxa and ichnotaxa needs to be kept
separate (e.g. Bromley, 1990; Bertling ez al. 2006; Buatois &
Mangano, 2011). Accordingly, the approach by Dzik (2005)
can be accepted neither on theoretical nor on practical bases.
Regardless of ichnotaxonomical technicalities and differ-
ent philosophical approaches to ichnotaxonomy, Treptichnus
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Figure 1. Morphology of Treptichnus pedum. (a) Specimen from the type locality. Nobulus Shale, lower Cambrian, Salt Range,
Pakistan. Specimen housed at the Palaecontological Collection, Geologisches Institut, University of Tiibingen, Germany. (b) Klipbak
Formations, Brandkop Subgroup, lower Cambrian, near Brandkop, South Africa. Field photograph. (c) Lower Bright Angel Shale,
middle Cambrian, Indian Gardens, AZ, USA. Specimen housed at the Palacontological Collection, Geologisches Institut, University

of Tiibingen. Scale bars are 1 cm.

pedum is a distinct and easily identifiable ichnotaxon (see
also Babcock et al. 2014).

2.b. Behavioural significance

There is overwhelming agreement in that 7. pedum rep-
resents a feeding trace. However, there are four alternat-
ive interpretations regarding the trophic type involved: (1)
a surface detritus feeder (Jensen, 1997), (2) a deposit feeder
(Seilacher, 1955), (3) a predator (Vannier et al. 2010) and
(4) an undermat miner (Seilacher, 2007). Regardless of the
specific mode of feeding, the behaviour involved represents
a sophisticated mechanism of exploiting new ecospace by a
metazoan-grade animal. The issue of this style of animal—
sediment interaction representing evidence of vertical bi-
oturbation or not (Babcock et al. 2014) is merely a semantic
problem. Strictly speaking, T. pedum is not a vertical burrow
(such as Skolithos or Arenicolites), but a horizontal burrow
with inclined branches oriented oblique to the bedding plane.
What is really significant here is that 7" pedum represents the
onset of infaunalization by means of systematically probing
within the substrate (Jensen, 1997), and this is a signature of
the changes in animal—substrate interactions that is iconic of
the Phanerozoic world (MacNaughton & Narbonne, 1999;
Seilacher, 1999; Jensen, 2003; Mangano & Buatois, 2014,
2016). This level of complexity in burrowing style is un-
known in Ediacaran strata (for reviews of Ediacaran ich-
nofaunas, see Jensen, Droser & Gehling, 2006; Buatois &
Mangano, 2016).

The issue of behavioural convergence has also been re-
garded as problematic (Babcock et al. 2014). Although be-
havioural convergence is definitely a trait of trace fossils, its
implications with respect to the position of the E-C bound-
ary are virtually non-existent. Because it is the first appear-
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ance of Treptichnus pedum that is relevant for this problem,
subsequent occurrences in the stratigraphic record as a res-
ult of behavioural convergence, although of interest in other
respects, do not seem to have any further implication for ar-
guments on the location of the E-C boundary. For example,
incipient 7. pedum has been recorded in modern continental
deposits, where they are produced by fly larvae of the genus
Symplecta (Muiliz-Guinea et al. 2014), clearly underscoring
the importance of behavioural convergence in ichnology, but
obviously lacking any relevance for E-C biostratigraphy.

2.c. Facies controls

The third set of objections, those dealing with facies con-
trols, is more significant (Babcock et al. 2014; Smith et al.
2016a). These objections are based on the idea that trace
fossils show a closer link to sedimentary facies than body
fossils. Although this may be regarded as generally correct,
this view fails to appreciate that the vast majority of in-
dividual ichnotaxa occur in a wide variety of sedimentary
facies and environments and it is a trace-fossil assemblage
that shows a more direct link to a certain set of environ-
mental conditions (Bromley, 1990; Pemberton, MacEach-
ern & Frey, 1992; Buatois & Mangano, 2011; MacEach-
ern et al. 2012). This is precisely the reason why indi-
vidual ichnotaxa are hardly used as indicators of sediment-
ary environments and the checklist approach has been aban-
doned in applied ichnology. Although the issue of facies con-
trol in trace-fossil distribution in E-C successions has been
raised many times (e.g. Mount & McDonald, 1992; Mount
& Signer, 1992; Lindsay et al. 1996; Babcock et al. 2014;
Smith et al. 2016a), only a handful of ichnological studies
have empirically examined this problem in a systematic fash-
ion (e.g. MacNaughton & Narbonne, 1999; Buatois, Almond
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Figure 2. Sequence-stratigraphic architecture, and environmental tolerance and range offset of Treptichnus pedum (modified from
Buatois, Almond & Germs, 2013) A single valley incision is illustrated for simplicity, although compound valleys may occur in some
sections spanning the E-C boundary (e.g. Namibia, see Wilson ef al. 2012). A wave-dominated regime is depicted for the fully marine
segment, but a similar diagram can be produced for a tide-dominated regime by changing the facies belt of the shallow-marine segment.
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& Germs, 2013; Shahkarami, Mangano & Buatois, 2017).
The scarcity of studies has resulted in the notion of facies
control unfortunately becoming an untested assumption in
the E-C boundary literature. Interestingly, the available stud-
ies integrating ichnological and sedimentological informa-
tion within a sequence-stratigraphic framework suggest a
more nuanced scenario, where trace-fossil distribution re-
veals a complex interplay of evolutionary and environmental
controls (e.g. Shahkarami, Mangano & Buatois, 2017).

