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The ichnology of the Middle Ordovician Winnipeg Formation has been analysed
based on the study of cores from five wells drilled in southeast Saskatchewan
(Canada). Six sedimentary facies, ranging from upper shoreface to lower offshore set-
tings in a shallow-marine environment, have been characterized. Ichnological attri-
butes are consistent with those in currently proposed models for shallow-marine
wave-dominated settings, but ichnodiversity is lower than in post-Palaeozoic settings.
Low ichnodiversity in the Winnipeg Formation most likely reflects evolutionary fac-
tors rather than environmental controls. Interestingly, low-energy, distal deposits of
the Winnipeg Formation display intense degree of bioturbation, reflecting a well-
developed mixed layer and underscoring the importance of the Great Ordovician Bio-
diversification Event in terms of sediment mixing. □ Great Ordovician Biodiversifica-
tion Event, ichnodiversity, ichnology, shallow-marine environments, tiering, Winnipeg
Formation.
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The Great Ordovician Biodiversification Event
(GOBE) was associated with a remarkable increase
in global biodiversity in connection with the rise of
the Palaeozoic Evolutionary Fauna (Sepkoski 1995,
1997; Miller 1997; Servais & Harper 2018). These
changes were expressed in the benthos by the
appearance of more complex tiering structures, par-
ticularly with respect to epifaunal tiering (Servais
et al. 2008, 2010). In addition to a diversification in
deposit feeders, detritus feeders, suspension feeders
and grazers in the benthos, suspension feeders and
predators diversified in the water column, leading to
a revolution in oceanic trophic webs (Bambach
1983; Sheehan 2001; Servais et al. 2008, 2010).

The ichnological expression of these fundamental
changes in the benthos has been explored in several
studies (M�angano & Droser 2004; Buatois et al.
2016a; M�angano et al. 2016). However, there are still
few studies analysing the nature of tiering structures
as a result of the GOBE and the impact of these
changes in sediment mixing, to establish compar-
isons with the post-Palaeozoic world, which essen-
tially shows the appearance of the modern benthos

that emerged from the Mesozoic Marine Revolution.
In addition, it has been shown that global ichnodi-
versity increased through the Phanerozoic, with evo-
lutionary radiations in marine ecosystems intimately
linked with accelerated rates in trace-fossil diversifi-
cation at ichnogenus level (Buatois & M�angano
2016). These issues are of interest not only for
palaeobiologists and evolutionary palaeoecologists,
but also potentially for sedimentary geologists inter-
ested in using ichnological data in palaeoenviron-
mental reconstructions in order to avoid the risk of
uncritically extrapolating trace-fossil models based
on post-Palaeozoic data to the Palaeozoic world.

The Middle Ordovician Winnipeg Formation of
subsurface Saskatchewan (Canada) records trans-
gression in open-marine environments over the
North American Craton (Kreis 2004) (Fig. 1). This
unit is ideally suited for evaluating the nature of bio-
turbation during the GOBE because it consists of
sedimentary facies encompassing sub-environments
ranging from the upper shoreface to the lower off-
shore along a wave-dominated depositional profile
(Dorador et al. 2014). In addition, the overall
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transgressive scenario provided with colonization
windows that were sufficiently long to allow the
establishment of climax communities (Dorador
et al. 2014). The main aims of this study were to (1)
document the Winnipeg Formation ichnofauna
within its palaeoenvironmental context; (2) compare
ichnodiversity levels in this unit with those that typi-
cally characterize similar environments in the Meso-
zoic and Cenozoic; and (3) document tiering
structure and sediment mixing along the deposi-
tional profile.

Geological setting

The Middle Ordovician Winnipeg Formation occurs
in subsurface of Saskatchewan and Manitoba in
Canada, and Montana, North Dakota, Wyoming
and South Dakota in United States, as well as in a
few outcrops along the shores and some islands of
Lake Winnipeg in Manitoba (Macauley 1952;
Stocker 1956; Oberg 1966; Sweet 1982; Ferguson
et al. 2007) (Fig. 1). This formation records trans-
gressive deposition in the Willinston Basin (Norford
et al. 1994; Ferguson et al. 2007). It is uncon-
formably underlain by the Middle Cambrian to
Lower Ordovician Deadwood Formation in most of

the Williston Basin in Saskatchewan (Fig. 2) and
directly by the Precambrian basement in the eastern
area of Saskatchewan and Manitoba (LeFever 1996).
The Upper Ordovician Yeoman Formation overlies
unconformably the Winnipeg Formation in south-
east Saskatchewan, being the lower interval of a thick
succession of carbonates and evaporates (Big Horn
Group), ranging in age from Late Ordovician to
Early Silurian (Kendall 1976; Norford et al. 1994;
Holmden 2009).

The Winnipeg Formation has been traditionally
considered as Middle Ordovician based on its fauna,
mainly conodonts (e.g. Macauley 1952; Oberg 1966;
Sweet 1982; Norford et al. 1994; Kreis 2004; Fergu-
son et al. 2007). It has been divided into three mem-
bers, which from bottom to top, are as follows: Black
Island, Icebox and Roughlock members (Carlson
1960; Carlson & Thompson 1987). The Black Island
Member is mainly characterized by bioturbated
quartzose sandstone and scarce dark shale (Kreis
2004), and has been interpreted as a recording a
wide variety of depositional environments, including
fluvial, aeolian, coastal, shoreface and storm shelf
(Kessler 1991). The Icebox Member is mostly com-
posed of greenish grey bioturbated shale and mud-
stone. This member mostly records deposition in
distal marine environments, including shelf settings

Fig. 1. Location of the studied cores (1–5) in southeast Saskatchewan (Canada). [Colour figure can be viewed at wileyonlinelibrary.com]
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(Kessler 1991). The Roughlock Member is domi-
nated by calcareous shale, being locally restricted,
and has not been recognized in the study area. The
cores studied correspond to the sandstone-domi-
nated Black Island Member, with only a few metres
of the Icebox Member being present (Fig. 2).

Methods

Cores from five wells were studied, all of them
housed at the Saskatchewan Subsurface Geological
Laboratory in Regina: (1) University of Regina
(50°24.60N, 104°35.40W); (2) Nal Chapleau Lake
(50°12.60N, 103°34.80W); (3) CPEC et al. Hartaven
(49°47.40N, 103°7.20W); (4) Longview et al. Midale
(49°30.60N, 103°23.40W); and (5) Shell Workman
(49°3.60N, 101°44.40W) (Fig. 1). All wells are located
in southeastern Saskatchewan (Fig. 1) and approxi-
mately recover 90 m of the Winnipeg Formation.
Although cores are not continuous and a strati-
graphical correlation between cores is uncertain due
to the complex architecture of this formation (Potter
2006), they provide a representative sample of the
sedimentary facies of the Winnipeg Formation.
Cores were slabbed, described and interpreted fol-
lowing standard practice in facies analysis, as well as
integrating ichnological data.

Ichnotaxa were classified at ichnospecies level
wherever possible. Ichnotaxonomic identifications
are based on observations in cross-sectional views
and only occasionally are horizontal surfaces avail-
able for examination. Biogenic structures cannot be
observed in three-dimension in core, adding a level
of uncertainty to trace-fossil identification. How-
ever, morphological features (e.g. burrow fill, wall

structure, form in cross-section) provide key evi-
dence to support ichnotaxonomic assignments. Cur-
rent procedures for identification of trace fossils in
core have been established in detail elsewhere (e.g.
Bromley 1990, 1996; Pemberton et al. 1992; Gerard
& Bromley 2008; Knaust 2017).

The degree of bioturbation was determined using
the Bioturbation Index (BI) proposed by Reineck
(1963) and later adapted by Taylor & Goldring
(1993), with differentiation of seven degrees from 0
(no bioturbation) to 6 (completely bioturbated).

Winnipeg Formation ichnofauna

The Winnipeg Formation is characterized by an ich-
nofauna of moderate diversity consisting of ten ich-
notaxa: Arenicolites isp., Asterosoma isp.,
Diplocraterion parallelum, Palaeophycus tubularis,
Phycosiphon incertum, Planolites beverleyensis,
Siphonichnus eccaensis, Skolithos linearis, Teichichnus
rectus and Thalassinoides isp. (Fig. 3), illustrating the
Skolithos and Cruziana ichnofacies. The main ichno-
taxa present is as follows:

Arenicolites isp.

Consisting of U-shaped, lined vertical burrows lack-
ing spreiten (Fig. 3A). Depth is 3.0–6.0 cm and
diameter is 0.5–0.8 cm. It is considered a dwelling
burrow probably produced by a suspension-feeding
polychaete (Ekdale & Lewis 1991), although detri-
tus-feeding has been documented in modern U-
shaped burrows as well (Bromley 1996). Arenicolites
is common in settings affected by rapid sedimenta-
tion, such as shorefaces and delta fronts, among

Fig. 2. Precambrian to Ordovician stratigraphy in southeast Saskatchewan (modified from Norford et al. 1994 and Saskatchewan
Ministry of the Economy, 2013). [Colour figure can be viewed at wileyonlinelibrary.com]
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others (e.g. Howard & Frey 1975; Bromley &
Asgaard 1979; Ekdale & Lewis 1991).

