“Geology is a capital science to begin, as it requires nothing
but a little reading, thinking, and hammering.”
— Charles Darwin (1835)



University of Alberta

BUILDING UPON ICHNOLOGICAL PRINCIPLES: MODERN
BIOGENIC STRUCTURES, ICHNOTAXONOMIC CLASSIFICATION,
AND PALEOECOLOGICAL AND STRATIGRAPHIC SIGNIFICANCE

OF ICHNOFOSSIL ASSEMBLAGES

by

LYNN THERESA DAFOE

A thesis submitted to the Faculty of Graduate Studies and Research
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

DEPARTMENT OF EARTH AND ATMOSPHERIC SCIENCES

©Lynn Theresa Dafoe

Fall 2009
Edmonton, Alberta

Permission is hereby granted to the University of Alberta Libraries to reproduce single copies of this thesis
and to lend or sell such copies for private, scholarly or scientific research purposes only. Where the thesis is
converted to, or otherwise made available in digital form, the University of Alberta will advise potential users
of the thesis of these terms.

The author reserves all other publication and other rights in association with the copyright in the thesis and,
except as herein before provided, neither the thesis nor any substantial portion thereof may be printed or
otherwise reproduced in any material form whatsoever without the author’s prior written permission.



Examining Committee

S. George Pemberton, Earth and Atmospheric Sciences
Murray Gingras, Earth and Atmospheric Sciences

Charles Stelck, Earth and Atmospheric Sciences

James MacEachern, Earth Sciences, Simon Fraser University
Maya Evenden, Biological Sciences

Charles Savrda, Geology and Geography, Auburn University



This work is dedicated to my loving and supportive husband,
Chris, and to our wonderful daughter, Chloe, who was an
endless (but enjoyable) distraction during completion of this
thesis. Also to my parents for their love, encouragement and
assistance in lugging prized rocks down steep trails.



ABSTRACT

Biogenic structures can impart important information regarding animal
behaviors and depositional conditions at the time of colonization including:
sedimentation rate, current velocities, distribution of food resources, oxygenation,
salinity, and temperature. This thesis utilizes various ichnological subdisciplines
to build upon these underlying ichnological principles.

Neoichnology is a newly emerging field that can provide invaluable
information about modern and ancient organisms. Burrowing activities of a
population of deposit-feeding, freshwater Limnodrilus and Tubifex is found to
produce biogenic graded bedding. Similarly, the burrowing activities of Euzonus
mucronata are studied in relation to the trace fossil Macaronichnus segregatis,
which displays mineralogical segregation between the burrow infill and mantle.
The process of grain partitioning was assessed using videographic analyses
of ingested and excreted grains by these deposit-feeding polychaetes, which
selectively ingest felsic grains through en-masse feeding in felsic-rich locales.

Macaronichnus is an important trace in ancient deposits of nearshore
settings; however, since its inception, the genus had not been formally diagnosed.
Accordingly, a unique approach to classification of these traces was undertaken,
using grain sorting and collective morphology as ichnotaxobases, in addition to
the diagnosis of a new, related genus—Harenaparietis. In the Permian Snapper
Point Formation of SE Australia, a new ichnospecies of Piscichnus was diagnosed
and interpreted to reflect fish or cephalopod feeding via hydraulic jetting into the
substrate in search of infaunal food sources.

The delineation of trace fossils through ichnotaxonomy provides a basis
for identifying trace fossil suites, which can be interpreted through ichnofacies

analysis. Subtle ichnological and sedimentological attributes of deltaic strata in



the Viking Formation permits the identification of wave-influenced and mixed
river- and wave-influenced deposits in the Hamilton Lake and Wayne-Rosedale-
Chain areas of Alberta, Canada, respectively. Facies analysis combined with
the identification of palimpsest stratigraphic surfaces led to the identification

of transgressively incised shoreface deposits at Hamilton Lake. Examples of
palimpsest ichnofossils from the Hamilton Lake area and from other strata are
used in an assessment of soft-, stiff- and firmground suites. This study revealed
the importance of substrate properties, environment, stratigraphy and processes

leading to the formation and expression of allocyclic and autocyclic surfaces.
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FE Facies E BD4 Bounding Discontinuity 4
FF Facies F
FG  Facies G

FH Facies H



CHAPTER 9 ABBREVIATIONS

FS Flooding Surface

SB Sequence Boundary

TRS Tidal Ravinement Surface

TSE Transgressive Surface of Erosion

WRS Wave Ravinement Surface



CHAPTER 1 - INTRODUCTION

The field of ichnology comprises a diverse subset of disciplines that
promote the overall understanding of ancient trace-makers, their behaviors and the
environmental conditions that persisted during sediment colonization (cf. Gingras
et al., 2007). This thesis combines various aspects of ichnology including:
neoichnology (the study of modern burrowing activities), ichnotaxonomy (the
classification of trace fossils), ichnofacies analysis (the use of ichnofossil suites),
and the study of palimpsest suites to assess stratigraphic discontinuities in order
to build upon ichnological principles and the understanding of ancient organisms
and environments.

Determining the temporal significance of invertebrate ichnofossils is
essential in the interpretation of ancient organism behaviors, depositional settings,
and bioturbation versus sedimentation rates. Two studies addressed temporal
significance by assessing the burrowing rates of selected modern animals.
Tubificids are important head-down, “conveyor-belt” feeders in freshwater
settings as dense populations can rapidly rework bottom deposits to transport
segregated silt and clay particles to the sediment surface (Fisher et al., 1980).
This thesis presents a new method in determining tubificid bioadvection rates,
which addresses some of the limitations associated with previous studies. The
new approach consists of an aquarium inoculated with sediment and worms
in which tubificids produce fecal mounds over time as the sediment surface is
photographed and analyzed using computer software. The worms were found to
rework the sediment into a unique form of stratification that has the potential for
preservation in the rock record.

The second chapter that deals with bioturbation rates incorporates
laboratory studies of the polychaete Euzonus mucronata, which produces
structures similar to the ichnofossil Macaronichnus segregatis. This trace fossil
is known to represent the activity of deposit-feeding polychaetes, and commonly
occurs as a pervasive structure in shallow-marine sandstones (e.g., Saunders,
1989). Field measurements from Pachena Beach, Vancouver Island, Canada
included assessment of population densities and worm behaviors. Volumetric
burrowing rates were obtained from a thin-walled aquarium constructed in the
laboratory using a new technique that involves grid overlay analysis. These
burrowing rates can be applied to ancient successions in order to approximate

the activities of similar, ancient organisms. Macaronichnus segregatis is a

1



distinctive ichnofossil characterized by the mineralogical segregation of sand
grains forming a felsic burrow infill and a mafic- and mica-rich burrow mantle
(Clifton and Thompson, 1978). The second aspect of the Euzonus study focused
on determining the mechanism by which M. segregatis trace-makers segregate
mineral grains during deposit feeding. Euzonus mucronata were microscopically
videotaped to collect data on ingestion and excretion through visual grain counts
of felsic, mafic and shell components. The method by which the polychaetes form
the felsic-rich burrow infills is determined. However, in regards to application to
M. segregatis, the method is thought to reflect the unique sediment properties and
species of polychaete selected and may be one possible process used in mineral
segregation.

Although Macaronichnus is an important trace fossil in nearshore
deposits, the original description of the trace did not include a proper
ichnotaxonomic diagnosis (cf. Clifton and Thompson, 1978). Another aspect
of this thesis includes a unique taxonomic assessment of the Macaronichnus
ichnogenus and its ichnospecies, in addition to the introduction of a new
ichnogenus—Harenaparietis. The traditional taxonomic approach in ichnology
involves differentiation of ichnogenera and ichnospecies based upon standard
morphological attributes of individual specimens (Bertling et al., 2006). Particular
ichnofossils, however, may be characterized on other, more apparent, criteria.
Macaronichnus segregatis, for instance, consists of unlined, non-branching,
cylindrical ichnofossils produced through deposit-feeding strategies that result
in compositional differences between individual burrow fills, burrow mantles,
and the matrix. The chapter herein proposes a new approach to a revised
Macaronichnus taxonomy that involves the introduction of new ichnotaxobases or
criteria for defining trace fossils.

In addition to the Macaronichnus taxonomy, a new form of Piscichnus
was identified from the Permian Snapper Point Formation of SE Australia. These
traces occur as anomalously large depressions with morphological variations that
include: 1) steep-walled, cylindrical to conical forms; and 2) shallow- to steep-
walled, hook-shaped depressions. The width-to-depth ratios of these features
are comparable to documented biogenic structures from ancient and modern
settings referred to as Piscichnus or Piscichnus-like, respectively (e.g.,, Gregory
et al., 1979; Gregory, 1991). Cylindrical and conical structures in the Snapper
Point Formation are interpreted as P. waitemata, whereas the hooked-shaped

depressions reflect a new ichnospecies termed Piscichnus gregorii. A taxonomic
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assessment of Piscichnus is undertaken and the potential trace-makers and
associated behaviors are discussed.

Once trace fossils have been identified within a suite, the collective
occurrence of the traces can be assessed using ichnofacies analysis (cf. Pemberton
et al., 2001). This paradigm is a powerful tool that can be used to interpret the
environment in which deposition took place. In the Viking Formation at Hamilton
Lake (Alberta, Canada), sandy units were interpreted as shoreface in origin by
Burton (1997). This study uses detailed sedimentological and ichnological data to
refine this interpretation through the identification of the deltaic nature of strata of
Viking Formation deposits from the Hamilton Lake and Wayne-Rosedale-Chain
areas (Alberta, Canada). Deltaic deposition is implied based on evidence of high
sedimentation rates, variable salinity, and stressed ichnological assemblages (e.g.,,
MacEachern et al., 2005). The sedimentological and ichnological attributes of
these deposits reflect different degrees of riverine, wave, and storm influence. In
the Hamilton Lake area, a second study focused on distinguishing between these
deltaic deposits and strata reflecting normal-marine (non-deltaic) depositional
conditions, and relating these facies within the stratigraphic framework. Facies
are grouped into three facies associations interpreted as: 1) deltaic, 2) upper
offshore, and 3) lower offshore in conjunction with transgressive deposits. These
facies associations, in conjunction with interpreting stratigraphic discontinuities,
reveal a depositional history that includes periods of progradation alternating with
transgressive flooding, subaerial exposure, progradation during stillstand and
wave ravinement.

The importance of a distal expression of the Glossifungites Ichnofacies
at Hamilton Lake was first recognized by MacEachern and Burton (2000). This
distal Glossifungites Ichnofacies reflects an atypical firmground colonization in
which deposit-feeding, foraging and probing traces demarcate the stratigraphic
horizon. Examples from this area, other ancient successions, and modern
deposits are used to discriminate between these newly recognized palimpsest
softground and stiffground suites and those from the well-established firmground
Glossifungites Ichnofacies (cf. Pemberton et al., 2001). Palimpsest trace
fossil suites involve a post-depositional overprinting produced by substrate
recolonization that follows a depositional hiatus and/or erosion. Difficulty in
defining these suites is related to the gradational nature of substrate firmness,
which is observed in modern sediments (e.g.,, Gingras et al., 2000). The

depositional break associated with the overprinted assemblage can demarcate
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stratigraphically significant and autocyclically generated surfaces. The influence
of substrate, environment and stratigraphy, in addition to the processes by which
palimpsest suites form is discussed, and a revised application of these suites is

proposed.
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CHAPTER 2 - ANEW TECHNIQUE FOR ASSESSING TUBIFICID
BURROWING ACTIVITIES, AND RECOGNITION OF BIOGENIC
GRADING FORMED BY THESE OLIGOCHAETES

INTRODUCTION

Tubificids are oligochaetes common to muddy and sandy stream
and lake bottoms, as well as marine sediments (see appendix; Appleby and
Brinkhurst, 1970; Rogaar, 1980). In freshwater environments, tubificids are
the primary infaunal burrowers (Fisher et al., 1980) that mix sediment through
conveyor-belt feeding activities, resulting in egestion of underlying deposits at
the sediment-water interface (Rhoads, 1974). This sediment reworking alters
the physical, chemical and stratigraphic properties of the deposits (Fisher et
al., 1980). Physically, tubificid oligochaetes selectively ingest silt and clay
particles, and produce a pelletized layer that possesses: a higher water content;
enhanced organic matter content; a larger median grain size; increased settling
velocity; enhanced transportability; and increased porosity (McCall and Fisher,
1980; Tevesz et al., 1980). Chemical alteration includes: an increase in oxygen
demand; inhibition of phosphorus release into the water column; enhanced flux of
ammonium bicarbonate and silica from sediments; decreased iron and phosphate
flux in anoxic conditions; inhibition of nitrification; decreased sediment pH;
and alteration of microbial processes and concordant water chemistry (Davis,
1974b; Kikuchi and Kurihara, 1977; McCall and Fisher, 1980; Matisoff et al.,
1985; Mermillod-Blondin et al., 2001). Rogaar (1980) reported that stratification
also can be destroyed by tubificids depending on the duration and intensity of
feeding activities, as well as the population density, burrowing depth, and rate
of sedimentation. For example, Davis (1974a) reported that the activities of
tubificids can displace pollen and other microfossils.

Along the North Saskatchewan River in the Edmonton area of Alberta,
Canada, common genera of the family Naididae, Limnodrilus and Tubifex, persist
within fine-grained marginal river sediments. This chapter aims to further evaluate
the impact of activities of these tubificids on sediment characteristics by: 1)

presenting a new method for analyzing tubificid burrowing rates; 2) determining



the rate of biogenic modification by a population of Limnodrilus and Tubifex;
and 3) assessing the sedimentological and ichnological implications of the

bioturbation.

Tubificid Burrowing Activities

Tubificid conveyor-belt burrowing activities involve sediment ingestion
at depth and egestion at the sediment-water interface. Respiration occurs through
the posterior, which undulates in the water column during this process (Appleby
and Brinkhurst, 1970; Rogaar, 1980). Deposit feeding includes selective ingestion
of silt and clay grains (particles less than 63 um), but fine sand up to 260 um in
diameter may also be ingested (Brinkhurst et al., 1972; Davis, 1974a; Kikuchi and
Kurihara, 1977; Tevesz et al., 1980; Rodriguez et al., 2001; Ciutat et al., 2006).
The ingestion of grains takes place at a shallow depth that is generally within 2-9
cm of the sediment surface (Appleby and Brinkhurst, 1970; Davis, 1974b; Fisher
et al., 1980), but can extend down to 10-20 cm depth (Appleby and Brinkhurst,
1970; McCall and Fisher, 1980; Matisoff et al., 1999; Ciutat et al., 20006).
Selection of fine particles is thought to be associated with foraging for organic-
rich sediment (Brinkhurst et al., 1972; Rodriguez et al., 2001) or specific bacteria
populations (Brinkhurst and Chua, 1969; Wavre and Brinkhurst, 1971; Tevesz et
al., 1980). The sediment ingested at depth is processed in the gut of the worms
and egested as mucous-bound fecal matter, which is deposited as long, thin strings
or short pieces (sand-sized) that collect at the burrow exit on the sediment surface
(McCall, 1979; Rogaar, 1980; Tevesz et al., 1980; Matisoff et al., 1985).

Measuring Burrowing Rates

Substantial tubificid deposits in freshwater settings have prompted the
development of various methods used to measure bioadvection rates of these
oligochaetes. These methods include: 1) direct collection of fecal pellets for
volumetric, mass or energetic determination; 2) measuring accumulation depth
of the fecal layer over time; 3) estimating burrowing from contaminant flux;
and 4) determining the rate of redistribution of marked particles (fluorescent or
radiolabeled; Table 2.1). Robbins et al. (1979) suggested that the best method
for determining the effects of tubificid bioturbation would be one that allows for
frequent measurements, is non-destructive, incorporates high resolution, and is

designed such that organisms are unable to discern any differences in sediment
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Method

Highlights

Limitations

References

Direct Collection
Inverted and upright
defecation chambers
covered by a
membrane through
which worms
protrude and egest
fecal pellets.

e Fecal material is directly collected
e Simplistic

o Fluctuation in egestion rates due to
intermittent collection

e Small population

e Unnatural setting (inverted in vials)

e Does not account for organism movements,
compaction and diagenesis

e Upright experiments suggest inverted
collection results in reduced fecal output

Iviev (1939)

Appleby and Brinkhurst (1970)

Brinkhurst et al. (1972)
Kaster et al. (1984)
Fukuhara et al. (1987)
Reible et al. (1996)

Accumulation Depth

Records the depth of
fecal accumulation in
a small experimental
cell with or without
the use of a marker
horizon.

e Simulates a natural setting

e Measurements are simple

e Sediment and worms are
undisturbed

e Irregular worm and fecal pellet distribution
leads to measurement error

e Sediment surface may require estimation
away from the walls of the experimental unit

o Differentiation between the fecal layer and
underlying layer may be difficult

e Feeding depth may be limited

e Compaction is not accounted for

Davis (1974)
McCall and Fisher (1980)
Ciutat et al. (2006)

Contaminant Flux
Model
Flux due to burrowing
and contaminant
concentrations.

e Can be applied to different
organisms with similar behaviors

e Does not account for temperature variations

o Flux varies depending on contaminant,
population density and sediment properties

e Contaminant release changes water
chemistry and concordant burrowing rates

Reible et al. (1996)

Reible and Mohanty (2002)

Marked particles
Fluorescent
Tracers

Coloured particles
are initially placed
on the sediment
surface, then
sampled at depth
and counted.

Radiolabeled

Particles
lllite clay is
marked with '¥'Cs
and deposited in
a layer producing
an activity peak.
Burial of the peak
is used to
determine the
downward
velocity of the
layer or effective
burrowing rate.

e Simulates a natural setting
e Sediment and worms are
undisturbed

e Marked particles are of the typical
size ingested

e Multiple tracer layers can be used

e Sediment and worms are
undisturbed

o Redistribution of marked particles
accounts for all reworking activities
not just fecal pellet production

e Addresses compaction and
diagenesis

e Unnatural particles

o Ineffective distribution of large particles
and small microspheres

o Preferred grain sizes (<63 pm) were
not marked

e Limited depth range

e Only works when tracers are within the
feeding zone (i.e. requires a prolonged
establishment period)

e Tracer peak accuracy diminishes over time
due to dispersion of marked particles

e Lateral heterogeneities cannot be detected

e Irregular piles of fecal material lead to
greater uncertainties in peak position

e Assumptions in the model lead to some
discrepancies between simulated and
measured tracer profiles

e The model does not account for material
moved below the zone of feeding

e The depth of maximum feeding is assumed
to be constant over time

o Limited depth range

e Uncertainties over the degree of selective
preference or avoidance of marked particles

e Worms tend to selectively feed on marked
particles when populations are dense

e Limited time frame (due to homogenization
of marked particles)

Mermillod-Blondin et al.
(2000, 2001)
Ciutat et al. (2005)

Robbins et al. (1979)
Fisher et al. (1980)
Matisoff et al. (1999)

Volumetric Tracing
The sediment
surface is
photographed, fecal
mounds on the
photos are traced,
the area is calculated
and converted to
volume of upturned
sediment or
burrowing rate.

TABLE 2.1—Highlights and limitations of methods utilized in determining tubificid bioadvection

rates.

e Sediment and worms are
undisturbed

e Large available surface area

e Simulates a natural setting

e Simple measurements and
calculations

e Accounts for irregular distribution
of worms and mounds

e Mound compaction is not a major
factor and mound heights are
averaged to compensate

o No limitations to feeding depth

o No specific particles to ingest
and redistribute

e Fluctuations in fecal production
are minimized through
continual monitoring

e Small populations

e Short time frame

e Assumptions in the mound height and
shape of the mounds as cones

e Overestimation for ring-shaped mounds
and underestimation where overprinting
occurred and for deflated mounds

e Burrowing activities that do not lead to fecal
pellet production are not assessed

This study



that may be marked. The volumetric tracing method used in this study allows
for numerous measurements within a short time frame, assessment without
disturbance to the sediment or worm population, high resolution data collection

(individual fecal mounds are measured), and requires no marked particles.

METHODS

The collection site was located along the North Saskatchewan River
(NSR) near the University of Alberta campus in Edmonton, Alberta, Canada (Fig.
2.1). The small sampling of sediment and worms collected from the NSR in the
spring of 2007 was derived from an area of slack current near the river bank.

The sediment comprised fine sand, silt and clay. In the Edmonton area, Tubifex
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FIGURE 2.1—Edmonton, Alberta, Canada showing the collection site (star) on the North
Saskatchewan River near the University of Alberta campus.
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and Limnodrilus predominate the oligochaete population, while Nais elinguis
are less common (Paterson, 1966). The particular species observed by Paterson
(1966) include: Limnodrilus hoffmeisteri, Limnodrilus udekemianus, Limnodrilus
claparedeanus, Limnodrilus profundicola, Tubifex tubifex, and Nais elinguis.
The worms collected from a single collection site belong to the family Naididae
(see appendix), and based on the species identified by Paterson (1966), they are
likely of the genus Limnodrilus and/or Tubifex. As a result of the small size of
the worms and difficulty in discriminating between genera, the population was
not fully assessed in terms of density and particular species. These tubificids
were acclimated to laboratory conditions for 2 months in a standard aquarium
measuring 61 by 31.5 cm at 21°C. To simulate stagnate, low energy conditions,
the aquarium was periodically refilled with local city water as required.

At the start of the experiment, the aquarium was filled with city (tap)
water, and the sediment and water was thoroughly mixed to ensure suspension
of fine particles. To facilitate measurements, an approximately level sediment
surface was formed by hand. Within a day, most of the sediment had settled out of
suspension forming a normally graded bed. However, the water column remained
cloudy for approximately 7 days, after which primary bioturbation measurements
began on day 8. The ability of the tubificids to rework this stratification was the
focus of the analyses performed over the course of 34 days.

