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ABSTRACT. We have undertaken an exhaustive review of the literature to check if the ichnogenus Oldhamia could be
used as a biostratigraphical tool in the Cambrian. On the 19 occurrences observed worldwide and positioned in the recent
global chronostratigraphy of the Cambrian, only 16 have a time range sufficiently precise to constrain the stratigraphie
interval during which the organisms producing Oldhamia lived in the Cambrian. They are clearly distributed in two age
groups: a “younger” group of 14 occurrences shows a very well constrained time range from the base of Stage 3 to the
three quarter of Stage 5 and an “older” group of 2 occurrences shows a poorly constrained time range which seems
restricted to the Fortunian. With this contrasting situation we propose two alternative interpretations: in the first we accept
all the results and in the second, more restrictive, we reject the age of the “older” group as scientifically insufficiently
substantiated. Oldhamia can only be used as a stratigraphie tool in the second interpretation: it appears in the upper part
of Stage 2, shows an acme in Stage 3 and 4 and rapidly disappears during Stage 5. This rapid disappearance could be
interpreted as the arrival ofthe Cambrian agronomic revolution in the deep marine setting. The overview also shows that

this iclmogenus has a cosmopolitan distribution.
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1. Introduction

This review is made in the framework of a long-tenn
stratigraphical study over the last 20 years on the Lower
Palaeozoic of the Brabant Massif in Belgium (Herbosch
& Vemiers, 2002; Herbosch et al., 2008; Maletz & Servais,
1996; Vanguestaine, 1991, 1992; Vamneirhaeghe et al.,
2005; Verniers et al., 2001,2002a, b). In a recent synthesis
by Seilacher et al. (2005) on the palacoecology of
iclmofossils around the Ediacaran-Cambrian boundary,
they also revise the taxonomy ofthe iclmogenus Oldhamia.
It appeared that this iclmogenus has been observed in
more than 15 localities worldwide. This offered the
possibility to use this iclmofossil as a biostratigraphical
tool, in particular in the Brabant Massif, where it is
observed inthe two lowest occurring Cambrianfonnations,
which can only tentatively be dated due to the absence of
any other fossil (Mortelmans, 1977; Verniers & Devos,
1995; Verniers et al., 2001).

It also appeared that Oldhamia, described since the
second halfofthe XIX century inthe Caledonianbasement
in Belgium never were the subject of a description except
by Acefiolaza & Durand (1984). Hence, the Belgian
occurrences are often ignored or poorly referenced in the
international literature dealing with trace fossils. However
they have been observed in many places: first inthe Lower
Palaeozoic inliers ofthe Ardennes and later in the Brabant
Massif. In these two areas the stratigraphy is rather well

known (see overview in Verniers et al.,2001 ) and for most
units the dating is well established due to the palynological
studies with acritarchs by Vanguestaine (see Iris syntheses
in 1986, 1992). Furthermore, the revision of the different
iclmospecies of Oldhamia from Belgium present in
various collections is now underway (Herbosch, in
prep.).

The main goal of this paper is to check if Oldhamia
can be used as a stratigraphical tool. Therefore an
exhaustive and critical review of the literature and
especially the age ofthe strata in which they are observed,
is highly needed. Indeed, the palacoecology and the
systematic of this iclmogenus has been the object of
several recent articles (Acefiolaza, 2003; Acefiolaza &
Acefiolaza, 2007; Buatois & Mangano, 2003b, 2004;
Seilacher et al., 2005), but on the contrary the topic ofits
age has only rarely been discussed (Lindholm & Casey,
1990).

1.1. Ichnofauna of'the deeper seas at the Ediacaran -
Cambrian transition and the onset of the Cambrian
agronomic revolution

Benthic animals started to colonize the deeper sea floor in
the Ediacaran (Seilacher, 1999;Narbonne& Aitken, 1990;
Crimes, 2001; Orr, 2001; Buatois & Mangano, 2003b,
2004; Seilacher et al., 2005; Jensen et al., 2006), but the
diversity ofbehaviour and life style remained very low. In
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recent years it became more evident that the Ediacaran
was rich in problematic structures, often mistaken for
trace fossils (Droser et al., 2005; Seilacher et al., 2005;
Jensen et al., 2006). For Seilacher et al. (2005 p. 352, fig.
7, 20) the ichnofauna is dominated by grazing traces,
weakly specialized and not diagnostic, which can also be
observed in shallow water enviromnents of the same age.
Oldhamia recta would be the only distinctive iclmospecies
present. It consists oftraces in the fonn of straight tunnels
observed in the Ediacaran of Carolina (USA: Gibbson,
1989; Seilacher & Pfliiger, 1992), of Argentina (Omarini
et al., 1999) and of Australia (Jensen et al., 2006).
However, Jensen et al. (2006 p. 143) expressed their
reservation for the attribution of these traces to the
iclmogenus Oldhamia and, indeed later, Tacker et al.
(2008, 2010) could prove that they were not traces, but
instead body fossils of a rod-like organism.

The Puncoviscana Fonnation of NW Argentina shows
an overview of the ecology ofthe deep ecosystems in the
lowennost Palacozoic. Its rich trace fossil assemblage has
been described in the seventies (Acefiolaza & Durand,
1973) and its ecological importance for the deep
ecosystems ofthe early Cambrian has been emphasized in
several publications (Acefiolaza, 2003, 2004; Acefiolaza
et al., 2009; Buatois & Mangano, 2003a, 2003b, 2004;
Seilacher et al., 2005). The assemblage is dominated by
the iclmogenus Oldhamia and several other grazing traces
present in the uppennost millimetres of a relatively Ann
substratum, indicating the presence of microbial mats.
The benthic communities developed two strategies in
direct association with the microbial substratum: grazing
and undennat mining (Buatois & Mangano, 2003b).

The iclmogenus Oldhamia is mostly described from
deep marine enviromnents of the lower Cambrian and
more rarely the middle Cambrian, in many folded
stratigraphical succession. The ichnocoenoses of the deep
seas seem to experience an explosion in diversity of
behaviour in the early Cambrian (Seilacher et al., 2005),
which at first is limited to a radiation of Oldhamia. The
changes in burrowing behaviour can be seen by the
appearance ofdifferent iclmospecies seemingly succeeding
each other in time (Lindholm & Casey, 1990; Buatois &
Mangano, 2003b; MacNaughton et al., 2005). For Buatois
& Mangano (2003b) this diversification reaches its climax
atthe base ofthe Cambrian. The different Oldhamia traces
would be caused by animals differing from each other at
species level. Indeed, the behaviours are too distinct from
each other to be induced by the enviromnent only. In
addition, the different iclmospecies are very rarely co-
occurring on the same bedding plane.

For Seilacher et al. (2005) Oldhamia represents an
ecological association (called an ecologie guild), which
would become rare after the Cambrian agronomic
revolution (Seilacher & Pfliiger, 1994; Bottjer et al.,
2000). This revolutionbecomes apparent in the destruction
of the firm microbial mats by bioturbation, which on its
turn affects all the benthic ecosystems. While this
revolution in the substrata of the shallow marine
enviromnents start to happen in the Tommotian-
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Atdabanian (part of Cambrian Stages 2 and 3, Peng &
Babcock, 2008 fig. 4.5), it is still uncertain when this
event reaches the deeper enviromnents. Indeed, the age of
strata containing Oldhamia is poorly constrained, not
allowing determining a precise time range of this
iclmogenus. According to Seilacher et al. (2005) and
Mangano & Buatois (2007), the Oldhamia associations
extended into the deeper enviromnents probably between
the earliest Cambrian and the middle Cambrian, the later
age is suggested by the occurrences in Canada (Hoffman
et al., 1994) and Morocco (El Hassani & Willefert, 1990).
Recently Buatois et al. (2009) presented new arguments
to place this event near the base ofthe Ordovician.

1.2. Taxonomy ofOldhamia and its evolution

Seilacher et al. (2005) revised the taxonomy of all
iclmospecies of Oldhamia, which we follow in our study
and to which we refer for more details. In the later work
they retained for the Cambrian only six iclmospecies: O.
antiqgua Kinahan, 1858; (). radiata Kinahan, 1858; ().
flabellata Acefiolaza & Durand, 1973; O. cuneata
Lindholm & Casey, 1990; (). geniculata Seilacher, Buatois
& Mangano, 2005 and O. alata Seilacher, Buatois &
Mangano, 2005. They also accept the presence of one
species in the Ediacaran: (). recta, one species in the
Ordovician: (). pinnata and one in the Carboniferous O.
fimbriata.

Seilacher (1974) was the first to suggest an evolutionary
scheme for the trace fossil Oldhamia, observing radial or
dendroid fonns in the Cambrian to pinnate fonns in the
Ordovician. Lindholm & Casey (1990) emphasize that
this concept of evolution in the burrowing fonn of this
iclmogenus represents an evolutionary tendency,
corresponding to an optimization of the exploitable
surface. Ifthis concept can be accepted, one could use the
different Oldhamia species to refine biostratigraphically
the Cambrian. The latter authors tried to implement this in
the Blow Me Down Brook Fonnation (cf. § 2.15) where
radial fonns are observed stratigraphically below dendritic
fonns. MacNaughton et al. (2005) observed the same
evolutionary tendency oftraces in the Selwyns Mountains
(cf. § 2.16). However afterwards (MacNaughton, pers.
comm.), they could only be sure of two trace fossil
associations, making the suggested evolutionary trend
less convincing.

2. Review of the stratigraphy of Oldhamia
occurrences in the Cambrian

As mentioned above, it is generally accepted now that the
Oldhamia iclmofossils are the traces of wonn-like
undennat miners (Seilacher et al., 2005), living probably
between the earliest Cambrian and the middle Cambrian
mostly in deep oceanic enviromnents and more rarely in
shallow ones. Because of that age and the very deep
enviromnent the strata containing Oldhamia are often
devoid of macrofossils and hence poorly dated. In this
paper we want to show that is not always the case and that
recent progress in the chronostratigraphy and the
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biostratigraphy of the Cambrian, has changed this
shortcoming.

First, we will list up the stratigraphical constraints of
all known occurrences of Cambrian Oldhamia in the
literature. We exclude from this review O. recta, because
of its controversial presence in the Ediacaran (Jensen et
al., 2006; Tacker et al., 2010) as well as the post-Cambrian
species. The occurrences will be described successively in
function of their palaeogeographic position in the
Cambrian (Cockx & Torsvik, 2002; Scotese, 2007). We
begin with the locations on West Gondwana (future
Avalonia microplate) with the Bray Group where
historically the iclmogenus was first described and
continue with the major palaeoplates Gondwana, Baltica
and Laurentia. The biostratigraphical constraints are
synthesized from the most recent data in the literature and
also with the help of several researchers who responded to
our questions. We positioned these data in the new global
chronostratigraphical scale ofthe Cambrian (Gradstein et
al.,, 2008; Ogg et al.,, 2008 fig. 1.1). Although still
incomplete, it allowed dating rather precisely the
Oldhamia occurrences, using several correlation charts
between regional and global biostratigraphy (Geyer &
Shergold, 2000 Table 1; Babcock & Peng, 2007 fig. 2;
Peng & Babcock, 2008 fig. 4.4 and 4.5). It is important to
underline that these correlations are delicate to perfonn
and sometimes not very precise especially in the lower
Cambrian, where most GSSP’s are not yet defined. For
these correlations we have always used the broadest
possible time ranges. The new global scale has the
advantage overthe earlier scales by using a more elaborate
time-scale calibration. The fonner lower Cambrian is now
divided into two series and four stages, acknowledging
much longer time duration (about 32 Ma) than previously
assumed. The sedimentology and the enviromnent of
deposition of the succession with Oldhamia, important
data for the palacoecology, are also given whenever
available.

2.1. Bray Head Formation, Bray Group, SE Ireland
(West Gondwana)

It is in the Bray Head Fonnation of the Bray-Wicklow
Unit that Forbes (1849) and later Kinahan (1858, 1859)
described for the first time Oldhamia on samples
discovered by T. Oldham where the iclmospecies O.
radiata and O. antiqua occur. The Bray Group is observed
in several different places (the units of Howth & Ireland’s
Eye, of Bray-Wicklow, and of Wexford) in SE Ireland
(Gardiner & Vanguestaine, 1971; Brack & Reeves, 1976;
Brack et al., 1979). Oldhamia lias been observed in all
these outcrop areas, but it is in the Bray-Wicklow Unit
that the assemblages of traces are the most diverse:
Oldhamia, Arenicolites didymus, A. sparsus, Skolithos
sp., Haughtonia poecila, Histioderma hibernicum,
Ichnium wattsii and Monocraterion (Brack & Reeves,
1976). The Bray Group in the Bray-Wicklow Unit fonns
a succession more than 4500 m thick, which starts with
the Devil’s Glen Fonnation, covered by the Bray Head
Fonnation in which the Oldhamia canbe observed. Green

and red greywacke of different grain-size and more rarely
light coloured sandstones are interpreted as a thick
relatively proximal turbiditic sequence (Vanguestaine et
al., 2002).

Biostratigraphically, the acritarchs in the base of the
sequence in the Ireland’s Eye Unit allow to attribute an
age of mid early to early middle Cambrian for these
samples (Gardiner & Vanguestaine, 1971). Smith (1977)
proposes an age ofthe middle part of the lower Cambrian
for the Gaskin’s Leap Fonnation in the Howth Unit. More
recently, Vanguestaine et al. (2002) could nanow the age
to the mid-late early Cambrian and link the acritarch
assemblage to an interval comprising the undifferentiated
Olenellid and the Protolenid-Strenuellid trilobite zones of
Avalonia (Vanguestaine et al., 2002 p. 68 et fig. 5). The
acritarch samples were taken in the upper part ofthe Bray
Head Fonnation of the Bray-Wicklow Unit where
Oldhamia was described for the first time (see above).