Asterosoma isp

This ichnotaxon appears as zones of disturbed sedi-
ment exhibiting a concentric fill surrounding a cen-
tral tube, representing the cross-section of the
branches of a radial structure (Fig. 3B). Diameter is
0.5–1.5 cm. Asterosoma is interpreted as a feeding
structure of a worm-shaped, vermiform organism
(Chamberlain 1971; Vossler & Pemberton 1989;
Pemberton et al. 2001; Seilacher 2007) and is com-
monly found in fully marine environments, ranging
from shoreface to offshore (Farrow 1966; Frey &
Howard 1970; Vossler & Pemberton 1989).

Diplocraterion parallelum

This consists of U-shaped vertical burrows with
spreiten between both arms (Fig. 3C). Depth is 5.0–
7.0 cm and width is 2.1–3.5 cm. Diplocraterion par-
allelum is interpreted as a dwelling burrow probably
produced by suspension-feeding polychaetes or
crustaceans (Goldring 1964; F€ursich 1974; Gradzin-
ski & Uchman 1994; Gingras et al. 1999). Diplocrate-
rion commonly occurs in relatively high-energy
settings, such as shorefaces, tidal flats and sub-tidal

sandbodies, but also in a variety of marginal-marine
and deep-water environments (e.g. Goldring 1964;
Cornish 1986; Olivero et al. 2010; Carmona & Ponce
2011; Rodr�ıguez-Tovar & P�erez-Valera 2013; Zhang
et al. 2017a) and, less commonly, in continental
environments (e.g. Zhang et al. 1998).

Palaeophycus tubularis

This ichnotaxon occurs as cross-sections of cylindri-
cal, lined, horizontal burrows having an infill identi-
cal to the host rock (Fig. 3D). Diameter is 0.5–
1.2 cm. It is considered the dwelling burrow of sus-
pension-feeding or predator polychaetes and is a
facies-crossing ichnotaxon known in almost all sedi-
mentary environments, including both marine and
non-marine (Pemberton & Frey 1982; M�angano
et al. 2002).

Phycosiphon incertum

This ichnotaxon is observed as small, dark, con-
torted burrows surrounded by a poorly defined
light halo (Fig. 3E). Diameter is 0.2–0.5 cm.
Phycosiphon is considered a fodinichnial struc-
ture produced by deposit feeders, commonly in
low-energy areas of marine environments (Wet-
zel & Bromley 1994; Pervesler & Uchman 2007;

A B C D E

F G H I J

Fig. 3. Ichnotaxa recognized across the studied cores. A, Ar, Arenolites isp. B, As, Asterosoma isp. C, Di, Diplocraterion parallelum. D,
Pa, Palaeophycus tubularis. E, Ph, Phycosiphon incertum. F, Pl, Planolites beverleyensis. G, Si, Siphonichnus eccaensis. H, Sk, Skolithos
linearis. I, Te, Teichichnus rectus. J, Th, Thalassinoides isp. Scale bar 1 cm. [Colour figure can be viewed at wileyonlinelibrary.com]
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Angulo & Buatois 2012; Rodr�ıguez-Tovar et al.
2014).

Planolites beverleyensis

This consists of cross-sections of unlined, cylindrical
sub-horizontal burrows, having an infill different to
the host rock (Fig. 3F). Diameter is 0.4–0.7 cm and
length is 0.6–1.4 cm. Planolites beverleyensis is inter-
preted as a feeding burrow of a worm-like deposit
feeder and considered as a facies-crossing ichno-
taxon produced in a wide variety of settings (Pem-
berton & Frey 1982; M�angano et al. 2002).

Siphonichnus eccaensis

This consists of vertical to sub-vertical cylindrical
burrows having associated concave downward lami-
nae (Fig. 3G). Diameter is 0.7 cm and length is
3.8–10.0 cm. Siphonichnus eccaensisis is produced by
filter-feeder bivalves in response to sedimentation
and erosion in areas where there is an alternation of
sediment accumulation and erosive periods, such as
deltas, estuarine bays or shorefaces (Stanistreet et al.
1980; MacEachern et al. 2005; Angulo & Buatois
2012; Dashtgard & Gingras 2012; Zonneveld et al.
2012).

Skolithos linearis

This structure occurs as vertical and sub-vertical
lined burrows having an infill identical to the host
rock (Fig. 3H). Diameter is 0.6–1.4 cm and length is
5.0–13.0 cm. In places, they are present in high den-
sities forming characteristic piperock (e.g. Hallam &
Sweet 1966; Droser 1991; Desjardins et al. 2010).
This dwelling structure is produced by suspension
feeders, probably polychaetes or phoronids, which
colonize sediments that are rapidly deposited (e.g.
during a storm) or in areas with actively migrating
bedforms (Pemberton & Frey 1984; Vossler & Pem-
berton 1988; Fillion & Pickerill 1990).

Teichichnus rectus

This consists of horizontal burrows displaying a ver-
tical spreiten (Fig. 3I). Diameter is 0.6–1.2 cm and
height is 1.5–3.8 cm. Teichichnus rectus is a feeding
structure produced by a worm-like organism or
arthropods that migrates vertically (e.g. Knaust
2017). This ichnotaxon is present in a wide variety
of marine environments, including lower shoreface,
offshore, deltaic, estuarine and deep marine (e.g.
Howard & Frey 1984; Beynon & Pemberton 1992;

Pemberton et al. 1992; Corner & Fjalstad 1993;
Buckman 1996; Pemberton et al. 2001).

Thalassinoides isp

It appears as sub-circular (0.5–4.0 cm diameter)
cross-sections of sub-horizontal branching burrows,
although branching is typically not seen in core
expression (Fig. 3J). Thalassinoides is interpreted as
a feeding structure. Post-Palaeozoic examples are
produced by decapod crustaceans, but other trace-
makers have been suggested for Palaeozoic examples
(Myrow 1995; Carmona et al. 2004; Zhang et al.
2017b). Thalassinoides is a facies-crossing ichno-
taxon, commonly found in oxygenated marine envi-
ronments and soft and firm sediments (Ekdale et al.
1984; Schlirf 2000; Rodr�ıguez-Tovar et al. 2008).

Palaeoenvironmental distribution of
trace fossils

Integration of sedimentological and ichnological evi-
dence allows characterization of six facies (Table 1;
Figs 4, 5), described and interpreted elsewhere (Dor-
ador et al. 2014). These facies record deposition in a
wave-influenced shallow-marine environment,
encompassing upper, middle and lower shoreface,
upper and lower offshore, and transgressive deposits.
We follow previous environmental schemes and con-
sider the shoreface as the area between the low tide
and the fair-weather wave base and the offshore as
located below the fair-weather wave base, but above
storm wave base (e.g. MacEachern et al. 1999; Bua-
tois & M�angano 2011). These deposits show marked
differences in terms of hydrodynamic energy levels
along the classic depositional profile of a wave-influ-
enced platform (Pemberton et al. 1992; Pemberton
et al. 2001, 2012; Buatois & M�angano 2011).

Upper shoreface deposits (Facies A) are repre-
sented by unbioturbated massive or trough to planar
cross-bedded sandstone. These deposits were formed
under high-energy conditions, dominantly by dune
migration due to multi-directional currents, pre-
venting the establishment of a benthic community
(Howard 1972; MacEachern & Pemberton 1992).

Middle shoreface deposits (Facies B) consist of
planar cross-bedded, and wave ripple cross- and par-
allel-laminated medium-grained sandstone, contain-
ing Arenicolites isp., Diplocraterion parallelum,
Palaeophycus tubularis, Planolites beverleyensis,
Siphonichnus eccaensis, Skolithos linearis and Tha-
lassinoides isp.; Skolithos piperock occurs locally. BI
is 1–4. The middle shoreface is characterized by
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high-energy conditions and dune and ripple migra-
tion in the area where waves initially break (Clifton
2006).

Lower shoreface deposits (Facies C) are character-
ized by medium- to fine-grained muddy sandstone,
locally with low-angle cross-lamination. Arenicolites
isp., Asterosoma isp., Diplocraterion parallelum,
Palaeophycus tubularis, Phycosiphon incertum, Plano-
lites beverleyensis, Siphonichnus eccaensis, Skolithos
linearis, Teichichnus rectus and Thalassinoides isp. are
present. Horizontal structures of deposit feeders are
clearly dominant, and degree of bioturbation varies
from low (BI = 2) in some intervals to commonly
high (BI = 5). Lower shoreface reflects variable
energy conditions, determined by storm intensity
and frequency (MacEachern & Pemberton 1992).
Sparsely bioturbated intervals, dominated by vertical
structures of suspension feeders produced by oppor-
tunistic organisms, reflect short colonization win-
dows during relatively high-energy conditions. On
the other hand, intensely bioturbated intervals dom-
inated by horizontal structures of deposit feeders
were formed during low-energy periods (MacEach-
ern & Pemberton 1992; Buatois & M�angano 2011).