The total sediment thickness and thickness of the sand, silt, clay and fecal
layers were recorded at consistent 10-cm intervals along the two short sides and
accessible front (long) side of the aquarium. The back (long) side was inaccessible
and some sediment sampling occurred along this boundary; accordingly sediment
thickness was not recorded along the back side. These measurements began on
day 2 to allow for sufficient settling of sediment and were subsequently performed
on selected days for a total of 22 thickness measurements. Additional settling of
sediment following day 2 was insignificant in adding to the thickness of the clay
layer. Layer-thickness measurements were averaged each day for the sand, silt,
clay, and fecal layers, as well as the total sediment package (Table 2.2). Visible
burrow structures were described and the general characteristics of the fecal piles
were also recorded.

Burrowing-rate measurements consisted of photographing the progressive
accumulation of fecal material on the sediment surface. During photographing,
direct fluorescent lighting along the sides of the aquarium was used to illuminate

surface features. Following photographing, direct lighting was removed and
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Day Time Total Sand Silt Clay Fecal
(hours) (mm) (mm) (mm) (mm) (mm)
1 0.0 - - - - -
2 23.2 35.8 29.3 3.5 3.0 0.0
5 95.1 34.1 28.3 3.2 2.6 0.0
6 118.8 33.8 27.9 3.3 2.6 0.0
7 142.5 33.8 27.9 3.2 2.7 0.0
8 167.6 33.6 27.8 3.0 2.8 0.0
9 191.3 33.6 27.7 3.3 2.6 0.0
12 262.5 334 27.4 3.3 2.6 0.1
13 286.4 33.2 27.4 3.2 2.5 0.1
14 310.5 33.2 27.7 3.1 2.3 0.1
15 3344 33.3 27.7 3.1 2.3 0.1
16 358.3 33.1 27.5 3.1 2.3 0.2
19 430.3 32.8 27.3 3.1 2.2 0.2
20 4543 328 27.4 3.0 2.2 0.2
21 478.3 32.8 27.6 29 2.2 0.2
22 502.3 32.8 27.8 2.8 2.0 0.2
23 526.3 326 27.4 2.8 2.2 0.2
26 598.4 325 27.4 29 2.0 0.2
27 623.0 325 27.4 3.0 1.9 0.2
28 646.3 326 27.6 29 1.9 0.2
29 670.2 325 27.7 2.7 1.9 0.2
30 694.3 325 27.5 29 1.9 0.2
34 790.0 324 27.5 29 1.8 0.2
Total decrease (mm) 3.4 1.8 0.6 1.2
Decrease as % of initial 9.5 6.1 171 40.0

TABLE 2.2—Recorded thickness for the total sediment package, and the sand, silt, clay and fecal
layers. The fecal layer reflects an overall increase in mounds present over time.

indirect fluorescent lighting was present predominantly on the front and sides of
the aquarium during week day operational hours of the laboratory. Photographs
of the sediment surface were analyzed using Adobe Photoshop CS3 Extended
software, which calculates area based on a known length in a photo. For each
photo, the inside length of the aquarium was used as the known length, from
which a scale factor was determined by dividing the number of pixels of the
known length by the actual length of the aquarium in centimeters. For example,
on day 14, the length of the aquarium was set to 7059 pixels which was divided
by 59.8 cm to acquire a scale factor of 118.04 pixels/cm. Each mound (or cluster
of overlapping mounds) was numbered and traced. The program subsequently
determined the number of pixels in each traced section of the photo and
determined the concordant area in cm?. The number of mounds measured per
day was also recorded. For each measurement day, the sum of the area of fecal
mounds was determined along with the average area per mound. Due to the time-
consuming nature of tracing mounds, the area was calculated on specific days

between days 8 and 20, and then less frequently until day 34 (for a total of 14
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measurements). The area of the fecal mounds was tabulated and plotted against
time (Table 2.3). By approximating the fecal mounds as conical shapes 1 mm
in height, the volumetric increase in reworked sediment was also calculated and
plotted against time (Table 2.3). A linear regression was applied to the data in the
area, volume and number of mounds versus time plots to determine the rate of
aerial increase in mounds, rate of volumetric burrowing, and increase in mounds
over time, respectively.

A small tubificid population was introduced to ensure feasibility of mound
tracing and to reduce overlapping of mounds. The population was acclimated
to laboratory conditions to reduce mortality and promote stable burrowing rates
during the experiment, such that the number of tubificids was not counted prior
to start of the experiment. In order to assess the in place population density, the
number of tubificids was approximated by determining the number of active
mounds on all measurement days between days 8 and 34: i.e., an active mound
suggests recent worm activity and the presence of a tubificid. These mounds are
identified based on the degree of oxidation, whereby darker mounds (reduced)
reflect fresh upturning of the sediment. The number of active mounds was
tabulated (Table 2.4), averaged over the entire run of the experiment and plotted
against time. A quadratic function was applied to the data to show the relationship

between active mound construction and time.

RESULTS

Burrow Descriptions

In cross section, tubificid burrows primarily occur in the silt and clay
layers (Fig. 2.2). Burrows in the sand layer are rare, but sometimes extend the full
depth of the aquarium. Predominant burrow orientations are horizontal with fewer
vertical structures (Fig. 2.2C). Horizontal burrows are generally found along the
sand-silt interface and within the silt layer (Fig. 2.2A-E). These burrows tend
to arc and curve, and branching is common in horizontal and vertical burrows
especially in the upper 3-4 mm of sediment (Fig. 2.2B, C). Some vertical burrows
appear to branch off of horizontal segments at depth (near the sand-silt interface).

This branching and furcation of burrows is consistent with burrow structures
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Day Time # Mounds Average Mound Total Area Average Mound Total Volume
(hours) area (cm2) (cm?) Volume (cm?3) (cm83)
1 0.0 0 0.000 0.00 0.00000 0.00
8 167.0 161 0.248 40.24 0.00828 1.33
9 190.7 164 0.288 4717 0.00959 1.57
12 262.1 317 0.202 64.02 0.00673 213
13 286.1 363 0.194 70.57 0.00648 2.35
14 310.2 417 0.182 76.08 0.00608 2.54
15 335.3 520 0.163 84.79 0.00544 2.83
16 358.0 555 0.164 91.12 0.00547 3.04
19 430.0 825 0.152 125.24 0.00506 4.17
20 4541 855 0.162 138.30 0.00539 4.61
22 502.0 921 0.163 150.04 0.00543 5.00
26 598.1 934 0.172 160.80 0.00574 5.36
28 646.0 941 0.185 173.78 0.00616 5.79
30 694.0 1002 0.168 168.56 0.00561 5.62
34 790.5 1158 0.168 194.17 0.00559 6.47

TABLE 2.3—Table of measurements used in the burrowing rate calculations. The average mound
area was used to calculate the average volume of the mounds (assumed to be 1 mm in height)

and then multiplied by the total number of mounds to calculate the total volume per measurement
period.

Day Time # Active

(hours) Mounds
1 0.0 0
8 167.0 16
9 190.7 18
12 262.1 39
13 286.1 42
14 310.2 51
15 335.3 42
16 358.0 56
19 430.0 26
20 454 .1 38
21 478.0 34
22 502.0 44
23 526.0 46
26 598.1 70
27 622.3 77
28 646.0 45
29 670.6 43
30 694.0 32
34 790.5 42
Average  42.3

TABLE 2.4—Number of active mounds recorded on all measurement days between days 8 and
34.
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FIGURE 2.2—Cross-sectional images of the aquarium. A: A clay-infilled burrow (white arrow)
with an associated mound (black arrow) at the sediment surface. Note the dark colouration of
the mound, which is a function of the reduced nature of the sediment (day 8, front side of the
aquarium). B: U-shaped burrow (white arrow) and branching burrow structures (black arrow)
within the upper clay layer on day 9 along the aquarium front. C: A branching burrow network on
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FIGURE 2.2 (Continued)—the right side of the aquarium on day 12. The black arrows point
towards mounds at the sediment surface and the white arrows indicate vertical burrows without
associated fecal mounds. D: Fine undulatory, horizontal burrows (black arrow) in the upper clay
layer found on day 20 from the aquarium front. E: On day 22, discontinuous burrow segments are
observed on the aquarium front, which suggests compaction of burrows (white arrows). F: Fine
chaotic, looping burrows in the upper clay layer along the aquarium front on day 27. At this time,
few burrows were present in the silt layer. G: On day 28, few burrow structures remain due to
prevalent compaction and layer boundaries are diffuse, especially the sand-silt boundary (white
arrow).

observed by Rogaar (1980). Some biogenic structures display U- or Y-shapes
(Fig. 2.2B), and small, erratically oriented, looping burrows are observed in the
clay layer (Fig. 2.2F). Vertical segments often do not connect with associated
fecal mounds at the surface (Fig. 2.2C), and abandoned burrows are typically
infilled with clay material (Fig. 2.2A).

During the early stages of the experiment, burrow abundance
progressively increased over time, but evidence of reworking declined as burrows
became compacted (Fig. 2.3). Initially, there were burrows predominantly near
the silt-clay interface and an overall abundance of vertical structures. On day 6,
evidence of compaction of early burrow segments is seen in disjointed burrow
networks (Fig. 2.3B). Subsequently, on day 16, the number of burrow structures
visible in cross section declined as a result of this compaction. On day 23, there
are even fewer burrows in the silt and clay layers, and remnant burrows are
common (Fig. 2.3C, D). Despite the overall decrease in burrow structures, fine
erratic burrows continue to be formed on day 27.

The boundaries between sediment layers were altered during the 34
days of the experiment. Early in the experiment, a sharp boundary is observed
between the silt and sand layers (partly due to burrowing along this boundary) and
between the silt and clay layers (Fig. 2.3A). On day 14, the sand-silt boundary
is more diffuse as a result of tubificid bioturbation. Also at this time, the silt and
clay layers are becoming mixed in certain locales. On day 21, more burrows
are present near the silt-clay interface than at the start of the experiment. Silt
was reworked upwards into the clay via mound formation while clay particles
collapsed into older burrow openings. Finally, boundaries are moderately
reworked and slightly more undulatory on day 34 as compared to the start of the
experiment (Fig. 2.3D).
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FIGURE 2.3—Change in burrow structure and definition over the course of the experiment
(scale bars show millimeter increments). A: Photo of the aquarium front on day 2. Rare burrows
are observed in the sand layer (white arrow), most structures are observed within the silt layer,
and small, looping, erratic burrows are found in the clay layer (black arrows). The sand-silt and
silt-clay interfaces are well defined. B: Day 9 photo from the front side of the aquarium. Overall,
burrowing is more common in the silt and clay layers as compared to day 2. Branching of burrows
is especially apparent in the clay layer (white arrow), and burrows are commonly horizontal
with fewer vertical segments observed in the clay layer (black arrow). C: On day 21 (right side
of aquarium), there is evidence of compaction of burrow structures due to the discontinuous

or isolated nature of structures (black arrows). There is mixing at the sand-silt and silt-clay
boundaries. D: Final day of the experiment (day 34 front side), burrows are highly compacted
and show remnant segments (black arrows). Layer interfaces are significantly more diffuse as
compared to day 2.

Mound Characteristics

Fecal mounds produced by tubificids in this study consist of: (1)
abundant conical mounds (Fig. 2.4B-D), and (2) fewer ring- or crescent-shaped
mounds (Fig. 2.4A, E). Conical mounds are observed as isolated, as clusters,
or overlapping each other. The configuration of ring-shaped mounds includes a

central burrow opening with an inner ring of disturbed clay sediment surrounded

16



FIGURE 2.4—Features on the sediment surface taken from the top of the aquarium. A: A worm
(white arrow) egesting fecal pellets in a ring-shaped mound. Note the cylindrical shape of the
pellets. B: Recently active conical mounds with remnant tubes (white arrows). C: A looping
surface trail (white arrow) with older deflated conical mounds (black arrows). D: Different stages
of mound preservation. The white arrows indicate more recent mound formation with burrow
holes and fecal pellets still present. The black arrows point to older mounds in which fecal pellets
have been broken down into constituent grains. E: Ring-shaped mounds are circled by rings of
fecal pellets. In the more developed example, two distinct rings were formed (white arrows).

The colouration of this ring is consistent with an active mound that has dark grey fecal pellets
(reduced). The black arrows indicate sediment holes that are surrounded by disturbed clay masses.
These sediment holes resemble the inner portion of the ring-shaped mound.

by an outer ring (or crescent) of fecal material (Fig. 2.4E). Formation of a ring-
shaped mound begins with the worm arching its posterior end away from the
burrow opening and egesting fecal pellets as it rotates in the burrow opening to
deposit the outer ring. The size of conical mounds varies; however, ring-shaped
mounds possess a noticeably larger diameter as compared to conical mounds.
Newly constructed mounds and rings are typically 1-2 mm in height. However,
over time, the mounds and rings deflate to less than 1 mm in height. Overall, there
is no clear pattern in mound distribution other than localized clustering of similar
mound forms.

Fecal pellets are cylindrical and incorporate silt and clay ingested at depth.

On day 8, tubificid mounds display variation in colour. Active mounds encompass
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piles of dark grey, well-developed pellets in which the mounds are often more
conical with steeper slopes. Older fecal piles are light brown-grey in colour and
blend into the surrounding clay layer. Pellets on these older mounds are also in a
state of disintegration (despite the lack of current) into smaller particles and even
further into constituent grains. In addition, these mounds have no evident burrow
openings, and some display evidence of central collapse where the burrowing
opening was once located.

Additional surface features include tubes, surface trails, and holes in the
sediment surface. Some of the fecal mounds possess distinctive tubes protruding
from the burrowing openings (Fig. 2.4B). These tubes are composed of fine
grained sediment covered with a mucous membrane similar to the structures
observed by McCall and Fisher (1980) and Rogaar (1980). These tubes are found
within the conical mounds and ring/crescent-shaped mounds, and are also subject
to disintegration over time. Observed surface trails are rare and comprise looping,
smooth to irregular, continuous or discontinuous trails, which are near or isolated
from adjacent fecal piles (Fig. 2.4C). Holes in the sediment surface have no or
very little association to fecal material and are characterized by irregular lumps of
clay surrounding the opening (Fig. 2.4E). These holes are occasionally adjacent to

mounds or, most often, isolated or clustered away from fecal piles.

Layer Thickness

Sedimentary layer thickness was monitored throughout the experiment to
assess the effect of bioturbation (Table 2.2). Initially, the total sediment package
thickness decreased by 1.7 mm between days 2 and 3. Subsequently, during the
course of the experiment, the average total thickness typically decreased at a
rate of 0.0-0.2 mm per day. In the sand layer, there was an initial decrease of 1.6
mm in thickness over the course of 9 days. Following the initial decrease, the
thickness stabilized between 27.8 and 27.3 mm. The total decrease in the sand
layer was 1.8 mm, which equates to a 6.1% decrease in the initial thickness. The
silt layer displayed fluctuations in thickness over the course of the experiment
with an overall 0.6 mm decrease representing a 17.1% reduction from the initial
thickness. The clay layer decreased by 1.2 mm or 40.0% of the initial thickness
with only minor fluctuations in the measurements. Finally, the fecal pellet layer

increased from 0.0 to 0.2 mm by the end of the study.
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FIGURE 2.5—Surface (aerial) view of the tubificid aquarium on (A) day 9 and (B) day 34. A:
The photo is slightly cloudy due to remnant suspended sediment. Depressions in the upper right
corners are due to sampling processes prior to measurements. B: Note the increase in density of
burrow structures. For scale, the aquarium is 61 by 31.5 cm.

Volumetric Burrowing Rate

The number of mounds linearly increased over time to reach 1158 at 34
days (Table 2.3; Fig. 2.5). Based on the plot against time, this increase in mounds
equates to 1.62 mounds/hour or 38.8 mounds/day (Fig. 2.6C). The pattern of
fecal-mound increase resembles plots of the area and volume versus time. The
area covered by egested pellets increased from 0 to 194.17 cm?. On day 30, there
was a slight decrease in total area, which can be attributed to various sources
of error discussed below. In general, the aerial coverage increased by 0.261
cm?hr or 6.27 cm*/day (Fig. 2.6A). The average area of individual fecal piles
generally decreased during the study with some fluctuation. Assuming that the
mounds reflect conical shapes with an approximate height of 1 mm, the volume
of upturned sediment increased from 0 to 6.47 cm® over 34 days. From the plot of
volume versus time, the rate of burrowing is 0.0087 cm*/hour or 0.21 cm®/day for
the oligochaete population (Fig. 2.6B). At this rate, it would take 290 days for the

tank of worms to completely bioturbate the sediment surface (1820 cm?).

Tubificid Population Assessment

Tubificids ingest sediment at depth from within the anoxic zone and egest

fecal pellets at the sediment surface into an oxic environment (McCall and Fisher,

FIGURE 2.6 (Next page)—Plots against time. A: Total area of mounds plotted against time. The
data follows a roughly linear relationship that equates to a 0.261 cm*hour increase or a rate of
6.27 cm*day. B: The increase in volume of upturned sediment (assuming all mounds are conical
in shape with a height of approximately 1 mm). The rate of burrowing is 0.0087 cm*/hour or 0.21
cm?/day for this worm population. C: The total number of fecal mounds follows a similar trend as
compared to the area and volume plots versus time. The slope of the line equates to 38.8 mounds/
day increase. D: The number of active mounds generally corresponds to a quadratic function.
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1980; Matisoff et al., 1985; Ciutat et al., 2006). Sediment transported upwards
by tubificids is reduced and dark grey in colour, compared to the surrounding
surface sediment (Doeksen and Minderman 1962; Matisoff et al., 1985). The
reduced state of fresh pellets is utilized to estimate the number of active (recently
constructed) fecal mounds per day (Fig. 2.6D; Table 2.3). For the most part, the
number of active mounds falls between 30 and 50, and averages 42 per day (Fig.
2.6D). This reflects an approximation of the population, which is equivalent

to 230 individuals/m?. A population of 42 worms generally corresponds to

the average increase in fecal mounds per day (38.8; Fig. 2.6C). Accordingly,

the tubificid population in the aquarium is estimated to be 42 individuals.

The quadratic function in Figure 2.6D suggests an initial establishment of the
population followed by a plateau in the number of new active mounds with a

successive decline possibly related to mortality.

INTERPRETATIONS

Burrow Structures

The prevalence of burrows in the silt and clay layers is a function of
tubificid grain-size selective feeding on these particles (cf. Brinkhurst et al.,
1972). Burrows occurring in the sand layer were likely formed during initial onset
of the experiment at which time oligochaetes locomoted towards the sediment
surface. Erratic, looping burrows in the clay layer may have been related to
juvenile worm activities, although the presence of juveniles is unknown. The
shallow depth of burrowing (within the upper 1 cm) is inconsistent with the usual
depth of feeding between 2 and 9 cm (Appleby and Brinkhurst, 1970; Davis,
1974b; Fisher et al., 1980). However, McCall and Fisher (1980) reported that 70%
of the tubificid population is typically found within the upper 3 cm of sediment,
and the maximum feeding depth depends on the worm density and associated
food supply. In this study, the primary food supply (attached to silt and clay
particles) was located in the upper 1 cm of sediment, and a low population density
allowed for exploitation of these uppermost deposits. Rogaar (1980) also reported
more abundant burrows in clayey sediment as compared to sandy sediment, as a
result of sediment stability and increased organic matter.

Over the course of the study, burrow structures visible in cross section
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decreased due to compaction. This suggests that tubificid burrows tend to evade
preservation in the rock record. Sedimentologically, the bedding changed from

a well-sorted, normally graded bed to a diffuse, moderately-sorted, graded bed
due to the mixing of particles at layer boundaries (Fig. 2.7). Previous studies

have used initially homogeneous sediment that became segregated with tubificid
bioadvection (McCall and Fisher, 1980; Tevesz et al., 1980; Ciutat et al., 2006). In

this study, well-sorted, layered sediment became more homogenous over time.

Fecal Mounds

There were three main surface features constructed by tubificids: conical
mounds, ring-/crescent-shaped mounds, and open holes. Variation in mound form
may be related to size or species (Limnodrilus or Tubifex) of worms or possibly
even burrowing technique. Mounds containing a tube at the burrow opening
are attributed to construction by Tubifex, which is known to construct tubes (cf.
Rogaar, 1980). More commonly, fecal mounds did not possess a tube, and these
mounds are attributed to the genus Limnodrilus. It is unknown whether the ring-
shaped mounds reflect activities by a certain species or reflect a different behavior
altogether. Although, crescent-shaped mounds simply exhibit deposition of

fecal material preferentially along one side of the burrow rather than completely

FIGURE 2.7—Diagrammatic development of biogenic graded bedding by the tubificid
population. A: Initial sediment characteristics in which there are distinct boundaries between the
sand, silt and clay layers. B: Day 17 in which there is mixing along the layer boundaries. C: Day
34 of the experiment in which there is a distinctive biogenic graded bed forming due to tubificid
reworking.
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surrounding the inner ring. The surface holes resemble the inner portion of ring-
shaped mounds, and may be related to respiration or abandoned feeding sites.
These features appear to reflect a disturbance in the clay layer with no clear
boundaries. It is also unclear whether the surface trails are associated with fecal
piles or even tubificid activity.