The acritarchs are located in the same fonnation as
Oldhamia. Hence we can conclude that the Oldhamia of
the Bray Head Fonnation belong to the trilobite zones
Olenellid to Protolenid-Strenuellid, which in W Avalonia
are situated in the Branchian Series (Geyer & Shergold,
2000 Table 1). In the global chronostratigraphy of the
Cambrian (Peng & Babcock, 2008 fig. 4.5) the Branchian
Series correspond to the interval from the upper third of
Stage 3 to the top of Stage 4 (Fig. 2). The deep marine
enviromnent of deposition is dominated by turbidites
(Woodcock, 2000 p. 145). The Bray Group is situated on
West Gondwana, more precisely on the NW side of the
future Avalonia microplate (Fig. 3).

2.2. Les Quatre Fils Aymon and Bellevaux formations,
Deville Group, S Belgium (West Gondwana)

Oldhamia radiata and O. antiqua were already described
at the end of'the XIX century (Malaise, 1874, 1876, 1878;
Dewalque, 1877) in the Deville Group of the Lower
Palaeozoic inliers of the Ardennes. They occur more
specifically in the Rocroi Massif at the base of the Lower
Member ofthe Les Quatre Fils Aymon Fonnation (“Dv2a”
ex litteris: Beugnies, 1960; Verniers et al., 2001) and in
the Stavelot Massif in the middle part of the Bellevaux
Fonnation (“Dv2” ex litteris: Corin, 1926; Verniers et al.,
2001) (Fig. D).

The Lower Member of the Les Quatre Fils Aymon
Fonnation is 120-250 m thick and consists of thick beds
ofmore or less coarse quartzite of'a pale colour, separated
by green or red slate (Beugnies, 1960,1963). Oldhamia is
observed in the more clayey lower 20 m ofthis member in
the northern part ofthe Rocroi Massif (Beugnies, 1963 p.
383). Acritarchs are observed in the middle part of the
same member (Vanguestaine, 1992 fig. 2) (Fig. 1). In the
absence of any sedimentological study, the general
lithology ofthe sequence and the presence ofan important
roofing slate interval in the top of the fonnation (La
Renaissance Member, “Dv2b”) suggest a deep marine
enviromnent of deposition.

The Bellevaux Fonnation in the Stavelot Massif
(Corin, 1926; Geukens, 1999) is 150-300 m thick and
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composed of an alternation of sandstone, siltstone and
slate, redatitsbaseandgreenhigher-up.Asedimentological
study by Von Hoegen et al. (1985) indicates a rapid
transition from a shallow shelf at the base to a deep
environment with turbiditic sedimentation higher. The
acritarchs samples were taken in the upper part of the
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Figure 1. The position of
levels with Oldhamia (O)
and with acritarchs (a) in
the lithostratigraphy of the
Brabant Massif and the
Stavelot and Rocroi inliers.
The regional correlations
proposed between the three
areas and a part of the defi-
nitions used for the lithos-
tratigraphy are slightly dif-
ferent from those proposed
by Verniers et al. (2001).
The wunits «phyllade de
Pont» and «quartzite de
Fourire» are after Anthoine
(1940) and were used by
Vanguestaine (1992 fig. 2
and 3), «Dv2c¢» is used in
the sense of Corin (1926).

Stavelot inlier

"phyllade de Pont"

A "quartzite
N de Fourire"
Q

"Dv2c"

8g 'lovgex

Hour Fm.
(Dv1)

formation in a local unit called “quartzite de Fourire”
(Vanguestaine 1986, 1992 fig. 2), while Oldhamia is
observed in the green slate and siltstone ofthe middle part
ofthe formation (“Dv2c” sensu Corin, 1926) (Fig. 1).
Both formations contain a homogenous and similar
acritarch assemblage allowing Vanguestaine (1992 p. 4)
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Figure 2. Comparative chart with most confident time range, given with grey rectangles, ofthe Oldhamia occurrences from all areas
mentioned in the literatme and discussed in the text (see chapter 2). Horizontal full lines correspond to well dated lower or upper limits
ofthe time range, horizontal dashed lines to probable limits. Vertical dashed lines with arrows indicate the possible extensions of the
time range. For the occurrences where only the age ofthe covering unit has been established, the words «upper age» are added above
the grey rectangle. In this case the upper full line of the grey rectangle corresponds to the upper age limit for the fonnation with
Oldhamia. There is no lower line because the real lower limit is unknown and only a dashed line with an arrow pointing down with a
question mark is shown. Series and stages, either local or global, and the ages of their limits are after Peng & Babcock (2008 fig. 4.5).
Abbreviations: Syst.: Systems; Regio.: Regional; St.: Stage; Drum.: Drumian; Guzh.: Guzhangian.
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to give them an age extending from the lower to the middle
Cambrian, coeval with the Baltica trilobite zonation from
the Holmia Superzone up to the Paradoxides oelandicus
Zone. He adds that the correlation tends to indicate an age
more restricted to the Holmia and Protolenus zones from
the lower Cambrian, but without firm proof. This interval
correspond in the W Avalonia zonation (Geyer & Shergold,
2000 Table 1) to the Branchian Series plus a part of the
Acadian Series between the Oryctocephalus indicus Zone,
base of Stage 5, and the base of Ptvchagnostus gibbus
Zone (Zhao et al., 2008).

The acritarchs and Oldhamia being found in the same
fonnation (Fig. 1), we can conclude that the Oldhamia
from the Les Quatre Fils Aymon and the Bellevaux
fonnations have a lower to middle Cambrian age. In the
new global chronostratigraphy of the Cambrian (Peng &
Babcock, 2008 fig. 4.4 and 4.5) it conesponds rather
surely with an age interval from the upper third of Stage 3
to the lower three quarters of Stage 5 (Fig. 2). In the
Stavelot Massifthe depositional enviromnent is deep and
of a turbiditic nature, it is probably the same in the Rocroi
Massif. The Ardennes inhers belong to West Gondwana,
more precisely on the SE side of the future Avalonia
microplate (Verniers et al., 2002a).

2.3. Blanmont and Tubizeformations, Brabant Massif,
N Belgium (West Gondwana)

Also at the end ofthe XIX century Oldhamia radiata and
(). antiqua were mentioned in the Blamnont and Tubize
fonnations ofthe Brabant Massif (Malaise, 1883a, 1883b,
1900; Asselberghs, 1919; de la Vallée Poussin, 1932;
Legrand, 1968; Van Tassel, 1986). But they were never
described in some detail. The Blamnont Fonnation is now
accepted to be the oldest outcropping fonnation of the
Brabant Massif (Herbosch et al., 2008). It is covered by
the Tubize Fonnation, which on its turn is covered by the
Oisquercq Fonnation. From these three fonnations only
the upper part of the latter (Fig. 1) contained acritarchs
and could be dated (Vanguestaine, 1991, 1992). Its age is
coeval to the interval from the Holmia Superzone to the
Paradoxides oelandicus Zone in the Baltica trilobite
biozonation. Vanguestaine {op. cit.) adds that several
indices can nanow that age down to the two trilobite
zones from the lower Cambrian, but without finn proofs.

The Blamnont Fonnation is mainly fonned of massive
quartzite with rare pelitic intercalations where Oldhamia
were observed by Malaise (1900 p. 190). The very thick
Tubize Fonnation (at least 2000 m) is made of greenish
slates, siltstones and rhythmic thick alternation of
feldspathic sandstone, siltstone and slate (Verniers et al.,
2001). Oldhamia is observed in the three members of the
fonnation (Fig. 1), with a preference for the siltstone
interval ofthe turbidite sequence. No other trace fossil has
been described in the three lowennost fonnations of the
Brabant Massif. This stratigraphie interval conesponds
with the interval of the Les Quatre Fils Aymon and the
Belleville fonnations in the Ardennes Inhere (see above §
2.2 and Fig. 1).

We can conclude that the Oldhamia of the Blamnont
and the Tubize fonnations have an upper age limit
conesponding to the age of the Oisquercq Fonnation,
which is the interval from the upper part of the lower
Cambrian to the lower part of the middle Cambrian
{Holmia Zone to Paradoxides oelandicus Zone). Similarly
as for the Deville Group (see above §2.2) we can conclude
that in the new global chronostratigraphy ofthe Cambrian
(Peng & Babcock, 2008 fig. 4.4 and 4.5) this age
corresponds to the interval from the upper third of Stage 3
to the lower three quarters of Stage 5 (Fig. 2). The
enviromnent of deposition changes from a shallow shelf
or rift for the Blamnont Fonnation to a deep sea
enviromnent for the Tubize Fonnation where Herbosch &
Verniers (2002) described hemipelagic sediments and low
to high density turbidites. The Brabant Massif belongs to
West Gondwana (SE side of the future Avalonia
microplate).

2.4. Weymouth Formation, Massachusetts, USA (West
Gondwana)

Howell (1922) was the first to describe O. antiqua in red
shale of the Weymouth Fonnation, in Weymouth,
Massachusetts. The specimen was recently retraced in the
collections of the Smithsonian Institution by Dr. Mark
McMenamin (pers. coimn.) who confinned the
identification. This fonnation contains grey-green and red
shale with limestone nodules and also some beds and
lenses of clayey limestone (Goldsmith, 1991 p. E32).
Outcrops ofthe fonnation are rare with no known complete
section. Its thickness can only be estimated to be about
100 m. The covering unit, the Braintree Argillite, consists
of shale and massive argillite (300 m) and can be dated to
a middle Cambrian age. The two units can be considered
as shallow water platfonn deposits. An outcrop 150 m
NW of the locality where the Oldhamia was discovered
and stratigraphically lower (Landing, 1988 p. 662)
contains the trilobites Callavia broeggeri and Strenuella
strenua (Burr, 1900), characteristic species ofthe Callavia
broeggeri Zone in W Avalonia. This age of upper part of
the lower Cambrian confirms an older study with small
shelly fossils (Landing, 1988 fig. 4). Landing (1996, p.
49) demonstrated that the upper part of the Weymouth
Fonnation correspond exactly with the Brigus Fonnation
in SE Newfoundland which also belongto the C. broeggeri
Zone.

The trilobites and Oldhamia being found in close
proximity and in the same fonnation, we can conclude
that the Oldhamia in the Weymouth Fonnation have an
age coeval with the Callavia broeggeri Zone. This biozone
is conelated in broad outline with the lower half of the
Branchian Series (Geyer & Shergold, 2000 Table 1). In
the global chronostratigraphy of the Cambrian (Peng &
Babcock, 2008 fig. 4.5) this series is conelated with the
interval from the upper third of Stage 3 to the lower third
of Stage 4 (Fig. 2). The enviromnent of deposition of this
fonnation is interpreted as a shallow platfonn, belonging
to the future Avalonia microplate (Goldsmith, 1991) (Fig.
3).
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Figure 3. Distribution
of Oldhamia
rences on a palacogeo-
graphic reconstruction
at the boundary be-
tween middle and up-
per Cambrian at about
500 Ma (modified after
Cocks &  Torsvik,
2002). The approximate
position of Mongolia is
after Cocks & Torsvik
(2007). The position of
Nova Scotia (Meguma)
between Gondwana and

occur-

Avalonia is after
Waldron et al. (2009
fig. 3). Belgium has two
occurrences (Brabant
Massif and Deville
Group). Newfoundland
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spectively to Blow Me
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Cuslett fonnations. The
doubtful occurrence in
Spain is not drawn.
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2.5. Cuslett Formation, Burin Peninsula, SE

Newfoundland, Canada (West Gondwana)

Ed Landing (pers. comm.) authorized us to mention an
unpublished discovery of Oldhamia in the Cuslett
Fonnation inthe SE ofthe Burin Peninsula, Newfoundland
(Landing, 1996 fig. 1,2). These Oldhamia canbe observed
in Member 4 of the Cuslett Fonnation, 2-3 meter below
the covering fonnation, which lies in unconfonnity and
belongs to the Callavia broeggeri Zone. The Member 4 is
thin and consists of red shale with thin cold-water
limestone (shell ash), testifying a very shallow shelf
deposit. The Cuslett Fonnation, with a thickness of about
200 m, is situated in the Camenella baltica Zone ofthe W
Avalonia zonation.

As Camenella and Oldhamia are observed in the same
fonnation, we could conclude that the Oldhamia belong
to the Camenella baltica Zone. This zone placed at the top
of the Placentian Series, is equivalent in the global
chronostratigraphy of the Cambrian (Peng & Babcock,
2008 fig. 4.5) to the lower two thirds of Stage 3 (Fig. 2).
The enviromnent of deposition of this fonnation is
interpreted as a shallow platfonn (Landing, 1996),
belonging to the future Avalonia microplate (Goldsmith,
1991).

2.6. Kern Nesrani Formation, NW

Morocco (Gondwana)

Sehoul Zone,

El Hassani & Willefert (1990) described Oldhamia

flabellata and O. kernnesraniensis n. isp. in the Kern
Nesrani Fonnation in the Sehoul Zone, N of Rabat,
Morocco. Seilacher et al. (2005), however, put the two
species in synonymy with (). antiqua. These Oldhamia
are observed very close to levels where the trilobite
Parasolenopleura is observed, a species encountered in
the Paradoxides oelandica Zone ofBaltica (detennination
by G. Geyer same reference) from the lower part of the
middle Cambrian.

The Kern Nesrani Fonnation, with a thickness of more
than 300 meter, is made of decimetric to metric sandstone
beds alternating with metric pelitic beds. El Hassani &
Willefert (ibid.) interpret the enviromnent of deposition as
deltaic. However the description of this unit, with
sandstone showing structures such as fining upward,
oblique stratification, slumps and microbreccias, could
suggest also a turbiditic enviromnent. This seems to be
corroborated by recent studies showing that the Ediacaran
to middle Cambrian deposits of the western margin of
Gondwana correspond to turbiditic infillings of rift
systems (Vaughan & Pankhurst, 2008; Alvaro et al.,
2008).
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By their proximity to the trilobite level we can
conclude that the Oldhamia ofthe Kern Nesrani Fonnation
belong to the Paradoxides oelandicus Zone of the Baltica
trilobite zonation. In the W Avalonia zonation it
corresponds to the part of the Acadian Series under the
Ptvchagnostus gibbus Zone (Gyer & Shergold, 2000,
table 1). In the global chronostratigraphy ofthe Cambrian
(Peng & Babcock, 2008 fig. 4.4) this interval extends
from the Oryctocephalus indicus Zone (base of Stage 5)
to the base ofthe Ptvchagnostus gibbus Zone (Zhao et al.,
2008). The age ofthe Kern Nesrani Fonnation conesponds
hence to the lower two thirds of Stage 5 (Fig. 2). The
enviromnent of deposition, initially interpreted as deltaic,
can be more probably interpreted as deep marine of
turbiditic type. The fonnation was deposited on the NW
part of Gondwana (Fig. 3).