Upper offshore deposits (Facies D) are repre-
sented mostly by mudstone and subordinate fine- to
very fine-grained muddy sandstone. Asterosoma isp.,
Palaeophycus tubularis, Phycosiphon incertum, Plano-
lites beverleyensis, Teichichnus rectus and Thalassi-
noides isp. are present. Deposits are intensely
bioturbated (BI = 4–5) with discrete trace fossils
overprinted on a non-distinct mottled background.
Dwelling or feeding structures of deposit/detritus
feeders are clearly dominant. Upper offshore depos-
its reflect low- to moderate-energy conditions, sup-
porting colonization of tracemakers (MacEachern &
Pemberton 1992).

Lower offshore deposits (Facies E) are character-
ized by mudstone locally with very thin, very fine-
grained sandstone laminae. These intervals are com-
pletely bioturbated (BI = 6), and discrete trace fos-
sils cannot be identified. Lower offshore deposits
illustrate very-low-energy conditions and sedimenta-
tion by suspension fall out, allowing colonization of
infaunal organisms in the uppermost centimetres of
the sediment and resulting in complete sediment
reworking and erasing of any primary sedimentary
structure (MacEachern & Pemberton 1992).

Transgressive deposits (Facies F) consist of med-
ium- to very fine-grained sandstone stacked forming
fining-upward intervals in some cases capped by
mudstone layers. They contain Arenicolites isp.,
Diplocraterion parallelum, Palaeophycus tubularis,
Planolites beverleyensis, Skolithos linearis, Teichichnus
rectus and Thalassinoides isp. Degree of bioturbationT
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is typically moderate (BI = 2–4). These deposits
were formed in a well-oxygenated shallow-marine
setting undergoing transgression. These deposits
suggest punctuated transgression due to wave
ravinement (Cattaneo & Steel 2003).

Ichnodiversity levels

The Winnipeg Formation ichnofauna displays the
typical features of trace-fossil assemblages from
weakly storm-affected shallow-marine areas
(MacEachern & Pemberton 1992; Buatois &
M�angano 2011; Pemberton et al. 2012). However,
ichnodiversity levels are lower than expected consid-
ering the most commonly used models for shallow-
marine environments (Buatois & M�angano 2011;
Pemberton et al. 2012), with only ten ichnotaxa iden-
tified in the Winnipeg Formation. Ichnodiversity
levels in the Winnipeg Formation should be framed
within a broader context. Therefore, several ichnolog-
ical studies from shallow-marine deposits have been
compiled ranging from the Ordovician to the Creta-
ceous (Tables 2, S1). Comparison with younger units
shows a general trend towards an increase in total
ichnodiversity levels. However, in order to more
accurately compare ichnodiversity levels and to frame
the Winnipeg ichnofauna into a broader evolutionary
context, alpha ichnodiversity has been considered for

each of the environmental subdivisions of the deposi-
tional gradient (Table 2). Alpha ichnodiversity
reflects the number of ichnotaxa that can be identi-
fied within a specific community, therefore providing
information about ecological complexity of particular
communities (Buatois & M�angano 2011, 2013;
M�angano & Buatois 2014). Alpha ichnodiversity
levels from the Winnipeg Formation, from upper
shoreface to lower offshore, are consistent with those
observed in other Palaeozoic units, but lower that
those ones from the Mesozoic, particularly Jurassic
and Cretaceous units. This is clearly reflected by
upper offshore deposits containing only six ichno-
taxa, which is very low compared with typical post-
Palaeozoic levels (Table 2).

The overall low alpha ichnodiversity displayed by
the Winnipeg ichnofauna underscores the need for
calibrating trace-fossil models through geological
time (e.g. Buatois et al. 2005). Ichnodiversity levels
that may be taken as indicative of stress factors (e.g.
brackish water, oxygen depletion) in post-Palaeozoic
settings may be the norm for older shallow-marine
ichnofaunas.

Tiering structure

Infaunal communities live vertically zoned with
respect to the sediment–water interface due to

Fig. 4. Schematic distribution of sedimentary facies and associated trace fossils along the depositional profile: Ar, Arenicolites isp.; As,
Asterosoma isp.; Di, Diplocraterion parallelum; Pa, Palaeophycus tubularis; Ph, Phycosiphon incertum; Pl, Planolites beverleyensis; Sk, Sko-
lithos linearis; Te, Teichichnus rectus; Th, Thalassinoides isp. Scale bar 1 cm. [Colour figure can be viewed at wileyonlinelibrary.com]

LETHAIA 52 (2019) Ichnology of the Winnipeg Fm during GOBE 21



variation of physical, chemical and biological factors
(Ausich & Bottjer 1982; Bromley 1990, 1996;
M�angano & Buatois 2014). This vertical distribution
is referred as tiering and suggests that organisms
located in the same tier exploit resources in the same
way (see Buatois & M�angano 2011 for a more
detailed explanation). According to this vertical
zonation, Bromley (1990, 1996) proposed the
ichnoguild concept based on bauplan, food source
and use of space, providing information about eco-
space utilization by the benthos.

The Winnipeg Formation displays relatively
simple tiering structures (Fig. 6). The uppermost
centimetres of the sediment were characterized by
the presence of a completely bioturbated mixed
layer, as can be inferred by the mottled back-
ground clearly identified in offshore facies. This
indistinct mottling is overprinted by the shallow-
tier trace fossils Planolites beverleyensis, Phy-
cosiphon incertum, Asterosoma isp. and Palaeophy-
cus tubularis. In turn, these are cross-cut by mid-
tier ichnotaxa, namely Teichichnus rectus and
Thalassinoides isp.; and the deep-tier ichnotaxa
Skolithos linearis, Arenicolites isp., Diplocraterion
parallelum and Siphonichnus eccaensis.

Six ichnoguilds have been identified in this multi-
tiering community (Fig. 6).

Planolites ichnoguild. – Characterized by transitory,
shallow-tier, deposit-feeder structures produced by
vermiform organisms. This ichnoguild is composed of
Planolites beverleyensis and Phycosiphon incertum, but
the latter is not present in the most proximal facies.

Asterosoma ichnoguild. – This monospecific ichno-
guild is composed of stationary, shallow-tier, deposit-
feeder burrows produced by worm-like organisms.

Palaeophycus ichnoguild. – Semipermanent, shal-
low-tier, suspension feeder or predator structures
produced by vagile vermiform organisms. Palaeo-
phycus tubularis is the single element in this
ichnoguild.

Teichichnus ichnoguild. – Defined by vagile, mid-
tier, deposit-feeder structures. This is a monospecific
ichnoguild represented by Teichichnus rectus.

Thalassinoides ichnoguild. – This ichnoguild is
composed of stationary, mid-tier, deposit-feeder

Fig. 5. Sedimentological logs of the studied cores illustrating lithology, sedimentary structures, trace fossils, bioturbation index and sedi-
mentary facies (from A to F). Well depth is indicated at the top and bottom of each core.
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burrows. Thalassinoides isp. is the only constituent
ichnotaxa of this ichnoguild.

Skolithos ichnoguild. – Characterized by permanent
structures, deep-tier, suspension-feeder organisms.
This ichnoguild is composed of Skolithos linearis,
Arenicolites isp., Diplocraterion isp. and Siphonichnus
eccaensis.

These ichnoguilds are linked to fluctuations in
environmental controls and show a clear distribu-
tion along the depositional setting profile from
proximal to more distal areas (Fig. 7). Accordingly,
the ichnoguild characterized by deep-tier dwelling
structures of suspension feeders (Skolithos ichnogu-
ild) occurs in shoreface environments affected by
continuously agitated waters, whereas ichnoguilds
dominated by shallow- to mid-tier feeding structures
of deposit feeders (e.g. Teichichnus ichnoguild) tend
to be abundant in low-energy offshore deposits. In
the more distal deposits, the discrete structures iden-
tified may overprint a bioturbated background,
revealing emplacement in the transition zone located
below a well-developed mixed layer. Overall, off-
shore deposits typically show a higher degree of bio-
turbation (Fig. 7).

Evolutionary implications

The overall ichnodiversity in the Winnipeg For-
mation is lower than the one that characterizes
archetypal expressions of the Cruziana Ichnofacies.
In addition, tiering structures is less complex and,
with the exception of the Skolithos ichnoguild and
the Planolites ichnoguild, all the other ones are
monospecific. Depauperate expressions of the
Cruziana Ichnofacies are commonly related to
stressed conditions, as occurs in marginal-marine
settings affected by rapid salinity fluctuations (e.g.
MacEachern & Pemberton 1994; MacEachern

et al. 2005; Carmona et al. 2009; Sarkar et al.
2009). However, similar ichnodiversity levels to
those recorded in the studied deposits are also
observed in other early Palaeozoic trace-fossil
assemblages (e.g. M�angano et al. 2005). Moreover,
impoverished trace-fossil assemblages due to
stressed conditions are characterized not only by
lower ichnodiversity than that of the correspond-
ing archetypal ichnofacies, but also by a less
intensity of bioturbation and uneven distribution
of biogenic structures in contrast to the more
uniform and intense bioturbation of fully marine
environments (MacEachern et al. 2005). However,
the Winnipeg Formation is for the most part
characterized by relatively uniform high degrees of
bioturbation (BI = 4–5), making this scenario
inconsistent with a stressed setting.