Fecal pellet alteration was twofold—pellets became oxidized and
disintegrated over time. These observations are consistent with those of Tevesz
et al. (1980) in which early conical mounds were overprinted by newer ones and
older fecal pellets began breaking down. This suggests that pellet preservation is

very rare even in the presence of stagnant waters in natural settings.

Layer Thickness

Over the course of the experiment, the thickness of the sediment package
decreased due to compaction and dewatering. After the first 9 days, the sand
layer had been compacted, and slight variation in thickness (0.5 mm) is mainly a
function of measurement errors or changes in burrow structures at the measuring
points over time (especially at the sand-silt interface). The overlying silt layer
displayed fluctuations in sediment thickness likely as a result of the pervasive
burrowing in this layer. The greatest decrease in thickness was observed within
the clay layer, which is consistent with enhanced dewatering and compaction of
clay particles in addition to mixing of clay into the underlying silt layer.

The short period of time and small tubificid population was insufficient
to allow a distinctive fecal layer to collect at the sediment surface. The fecal
layer in Table 2.2 reflects recorded heights of fecal mounds that occurred only at
measurement points. Due to the sparse nature of mounds at measurement points,
the averages are not indicative of actual mound heights or the distribution of fecal
pellets along the surface. These values merely illustrate the increased presence of
fecal mounds at the sediment surface over time. Overall, the layer measurements
suggest that dewatering and compaction played a major role in the physical
alteration of the sediment, especially in the fine-grained layers.

Volumetric Burrowing Rate

There was a relatively steady increase in the number of fecal mounds

produced over the course of the study. Variation in mound increase depended on

23



the measurement day. For example, 270 additional mounds were counted between
days 16 and 19 (Fig. 2.6). This pronounced increase was likely a function of
favorable lab conditions between measurement days in which there was no direct
light and minimal indirect light influence. Minor fluctuations in the total area
and volume of fecal pellets are attributed to sources of error including: tracing
error; measurement error (i.e., pixel resolution); assumption of mounds as perfect
conical shapes; estimation of mound height at 1 mm; overestimation of pellets
produced in the low-profile, ring-shaped mounds; underestimation of pellets
where mounds were overprinted; deflation of mounds over time; and advanced
disintegration of early mounds precluding measurement in the late stages of
the experiment. Over time, it is expected that the rate of volumetric increase in
mounds would fall as old mounds begin to degrade and are no longer measured.
The calculated volumetric burrowing rate of 0.21 cm?/day represents
the activity of 42 individuals, which corresponds to 0.0050 cm?®/day/individual.
For a population of 100,000 tubificids, the burrowing rate would be 497.1 cm?/
day, which is equivalent to 0.050 cm/d/100,000 individuals/m?. In comparison to
previous studies conducted at a similar temperature (21°C), the rate recorded from
this study is comparable to the direct collection and contaminant flux methods
of Reible et al. (1996) and the accumulation depth rate calculated by Ciutat et al.
(2006; Table 2.5, Fig. 2.8).

Tubificid Population Assessment

The method used in assessing the population density reflects an estimation
of the population without considering possible mortality or natality during the
experiment. Initially, there were fewer active mounds, which is interpreted to
reflect establishment of the population (Fig. 2.6). There are also a few outliers on
days 26 and 27, which may be related to increased activity during prior days (24
and 25). On average, it was assumed that each worm creates approximately 1 new
mound per day. However, based on the burrow activity seen in cross-section and
the additional holes on the sediment surface, tubificids most likely undergo other
burrowing activities (e.g., locomotion, selection of feeding sites, abandonment of

feeding localities) during a 24 hour period.
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Organism(s) Burrowing | Temperature |Method Reference

Rate °c)
Tubifex tubifex 0.061 16-18 Direct collection Ivlev, 1939
Peloscolex ferox 0.003 6.5 Direct collection Ravera, 1955
Peloscolex ferox 0.004 10 Direct collection Ravera, 1955
Bythonomus lemani 0.004 6.5 Direct collection Ravera, 1955
Bythonomus lemani 0.005 10 Direct collection Ravera, 1955
Psammoryctes barbatus 0.011 6.5 Direct collection Ravera, 1955
Psammoryctes barbatus 0.008 10 Direct collection Ravera, 1955
Tubifex tubifex 0.120 14-21 Direct collection Appleby and Brinkhurst, 1970
Tubifex tubifex 0.054 7-14 Direct collection Appleby and Brinkhurst, 1970
Tubifex tubifex 0.015 0-7 Direct collection Appleby and Brinkhurst, 1970
Limnodrilus hoffmeisteri 0.032 14-21 Direct collection Appleby and Brinkhurst, 1970
Limnodrilus hoffmeisteri 0.024 7-14 Direct collection Appleby and Brinkhurst, 1970
Limnodrilus hoffmeisteri 0.005 0-7 Direct collection Appleby and Brinkhurst, 1970
Peloscolex multisetosus 0.015 14-21 Direct collection Appleby and Brinkhurst, 1970
Peloscolex multisetosus 0.094 7-14 Direct collection Appleby and Brinkhurst, 1970
Peloscolex multisetosus 0.005 0-7 Direct collection Appleby and Brinkhurst, 1970
Limnodrilus 0.466 10 Accumulation depth Davis, 1974
Tubifex tubifex 0.104 20 Marked particles Robbins et al., 1979
Tubifex tubifex 0.120 20 Marked particles Fisher et al., 1980
Tubifex tubifex 0.200 22 Accumulation depth McCall and Fisher, 1980
Tubifex tubifex 0.100 15 Accumulation depth McCall and Fisher, 1980
Tubifex tubifex 0.030 7 Accumulation depth McCall and Fisher, 1980
Limnodrilus hoffmeisteri 0.358 23 Direct collection (upright) Kaster et al., 1984
Limnodrilus hoffmeisteri 0.248 23 Direct collection Kaster et al., 1984
Limnodrilus spp. 0.006 4 Direct collection Fukuhara et al., 1987
Limnodrilus spp. 0.058 18 Direct collection Fukuhara et al., 1987
Tubifex tubifex and Limnodrilus| ¢ 74 21 Direct collection (upright) Reible et al., 1996
hoffmeisteri
Tubifex tubifex and Limnodrilus 0.002 21 Contaminant flux model (min - Reible et al., 1996
hoffmeisteri O, saturated)
Tubifex‘ tub/:fex and Limnodrilus 0.077 21 Conta_minant flux model (max - Reible et al., 1996
hoffmeisteri hypoxic)
Limnodrilus hoffmesteri and 0.330 12 Marked particles (min) Matisoff et al., 1999
Tubifex tubifex
Limnodrilus hoffmeisteri and 0.490 12 Marked particles (max) Matisoff et al., 1999
Tubifex tubifex
Branchiura sowerbyi 2.870 12 Marked particles (min) Matisoff et al., 1999
Branchiura sowerbyi 3.660 12 Marked particles (max) Matisoff et al., 1999
Limnodrilus hoffmeisteri 0.012 21 Contaminant flux model Reible and Mohanty, 2002
Tubifex tubifex, Limnodrilus
hoffmeisteri and L. 0.230 20 Marked particles (min) Ciutat et al., 2005
claparedeianus
Tubifex tubifex, Limnodrilus
hoffmeisteri and L. 0.400 20 Marked particles (max) Ciutat et al., 2005
claparedeianus
Tubifex tubifex, Limnodrilus
hoffmeisteri and L. 0.160 20 Accumulation depth Ciutat et al., 2006
claparedeianus
Tubifex tubifex, Limnodrilus
hoffmeisteri and L. 0.075 20 Accumulation depth Ciutat et al., 2006
claparedeianus
Limnodrilus and Tubifex 0.050 21 Volumetric tracing This study

TABLE 2.5—Table of particle redistribution rates from various publications that were either
reported in or converted to cm/d/100,000 individuals/m?.
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FIGURE 2.8—Burrowing rates in cm/d/100,000 individuals/m? for species of Limnodrilus and/or
Tubifex (see Table 4). In instances where minimum and maximum rates were reported, both values
are plotted. For studies in which a temperature range was reported, the temperature was averaged.

DISCUSSION

Variation in Egestion Rate

Tubificid biogenic activities are difficult to assess as reworking takes place
within a narrow zone in the sediment and burrows are small and easily destroyed
by compaction. In such cases, methods for measuring burrowing rates used by
Gingras et al. (2008) in which x-rays are used to assess sediment reworking in a
thin-walled aquarium and the grid overlay method of Dafoe et al. (2008) would be
ineffective. In addition, primary tubificid activities involve upturning of deposits
at the sediment-water interface. Accordingly, measuring the rate of upturning or
fecal pellet production provides an accurate assessment of tubificid burrowing.

In this study, a new method in determining tubificid reworking rates
was presented, which calculated a rate within range of previously reported
values (Table 2.5, Fig. 2.8). In general, the reworking rates of Limnodrilus and

Tubifex increase exponentially above 20°C, and the rate recorded from this study
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is generally comparable with the direct collection method. Based on Figure

2.8, the various experimental methods exhibit generalized trends. The direct
collection method produces comparable rates except for the upright experiments
conducted by Kaster et al. (1984), which resulted in much higher burrowing rates.
Measuring accumulation depth also produces comparable reworking rates, except
for the study by Davis (1974a) in which the depth was estimated due to surface
irregularities. Early studies that utilized marked particles are within range of
other methods; however later experiments with marked particles (e.g., Matisoff
et al., 1999 and Ciutat et al., 2005) produced much higher rates. The contaminant
flux model seems to underestimate burrowing rates, which may be a function

of the sensitivity of worms to changes in water chemistry or the presence of
contaminants.

There are a number of factors that influence the egestion rate of tubificids,

and they are grouped into physical and biological factors:
Biological factors:

1. Size and species of tubificids produce variation in burrowing rates due
to behavioral and anatomical differences.

2. Population density influences egestion rate as a result of increased
interference competition, longer search time for food, enhanced particle
selectivity, or an increase in gut-processing time to extract nutrients
(McCall and Fisher, 1980; Rogaar, 1980; Matisoff et al., 1999).

3. Mortality and reproduction also will affect the egestion rate by
influencing population health (Appleby and Brinkhurst, 1970).

4. Duration and intensity of feeding also alters tubificid egestion (Rogaar,
1980). Egestion rates typically increase after a population has become
established, and rates also can vary between individuals.

5. Depth of tubificid penetration (Rogaar, 1980) can influence how far
sediment must travel to reach the sediment surface.

Physical factors:

1. Temperature plays a major role in determination of the egestion rate of
tubificids (Table 2.5; Fig. 2.8; Appleby and Brinkhurst, 1970; McCall
and Fisher, 1980). Lower temperatures depress egestion rates, which
affect reworking rates throughout the seasons. In laboratory studies,
Fukuhara et al. (1987) determined the effect of temperature on the
production of fecal pellets by Limnodrilus spp., which significantly

increased above 15°C.
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2. Substrate properties (McCall and Fisher, 1980), including grain
size, sorting and consistency (e.g., firm versus soupy) also can affect
bioadvection.

3. Organic content of the sediment influences egestion. Increased
organic matter is associated with a reduction in burrowing activities as
nutrient requirements are more rapidly met (Appleby and Brinkhurst,
1970).

4. Change in food supply (Appleby and Brinkhurst, 1970) encompasses
deposition of new food particles or a reduction in nutrients (bacteria or
organics) due to intense activity.

5. Sedimentation rate (Rogaar, 1980) can reduce burrowing activities
if a population needs to continually readjust to a new sediment-water
interface.

6. Dissolved oxygen (McCall and Fisher, 1980; Reible and Mohanty,
2002) will affect the burrowing activities of tubificids. As oxygen
concentrations began to decrease to hypoxic conditions, Reible and

Mohanty (2002) reported increased burrowing activity.

In addition to physical and biological factors, the method used to measure
reworking rates is another primary determinant. The highlights and limitations
of methods used in previous studies are listed in Table 2.1, and the volumetric

tracing used in this study is assessed in the following section.

Volumetric Tracing Assessment

In this study, photographic analysis was completed of the sediment
surface in order to determine the rate of fecal material accumulation over time.
The positive aspects of this method account for some of the major drawbacks
incurred through the use of other techniques (Table 2.1). Volumetric tracing
allows for direct assessment of upturned sediment over an aquarium-sized surface
area with no disturbance to the sediment or population. Laboratory conditions
can be designed to simulate natural conditions—a graded bed deposited out
of suspension under stagnate conditions. Each mound is directly measured
and irregular mound and worm distribution is not a factor in this method.
Furthermore, mound compaction is not a major influence over a short time frame,

and mound heights were averaged to compensate for any deflation. Volumetric
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tracing also records continuous fecal pellet production, which reduces fluctuations
in measured egestion rates as compared to intermittent sampling used in the direct
collection method.

Some drawbacks of volumetric tracing are also apparent in other methods
(Table 2.1). Similar to the direct collection method, a small population was used
in this study to reduce the overprinting of fecal mounds and to maintain realistic
measurements as tracing was time consuming. Most other studies utilize 60 or
fewer individuals that simulate denser populations. In addition, a short time frame
was required to keep measurements manageable, which is similar to the marked
particle method in which activity peaks diminish rapidly. Another limitation
to the volumetric tracing method is that burrowing activities unassociated to
fecal pellet production are not taken into account in the bioturbation rate. As
described previously, not all burrow structures were associated with fecal mounds,
indicating that tubificids locomote as well as form feeding tubes. The degree to
which these other activities contribute to particle reworking is uncertain; however,

they likely play a minor role.

Sedimentological Importance

Ciutat et al. (2006) proposed that bioturbation by tubificids could produce
bedding-like structures that mimic physical stratification. These biostratification
structures are biogenically formed sedimentary structures that encompass
stratification features constructed by the activity of organisms (Frey, 1978). Two
forms of biostratification have been previously described—biogenic graded beds
and biogenic stratification (Fig. 2.9).

Rhoads and Stanley (1965) proposed that graded beds could be produced
by selective deposit-feeding activities in intertidal and shallow subtidal deposits.
In their study of the polychaete Clymenella torquata, Rhoads and Stanley (1965)
found the animal to ingest sediment at depth (10-30 cm) and egest fecal pellets at
the sediment surface. Particles greater than 1 mm in diameter were concentrated
at the base of the tubes, which formed a graded bed less than 30 cm thick.
Overall, the maximum and average grain sizes decreased from the base to the
top of the poorly sort bed (Fig. 2.9C; Rhoads and Stanley, 1965). In the intertidal
of Mugu Lagoon, California, Warme (1967) observed graded bedding formed
by Callianassa californiensis and C. longimana, in which an underlying sand

unit was mixed with overlying marsh mud. Again, the grading was unique in the
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FIGURE 2.9—Bedding formed by varying degrees of physical and biogenic influence. SR =
sedimentation rate and BR = burrowing rate. Adapted from Meldahl (1987).

presence of coarse particles throughout the unit; however, there were fewer coarse
particles towards the top of the bed (Warme, 1967). Warme (1967) proposed that
the shrimp upturned underlying sand deposits, which were reworked by currents,
waves and other organisms before settling into the mud.

Biogenic stratification is distinguished from biogenic graded bedding in
the presence of a sharp contact between the lower coarse-grained interval and
upper fine-grained unit (Fig. 2.9D; Meldahl, 1987). Meldahl (1987) observed the
formation of biogenic stratification on the intertidal flats of Cholla Bay through
feeding and burrow excavation by callianassid shrimp and polychaetes. Biogenic
stratification at Cholla Bay comprised a 20-50 cm lower, coarse, poorly-sorted,
oxidized, shell-rich layer and an upper 10-40 cm unit of moderately-sorted,
medium and fine sand that contained little shell material. Formation of biogenic
stratification requires low sedimentation rates that permit organisms to remain at
the same level within the sediment (Meldahl, 1987). This allows for continuous
recycling of the upper fine layer and concentration of coarse material in the lower
unit.

Meldahl (1987) further suggested that biogenic graded bedding forms

in deposits where the reworking rates are only a few times greater than the
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sedimentation rate (Fig. 2.9). In this case, sediment is only partially sorted before
the organisms are forced to shift upwards with sedimentation. Accordingly,
biogenic graded bedding reflects a form of incomplete biogenic stratification
(Meldahl, 1987). The presence or degree of grading or stratification depends
largely on: the activities and population density of burrowers (Warme, 1967);
burrowing rate; sedimentation rate; degree of size-selective sorting; current and/or
wave reworking; and initial sediment properties.

In this study, the sedimentary package began as a well-sorted, normally
graded bed with distinctive contacts between the sand, silt and clay layers.
Over time, the layer boundaries became increasingly diffuse and undulatory,
and sediment was mixed by burrowing activities and burrow collapse (Fig.
2.7). Assuming continuation of the experiment beyond 34 days, the boundaries
would likely have become more diffuse, forming a poorly sorted, biogenically
graded bed. Biogenic graded bedding formed by oligochaetes was also reported
by Tevesz et al. (1980). This graded bed consisted of three distinctive layers:
an upper sand-sized fecal pellet layer, a middle silt-clay layer (representing
compacted pellets), and a lower sandy concentrate (the zone of feeding). The
laboratory conditions utilized by Tevesz et al. (1980; a small experimental unit
and dense population) reflect ideal conditions in which biogenic stratification
could be formed over a long period of time and in the absence of sedimentation.
However, upon compaction and preservation in the rock record, layers described
by Tevesz et al. (1980) would typically reflect a biogenically graded bed. This
study used an initially heterogeneous deposit while Tevesz et al. (1980) used
initially homogeneous sediment, which suggests that the reworking activities
of tubificids tend towards a biogenically graded bed (and potentially biogenic

stratification) regardless of the nature of the initial sediment.

Ichnological Importance

Over time, the fine burrow structures of tubificids become compacted
and have very low preservation potential. In the rock record, sediments that
appear otherwise unbioturbated may actually reflect intense reworking by dense
populations of oligochaetes. The presence of tubificid reworking can be identified
through grain-size distributions that typify biogenic graded beds (Ciutat et al.
2005, 2006). More specifically: 1) the median, modal and mean grain sizes

decrease upward systematically; 2) the beds are poorly sorted; and 3) there is
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a general increase in organic carbon upwards as a result of increased fines and
abundance of fecal material (Rhoads and Stanley, 1965; McCall and Fisher,

1980; Tevesz et al., 1980; Rodriguez et al., 2001). Particular attributes of tubificid
biostratification would also encompass: 4) a thin bed likely less than 20 cm thick
due to the limited feeding depth; and 5) redistribution of particles less than 260
um in diameter.

In addition to grain-size distributions, textural properties, associated
sedimentary structures, geometry of the beds, and lithology of interfingering
deposits also may help to discriminate biogenic grading (Rhoads and Stanley,
1965). These may include some of the following: 1) local areal extent of a
single graded bed; 2) lack of laterally extensive beds and other sedimentary
structures; 3) burrows, mottling, and disrupted laminae are the most abundant
structures within the bed; 4) bed thickness is determined by feeding depth; 5)
the lower contact of the bed is irregular due to variation in feeding depth; and 6)
graded beds may alternate with non-graded stratum (Rhoads and Stanley, 1965).
Enhanced porosity and permeability of tubificid fecal material in comparison
to the bulk sediment (McCall and Fisher, 1980; Ciutat et al., 2006) may also be
sustained upon preservation in the rock record.

Identification of biogenic graded beds formed by tubificids or other
conveyor belt feeders would aid in overall interpretation of the biological
impact, initial sediment properties, sedimentation rates, current velocities, and
environmental conditions. Biogenic graded bedding requires a dense population of
conveyor-belt feeders to rework an initially poorly sorted sediment (homogeneous
or heterogeneous). Sedimentation rates must be low in order to allow sufficient
time for intense burrowing activities (Fig. 9; Rhoads and Stanley, 1965).
Pervasive reworking also requires low current energy such that fecal material,
which possesses a high water content and low density (Tevesz et al., 1980), is not
transported. Identification of a biogenically graded bed can also indicate general
environmental conditions such as: favorable temperature, adequate organic
content within the sediment, and sufficient oxygenation to support an oligochaete
population. These characteristics may be in contrast to those of physically graded
beds, which may have no associated animal reworking, suggest relatively rapid
sedimentation rates, indicate waning current velocities, and suggest very little

about the overall environmental conditions.
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SUMMARY

1. A new method in tubificid reworking—volumetric tracing—was presented for
determining the burrowing rate of a population of Limnodrilus and Tubifex, which
was calculated at 0.050 ¢cm/d/100,000 individuals/m?.

2. Cross-sectional area of burrow networks initially increased and subsequently
decreased due to compaction. Physical alteration of the sediment was primarily a

function of dewatering and compaction.

3. Boundaries between the sand, silt and clay layers became diffuse over time
due to sediment mixing. In addition, the low population density and time frame

prevented accumulation of a distinctive fecal pellet layer.

4. Surface features constructed by the tubificids included: conical mounds, ring-
shaped mounds, surface holes and tubes. Mounds containing tubes are attributed
to the genus Tubifex and remaining structures are interpreted to reflect activity of

the genus Limnodrilus.

5. The reworking rate from this study falls within the range of previously
reported rates and provides a reasonable estimation of natural burrowing rates by
tubificids. Volumetric tracing was found to be an adequate and straightforward
method that allows for continuous and frequent measurements, is non-destructive,
simulates a natural setting, allows for individual mound measurements reducing
estimations due to irregular distribution, and does not require ingestion of specific
particles. This new method has the potential to be used for other conveyor-belt

deposit feeders.

6. Prolonged reworking by tubificids produces biogenic graded beds regardless
of the nature of the initial sediment (i.e., homogeneous or heterogeneous). These
beds are primarily identified based on grain-size distributions and poor sorting.
There is a limited preservation potential of this form of grading due to the ease
with which fecal material is eroded and the requirement that reworking rates must

exceed sedimentation.