2.7.  Puncoviscana  Formation,
(Gondwana)

NW  Argentina

Acefiolaza & Durand (1973, 1984) described O. antiqua,
(). radiata and a new species O. flabellata in the
Puncoviscana Fonnation from the NW of Argentina. It is
the only region onthe world where five ofthe six Oldhamia
species have been observed (see § 1.2). The fonnation
exhibits a very rich ichnofauna abundantly described in
the literature (syntheses by Acefiolaza & Acefiolaza, 2007,
Acefiolaza et al., 2009; Buatois & Mangano, 2004;
Seilacher et al., 2005). The Puncoviscana Formation vev.vy/
lato fonns one of the largest sedimentary basins of South
America, extending at least 1000 km N-S and 250 km
E-W. The basin shows a more than 3000 m thick
predominantly terrigeneous series, which was later
metamorphosed and strongly tectonically defonned (Jezek
et al., 1985; Acefolaza & Toselli, 2009). The stratigraphy
is poorly known because ofthe lithological homogeneities
and the tectonic complexity, hampering lithostratigraphical
conelation. As Acefiolaza & Acefiolaza (2007, p. 1) put it
«..lithological  correlation, dating and precise
identification of sequences in the Puncoviscana basin are
highly problematic, with the only clear data points
provided by trace fossils and rare geochronological
input...».

The sedimentological study by Jezek et al. (1985)
could show that most ofthe infillings correspond to mass-
gravity transport bringing in turbidites, debris-flow and
conglomerates in an enonnous submarine fan, prograding
on pelagic sediments in a basin with a very long-lasting
subsidence history. The massive red pelitic rocks
correspond to pelagic sediments, while the rarely occurring
carbonate series were deposited on rises. Directional
sedimentary structures prove that the sediments were
distributed by currents coming from the east (Jezek et al,,
1985 fig. 3). The Oldhamia iclmofacies is preferentially
encountered inthe NW part ofthe basin in finely laminated
distal turbidites (Jezek et al., 1985 fig. 1; Buatois &
Mangano, 2003b, 2004).

The age of this fonnation is strongly debated by the
palacontologists (see for example Acefiolaza, 2005;
Buatois & Mangano, 2005). Forthe majority ofthe authors

the sedimentation would have started in the Ediacaran or
even before (Acefolaza & Acefiolaza, 2007 fig. 2), and
continued until the lower Cambrian. The controversy
bears mostly on the age of the Cambrian part, which is
restrained by the age of the unconfonnable covering
Meson Group. However, in spite of the absence of
arguments based on finn  stratigraphical and
palaeontological observations these authors arrive to the
same conclusions relative to the age of Oldhamia: the
lower part of the lower Cambrian for Acefiolaza &
Acefiolaza (2007 fig. 2) and Adams et al. (2010, fig. 2)
and Nemakitian-Daldynian for Mangano & Buatois (2004
fig. 1), Buatois & Mangano (2003b, 2005 fig. 1) and
Seilacher et al. (2005). Both ages indeed correspond
approximately to the Fortunian of the global
chronostratigraphy of the Cambrian (Peng & Babcock,
2008 fig. 4.5).

U-Pb dating on detrital zircons (Adams et al., 2008,
2010) recently added new constrains. On one hand, the
maximum age for the deposition of the base of the Meson
Group would now be early Late Cambrian. This suggests
that the sedimentation of the Puncoviscana Fonnation
might have been continued until the middle Cambrian
(Adams et al., 2010 fig. 2). On the other hand, the youngest
U-PD detrital zircon age components in the Puncoviscana
Fonnation greywackes itself, some of which originate
from contemporary volcanic sources, indicate a maximum
depositional age in the early early Cambrian (JJ2: 530 + 4
Ma, LRJ1: 525 = 3 Ma) to late early Cambrian (CAC3:
522 + 4 Ma, AMPI: 514 + 8 Ma; Adams et al., 2010 table
1). This range extends down until the base of Ediacaran (8
samples from 545 to 636 Ma). These values prove that
sedimentation has really started at the base of the
Ediacaran, but, more importantly that it continued much
after the lower part ofthe lower Cambrian, as it is still the
opinion of the majority of authors.

Even ifit would seem difficult to conclude objectively,
seen the many contradictions in the literature, it seems
reasonably to use the consensus of the palaeontologists,
for whom the Oldhamia of the Puncoviscana Fonnation
sensu lato obviously belong at the minimum to the
Fortunian of the global chronostratigraphy of the
Cambrian. But with the new detrital zircon ages it is not at
all excluded that the Oldhamia can be observed until the
top of Stage 3 (-515 Ma; Ogg et al., 2008) or even in
Stage 4 (Fig. 2). The best argued interpretation of the
enviromnent of deposition is that of a continental slope
along the S Pacific margin of Gondwana (Jezek et al.,
1985; Do Campo & Guevara, 2005; Acefiolaza & Toselli,
2010).

2.8. Mount Wegener Formation, Shackleton Range,
Antarctica (Gondwana)

Buggish et al. (1994) describe O. radiata and O. antiqua
in the Mount Wegener Fonnation in the SE of the
Shackleton Range on Antarctica. This fonnation is made
of shale, greywacke and conglomerate and according to
its sedimentological features deposited in a deep
enviromnent on a continental slope, possibly its upper
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part (Buggish & Henjes-Kunst, 1999). This more than
600 m thick fonnation yields Oldhamia in its upper part,
unit 6 composed of shale and sandstone. The underlying
units 1, 4 and 5 contain carbonate olistoliths and
conglomerates with carbonate clasts, in which
archaeocyathids, cyanobacteria of the Epiphvton-
Gin anella group and trilobites have been observed.

Buggish & Henjes-Kunst (1999 p. 227) suggest an
Atdabanian age by the presence of these fossils and the
high diversity of the archaeocyathids. In the global
chronostratigraphy the Atdabanian corresponds to the
lower half of Stage 3 (Peng & Babcock, 2008 fig. 4.5).
Babcock & Peng (2007), Zhu et al. (2007 fig. 1) and Peng
& Babcock (2008) all indicate that the archaeocyathids
have their appearance at the middle of Stage 2, with their
acme in the lower half of Stage 4 and their abrupt
disappearance since the middle of the same Stage 4. The
oldest trilobites are seen near the base of Stage 3 (Babcock
& Peng, 2007; Peng & Babcock, 2008 p. 40). As a
consequence a bit larger age interval seems prudent.

Hence we can conclude that Oldhamia recovered from
the Mount Wegener Fonnation, just
archaeocyathids, have an age that could extend from the
base of Stage 3 (appearance of trilobites) to about the
second halfof Stage 4 (extinction ofthe archaeocyathids).
The high diversity of the archaeocyathids hints towards
the lower half of Stage 4 (Fig. 2). The enviromnent of
deposition of these turbidites and conglomerates is
interpreted as a deep marine continental slope on the
southern margin of Gondwana (Fig. 3).

above the

2.9. Besonderheid Formation,
South Africa (Gondwana)

Vanrhynsdorp basin,

Gresse et al. (1996) mention the presence of Oldhamia in
the Vanrhynsdorp Basin, forming the southern extremity
of the large Nama Foreland Basin in Namibia and South
Africa. The study of the rich ichnofossil assemblages in
that basin indicates that the new species O. geniculata is
present in the Besonderheid Fonnation (Knersvlakte
Group), while the iclmospecies Treptichnuspedum (it first
occunence being used to define the base ofthe Cambrian,
Landing et al., 2007) is present in the seven covering
fonnations (Gresse & Genns, 1993; Buatois et al., 2007;
Almond et al., 2008; Acefiolaza et al., 2009). The
Knersvlakte Group contains terrigenuous sediments
deposited in a prograding deltaic succession (Gresse &
Genns, 1993), with distal turbidites in the Gannaboos
Fonnation, and more proximal turbidites in the succeeding
Besonderheid Fonnation.

The age ofthe fonnation itselfcould notbe constrained
by fossils or by radiometric ages of interstratified tuffs.
However, based on the stratigraphical succession of the
observed trace fossils Almond et al. (2008 fig. 1) place the
Ediacaran-Fortunian boundary at the base of the
Besonderheid Fonnation and the seven covering
fonnations in the Fortunian. In consequence the Oldhamia
observed in the Besonderheid Fonnation would belong to
the extreme base of the Fortunian. The surprising
stratigraphical position of the Oldhamia below the levels
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with Treptichnus is explained by the deeper turbiditic
nature ofthe Besonderheid Fonnation.

We can conclude, even in the absence of classic
biostratigraphical or radiometric arguments that the
Oldhamia of the Besonderheid Fonnation belong to the
extreme base of the Fortunian (Fig. 2). The deep
enviromnent is of a deltaic flyschtype. The Vanrhynsdorp
Basin is part of the southern margin of the Gondwana
(Gresse, 1995).

2.10. Grand Pitch Formation, Maine, USA (Dunnage,
peri-Gondwana)

Smith (1928) found Oldhamia in red shale in what is now
called the Grand Pitch Fonnation (Neuman, 1962) in NE
Maine (Appalachians). This fonnation shows an
alternation of light-coloured quartzite, darker feldspathic
quartzite and grey, green and red shale in variable
proportion, deposited in a deep marine enviromnent
(Churchill-Dickson, 2007). This fonnation is covered in
major unconfonnity by the Shin Brook Fonnation dated
as “Arenig” (Neuman, 1997). Neuman (1962) describes
other occunences of Oldhamia along the Penobscot River
in Grand Pitch and he attributes them to O. smithi
Ruedemann. But Seilacher et al. (2005) would attribute
them rather to O. antiqua.

The age of the Grand Pitch Fonnation is only
constrained by the presence of Oldhamia and by the
“Arenig” age of the covering fonnation, it is coarsely the
whole ofthe Cambrian. No recent infonnation (Marvinney,
pers. coimn.) allows nanowing down its age. The
enviromnent of deposition is deep marine with turbidites.
This fonnation belongs to an oceanic arc sequence
belonging to the peri-Gondwana Dunnage domain (Iapetan
Realm of Hibbard et al., 2007b fig. 1).

2.11. Church Point Formation, Goldenville Group, Nova
Scotia, Canada (Meguma, peri-Gondwana)

O. radiata was recently discovered in the Church Point
Fonnation of the Goldenville Group in SW Nova Scotia,
Canada (Waldron et al., 2009; Gingras et al., 2011). Itis a
part ofthe Meguma Supergroup in the new nomenclature
ofWhite (2008) characterized by avery thick terrigenuous
succession of more than 10 km, extending from the
Cambrian and possibly late Ediacaran to the base of the
Tremadocian. The basal Goldenville Group, with a
thickness of 6 to 8 km, is composed of a monotonous
sequence of thick light-coloured sandy turbidites, while
the succeeding Halifax Group is made of dark-coloured
silty turbidites.

The Oldhamia in the High Head Member is
accompanied by abundant other trace fossils as
Helminthopsis, Phoebichnus, Psammichnites and
Taenidium. The 700 m thick sequence of grey-green
metasiltstone is intercalated in the middle of the Church
Point Fonnation, which is composed ofthick to very thick
sandstone beds with rare interbeds of siltstone and green
or black shale (White et al., 2005; Waldron et al., 2009 fig.
1). The only biostratigraphical constraint is the presence
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at the top of the Goldenville Group of a trilobite faunule
of middle Cambrian age (Pratt & Waldron, 1991).

In conclusion the age ofthe High Head Member ofthe
Church Point Fonnation is only constrained by the
presence of Oldhamia and the middle Cambrian age ofthe
top of the Goldenville Group. The age of the beds
containing the Oldhamia could be from basal Cambrian to
somewhere in the middle Cambrian. The enviromnent of
deposition is deep marine from a turbiditic fan system to
a basin-plain (Waldron & Jensen, 1985). The Meguma
Supergroup belongs to the peri-Gondwana terranes
(Hibbard et al., 2007a, b; Waldron et al., 2009).

2.12. Czarna Shale Formation, Holy Cross Mountains,
S Poland (Baltica?)

Kowalski (1983, 1987 plate I) describes O. antiqua at the
base of the Czarna Shale Fonnation in the Malopolska
block of the Holy Cross Mountains in south-central
Poland. This fonnation consists of an 800 m thick
succession ofsandstone, siltstone and shale. The Cambrian
units start above an unconfonnity with the 30 m thick
Osiek Sandstone Fonnation in which the iclmospecies
Treptichnus pedum is found. Oldhamia is observed in the
more silty lower member of the Czarna Shale Fonnation
at less than about 100 m above the levels with Treptichnus
(Kowalski, 1987 fig. 2). For Jaworowski & Sikorska
(2006), the Holy Cross Mountains were part of a large
terrigenuous shelf belonging to the passive margin of
Baltica.

The age of the Czarna Shale Fonnation is poorly
established with contradicting opinions and no recently
published studies (Zylinska, pers. comm.). Pozaryski et
al. (1981 in polish, in Kowalski, 1983 p. 184 and p. 195;
1987 p. 31) dated the lower member using acritarchs as
coeval with the Holmia and Schmidtiellus Baltica trilobite
zones, which conespond to the middle part of the lower
Cambrian. On the other hand, according to Kowalski (op.
cit.) the presence of the iclmospecies Sabellidites
cambriensis shows that these strata belong to the extreme
base of the lower Cambrian. What is however well
established is the age of the covering fonnation, the
Ocieseki Fonnation (Orlowski, 1989, 1992): its lower
part could be dated with trilobites from the Holmia Zone
to the Schmidtiellus Zone of Baltica. This conesponds in
the W Avalonia zonation (Gyer & Shergold, 2000 table 1)
to the Camanella baltica and Callcnna broeggeri zones.
This interval extends in broad outline from the appearance
of'the trilobites to the lower half ofthe Branchian Series.