The environmental tolerance and range offset of Treptich-
nus pedum are key issues that can be assessed using
the principles and methods of stratigraphic palacobiology
(Patzkowsky & Holland, 2012), helping to illuminate this
problem (Buatois, Almond & Germs, 2013) (Fig. 2). Stud-
ies in Namibia and South Africa show that, in contrast to
common assumptions, Treptichnus pedum is not only present
in the low-energy offshore of wave-dominated marine set-
tings, but it occurs at considerably shallower water in inter-
tidal and shallow-subtidal zones of tide-dominated systems
(Geyer & Uchman, 1995; Buatois, Almond & Germs, 2013).
Also, detailed work in the Mackenzie Mountains of western
Canada demonstrated its occurrence in mouth bars of del-
taic systems and lower shoreface to offshore transition zones
of wave-dominated marine settings (MacNaughton & Nar-
bonne, 1999). The maximum landward range of 7. pedum in
wave-dominated systems is probably controlled by the fre-
quency and intensity of storms (Buatois, Almond & Germs,
2013). In the case of high intensity and frequency of storms,
amalgamated hummocky cross-stratified sandstone is typ-
ical, precluding colonization by the 7. pedum producer. Un-
der moderate or low intensity and frequency of storms, the
presence of T pedum is promoted by longer colonization
windows during fair weather. Treptichnus pedum seems to
have high values of peak abundance in the upper-offshore
and lower-intertidal sandflats.

The common absence of 7. pedum in settings below
storm wave base may reflect the seaward boundary of its
habitat or a preservational bias resulting from the lack
of lithological heterogeneities (Shahkarami, Mangano &
Buatois, 2017). The latter is supported by the presence of
T. pedum in thin siltstone layers intercalated in a shale suc-
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cession formed right below storm wave base in the Soltan-
iech Formation of Iran (Shahkarami, Mangano & Buatois,
2017). These slightly coarser-grained beds were emplaced
by storm-generated turbidity currents providing the adequate
lithological contrast for preservation of 7. pedum, suggest-
ing that the common absence of this ichnospecies in settings
below storm wave base may be a taphonomical artefact. A
deep-marine occurrence has been documented in Devonian
deposits (Neto de Carvalho, 2008). Although this may pos-
sibly reflect an onshore—offshore pattern, the absence of fur-
ther recordings prevents the establishment of any trend. In
any case, the broad environmental tolerance of this ichno-
species supports evolutionary innovations rather than facies
controls as the main mechanism underlying the observed
vertical pattern of distribution of 7 pedum in E-C succes-
sions comprising shallow-marine deposits.

2.d. Stratigraphic distribution

Concerns have been raised with respect to the stratigraphic
distribution of 7. pedum, regarding both potential occur-
rences below the boundary and its delayed appearance or ab-
sence in others (Babcock et al. 2014). The so-called treptich-
nids have been documented below the E-C boundary in a
number of sections, most notably Namibia (Jensen et al.
2000) and Norway (Hogstrom et al. 2013). In both cases, the
authors were cautious enough not to provide an ichnospecific
assignment and even left the ichnogeneric assignment uncer-
tain. In addition, recent work by Jensen et al. (2017) showed
that the structures from Norway may belong in the hori-
zontally corkscrew-shaped ichnogenus Helicolithus. Even
assuming that the specimens from Namibia may record the
basic morphological plan of Treptichnus, meriting assign-
ment to Treptichnus isp., clearly they do not display the dia-
gnostic features of 7 pedum. South African specimens of 70
pedum figured by Seilacher (2007) as E-C in age occur in
Fortunian but not in Ediacaran strata (Buatois et al. 2007,
Almond et al. 2008). Babcock et al. (2014) speculated that
some Ediacaran examples identified as Treptichnus may rep-
resent preservational variants of 7 pedum, but this has not
been demonstrated so far. In addition, the diagnostic style
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of branching of 7. pedum makes this suggestion unlikely.
The occurrence of the ichnospecies 7. pedum 4.41 m below
the Global Boundary Stratotype Section and Point (GSSP)
(Gehling et al., 2001) simply represents a problem of con-
fidence intervals (Landing et al. 2013).

More problematic is the issue of delayed appearance or
absence of T pedum in certain sections (Babcock et al.
2014), a topic which is directly connected with its environ-
mental range. The delayed appearance of 7. pedum may be
understood by means of the concept of range offset, which is
essentially dictated by the ecological characteristics of taxa
and by the stratigraphic architecture, the latter controlling to
a large extent the types of sedimentary environments pre-
served in a stratigraphic section (Patzkowsky & Holland,
2012). Range offset of T. pedum is typically greater above
sequence boundaries (SB) within lowstand systems tracts
(LST) and parts of transgressive systems tracts (TST), which
explains its delayed appearance in some sections spanning
the E-C boundary (Buatois, Almond & Germs, 2013). In par-
ticular, incision of fluvio-estuarine valleys is detrimental to
colonization by the 7. pedum producers. In this regard, the
fact that the Fortune Head succession (Chapel Island Forma-
tion) lacks a valley incision coincident with the E-C bound-
ary (Myrow & Hiscott, 1993) makes it particularly appro-
priate as the GSSP. A systematic review of the occurrences
of T pedum is beyond the scope of this paper, but a brief
overview of the sections where this ichnotaxon occurs sig-
nificantly above the E-C boundary is discussed in order to
assess potential causes.