7. Identification of similarly reworked beds would aid in overall interpretation
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of biological impact, initial sediment properties, sedimentation rate, current

velocities and environmental conditions in ancient settings.
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CHAPTER 3 - DETERMINING EUZONUS MUCRONATA BURROWING
RATES WITH APPLICATION TO ANCIENT MACARONICHNUS
SEGREGATIS TRACE-MAKERS

INTRODUCTION

Evaluating the rates at which modern burrows are constructed can
provide valuable information regarding ancient trace-maker behaviors and
corresponding depositional conditions. One approach that has been developed
to ascertain burrowing rates applies mathematical models to the preservation
potential of sedimentary and/or biogenic fabric under generalized biogenic
diffusion (e.g., Guinasso and Schink, 1975; Matisoft, 1982; Matisoff and Robbins,
1987; Wheatcroft, 1990; Wheatcroft et al., 1990; Bentley and Sheremet, 2003;
Bentley et al., 2006). Using mathematical models, the preservation potential
of sedimentary event layers has been described as a function of transit time
and dissipation time by Wheatcroft (1990). The transit time reflects the time
necessary to bury an event bed beyond the influence of infaunal burrowers,
and the dissipation time is the time required to burrow an event bed (i.e., the
burrowing rate). If the transit time is less than the dissipation time, a portion of
the sedimentary fabric will be preserved. In response to Wheatcroft’s (1990)
work, Gingras et al. (2008) suggested a number of factors that influence the
dissipation time: (1) size of the infaunal organisms, (2) their burrowing behavior,
(3) food resource distribution, (4) appeal of the event bed as a colonization site,
(5) absolute time available for burrowing, and (6) destruction of the benthic
community by erosion or excessive burial. These factors are difficult to quantify
and limit the effectiveness of using mathematical models in determining bed
preservation and concordant burrowing rates (Jumars et al., 2007; Gingras et al.,
2008).

In some modern studies, burrowing rates of individual organisms (e.g.,
Fox et al., 1948; McConnaughey and Fox, 1949; Rhoads, 1963; Kemp, 1985,
1986, 1987) and assemblages of organisms (e.g., Rice, 1986; Gerino, 1990; Hily

A version of this chapter has been published. Dafoe et al. 2008. Ichnos, 15: 78-90.
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FIGURE 3.1—Macaronichnus segregatis from the Upper Cretaceous Appaloosa Sandstone,
Horseshoe Canyon Formation of Alberta, Canada. A: Plan view of the traces exhibiting random
avoidance of meandering pathways. B: Cross-sectional view of the traces, which illustrate the
predominantly horizontal orientation of the structures (scales are 3 cm long).

and Frouin, 1998) have been directly assessed. However, only a few studies have
related quantified modern animal-sediment interactions to trace fossil occurrences
(e.g., Risk et al., 1978; Alexander et al., 1993; Dashtgard and Gingras, 2005;
Needham et al., 2005; Gingras et al., 2008). In accordance with these works,

this chapter attempts to evaluate the burrowing behaviors and, particularly, the
burrowing rates of ancient organisms that constructed Macaronichnus segregatis.
These ichnofossils are recognized as cylindrical, sinuous, intrastratal trails 2-5
mm in diameter with mineralogical segregation between the burrow fill and
mantle (Fig. 3.1; Clifton and Thompson, 1978; Saunders, 1989). This trace is
ichnologically significant as a component of some high-energy, foreshore to
shoreface transitions preserved in the rock record (Pemberton et al., 2001). The
modern analogue used in this study is an opheliid polychaete, Euzonus mucronata,
which constructs M. segregatis-like structures on the mid-latitude (marine) coastal

foreshore of Pachena Bay, Vancouver Island, Canada (Fig. 3.2).

Euzonus mucronata

At certain (foreshore) locales, upper intertidal, fine-to-medium sands are
pervasively reworked by Euzonus mucronata (Fig. 3.3) during deposit-feeding
activities (Dales, 1952; Eikenberry, 1966; Ruby and Fox, 1976; Kemp, 1985).
These polychaetes, occupy a zone parallel to the shoreline near the mean high-
water mark (McConnaughey and Fox, 1949). The width of this zone ranges
from 3-20 m and varies with the beach slope, width, and grain size. Population

densities of Euzonus have been reported to range from 3,500-43,000 individuals/
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FIGURE 3.2—A portion of the west coast of Vancouver Island with Pachena Bay located near the
town of Bamfield. The aerial photograph depicts the accretion of sediment on Pachena Beach. The
lower inset map shows the location of the study area on Vancouver Island. The upper inset map of
Canada shows the location of Vancouver Island on the west coast of Canada.

FIGURE 3.3—FEuzonus mucronata. Note the pointed head region of the worm on the right, and
the extruded proboscis on the worm on the left.
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m? on Vancouver Island beaches; Long Beach and La Jolla, California; and the
Oregon coast (McConnaughey and Fox, 1949; Dales, 1952; Eikenberry, 1966;
Kemp, 1985; Saunders, 1989).

The polychaete, Euzonus mucronata, exhibits two primary behaviors —
deposit feeding and locomotion. Deposit feeding involves the collection of sand
grains by the proboscis, ingestion of grains through the mouth, nutrient processing
by the gut, and grain excretion through the pygidium. This deposit feeding occurs
in conjunction with vertical and horizontal locomotion which are primarily driven
by fluctuations in diurnal tides, as well as changes in oxygenation, salinity and
temperature. Vertical migration is associated with rising tides in which Euzonus
burrow deeper to escape dislodgement due to surf action (McConnaughey and
Fox, 1949; Eikenberry, 1966; Dangott and Terwilliger, 1986). Subsequently, a
lack of interstitial oxygen stimulates the upward migration of the worms at low
tide (Eikenberry, 1966). At the sediment-air interface, Euzonus respires through
its posterior (pygidium) until resumption of deposit-feeding activities (Eikenberry,
1966).

By studying the burrowing activities of Euzonus mucronata, the objective
is to establish a baseline for the burrowing rates of opheliid polychaetes. Utilizing
this modern assessment, the results can be applied to ancient occurrences of

Macaronichnus segregatis.

METHODS

The study area comprises the sandy, partially enclosed foreshore of
Pachena Bay, Vancouver Island, Canada (Fig. 3.2). The bay is mesotidal with
a tidal range up to 3.8 m. Sediments of Pachena Beach consist of lower fine to
upper medium sand that is predominantly composed of quartz, feldspar, lithic
fragments and shell fragments. Euzonus mucronata were generally observed at the
base of the swash line that recorded the position of the last high tide. Neap-spring
variations in the tidal range resulted in seaward and subsequent landward shifting
of the burrowed zone throughout the study period (similar worm migrations were
noted by Eikenberry (1966)).

Field studies included daytime observations of opheliid burrow structures

over approximately 2 weeks during late August 2004, and completion of a basic
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population-density survey using box cores. Box cores measuring 15 cm by 12

cm in cross section and 30 cm in length were extracted from the foreshore. Core
sampling was limited to undisturbed and accessible localities on the public beach.
The depth of sampling was also restricted beyond the beach berm as a result of a
pebbly winter storm lag found within centimeters of the sediment surface. Four
samples were collected from the narrow 5-m-wide zone occupied by Euzonus
mucronata. This zone was established by overturning sediment in an area adjacent
to the sampling sites. Two samples (cores 2 and 3) were obtained from the base
of the beach berm formed by the last high tide. Another sample was taken from
the crest of the beach berm (core 4), and the other from the maximum landward
extent of the worm population (core 1). This sampling, although limited, allowed
for approximate maximum and minimum population densities to be documented
(Table 3.1).

Sediments in box cores were wet sieved through a fine (1 mm) mesh
screen to separate organisms from sand grains. Adult and juvenile Euzonus
mucronata collected on the mesh were counted for each box core. In this study,
juveniles are defined as 1 mm or less in diameter and/or less than 1.5 cm in
length (to a minimum of only 3-4 mm in length). Using the cross-sectional area
penetrated by the box core (15 cm by 12 ¢cm), the number of worms per meter
square area of foreshore was determined (Table 3.1).

Laboratory analyses involved construction of two thin-walled aquaria
to study burrow characteristics and burrowing rates (cf. Dashtgard and Gingras,
2005). The aquaria were constructed using thin glass plates with semi-rigid plastic
tubing as a spacer between the glass. These materials were secured with clamps,
and the aquaria were filled with water. Alternating layers of sand from the worms’
environment and mafic- and shell-rich foreshore sands were disseminated into
the aquaria to attain mm to cm thick laminations. The aquaria were designed to

slowly drain their water each day (and were reflooded daily) to simulate tidal

Station #Adult # Juvenile Adult/m® Juvenile/m® Worms/m®
1 2 24 110 1325 1435
2 0 20 0 1104 1104
3 29 63 1600 3477 5077
4 9 51 497 2815 3311
Average 10 40 552 2180 2732

TABLE 3.1—Euzonus mucronata population densities extrapolated from box core sampling on
Pachena Beach.
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cycles. Temperature was consistent at 20°C and light exposure was minimized
by covering aquaria with black plastic between observations. The first aquarium
was constructed to study burrow characteristics and measured 22.5 cm by 35.5 cm
with 7 mm of sand between the glass plates.

A smaller aquarium was constructed specifically to study burrowing rates.
The volume of sand in this aquarium measured 15 cm high by 15.7 cm long and
6 mm wide (about 140 cm?). Layering in this aquarium comprised 1-1.3 cm thick
quartz-rich sand beds with interlaminated shell- and mafic-rich layers 3-4 mm
thick. Following the addition of 5 polychaetes, each side of the aquarium was
photographed approximately every 24 hours to document progressive burrowing.
Photographs of the aquarium (from both sides) were overlain by a grid with
spacing that approximated the average burrow width (about 2 mm). The grid
squares were then assigned to one of four categories: burrowed, unburrowed, no
data (behind clamps), and outside of the aquarium (rounded corners) based on

the dominant observation therein (Fig. 3.4). The proportion of burrowing behind
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FIGURE 3.4—A grid overlay on the aquarium. Grid squares are assigned to one of four
categories: burrowed, unburrowed, no data and outside of the aquarium. Burrowed grid squares
overlay portions of Euzonus burrows, while unburrowed grid squares overlay undisturbed
sediment. The no data category represents the sediment behind the clamps which cannot be
viewed. These areas are assumed to have the same proportion of burrowing as the remainder of the
aquarium. Outside of the aquarium reflects the grid squares that lay outside the sediment wedge,
which encompasses the rounded corners at the base of the aquarium.
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the clamps (no data category) was assumed to be equivalent to the proportion of
observable burrowing.

Volumetric burrowing rates were calculated from the grid counts by first
determining the percentage of burrowed sediment, which was calculated by
dividing the number of burrowed grid squares by the total number of grid squares
(Table 3.2). The percentage of burrowed substrate was used to assess the volume
of burrowed sediment by extrapolating through the 6 mm of sand by multiplying
by the total volume. The total volume of sediment is 135.7 cm?, which takes into
account the rounded corners at the base of the aquarium. Finally, the volume of
burrowed sediment was averaged for sides 1 and 2 and plotted against time. The

burrowing rate subsequently was obtained through linear regression of these data.

BEHAVIORAL ANALYSES

Field Observations

The activity of Euzonus mucronata at Pachena imparted a resultant,
shallowly tiered, mottled fabric on the sediment. During low tide, juveniles
were restricted to the uppermost 5 cm of sediment, and adults were generally
observed within 10 cm of the sediment surface (Fig. 3.5). Pervasive burrow-
mottling (equivalent to a Bioturbation Index (BI) of 4) produced by E. mucronata
occurred in the uppermost 6 cm, and faint laminations were evident below the
uppermost 10 cm of sediment (Fig. 3.5A, B). Where the overlying sediment was

comparatively dry, the mottled fabric extended to as much as 30 cm below the

Time % Burrowed Sediment Volume Burrowed Sediment (cm3)
(hours) Side 1 Side 2 Side 1 Side2  Average
0.00 0.00 0.00 0.00 0.00 0.00
20.75 4.29 4.43 5.82 6.02 5.92
41.00 6.82 5.64 9.26 7.65 8.45
65.50 8.33 7.42 11.31 10.06 10.69
89.50 9.37 ND 12.72 ND 12.72
114.00 10.68 9.49 14.49 12.88 13.69
137.25 12.71 11.19 17.25 15.18 16.21

TABLE 3.2—Percentage and volume of burrowed sediment observed on each side of the
aquarium. Percentages of burrowed sediment are used to calculate the volume of burrowed
sediment by multiplying by the total volume of the aquarium (135.72 ¢cm?). The average volume
of burrowed sediment from both sides of the aquarium provides an overall burrowing rate. ND
indicates that no data was collected.
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FIGURE 3.5—FEuzonus mucronata (Em) and burrows constructed by E. mucronata (Eb) in

the field. A: Vertical cross-section through the upper foreshore sediment displaying thorough
reworking by the polychaetes and underlying remnant laminations (dashed line). The prevailing
burrow cross-sections are circular to ovate, which is indicative of horizontal burrowing. B:
Another vertical section exemplifying the highly burrowed nature of the upper 5 cm of foreshore.
C: An open, inclined burrow (indicated by the white arrow) leading to the sediment surface on a
vertical section of foreshore. D: Plan view of the burrows highlighted by a shell-rich lamination
that has been reworked.

sediment surface. Individual burrows included predominantly horizontal paths
(Fig. 3.5A, D), as well as oblique trails (Fig. 3.5C) and vertical burrows (Fig.
3.5D), all of which were cylindrical and 1-2 mm in diameter. Vertical to inclined,
open burrow holes were also observed adjacent to the sediment surface (Fig.
3.50).

Box cores were collected to estimate variation in Euzonus mucronata
population densities within the zone occupied by the polychaetes (Table 3.1).
The landward core (station 1) was dominated by juvenile opheliids with 1325/

m? and adult worms comprised 110/m?. Only juvenile opheliids, corresponding
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to a population density of 1100/m?, were recovered from station 2 at the base of
the beach berm. The adjacent core from station 3 contained profuse worms with
densities of 1600 adults/m? and 3477 juveniles/m?. The top of the beach berm also
contained abundant juvenile worms (2811/m?) and fewer adult polychaetes (497/
m?). Based on the timing of the study, Pachena Beach contains approximately
1100 to 5000 worms/m? (predominantly juveniles); however, there is likely to be

considerable seasonal variation in population densities.

Thin-Walled Aquarium Observations

To assess Euzonus mucronata burrowing behaviors and burrow
characteristics, a large thin-walled aquarium was constructed (Fig. 3.6) and 18
adult opheliids were added to the aquarium. Simulated tidal cycles resulted in
worms migrating to the sediment surface as seawater drained from the aquarium,
and concordantly Euzonus burrowed at depth during “high tide.” This relatively
low population density was chosen to ensure an abundance of burrows could be
observed without excessive cross-cutting of structures. Burrows constructed by
the worms were typically 1 to 2 mm wide, extended to the base of the aquarium
(22.5 cm; Fig. 3.6C), and were predominantly subvertical to vertical (Fig. 3.6C)
with rarer U- (Fig. 3.6A) and J-shaped (Fig. 3.6B) segments.

Five days after inoculation of the aquarium, pervasive mottling (BI 4)
was apparent in the upper 2-3 cm of sediment, and burrows were generally
restricted to the upper 17 cm. A few burrows and burrow segments remained
open especially near the sediment surface. These open burrows were typically
vertical to subvertical, J-shaped, and irregular (Fig. 3.6A), and connected to open
holes at the sediment surface (2 to 5 holes/cm?). After 8 days, the upper 6 cm of
sediment was pervasively burrowed (BI 4) while the upper 11 cm displayed a high
degree of reworking consistent with a BI 3 (Fig. 3.6A). By the 17th day of the
experiment the upper 17 cm displayed an overall highly burrowed fabric (BI 3-4;
Fig. 3.6C).

Interpretations
Biogenic reworking by Euzonus mucronata is directly related to the
worms’ deposit-feeding activities and response to the tidal cycles. Based on
the predominantly horizontal orientation of burrows, the opheliids principally

deposit-feed as they locomote laterally. These activities occur (1) parallel to the
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FIGURE 3.6—The large aquarium that contained 18 adult Euzonus mucronata (burrows are
generally 1-2 mm wide). A: Top of the aquarium on day 8, in which there is thorough reworking
of the sediment, and burrows are highlighted by shell fragments. Open burrows are common at
the top of the sediment and connect to open holes at the sediment-air interface. B: A prominent
J-shaped burrow observed on day 4. This structure has a shell-fragment lining on the underside
of the burrow, which is hypothesized to be a result of gravitational settling. C: The aquarium on
day 17 of the experiment. Subtle laminations are poorly defined, the upper 6 cm is thoroughly
reworked, and traces penetrate the full depth of the aquarium.

shoreline where the polychaetes remain in an optimal zone, and (2) perpendicular
to the shoreline in response to daily tidal variations that influence pore waters and
oxygenation. Clear onshore-offshore migrations have been observed on wave-
and wind-eroded surfaces (Fig. 3.7). These lateral migrations generally occur
within the upper 10 cm of sediment, as this zone is thought to be aerated during

low tide (Dangott and Terwilliger, 1986). In the aerated zone, worms also migrate
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Seaward .

FIGURE 3.7—Onshore-offshore migrations of Euzonus mucronata on a wind- and wave-eroded
beach surface (Courtesy of T.D.A. Saunders). The footprints at the bottom of photo (A) are

for scale, and the arrow indicates the seaward direction. Photo (B) depicts a close-up view of
structures seen in photo (A).

vertically to respire at or near the sediment surface, which can produce burrows
that remain open (Fig. 3.5C). These open burrows suggest that the polychaetes
can pass through sediment without ingesting sand grains during their upwards
migration towards the sediment surface. However, infilled vertical trails are also
observed.

The limited population density dataset suggests that there is notable
patchiness in the Euzonus population, similar to that observed by Eikenberry
(1966) and Kemp (1985). Another anomaly in the population assessment is the
widespread dominance of juvenile opheliids, especially in the landward direction
(Table 3.1). The abundance of juveniles could be due to the sampling times
(August) and the timing of Euzonus larval release, which is reported to occur
between April and September (cf. McConnaughey and Fox, 1949). The landward
dominance of juveniles may reflect reduced lateral mobility of these worms
perpendicular to the shoreline in comparison to adult worms that more readily
keep pace with falling tides.

The opheliid behaviors and burrow characteristics observed in the field
and aquarium are similar. However, the confining nature of the thin-walled
aquarium can only approximate the behaviors observed in the field. In general, the
upper 10 cm of sediment undergoes extensive reworking by Euzonus mucronata,

while underlying sediment retains much of the original lamination (Figs. 3.5, 3.6).
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VOLUMETRIC BURROWING RATES

Results

A thin-walled aquarium 15 cm by 15.7 cm by 6 mm wide was constructed
and inoculated with 5 adult Euzonus mucronata (Fig. 3.8) to determine the
volume of sediment processed in a predetermined time frame. The progressive
burrowing (on side 1 of the aquarium) on days 2 and 7 of experiment is depicted
in Figure 3.8A and B. Prominent ‘smearing’ of mafic- and shell-rich laminations
to displacements of up to 1.5 cm is associated with E. mucronata burrows (Fig.
3.8C, D). Displaced mafic grains and shell fragments occur within and adjacent to

burrows.

FIGURE 3.8—A-B: The small aquarium (side 1) that contained 5 Euzonus mucronata. A: On day
2, U- and J-shaped burrows, as well as vertical burrows are observed especially near the top of

the aquarium. B: On day 7, more vertical burrows are present. C: Inclined burrows photographed
on day 6 of the experiment. The marker laminations are smeared and displaced by the activity of
the worms. D: Detailed photo of displaced grains in 3 J-shaped burrows observed on day 7 of the
experiment.
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The displacement of grains was used to estimate the percentage of
burrowed sediment, which is plotted against time in Figure 3.9A. Bioturbation
rates were initially rapid and subsequently declined following day 1. In
comparison to side 1, side 2 of the aquarium displayed consistently reduced
bioturbation intensities (except for day 1 of the experiment). The volume of
burrowed sediment plotted against time in Figure 3.9B reflects the average
volume of burrowed sediment recorded from both sides of the aquarium (Table
3.2). The volume of burrowed sediment increased rapidly from 0 to 20 hours,
and subsequent data points follow a linear trend. A linear regression was plotted
to approximate the subsequent linear trend in order to calculate the volumetric
burrowing rate (VBR) of 0.089 cm?/hr from the slope of the line.

The VBR of 0.089 cm’/hr approximates the volume of sediment that is
ingested per hour by 5 adult Euzonus mucronata. At this rate, the time required to
bioturbate the entire aquarium would be 63.8 days (Table 3.3). This time assumes
that burrowing is uniform vertically throughout the aquarium; however, the
polychaetes preferentially bioturbate upper sediment layers during respiration at

the simulated ‘low tide.’

Interpretations

The offset of laminations associated with burrowing exemplifies the
temporal aspect of Euzonus mucronata deposit-feeding activities. The time
between the ingestion and excretion of sand grains is greater than the time
required for the worm to locomote past the ingestion locality (see Chapter 4). This
time lag reflects the time required to process nutrients from the surface of sand
grains prior to excretion. Accordingly, the burrowing rates calculated in this study
incorporate deposit-feeding activities with subordinate vertical migrations through
the sediment.