With these conflicting opinions we can only conclude
that Oldhamia of the Czarna Shale Fonnation lias an
upper age limit conesponding to the age of the Ocieseki
Fonnation, which in the global chronostratigraphy of the
Cambrian (Peng & Babcock, 2008 fig. 4.5) conesponds to
the interval from the base of Stage 3 to the lower third of
Stage 4 (Fig. 2). The enviromnent of deposition is shallow
on the distal part ofthe shelf. The palacogeography ofthe
Holy Cross Mountains is also debated: either it is a peri-
Gondwana tenane (for example Belka et al., 2000) or part
of Baltica (Cocks, 2002; Jaworowki & Sikorska, 2006;

Nawrocki & Poprawa, 2006; Nawrocki et al., 2007), with
the latter more favoured in recent publications.

2.13. Nassau Formation, New York, USA (peri-Laurentia,
Dunnage)

The first discovery of Oldhamia in the United States was
by Walcott (1894) in reddish shale, associated with green
shale and thin sandstone beds of the Nassau Fonnation.
Other occunences are mentioned by Dale (1904 p. 13)
and Ruedemann (1929). The species O. occidens created
by Walcott is attributed by Seilacher et al. (2005) to O.
radiata. Inthe allochthon ofthe Appalachians, the thrusted
unit of Gidding Brook shows a 600 thick condensed series
extending from the highest Ediacaran to the Late
Ordovician (Stanley & Ratcliffe, 1985; Landing, 2007 fig.
5). The Nassau Fonnation consists at its base of the
Bomoseen Member, made of greywacke in grey-green
shale, followed by the Truthville Member fonned by
green and reddish shale with large bioturbations and some
sandstone beds. The whole sequence was deposited in a
deep marine enviromnent with a turbiditic sedimentation
ona continental slope (Stanley & Ratcliffe, 1985; Landing,
2007).

The recent discovery of a trilobite sclerite at the top of
the Bomoseen Member (Landing, 2007 p. 18), while
Oldhamia is observed in the covering Truthville Member
(Landing, pers. comm.) provides a lower age limit for
Oldhamia,because the first trilobites appear at the base of
Stage 3. An upper limit is given by the age ofthe Browns
Pond Fonnation, overlying the Nassau Fonnation, in
which the lower Elliptocephala assaphoides assemblage
is observed (Landing, 2007 fig. 5). The age of this
assemblage is still debated (Landing, 2007 p. 20), but is
generally attributed to the middle part of the Bonnia-
Olenellus Zone, while other authors place it rather at the
base of this zone (Landing & Bartowski, 1996;
Hollingworth, 2005; Landing, pers. comm.).

In conclusion the Oldhamia of the upper part of the
Nassau Fonnation have an age between the appearance of
the trilobites and the middle part ofthe Bonnia-Olenellus
Zone, which conesponds in the global chronostratigraphy
ofthe Cambrian (Peng & Babcock, 2008 fig. 4.4) broadly
taken to the interval from the base of Stage 3 till the lower
part of Stage 4 (Fig. 2). This fonnation is part ofa sequence
of deep marine deposits on the western margin of the
Iapetus Ocean belonging to the peri-Laurentia Dunnage
domain (Iapetan Realm of Hibbard et al., 2007b).

2.14. Saint-Nicolas Formation, Sillery Group, South
Quebec, Canada (Laurentia)

Lapworth (1886) and later Walcott (1894) were the first to
report the presence of Oldhamia in the Sillery Group in
southern Quebec. More recently. Sweet & Narbonne
(1993) described there O. curvata together with a new
species O. smithi, but Seilacher et al. (2005) consider ().
smithi as a junior synonym of O. cuneata. The Sillery
Group consists of the Sainte-Foix, the Saint-Nicolas and
the Breakeyville fonnations (St-Julien & Osborne, 1973).
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These 1000 m thick units consist ofan alternation of shale
and feldspathic sandstone, deposited in a deep marine
enviromnent. The Oldhamia were observed in the Saint-
Nicolas Fonnation, which consists of an alternation of
green, black or red shale with sandstone beds.

The Saint-Nicolas Fonnation is devoid of fossils, but
the overlying Breakeyville Fonnation contains the
inarticulate brachiopod Botsfordia pretiosa (Ulrich &
Cooper, 1938). In W Avalonia trilobite zonation Botsfordia
extends from the Callavia broeggeri Zone to the top ofthe
lower Cambrian (Sweet & Narbonne, 1993 p. 70). This
interval conesponds exactly to the Branchian Series
(Geyer & Shergold, 2000 Table 1).

Hence, the Oldhamia in the Saint-Nicolas Fonnation
have an upper age limit conesponding to the age of the
Breakeyville Fonnation, which is the upper part of the
lower Cambrian or the Branchian Series. In the global
chronostratigraphy of the Cambrian (Peng & Babcock,
2008 fig. 4.5) this age extends from the upper third of
Stage 3 to the top of Stage 4 (Fig. 2). The enviromnent of
deposition is deep marine of turbidite fan type (Hesse &
Ogunyomi, 1982).

2.15. Blow Me Down Brook Formation, Ne\vf'ound/and,
Canada (Laurentia)

Lindholm & Casey (1989, 1990) described Oldhamia in
numerous outcrops ofthe Blow Me Down Brook (BMDB)
Fonnation belonging to the Hmnber Ann Allochthon on
the SW coast of Newfoundland. The many species include
the very frequent O. smithi. O.flabellata and O. cuneata
and the rare O. radiata and O. antiqua. Seilacher et al.
(2005) consider that the specimens detennined as O.
smithi belong rather to O. antiqua. Several others
occunences are described by Gillis & Burden (2006). The
Hmnber Ann Allochthon has at its base the Curling Group
ranging in age from the top of the Ediacaran (?) to the
lower Cambrian. This group contains the Summerside and
the Irishtown fonnations but also the BMDB Fonnation,
considered as a more distal equivalent of the two other
fonnations (Burden et al., 2001 fig. 2). The BMDB
Fonnation, about 400 m thick is mainly built up of
conglomerate, lithic subarkose, and sandstone in thick
grey or green beds interstratified with black, green or red
shale. The very abundant sedimentary structures show
that these rocks were deposited by gravity-driven
processes in a deep marine enviromnent of turbidite fan
type, probably in a marginal rift system (Gillis & Burden,
2000).

The only fossil collected in the Curling Group is a
trilobite fragment in a limestone clast of the Irishtown
Fonnation (Lindholm & Casey, 1990). Acritarchs were
mentioned in the black shale of the BMDB Fonnation
(Palmer et al.,, 2001; Burden et al., 2005), but the
preliminary study does not allow yet an accurate dating
(Burden, pers. comm.). Indirect dating is however possible
based on the stratigraphical relation with the units in the
Hmnber Ann Autochthon, which are richer in fossils
(Burden, pers. comm.). Indeed the Forteau and Hawke
Bay fonnations are partially the lateral equivalents of the
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upper part of the BMDB Fonnation. The very top of the
Hawke Bay Fonnation contains trilobites ofthe Plagiura-
Poliella Zone (equivalent to the Oryctocephalus indicus
Zone; Geyer & Shergold, 2000 Table 1) marking an upper
age limit. The Forteau Fonnation and the lower part ofthe
Hawke Bay Fonnation contain trilobites and
archaeocyathids of the Bonnia-Olenellus Zone fonning a
lower age limit.

We can conclude, under the reservation that the
regional conelations can not exactly be proven, that the
Oldhamia in the BMDB Fonnation have an age coeval to
the interval from the Bomnnia-Olenellus Zone to the
P lagiura-Pobelia Zone of Laurentia. In the global
chronostratigraphy of the Cambrian (Peng & Babcock,
2008 fig. 4.4) this age extend about from the upper third
of Stage 3 to the lower third of Stage 5 (Fig. 2). The
enviromnent of deposition is of a deep marine turbidite
fan type, probably in a marginal rift system. The Hmnber
Ann Allochthon belongs to the margin of the Laurentia
continent (Lindholm & Casey, 1990).

2.16. Sehvyn, Barn and British Mountainsfrom North
Yukon, Canada and Brooks Range from NE Alaska,
USA (Laurentia)

Hoffman & Cecile (1981) describe Oldhamia in the area
of Niddery Lake in the Selwyns Mountains of central
Yukon. This study has been completed by new finds in the
same area and also in the Neruockpuk Fonnation of the
Bam and the British Mountains from northern Yukon
(Hoffman et al., 1994). The Oldhamia probably are
originating from a comparable stratigraphical level (Lane,
1991) as these found in NE Alaska (Mertie, 1937; Churkin
& Brabb, 1965). The sediments from the Niddery Lake
area show numerous trace fossils: O. radiata. Oflabellata.
O. wattsi. O. curvata. Planolitesissp..Helminthoidichnites
isp. As in other cases Seilacher et al. (2005) consider O.
wattsi a fonn close to O. radiata.

All Oldhamia from the Nidery Lake area occur in the
middle of the Unit ICma, a 100 m thick unit of chestnut
brown and green argillite with siltstone intercalations.
The discovery of archaeocyathids in the Unit Ca at about
100 m above the argillite with Oldhamia, allows dating
them as lower Cambrian. The Oldhamia from the Bam
and the British Mountains are recovered from the same
very characteristic argillite and siltstone unit, however,
without any other fossils. On the contrary in the Alaskan
part of the British Mountains archaeocyathids have been
observed at the same stratigraphical level as where the
Oldhamia occur (Churkin & Brabb, 1965 fig. 3). This unit
that comprises turbidites, coarse-grained sandstone,
conglomerate and limestone has been deposited in a deep
basin (Hoffman & Cecile, 1981). The archaeocyathids
appear near the middle of Stage 2, have their acme in the
lower half of Stage 4 and there is a consensus that they
disappear abmptly from the middle of Stage 4 (Zhu et al.,
2007 fig. 1; Babcock & Peng, 2007).

Considering the stratigraphical proximity ofthe levels
with archaeocyathids and with Oldhamia we can conclude
that the Oldhamia in the unit of chestnut brown and green
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argillite from northern Yukon and also from NE Alaska
have an age only constrained by the time range of the
archaeocyathids. In the global chronostratigraphy of the
Cambrian this interval is rather long, extending from the
upper part of Stage 2 to about the middle part of Stage 4
(Fig. 2). The enviromnent of deposition is deep of a
turbiditic type, probably on a prograding margin
(MacNaughton et al., 2005). The Selwyn Basin belongs to
the passive Pacific margin of the Laurentia continent
(Dewing et al.,, 2004), while the Bam and the British
Mountains are part of the Arctic Alaska plate with a still
debated origin (Lane, pers. comm.).

2.17. Grant Land Formation, Northern Ellesmere
Island, Canada (Laurentia)

Hoffman et al. (1994) describe Oldhamia in the upper part
of the Grant Land Fonnation on the northern part of
Ellesmere Island, Canada. Various species have been
observed: O. radiata, O. flabellata, O. antiqua, and O.
cun ata, accompanied by Didvmaulichniis sp. and
Planolites sp. The upper member of this approximately
1500 m thick fonnation is mainly composed of sandstone
interstratified with shale of different colour. The
enviromnent of deposition is interpreted as a deep
submarine fan system. The top of the Grant Land
Fonnation at about 100 or 200 m above the levels with
Oldham is regionally conelated with the upper part of the
lower Cambrian by the occunence of trilobite of the
Bonnia-Olenellus Zone of the Laurentia biozonation
(Trettin et al., 1991).

We can conclude, even ifthe conelation is at a regional
scale, that the Oldhamia of the upper part of the Grant
Land Fonnation have an age conesponding to the upper
part of the lower Cambrian, more exactly the local stage
Dyeran (Gyer & Shergold, 2000). In the global
chronostratigraphy of the Cambrian (Peng & Babcock
2008 fig. 4.4 and 4.5) this age conesponds broadly taken
to the interval from the upper third of Stage 3 to the lower
half of Stage 4 (Fig. 2). The enviromnent of deposition is
a deep submarine turbidite fan system. The sequence was
deposited in the Franklinian Basin belonging to the
northern margin of Laurentia (Dewing et al., 2004).

2.18. Kaili Formation, Guizhou, China (South China)

O. radiata in association with a very rich iclmofauna of
the Cruziana facies has been described by Yang (1994
plate I fig. 7) in the Kaili Fonnation of Taijing, Guizhou
(SW Cliina). The middle part of this fonnation became
famous under the name ofthe Kaili Biota not only because
of its remarkable diversity in iclmofossils (Lin et al,
2010), but also because ofthe exceptional conservation of
the body fossils (trilobites, eclfinodenns, arthropods,
etc...). The Kaili Biota is known as a Burgess Shale-type
Fossil Lagerstiitte.

The fonnation, about 200 m in thickness, consists
mainly of shale and silty mud rock except at its base and
top where carbonate rocks are interstratified with shale.
The enviromnent of deposition conesponds to the external

part ofthe Yangtze platfonn with depths close to the lower
limit ofthe photic zone and in the zone ofdistal tempestites
(Lin et al.,, 2010). The Kaili Biota is situated in the
terrigenuous central part of the Kaili Fonnation and
corresponds to the Oryctocephalus indicus trilobite Zone
(Lin et al., 2010 fig. 1), characterizing the lower part of
Stage 5 in the global chronostratigraphy of the Cambrian
(Peng & Babcock, 2008 fig. 4.4). The base of the
Oryctocephalus indicus trilobite Zone in the Kaili
Fonnation lias been proposed as GSSP of Stage 5 (Zhao et
al., 2007).

Because of the occunence of Oldhamia in the Kaili
Biota (Lin et al., 2010 Appendix A «Oldhamia rare in the
Kaili Biota») we can affinn that their age is exactly the
lower third of Stage 5. This region belongs to the South
Clfina tenane, situated to the E of the NE border of
Gondwana (Cocks & Torsvik, 2002).

2. 19. Poorly documented or doubtful occurrences

O. radiata was observed in the Bayan Goi Fonnation in
the Zavkhan basin of Mongolia (Goldring & Jensen, 1996
fig. 2). Unfortunately the Tayslfir I section where they are
found has not been well conelated stratigraplfically. Older
references seem to indicate that it would belong to the
Atdabanian {op. cit. p. 411) conesponding in the global
chronostratigraphy of the Cambrian (Peng & Babcock,
2008 fig. 4.5) to the lower halfof Stage 3. The enviromnent
of deposition of the strata is probably shallow due to the
presence of limestone levels.