Although global ichnodiversity shows a continu-
ous increase through the Ordovician as result of the
GOBE, ichnodiversity levels remained lower than in
post-Palaeozoic settings (M�angano & Droser 2004;
Buatois & M�angano 2011, 2016; Buatois et al. 2016a;
M�angano et al. 2016). The relatively low ichnodiver-
sity levels of the Winnipeg Formation are interpreted
as reflecting evolutionary rather than environmental
constrains. Therefore, alpha ichnodiversity in wave-
dominated to wave-influenced shallow-marine envi-
ronments seems to display similar trends to those
identified for global ichnodiversity (Buatois &
M�angano 2016). This fact would explain the differ-
ences between ichnodiversity levels of the Middle
Ordovician Winnipeg Formation and those from
post-Palaeozoic units.

Notably, the highest ichnodiversity per ichnoguild
occurs in the nearshore Skolithos ichnoguild, compris-
ing Arenicolites isp., Diplocraterion parallelum and
Skolithos linearis produced by worm-like organisms
and Siphonichnus eccaensis by bivalves. These are the
common structures in Palaeozoic foreshore to middle
shoreface deposits of wave-dominated shallow-

Fig. 6. Schematic diagram of tiering structure and ichnoguilds from Winnipeg Formation. [Colour figure can be viewed at wileyonline-
library.com]
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marine systems, characterized by well-oxygenated and
high-energy conditions (Droser 1991; M�angano et al.
2005, 2016; Desjardins et al. 2010). However, in simi-
lar environments of the Mesozoic and Cenozoic,
deposits are characterized by structures produced by
crustaceans, such as Ophiomorpha or Thalassinoides,
underscoring a change in the dominant infauna
(M�angano et al. 2016). This replacement has been
explained due to radiation of decapods crustaceans
during the Mesozoic (e.g. Carmona et al. 2004; Bua-
tois et al. 2016b; M�angano et al. 2016).

Our study underscores the importance of carefully
evaluating the evolutionary context when using ich-
nological models for Palaeozoic strata. Trace-fossil
models used to characterize shallow-marine settings
are mostly based on the study of post-Palaeozoic
deposits, but these settings present a higher ichnodi-
versity and were not dominated by the same trace-
maker community and thus, the ichnological
content is different. This may result in misinterpre-
tations of Palaeozoic ichnofaunas.

Sediment mixing and benthic
activity

The topic of sediment mixing and the timing of the
establishment of the mixed layer during the early

Palaeozoic has attracted considerable attention in
recent years (e.g. McIlroy & Logan 1999; Droser
et al. 2002, 2004; Buatois & M�angano 2011;
M�angano et al. 2013; M�angano & Buatois 2014,
2016, 2017; Tarhan & Droser 2014; Tarhan et al.
2015; Gougeon et al. 2018). Lower Palaeozoic shal-
low-marine deposits in places display evidence of
firm conditions close or at the sediment surface, as
indicated by the occurrence of unlined open bur-
rows in mudstone, presence of bioglyphs and scratch
trace fossils, detailed preservation of tiny structures,
preservational bias in favour of very shallow-tier
structures and absence of well-developed mottled
textures (Droser et al. 2002, 2004; Dornbos et al.
2004; Jensen et al. 2005; M�angano et al. 2013; Tar-
han & Droser 2014). The existence of widespread fir-
mgrounds is also supported by the presence of
helicoplacoid echinoderms living as sediment stick-
ers and edrioasteroids living unattached on the sea-
floor (Bottjer et al. 2000; Dornbos 2006; Kloss et al.
2015). Also, lower Cambrian ichnofaunas are com-
monly associated with microbially induced sedimen-
tary structures, suggestive of microbial stabilization
of substrates (Dornbos et al. 2004; Buatois et al.
2014). These different lines of evidence have been
regarded as indicative of the virtual absence of a
mixed layer early in the Phanerozoic (Droser et al.
2002, 2004; Dornbos et al. 2004; Jensen et al. 2005;

Fig. 7. Trace-fossil distribution (grouped by ichnoguilds) from upper shoreface to lower offshore facies. [Colour figure can be viewed at
wileyonlinelibrary.com]
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Dornbos 2006; M�angano et al. 2013; Tarhan & Dro-
ser 2014; Kloss et al. 2015).

The mixed layer consists of the uppermost cen-
timetres of the sediment which are intensely biotur-
bated by the activity of the shallowest tier producers
in a soupy substrate (Teal et al. 2010). The presence
of the mixed layer favours sediment oxygenation and
consequently nutrient recycling, having a marked
impact in the distribution of organic matter (e.g.
Ad�amek & Mar�s�alek 2013; Metzger et al. 2014). The
timing of appearance of the mixed layer in the geolog-
ical record is still debatable (e.g. Zhang et al. 2017b).
Although originally regarded as first occurring in the
Ordovician (e.g. Droser et al. 2002), it has been
recently proposed that marine sediment mixing was
limited through all the early Palaeozoic, first taking
place during the late Silurian (Tarhan et al. 2015).

The Winnipeg Formation provides an excellent
opportunity to assess sediment mixing along the
depositional profile during the GOBE. In particular,
the lower energy deposits formed below fair-weather
wave base are intensely bioturbated. Lower offshore
deposits are thoroughly bioturbated and no evidence
of the primary fabric is preserved. Moreover, lower
shoreface and upper offshore deposits are character-
ized by a mottled background overprinted by dis-
crete trace fossils. This mottling has been elsewhere
interpreted as a consequence of the high bioturba-
tion of organisms in soupy sediments corresponding
to the mixed layer (e.g. Rodr�ıguez-Tovar & Dorador
2014). Therefore, it is suggested that given the
appropriate environmental conditions (i.e. low
energy, oxygenated bottom and interstitial waters,
continuous colonization windows), there is ample
evidence of a well-developed mixed layer in these
Middle Ordovician strata. Intense bioturbation in
low-energy, fair-weather fully marine deposits have
been recently documented in Upper Ordovician car-
bonates of the Willinston Basin (Zheng et al. 2018).

Conclusions

An ichnological study of the Middle Ordovician
Winnipeg Formation was performed in different
cores from southeast Saskatchewan. Ten ichnotaxa
were characterized belonging to the Skolithos and
Cruziana Ichnofacies. Lithology, sedimentary struc-
tures and ichnological features reveal deposition in a
shallow-marine setting, from upper shoreface to
lower offshore, under variable energy conditions.

In spite of an overall agreement with the tradi-
tionally proposed ichnofacies models for wave-
dominated shallow-marine environments, anoma-
lously low alpha ichnodiversity levels are recorded in

each sub-environment along the depositional profile.
Considering that the most common models are
based on Mesozoic deposits, low ichnodiversity
levels from Winnipeg Formation can be explained
by evolutionary trends. This fact underscores the
importance of assessing evolutionary factors when
applying ichnological models to the study of Palaeo-
zoic deposits to avoid misinterpretations.

Tiering reveals a relatively simple infaunal com-
munity. Six ichnoguilds have been identified. The
common presence of a mottled background points
the existence of intense bioturbation in the upper-
most centimetres of the sediment. This fact suggests
the presence of a well-developed mixed layer at the
time of the GOBE.

Acknowledgements. – This contribution has been benefited by
the editorial work of Professor Peter Doyle and constructive
comments by two anonymous reviewers. We thank the Geologi-
cal Subsurface Laboratory staff for their assistance in core slab-
bing and displaying material. Special thanks to Melinda
Yurkowski and Luc Chabanole for all their support and help.
Funding for this research was provided by Projects CGL2012-
33281 and CGL2015-66835-P (Secretar�ıa de Estado de I + D + I,
Spain), Project RNM-3715, Research Group RNM-178 (Junta de
Andaluc�ıa) and Scientific Excellence Unit UCE-2016-05 (Univer-
sidad de Granada). The research of JD was funded by PhD and
post-doctoral grants supported by the University of Granada,
Spain, and by a Newton International Fellowship from the Royal
Society (NF170111). Additional funding was provided by Natu-
ral Sciences and Engineering Research Council (NSERC) Discov-
ery Grants 311727-05/08 and 311726-05/13 awarded to M�angano
and Buatois, respectively.

References
Ad�amek, Z. & Mar�s�alek, B. 2013: Bioturbation of sediments
by benthic macroinvertebrates and fish and its implication
for pond ecosystems: a review. Aquaculture International
21, 1–17.

Angulo, S. & Buatois, L.A. 2012: Ichnology of a Late Devonian-
Early Carboniferous low-energy seaway: the Bakken Forma-
tion of subsurface Saskatchewan, Canada: assessing paleoenvi-
ronmental controls and biotic responses. Palaeogeography,
Palaeoclimatology, Palaeoecology 315, 46–60.

Ausich, W.I. & Bottjer, D.J. 1982: Tiering in suspension-feeding
communities on soft substrata throughout the Phanerozoic.
Science 216, 173–174.

Bambach, R.K. 1983: Ecospace utilization and guilds in marine
communities through the Phanerozoic. In Tevesz, M.J.S. &
McCall, P.L. (eds): Biotic Interactions in Recent and Fossil Ben-
thic Communities, 719–746. Plenum, New York.