Calculation of the volumetric burrowing rate involved averaging the
volume of burrowed sediment observed on both sides of the aquarium. The
reduced degree of bioturbation on side 2 of the aquarium could be explained by
the slight tilt of the aquarium during storage in the laboratory tank. This aquarium
was consistently stored such that side 1 was tilted upwards and side 2 tilted
downwards. Accordingly, during upwards migration, the worms would most
likely intersect the upper side (1) more often than the underside (2), which would

result in increased reworking on side 1.
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Percentage of sediment reworked by Euzonus mucronata over time
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FIGURE 3.9—A: The percentage of visible burrowed sediment based on grid counts from
each side of the small Euzonus mucronata aquarium plotted against time (Table 2). There was
no photograph taken for side 2 on day 5 of the experiment. B: Graph of the average volume of
burrowed sediment plotted against time (Table 2). There is a sudden increase in the volume of
burrowed sediment from day 1 to day 2 as a result of the lack of burrowing prior to inoculation
with worms. However, there is a shallower linear trend in the data between days 2 and 7 of the
experiment, which is approximated with a linear regression (not including the 0 hour, 0 volume
point). The two plotted values were used to calculate the slope Tic burrowing rate of 5 adult
worms.
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Population Density Volumetric Burrowing Burrowing Time
of E. mucronata in 1 m? Rate (cmd/hr) (days)
5 adult (in aquarium) 0.089 63.8
100 adult 1.77 2348.5
1600 adult 28.39 146.8
100 adult + 1325 juvenile 13.71 304.0
1600 adult + 3477 juvenile 59.23 70.3

TABLE 3.3—Calculated burrowing rates and burrowing times for various populations. Values
reflect volumetric burrowing rates and burrowing times required to bioturbate the upper 10 cm of
sediment in a 1 m? area by the indicated population. The burrowing time for 5 adults reflects the
reworking of the sediment within the aquarium (135.72 cm?). Populations are obtained from the
box core data collected at Pachena Beach (see Table 1). The burrowing rate of juveniles has been
assumed to be one half the rate of adults.

Euzonus mucronata ingestion rates also have been calculated by Fox
et al. (1948) and McConnaughey and Fox (1949) at 0.009 g/hr. Ingestion rates
calculated by Kemp (1985, 1986, 1987) were significantly higher than this study
at 0.104 g/hr to 0.35 g/hr. Conversion of the volumetric burrowing rate (for one
worm) calculated in this study to grams per hour (density of Pachena sand is 1.48
g/cm?) is 0.026 g/hr. The rate calculated for this experiment falls between the
values calculated by previous authors (ibid.).

Extrapolating the VBR from this experiment to the observed populations
on Pachena Beach provides estimates of natural Euzonus mucronata burrowing
rates (Table 3.3). These extrapolations are based on an assumed linear relationship
based on the data collected from vertical burrowing in the aquarium. With
increasing population densities, however, the burrowing rate may change in
response to increased avoidance of interpenetration of burrows due to scarcity of
food resources. The estimated VBR for the lowest population density of adult E.
mucronata recorded from Pachena (approximately 100 worms/m?) is 1.77 cm?/
hr (Table 3.3). Observations from the field and larger aquarium indicate that the
opheliids typically homogenize the upper 10 cm of sediment. Using this depth of
burrowing, the VBR for 100 adult worms can be applied to a realistic volume of
sediment—a 1 m? area to a depth of 10 cm. This small worm population would
require over 6 years to completely bioturbate 0.1 m? of foreshore. Considering the
maximum population density of adult worms observed at Pachena (1600 worms/
m?), the VBR for this population would be 28.39 cm?/hr. The time required to
bioturbate 0.1 m® of sediment by this population would be 146.8 days (Table 3.3).
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Actual Euzonus populations at Pachena consist of adult and juvenile
worms; therefore, the VBR should account for juveniles as well (Table 3.3).

The burrowing rate of juveniles is approximated at one half the adult rate (see
Chapter 4), and the total VBR is proportional to the number of juvenile and adult
polychaetes. The minimum population density recorded in the field (110 adults/
m? and 1325 juveniles/m?) corresponds to a total VBR of 13.71 cm?/hr and a
burrowing time of 304 days for 0.1 m* of sediment. The maximum number of
opheliids (1600 adults/m? and 3477 juveniles/m?) equates to a VBR of 59.23 cm?/
hr, and a burrowing time frame of 70.3 days for 0.1 m? of foreshore.

Based on the observations, a dense population of Euzonus mucronata can
mottle the upper 10 cm of foreshore sediment in a 1 m? area within 2.5 months.
However, the VBR and time required for complete reworking of 0.1 m* of
sediment are estimates under ideal conditions. These ideal conditions include: (1)
no wave erosion during rising or falling tides; (2) burrowing is restricted to the
upper 10 cm of sediment; (3) burrowing by all individuals is approximately equal
and consistent over the time period; (4) natural burrowing rates are the same as
in the aquaria; (5) no sediment is deposited; (6) oxygen concentrations are ample
for survival; (7) maturation of juveniles does not occur over this time frame; (8)
there is no lateral migration of the worm population; and (9) there are no other
organisms burrowing in the sediment.

Based on the above assumptions, the burrowing rates and burrowing times
are only approximations as erosion occurs due to rising and falling tides; new
sediment can be deposited; the worms can burrow deeper than 10 cm; individual
worms burrow at varying rates; the VBR for juveniles has been assumed;
maturation of juveniles occurs and results in increased VBRs over time; other
organisms are observed in the sediment with Euzonus mucronata; and increasing
population densities likely result in increased avoidance behaviors. In addition,
burrowing by E. mucronata in the thin-walled aquarium only approximates
behaviors in the natural world. The calculated rates only take into account deposit
feeding and vertical migration through the sediment as horizontal migration
could not be measured in the aquarium. Calculated rates are also based on the
observable burrowing adjacent to the aquarium glass. Burrowing further away
from the glass plates was likely higher; as the worms are photophobic. In addition,
as population densities increase, or as the sediment becomes highly reworked,
the VBR may no longer correspond to a linear relationship over time due to

changes in feeding activities in response to limited food resources. Due to the
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constraints of the thin-walled aquaria, especially the inability for worms to feed
horizontally, burrowing rates are likely more rapid in natural systems, which may

be counterbalanced by physical processes.

DISCUSSION

Modern organism-sediment interactions approximate biogenic activities
preserved in the rock record as ichnofossils. Accordingly, burrowing rates
acquired from neoichnological studies can be applied to traces observed in
outcrop and core. This study focused on using an analogous modern organism to
obtain approximate volumetric burrowing rates for the Macaronichnus segregatis
trace-maker. The calculated rates are, however, only approximations as the
collected population density dataset is limited; burrowing in the aquarium only
simulates the natural setting; and the opheliids and foreshore at Pachena Bay
possess specific characteristics. Variation in burrowing rates between this modern
study, other modern studies and rock record examples is likely dependent upon
the beach character; size and species of the worms; mineralogical composition
and grain size of foreshore sediment; hydraulic energy of the system (waves and
tides); availability of food; temperature; oxygenation; and methods of calculation.
Nonetheless, volumetric burrowing rates from this study provide initial estimates
that can be applied to ancient examples of M. segregatis.

Utilizing data from this study, Macaronichnus segregatis from the
Cretaceous Appaloosa Sandstone of the Horseshoe Canyon Formation of
Alberta, Canada can be interpreted in terms of ancient organism populations and
behaviors; prevailing depositional conditions; and bioturbation and sedimentation
rates. High population densities would have been required to pervasively rework
foreshore deposits to the extent observed in this rock record example (Fig. 3.1).
Based on observations at Pachena, the depth at which M. segregatis trace-makers
persisted may have been relatively shallow (10 cm). Although, the worms are
capable of burrowing to greater depths, as observed in the aquaria and in the field
where overlying foreshore sediment was comparatively dry. In the Appaloosa
Sandstone, M. segregatis occur as predominantly horizontal traces with few
vertical components (Fig. 3.1B). The paucity of vertical structures contrasts
with the Euzonus burrowing observed in the field (Fig. 3.5) and aquaria (Figs.
3.6, 3.8). The lack of vertical components in the Appaloosa could be explained
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by the aggradation of sediment over time and overprinting of traces. During
aggradation, the upper layer comprising vertical burrows (related to respiration at
low tide) would be overprinted by horizontal deposit-feeding activities at depth.
Alternatively, extensive onshore-offshore migrations (Fig. 3.7) of polychaetes
living at greater depths could have produced a predominantly horizontal burrow
fabric. In general, the Appaloosa Sandstone reflects the work of dense populations
of M. segregatis trace-makers that deposit fed on foreshore sediment during
horizontal locomotion and subordinate vertical migrations in response to tidal
cyclicity.

Modern Euzonus mucronata populations are influenced by a number of
environmental factors including: beach configuration, foreshore slope, hydraulic
energy, tidal regime, grain size, and sediment character. The formation of
Macaronichnus segregatis requires some of these depositional parameters to
fall within a narrow range, while other factors may be highly variable. Sediment
character is limited by the nutrient requirements of the opheliids, which are
primarily met by felsic-rich sands (see Chapter 4). Grain size is restricted to fine
to medium sand due to a limited ingestible grain size and preferred sediment
properties (e.g., pore volume, nutrient coatings, and oxygenation). Hydraulic
energy can be assumed to be moderate to high to ensure ample oxygen and
nutrient supply to polychaete populations. Some ancient trace-makers may
have required more pronounced wave activity, as some M. segregatis have
been interpreted to occur at the foreshore-shoreface transition (e.g., Clifton and
Thompson, 1978; MacEachern and Pemberton, 1992; Saunders et al., 1994) rather
than the mid to upper foreshore. On the other hand, trace-maker populations are
likely sustained with a wide range of beach configurations and slopes, as well as
tidal regimes.

The principles of Wheatcroft’s (1990) transit time (time required to
bury an event bed beyond the reach of burrowers) and dissipation time (time
required to burrow an event bed) can be applied to the Appaloosa Sandstone. The
effectiveness of bioturbation depends upon the sedimentation rate, bioturbation
rate and physical reworking processes (Bentley and Sheremet, 2003). Preservation
of any thickness of Macaronichnus segregatis burrowed strata requires that
transit time exceeds dissipation time. The transit time is primarily an inverse
function of the sedimentation rate (Wheatcroft, 1990). Therefore, the occurrence
of a nearly 2 m thick package of sandstone containing pervasive M. segregatis

in the Appaloosa (Pemberton and Saunders, 2003) suggests that transit time
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exceeded dissipation time during deposition of this sedimentary unit. In other
words, the sedimentation rate was surpassed by the rate of bioturbation. The
degree of physical reworking was likely minimal or outpaced by biogenic mixing.
Accordingly, rapid bioturbation rates or low sedimentation rates were required to
preserve M. segregatis in the Appaloosa Sandstone. The thin interval of Euzonus
mucronata burrowed foreshore at Pachena suggests that the calculated VBRs
from this study represent a lower benchmark for M. segregatis trace-makers.
Additionally, trace-makers likely burrowed at relatively shallow depths (less than
2 m), so beachface aggradation would have been required to accumulate the thick
unit in the Appaloosa. This interpretation corresponds to the progradational nature
of the Appaloosa as reported by Saunders (1989) and Ainsworth (1994).

Distinctive Characteristics at Pachena Bay

The burrowing rates determined from this study can only be used to
estimate the rates of other modern Euzonus populations and analogous ancient
organisms. The Euzonus population and foreshore characteristics at Pachena
Bay reflect a specific balance between population dynamics and depositional
conditions. The population density of E. mucronata at Pachena is relatively low
in comparison to other reported populations (e.g., McConnaughey and Fox, 1949;
Dales, 1952; Eikenberry, 1966; Kemp, 1985; Saunders, 1989). For 43,000 adult
worms (the highest population density reported), the VBR would be 762.9 cm?/hr,
and the time required to rework 0.1 m?® of sediment would be only 5.46 days. With
such a dense population, there would likely be some variation in worm behavior
such as increased avoidance of interpenetration of burrows, increased average
burrow depths, and potentially a more pronounced horizontal burrow fabric due to
overprinting. In addition, the Euzonus population at Pachena was overwhelmingly
predominated by juvenile opheliids. This is likely associated with the time of
year sampling took place, and potentially some reestablishment of the population
due to harsh winter storms. Other modern opheliid polychaetes that form
Macaronichnus segregatis-like structures have been identified (cf. Clifton and
Thompson, 1978). In comparison to Euzonus, these polychaetes possess different
morphological attributes and corresponding methods of burrowing that would
result in differing rates of bioturbation (see Chapter 4).

Environmental factors that are characteristic to Pachena include the

embayed nature of the foreshore, which is sheltered in comparison to many

56



other modern beaches. This embayment would influence wave and tidal energy
and potentially erosional and depositional rates as well, and in fact, results in

a relatively dissipative foreshore morphology. Despite the embayed nature of
Pachena Beach, the pebble lag observed near the sediment surface implies that
harsh winter storms can remove much of the sediment deposited during the
summer months. The sediment at Pachena is also characteristically a specific
grain size and composition. The average grain size is upper fine sand, which is
finer than most beaches characterized by Euzonus mucronata. More importantly,
Pachena sediment contains a high proportion of shell fragments, which tend to be
larger and more angular as compared to other grains. As a result, E. mucronata are
inclined to avoid deposit feeding on these grains, which correspondingly mantle
burrow walls unlike the typical mafic mantle of Macaronichnus segregatis and

M. segregatis-like structures (see Chapter 4). This process of mineral segregation
is likely specific to this opheliid and sediment composition, which suggests that
burrowing in other sediments by E. mucronata or other polychaetes could result in

different bioturbation rates.

CONCLUSIONS

A relatively new facet of neoichnology is the use of modern analogous
organisms to interpret the temporal significance of ancient traces (e.g., Gingras
et al., 2008). This chapter utilized modern analogous Euzonus mucronata to
assess the burrowing behaviors and burrowing rates of ancient Macaronichnus
segregatis trace-makers as structures formed by Euzonus closely resemble
Macaronichnus-like structures. Field analyses involved determination of
population densities and burrowing behaviors of the worms. Euzonus were
observed to deposit feed during vertical and onshore-offshore locomotion in
response to tidal cyclicity. Based on field observations, the overall distribution
of E. mucronata is generally dependent upon the position of the last high tide,
the tidal cycle, substrate moisture content, population dynamics, food resources,
and position of beach berms and runnels. Laboratory analyses further studied
burrowing behaviors and burrowing rates using thin-walled glass aquaria. Thin-
walled aquaria confirmed the concentration of E. mucronata in the upper 10 cm

of sediment as observed in the field. A volumetric burrowing rate was calculated
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from grid overlays of an aquarium containing 5 adult polychaetes. Under ideal
conditions, this VBR was extrapolated to the largest population density at Pachena
(59.2 cm’/hr), which would require 70.3 days to rework 0.1 m?® of foreshore. The
burrowing rates calculated in this study can only estimate natural rates due to the
limited population dataset, assumptions inherent in the calculations, simulation

of a natural setting in an aquarium, and specific characteristics of the Pachena
opheliids and depositional conditions.

This study suggests that the pervasively bioturbated Macaronichnus
segregatis unit in the Appaloosa Sandstone represents reworking by dense
populations during aggradation and progradation of beach facies. In order for the
thick succession of burrowed strata to be preserved, bioturbation rates exceeded
sedimentation rates and physical reworking was likely negligible.

The occurrence of foreshore sediment pervasively reworked by Euzonus
or sandstone characterized by Macaronichnus reflects a departure from typical
foreshore deposits. Frey et al. (1989) described archetypal beach sediments in
which foreshore and upper shoreface strata are unbioturbated and dominated by
physical sedimentary structures. In this model, the transition from physical to
biogenic structures generally occurs between 1-4 m water depth. Accordingly,
biogenic reworking of foreshore sediment reflects an atypical situation in which
bioturbation rates are exceedingly high in order to outpace sedimentation rates
and processes of physical reworking associated with tidal cyclicity. In contrast,
the offshore is generally characterized by low sedimentation rates coupled
with high bioturbation rates due to the abundance and diversity of organisms
(cf. Pemberton et al., 2001). In this setting, bioturbation rates are difficult to
assess as a result of continual reworking of the sediment by successive tiers
which produces an overprinting of structures. Accordingly, a thick unit that is
pervasively reworked by M. segregatis trace-makers may have an equivalent
dissipation time to a much thinner unit of offshore strata. The transit time for
these two cases would, however, be invariably dissimilar and would be greater
(i.e. lower sedimentation rate) in the offshore. In shallow marine to nearshore
settings such as the foreshore, dissipation time (time required for burrowing) will
be dependent upon the burrowing efficiency and abundance of trace-makers. This
study illustrates one example in which preservation of biogenically reworked
strata is associated with exceedingly high burrowing rates that likely transcend the
calculated rates in modern natural settings and ancient examples.

Based on this study and work by Gingras et al. (2008), the degree of
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trace-maker activity required to pervasively rework strata generally involves very
little time. The geological time reflected in an individual unit is a function of the
delicate balance between bioturbation rates, sedimentation rates and physical
reworking processes. By studying burrowing rates associated with individual
traces and assemblages of ichnofossils, we can begin to understand the temporal

interaction between biogenic and physical processes.
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CHAPTER 4 — ANALYSIS OF MINERAL SEGREGATION IN EUZONUS
MUCRONATA BURROW STRUCTURES: ONE POSSIBLE METHOD
USED IN THE CONSTRUCTION OF ANCIENT MACARONICHNUS
SEGREGATIS

INTRODUCTION

Ancient sandy beach deposits characterized by a monospecific burrow
fabric were first identified and described in Jurassic and younger strata by
Clifton and Thompson (1978). The trace fossil characterizing this fabric is
now recognized as Macaronichnus segregatis Clifton and Thompson, 1978, a
cylindrical, unlined, sinuous intrastratal trail, commonly 2-5 mm in diameter
(Fig. 4.1). This trace displays mineralogical segregation between the quartz-rich
infill and the mica and heavy mineral mantle (Clifton and Thompson, 1978).

The mechanism by which M. segregatis trace-makers segregate mineral grains is
poorly understood and is the focus of this study.

Macaronichnus segregatis is an important trace fossil characterizing
ancient high-energy nearshore settings (Pemberton et al., 2001). Since Clifton
and Thompson’s (1978) original description of M. segregatis, the trace fossil
has been recognized in a number of other Cambrian to Pleistocene successions:
SW-Norwegian Caledonides (Knaust, 2004); Upper Jurassic of Milne Land,
Greenland (Heinberg, 1974; Fiirsich, 1984); Bluesky Formation, Alberta
(MacEachern and Pemberton, 1992); Cadotte Member, Alberta (MacEachern and
Pemberton, 1992; Saunders et al., 1994); Dunvegan Formation, Alberta (Gingras
et al., 1998); Bearpaw-Horseshoe Canyon Formation transition, Alberta (Fig. 4.1;
Saunders, 1989; Saunders, et al., 1990; Pemberton and Saunders, 2003); Shimosa
Group, Japan (Tokuhashi and Kondo, 1989); Narita Formation, Japan (Kikuchi,
1972); Shimosa and Kazusa Groups, Japan (Nara, 1994); and the Kujukurihama
Coast, Japan (Nara and Seike, 2004). More recently, Savrda and Uddin (2005)
described large Macaronichnus in the Eutaw Formation, which exhibit distinctive

mineralogical segregation.

A version of this chapter has been published. Dafoe et al. 2008. Ichnos, 15: 91-102.
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FIGURE 4.1—Macaronichnus segregatis from the Horseshoe Canyon Formation of Alberta
(Upper Cretaceous). A: Plan view of the traces exhibiting random avoidance of meandering
pathways. B: Cross-sectional view of the traces, which illustrates the predominantly horizontal
orientation of the structures (scales are 3 cm long).

The grain sorting in Macaronichnus segregatis plays a role in the
distribution and quality of sandstone porosity and permeability. Mineral
segregation can influence post-depositional cement distribution as the network
of traces can enhance isotropic bulk permeability in comparison to equivalent
laminated foreshore strata. This was shown to occur in the Lower Cretaceous Toro
Sandstone (Iagifu field, Papua New Guinea) by Pemberton and Gingras (2005), in
which segregation of glauconite from quartz-rich burrow infills clearly enhanced
the permeability of burrow networks. Improved understanding of such mineral
partitioning may lead to further recognition of this trace fossil in the enhancement

of reservoir properties.

Analogous Modern Trace-Makers

Previous studies have used modern analogous organisms to understand
the behavior of Macaronichnus segregatis trace-makers. Clifton and Thompson
(1978) examined the activities of Ophelia limacina, which is interpreted to reject
heavy mineral grains, micas and aggregates of clays through the concentration of
these grains within the organism’s ventral groove. The isopod Excirolana chiltoni
Jjaponica also has been employed to explain the formation of Macaronichnus
segregatis (Kikuchi, 1972; Tokuhashi and Kondo, 1989; Yokokawa and Masuda,
1991). However, experimental observations by Nara (1994) illustrated that a felsic
grain-selective worm, rather than E. chiltoni, likely constructed M. segregatis.

In other studies, the opheliid EFuzonus sp. was recognized as constructing
Macaronichnus-like traces (Saunders, 1989; Saunders et al., 1990; Nara and

Seike, 2004). This study utilizes a specific polychaete, Fuzonus mucronata
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FIGURE 4.2—Fuzonus mucronata. Note the pointed head region of the worm on the right, and
the extruded proboscis of the worm on the left.

(Fig. 4.2), from Pachena Bay, Vancouver Island (Canada), to further assess the
mechanism of grain sorting that occurs during deposit-feeding activities.