Crimes et al. (1977 plate 6 and p. 121) describe O.
radiata in the Vegadeo Limestone of the lower Cambrian
in Ponfenada (northern Spain). The enviromnent of
deposition is certainly shallow. The photos are not
demonstrative and the authors state that: “the specimens
are fragmentary and the burrows tectonically defonned.
While they are provisionally included within this
iclmogenus, some specimens bear a slight resemblance to
Zoophycus  Hence this occurrence is considered as
doubtful.

3. Synthesis and discussion

3.1. The stratigraphical time range of the genus
Oldhamia

As enumerated in the previous chapters and as far as the
overview is complete, the iclmogenus Oldhamia has been
encountered in 19 different areas worldwide. Only 16 of
them have been dated accurately enough to constrain the
stratigraphical time range in which the producers of the
iclmogenus have lived in the Cambrian. The three unusable
occurrences are: the Grant Pitch Fonnation (Maine, §
2.10), the Church Point Fonnation (Canada, § 2.11), both
with a too widespread time range and the poorly
docmnented Mongolian occunence (§ 2.19).

The synthesis of the stratigraphical time ranges of
Oldhamia is shown graphically in Fig. 2, where the most
confident deduced time range is indicated in a grey
rectangle for each of the 16 occunences. This figure is
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based on the Cambrian time scale of Peng & Babcock
(2008 fig. 4.5), published under the umbrella of the
International Stratigraphical Commission (Ogg et al.,
2008). Horizontal full lines correspond to well dated
lower or upper limits of the time range, horizontal dashed
lines to probable limits. Vertical dashed lines with arrows
indicate the possible extensions of the time range. For the
occurrences where only the age ofthe covering fonnation
has been established, the words «upper age» were added
above the grey rectangle. In this case the upper full line of
the grey rectangle conesponds to the upper age limit for
the fonnation with Oldhamia. There is no lower line
because the real lower limit is unknown and only a dashed
line with an anow pointing down with a question mark is
shown. When the covering fonnation is used to date the
Oldhamia bearing unit, the grey rectangle gives
nevertheless a rough estimation of the age of the lower
limit.

We can immediately observe from Fig. 2 that the 16
occunences are stratigraphically distributed in two distinct
age groups: a small group of two “older” Oldhamia
occunences in a not very well delimited part of the
Fortunian and a second, “younger” group with 14
Oldhamia occurrences densely distributed between the
base of Stage 3 and the lower three quarters of Stage 5.
Both groups are separated by a large interval with no
occunences of Oldhamia conesponding to Stage 2. This
repartition in two unequal groups separated by an interval
devoid of Oldhamia is at first sight astonishing and raises
questions about its interpretation. Therefore we have to
evaluate in detail the value of each of the particular
stratigraphie constrains in both groups.

3.1.1. Theyounger group with 14 occurrences

In this group with 14 occunences, 10 are very well dated
by using macro- or microfossils present in the same
fonnation containing the Oldhamia’. it is fonnations of
Bray Head (Ireland), Ardennes (S. Belgium), Weymouth
(Massachusetts), Cuslett (Newfoundland), Kern Nesrani
(Morocco), Mount Wegener (Antarctica), Nassau (New
York), Kaili (S. China), Blow Me Down Brook
(Newfoundland) and Grant Land (Ellesmere). The two
latter occunences are slightly less well dated because
indirect stratigraphical conelations have been used (see
above §2.15 and2.17). However the largest stratigraphical
interval conesponding to these ten occurrences all
stretches as mentioned above from the base of Stage 3 to
the lower three quarters of Stage 5. The number and the
quality ofthe stratigraphical constrains allow to ascertain
that the Oldhamia-maker have lived at least within that
given time range.

The other 4 occunences have an age range clearly less
constrained, because either only the age of the covering
fonnations could be used (Brabant, N. Belgium; Czarna,
Poland and St-Nicolas, Quebec), or only long ranging
fossils (Selwyn, N. Yukon). The upper limit is always
very well defined, even when it is an upper age limit, and
it is never higher than the lower three quarters of Stage 5
(Fig. 2), confinning and reinforcing the previous value.
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On the other hand, the lower limit is unknown, because
the age is defined in the covering fonnation (as explained
above) and therefore these three occunences are not very
useful to constrain the lower age. However we can observe
that the age intervals ofthe covering fonnations (the grey
zone in Fig. 2) are situated above the base of Stage 3, even
largely above in the case of Brabant (N. Belgium) and St-
Nicolas (Quebec). Finally for Selwyn (N. Yukon), which
dating is only based on the presence of archaeocyathids,
the lower age limit conesponds to the appearance of that
group near the middle of Stage 2, where they only occur
rarely.

In summary we can conclude that the younger group
of 14 occunences with Oldhamia occur in a well-
constrained time range from the base of Stage 3 to the
lower three quarters of Stage 5. The interval is very well
constrained by 14 occunences for its upper limit and by
11 occunences for its lower limit. We can however not
exclude that the lower limit might extend slightly down
into the upper part of Stage 2 (Poland, N. Yukon), but is
seems unlikely.

3.1.2. The older group with two occurrences

The discussion on the oldest group with the two
occunences is particularly delicate, because, as seen
above, the ages proposed in the literature are often
contradictory, inaccurate or expressed in local
chronostratigraphical tenns, with unclear conelations
with the global chronostratigraphy. These ages are not
based on fossils or sure radiometric dating as based for
example on interstratified tuffs. And at last, the particular
context of the Teneneuvian, where the difficulty to find
wide distribution fossils lias not yet allowed the
construction of a global biostratigraphy, even if the base
has fonnally been defined (Landing et al., 2007).

The absence of a litho- and biostratigraphy in the
Puncoviscana Fonnation (Argentina, § 2.7) is clearly at
the origin of many controverses about its deposition age
and, by consequence, about the Oldhamia age. With the
absence of body fossils, only trace fossils deliver the
arguments for dating, which are, admittedly rather tenuous
or even based on circular reasoning, when based on the
presence of Oldhamia (even if this is not clearly said so).
For the majority of the palacontologists, the age of
Oldhamia in this fonnation seem to conespond globally
to the Fortunian. However, the recently obtained U-Pb
ages on detrital zircons show, contrary to what was
previously thought, that the sedimentation probably
continued later than that stage into the upper part of the
lower Cambrian. Hence, in the absence of stratigraphical
correlations, the Oldhamia could probably occur in
younger levels than the Fortunian. The presence of five
species of Oldhamia in this fonnation goes in the same
direction as this hypothesis.

The age ofthe Besonderheid Fonnation (South Africa,
§ 2.9) is better argued and more precise: it is the extreme
base of the Fortunian. However again it is an age based
solely on the interpretation of trace fossils. The
Stratigraphie succession is very well known, as is the
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sedimentological and tectonic history of the basin, but
without any time constrains by fossils or
radiochronology.

In summary, the stratigraphical time range in which
Oldhamia occurred in this older group oftwo occurrences
seems in our opinion poorly constrained, in particular for
the Puncoviscana Fonnation. The published evidence of
that interval seems to extend over the whole of the
Fortunian. However, because of the weakness of the
stratigraphical constraints and the presence of only two
occunences, we can seriously questiontheir stratigraphical
position at the base of the Cambrian. This doubt is
sharpened in comparison with the younger group of 14
occunences which are very well constrained in age, and
stratigraphy and numerically much more important.
Moreover, the absence of Oldhamia during Stage 2
remains difficult to explain.

3.2. Palaeogeographic distribution and environment of
deposition

The O/riAmw/'tfoccunencesplottedonthe palacogeographic
map of the top of the middle Cambrian at about 500 Ma
(Cocks & Torsvik, 2002), clearly show that these trace
fossils had a vast distribution (Fig. 3). They are indeed
numerous on margins of the Iapetus Ocean with three
occunences on the Laurentia side, one on the Baltica side
and four on the West Gondwana (Avalonia) side of that
ocean. The two Belgian occunences on SE of the future
Avalonia and the one on Nova Scotia (Meguma) seem to
conespond to the opening of a rift (initiator of the Rlieic
Ocean) between Gondwana and Avalonia (Nance &
Linnemann, 2008; Waldron et al., 2009 fig. 3). They are
also present on the margins of the Panthalassic Ocean,
north of Laurentia with two occunences and south of
Gondwana with three occunences. Two isolated
occunences are also observed on the South China and
Siberia terranes. They are found at all palaeolatitudes of
the southern hemisphere (Fig. 3), from high (Belgium,
Morocco, Ireland) to low latitude (Ellesmere, Yukon,
Newfoundland, Quebec, New-York, Antarctic). With such
a large repartition, Oldhamia can be considered to have
had a cosmopolitan distribution.

The enviromnent of deposition of the sequences with
Oldhamia is most often deep marine from continental
slope to turbidite plain. The Oldhamia bearing sequences
are often thick to very thick, measuring several thousands
of meters in the cases of the Bray, Tubize, Puncoviscana,
Goldenville, N. Yukon and Grant Land fonnations. They
are often deposited by turbidity currents or other gravity
driven processes and alternate in variable amount with
hemipelagic or pelagic deposits. Oldhamia is most often
recovered in shale or siltstone of green, red or more
seldom black colour. A typical example is the Church
Point Fonnation, in which 600 m of green shale with
Oldhamia interrupt a 6 km thick turbidite sequence (cf. §
2.10). These series were mostly deposited on passive
margins of palaeocontinents, as the Deville Group and
Tubize Fonnation on SE Avalonia, the Puncoviscana and
Wegener fonnations on Gondwana, the Nassau, St

Nicolas, N. Yukon and Ellesmere fonnations on Laurentia
and also the Kaili Fonnation on S China. Some of the
sequences are interpreted to have been deposited in a rift
system (Kern Nesrani, Church Point, Blow Me Down
Brook) or more rarely in foreland basin (Besonderheid).
The present overview confinns, as was emphasized since
long and in particular by Seilacher (1974; see also
Seilacher et al., 2005), that the large majority of Oldhamia
occurrences are encountered in deep marine settings,
often in thick terrigenuous sequences of a flysch facies
type, deposited on passive margins.

Nevertheless, this review also shows that a few of the
Oldhamia occurrences without doubt have been deposited
in a shallow or very shallow enviromnent: some of them
on an external shelf (Czarna, Poland; Kaili, S. China),
some on a shallow or very shallow carbonate shelf
(Cuslett, Newfoundland; Weymouth, Massachusetts),
some on a shallow shelf or in a rift setting (Blamnont, N.
Belgimn) or perhaps in a delta (Kern Nesrani, Morocco).
The rarity of Oldhamia in shallow enviromnents can
easily be explained by the poor chance ofits preservation
in these more strongly bioturbated enviromnents. As
shown above (§ 1.1) the Cambrian agronomic revolution
started in the shallow enviromnents since about the middle
of the Stage 2 to the base of Stage 3 (Seilacher et al.,
2005). The majority of Oldhamia occurrences are seen
later in Stages 3, 4 and 5 (Fig. 2).

We can conclude that the Cambrian Oldhamia-maker
probably lived in a large spectrum of sedimentary
enviromnents from a shallow platfonn to the abyssal
plain, with a majority occurring in a deep oceanic
enviromnent. The time lag of the appearance of the
Cambrian agronomic revolution according to the depth of
deposition gives a rational explication for the rare
occunence of Oldhamia in  shallow  marine
enviromnents.

4. Conclusions

In our exhaustive review ofthe literature we show that the
iclmogenus Oldhamia has been encountered in Cambrian
strata from 19 different localities distributed worldwide.
We have evaluated the stratigraphie arguments used to
detennine the time range of occurrence in the global
Cambrian chronostratigraphy for each of these 19 sites
(cf. chapter 2). We can conclude that in only 16 localities
sufficientprecisionispresentto constrainthe stratigraphical
interval during which Oldhamia lived in the Cambrian.
Fig. 2 synthesizes all the individual stratigraphie data and
it allows establishing that the 16 occurrences are globally
dispersed from the base of the Fortunian until the lower
tluee quarters of Stage 5, with a large majority however
present from the base of Stage 3 to the top of Stage 4.
More in detail, the occurrences are clearly dispersed in
two age groups of unequal size, separated by an interval
without Oldhamia occupying the larger part of Stage 2. In
a first “younger” group of 14 occurrences, the Oldhamia
show a very well constrained time interval running from
the base of Stage 3 to the lower tluee quarters of Stage 5.
A second “older” group with two occurrences shows a



242

much less constrained time interval with for the
Besonderheid Fonnation the extreme base ofthe Fortunian
and for the Puncoviscana Fonnation probably the entire
Fortunian, even if recent geochronological results open
the possibility for an age ranging into the upper part ofthe
lower Cambrian. We hereby raise the question on the
reliability ofthe stratigraphie position ofthis small group
of only two occunences, isolated at the base of the
Cambrian.

With the contrasting situationbetweenonthe one hand
a group of 14 occunences of Oldhamia, stratigraphically
well constrained, and on the other hand, a group consisting
of only two occurrences only dated with weak
stratigraphical arguments, we would be tempted not to
take further into account the second small group. We have
however to remain suspicious and stay away from hasty
conclusions and particularly here, due to the lacunar
nature of the palacontological recording of the very old
sequences and the particular context of the Terreneuvian.
Consequently, we propose two alternative interpretations.
A first interpretation consists to accept the results from the
literature as they are, even if some are less well argued.
We can only hope that future research on these sites or on
newly discovered ones, will allow clarifying the
stratigraphical context ofthe disputed occurences. Another
more restrictive alternative is to consider the “older”
group with only two Oldhamia occurrences poorly dated
as Fortunian, as scientifically insufficiently substantiated
and hence to reject their age determination. In this latter
interpretation only the age of the “younger” group of 14
occurrences should be kept as reliable.