The sequence-stratigraphic context of the South Australia
succession (Uratanna and Parachilna formations) consists of
valley incision (SB) and subsequent transgression (Gehling,
2000). The Uratanna Formation (LST-TST) is incised into
the underlying Rawnsley Quartzite (HST or highstand sys-
tems tract), and passes up into the shallow-marine Parachilna
Formation (Daily, 1973; Gehling, 2000, fig. 9). The first ap-
pearance of 7. pedum is more than 200 m above the base of
the Uratanna Formation (Jensen et al. 1998). However, the E-
C boundary is thought to be broadly coincident with the base
of the Uratanna Formation (Gehling, 2000). The absence of
this ichnotaxon in the marginal-marine deposits of the lower
and middle intervals of the Uratanna Formation most likely
reflects the stress associated with brackish-water conditions
that may have precluded colonization. Further work on the
integration of ichnological, sedimentological and sequence-
stratigraphic datasets in this unit is essential to further eval-
uate the distribution of 7. pedum.

Valley incision also occurs in the Nama Group of Nami-
bia (Germs, 1972; Wilson et al. 2012). The Nomtsas Form-
ation (LST to TST) is incised into the Spitskopf Member
(HST) of the Urusis Formation. However, and in contrast
to the Uratanna Formation, the lower interval of the Nomt-
sas Formation contains two subsequent episodes of valley
incision (valley fills 1 and 2 of Wilson et al. 2012), rep-
resenting a compound valley-fill. The LST deposits of both
incised valleys consist of pebble, cobble and boulder con-
glomerate, which is clearly unsuitable for preservation of 7.
pedum. Unsurprisingly, this ichnotaxon first occurs within
the transgressive fine-grained sandstone of VF2 (Wilson
et al. 2012). Historically, the E-C boundary was regarded
as roughly coincident with the SB at the base of the Nomt-
sas Formation (Grotzinger et al. 1995). However, recent re-
calibration of radiometric dating may indicate that the E-
C boundary is placed within the upper part of the Spit-
skopf Member (Schmitz, 2012; for ongoing work on the geo-
chronology of these strata, see Linnemann et al. 2017). In-
terestingly, the upper part of this unit is host to Streptich-
nus narbonnei, an ichnotaxon as complex in terms of mor-
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phology and behavioural significance as T" pedum (Jensen &
Runnegar, 2005).

A similar situation is represented by the Vanrhynsdorp
Group of South Africa. The Besonderheid Formation is in-
cised into the underlying Gannabos Formation (Buatois et al.
2007; Almond et al. 2008). Whereas the Gannabos Forma-
tion represents shallow-marine deposits, the lower interval
of the Besonderheid Formation records deposition within
a fluvio-estuarine valley (LST-TST), rapidly passing up-
ward into distal deltaic deposits (HST) (Buatois, Almond
& Germs, 2013). The first appearance of 7. pedum is in
the overlying tidal-flat deposits of the Kalk Gat Formation
(Gresse, 1992; Buatois et al. 2007; Almond et al. 2008;
Buatois, Almond & Germs, 2013). Although there is a lack
of radiometric dates in this unit, current schemes place the E-
C boundary at the SB represented by the base of the Beson-
derheid Formation. The delayed appearance of 7. pedum in
the Vanrhynsdorp Group most likely reflects unsuitable en-
vironments, initially freshwater to brackish-water conditions
and subsequently sub-storm wave base settings that resulted
from the rapid sea-level rise. Notably, the complex feeding
trace Oldhamia geniculata occurs in the prodeltaic portion
of the Besonderheid Formation, providing ichnological evid-
ence of a Cambrian age for this unit (Buatois et al. 2007,
Almond et al. 2008).

The Soltanieh Formation of Iran represents another ex-
ample of delayed appearance of 7. pedum. This unit con-
sists of five members, from bottom to top: the Lower Dolo-
mite, Lower Shale, Middle Dolomite, Upper Shale and Up-
per Dolomite members (Hamdi, Brasier & Jiang, 1989). The
siliciclastic intervals are dominated by shale, with minor oc-
currences of thin sandstone beds (Hamdi, Brasier & Jiang,
1989; Shahkarami, Mangano & Buatois, 2017). The suc-
cession displays a large-scale progradational trend. Depos-
ition took place in settings below storm wave base (shelf
sensu strictu) for the Lower Shale, and settings ranging
from below the storm wave base to below the fair-weather
wave base (shelf to upper offshore) for the Upper Shale
(Shahkarami, Mangano & Buatois, 2017). The presence of
the Anabarites trisulcatus — Protohertzina anabarica zone in
the upper interval of the Lower Dolomite Member (Hamdi,
Brasier & Jiang, 1989) supports a location of the E-C bound-
ary either at the base of the Soltanieh Formation or within
the Lower Dolomite Member (Shahkarami, Mangano &
Buatois, 2017, in press). However, the first appearance of
T. pedum occurs 171 m above the base of the Lower Shale
Member. Its appearance coincides with a subtle shallow-
ing event from distal to proximal shelf deposits, charac-
terized by thin siltstone interbeds representing the distal
ends of storm-generated turbidites (Shahkarami, Mangano
& Buatois, 2017). It has been indicated that the delayed ap-
pearance of T pedum either reflects deep-water conditions
unsuitable for colonization or lack of lithologic interfaces
therefore preventing trace-fossil preservation (Shahkarami,
Méngano & Buatois, 2017).