The opheliid polychaete, Euzonus mucronata, is found in sandy beaches
along the North American Pacific Coast from Vancouver Island to the Punta
Banda region of Mexico (Dales, 1952; Eikenberry, 1966; Ricketts and Calvin,
1968; Kemp, 1985). Euzonus mucronata generally inhabits fine- to medium-
grained upper intertidal sands exposed to moderate surf action (Dales, 1952;
Eikenberry, 1966; Ruby and Fox, 1976; Kemp, 1985). These polychaetes migrate
vertically through beach sand in response to diurnal tides and associated changes
in oxygen tension, salinity, and temperature (Dangott and Terwilliger, 1986).

Euzonus mucronata are red to purplish in color, approximately 2-5 cm
long, 0.5-2.0 mm in diameter as adults, and have weak segmentation (Fig. 4.2;
Fox et al., 1948; McConnaughey and Fox, 1949). The digestive system of this
polychaete is adapted to processing nutrients from the surface of sand grains. Key
components of the digestive system include the mouth, proboscis, and gut. The
mouth is a transverse slit on the ventral side of the head from which the proboscis
is everted. Three soft, ciliated lobes characterize the proboscis, which gathers
sand and funnels it towards the gut. Nutrients extracted within the gut are thought
to include detrital organic matter, protozoa, bacteria, and other microorganisms
(Fox et al., 1948; McConnaughey and Fox, 1949; Eikenberry, 1966; Kemp,

1985, 1986). The lumen of the gut consists of multiple deep longitudinal folds
with cilia on the inner surfaces that have been proposed to sweep grains towards
the pygidium (posterior) for excretion (Fox et al., 1948). During ingestion

and excretion, sand grains are commonly mineralogically segregated by the

65



polychaetes (Saunders, 1989). The objective of this study is to determine the
process in which mineral grains are partitioned by E. mucronata and associated

ancient Macaronichnus segregatis trace-makers.

STUDY AREA

Pachena Bay is located on the west side of Vancouver Island, Canada,
and contains an exposed sandy beach subject to moderate wave energy in a
partially enclosed setting (Fig. 4.3). The bay possesses a tidal range of up to 3.8
m (mesotidal). Pachena beach comprises lower fine- to upper medium-grained
sand (modal size is upper fine). The mineralogical composition of the sand was
studied and using thin-section petrography and was found to include: quartz, rock
fragments, shell fragments, plagioclase, orthoclase, hornblende, opaque minerals,
biotite, and muscovite. According to grain counting, typical components of the
foreshore sand include 44% feldspar, 27% quartz, 22% lithic fragments, 5%
hornblende and 2% shell fragments. This corresponds to 71% felsic material, 27%

mafic material (nearly all lithic fragments are mafic), and 2% shell fragments.

METHODS

Field observations involved determination of sediment size and character,
as well as Euzonus burrow characteristics. Burrow structures were preserved
using box cores that were sliced or broken and set using epoxy resin to form
sediment peels. Euzonus mucronata were collected from the foreshore of Pachena
Beach for laboratory experiments at the Bamfield Marine Sciences Centre
(Table 4.1). These experiments focused on E. mucronata ingestion and excretion
behaviors, which are inferred to produce mineralogical segregation. Various
worm populations were microscopically videotaped (at the individual scale) in
petri dishes filled with water-saturated sand to approximately 2-3 mm depth.
Videotaping was performed from the base of the dishes at 10x magnification, and
experiments conducted on these worms focused on ingestion and excretion with:
1) variable substrates (proportions of felsic, mafic and shell material); 2) variation

in worm maturity; and 3) a sterilized sediment (Table 4.2). The temperature was
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FIGURE 4.3—Part of the west coast of Vancouver Island showing the location of Pachena Bay
near the town of Bamfield. The lower inset map shows the location of the study area on Vancouver
Island. The upper inset map of Canada shows the location of Vancouver Island on the west coast
of Canada.

Stage Length Width
Small juveniles 1 cmorless About 1 mm
Juveniles 2 cmorless About 1 mm
Small adults 1.5-25cm 2-3mm
Adults >25cm 2-3mm

TABLE 4.1—Approximate developmental stages of Euzonus mucronata.
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TABLE 4.2 (Previous page)—A: Average grain compositions ingested by Euzonus mucronata.
B: Average grain compositions excreted by Euzonus mucronata. The number of observed
ingestion and excretion episodes varies for each sample and ranges from 2 to 37 observations.

constant at 21°C and direct light from the microscope was used to obtain clear
images of deposit-feeding activities.

Substrate variations were prepared by combining selective proportions
(by mass of water-saturated sand) of quartz-rich (72% felsic material) and mafic-
rich (27% mafic material) sands to provide a spectrum of substrates, along with
shell fragment-rich (42% shell material) sand. The composition of the sediments
is given in Table 4.3 (see proportion of sands combined for various substrates).
Six adult Euzonus mucronata were placed in each substrate and burrowed in the
sediment for a few hours prior to videotaping. Grain counts were performed on
the 3 original sand types using a grid with 204 equally spaced points. Two grain
counts were performed for each sand type and the mineral percentages reflect an
average of these two counts. These values were then proportionally extrapolated
to the prepared substrates (Table 4.3—host sediment composition).

Worms of various maturities were videotaped to observe changes in

deposit-feeding behaviors at different life stages. The sediment used in petri

Measurement Mineral Type Quartz-rich  25% Mafic- 50% Mafic- 75% Mafic- Mafic-rich  Shell-rich
sand rich sand rich sand rich sand sand sand
Proportion of sands Quartz-rich (%) 100.00 75.00 50.03 25.02 0.00 0.00
combined for Mafic-rich (%) 0.00 25.00 49.97 74.98 100.00 0.00
substrate variations | gheji.rich (%) 0.00 0.00 0.00 0.00 0.00 100.00
Resultant host Felsic (%) 71.63 67.46 63.28 59.11 54.93 45.93
sediment Mafic (%) 26.55 26.69 26.82 26.96 27.09 12.18
composition Shell (%) 1.81 5.85 9.89 13.94 17.98 41.89
Proportion of Felsic (%) 78.20 76.98 68.18 74.86 74.81 65.67
ingested grains from | Mafic (%) 14.63 17.86 22.33 17.21 19.98 11.48
video counts Shell (%) 7.16 5.16 9.48 7.94 5.20 22.84
Proportion of Felsic (%) 90.20 87.41 79.56 86.75 87.58 76.08
excreted grains from | Mafic (%) 7.16 2.13 9.94 6.73 9.07 5.30
video counts Shell (%) 2.64 10.46 10.50 6.52 3.35 18.62
Proportion ingested Felsic IN:HS 1.09 1.14 1.08 1.27 1.36 1.43
versus host sediment |  Mafic IN:HS 0.55 0.67 0.83 0.64 0.74 0.94
abundance Shell IN:HS 3.95 0.88 0.96 0.57 0.29 0.55
Proportion excreted Felsic EX:HS 1.26 1.30 1.26 1.47 1.59 1.66
versus host sediment |  Mafic EX:HS 0.27 0.08 0.37 0.25 0.33 0.44
abundance Shell EX:HS 1.46 1.79 1.06 0.47 0.19 0.44

TABLE 4.3—Normalized proportions of mineral grains ingested or excreted versus the host
sediment composition. A ratio greater than 1 indicates that the grains are more prevalent in the
ingestion or excretion event than in the host sediment. A ratio of less than 1 indicates that there are
fewer grains in the ingestion or excretion than in the host sediment.
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dishes for this series of experiments was obtained from the worm collection site
(the quartz-rich sand). Four sizes of worms were used based on the width and
length of the worms (Table 4.1). A number of small juvenile and small adult
worms were placed in separate dishes, and approximately 5-6 adult worms and
three juvenile worms were placed in two other dishes. The final experiment
involving sterilized sediment was prepared by boiling a portion of quartz-rich
sand and seawater for an extended period of time prior to rinsing with fresh
seawater. The sterilized sample was used as a control to test grain selectivity due
to sensory perception of attached food particles with 6 Euzonus mucronata.

Video of the worms was analyzed (frame-by-frame) by counting and
identifying mineral grains ingested and excreted by the polychaetes. Grains were
identified as felsic (quartz and feldspar), mafic (rock fragments and amphibole) or
shell. Ingestion by Euzonus mucronata consisted of proboscis eversion, collection
of grains funneled toward the gut, proboscis retraction, and then a short period of
locomotion. The time from initial proboscis eversion to the end of the retraction
was recorded as the amount of time required for each ingestion episode. The
length of time over which each excretion event occurred was also recorded.

From the video grain counts, the total number of grains and percentages
of felsic, mafic and shell grains were averaged for ingestion and excretion events
in each experiment (substrate type and worm size; Table 4.2). The substrate
experiments were then normalized to the composition of the respective host
sediment (Table 4.3). Normalization was calculated by dividing the percentage
of each ingested grain type by the percentage of that grain type found in the host
sediment. Likewise, normalization of the excreted grain counts were calculated by
dividing the percentage of each excreted grain type by the percentage of that grain

occurring in the host sediment (Table 4.3).

RESULTS

Field-Based Observations

Field photos illustrate the pervasive mottling by Euzonus mucronata
within the upper 10 cm of foreshore sediment (Fig. 4.4). The burrow structures
are overwhelmingly mantled by shell fragments especially when observed in plan

view (Fig. 4.4B). Sediment peels collected from horizons rich in shell fragments
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FIGURE 4.4—FEuzonus mucronata (Em) and E. mucronata burrows (Eb) in the field. A: Vertical
section of the upper portion of beach sediment. The upper 10 cm of sediment is thoroughly
reworked by the polychaetes and remnant laminations can be seen below this zone (dashed

line). B: Plan view of the burrows highlighted by a shell-rich horizon that has been thoroughly
reworked. Note the inverse coloration of the Macaronichnus-like structures, which are mantled by
light colored grains and infilled with darker grains.

g FI. 00 S % s Y e

FIGURE 4.5—Epoxy sediment peels from horizons within Pachena Beach. Tangential alignment
and segregation of shell fragments occurs along the sides of the burrow infills (dashed lines), and
burrow fills are dominantly composed of felsic grains. Shell fragments are indicated by black
arrows. Photo (B) is a close-up of the burrow from photo (A).
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exhibit distinct E. mucronata burrow fills with enrichment in felsic grains in
comparison to the host sediment (Fig. 4.5). The felsic burrow infills are consistent
with typical Macaronichnus segregatis. However, the burrows are predominantly
highlighted by shell fragments rather than mafic grains (Fig. 4.5). The horizontal
peels also illustrate intermittent tangential alignment of shell fragments in burrow
mantles (Fig. 4.5B). Scattered mafic grains are apparent within burrow fills;
however, segregation of these heavier minerals is difficult to visually ascertain

due to the abundance of shell fragments along burrow margins.

Ingestion and Excretion

Ingestion is a complex process that is initiated by Euzonus mucronata
probing the sediment with the sensory-rich prostomium (head region) to locate
a suitable feeding locale. Probing occurs during locomotion whereby coelomic
fluid is forced into the head region, which consists of the first and second somites
(McConnaughey and Fox, 1949). Inflation of the head begins at the segments
posterior to the mouth. If locomotion continues without feeding, coelomic
fluid drains back into the body, and through peristalsis, the body segments are
pulled forward. Expansion of the head region drives the worm into the sediment
and serves to push grains aside. Internally, with the flow of coelomic fluid,
the proboscis also moves forward into the head region. If deposit feeding is
chosen for a particular locality, the coelomic fluid may be partially drained as
the proboscis is everted. However, significant swelling of the head region is not
required for proboscis eversion. Feeding with the proboscis generally occurs
straight forward or downwards as the opening (mouth) is located on the underside
of the worm. The proboscis is extruded to gather grains that are funneled towards
the gut (Fig. 4.6A, C, E), and is then retracted before the worm continues feeding
or locomoting. Commonly, the opheliids will feed intermittently as they locomote
short distances between extrusions of their proboscis. In other cases, worms may
pause extensively to probe the sediment with their prostomium. Deposit feeding
by E. mucronata results in ingestion of felsic, mafic, and shell grains even despite
the large grain size of some shell fragments (Fig. 4.6F). The proportion of these
ingested mineral grains primarily depends on the local concentrations at the site of
feeding.

During excretion, the pygidium tends to move grains back and forth in

a pendular motion to facilitate grain dispersion and efficient packing (Fig. 4.6H,
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FIGURE 4.6—Video stills of ingestion and excretion of grains by Fuzonus mucronata. For scale,
the circular view is approximately 3 mm in diameter, and magnification is 10x. A: Ingestion in
quartz-rich sediment. B: Side view of excretion in the quartz-rich sand. C: Ingestion of sand grains
in 75% mafic-rich substrate. D: Excretion of a loosely packed burrow fill in the mafic-rich sand.

E: Ingestion by a juvenile worm. Due to the transparent nature of the worm’s body, grains are
casily observed as they are funneled towards the gut during ingestion. F: Excretion of a large shell
fragment by a small adult E. mucronata. G: Excretion of sediment in the shell-rich sand. Shell
fragments are aligned alongside the worm as it passes through the sediment. H, I: An example of
the pendular (back and forth) motion of the posterior of E. mucronata observed during excretion
(in quartz-rich substrate).
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I). This action, in combination with the work of the cirri, results in a mechanical
shuffling that can work to force shell fragments (light, platy grains) to burrow
boundaries. Angles at which pendular motion occurs ranges from only a few
degrees to a maximum of 70 degrees. Pendular motion is pronounced when a
densely packed burrow fill is produced. In contrast, in a loosely packed burrow fill
there tends to be little or no pendular pygidium motion. Under artificial conditions
of the experiment, burrow fills include discontinuous excreted masses, continuous
loose ribbons (Fig. 4.6D, F), and tightly packed fills (Fig. 4.6B, G). Occasionally,
E. mucronata shifted backwards to compact the burrow fill with the pygidium.
Sediment is also observed to collapse into the burrow where the fill is not tightly

packed.

Mineralogical Segregation

Video analysis of grain ingestion and excretion illustrates a general
reduction in the percentage of felsic grains ingested and excreted in samples
containing a proportion of mafic-rich sand as compared to the quartz-rich
sand (Table 4.2, Fig. 4.7). In the shell-rich substrate, increased shell grains are
ingested and excreted likely due to the overall abundance of shell material. The
experiments involving variable worm maturity generally correspond to the results
of the quartz-rich substrate. Similarly, worms in the sterilized sand displayed no
deviation in behavior as compared to the unsterilized quartz-rich sand.

The most notable trend in the data presented in Figure 4.7 is the
systematic variance between the ingested and excreted percentages of both felsic
and mafic grains in every experiment. This variance averages about 11% for all
experiments. The grain counts imply that more mafic grains are ingested than
excreted, which results in a more felsic-rich burrow fill. On the other hand, the
percentage of shell fragments is fairly consistent between ingestion and excretion
observations (varies by 1.4% on average). The anomalous nature of the variation
in ingested and excreted percentages of both felsic and mafic components is
addressed in the discussion section.

The grain counts for the substrate experiments presented in Table 4.2
are normalized to the actual sediment composition in Table 4.3 and Figure 4.8.
In all experiments, the proportion of ingested felsic grains is always greater than
the proportion of felsic grains found in the host sediment, as the ratio between

these values is >1. This ratio generally increases with increasing mafic content
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FIGURE 4.7—The average percentage of ingested and excreted grains determined from video
grain counts of Fuzonus mucronata in all of the experiments (see Table 4.2). Squares represent the
percentage of ingested grains and circles represent the percentage of excreted grains. Across all
experiments, there is a consistent variation in the percentage of ingested and excreted felsic grains
and in the ingested and excreted mafic grains. This variation is observed in the separation between
the circles and squares for these mineral types. Conversely, the variation in shell fragments is
negligible in the experiments.

in the sediment, as well as in the shell-rich sand. Correspondingly, the ratio of
ingested versus host sediment abundance of mafic grains is less than one in all
experiments, which indicates that mafic grains are preferentially avoided (Table
4.3, Fig. 4.8). Avoidance of mafic grains generally decreases with increasing
availability of mafic material in the sediment. The proportion of ingested
versus host sediment abundance of shell fragments indicates that these particles
are increasingly avoided with additional mafic content and shell fragments.
Principally, these normalizations emphasize the preferential ingestion of felsic

grains and avoidance of mafic grains in relation to the host substrate composition.
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FIGURE 4.8—The proportions of ingested versus host sediment abundances and excreted versus
host sediment abundances of felsic, mafic and shell grains in the substrate experiments (see Table
3). These ratios represent normalization of the video grain counts to the original mineralogical
compositions of the sediment. Ratios greater than one indicate that the particular grain type is
more concentrated in the ingestion or excretion episodes than in the host sediment. Based on the
ratios, felsic grains are preferentially ingested while mafic grains are preferentially avoided.

DISCUSSION

Before the process of mineral segregation can be interpreted, variation
in the abundance of mafic grains ingested as compared to excreted must be
addressed. This observation is at odds with the expected trend — equal proportions
of ingested and excreted mafic grains. This anomaly in the data cannot be refuted
simply through observational bias or the explanation that different worms were
observed for ingestion and excretion events, as the deviation is overwhelmingly
systematic. Other possible explanations include a longer gut residence time for
mafic grains. However, a string of mafic grains was never observed following
excretion of the predominantly felsic burrow infill. The deviation may be
explained by hydraulic winnowing or some form of sorting that is accomplished

by the pygidium. Perhaps mafic grains are sorted within the gut such that they
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are found near the top of the worm body and are excreted above the observable
stream of felsic grains. This anomaly in the data cannot be easily explained;
however, the data remains useful for interpreting general trends in mineral

segregation.

Mechanisms of Mineral Segregation

A range of processes have been postulated to explain the process of
mineral-grain segregation by Macaronichnus segregatis trace-makers. Clifton
and Thompson (1978) proposed that chemoreceptors and nuchal organs in the
head of Ophelia limacina aid in food detection, and in response to this detection,
unwanted grains are shunted along the ventral groove of the worm. The rejection
of angular grains (such as feldspar) by feel was proposed by Gingras et al. (2002)
for Euzonus mucronata. However, Nara (1994) found greater proportions of
angular and subangular grains in the burrow fills of M. segregatis as compared to
the surrounding material. The avoidance of mafic grains may also be a function of
the specific gravity or shape of the grains (Nara, 1994). Localized liquefaction of
the sediment through proboscis eversion may serve to sort mineral grains by their
specific gravity (cf. Jumars et al., 2007). This may explain thicker basal mantles
observed with some examples of Macaronichnus (e.g., Clifton and Thompson,
1978; Savrda and Uddin, 2005).

Regardless of the surface texture, specific gravity, angularity, or nutritive
value, individual particle selection or localized sediment liquefaction by the
proboscis was not observed in the video of Euzonus mucronata. The lobate
morphology of the proboscis does not allow for individual grain selection (Fig.
4.9). Conversely, the worms gather and ingest mineral grains en masse. If grains
are ingested en masse, then ingested proportions of felsic, mafic and shell grains
must primarily depend upon the local concentrations at the feeding site. Ingested
proportions must depend upon local concentrations as the normalizations illustrate
unequal proportions of ingested versus host sediment abundances. The ingestion
locations are selectively chosen by the polychaetes through sediment probing by
the head. The location the worms select is interpreted to reflect the identification
of more felsic-rich locales. Gingras et al. (2002) also observed this non-random
direction of feeding chosen by individual E. mucronata. What sort of sensory
organs, if any, are associated with this probing are unknown. Speculation on

sensory organ functionality has included the ability to identify geochemical or
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FIGURE 4.9—The everted proboscis of Fuzonus mucronata. Note that the large lobate structures
do not have the capacity to select individual grains.

biological traces on minerals (Gingras et al., 2002). The underlying process by
which E. mucronata segregate mineral grains in this study is a result of en masse
site-selective feeding in more felsic-rich locales.

In addition to site selection of felsic-rich locales, partitioning of
minerals is augmented by the pendular (back-and-forth) pygidium motion and
rotation of platy grains. In this study, these mechanisms are effective in the
segregation of shell fragments. The back-and-forth motion of the pygidium and
compaction of the backfill were suggested by Gingras et al. (2002) to contribute
to grain alignment perpendicular to the burrow axis. This grain alignment occurs
with platy shell fragments that are easily moved to burrow boundaries by the
mechanical shuffling produced by pendular motion. Large, platy shell fragments
are also tangentially aligned to the burrow mantle as the worms move through
sediment. Analogous tangential arrangement of mica flakes around Ophelia
limacina burrows was reported by Clifton and Thompson (1978), and tangentially
oriented micas around “Planolites” (now identified as Macaronichnus) were
also described by Heinberg (1974). The pendular pygidium motion and rotation
of grains contributes to the mantling of Euzonus mucronata burrows by shell

fragments, but does not appear to affect the segregation of felsic or mafic grains.
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FIGURE 4.10—Sediment peels from Copalis Beach, Washington, USA (Courtesy of T.D.A.
Saunders). The sediment from Copalis Beach contains no shell fragments and is composed of
quartz, feldspar, lithic, and mafic grains. Segregation of quartz from lithic and mafic grains is more
pronounced in this example. Arrows indicate the burrow fills from the surrounding mafic-rich
sediment.