In the first interpretation Oldhamia would have
appeared at the base of the Fortunian, either slowly
evolving or only in a few more favourable geographic
places, what would explain the low nmnber of discovered
occurrences. They would have evolved and slowly
dispersed all along the Terreneuvian, the longest of the
Cambrian series (about 20 Ma). Subsequently they would
have reached their acme, clearly in Stages 3 and 4 (Fig. 2),
and disappeared very rapidly before the end of Stage 5. In
this interpretation, it is nevertheless rather difficult to
explain the very low nmnber of occurrences observed in
the Fortunian and then their absence during the larger part
of Stage 2. It seems also difficult to explain why the
Puncoviscana Fonnation, supposedly in the basal most
Cambrian, would already contain the highest biodiversity
of Oldhamia (5 ofthe 6 described species).

In the second interpretation, Oldhamia would have
appeared, at its earliest, in the second half of the Stage 2
and more probably at its top. Thereafter they would have
developed and dispersed rapidly during Stage 3 and 4.
Indeed, as can be seen on Fig. 2, nearly the entire group of
14 occurrences has an age between the base of Stage 3
and the top of Stage 4. We interpret this interval (about 11
Ma) as the maximal development or the acme of the
iclmogenus Oldhamia. At last, they would have
disappeared very rapidly during Stage 5 and before the
end of’it. Only the occurrences of Kern Nesrani (Morocco)
and of Kaili (S. China) are entirely present in the Stage 5.
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This rapid disappearance is particularly interesting for the
question of the dating of the onset of the Cambrian
agronomic revolution in deeper marine settings (cf. § 1.1).
Indeed, for Seilacher et al. (2005) the disappearance ofthe
Oldhamia records the arrival of this revolution in deep
marine enviromnent as a consequence of the destruction
ofresistant microbial mats by bioturbation. Our overview
permits to determine more precisely the arrival of this
agronomic revolution during the Stage 5 and before the
end ofit. It is a rather short period of some million years,
seen the short duration ofthe Stage 5 (about 3.5 Ma). This
would confirm the middle Cambrian age that was already
proposedby Seilacheretal. {op. cit.). but now corroborated
with much more arguments. However, we can not exclude
that the disappearance of Oldhamia could also be related
to the extinction of the trace-maker taxa itself or to other
paleoenviromnental modifications, different than the
character of the substrate.

The initial reason to start this review was to check if
Oldhamia could be used as a biostratigraphical tool. The
results of our overview show that this can only be the case
in the second interpretation. Indeed, numerous authors
(Seilacher, 1974; Sweet & Narbonne, 1993) underline
that: a “unit can be correlated with trace fossils that have
a short time range, or the first occurrence of long-ranging
trace fossils”. In the second interpretation the iclmogenus
Oldhamia turns out to be a valid fossil to be used in
Cambrian biostratigraphy. It appears in the upper part of
Stage 2, shows an acme in Stage 3 and 4 and rapidly
disappears during Stage 5. This corresponds to a rather
large lapse of time (about 15 Ma, Fig. 2), but until now
still the only way to date with macrofossils Cambrian
deep marine sequences.

Finally from a palaeogeographical point of view, this
study shows that Oldhamia had a cosmopolitan
distribution, which covered the oceanic margins of all
major palacocontinents and some other terranes (Fig. 3).
We can also conclude that in the Cambrian the Oldhamia-
maker were living in a wide variety of depositional
enviromnents from shallow platfonn to abyssal plain,
even if in the majority of cases they occurred in a deep
marine setting. The rarity of their occurrences in the
shallow marine enviromnents, as shown in this review,
can easily be explained by the earlier appearance of the
Cambrian agronomic revolution in these enviromnents.

5. Acknowledgements

The authors wannly thank the many colleagues for
answering their requests and for generously sending
docmnentation and information, without this review
would not have been complete. We would like to mention
in particular: J.J. Alvaro (University of Zaragoza) for his
help and repeated encouragement, E. Landing (curator.
New York State Museum) for his numerous information
and the use of partly unpublished data, E. Burden
(Memorial University of Newfoundland, St-John’s) for
his friendly help in regional correlations. We would like to
also mention: J.F. Acefolaza (INSUGEO, Tucuman), J.
Almond (Natura Viva, South Africa), L. Buatois



W hat is the biostratigraphic value of the ichnofossil OLpHMII4 for the Cambrian: a review 243

(University of Saskatchewan), L.S. Lane & R.B.
MacNaughton (Geological Survey Canada), R.G.
Marvinney (Maine Geological Survey), JR Kopera
(Massachusetts  Geological Survey), A. Zylinska
(University of Warsaw) & C.E. White (Nova Scotia Dept.
Natural Resources). We wish to thank also the reviewers,
M. Streel and J. J. Alvaro, for their critical reading and
constructive remarks.

6. References

ACENOLAZA, G.F., 2003. The Cambrian System in
Northwest Argentina: stratigraphical and palacontological
framework. GeologicaActa, 1: 23-39.

ACENOLAZA, GF., 2004.
iclmofossils, an enigmatic « annelid tube » and microbial
activity in the Puncoviscana Fonnation (Tucuman, NW
Argentina). Geobios, 37: 127-133.

ACENOLAZA, G.F., 2005. Reply. GeoldégicaActa, 3: 73-
77.

ACENOLAZA, GF. & DURAND, FR. 1973. Trazas
fosiles del basamento cristalino del noroeste Argentino.
Boletin Asociacion Geol. Cordoba, 2: 45-55.
ACENOLAZA, GF. & DURAND, F.R., 1984. The trace
fossii Oldhamia. Its interpretation and occunence in the
Lower Cambrian of Argentina. N. Jb. Geol. Paldont. Mh.,
12: 728-740.

ACENOLAZA, GF. & ACENOLAZA, F.G. 2007.
Insights in the Neoproterozoic-Early Cambrian transition
of NW Argentina: facies, enviromnents and fossils in the
proto-margin of western Gondwana. Geological Society,
London, Spec. Puhi. 286: 1-13.

ACENOLAZA, F.G. & TOSELLI, A., 2009. The Pampean
Orogen: Ediacarian-lower Cambrian evolutionary history
of Central and Northwest region of Argentina. /n : Gaucher
et al. (Eds): Neoproterozoic-Cambrian Tectonics, Global
Change and Evolution: a focus on SW Gondwana,
fElsevier) Developments in Precambrian Geology, 16:
239-254.

ACENOLAZA, G.F., GERMS, G.JB. & ACENOLAZA
F.G., 2009. Trace Fossils and the Agronomic Revolution
at the Neoprotrozoic-Cambrian Transition in Soutwest
Gondwana. /n: Gaucher et al. (Eds): Neoproterozoic-
Cambrian Tectonics, Global Change and Evolution: a
focus on SW Gondwana. (Elsevier) Developments in
Precambrian Geology, 16: 339-347.

ADAMS, C.J., MILLER, H,, TOSELLI, A.J. & GRIFFIN,
W.L., 2008. The Puncoviscana Fonnation ofnorthwestern
Argentina: U-Pb geochronology of detrital zircons and
Rb-Sr metamorphic ages and their bearing on its
stratigraphie age, sediment provenance and tectonic
setting. N. Jb. Geol. Paldont. Abh., 247: 341-352.
ADAMS C.J., MILLER H, ACENOLAZA FG,
TOSELLI AJ. & GRIFFIN W.L. (2010) The Pacific
Gondwana margin in the late Neoproterozoic-early
Paleozoic: Detrital zircon U-Pb age from metasediments
in northwestern Argentina reveal their maximum age,
provenance and tectonic setting. Gondwana Research, 19:
71-83.

Precambrian-Cambrian

ALMOND, J.E., BUATOIS, L.A., GRESSE, P.G. &
GERMS, G.J.B., 2008. Trend in metazoan body size,
burrowing behaviour and iclmodiversity across
Precambrian-Cambrian boundary: ichnoassemblages
from the Vanrhynsdorp Group of South Africa. Conference
programme and abstracts, 15th Biennal Meeting of the
Palaeontological Society ofS Africa, pp. 15-20.

ALVARO, JJ., EZZOUHAIRI, H., AIT AYAD, N,,
CHARIF, A., POPOV, L & RIBEIRO, M.L., 2008. Short-
term episodes of carbonate productivity in a Cambrian
uplifted rift shoulder of the Coastal Meseta, Morocco.
Gondwana Research, 14: 410-428.

ANTHOINE, R,, 1940. La fenétre de Falize-Ligneuville.
Ann. Soc. Géol. Belgique, 63: M3-M45.

ASSELBERGHS, E,, 1919. Gites nouveaux d'Oldhamia
radiata a Oisquercq (vallée de la Sennette). Buil. Soc.
Beige Géol., 24: 102-103.

BABCOCK, L.E. & PENG, S, 2007. Cambrian
chronostratigraphy: Current state and future plans.
Palaeogeo., Palaeoclim., Palaeoeco., 254: 62-66.

BELKA, Z,, AHRENDT, H,, FRANKE, W. &« WEMMER,
K., 2000. The Baltica-Gondwana suture in Central Europe:
evidence from K-Ar ages of detrital muscovites and
biogeographical data. In: Franke, W., Haak, V, Oncken,
O. & Tanner, D. (Eds) Orogenic Process: Quantification
and Modelling in the Variscan belt. Geol. Soc. London,
Spec. Publ. 179: 87-102.

BEUGNIES, A., 1960. Les grands traits de la géologie du
Massif Cambrien de Rocroi. Bull. Soc. Belge Géol., 69:
B83-91.

BEUGNIES, A., 1963. Le Massifde Rocroi. Bull. Sennce
carte géol. France, 270: 1-59.

BOTTIJER, D.J., HAGADORN, J.W. & DORBOS, S.Q.,
2000. The Cambrian substrate revolution. GS. I Today, 10:
1-7.

BRUCK, P.M. & REEVES, TJ., 1976. Stratigraphy,
sedimentology and structure of the Bray Group in County
Wicklow and South County Dublin. Proc. R. Irish Acad.,
76 B: 53-717.

BRUCK, PM., COLTHURST, JR.J., FEELY, M,,
GARDINER, P.R.R., PENNEY, S.R., REEVES, T.J.,
SHANNON, P.M., SMITH, D. G. & VANGUESTAINE,
M., 1979. SE Ireland: lower Palacozoic stratigraphy and
depositional history./«: Harris etal. (Eds.) The Caledonides
of'the British Isles - Reviewed. Geol. Soc. London, pp.
533-544.

BUATOIS, L.A. & MANGANO, M.G., 2003a. La
iclmofauna de la Formacion Puncoviscana en el noroeste
argentino: la colonizaciéon de fondos oceanicos y
recontruccion de paleoambientes y paleoecosistemass de
la transiciéon precadmbrica-cdmbrica. Ameghiniana, 40:
103-117.

BUATOIS, L.A. & MANGANO, M.G., 2003b. Early
colonization ofthe deep Sea: iclmologic evidence ofdeep-
marine benthic ecology from the Early Cambrian of
Northwest Argentina. Palaios, 18: 572-581.



244

BUATOIS, L.A. & MANGANO, M.G., 2004. Terminal
Proterozoic-early Cambrian ecosystems: iclmology ofthe
Puncoviscana Fonnation, northwest Argentina. /n : Webby,
B.D., Mangano, M.G. & Buatois, L.A. (Eds) Trace Fossils
in Evolutionnary Paleoecology, Fossils & Strata, 51:
1-16.

BUATOIS, L.A. & MANGANO, M.G., 2005. Discussion
and reply: the Cambrian System in Northwestern
Argentina: stratigraphical ~ and  palaeontological
framework. Discussion. Geologica Acta, 3: 65-72.
BUATOIS, L.A., ALMOND, J., GRESSE, P. & GERMS,
G., 2007. The elusive Proterozoic-Cambrian boundary:
Ichnologic data from the Vanrhynsdorp Group of South
Africa. Abstracts, 9th Internat. Ichnofabric Workshop,
Calgary, p. 8.

BUATOIS, L.A., MANGANO, M.G., BRUSSA, E.D.,
JUAN, L.B. & POMPEI, J.F., 2009. The changing face of
the deep: Colonization of the early Ordovician deep-sea
floor. Puna, northwestern Argentina. Palaeogeog.,
Palaeoclimatol., Palaeoecol., 280: 291-299.

BUGGISH, W.&HENJES-KUNST,F., 1999. Stratigraphy,
Facies, and Provenance Analysis ofthe Lower Cambrian
Mount Wegener Fonnation of the Shackleton Range,
Antarctica. TerraAntarctica, 6: 211-228.

BUGGISH, W., KLEINSCMIDT, G, HOHNDORF &
POHL, J., 1994. Stratigraphy and Facies of Sediments
and Low-Grade Metasediments in the Shackleton Range,
Antarctica. Polarforschung, 63: 9-32.

BURDEN E, CALON, T, NORMORE, L. &
STROWBRIDGE, S., 2001. Stratigraphy and structure of
sedimentary rocks in the Hmnber Ann Allochthon,
Southwestern Bay of Islands, Newfoundland. Current
Research Newfoundland and Labrador Dept. Nat.
Resources, Geo!. Sunt, Report2001-1: 15-22.
BURDEN, E., GILLIS, E. & FRENCH, E., 2005.
Tectonostratigraphy of an exhumed Blow Me Down
Brook Fonnation hydrocarbon reservoir. Sluice brook.
Western Newfoundland. CurrentResearch Newfoundland
and Labrador Dept. Nat. Resources, Geol. Sunt, Report
05-1: 63-71.

BURR, H.T., 1900. A new Lower Cambrian fauna from
eastern Massachusetts, . huerican geologist, 25: 41.

CHURCHILL-DICKSON, L, 2007. Maine’s Fossil
Record. The Paleozoic. Maine Geological Sun>ev, Dept,
ofConsen ation, 500 p.

CHURKIN, M. & BRABB, E.E., 1965. Occunence and
Stratigraphie significance of Oldhamia, a Cambrian trace
fossil, in East-Central Alaska. U.S. Geol. Survey Prof.
Paper 525-D: D120-D124.

COCKS, L.R.M., 2002. Key Lower Palaeozoic faunas
from near the Trans-European Suture Zone. /n : Winchester
J.A., Pharaoh T.C. & Verniers J. (Eds) Palaeozoic
Amalgamation in Central Europe. Geol. Soc., London,
Spec. Publ. 201: 37-46.