Baniak, G.M., Gongras, M.K., Burns, B.A. & Pemberton, S.G.
2014: An example of a highly bioturbated, storm-influenced
shoreface deposit: Upper Jurassic Ula Formation, Norwegian
North Sea. Sedimentology 61, 1261–1285.

Bann, K.L. & Fielding, C.R. 2004: An integrated ichnological and
sedimentological comparison of non-deltaic shoreface and
subaqueous delta deposits in Permian reservoir units of Aus-
tralia. In McIlroy, D. (ed): The Application of Ichnology to
Palaeoenvironmental and Stratigraphic Analysis, 273–310. Geo-
logical Society, London Special Publications 228, UK.

Bann, K.L., Fielding, C.R., MacEachern, J.A. & Tye, S.C. 2004:
Differentiation of estuarine and offshore marine deposits using
integrated ichnology and sedimentology: Permian Pebbley

26 Dorador et al. LETHAIA 52 (2019)



Beach Formation, Sydney Basin, Australia. In McIlroy, D.
(ed): The Application of Ichnology to Palaeoenvironmental and
Stratigraphic Analysis, 179–211. Geological Society, London
Special Publications 228, UK.

Beynon, B.M. & Pemberton, S.G. 1992: Ichnological signature of
a brackish water deposit: an example from the lower Creta-
ceous Grand Rapids Formation, Cold Lake Oil Sands Area,
Alberta. In Pemberton, S.G. (ed): Applications of Ichnology to
Petroleum Exploration: A Core Workshop, 191–221. Society for
Sedimentary Geology, Core Workshop 17, Canada.

Bhattacharya, B. & Bhattacharya, H.N. 2007: Implications of
trace fossil assemblages from Late Paleozoic Glaciomarine Tal-
chir Formation, Raniganj Basin, India. Gondwana Research 12,
509–524.

Bottjer, D.J., Hagadorn, J.W. & Dornbos, S.Q. 2000: The Cam-
brian substrate revolution. GSA Today 10, 1–8.

Bradshaw, M.A. 2010: Devonian trace fossils of the Horlick For-
mation, Ohio Range, Antarctica: systematic description and
palaeoenvironmental interpretation. Ichnos 17, 58–114.

Bromley, R.G. 1990: Trace Fossils. Biology and Taphonomy, 280
pp. Unwin & Hyman, London.

Bromley, R.G. 1996: Trace Fossils. Biology, Taphonomy and Appli-
cations, 361 pp. Chapman & Hall, London.

Bromley, R. & Asgaard, U. 1979: Triassic freshwater ichno-
coenoses from Carlsberg Fjord, East Greenland. Palaeogeogra-
phy, Palaeoclimatology, Palaeoecology 28, 39–80.

Buatois, L.A. & M�angano, M.G. 2011: Ichnology: Organism-Sub-
strate Interactions in Space and Time, 358 pp. Cambridge
University Press, New York.

Buatois, L.A. & M�angano, M.G. 2013: Ichnodiversity and ichn-
odisparity: significance and caveats. Lethaia 46, 281–292.

Buatois, L.A. & M�angano, M.G. 2016: Recurrent patterns and
processes: the significance of ichnology in evolutionary paleoe-
cology. In M�angano, M.G. & Buatois, L.A. (eds.): The Trace-
Fossil Record of Major Evolutionary Events: Volume 2, Mesozoic
and CenozoicTopics in Geobiology 40, 449–473, Springer-
Verlag, Dordrecht, Netherlands.

Buatois, L.A., M�angano, M.G., Alissa, A. & Carr, T.R. 2002:
Sequence stratigraphic and sedimentologic significance of bio-
genic structures from a late Paleozoic marginal- to open-mar-
ine reservoir, Morrow Sandstone, subsurface of southwest
Kansas, USA. Sedimentary Geology 152, 99–132.

Buatois, L.A., Gingras, M.K., MacEachern, J., M�angano, M.G.,
Zonneveld, J.P., Pemberton, S.G., Netto, R.G. & Martin, A.
2005: Colonization of brackish-water systems through time:
evidence from the trace-fossil record. Palaios 20, 321–347.

Buatois, L.A., Narbonne, G.M., M�angano, M.G., Carmona, N.B.
& Myrow, P. 2014: Ediacaran matground ecology persisted
into the earliest Cambrian. Nature Communications 5, 3544.

Buatois, L.A., M�angano, M.G., Olea, R.A. & Wilson, M.A. 2016a:
Decoupled evolution of soft and hard substrate communities
during the Cambrian Explosion and Great Ordovician Biodi-
versification Event. Proceedings of the National Academy of
Sciences of the United States of America 113, 6945–6948.

Buatois, L.A., Carmona, N.B., Curran, H.A., Netto, R.G.,
M�angano, M.G. & Wetzel, A. 2016b: The Mesozoic marine
revolution. In M�angano, M.G. & Buatois, L.A. (eds.): The
Trace-Fossil Record of Major Evolutionary Events: Volume 2,
Mesozoic and Cenozoic. Topics in Geobiology 40, 19–134,
Springer-Verlag, Berlin.

Buckman, J.O. 1996: An example of ‘deep’ tier level Teichichnus
with vertical entrance shafts, from the Carboniferous of Ire-
land. Ichnos 4, 241–248.

Carlson, C.G. 1960: Stratigraphy of the Winnipeg and Deadwood
Formations in North Dakota. North Dakota Geological Survey
Bulletin 35, 1–149.

Carlson, C.G. & Thompson, S.C. 1987: Stratigraphy of the Dead-
wood Formation and Winnipeg Group in the Williston Basin
– anatomy of a cratonic oil province Fifth International Willis-
ton Basin Symposium, June, 1987. Grand Forks, North
Dakota, USA. 71–80.

Carmona, N.B. & Ponce, J.J. 2011: Ichnology and sedimentology
of Miocene Hyperpycnites of the Austral foreland basin

(Tierra del Fuego, Argentina): trace fossil distribution and
paleoecological implications. In Slatt, R.M. & Zavala, C. (eds.):
Sediment Transfer From Shelf to Deep Water—Revisiting The
Delivery System. AAPG Studies in Geology 61, 171–192.

Carmona, N.B., Buatois, L.A. & M�angano, M.G. 2004: The trace
fossil record of burrowing decapod crustaceans: evaluating
evolutionary radiations and behavioral convergence. In
Webby, B.D., M�angano, M.G. & Buatois, L.A. (eds): Trace
Fossils in Evolutionary Paleoecology. Fossils and Strata 51, 141–
153.

Carmona, N.B., Buatois, L.A., Ponce, J.J. & M�angano, M.G. 2009:
Ichnology and sedimentology of a tide-influenced delta, Lower
Miocene Chenque Formation, Patagonia, Argentina: trace-fos-
sil distribution and response to environmental stresses. Palaeo-
geography, Palaeoclimatology, Palaeoecology 273, 75–86.

Cattaneo, A. & Steel, R.J. 2003: Transgressive deposits: a review
of their variability. Earth-Science Reviews 62, 187–228.

Chamberlain, C.K. 1971: Morphology and ethology of trace fos-
sils from the Quachita Mountains, southeast Oklahoma. Jour-
nal of Paleontology 45, 212–246.

Clifton, H.E. 2006: A re-examination of facies models for clastic
shorelines. In Posamentier, H.W. & Walker, R.G. (eds): Facies
Models Revisited. Society for Sedimentary Geology Special Publi-
cation 84, 293–338.

Corner, G.D. & Fjalstad, A. 1993: Spreite trace fossils (Teichich-
nus) in a raised Holocene fjord-delta, Breidvikeidet, Norway.
Ichnos 2, 155–164.

Cornish, F.G. 1986: The trace-fossil Diplocraterion: evidence of
animal–sediment interactions in Cambrian tidal deposits.
Palaios 1, 478–491.

Da Silva, R.C., Dominato, V.H. & Sequeira Fernandes, A.C.
2012: Novos registros e aspectos paleoambientais dos icnof�os-
seis da Formac�~ao Pimenteira, Devoniano da Bacia do Par-
na�ıba, Piau�ı, Brasil. Journal of Geosciences 8, 33–41.

Dashtgard, S.E. & Gingras, M.K. 2012: Marine invertebrate
neoichnology. In Knaust, D. & Bromley, R.G. (eds): Trace Fos-
sils as Indicators of Sedimentary Environments. Developments in
Sedimentology 64, 273–295. Elsevier, Amsterdam.

Desai, B.G. & Saklani, R.D. 2014: Ichnofabric analysis of the
Tithonian shallow marine sediments (Bhadasar Formation)
Jaisalmer Basin, India. Journal of Earth System Science 123,
1413–1431.

Desjardins, P.R., M�angano, M.G., Buatois, L.A. & Pratt, B.R.
2010: Skolithos pipe rock and associated ichnofabrics from the
southern Rocky Mountains, Canada: colonization trends and
environmental controls in an early Cambrian sand-sheet com-
plex. Lethaia 43, 507–528.

Dorador, J., Buatois, L.A., M�angano, M.G. & Rodr�ıguez-Tovar,
F.J. 2014: Ichnologic and sedimentologic analysis of the Upper
Ordovician Winnipeg Formation in southeast of Saskatchewan.
Summary of Investigations 2014, Paper A-4, 15 pp. Saskatche-
wan Geological Survey, Saskatchewan Ministry of the Econ-
omy, Saskatchewan, Canada.