Well-segregated mantles and infills in typical Macaronichnus segregatis
are unlikely explained by the site selection of more felsic-rich locales and en
masse ingestion of grains. Limitations and distinctive features of the experiment
could have resulted in the specific mineral segregation mechanism observed.
The worms were only observed from the underside (base of the petri dish) and
could not be easily observed from the top or side. Stress may also have played
a factor, as the polychaetes were placed in shallow sediment layers under direct
light. More importantly, the worm population and sediment characteristics at
Pachena exhibit distinctive attributes. Euzonus mucronata is a particular species
of opheliid, which can only be used as an analogue to other Euzonus species,
opheliid polychaetes in general, and similar ancient organisms. Other worm
species and genera possess varied specialized organs or adaptations that may
produce mineralogical segregation through different processes. The sediment at
Pachena is also slightly finer than most beaches characterized by M. segregatis-
like trace-makers. Compositionally, there is an abundance of shell fragments
that are generally absent from sediment in which M. segregatis-like structures
are formed. For example, Copalis Beach on the Washington Coast (USA) is
composed of quartz, feldspar, lithic fragments and mafic grains. Euzonus burrow
fills are notably quartz-rich while the host sediment has abundant lithic and mafic
grains (Fig. 4.10). The sediment at Copalis Beach is also very well sorted, and
tangential alignment of grains is not observed. In this case, Euzonus burrows

display pronounced segregation between mafic and felsic material.
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The presence of shell fragments in Pachena Beach sediment increases the
complexity of mineral segregation such that avoidance of mafic grains is masked
by the mantling of burrows by shell fragments. Accordingly, in contrast to typical
Macaronichnus segregatis, the Euzonus burrows exhibit an inverted coloration
contrast; the mantle is lighter in color than the felsic burrow infill. Shell fragments
are distinctive from other mineral grains as they possess a low specific gravity
and are platy, more angular, and occasionally larger than the average grain size.
As indicated in the normalizations (Table 4.3), shell fragments are increasingly
avoided with increasing abundance. Perhaps shell fragments are more likely to
become lodged in the gut, or are smooth and therefore coated with sparse nutrients
in comparison to other mineral grains. It is theorized here that partitioning of shell
fragments at Pachena may be a result of grain shape and size or surface texture
and associated nutritive value, however, further study is required to assess the
purpose of shell material segregation.

Site selectivity of more felsic-rich locales is one possible mechanism
used in the formation of Macaronichnus segregatis; however, the function of this
mineral segregation is still uncertain. The preferential ingestion of felsic grains
may be associated with favorable nutrient coatings on these grains. The removal
of grains prior to ingestion due to a lower nutritive value (and associated smooth
surface texture) was proposed by Saunders (1989) for E. mucronata and by
Clifton and Thompson (1978) for Ophelia limacina. Increased bacterial coatings
typically occur in areas of high relief such as fissures, crevices, cleavage ledges
and concave abrasions (DeFlaun and Mayer, 1983). In laboratory experiments,
ampharetid polychaetes and spionid polychaetes have been shown to ingest
particles based on surface texture; etched beads are preferentially chosen over
smooth beads (Self and Jumars, 1978). However, studies by Kemp (1985, 1986,
1987) suggest that organic matter, both dissolved and particulate, rather than
bacteria, is the major food source for E. mucronata. The adherence of organic
material to sand as a function of grain surface textures has yet to be determined.
Analysis of food particle adherence and opheliid sensory functions are potential
future studies required to further describe behaviors of Macaronichnus segregatis

trace-makers.
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CONCLUSIONS

The product of Euzonus deposit feeding is a burrow that reflects
mineralogical segregation between the infill and mantle similar to that of ancient
Macaronichnus segregatis. This modern analogue was studied using microscopic
videotaping in which felsic, mafic and shells grains were counted during
ingestion and excretion events in various substrates and with various worm sizes.
Normalization of the video grain counts (for the various substrate types) to the
host sediment composition emphasizes a preferential ingestion of felsic grains and
avoidance of mafics. This preferential ingestion is accomplished by probing with
the head to identify more felsic-rich locales, which become the site of ingestion.

The preferential ingestion of felsic grains over mafic is, however, masked
by the presence of distinctive shell fragment mantles. Shell fragments appear to
be more readily avoided with increasing abundance in the host sediment. Two
mechanisms that directly influence the mantling of EFuzonus mucronata structures
by shell fragments include pendular pygidium motion and tangential rotation of
grains. These shell fragment mantles contrast with that of typical Macaronichnus
segregatis traces, which are characterized by distinctive mafic- and mica-rich
mantles. The preservational potential of Pachena Beach Euzonus burrows is
relatively low due to the nature of the mantle. Shell fragments would likely be
dissolved during diagenesis, and the subordinate segregation of mafic minerals
would likely be insufficient to define the burrow structures. However, a rock
containing this seemingly homogenized fabric could possess enhanced porosity
and permeability as a result of dissolution and the indiscernible burrow network.

The characteristic nature of the structures observed in this study are a
result of the examined polychaetes (species) and sediment (size and mineralogical
composition) used in the experiments. Mineralogical segregation of shell
fragments at Pachena is theorized to be a function of grain size and shape or
surface texture and associated nutritive value. The site selection of felsic-rich
locales and en masse ingestion of grains is only one possible mechanism used
in the construction of Macaronichnus segregatis. This mechanism cannot likely
explain the distinctive mineral segregation observed in typical M. segregatis.
Individual particle selection by the proboscis was not observed and is thought
to be nearly impossible based on the morphology of the organ. However, other
mechanisms such as localized sediment liquefaction by proboscis eversion (cf.

Jumars et al., 2007) or enhanced felsic particle adherence to the proboscis due to
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bacterial or other coatings (e.g., Jumars et al., 1982; Taghon, 1982) may play a

role in the formation of M. segregatis and M. segregatis-like structures. Analysis
of the nutritive value of grains and sensory perception of opheliid polychaetes in
more typical sediment would allow for improved understanding of M. segregatis

construction and the purpose for mineralogical segregation.
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CHAPTER 5 - AN UNORTHODOX TAXONOMIC APPROACH USING
GRAIN SORTING AND COLLECTIVE ICHNOFOSSIL MORPHOLOGY
IN DEFINING MACARONICHNUS AND HARENAPARIETIS NEW
ICHNOGENUS

INTRODUCTION

Ichnotaxonomy is an important aspect of ichnology that aims to enhance
communication between ichnologists by defining reoccurring structures that
record the activity of organisms. Traditional ichnotaxonomy is based upon
defining traces that are morphologically distinctive (cf. Ekdale et al., 1984).
However, the lack of a consistent scheme for determining the significance
of particular morphological criteria has resulted in different prioritizing for
naming ichnogenera and ichnospecies (cf. Bertling et al., 2006). Bromley (1990)
suggested the use of ichnotaxobases or typical morphological features used as
a basis for ichnotaxonomy. Subsequently, Bertling et al. (2006) asserted that
trace fossil taxonomy requires a “uniform approach” that is independent of
ethology. Bertling et al. (2006) further suggested that morphology was the most
important criterion for defining ichnotaxobases; however, the same authors
suggested possible exceptions such as substrate (e.g., bioerosional structures)
and composition (e.g., coprolites). In general, size, producer, age, facies and
preservation are not viable ichnotaxobases for defining trace fossils (cf. Bertling
et al., 2006). The following chapter illustrates that a “uniform approach”
may not be ideal for all forms of trace fossils. In addition, ethology may not
always be neatly separated from trace fossil taxonomy. This chapter outlines
a taxonomic methodology used to define two ichnogenera—~Macaronichnus
and Harenaparietis n. ichnogen.—that fail to fit into a “uniform approach” and
necessitates the inclusion of some ethological aspects of the structures (Fig. 5.1).

The ichnogenus Macaronichnus Clifton and Thompson, 1978 is defined
as unlined, non-branching, cylindrical burrows that are characterized by light-
colored sand infills mantled by dark grains in which burrow components
reflect segregation of grains comprising the host sediment (Figs. 5.2-5.4). This

ichnogenus was first recognized and established by Clifton and Thompson
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FIGURE 5.1—The main ichnotaxobases used to differentiate Macaronichnus ichnospecies and
Harenaparietis n. ichnogen.

FIGURE 5.2—Paratype specimens of Macaronichnus segregatis Clifton and Thompson (1978)
from the Horseshoe Canyon Formation of Alberta, Canada. A: Cross-sectional view of the
traces exhibiting an overall tendency towards avoidance of interpenetration. B: Plan view of the
structures, which display a general avoidance of interpenetration identified as mantles separating
adjacent traces. Specimens TF020 and TF021 on storage at the University of Alberta, Edmonton,
Alberta, Canada.
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FIGURE 5.3—Holotype specimen of Macaronichnus simplicatus n. ichnosp. from the Painted
Rock Sandstone Member of the Vaqueros Formation (Miocene). A: Oblique view of the traces. B:
Plan view of the biogenic structures that exhibit common interpenetration where mantle material
has been removed between intersecting structures. Arrows point to locations of intersection of
structures (1=overlapping, 2=cross-cutting, 3=false branching). This specimen is on storage at the
University of Alberta, Edmonton, Alberta, Canada (TF023).

FIGURE 5.4—Macaronichnus spiralis n. ichnosp. from the Horseshoe Canyon Formation
of Alberta, Canada. A, C: Holotypes of M. spiralis which display endmember perfect spiral
forms with multiple coils. Specimens TF024 and TF025 on storage at the University of Alberta,
Edmonton, Alberta, Canada. B: Irregular forms of M. spiralis in which spirals are incomplete and
nested. D: M. spiralis characterized by a single coil (indicated by the white arrow), which occurs
in conjunction with M. segregatis on a bedding plane surface.
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(1978) from Jurassic and more recent examples. The defining characteristic of
this ichnofossil is the segregation of mineral grains between the mantle and infill
through modification of the host sediment. This diagnostic attribute is not a typical
morphological criterion used for defining a trace fossil, which generally includes:
overall shape, orientation, ornamentation and internal structure (cf. Bertling et al.,
2006). Accordingly, it is proposed here that grain sorting be included as a viable
ichnotaxobase as this is the primary feature differentiating these cylindrical, non-
branching burrows from traces such as Planolites. Ethologically, the segregation
of mineral grains is inherently linked to specialized deposit-feeding strategies
that take place during active backfilling of burrow structures. This specialized
deposit feeding reflects the primary form of foraging optimization exhibited by
Macaronichnus trace-makers.

Clifton and Thompson (1978) defined the ichnospecies M. segregatis
(Fig. 5.2), which was reassessed by Saunders and Pemberton (1988) and
Saunders (1989) in addition to their proposal of two additional ichnospecies of
Macaronichnus—»M. simplicatus (Fig. 5.3) and M. spiralis (Fig. 5.4)—based on
analysis of strata in the Drumbheller area of Alberta, Canada. The use of these
ichnofossil names has been strictly informal as diagnosis of the ichnogenus
and ichnospecies has not been formally documented until recently. Bromley
et al. (2009) introduced three new ichnosubspecies of M. segregatis as well as
presented a formal diagnosis of the ichnogenus. However, the ichnosubspecies
approach does not recognize characteristic and recurring burrow interrelationships
that are useful in classifying occurrences of Macaronichnus. These characteristic
burrow interrelationships occur within densely populated strata in which the
relationship between traces is the most striking and the most viable means of
differentiating ichnospecies.

In addition to the unique basis for defining the Macaronichnus ichnogenus,
the taxonomic approach for defining ichnospecies follows that of Saunders
and Pemberton (1988) and Saunders (1989) whereby ichnospecies are defined
upon interactions between traces reflecting particular behavioral adaptations. As
suggested by Bertling et al. (2006), the shape component of morphology may
not always be the most relevant ichnotaxobase. In the case of Macaronichnus
ichnospecies, the shape of individual burrows is not as important as the interaction
between a group of burrows which produces an overall fabric. Due to the complex
burrow geometries in such examples, the morphology of individual burrow

structures are not readily apparent (e.g., Clifton and Thompson, 1978; Koyama,
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1983; Ainsworth, 1994; Pemberton et al., 2001; Gingras et al., 2002; Fielding

et al., 2007; Komatsu et al., 2008). These fabrics reflect a reoccurring collective
morphology within assemblages rather than with individual traces. This collective
morphology is expressed as a tendency towards avoidance of interpenetration

of adjacent burrow structures in M. segregatis and, conversely, a tendency
towards interpenetration of traces with M. simplicatus (Fig. 5.1). As such, the
collective morphology is a direct expression of the systemized group interactions
or behavior of the causative trace-makers. Variation in behavior reflects the
secondary aspect of foraging optimization exhibited by Macaronichnus: a
tendency towards interpenetration reflects no adaptations towards maximizing
foraging efficiency while avoidance illustrates a more advanced foraging strategy.
Bertling et al. (2006) suggested that criteria resulting from behavior formed the
important ichnotaxobases while physical, chemical and sedimentological factors
should be excluded. It is proposed here that behavior expressed in systematized
group interactions produces a collective morphology that should also be
considered a valid or pertinent ichnotaxobase for such examples of densely
packed ichnofossils.

The above classification reflects a dynamic taxonomy in which most

occurrences of Macaronichnus can be identified to the ichnospecies level in
dense populations at the scale of core and outcrop. However, not every example
of Macaronichnus is characterized by a dense association of traces. On bedding
plane surfaces, M. spiralis occurs as distinctive planispiral configurations of
variable perfection (Fig. 5.4) that may be localized amongst beds containing M.
segregatis and/or M. simplicatus. This planispiral form exhibits the most advanced
form of secondary foraging optimization whereby available space permits
localized feeding of untouched sediment. Except in the case of M. spiralis,
the identification of ichnospecies is problematic with sporadic occurrences of
Macaronichnus as a result of a paucity in systematized group interactions (Fig.
5.5; e.g., Ranger et al., 1988, fig. 6a-d; Bergman, 1994, fig. 8; MacEachern,
1994, fig. VI-7g, h; Campbell and Nesbitt, 2000, fig. 71, g; Savrda, 2002, figs.
1-3; Uchman and Krenmayr, 2004, fig. 7; MacEachern et al., 2005, figs. 4b, f,
g, 6¢c, 9j). However, the distinctive mineralogical segregation is diagnostic, and
it is proposed here, that isolated occurrences be identified as belonging to the
Macaronichnus ichnogenus.

In addition to the Macaronichnus ichnogenus, another cylindrical,

horizontal to inclined ichnofossil has been identified as a mineralogical
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modification of the host sediment. This ichnofossil has been commonly identified
as Macaronichnus or Palaeophycus, and was first recognized by Saunders et

al. (1994) as a “unique form of Macaronichnus” that was unusually large with
comparatively thick mantles. Despite the similarity of these biogenic structures
to Macaronichnus, the proposed ichnotaxobases can be used to segregate this
unique form from the Macaronichnus ichnogenus. This form is herein referred to
as Harenaparietis n. ichnogen., which is also primarily defined upon segregation
of host sediment components. This new ichnogenus is lined with darker mineral
grains in conjunction with available silt and clay material. Segregation of fines

in addition to heavy mineral grains and micas is an apparently minor distinction
between Harenaparietis and Macaronichnus. However, it is the nature of the
burrow components and systematic organization of the traces that separates this
ichnogenus from Macaronichnus. Similar to Macaronichnus, Harenaparietis
reflects subsurface deposit feeding and defecating; however, the burrows are lined
rather than mantled and remain open for short periods of time prior to backfilling.
In contrast, Macaronichnus is specifically defined as structures formed through
active backfilling during deposit-feeding activities. The collective morphology
also differs from that of Macaronichnus—traces tend to be clustered, cross-cut
one another, and locally branch. Ethologically, Harenaparietis reflects a unique
behavior in which successive probing of adjacent sediment packages occurs, such
that a burrow is constructed and subsequently irregularly backfilled prior to being
cross-cut by a later burrow.

The unorthodox means of delineating ichnofossils using mineralogical
segregation and collective morphology falls outside the “uniform approach”
suggested by Bertling et al. (2006). In addition, ethology cannot be fully
segregated from this taxonomy as collective morphology is an integral expression
of the organisms’ behavior. In the case of the Macaronichnus and Harenaparietis
ichnogenera, these newly proposed ichnotaxobases serve to identify the key
components of these traces that distinguish them within the ichnotaxonomic
system. The following systematic ichnology serves to: 1) present comprehensive
revised diagnoses highlighting the complexity of the Macaronichnus ichnogenus
and the distinguishing characteristics inherent to each ichnospecies; and 2) define

the unique and varied expressions of the Harenaparietis ichnogenus.
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SYSTEMATIC ICHNOLOGY

Macaronicunus Clifton and Thompson, 1978

Figures 5.2-5.6, 5.9, 5.12, 5.15

Macaronichnus LOCKLEY, RINDSBERG AND ZEILER, 1987, fig. 2b; MosLow AND
PEMBERTON, 1988, fig. 7b; SAUNDERS AND PEMBERTON, 1988, p. 129-133,
text-fig. 34; FiLLion, 1989, text-fig. h; SAUNDERs, 1989, p. 118-119, text-
fig. 32; AinsworTH, 1992, fig. 46; BRADLEY AND PEMBERTON, 1992, fig. 11d;
RAYCHAUDHURI AND PEMBERTON, 1992, fig. 6f; AL-Rawani, 1993, fig. 4.7b;
PoLLarD, GOLDRING AND Buck, 1993, fig. 8a, b; WALKER AND BERGMAN,

1993, figs. 17, 20, 22; AiNsworTH, 1994, fig. 23b; BERGMAN, 1994, fig.
8; MACEACHERN, 1994, figs. [V-4b, V-8f, VI-7g, h, VI-10c, d; SAUNDERS,
MACEACHERN AND PEMBERTON, 1994, p. 339, fig. 5b, f; BREkkE, 1995, p. 83,
figs. 21c, 22a; KEIGHLEY AND PicKERILL, 1995, text-fig. 2e; RUFFELL AND WACH
1998, table 1; CampBELL AND NESBITT, 2000, fig. 7f, g; OBata, 2000, p. 34-
35, fig. 4d, e; BuartacHarya AND WiLLIS, 2001, fig. 10f; PEMBERTON, SpPILA,
PuLnam, SAUNDERS, MACEACHERN, ROBBINS AND SINCLAIR, 2001, text-figs.
93, 94, 107; Savrpa, 2002, figs.1-3; EarLE, 2003, p. 81, fig. 2.17b; HoBas,
2003, figs. 3.2a, 3.3c, f, 5.1d; Savrpa, 2003, paper no. 24-16; Bann and
FiELDING, 2004, p. 294, 299, figs. 7d, 8e, 13b, 14c; MacEAcHErN and HoBBS,
2004, fig. 13b; PEmMBERTON and GINGRAS, 2005, p. 1502, fig. 10; SavrpA and
Ubbin, 2005, p. 3-4, fig. 1; GiBerT, NETTO, TOoGNOLI and GRANGEIRO, 2006, p.
72, fig. 4b; Cavazza, DECELLES, FELLIN and PAGANELLI, 2007, fig. 8h; CoATES
AND MACEACHERN, 2007, figs. 13d-h, j, 18g, k; FIELDING, BANN AND TRUEMAN,
2007, figs. 10d, 11d, 12c, 21a, 22a, c, e, 25a-c; GINGRAS, PEMBERTON, HENK,
MacEACHERN, MENDOZA, ROSTRON, O’HARE, SpiLa AND KONHAUSER, 2007, fig.
8; Hansen AND MacEacHERN, 2007, fig. 6a, d; KoTakg, 2007, p. 498, figs. 30.5,
30.6; MacEACHERN, PEMBERTON, BANN AND GINGRAS, 2007, figs. 7a, b, g, 10d,
f; PEMBERTON, MACEACHERN, GINGRAS AND SAUNDERS, 2007, fig. 2a; SAVRDA,
2007, p. 102-103, fig. 6.11b; DesRocHEs, 2008, fig. 3.1.3g; Horrman, 2008,
figs. 2.9b-d, 2.12a, b; Komarsu, ONo, NARUSE AND KuMaGAE, 2008, fig. 6f;
PEMBERTON, MACEACHERN, GINGRAS AND SAUNDERS, 2008, p. 278, figs. 2, 5.
Macaronichnus segregatis CLIFTON AND THOMPSON, 1978, p. 1293-1295; DuprE,

1984, p. 441, fig. 3f; HUunTER, CLIFTON, HALL, CsAszAR, RICHMOND AND CHIN,
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1984, p. 9, fig. 16; CLirTON, 1988, p. 517, fig. 13; SAUNDERS AND PEMBERTON,
1988, p. 132-133, figs. 26b, 27a-c, e, text-fig. 29; SAUNDERS, 1989, p. 124-
125, fig. 24b, 25a-c, e; MACEACHERN AND PEMBERTON, 1992, figs. 5d-f, 6c¢, e,

f; WALKER AND BERGMAN, 1993, p. 844-845; MacEAcHERN, 1994, figs. V-8d,

e, V-9c, e, f, VI-10e, f, VI-11a-c, text-fig. VI-12; Nara, 1994, p. 9, text-fig.