The Bayangol Formation of western Mongolia displays
some similarities with the E-C succession in Iran, most not-
ably the presence of a small shelly fauna below the first ap-
pearance of T pedum. This unit is divided into five informal
members, BG2-BG6 (Smith ef al. 2016a). The Bayangol
Formation shows a complex facies mosaic, involving both
carbonate and siliciclastic rocks, encompassing deposition
from slope, shelf (i.e. below storm wave base) to shoreface
(i.e. above fair-weather wave base) environments (Smith
et al. 2016a). A diverse ichnofauna, including 7. pedum,
occurs at the contact between BG3 and BG4 of the Bay-
angol Formation (Goldring & Jensen, 1996; Smith et al.
2016a). Because of this, the E-C boundary has historically
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been placed at the contact between these two informal mem-
bers. However, this is inconsistent with the first occurrence
of small shelly fossils c¢. 250 m below the first appearance of
T. pedum and the presence of arthropod trace fossils in BG3,
suggesting that the E-C boundary should be lower in the sec-
tion, probably at the base of the Bayangol Formation (Smith
et al. 2016a). It has been indicated that this delayed appear-
ance of T pedum in Mongolia underscores its facies depend-
ence (Smith ef al. 2016a, 2017), but it is unclear which is
the environmental tolerance of this ichnotaxon in this mixed
carbonate—siliciclastic setting. In addition, it has been noted
that 7. pedum has only been documented in the Bayangol
Formation from a single bed, precluding further discussion
on potential controls (Landing & Kruse, 2017).

In the Meishucun section of eastern Yunnan Province,
South China, the Xiaowaitoushan Member is separated from
the overlying Meishucun Formation by a karst surface, rep-
resenting a SB (Zhu, 1997). This formation is subdivided
into Lower Phosphate, White Clay, Upper Phosphate and
Dahai members (Zhu, 1997; Zhu et al. 2001). The Xi-
aowaitoushan Member is dominantly dolomite, whereas the
Meishucun Formation consists mostly of phosphorite and
tuff (Zhu et al. 2009). In this section the first appearance of
Treptichnus pedum occurs in strata near the top of the Lower
Phosphate Member (Zhu, 1997). However, as in the case of
the Soltanieh and Bayangol formations, small shelly fossils
occur below this interval and, therefore, the E-C boundary
has been placed at the contact between the Xiaowaitoushan
Member and the Meishucun Formation (Zhu, 1997; Qian, Li
& Zhu, 2001). The phosphorites of the Meishucun Forma-
tion represents a condensed section, and high-energy condi-
tions have been inferred (Zhu, 1997). Environmental con-
ditions may have been detrimental for the producer of T.
pedum. Also, the condensed nature of the Fortunian in the
Meishucun section compromises the accuracy of compiling
vertical distribution of trace fossils within a sound strati-
graphic framework. In sharp contrast to the Fortunian suc-
cession in Burin Peninsula, the lack of recurrence in sed-
imentary facies prevents differentiation between environ-
mental and evolutionary factors.

In addition to Burin Peninsula, the first appearance of
Treptichnus pedum is roughly coincident with the base of
the Cambrian in other regions of Laurentia, such as the west-
ern United States (e.g. Jensen, Droser & Heim, 2002; Smith
etal. 2016b), as well as of Baltica, most notably in N Norway
(Hogstrom et al. 2013). Claims of diachronism in the appear-
ance of 7. pedum in Gondwana (Babcock et al. 2014) re-
quire a precise evaluation of associated facies and sequence-
stratigraphic architecture in order to be substantiated.

3. Discussion

Of the four classes of concerns raised with respect to the
utility of T pedum as a biostratigraphic marker, the ichno-
taxonomical and behavioural objections are the ones that can
easily be regarded as less significant. The ones underscoring
facies controls and stratigraphic occurrences are more relev-
ant and directly linked to each other. Ichnological and sedi-
mentological studies framing observations within sequence-
stratigraphic architectures are particularly illustrative with
respect to the interplay between evolutionary and environ-
mental controls. For example, a detailed analysis of trace-
fossil distribution in the E-C succession of the Macken-
zie Mountains has shown that evolution was a first-order
factor, whereas environmental factors played an import-
ant, but second-order control (MacNaughton & Narbonne,
1999). In the same vein, a recent study of the E-C succession
in Iran outlined the necessity of placing ichnofaunas within
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a palaeoenvironmental and sequence-stratigraphic frame-
work in order to evaluate their evolutionary and biostrati-
graphic implications for trace fossils (Shahkarami, Mangano
& Buatois, 2017). In other words, the nature of the controls
of the first appearance of 7. pedum should not be established
a priori but as a result of integrated and systematic ichnolo-
gical, sedimentological and sequence-stratigraphic studies.