COCKS, LRM. & TORSVIK, T.H., 2002. Earth
geography from 500 to 400 million years ago: a faunal
and palaecomagnetic review. Jour. Geol. Soc. (London)
159: 631-644.

A.Herbosch & J. Verniers

COCKS, L.R.M. & TORSVIK, T.H., 2007. Siberia, the
wandering northern tenane and its changing geography
through the Palacozoic. Earth Sei. Rev., 82: 29-74.

CORIN, F., 1926. La stratigraphie et la tectonique du
Massif Devillien de Grand-Halleux. Annales Soc. Géol.
Belgique, 49: M26-66.

CRIMES, T.P. (2001) Evolution ofthe deep-waterbenthic
community. /n: Zhuravlev, A.Y. & Riding, R. (Eds.) The
Ecology of the Cambrian Radiation, Columbia Univ.
Press, New-York: 275-290.

CRIMES, T.P., LEGG, 1., MARCOS, A. & ARBOLEY, A
M., 1977. Late Precambrian - low Lower Cambrian trace
fossils from Spain. /n: Crimes T.P. & Harper J.C. (Eds.)
Trace Fossils 2, Geological Journal Special Issue 9: 91-
138.

DALE, T.N., 1904. Geology ofthe Hudson valley between
the Hoosic and the Kinderhoek. U S Geol. Survey Bull..
242: 63 p.

DE LA VALLEE POUSSIN, J., 1930. Contribution a
1’é¢tude du Massif Cambrien dans les environs de la Dyle
et de la Gette. Mém. Inst. Géol. Univ. de Louvain, 6: 319-
353.

DEWALQUE, G., 1877. Découverte par M. Jaunel de O.
radiata et de Nereites cambriensis dans les phyllades
verts et violet de Haybes. Annales Soc. Belge Géol. 4:
XCIV-XCV.

DEWING, K,, HARRISON, J.C., PRATT, B.R. & MAYR,
U., 2004. Aprobable Late Proterozoic age forthe Kennedy
Channel and Ella Bay fonnations, northeastern Ellesmere
Island and its implications for passive margin history of
the Canadian Arctic. Canadian J. Earth Sei., 41: 1013-
1025.

DO CAMPO, M. & GUEVARA, S.R., 2005. Provenance
analysis and tectonic setting of late Neoproterozoic
metasedimentary succession in NW Argentina. Jour. S.
American Earth Sei. 19: 143-153.

DROSER, M.L., GEHLING, J.G. & JENSEN, S., 2005.
Ediacaran trace fossils: true and false /n: Briggs, D.E.G.
(Ed.) Evolving Fonn and Function: Fossils and
development, Peabody Museum o fNatural History, Yale
Univ., New Haven, pp. 125-138.

EL HASSANI, A. & WILLEFERT, S., 1990. La zone
cambrienne a Oldhamia des Sehoul (Maroc septentrional).
Géologie méditerranéenne, 17: 229-241.

FORBES, E., 1849. On Oldhamia a new genus of Silurian
fossils. Jour. Geol. Soc. Dublin, 4: 20.

GARDINER, P.RR. & VANGUESTAINE, M, 1971.
Cambrian and Ordovician microfossils from SE Ireland
and their implications. Geol. Sunt Irel. Bull., 1. 163-210.

GEUKENS, F., 1999. Notes accompagnant une revision
de la carte structurale du Massifde Stavelot.Aardkundige
Mededelingen, 9: 183-190.

GEYER, G. & SHERGOLD, J., 2000. The quest for
internationally recognized divisions of Cambrian time.
Episodes, 23: 188-202.



W hat is the biostratigraphic value of the ichnofossil OLpHMII4 for the Cambrian: a review 245

GIBSON, G.G., 1989. Trace fossil from the Ilate
Precambrian Carolina Slate Belt South-central North
Carolina. Journal Palaeontology, 63: 1-10.

GILLIS, E. & BURDEN, E., 2006. New insights into the
stratigraphy of the Blow Me Down Brook Fonnation,
Western Newfoudland. Current Research Newfoundland
and Labrador Dept. Nat. Resources, Geol. Sum, Report
06-1: 233-241.

GINGRAS M.K., WALDRON JWF., WHITE CE. &
BARR S.M. (2011) The evolutionary significance of a
Lower Cambrian trace-fossil assemblage from the
Meguma tenane. Nova Scotia. Can. J. Earth Sei., 48: 71-
85.

GOLDRING, R. & JENSEN, S., 1996. Trace fossils and
biofabrics at the Precambrian-Cambrianboundary interval
in Western Mongolia. Geol. Mag., 133: 403-415.

GOLDSMITH, R., 1991. Stratigraphy of the Milford-
Dedham Zone, Eastern Massachusetts: An Avalonian
Tenane. In: The Bedrock Geology of Massachusetts. U.S.
Geological Survey Prof. Paper 1366-E: E1 -E62.

GRADSTEIN, F.M., OGG, J.G. &« VANKRANENDONK,
M., 2008. On the Geologic Time Scale 2008. www.
stratigraphy.org

GRESSE, P.G., 1995. Transpression and transection in the
late Pan-African Vanrhynsdorp foreland thrust-fold belt.
South-Africa. Jour. African Earth Sei., 21: 91-105.

GRESSE, P.G. & GERMS, G.J.B., 1993. The Nama
foreland basin: sedimentation, major unconfonnity
bounded sequences and multisided active margin advance.
Precamb. Research, 63: 247-272.

GRESSE, P.G, CHEMALE, F., DA SILVA, L.C,
WALRAVENS, F. & HARTMANN, L.A., 1996. Late- to
post-orogenic basins of the Pan-African - Brasiliano
collision orogen in southern Africa and southern Brasil.
Basin Research, 8: 157-171.

HERBOSCH, A. & VERNIERS, J., 2002. The Lower
Paleozoic stratigraphy and sedimentology of the Brabant
Massifin the Dyle and Omeau valleys and ofthe Condroz
inlier at Fosses: an excursion guidebook. Geoldgica
Belgica, 5: 71-143.

HERBOSCH, A., DEBACKER, T.N. & PIESSENS, K.,
2008. The stratigraphie position ofthe Cambrian Jodoigne
Fonnation redefined (Brabant Massif, Belgium).
Geologica Belgica, 11: 133-150.

HESSE, R. & OGUNYOMI, 0., 1982. Cambrian to
Lower Ordovician of the Quebec region. Excursion 7 B:
Paleozoic continental margin sedimentation in the Quebec
Appalachians. Hesse, R., Middleton, G.V. & Rust, B.R.
(Eds.). Int. Ass. Sediment., 11 congress, pp. 200-230.

HIBBARD, J.P.,, VAN STAAL, C.R. & MILLER, B.V,,
2007a. Links among Cardinia, Avalonia, and Ganderia in
the Appalachian peri-Gondwana realm. Geological Soc.
America, Spec. Paper, 433: 291-311.

HIBBARD, J.P., VAN STAAL, C.R. & RANKIN D.W,,
2007b. A comparative analysis of pre-Silurian crustal
building blocks of the northern and the southern
Appalachian orogen.Am. Journ. Science, 307: 23-45.

HOFMANN, H.J. & CECILE, M.P., 1981. Occurrence of
Oldhamia and other trace fossils in Lower Cambrian (?)
argillites, Selwyn Montains, Yukon. Geol. Sumev Canada,
Paper 81-1A: 281-289.

HOFMANN, H.J., CECILE, M.P. & LANE, L.S., 1994.
New occurrences of Oldhamia and other trace fossils in

the Cambrian of the Yukon and Ellesmere Island, arctic
Canada. Canadian J. Earth Sei., 31: 767-782.

HOLLINGWORTH, J.S., 2005. A trilobite fauna in a
stonn bed in the Poleta Fonnation (Dyeran, Lower
Cambrian), westemNevada, U.S. A. GeosciencesJournal,
9: 129-143.

HOWELL, B.F., 1922. Oldhamia in the Lower Cambrian
of Massachusetts. Bull. Geol. Soc. America, 33: 198-199.

JAWOROWSKI, K. & SIKORSKA, M,, 2006. Lysogoiy
Unit (Central Poland) versus East European Craton -
application of sedimentological data from Cambrian
siliciclastic association. Geol. Quarterly, 50: 77-88.

JENSEN, S., DROSER, M.L. & GEHLING, J.G., 2006. A
Critical Look at the Ediacaran Trace Fossil Record. In:
Xiao, S. & Kaufman, A. J. (Eds.) Neoproterozoic
Geobiologv and Paleobiology, Springer, chap. 5: 115-
151.

JEZEK, P, WILLNER, A.P., ACENOLAZA, F. &
MILLER, H., 1985. The Puncoviscana through, a large
basin of Late Precambrian to early Cambrian age on the
Pacific edge ofthe Brasilian shield. Geologisch Rundschau,
47: 573-584.

KINAHAN, J.R., 1858. On the organic relations of the
Cambrianrocks of Bray (County Wicklow) and the Howth
(County of Dublin); with notices of the most remakable
fossils. Journ. Geol. Soc. Dublin, 8: 68-72.

KINAHAN, J.R., 1859. The genus Oldhamia (Forbes): its
character, probable affinities, modes of occurrence, and a
description ofthe nature ofthe localities in which it occurs
in the Cambrian rocks of Wicklow and Dublin. Trans.
Royal Irish Acad., 23: 547-561.

KOWALSKI, W.R., 1983. Stratigraphy of the Upper
Precambrian and lowest Cambrian strata in southern
Poland. Acta Geoldgica Polonica, 33:183-217.

KOWALSKI, W.R., 1987. Trace Fossils of the Upper
Vendian and Lowennost Cambrian in Southern Poland.
Bull. Polish Academy Sciences, Earth Sei. 35: 21-32.

LANDING, E, 1988. Lower Cambrian of Eastern
Massachusetts: stratigraphy and small shelly fossils. J.
Paleont., 62: 661-695.

LANDING, E., 1996. Avalon: insular continent by the
latest Precambrian. /n: Nance, R.D. & Thompson, M.D.
(Eds) Avalonian and Related Peri-Gondwana Terranes of
the Circmn-North Atlantic. Geol. Soc. Amer. Special
paper 304: 29-63.

LANDING, E., 2007. Ediacaran-Ordovician of East
Laurentia - Geologic setting and controls on deposition
along the New York Promontory region. /n: Ediacaran-
Ordovician of East Laurentia, Landing E. (Ed.). New York
State Museum Bull, 510: 5-24.



246

LANDING, E. & BARTOWSKI, K.E., 1996. Oldest
shelly fossils from the Taconic allochton and late Early
Cambriansea-levels ineastern Laurentia../. Palaeontology,
70: 741-761.

LANDING, E,, PENG, S., BABCOCK, L.E., GEYER, G.
& MOCZYDLOWSKA-VIDAL, M,, 2007. Global

standard names for the Lowennost Cambrian Series and
Stage. Episodes, 30: 287-289.

LANE, L.S., 1991. The pre-Mississipian « Neruokpuk
Fonnation », NE Alaska and NW Yukon: review and new
regional conelation. Ccmad. J. Earth Sei., 28: 1521-
1533.

LAPWORTH, C., 1886. Preliminary report on some
graptolites from the Lower Palaeozoic rocks on the S side
of the St Lawrence from Cape Rosier to Tartigo River.
Royal Soc. Canada, Transactions, section IV: 167-168.

LEGRAND, R., 1968. Le Massif du Brabant. Mém. Expl.
Cartes Géol. Min. Belgique, 9: 1-148.

LIN, J-P, ZHAO, Y-L., RAHMAN, LA., XIAO, S. &
WANG, Y., 2010. Bioturbation in Burgess Shale-type
Lagerstitten - Case study of trace fossil-body fossil
association from the Kaili Biota (Cambrian Series 3),
Guizhou, China.  Palaeogeog.,
Palaeoecol., 292: 245-256.

LINDHOLM, R.M. & CASEY, J.F., 1989. Regional
significance of the Blow Me Down Brook Fonnation, W.
Newfoundland: New fossil evidence foranEarly Cambrian
age. Bull. Geol. SocietyAm., 101: 1-13.

LINDHOLM, R.M. & CASEY, J.F., 1990. The distribution
and possible biostratigraphic significance of the
iclmogenus Oldhamia in the shales ofthe Blow Me Down
Brook Fonnation, western Newfoundland. Canad. J.
Earth Sei., 37: 997-1020.

MACNAUGHTON, R.B., LANE, L.S. & JENSEN, S,
2005. Does the Early Cambrian iclmogenus Oldhamia
record deep-marine behavioural optimization ? GAC-
M4G Annual Meeting Halifax, NS, Abstracts v 30, p.
120.

MALAISE, C., 1874. Sur 1’age de quelques couches de
tenains ordoviciens des environs de Spa. Bull. Acad. Roy.
Belgique, 2esérie, 37: 800-801.

MALAISE, C., 1876. Oldhamia radiata du Massif
Devillien de Grand-Halleux. Ann. Soc. Géol. Belgique, 3:
LXX.

MALAISE, C., 1878. Communication sur 1’Oldhamia.
Ann. Soc. Géol. Belgique, 5: 58-59.

MALAISE, C., 1883a. Sur la découverte de /'Oldhamia
radiata, Forbes, dans les terrains anciens du Brabant.
Bull. Acad. Roy. Belgique, 3esérie, 5: 4.

MALAISE, C., 1883b. Sur un nouveau gisement de
/ 'Oldhamia radiata, Forbes, dans le Brabant. Bull. Acad.
Roy. Belgique, 3esérie, 5: 749-750.

MALAISE, C., 1900. Etat actuel de nos connaissances sur
le Silurien de la Belgique. Ann. Soc. Géol. Belgique, Liber
memorialis 25bis: 179-221.

Palaeoclimatol.,

A.Herbosch & J. Verniers

MALETZ, J. & SERVAIS, T., 1996. Upper Ordovician
graptolites from the Brabant Massif, Belgium. Geobios,
31: 21-37.