Dornbos, S.Q. 2006: Evolutionary palaeoecology of early epifau-
nal echinoderms: response to increasing bioturbation levels
during the Cambrian radiation. Palaeogeography, Palaeoclima-
tology, Palaeoecology 237, 225–239.

Dornbos, S.Q., Bottjer, D.J. & Chen, J.Y. 2004: Evidence for sea-
floor microbial mats and associated metazoan lifestyles in
Lower Cambrian phosphorites of Southwest China. Lethaia
37, 127–137.

Droser, M.L. 1991: Ichnofabric of the Paleozoic Skolithos ichno-
facies and the nature and distribution of the Skolithos piper-
ock. Palaios 6, 316–325.

Droser, M.L., Jensen, S. & Gehling, J.G. 2002: Trace fossils and
substrates of the terminal Proterozoic-Cambrian transition:
implications for the record of early bilaterians and sediment
mixing. Proceedings of the National Academy of Sciences of the
United States of America 99, 12572–12576.

Droser, M.L., Jensen, S. & Gehling, J.G. 2004: Development of
early Palaeozoic ichnofabrics: evidence from shallow marine
siliciclastics. Geological Society, London. Special Publications
228, 383–396.

LETHAIA 52 (2019) Ichnology of the Winnipeg Fm during GOBE 27



Ekdale, A.A. & Lewis, D.W. 1991: Trace fossils and paleoenviron-
mental control of ichnofacies in a late Quaternary gravel and
loess fan delta complex, New Zealand. Palaeogeography,
Palaeoclimatology, Palaeoecology 81, 253–279.

Ekdale, A.A., Bromley, R.G. & Pemberton, G.S. 1984: Ichnology:
The Use of Trace Fossils in Sedimentology and Stratigraphy.
Short Course 15. Society of Economic Paleontologists and
Mineralogists, Oklahoma, USA.

Fan, R-y & Gong, Y-m 2016: Ichnological and sedimentological
features of the Hongguleleng Formation (Devonian–Carbonif-
erous transition) from the western Junggar, NW China.
Palaeogeography, Palaeoclimatology, Palaeoecology 448, 207–
223.

Farrow, G.E. 1966: Bathymetric zonation of Jurassic trace fossils
from the coast of Yorkshire, England. Palaeogeography, Palaeo-
climatology, Palaeoecology 2, 103–151.

Ferguson, G.A.G., Betcher, R.N. & Grasby, S.E. 2007: Hydrogeol-
ogy of the Winnipeg Formation in Manitoba, Canada. Hydro-
geology Journal 15, 573–587.

Fillion, D. & Pickerill, R.K. 1990: Ichnology of the Lower Ordovi-
cian Bell Island and Wabana Groups of eastern Newfouland.
Palaeontographica Canadiana 7, 1–119.

Frey, R.W. & Howard, J.D. 1970: Comparison of Upper Creta-
ceous ichnofaunas from siliceous sandstones and chalk, Wes-
tern Interior region, U.S.A. In Harper, J.C. & Crimes, T.P.
(eds): Trace Fossils. Geological Journal Special Issue 3, 144–166.

Frey, R.W. & Howard, J.D. 1990: Trace fossils and depositional
sequences in a clastic shelf setting, Upper Cretaceous of Utah.
Journal of Paleontology 64, 803–820.

F€ursich, F.T. 1974: On Diplocraterion Torell, 1870 and the signifi-
cance of morphological features of spreiten-bearing, U-shaped
trace fossils. Journal of Paleontology 48, 952–962.

F€ursich, F.T., Uchman, A., Alberti, M. & Pandey, D.K. 2018: Trace
fossils of an amalgamated storm-bed succession from the Juras-
sic of the Kachchh Basin, India: the significance of time-aver-
aging in ichnology. Journal of Paleogeography 7, 14–31.

Gerard, J. & Bromley, R. 2008: Ichnofabrics in Clastic Sediments:
Applications to Sedimentological Core Studies, 100 pp. Jean
Gerard, Madrid.

de Gibert, J.M., Ramos, E. & Marzo, M. 2011: Trace fossils and
depositional environments in the Hawaz Formation, Middle
Ordovician, western Libya. Journal of African Earth Sciences
60, 28–37.

Gingras, M.K., Pemberton, S.G., Saunders, T.D.A. & Clifton,
H.E. 1999: The ichnology of modern and Pleistocene brackish-
water deposits at Willapa Bay, Washington: variability in estu-
arine settings. Palaios 14, 352–374.

Gluszek, A. 1998: Trace fossils from Late Carboniferous storm
deposits, Upper Silesia Coal Basin, Poland. Acta Palaeontolog-
ica Polonica 43, 517–546.

Goldring, R. 1964: Trace fossils and the sedimentary surface in
shallow marine sediments. Developments in Sedimentology 1,
136–143.

Gougeon, R.C., M�angano, M.G., Buatois, L.A., Narbonne, G.M.
& Laing, B.A. 2018: Early Cambrian origin of the shelf sedi-
ment mixed layer. Nature Communications 9, 1909.

Gradzinski, R. & Uchman, A. 1994: Trace fossil from interdune
deposits an example from the Lower Triassic Aeolian Tumlin
Sandstone, central Poland. Palaeogeography, Palaeoclimatology,
Palaeoecology 108, 121–138.

Hallam, A. & Sweet, L.J. 1966: Trace fossils from the Lower Cam-
brian Pipe Rock of the north-west Highlands. Scottish Journal
of Geology 2, 101–106.

Hansen, C.D. & MacEachern, J.A. 2007: Application of the asym-
metric delta model to along-strike facies variations in a mixed
wave- and river-influenced delta lobe, Upper Cretaceous basal
Belly River Formation, central Alberta. In MacEachern, J.A.,
Bann, K.L., Gingras, M.K. & Pemberton, S.G. (eds): Applied
Ichnology. Society of Economic Paleontologists and Mineralogists
Short Course Notes 52, 1–16.

Holmden, C. 2009: Ca isotope study of Ordovician dolomite,
limestone, and anhydrite in the Williston Basin: implications

for subsurface dolomitization and local Ca cycling. Chemical
Geology 268, 180–188.

Howard, J.D. 1972: Trace fossils as criteria for recognizing shore-
lines in stratigraphic record. In Rigby, J.K. & Hamblin, W.K.
(eds): Recognition of Ancient Sedimentary Environments. Society
of Economic Paleontologists and Mineralogists Special Publica-
tion 16, 215–225.

Howard, J.D. & Frey, R.W. 1975: Estuaries of the Georgia coast,
USA: sedimentology and biology. II. Regional animal—sedi-
ment characteristics of Georgia estuaries. Senckenbergiana
Maritima 7, 33–103.

Howard, J.D. & Frey, R.W. 1984: Characteristic trace fossils in
nearshore to offshore sequences, Upper Cretaceous of
east-central Utah. Canadian Journal of Earth Sciences 21, 200–
219.

Jensen, S., Droser, M.L. & Gehling, J.G. 2005: Trace fossil preser-
vation and the early evolution of animals. Palaeogeography,
Palaeoclimatology, Palaeoecology 220, 19–29.

Joseph, J.K., Patel, S.J. & Bhatt, N.Y. 2012: Trace fossil assem-
blages in mixed siliciclastic-carbonate sediments of the Kal-
adongar Formation (Middle Jurassic), Patcham Island,
Kachchh, Western India. Journal of the Geological Society of
India 80, 189–214.

Kendall, A.C. 1976: The Ordovician carbonate succession (Big Horn
Group) of southeastern Saskatchewan. Saskatchewan Geological
Survey, Department of Mineral Resources, Report 190,
Saskatchewan, Canada.

Kessler, L.G. 1991: Subsidence controlled stratigraphic sequences
and the origin of shelf sand ridges, Winnipeg Group (Middle
Ordovician) Manitoba, Saskatchewan and North Dakota. In
Christopher, J.E. & Haidl, F.M. (eds): Sixth International Wil-
liston Basin Symposium. Saskatchewan Geological Society, Spe-
cial Publication 11, 1–13.

Kloss, T.J., Dornbos, S.Q. & Chen, J. 2015: Substrate adaptations
of sessile benthic metazoans during the Cambrian radiation.
Paleobiology 41, 342–352.

Knaust, D. 2017: Atlas of Trace Fossils in Well Core. Appearance,
Taxonomy and Interpretation, 209 pp. Springer, Switzerland.

Kreis, L.K. 2004: Geology of the Middle Ordovician Winnipeg
Formation in Saskatchewan; Lower Paleozoic Map Series. Sas-
katchewan Industry Resources, Miscellaneous Report 2004-8,
Sheet 3 of 8.

LeFever, R.D. 1996: Sedimentology and stratigraphy of the Dead-
wood-Winnipeg Interval (Cambro-Ordovician), Williston
Basin. In Longman, M.W. & Sonnenfeld, M.D. (eds): Paleozoic
Systems of the Rocky Mountain Region. Rocky Mountain Section,
Society for Sedimentary Geology, 11–28.