Application of concepts and methods of stratigraphic pa-
lacobiology underscored the broad environmental tolerance
of T. pedum, supporting its biostratigraphic utility in E-C
successions formed under shallow-marine conditions, spe-
cifically encompassing environments ranging between right
above fair-weather wave base to above storm wave base
(Buatois, Almond & Germs, 2013). The applicability of 7.
pedum to biostratigraphic studies in marginal-marine (brack-
ish water) or deep-water successions is limited. However,
these limitations are probably shared by most available
biostratigraphic tools for the lower Cambrian, such as trilob-
ites and small shelly fossils.

Finally, emphasis on the potential and caveats of 7. pedum
should not divert our attention from the basic fact that a
single tool is never the most adequate strategy to solve geo-
logical problems. For example, defining the E-C boundary
based not strictly on the occurrence of Treptichnus pedum,
but on a Treptichnus pedum Ichnofossil Assemblage Zone
(Narbonne, Myrow & Anderson,1987; Landing et al. 2013;
Laing et al. 2016), will be of help to overcome the problem
of those areas where this ichnospecies has not been recog-
nized or occurs significantly above the boundary. In addi-
tion, regardless of biostratigraphic conventions, the use of
multiple sets of evidence would be conducive to more robust
zonations and correlations of E-C successions worldwide.
The fact that trace fossils tend to be more abundant in silici-
clastics, whereas small shelly fossils are abundant in carbon-
ates, clearly illustrates the complementary nature of these
two biostratigraphic tools. In addition, non-biostratigraphic
tools, such as carbon isotope chemostratigraphy, will play an
increasingly important role (Smith et al. 20164, 2017).

Acknowledgements. Financial support for this study was
provided by Natural Sciences and Engineering Research
Council (NSERC) Discovery Grants 311726—13. M. Gabri-
ela Mangano and Soren Jensen critically read the manuscript
and helped to shape the ideas expressed in this paper. I also
thank two anonymous reviewers for useful comments.

References

ALMOND, J. E., Buators, L. A., GRessg, P. G. & GERMS,
G. J. B. 2008. Trend in metazoan body size, burrow-
ing behaviour and ichnodiversity across Precambrian-
Cambrian boundary: ichnoassemblages from the Van-
rhynsdorp Group of South Africa. Conference Pro-
grams and Abstracts, 15th Biennial Meeting of the Pa-
laeontological Society of Southern Africa: Matjiesfon-
tein, 15-20.

BaBcock, L. E., PENG, S., ZHU, M., X1A0, S. & AHLBERG,
P. 2014. Proposed reassessment of the Cambrian GSSP.
Journal of African Earth Sciences 98, 3—10.

BERTLING, M., BRADDY, S. J.,, BROMLEY, R. G., DEMATHIEU,
G. R., GENISE, J., MIKULAS, R., NIELSEN, J. K., NIELSEN,
K. S. S., RINDSBERG, A. K., SCHLIRF, M. & UCHMAN,
A. 2006. Names for trace fossils: a uniform approach.
Lethaia 39, 265-86.

BRASIER, M., COWIE, J. & TAYLOR, M. 1994. Decision on the
Precambrian-Cambrian boundary stratotype. Episodes
17, 3-8.


https://doi.org/10.1017/S0016756817000656

RAPID COMMUNICATION

BroMLEY, R.G. 1990. Trace Fossils: Biology and Ta-
phonomy. London: Unwin Hyman, 280 pp.

Buarois, L. A., ALmonND, J. & Germs, G.J. B. 2013.
Environmental tolerance and range offset of Treptich-
nus pedum: implications for the recognition of
the Ediacaran—Cambrian boundary. Geology 41,
519-22.

Buarois, L. A., ALMOND, J., GRESSE, P. & GErMS, G. 2007.
The elusive Proterozoic-Cambrian boundary: ichnolo-
gic data from the Vanrhynsdorp Group of South Africa.
Abstracts, 9th International Ichnofabric Workshop, 13—
18 August 2007, Calgary, Alberta, Canada, 8.

Buarois, L. A. & MANGANO, M. G. 2011. Ichnology: The
Role of Organism-Substrate Interactions in Space
and Time. Cambridge: Cambridge University Press,
346 pp.

Buators, L. A. & MANGANO, M. G. 2016. Ediacaran eco-
systems and the dawn of animals. In The Trace-Fossil
Record of Major Evolutionary Changes, Vol. 1: Pre-
cambrian and Paleozoic (eds M. G. Mangano & L.
A. Buatois), pp. 27-72. Topics in Geobiology 39.
Dordrecht: Springer.

Dairy, B. 1973. Discovery and significance of basal Cam-
brian Uratanna Formation, Mt. Scott Range, Flinders
Ranges, South Australia. Search 4, 202-5.

Dzixk, J. 2005. Behavioral and anatomical unity of the earli-
est burrowing animals and the cause of the ‘Cambrian
explosion’. Paleobiology 31, 503-21.

GEHLING, J. G. 2000. Environmental interpretation and
a sequence stratigraphic framework for the terminal
Proterozoic Ediacara Member within the Rawnsley
Quartzite, South Australia. Precambrian Research 100,
65-95.