MANGANO, M.G. & BUATOIS, L.A., 2004. Integracion
de estratigrafia secuencial, sedimentologia e icnologia
para un andlisis cronoestratigrafico del Paleozoico inferior
del noroeste argentino. Revista Asociacion Gelogica
Argentina, 59: 273-280.

MANGANO, M.G. & BUATOIS, L.A., 2007. Chap. 23:
Trace Fossils in Evolutionnary Paleoecology, pp. 391-
401. In\ Miller, W. (Ed.) Trace Fossils: Concepts,
Problems, Prospects, Elsevier, 632 p.

MERTIE, J.B., 1937. The Yukon-Tanana region, Alaska.
US. Geol. Sun: Bull. 872,276 p.

MORTELMANS, G., 1977. Le groupe Devillien:
Cambrien ou Précambrien? Annales des Mines de
Belgique, 1977: 309-334.

NANCE, R.D. & LINNEMANN, U,, 2008) The Rheic
Ocean: Origin, Evolution and Significance. GS.1 Today,
18: 4-12.

NARBONNE, G.M. & AITKEN, J.D., 1990. Ediacaran
fossils from the Sekwi Brook area Mackenzie Mountains,
northwestern Canada. Paleontology, 33: 945-980.

NAWROCKI, J. & POPRAWA, P., 2006. Development of
Trans-European Suture Zone in Poland: from Ediacaran
rifting to early Paleozoic accretion. Geological Quarterly,
50: 59-76.

NAWROCKI, J., DUNLAP, J., PECSKAY, Z,
KRZEMINSKI, L., ZYLINSKA, A., FANNING, M,,
KOZLOWSKI, W,, SALWA, S., SZCZEPANIK, Z. &
TRELA, W.,2007. Late Neoproterozoic to early Paleozoic
paleogeography ofthe Holy Cross Montains: an integrated
approach Jour. Geo!. Soc., 164: 405-423.

NEUMAN, R.B., 1962. The Grand Pitch Fonnation: new
name for the Grand Falls Fonnation (Cambrian ?) in
Northeastern Maine. HOT. Journ. Sei., 260: 794-797.

NEUMAN, R.B., 1997. Famatinorthis cf. F. turneri Levy
and Nullo, 1973 (Bachiopoda, Orthida) from the Shin
Brook Fonnation (Ordovician, Arenig) in Maine. Jour.
Paleont., 71: 812-815.

OGG, I.G., OGG, G. & GRADSTEIN, F.M., 2008. The
Concise Geological Time Scale. Cambridge Univ. Press,
177 p.

OMARINI, R. H., SUREDA, RJ., GOTZE, H.,
SEILACHER, A. & PFLUGER, F., 1999. Puncoviscana
foldedbeltinN W Argentina: testimony ofLate Proterozoic
Rodinia fragmentation and pre-Gondwana collisional
episodes. Int. Journ. Earth Sciences, 88: 76-97.

ORLOWSKI, S., 1989. Trace fossils in the Lower
Cambrian sequence in the Holy Cross Mountains, Central
Poland. Acta Palaeontologica Polonica, 34: 211-231.
ORLOWSKI, S., 1992. Cambrian stratigraphy and stage
subdivision in the Holy Cross Mountains, Poland. Geol.
Mag., 129: 471-474.

ORR, P.J, 2001. Colonization of the deep-marine
enviromnent during the early Phanerozoic: the iclmofaunal
record. Geological Journal, 36: 265-278.



W hat is the biostratigraphic value of the ichnofossil OLpHMII4 for the Cambrian: a review 247

PALMER, S.E., BURDEN, E. & WALDRON, J.WF.,
2001. Stratigraphy of the Curling Group (Cambrian),
Humber Ann Allochthon, Bay of Islands. Current
Research Newfoundland and Labrador Dept. Nat.
Resources, Geol. Sun, Report 2001-1: 105-112.

PENG, S. & BABCOCK, L.E., 2008. Cambrian Period,
37-46. In: Ogg, J.G., Ogg, G. & Gradstein, F.M. (Eds.)
The Concise Geological Time Scale. Cambridge Univ.
Press, 177 p.

POZARYSKI, W. VIDAL, G. & BROCHWICZ-
LEWINSKI, W., 1981. Nowe dafie o dolnym kambrze
poludniowego obrzezenia Gor Swietokrzyskich. Przew.
53 Zjazdu Pol. Tow. Geol., 27-34.

PRATT, B.R. & WALDRON, JW.EF., 1991. A Middle
Cambrian trilobite faunule from the Meguma Group of
Nova Scotia. Canadian J. Earth Sei., 28: 1843-1853.

RUEDEMANN, R., 1929. Note on Oldhamia occidens
(Walcott). N. Y. State Museum Bull., 281: 47-50.

SCOTESE, C.R., 2007. Paleomap Project: www.scotese.
com

SEILACHER, A., 1974. Flysch trace fossils: evolution of
behavioural diversity in deep-sea. Neues Jhb. Geol.
Paleont., Monath., 1974: 233-245.

SEILACHER, A., 1999. Biomat-related Lifestyles in the
Precambrian. ILilajos, 14: 86-93.

SEILACHER, A. & PFLUGER, F., 1992. Trace fossils
from the late Proterozoic ofNorth Carolina: early conquest
of of deep-sea bottoms. 5th North American
Palacontological Convention, Abst. & Program The
palaeontological Society, Spec. Pubi, 6: 265.

SEILACHER, A., BUATOIS, L.A. & MANGANO, M.G.,
2005. Trace fossils in the Ediacaran-Cambrian transition:
behavioral diversification, ecological turnover and

enviromnental shift. Palaeogeog., Palaeoclimatol.,
Palaeoecol., 227: 323-356.

SMITH, D.G., 1977. Lower Cambrian palynomorphs
from Howth, Co. Dublin. Geol. J., 12: 159-167.

SMITH, E.C., 1928. The Cambrian in N Maine. 4m. J.
Science, 215: 484-486.

STANLEY, R.S. & RATCLIFFE, N.M., 1985. Tectonic
synthesis of the Taconian orogeny in western New
England. Geol. Soc. Am. Bull., 96: 1227-1250.

ST-JULIEN, P. & OSBORNE, F.F., 1973. Géologie de la
région de la ville de Québec. Ministére des Richesses
naturelles du Québec, DP-205, 29 p.

SWEET, N.L. & NARBONNE, G.M., 1993. Occurrence
ofthe Cambrian trace fossii Oldhamia in southern Quebec.
Atlantic Geology, 29: 69-73.

TACKER, R.C., MARTIN, A.J., WEAVER, PG,
LAWVER, D. & WILLIAMS, L,, 2008. Body Fossils

versus Iclmofossils: Oldhamia recta Revisited. Geol. Soc.
Am. Abst. with Programs 40: 392.

TACKER, R.C., MARTIN, A.J., WEAVER, P.G. &
LAWVER, D.V., 2010. Trace fossils versus body fossils:

Oldhamia recta revisited. Precambrian Research, 178:
43-50.

TRETTIN, H.P., MAYR, U.,LONG, G.D.F. & PACKARD,
J.J., 1991. Cambrianto early Devonianbasin development,
sedimentation, and volcanism, Arctic Islands. /n: Trettin,
H.P. (Ed.) Geology of the Innuitian Orogen and Arctic
Platfonn of Canada and Greenland. Geol. Sun’ Canada,
Geology o fCanada, 3: 165-238.

ULRICH, E.O. & COOPER, G.A., 1938. Ozarkian and
Canadian Brachiopoda. Geol. Soc. Am., Spec, paper, 13:
323 p.

VANGUESTAINE, M,, 1986. Progrés récents de la
stratigraphie par acritarches du Cambro-Ordovicien
d’Ardenne, d’Irlande, d’Angleterae, du Pays de Galles et
de Tene-Neuve orientale. Annales Soc. Géol. Nord, 105:
65-76.

VANGUESTAINE, M., 1991. Datation par acritarches
des couches cambro-trémadociennes les plus profondes
du sondage de Lessines (Massif du Brabant, Belgique).
Annales Soc. Géol. Belgique, 114: 213-231.
VANGUESTAINE, M., 1992. Biostratigraphie par
acritarches du Cambro-Ordovicien de Belgique et des
régions limitrophes: synthése et perspectives d’avenir.
Annales Soc. Géol. Belgique, 115: 1-18.
VANGUESTAINE, M., BRUCK , P.M., MAZIANE-
SERRAJ, N. & HIGGS, K.T., 2002. Cambrian palynology
of'the Bray Group in County Wicklow and South County
Dublin, Ireland. Rev. Palaeob. Palynology, 120: 53-72.
VANMEIRHAEGHE, J., STORME, A., VAN NOTEN,
K., VAN GROOTEL, G. & VERNIERS, J, 2005.
Chitinozoan biozonation and new lithostratigraphical data
in the Upper Ordovician ufthe Fauquez and Asquempont
areas (Brabant Massif, Belgium). Geologica Belgica, 8:
149-159.

VAN TASSEL, R,, 1986. Contribution a la lithologie du
segment calédonien des vallées de la Dyle et de la Thyle,
Brabant, Belgique. Aardkundige Mededelingen, 3: 239-
268.

VAUGHAN, APM. & PANKHURST, R.J., 2008.
Tectonic overview of the West Gondwana margin.
Gondwana Research, 13: 150-162.

VERNIERS, J. & DEVOS, W,, 1995. Recent research on
the Brabant Massif. Proceedings of the Europrobe TESZ
Symposium, Liblice, Czeck Republic. October 1993.
Studia geophysica & geodetisch, 39: 347-353.
VERNIERS, J., HERBOSCH, A., VANGUESTAINE, M,,
GEUKENS, F., DELCAMBRE, B., PINGOT, J.L.,
BELANGER, I., HENNEBERT, M,, DEBACKER, T,
SINTUBIN, M. & DE VOS, W, 2001. Cambrian-
Ordovician-Silurian lithostratigraphie units (Belgium).
In: Lithostratigraphic scale of Belgium. Bultynck P. &
DejongheL. (Eds). Geologica Belgica, 4: 5-38.
VERNIERS, J., PHARAO, T., ANDRE, L,, DEBACKER,
T.N., DE VOS, M., EVERAERTS, M,, HERBOSCH, A,,
SAMUELSON, J., SINTUBIN, M. & VECOLI, M,,
2002a. The Cambrian to mid Devonianbasin development
and defonnation history of eastern Avalonia, east of the
Midlands Microcraton: new data and review. In:
Winchester, J.A., Pharaoh, T.C. & Verniers, J. (Eds.)
Palacozoic Amalgamation of Central Europe. Geol. Soc.
London, Special Puhi. 2001: 47-93.


http://www.scotese

248

VERNIERS, J.,, VAN GROOTEL, G.,, LOUWYE, S. &
DIEPENDAELE, B., 2002b. The chitinozoan
biostratigraphy of the Silurian of the Roncquiéres-
Monstreux area (Brabant Massif, Belgium). Review
Palaeob. Palynol., 118: 287-322.

VON HOEGEN, J,, LEMME, B., ZIELINSKI, J. &
WALTER, R,, 1985. Cambrian and Lower Ordovician in

the Stavelot-Venn Massif. A model for depositionnal
history. N. Jb. Paleont. Abh., 171: 217-235.

WALCOTT, C. D,, 1894. Discovery ofthe genus Oldhamia
in America.Proceedings US National Museum, 17: 313-
315.

WALDRON, JWF. & JENSEN, L.R., 1985
Sedimentology of the Goldenville Fonnation, Eastern
Shore, Nova Scotia. Geol. Survey Canada, Paper 85-15.

WALDRON, JW.F., WHITE, C.E., BARR, S.M.,
SIMONETTI, A. & HEAMAN, L.M., 2009. Provenance
of the Meguma tenane. Nova Scotia: rifted margin of
early Paleozoic Gondwana. Canadian J. Earth Sc., 46:
1.8.

WHITE, C.E., 2008. Defining the stratigraphy of the
Meguma Supergroup in Southern Nova Scotia: where do
we go from here ? Abstract.Atlantic Geology, 44: 58.

WHITE, C.E., GINGRAS, M.K. & WALDRON, J.W.F,,
2005. New fossil evidence for an Early Cambrian age for
the lower Goldenville Fonnation (Meguma Group), SW
Nova Scotia. Abstract. Atlantic Geology 41: 83. Poster:
Open File Illustration ME 2005-1 Nova Scotia Dpt. Nat.
Resources, Min. Resource Branch.

WOODCOCK, N,, 2000. The Cambrian and Earliest
Ordovician quiescent margin of Gondwana, chap. 9: 141-
152. In: Woodcock, N. & Strachan, R. (Eds.) Geological
History o fBritain and Ireland. Blackwell, 423 p.

YANG, S.P. (1994) Trace fossil from Early-Middle
Cambrian Kaili Fonnation in Tajiang, Ghuizou. Acta
palaeontologica Sinica, 33: 350-358.

ZHAO, Y,, YUAN, J, PENG, S.,, BABCOCK, L.E.,
PENG, J., GUO, Q,, LIN, J., TAI, T., YANG, R. & WANG,
Y,, 2007. New data on the Wuliu-Zengjiayan section
(Balang, S China), GSSP candidate for the base of
Cambrian Serie 3. Mem. Association of Australasian
Palaeontologists, 33: 57-65.

ZHAO, Y,, YUAN, J, PENG, S.,, BABCOCK, L.E.,
PENG, J., GUO, Q,, LIN, J., TAI, T., YANG, R. & WANG,
Y,, 2008. A new section of Kaili Fonnation (Cambrian)
and a biostratigraphic study of the boundary interval
across the undefined Cambrian Series 2 and Series 3 at
Jianshan, China with a discussion of global conelation
based on the first appearance of Oryctocephalus indicus
(Reed, 1910). Progress in Natural Science, 18: 1549-
1556.

ZHU, M,, STRAUSS, H. & SHIELDS, G.A., 2007.
Editorial: From snowball earth to the Cambrian radiation:
calibration of Ediacarian-Cambrian earth history in South
Cliina. Palaeogeog., Palaeoclimatol., Palaeoecol, 254:
1-6.

A.Herbosch & J. Verniers

Manuscript received 24.01.2011, accepted in revised fonn
04.03.2011, available online 15.05.2011