Macauley, G. 1952: The Winnipeg Formation in Manitoba.
University of Manitoba, Manitoba, Canada.

MacEachern, J.A. & Pemberton, S.G. 1992: Ichnological aspects
of Cretaceous shoreface successions and shoreface variability
in the Western Interior Seaway of North America. In Pember-
ton, S.G. (ed.): Applications of Ichnology to Petroleum Explo-
ration: A Core Workshop. Society for Sedimentary Geology Core
Workshop 17, 57–84.

MacEachern, J.A. & Pemberton, S.G. 1994: Ichnological aspects
of incised valley fill systems from the Viking Formation of the
Western Canada Sedimentary Basin, Alberta, Canada. In Boyd,
R., Zaitlin, B.A. & Dalrymple, R. (eds): Incised Valley Systems:
Origin and Sedimentary Sequences. Society for Sedimentary
Geology Special Publication 51, 129–157.

MacEachern, J.A., Zaitlin, B.A. & Pemberton, S.G. 1999: A
sharp-based sandstone of the Viking Formation, Joffre Field,
Alberta, Canada: criteria for recognition of transgressively
incised shoreface complexes. Journal of Sedimentary Research
69, 876–892.

MacEachern, J.A., Bann, K.L., Bhattacharya, J.P. & Howell, Jr,
C.D. 2005: Ichnology of deltas: organism responses to the
dynamic interplay of rivers, waves, storms, and tides. In Gio-
san, L. & Bhattacharya, J.P. (eds): River Deltas—Concepts,
Models and Examples. Society of Economic Paleontologists and
Mineralogists Special Publication, 83, 49–85.

28 Dorador et al. LETHAIA 52 (2019)



M�angano, M.G. & Buatois, L.A. 2014: Decoupling of body-plan
diversification and ecological structuring during the Edi-
acaran-Cambrian transition: evolutionary and geobiological
feedbacks. Proceedings of the Royal Society 281, 20140038.

M�angano, M.G. & Buatois, L.A. 2016: The Cambrian explosion.
In M�angano, M.G. & Buatois, L.A. (eds): The trace-fossil record
of major evolutionary events. Volume 1: Precambrian and Paleo-
zoic. Topics in Geobiology 39, 73–126, Springer-Verlag.

M�angano, M.G. & Buatois, L.A. 2017: The Cambrian revolutions:
trace-fossil record, timing, links and geobiological impact.
Earth-Science Reviews 173, 96–108.

M�angano, M.G. & Droser, M.L. 2004: The ichnologic record
of the Ordovician radiation. In Webby, B.D., Paris, F., Dro-
ser, M.L. & Percival, I.G. (eds): The Great Ordovician Biodi-
versification Event, 369–379. Columbia University Press,
New York.

M�angano, M.G., Buatois, L.A., West, R.R. & Maples, C.G. 2002:
Ichnology of a Pennsylvanian Equatorial Tidal Flat: the Stull
Shale Member at Waverly, Eastern Kansas. Kansas Geological
Survey 245, 1–133.

M�angano, M.G., Buatois, L.A. & Mu~niz Guinea, F. 2005: Ichnol-
ogy of the Alfarcito Member (Santa Rosita Formation) of
northwestern Argentina: animal-substrate interactions in a
lower Paleozoic wave-dominated shallow sea. Ameghiniana 42,
641–668.

M�angano, M.G., Buatois, L.A., Hofman, R., Elicki, O. & Shinaq,
R. 2013: Exploring the aftermath of the Cambrian explosion:
the evolutionary significance of marginal- to shallow-marine
ichnofaunas of Jordan. Palaeogeography, Palaeoclimatology,
Palaeoecology 374, 1–15.

M�angano, M.G., Buatois, L.A., Wilson, M. & Droser, M.L.
2016: The Great Ordovician Biodiversification Event. In
M�angano, M.G. & Buatois, L.A. (eds): The Trace-Fossil
Record of Major Evolutionary Events. Volume 1: Precambrian
and Paleozoic. Topics in Geobiology 39, 127–156, Springer-
Verlag, Berlin.

Martin, M.A. & Pollard, J.E. 1996: The role of trace fossil (ichno-
fabric) analysis in the development of depositional models for
the Upper Jurassic Fulmar Formation of the Kittiwake Field
(Quadrant 21 UKCS). In Hurst, A. (ed.): Geology of the Hum-
ber Group: Central Graben and Moray Firth, UKCS. Geological
Society Special Publication 114, 163–183.

McIlroy, D. & Logan, G.A. 1999: The impact of bioturbation on
infaunal ecology and evolution during the Proterozoic-Cam-
brian transition. Palaios 14, 58–72.

Metzger, E., Langlet, D., Viollier, E., Koron, N., Riedel, B., Sta-
chowitsch, M., Faganeli, J., Tharaud, M., Geslin, E. & Jorissen,
F. 2014: Artificially induced migration of redox layers in a
coastal sediment from the Northern Adriatic. Biogeosciences
11, 2211–2224.

Miller, A.I. 1997: Dissecting global diversity trends: examples
from the Ordovician radiation. Annual Review of Ecology and
Systematics 28, 85–104.

Myrow, P.M. 1995: Thalassinoides and the enigma of Early Pale-
ozoic open-framework burrow systems. Palaios 10, 58–74.

Norford, B.S., Haidl, F.M., Bezys, R.K., Cecile, M.P., McCabe,
H.R. & Paterson, D.F. 1994: Middle Ordovician to Lower
Devonian Strata of the Western Canada Sedimentary Basin. In
Mossop, G.D. & Shetsen, I. (eds): Geological Atlas of the Wes-
tern Canada Sedimentary Basin, 109–127. Canadian Society of
Petroleum Geologists and Alberta Research Council, Alberta,
Canada.

Oberg, R. 1966: Winnipeg conodonts from Manitoba. Journal of
Paleontology 40, 130–147.

Olivero, E.B., L�opez, M.I., Malumi�an, N. & Torres Carbonell, P.J.
2010: Eocene graphoglyptids from shallow-marine, high-
energy, organic-rich, and bioturbated turbidites, Fuegian
Andes, Argentina. Acta Geologica Polonica 60, 77–91.

Pemberton, G.S., Van Wagoner, J.C. & Wach, G.D. 1992: Ichno-
facies of a wave dominated shoreline. In Pemberton, S.G.
(ed.): Applications of ichnology to petroleum exploration: A
core workshop. Society for Sedimentary Geology Core Workshop
17, 339–382.

Pemberton, G.S. & Frey, R.W. 1982: Trace fossil nomenclature
and the Planolites-Palaeophycus dilemma. Journal of Paleon-
tology 56, 843–881.

Pemberton, G.S. & Frey, R.W. 1984: Quantitative methods in
ichnology: spatial distribution among populations. Lethaia 17,
33–49.

Pemberton, S.G., Spila, M., Pulham, A.J., Saunders, T., MacEach-
ern, J.A., Robbins, D. & Sinclair, I.K. 2001: Ichnology and sedi-
mentology of shallow to marginal marine systems: Ben Nevis
and Avalon Reservoirs, Jeanne d’Arc Basin. Geological Associa-
tion of Canada, Short Course Notes 15.

Pemberton, G.S., MacEachern, J.A., Dashtgard, S.E., Bann, K.L.,
Gingras, M.K. & Zonneveld, J-P. 2012: Shorefaces. In Knaust,
D. & Bromley, R.G. (eds): Trace Fossils as Indicators of Sedi-
mentary Environments. Developments in Sedimentology 64,
563–603. Elsevier, Amsterdam.

Pervesler, P. & Uchman, A. 2007: Ichnology of the Lower Bade-
nian (Middle Miocene) Baden-Soob core at the type locality of
the Badenian (Vienna Basin, Lower Austria). Joannea Geologie
Pal€aontologie 9, 79–81.

Potter, D. 2006: Relationships of Cambro-Ordovician stratigraphy
to paleotopography on the Precambrian basement, Williston
Basin. In Gilboy, C.F. & Whittaker, S.G. (eds): Saskatchewan
and Northern Plains Oil & Gas Symposium 2006, Saskatchewan
Geological Society Special Publication 19, 63–73.

Reid, S.A & Pemberton, S.G. 2007: Facies architecture of the Doe
Creek Member of the Kaskapau Formation, NW Alberta: uti-
lizing ichnology to enhance deltaic depositional models. In
MacEachern, J.A., Bann, K.L., Gingras, M.K. & Pemberton,
S.G. (eds): Applied Ichnology. Society of Economic Paleontolo-
gists and Mineralogists Special Publication Short Course Notes
52, 207–324.

Reineck, H.E. 1963: Sedimentgef€uge im Bereich der s€udlichen
Nordsee. Abhandlungen der Senckenbergischen Naturforschen-
den Gesellschaft 505, 1–138.

Rodr�ıguez-Tovar, F.J. & Dorador, J. 2014: Ichnological analysis
of Pleistocene sediments from the IODP Site U1385 ‘Shackle-
ton Site’ on the Iberian margin: approaching paleoenviron-
mental conditions. Palaeogeography, Palaeoclimatology,
Palaeoecology 409, 24–32.