GEHLING, J. G., JENSEN, S., DROSER, M. L., MYrRow, P. M.
& NARBONNE, G. M. 2001. Burrowing below the basal
Cambrian GSSP, Fortune Head, Newfoundland. Geolo-
gical Magazine 138, 213-8.

GERMS, G. J. B. 1972. New shelly fossils from Nama Group,
south-west Africa. American Journal of Science 272,
752-61.

GEYER, G. & UcHMAN, A. 1995. Ichnofossil assemblages
from the Nama Group (Neoproterozoic-Lower Cam-
brian) in Namibia and the Proterozoic-Cambrian
boundary problem revisited. Beringeria Special Issue 2,
175-202.

GOLDRING, R. & JENSEN, S. 1996. Trace fossils and biofab-
rics at the Precambrian—Cambrian boundary interval in
western Mongolia. Geological Magazine 133, 403—15.

GRESSE, P. G. 1992. The Tectono-Sedimentary History of the
Vanrhynsdorp Group. Memoirs of the Geological Sur-
vey of South Africa 79, 163 pp.

GROTZINGER, J. P, BOwrING, S.A., Savyior, B.Z. &
KAUFMAN, A. J. 1995. Biostratigraphic and geochrono-
logical constraints on early animal evolution. Science
270, 598-604.

Hawmpbi, B., BRASIER, M. D. & Ji1aNG, Z. W. 1989. Earliest
skeletal fossils from Precambrian Cambrian boundary
strata, Elburz Mountains, Iran. Geological Magazine
126, 283-9.

HOGSTROM, A. E., JENSEN, S., PaLacios, T. & EBBESTAD,
J.O.R. 2013. New information on the Ediacaran—
Cambrian transition in the Vestertana Group, Finnmark,
northern Norway, from trace fossils and organic-walled
microfossils. Norwegian Journal of Geology 93, 95—
106.

JENSEN, S. 1997. Trace fossils from the Lower Cambrian
Mickwitzia Sandstone, south-central Sweden. Fossils
and Strata 42, 111 pp.

https://doi.org/10.1017/50016756817000656 Published online by Cambridge University Press

179

JENSEN, S. 2003. The Proterozoic and earliest trace fossil re-
cord: patterns, problems and perspectives. Integrative
and Comparative Biology 43, 219-28.

JENSEN, S., DROSER, M. L. & GEHLING, J. G. 2006. A crit-
ical look at the Ediacaran trace fossil record. In Neo-
proterozoic Geobiology and Paleobiology (eds J. Kauf-
man & S. Xiao), pp. 115-57. Topics in Geobiology 27.
Dordrecht: Springer.

JENSEN, S., DrROSER, M. L. & Hem, N.A. 2002. Trace
fossils and ichnofabrics of the Lower Cambrian Wood
Canyon Formation, southwest Death Valley area. In
Proterozoic-Cambrian of the Great Basin and Beyond,
SEPM Fieldtrip Guidebook (ed. F. A. Corsetti), pp.
123-35. Fullerton, CA: Pacific Section of the SEPM.

JENSEN, S., GEHLING, J.G. & DROSER, M.L. 1998. Ediacara-
type fossils in Cambrian sediments. Nature 393, 567-9.

JENSEN, S., HOGSTROM, A. E., HOYBERGET, M., MEINHOLD,
G., Paracios, T., TayLor, W. L., EBBEsTAD, J. O. R.
& AGIC, H. 2017. Trace fossils across the Ediacaran-
Cambrian boundary on the Digermulen Peninsula, Arc-
tic Norway. International Symposium on the Ediacaran-
Cambrian Transition, 20-22 June 2017, St John s, New-
foundland, Canada. Abstract Volume, p. 48.

JENSEN, S. & RUNNEGAR, B.N. 2005. A complex trace
fossil from the Spitskop Member (terminal Ediacaran—
? Lower Cambrian) of southern Namibia. Geological
Magazine 142, 561-9.

JENSEN, S., SAYLOR, B. Z., GEHLING, J. G. & GERrMS, G. J.
2000. Complex trace fossils from the terminal Protero-
zoic of Namibia. Geology 28, 143—6.

LaNg, B., Buators, L. A., MANGANO, M. & NARBONNE,
G. 2016. Redefining the Treptichnus pedum Ichno-
fossil Assemblage Zone: a critical reassessment of the
Ediacaran-Cambrian boundary. [CHNIA 2016, 6—9 May
2016, Idanha-a-Nova, Portugal. Abstract Book (eds A.
Baucon, C. Neto de Carvalho & J. Rodrigues). Interna-
tional Ichnological Association, p. 262.

LANDING, E. 1994. Precambrian-Cambrian boundary global
stratotype ratified and a new perspective of Cambrian
time. Geology 22, 179-82.

LANDING, E., GEYER, G., BRASIER, M. D. & BOWRING, S. A.
2013. Cambrian evolutionary radiation: context, cor-
relation, and chronostratigraphy — overcoming defi-
ciencies of the first appearance datum (FAD) concept.
Earth-Science Reviews 123, 133-72.

LANDING, E. & KRUSE, P. D. 2017. Integrated stratigraphic,
geochemical, and paleontological late Ediacaran to
early Cambrian records from southwestern Mongolia:
Comment. Geological Society of America Bulletin, pub-
lished online May 2017. doi: 10.1130/B31640.1.

LINDsAY, J. F., BRASIER, M. D., DOrRINAMIAA, D., GOLDRING,
R., Krusg, P.D. & Woobp, R. A. 1996. Facies and
sequence controls on the appearance of the Cam-
brian biota in southwestern Mongolia: implications
for the Precambrian—Cambrian boundary. Geological
Magazine 133, 417-28.

LINNEMANN, U., OVTCHAROVA, M., SCHALTEGGER, U.,
VICKERS-RicH, P, GARTNER, A., HOFMANN, M.,
ZIEGER, J., KRAUSE, R., KRIESFELD, L. & SmiTH, J. 2017.
New geochronological and stratigraphic constraints on
the Precambrian-Cambrian boundary (Swarpunt sec-
tion, South Namibia). International Symposium on
the Ediacaran-Cambrian Transition, 20-22 June 2017,
St John's, Newfoundland, Canada. Abstract Volume,
p. 63.

MACEACHERN, J. A., Bann, K.L. GINGRAS, M.K.,,
ZONNEVELD, J. P, DASHTGARD, S.E. & PEMBERTON,
S. G. 2012. The ichnofacies paradigm. In Trace Fossils


https://doi.org/10.1130/B31640.1
https://doi.org/10.1017/S0016756817000656

180

as Indicators of Sedimentary FEnvironments (eds
D. Knaust & R. G. Bromley), pp. 103-38. Develo-
pments in Sedimentology 64. Amsterdam: Elsevier.

MACNAUGHTON, R. B. & NARBONNE, G. M. 1999. Evolution
and ecology of Neoproterozoic-Lower Cambrian trace
fossils, NW Canada. Palaios 14, 97-115.

MANGANO, M. G. & Buators, L. A. 2011. Timing of infaun-
alization in shallow-marine early Paleozoic communit-
ies in high-latitude Gondwanic settings: discriminating
evolutionary, environmental and paleogeographic con-
trols. Paleontologica Electronica 14, 1-21.

MANGANO, M. G. & Buartois, L. A. 2014. Decoupling of
body-plan diversification and ecological structuring
during the Ediacaran-Cambrian transition: evolutionary
and geobiological feedbacks. Proceedings of the Royal
Society London, Series B 281, 1-9.

MANGANO, M. G. & Buatois, L. A. 2016. The Cambrian
explosion. In The Trace-Fossil Record of Major Evol-
utionary Changes, Vol. 1: Precambrian and Paleozoic
(eds M. G. Mangano & L. A. Buatois), pp. 73—126. Top-
ics in Geobiology 39. Dordrecht: Springer.

MounT, J. F. & McDonNaLD, C. 1992. Influence of changes
in climate, sea level, and depositional systems on the
fossil record of the Neoproterozoic—early Cambrian
metazoan radiation, Australia. Geology 20, 1031-4.

MounT, J. F. & SIGNER, P. W. 1992. Faunas and facies — fact
and artifact: paleoenvironmental controls on the distri-
bution of Early Cambrian faunas. In Origin and Early
Evolution of the Metazoa (J. H. Lipps & P. W. Signer),
pp- 27-51. Topics in Geobiology 10. New York: Plenum
Press.

MunN1z-GUINEA, F., MANGANO, M. G., Buartors, L. A.,
PoDENIENE, V., GAMEZ, J. A. & MAYORAL, E. 2014.
Compound biogenic structures resulting from ontogen-
etic variation: an example from a modern dipteran.
Spanish Journal of Palaeontology 29, 83-94.

Myrow, P. M. & Hiscott, R. N. 1993. Depositional his-
tory and sequence stratigraphy of the Precambrian-
Cambrian boundary stratotype section, Chapel Island
Formation, southwest Newfoundland. Palaeogeography
Palaeoclimatology Palaeoecology 104, 13-35.

NARBONNE, G. M., Myrow, P. M. & ANDERSON, M. M.
1987. A candidate stratotype for the Precambrian-
Cambrian boundary, Fortune Head, Burin Peninsula,
southeastern Newfoundland. Canadian Journal of
Earth Sciences 24, 1277-93.

NETO DE CARVALHO, C. 2008. Younger and deeper: Treptich-
nus (Phycodes) pedum (Seilacher) from the Lower
Devonian of Barrancos, Ossa Morena Zone (Portugal).
Comunicagoes Geologicas 95, 167-71.

0sGooDb, R. G. Jr. 1970. Trace fossils of the Cincinnati area.
Palaeontographica Americana 6, 281-444.

Parzkowsky, M. E. & HoLLaND, S. M. 2012. Stratigraphic
Paleobiology: Understanding the Distribution of Fossil
Taxa in Time and Space. Chicago: Chicago University
Press, 259 pp.

PEMBERTON, S. G., MACEACHERN, J. A. & FrReEY, R. W. 1992,
Trace fossils facies models: environmental and al-
lostratigraphic significance. In Facies Models and Sea
Level Changes (eds R. G. Walker & N. P. James), pp.
47-72. Ottawa: Geological Association of Canada.