Rodr�ıguez-Tovar, F.J. & P�erez-Valera, F. 2013: Variations in pop-
ulation structure of Diplocraterion parallelum: hydrodynamic
influence, food availability, or nursery settlement. Palaeogeog-
raphy, Palaeoclimatology, Palaeoecology 369, 501–509.

Rodr�ıguez-Tovar, F.J., Puga-Bernab�eu, A. & Buatois, L.A. 2008:
Large burrow systems in marine Miocene deposits of the Betic
Cordillera (Southern Spain). Palaeogeography, Palaeoclimatol-
ogy, Palaeoecology 268, 19–25.

Rodr�ıguez-Tovar, F.J., Nagy, J. & Reolid, M. 2014: Palaeoenvi-
ronment of Eocene prodelta in Spitsbergen recorded by the
trace Phycosiphon incertum. Polar Research 33, 23786.

Sarkar, S., Ghosh, S.K. & Chakraborty, C. 2009: Ichnology of a
Late Palaeozoic ice-marginal shallow marine succession: Tal-
chir Formation, Satpura Gondwana basin, central India.
Palaeogeography, Palaeoclimatology, Palaeoecology 283, 28–45.

Saskatchewan Ministry of the Economy. 2013: Stratigraphic Cor-
relation Chart. Saskatchewan Ministry of Economy, Saskatche-
wan, Canada.

Schlirf, M. 2000: Upper Jurassic trace fossils from the Boulonnais
(northern France). Geologica et Palaeontologica 34, 145–213.

Sedorko, D., Netto, R.G., Savrda, C.E., Assine, M.L. & Tognoli,
F.M.W. 2017: Chronostratigraphy and environment of Furnas
Formation by trace fossil analysis: calibrating the lower Paleo-
zoic Gondwana realm in the Paran�a Basin (Brazil). Palaeogeog-
raphy, Palaeoclimatology, Palaeoecology 487, 307–320.

Seilacher, A. 2007: Trace Fossil Analysis, 226 pp. Springer-Verlag,
Heidelberg.

Sepkoski, Jr, J.J. 1995: The Ordovician radiations: diversification
and extinction shown by global genus-level taxonomic data. In
Cooper, J.D., Droser, M.L. & Finney, S.C. (eds): Ordovician
Odyssey: Short papers for the Seventh International Symposium
on the Ordovician System. Pacific Section Society for Sedimen-
tary Geology, 393–396. Fullerton, USA.

LETHAIA 52 (2019) Ichnology of the Winnipeg Fm during GOBE 29



Sepkoski, Jr, J.J. 1997: Biodiversity: past, present and future.
Journal of Paleontology 71, 533–539.

Servais, T. & Harper, D.A.T. 2018: The Great Ordovician Biodi-
versification Event (GOBE): definition, concept and duration.
Lethaia 51, 151–164.

Servais, T., Lehnert, O., Li, J., Mullins, G.L., Munnecke, A., N€utzel,
A. & Vecoli, M. 2008: The Ordovician Biodiversification: revo-
lution in the oceanic trophic chain. Lethaia 41, 99–109.

Servais, T., Owen, A.W., Harper, D.A.T., Kr€oger, B. & Mun-
necke, A. 2010: The Great Ordovician Biodiversification Event
(GOBE): the palaeoecological dimension. Palaeogeography,
Palaeoclimatology, Palaeoecology 294, 99–119.

Sharafi, M., Mahboubi, A., Moussavi-Harami, R., Mosaddegh,
H. & Gharaie, M.H.M. 2014: Trace fossils analysis of fluvial to
open marine transitional sediments: example from the Upper
Devonian (Geirud Formation), Central Alborz, Iran. Palae-
oworld 23, 50–68.

Sheehan, P.M. 2001: The Late Ordovician mass extinction.
Annual Review of Earth and Planetary Sciences 29, 331–364.

Stanistreet, I.G., Le Blanc Smith, G. & Cadle, A.B. 1980: Trace
fossils as sedimentological and paleoenvironmental indices in
the Ecca Group (Lower Permian) of the Transvaal. Transac-
tions of the Geological Society of South Africa 83, 333–344.

Stocker, G.R. 1956: Winnipeg and older rocks, North Dakota
and South Dakota. First Williston Basin Symposium, 112–114.
North Dakota and Saskatchewan Geological Societies.

Sweet, W.C. 1982: Conodonts from the Winnipeg Formation
(Middle Ordovician) of the northern Black Hills, South
Dakota. Journal of Paleontology 56, 1029–1049.

Tarhan, L.G. & Droser, M.L. 2014: Widespread delayed mixing
in early to middle Cambrian marine shelfal settings. Palaeo-
geography, Palaeoclimatology, Palaeoecology 399, 310–322.

Tarhan, L.G., Droser, M.L., Planavsky, N.J. & Johnston, D.T.
2015: Protracted development of bioturbation through the
early Palaeozoic Era. Nature Geoscience 8, 865–869.

Taylor, A. & Goldring, R. 1993: Description and analysis of bio-
turbation and ichnofabric. Journal of the Geological Society,
London 150, 141–148.

Teal, L.R., Parker, E.R. & Solan, M. 2010: Sediment mixed layer
as a proxy for benthic ecosystem process and function. Marine
Ecology Progress Series 414, 27–40.

Vossler, S.M. & Pemberton, S.G. 1988: Skolithos in the Upper
Cretaceous Cardium Formation: an ichnofossil example of
opportunistic ecology. Lethaia 21, 351–362.

Vossler, S.M. & Pemberton, S.G. 1989: Ichnology and paleoecol-
ogy of offshore siliciclastic deposits in the Cardium Formation
(Turonian, Alberta, Canada). Palaeogeography, Palaeoclimatol-
ogy, Palaeoecology 74, 217–239.

Wetzel, A. & Bromley, R. 1994: Phycosiphon incertum revisited:
Anconichnus horizontalis is its junior subjective synonym. Jour-
nal of Paleontology 68, 1396–1402.

Zhang, L.-J. & Zhao, Z. 2015: Lower Devonian trace fossils and
their paleoenvironmental significance from the western
Yangtze Plate, South China. Turkish Journal of Earth Sciences
24, 325–343.

Zhang, G., Buatois, L.A., M�angano, M.G. & Ace~nolaza, F.G.
1998: Sedimentary facies and environmental ichnology of a
Permian playa-lake complex in western Argentina. Palaeogeog-
raphy, Palaeoclimatology, Palaeoecology 138, 221–243.

Zhang, L.J., Buatois, L.A., M�angano, M.G., Qi, Y.A. & Tai, C.
2017a: Middle Cambrian Diplocraterion parallelum from
North China: ethologic significance and facies controls. Bollet-
tino della Societ�a Paleontologica Italiana 56, 117–125.

Zhang, L.J., Qi, Y.A., Buatois, L.A., M�angano, M.G., Meng, Y. &
Li, D. 2017b: The impact of deep-tier burrow systems in sedi-
ment mixing and ecosystem engineering in early Cambrian
carbonate settings. Scientific Reports 7, 45773.

Zheng, C.Y., M�angano, M.G. & Buatois, L.A. 2018: Ichnology
and depositional environments of the Upper Ordovician Stony
Mountain Formation in the Williston Basin, Canada: refining
ichnofacies and ichnofabric models for Epeiric Sea carbonates.
Palaeogeography, Palaeoclimatology, Palaeoecology 501, 13–29.

Zonneveld, J.P., Gingras, M.K. & Pemberton, S.G. 2001: Trace
fossil assemblages in a Middle Triassic mixed siliciclastic car-
bonate marginal marine depositional system, British Colum-
bia. Palaeogeography, Palaeoclimatology, Palaeoecology 166,
249–276.

Zonneveld, J.P., Charles, H., MacNaughton, R. & Beatty,
T.W. 2004: Diverse ichnofossil assemblages from the Lower
Triassic of northeastern British Columbia, Canada: evi-
dence for a shallow marine refugium on the northwestern
coast of Pangaea. Geological Society of America Abstracts
with Programs 36, 336.

Zonneveld, J.P., MacNaughton, R.B., Utting, J., Beatty, T.W.,
Pemberton, S.G. & Henderson, C.M. 2010: Sedimentology and
ichnology of the Lower Triassic Montney Formation in the
Pedigree-Ring/Border-Kahntah River area, northwestern
Alberta and northeastern British Columbia. Bulletin of Cana-
dian Petroleum Geology 58, 115–140.

Zonneveld, J.P., Gingras, M.K., Beatty, T.W., Bottjer, D.J., Chap-
lin, J.R., Greene, S.E., Martindale, R.C., Mata, S.A., Mchugh,
L.P., Pemberton, S.G. & Schoengut, J.A. 2012: Mixed carbonate
and siliciclastic systems. In Knaust, D. & Bromley, R.G. (eds):
Trace Fossils as Indicators of Sedimentary Environments. Develop-
ments in Sedimentology 64, 807–836, Elsevier, Amsterdam.

Supporting Information

Additional supporting information may be found
online in the Supporting Information section at the
end of the article.

Table S1. Detailed list of ichnotaxa characterized by
subenvironment in every study considered in
Table 2.

30 Dorador et al. LETHAIA 52 (2019)