PENG, S., BaBcOCK, L. E. & COOPER, R. A. 2012. The Cam-
brian Period. In The Geologic Time Scale 2012 Volume
I (eds F. M. Gradstein, J. G. Ogg, M. D. Schmitz & G.
M. Ogg), pp. 437-88. Amsterdam: Elsevier.

Qun, Y., L1, G. X. & Zau, M. Y. 2001. The Meishucunian
Stage and its small shelly fossil sequences in China.
Acta Palaeontologica Sinica 40, 54-62.

https://doi.org/10.1017/50016756817000656 Published online by Cambridge University Press

RAPID COMMUNICATION

Scamitz, M.D. 2012. Radiometric ages used in GTS2012.
In The Geologic Time Scale 2012 Volume 2 (eds F.
M. Gradstein, J. G. Ogg, M. D. Schmitz & G. M. Ogg),
pp- 1045-82. Amsterdam: Elsevier.

SEILACHER, A. 1955. Spuren und fazies im Unterkam-
brium. In Beitrage zur Kenntnis des Kambriums in
der Salt Range (Pakistan) (eds O. H. Schindewolf &
A. Seilacher), pp. 373-99. Abhandlungen 10. Mainz:
Akademie der Wissenschaften und der Literatur zu
Mainz, Mathematisch-Naturwissenschaftliche Klasse.

SEILACHER, A. 1999. Biomat-related lifestyles in the Pre-
cambrian. Palaios 14, 86-93.

SEILACHER, A. 2007. Trace Fossil Analysis. Dordrecht:
Springer, 226 pp.

SHAHKARAMI, S., MANGANO, M. G. & Buatois, L. A. 2017.
Discriminating ecological and evolutionary controls
during the Ediacaran—Cambrian transition: trace fossils
from the Soltanieh Formation of northern Iran. Palaeo-
geography Palaeoclimatology Palaeoecology 476, 15—
27.

SHAHKARAMI, S., MANGANO, M. G. & Buarois, L. A. In
press. Ichnostratigraphy of the Ediacaran—Cambrian
boundary: new insights on lower Cambrian biozona-
tions from the Soltanieh Formation of northern Iran.
Journal of Paleontology.

SMmitH, E. F., MACDONALD, F. A., PETACH, T. A. & BoLD, U.
2017. Integrated stratigraphic, geochemical, and pale-
ontological late Ediacaran to early Cambrian records
from southwestern Mongolia. Geological Society of
America Bulletin: Reply, published online May 2017.
doi: 10.1130/B31763.1.

SmitH, E. F., MacpoNALD, F. A., PEtacH, T. A., BoLp, U.
& SCHRAG, D. P. 2016a. Integrated stratigraphic, geo-
chemical, and paleontological late Ediacaran to early
Cambrian records from southwestern Mongolia. Geo-
logical Society of America Bulletin 128, 442—68.

SmiTH, E. F.,, NELSON, L. L., STRANGE, M. A., EYSTER, A. E.,
RowLAND, S. M., SCHRAG, D. P. & MACDONALD, F. A.
2016b. The end of the Ediacaran: two new exceptionally
preserved body fossil assemblages from Mount Dunfee,
Nevada, USA. Geology 44, 911-4.

VANNIER, J., CALANDRA, I., GAILLARD, C. & ZYLINSKA,
A. 2010. Priapulid worms: pioneer horizontal burrow-
ers at Precambrian-Cambrian boundary. Geology 38,
711-4.

WILSON, J. P, GROTZINGER, J. P., FISCHER, W. W., HAND,
K. P, JEnsEN, S., KNnoLL, A. H., ABELSON, J., METZ,
J. M., McLouGHLIN, N., COHEN, P. A. & TIicE, M. M.
2012. Deep-water incised valley deposits at the
Proterozoic-Cambrian boundary in southern Namibia
contain abundant Treptichnus pedum. Palaios 27, 252—
73.

Zuu, M. 1997. Precambrian—Cambrian trace fossils from
eastern Yunnan, China: implications for Cambrian ex-
plosion. Bulletin of National Museum of Natural Sci-
ence 10, 275-312.

Zuu, M. Y., L1, G. X., ZHANG, J. M., STEINER, M., Q1AN, Y.
& JIANG, Z. W. 2001. Early Cambrian stratigraphy of
east Yunnan, Southwestern China: a synthesis. In The
Cambrian of South China (eds M. Y. Zhu, H. Van Iten,
S. C. Peng & G. X. Li), pp. 4-39. Acta Palacontologica
Sinica 40.

Zuu, R., L1, X., Hou, X., PaN, Y., WANG, E.,, DENG, C. &
Hg, H. 2009. SIMS U-Pb zircon age of a tuff layer in
the Meishucun section, Yunnan, southwest China: con-
straint on the age of the Precambrian—Cambrian bound-
ary. Science in China Series D: Earth Sciences 52,
1385-92.


https://doi.org/10.1130/B31763.1
https://doi.org/10.1017/S0016756817000656

	Abstract
	1. Introduction
	2. A critical assessment of the utility of Treptichnus pedum as a biostratigraphic index
	2.a. Ichnotaxonomical aspects
	2.b. Behavioural significance
	2.c. Facies controls
	2.d. Stratigraphic distribution

	3. Discussion
	Acknowledgements
	References