3, fig. 4; BREKKE, 1995, p. 83, fig. 32a-d; MARTINI, CASCELLA AND Rau, 1995,
fig. 11a, b; BRoMLEY, 1996, p. 170, 204, 263; PEMBERTON, SPILA, PULHAM,
SAUNDERS, MACEACHERN, ROBBINS AND SINCLAIR, 2001, p. 127, text-fig. 103,
figs. 104a-c, e, 106, 145, 152b; GINGRAS, MACMILLAN, BALCOM, SAUNDERS AND
PemBERTON, 2002, p. 553, fig. 2; HoBas, 2003, figs. 3.5a, b, e, 3.6a, c, 3.8c-¢;
TamurA, MAsSUDA, Sakal AND Funwara, 2003, fig. 7e; SCHMIDT AND PEMBERTON,
2004, fig. 4a, b; MACEACHERN, BANN, BHATTACHARYA AND HOWELL, 2005, fig.
7g; PEMBERTON AND GINGRAS, 2005, fig. 9a; DAFOE, GINGRAS, SAUNDERS AND
PeEMBERTON, 2006, p. 78; LE Roux, OLIVARES, NIELSEN, SMITH, MIDDLETON,
FENNER and IsHmAN, 2006, p. 145; D’ ALESSANDRO AND UcHmaN, 2007, p. 214-
215, fig. 3b; DEsRocHEs, THoMPSON AND MacEAcHERN, 2007, fig. 3c; FIELDING,
BanN anD TrRUEMAN, 2007, fig. 12b, e; HANSEN AND MACEACHERN, 2007, fig.
6e; PEMBERTON, MACEACHERN, GINGRAS AND SAUNDERS, 2007, fig. 2¢; SEIKE,
2007, p. 497-498; DaFoE, GINGRAS AND PEMBERTON, 2008a, p. 91, fig. 1;
DaroE, GINGRAS AND PEMBERTON, 2008b, p. 79, fig. 1; DEsRocHEs, 2008, figs.
3.1.4f, 3.1.8e, f; Kamapa, 2008, figs. 2-4; PEMBERTON, MACEACHERN, GINGRAS
AND SAUNDERS, 2008, p. 278, figs. 6a, 7b; TAMURA, MURAKAMI, NANAYAMA,
WATANABE AND Sarto, 2008, fig. 7c.

Macaronichnus segregatis lineiformis BROMLEY, MILAN, UCHMAN AND HANSEN,
2009, p. 105, 117, fig. 4b (=Macaronichnus segregatis); BROMLEY, MILAN,
UcHmAN AND HANSEN, 2009, figs. 4c, 5b, 6b (=Macaronichnus simplicatus-
segregatis).

Macaronichnus segregatis maeandriformis BROMLEY, MILAN, UCHMAN AND
Hansen, 2009, p. 105, 117, fig. 5a (=Macaronichnus); BROMLEY, MILAN,
UcHmAN AND HANSEN, 2009, p. 105, figs. 5b, 6a, b (=Macaronichnus
simplicatus-segregatis).

Macaronichnus segregatis segregatis SAUNDERS, 1989, p. 124-125, text-fig. 27;
BroMmLEY, MILAN, UcHMAN AND HANSEN, 2009, p. 116-117 (=Macaronichnus
segregatis).

Macaronichnus segregatis spiralis SAUNDERS AND PEMBERTON, 1988, p. 133, fig.
27b, d, f, g, text-fig. 29; SAUNDERs, 1989, p. 125, fig. 25b, d, f, g, text-fig. 27
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(=Macaronichnus spiralis).

Macaronichnus segregatis spiriformis BROMLEY, MILAN, UCHMAN AND HANSEN,
2009, p. 105, 117, fig. 7 (=Macaronichnus spiralis).

Macaronichnus simplicatus SAUNDERS AND PEMBERTON, 1988, p. 133, text-fig. 29,
pl. 11, figs. 1-5, 7; SAUNDERs, 1989, p. 125, text-fig. 27, pl. 11, figs. 1-5, 7;
PEMBERTON, SPiLA, PULHAM, SAUNDERS, MACEACHERN, ROBBINS AND SINCLAIR,
2001, p. 127, text-fig. 103; MacEAcCHERN, BANN, BHATTACHARYA AND HOWELL,
2005, fig. 3c.

Macaronichnus spiralis MACEACHERN AND PEMBERTON, 1992, fig. 6d;
MacEACHERN, 1994, fig. V-9d, text-fig. VI-12; PEMBERTON, SpiLA, PULHAM,
SAUNDERS, MACEACHERN, ROBBINS AND SINCLAIR, 2001, p. 127, text-fig. 103,
fig. 104b, d, f, g; MINTER, Buartois, Lucas, BRADDY AND SmiTH, 2006, p. 1058.

non Macaronichnus MACEACHERN, 1994, fig. [V-4g, h; SAUNDERS, MACEACHERN
AND PEMBERTON, 1994, p. 339, fig. 6b; BreEkkE, 1995, p. 83, figs. 18, 21d, 22a-
d, 34a, 36a, b; HuBBARD, 1999, fig. 2.18d; HuBBARD, PEMBERTON AND HOWARD,
1999, fig. 18d; PEMBERTON, SpiLA, PULHAM, SAUNDERS, MACEACHERN, ROBBINS
AND SINCLAIR, 2001, figs. 95b, 106; Hosss, 2003, figs. 3.2f, 6.2; Bann and
FieLDING, 2004, p. 291, 293, 294, 296, 299, figs. 7b, c, 8a-c, 9b, c, e, 10a, c-e,
13b, 14d; HuBBARD, GINGRAS and PEMBERTON, 2004, fig. 8g; FIELDING, BANN
AND TRUEMAN, 2007, figs. 10a, 19¢, 25g, h; MACEACHERN, PEMBERTON, BANN
AND GINGRAs, 2007, fig. 10b; SADEQUE, BHATTACHARYA, MACEACHERN AND
HoweLL, 2007, fig. 10c (=Harenaparietis).

non Macaronichnus FILLION AND PICKERILL, 1990, p. 48 (=?), CAPLAN AND
Bustin, 2001, fig. 7d (=cryptobioturbation); BAnn and FieLDING, 2004,
fig. 4c (=?A4sterosoma); FIELDING, BANN AND TRUEMAN, 2007, fig. 19a
(=?Palaeophycus); FIELDING, BANN AND TRUEMAN, 2007, fig. 191 (=?); Ocampo-
Diaz, JENCHEN AND GUERRERO-SUASTEGUIL, 2008, fig. 14d (=?).

non Macaronichnus segregatis CURRAN, 1985, p. 263-264, pl. 1, fig. b-d, pl. 2, fig.
a; MAPLES AND SUTTNER, 1990, p. 870, figs. 12.1, 12.9, text-fig. 13; TAMURA
AND Masupa, 2005, p. 1383, fig. 7c (=Harenaparietis).

non Macaronichnus segregatis HUNTER AND CLIFTON, 1982, p. 135, fig. 4c; ORR,
1995, p. 272-274; GLuszek, 1998, p. 532-533, fig. 11a, b (=?Harenaparietis).

non Macaronichnus segregatis CLIFTON AND THoOMPSON, 1978, fig. 3; FURsICH
AND HEINBERG, 1983, p. 95, text-fig. 7ii; DECELLES, 1987, p. 253, 255, fig.
5¢; RANGER, PEMBERTON AND SHARPE, 1988, p. 456, fig. 6a-d; KnausT, 2004,
p. 14, fig. 6.5, 6.6; MacEacHerN and Hosas, 2004, figs. 13a, 15b; UcHmaN
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AND KRENMAYR, 2004, p. 238, fig. 7; MACEACHERN, BANN, BHATTACHARYA
AND HoweLL, 2005, fig. 4b; TAMURA AND MaAsuDA, 2005, p. 1383, fig. 7e;
D’ ALessanDrO AND UcHMAN, 2007, fig. 4c, d, f; TAMURA, NANAYAMA, SAITO,
Murakami, NAKAsHIMA AND WATANABE, 2007, fig. 6f; DesRocHEs, 2008, fig.
3.1.5d, g; BRoMLEY, MILAN, UcuMaN aND HANSEN, 2009, p. 105, 107, fig. 4a
(=Macaronichnus).

non Macaronichnus segregatis CLIFTON AND THOMPSON, 1978, p. 1293-1295, figs.
1, 2; Cuirton, 1981, p. 170-171, fig. 9; DECELLES, 1987, p. 253, 255, fig. 5d;
Bann and FIELDING, 2004, fig. 6¢; JOHNSTONE, MUSTARD AND MACEACHERN,
2006, fig. 6¢ (=Macaronichnus simplicatus).

non Macaronichnus segregatis BROMLEY, 1996, fig. 11.9 (=?Macaronichnus
simplicatus).

non Macaronichnus segregatis HUNTER, 1980, fig. 3b; Napon, 1988, p. 49-50,
fig. 25; PoLLARD, GOLDRING AND Buck, 1993, p. 153, 161-162, fig. 4a-c;
CarMoONA, Buators, MANGANO AND BROMLEY, 2008, p. 101-102, figs. 4.6, 4.7
(=Macaronichnus simplicatus-segregatis).

non Macaronichnus segregatis FUrsicH, 1984, p. 331, fig. 3b, text-fig. 10
(=?Anconichnus); MALE, 1992, figs. 6a-c, 12¢ (=cryptobioturbation); RiGsBy,
1994, fig. 12a (=?Palaeophycus); OrRr AND Howg, 1999, p. 37-38, fig.
3a, b (=?Palaeophycus); BRIDGES AND CAsTLE, 2003, table 2, fig. 4e (=?);
ZHENSHENG, X1AOMIN, BIN AND X1LIN, 2004, p. 207-208, fig. 3 (=Palaeophycus),
figs. 4.1,4.2, 4.4-4.6, 6 (=?Chondrites).

non Macaronichnus simplicatus RAYCHAUDHURI AND PEMBERTON, 1992, fig. 6e;
Hosgss, 2003, figs. 3.4f; MACEACHERN, BANN, BHATTACHARYA AND HOWELL,
2005, fig. 4e; DesRocHEs, 2008, figs. 3.1.2g, 3.1.4d (=Harenaparietis).

non Macaronichnus simplicatus MACEACHERN, BANN, BHATTACHARYA AND HOWELL,
2005, figs. 3c, 4a, f, g, 6¢, e, 9] (=Macaronichnus); MACEACHERN, BANN,
BuatTACHARYA AND HOWELL, 2005, fig. 3b (=Macaronichnus segregatis).

transitional Macaronichnus segregatis-simplicatus SAUNDERS, MACEACHERN AND
PeMBERTON, 1994, fig. 5g (=Macaronichnus simplicatus-segregatis).

?Macaronichnus GINGRAS, MACEACHERN AND PEMBERTON, 1998, fig.
8d (=?Macaronichnus); MEYER, KRAUSE AND BrRAMAN, 1998, fig. 5
(=cryptobioturbation); KumpuLAINEN, UCHMAN, WOLDEHAIMANOT, KREUSER AND
GHIRMAY, 2006, p. 414, fig. 10c (=?).

?Palaeophycus BoYER AND WARME, 1975, p. 85, text-fig. 9d; KinG, 1987, p. 39,
fig. 2g.

95



Planolites FursicH AND HEINBERG, 1983, p. 95, fig. 9.

Scoyenia sp. CHAMBERLAIN, 1978, fig. 92.

Teichichnus BUSTIN AND PALSGROVE, 1997, fig. 9b.

“burrows of Milford type” MippLEMISS, 1962, p. 33-35, text-fig. 1.

“curved non-branching bedding-plane burrows” TiLLMAN AND MARTINSEN, 1985,
fig. 17c.

“Excirolana chiltoni burrows” OkazaKI AND Masupa, 1992, fig. 15b.

“Excirolana chiltoni japonica” ToxunasHl AND Konpo, 1989, fig. 11.

“Excirolana chiltoni japonica burrows” Kovama, 1983, pl. I, fig. b-d, pl. II, fig. b.

“isopod traces” Kikuchi, 1972, p. 144, pl. 1, figs. 1-4.

“mottled burrows” Hakes, 1976, p. 38, pl. 12, fig. 2.

Type species—Macaronichnus segregatis Clifton and Thompson, 1978.

Emended Diagnosis—Unlined, non-branching, cylindrical burrows of small to
moderate size and variable configuration. Infills consist of structureless to weakly
defined spreiten, light colored sand, generally displaying depletion in darker
colored grain constituents of the host sediment. Darker grains are concentrated

at the infill periphery, which forms a mantle that may be subtle. The infill/mantle

junction is sharp, and the mantle/host sediment junction is gradual.

Etymology—From the Italian “macaroni,” which refers to the size and shape of
the structures. Segregatis is from the Latin word “segregare,” which refers to the

segregation of minerals between the burrow mantle and infill.

Description—Intrastratal sinuous, meandering or planispiral configurations of
cylindrical to tubular burrows that typically range from 1-25 mm in diameter
(Figs. 5.2-5.4). In cross-section, smaller burrows are generally circular, while
larger burrows may be circular to ovate. Burrows are predominantly horizontal,
although inclined and rarer vertical structures are also observed. Burrows
occurring in close proximity may tend towards interpenetration (sometimes
displaying false branching; Fig. 5.3) or avoidance of interpenetration of structures
(Fig. 5.2). Occurrences of Macaronichnus range from sparse or scattered burrows
(Fig. 5.5) through to densely concentrated such that the original sedimentary
fabric is completely reworked (Figs. 5.2, 5.3). In 3-dimensions, burrowing varies

such that small burrows may be concentrated along laminae sets in a form of
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FIGURE 5.5—Low population densities of Macaronichnus in which isolation of the traces
precludes assignment to an ichnospecies. A: Scattered, small Macaronichnus from the Cadotte
Member of the Peace River Formation, northwestern Alberta. B: Isolated Macaronichnus from
the Horseshoe Canyon Formation, Alberta, Canada. C: Small Macaronichnus in core with no
clear tendency towards interpenetration or avoidance. From the Falher D Member of the Spirit
River Formation (photo courtesy of Trevor Hoffman). D: Sparse Macaronichnus from the Freitag
Formation of Queensland, Australia (photo courtesy of Kerrie L. Bann and Christopher R.
Fielding).

2-dimensional foraging to preserve the general orientation of laminae through

cryptobioturbation (Fig. 5.6). Burrows may also frequently penetrate multiple

laminae through 3-dimensional foraging to develop a fabric reflecting a highly
intertwined network (Fig. 5.4).

Macaronichnus reflects a characteristic modification of the host sediment
whereby mineral grains are partitioned between the burrow infill and surrounding
mantle. The infill is generally composed of quartz and may comprise lesser
feldspar, chert and lithics. This burrow component may exhibit alignment of platy
grains and/or contain meniscoid structures produced by backfilling. The mantle
is generally comparatively dark with respect to the infill and the host sediment.
Mineralogically, the mantle may be composed of a number of grain types
including: micas, heavy minerals or mafics, lithics, glauconite, chert, feldspar,
magnetite and limonite. The mineralogical composition of the host sediment
and concordant mantle determines the prominence of the burrows, which may
be subtle if the mantle and infill are similar in mineralogy or coloration. In some
cases, dense Macaronichnus may result in obscured and amalgamated mantles
such that contrasting infills and residual host sediment primarily defines the

traces (Figs. 5.2, 5.3). Mantle thickness typically ranges from a few grains to
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3cm
FIGURE 5.6—Macaronichnus segregatis exhibiting cryptobioturbation and sediment
homogenization. A: Below the dashed line, sediment is homogenized by M. segregatis.
Conversely, above the dashed line, cryptobioturbation by M. segregatis trace-makers has preserved
the original cross-bedded fabric. (Bluesky Formation, well 06-32-074-12W6, 1800 m depth). B:
Another example of cryptobioturbation in which cross beds (indicated by the dashed line) remain
preserved despite the abundance of M. segregatis. Falher Member of the Spirit River Formation,
northwestern Alberta. C: A less distinctive example of M. segregatis cryptobioturbation in which
weak planar bedding is preserved. Notikewin Member of the Spirit River Formation, northwestern
Alberta.

5 mm in thickness, and platy grains (especially micaceous minerals) may be
tangentially aligned around burrow infills. In some instances, mantle grains may
be preferentially concentrated on the underside of burrows. Typical lithological
requirements for these burrows to be observed consists of coarse silt to medium-

sized siliciclastic sand.

Discussion—The primary ichnotaxobase for the Macaronichnus ichnogenus is
the distinctive mineralogical segregation between the burrow core and mantle,
which reflects a modification of the host sediment. Accordingly, this ichnofossil is
typically restricted to sandy sediment in which there is sufficient heterogeneities
to allow for preservation of biogenic structures produced by mineralogical
segregation (Saunders and Pemberton, 1988). The process of grain sorting is
dependent upon ethological behaviors reflecting specialized deposit-feeding
adaptations (cf. Clifton and Thompson, 1978; Saunders and Pemberton, 1988;
Saunders, 1989; Nara, 1994; Gingras et al., 2002; Dafoe et al. 2008a). Fillion
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and Pickerill (1990) suggested that traces possessing a lining and produced
through active infilling be attributed to Macaronichnus. However, the mantle of
Macaronichnus does not conform to the burrow lining of Pemberton and Frey
(1982), which is associated with wall reinforcement of an open burrow structure.
It is suggested here, that only traces mantled by distinctly mafic, micaceous or
otherwise undesirable mineral grains, in which the mantle is formed concurrently
with the infill during active backfilling, be considered within the Macaronichnus
ichnogenus.

The presence of a compositionally distinct mantle and infill and the
particular infill/mantle and mantle/host sediment junctions are sufficient to
distinguish this ichnogenera from Planolites, Palaeophycus, Muensteria,
Ancorichnus, and Scoyenia, which also possess a predominantly horizontal
and cylindrical morphology. Differentiation between Planolites, Palaeophycus
and Macaronichnus has been discussed by several authors (e.g., Clifton and
Thompson, 1978; Curran, 1985; Fillion, 1989; Fillion and Pickerill, 1990;
Bromley, 1996) and is briefly reviewed here. Planolites is an unlined trace with
an infill that differs in texture from the host sediment. Sediment is processed
by the trace-maker primarily through deposit-feeding activities (Pemberton and
Frey, 1982). Palaeophycus is characterized by a distinctive burrow lining with an
infill that is compositionally identical to the host sediment. This trace is typically
formed through passive infilling by gravity-induced sedimentation in open, lined
burrows (Pemberton and Frey, 1982). Macaronichnus differs from these structures
in that the burrow fill is mantled rather than lined or unlined. In addition, the infill
of Macaronichnus reflects a modification of the host sediment (Curran, 1985),
which is in contrast to the infills of Planolites and Palaeophycus.

The presence of meniscate structures in some examples of Macaronichnus
resembles other backfilled traces such as Ancorichnus, Muensteria and Scoyenia.
The ichnofossil Ancorichnus reflects a distinctly lined, smooth-walled, meniscate
burrow where menisci extend to, or into the wall lining (Frey et al., 1984).
Muensteria, which is no longer considered a valid ichnogenera, was generally
thought to include simple, unlined, unbranched meniscate burrows with a distinct
mantle/host sediment junction and gradual mantle/infill boundary (Heinberg,
1974; D’ Alessandro and Bromley, 1987). The ichnofossil Scoyenia was described
by Frey et al. (1984) as irregularly walled and longitudinally striated burrows
containing meniscus structures. Macaronichnus chiefly differs from these

ichnofossils in the presence of a distinct infill/mantle boundary and a gradual
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mantle/host sediment junction with no wall attributes.

The diagnostic mantle morphology of Macaronichnus depends upon four
factors: 1) trace-maker size; 2) concentration of grains segregated from burrow
infills; 3) grain mineralogy; and 4) the mechanism used to segregate grains
(Saunders, personal commun., 2007). A larger trace-maker will tend to produce
a thicker mantle as more sediment is invariably processed. In some instances,
organisms will form comparatively thicker basal mantles or basal mantles
encompassing a ridge-like morphology (e.g., Clifton and Thompson, 1978; Savrda
and Uddin, 2005). In other examples, organisms may produce mantles that are
generally consistent around the burrow infill (e.g., Saunders, 1989). An abundance
of less desirable grains will also result in a thicker mantle as more sediment is
processed in order to meet the nutritional requirements of the trace-makers.

Mineralogical composition of the initial host sediment also plays an
important role in determining the morphology of Macaronichnus; however,
it should not be considered a factor for subdividing ichnospecies based upon
infinitesimal possibilities of sediment composition. In the Horseshoe Canyon
Formation of Alberta, Canada, grey-colored chert and volcanic rock fragments
form subtle Macaronichnus mantles (Saunders and Pemberton, 1988; Fig. 5.2) as
compared to the mica and heavy mineral mantles from the Vaqueros Formation
(Fig. 5.3). If the initial host sediment contained no dark grains and was relatively
homogeneous, burrows would be indiscernible (Saunders and Pemberton, 1988;
Bromley, 1996) or may resemble Planolites (Uchman and Krenmayr, 2004). In
the case of modern Macaronichnus-like structures on Pachena Beach, mantles
are comprised of white, opaque shell fragments that are lighter in color than the
quartz-rich infills (Dafoe et al., 2008a; see Chapter 4). In the rock record, these
shell fragments would most likely be dissolved during diagenesis. If dissolution
occurred, the subordinate mafic mineral segregation would not be sufficient to
accentuate the structures (Dafoe et al., 2008a; see Chapter 4).

The final factor associated with mantle morphology is the process used
to segregate grains. These processes are largely unknown; however, the degree
of mineralogical segregation is likely dependent upon: organism morphology,
adaptations and behaviors, and the nature of the environment (sediment
characteristics, distribution of food and population density).

The segregation of the mantle and infill in Macaronichnus occurs as a
result of trace-makers preferentially ingesting felsic components of the host

sediment and avoiding micas and mafic grains. Prior to the initial description
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of Macaronichnus by Clifton and Thompson (1978), these structures were
interpreted to have formed by various methods and organisms. “Burrows of
Milford type” were interpreted by Middlemiss (1962) as structures created by
worms in the Lower Greensand of Milford, Surrey. Kikuchi (1972) recognized
unlined, cylindrical structures mantled by magnetite grains in the Upper Member
of the Narita Formation of the Kanto Plain, Japan. These structures were
interpreted to have formed by isopods hydraulically segregating heavy minerals
from the sediment during burrowing in dense populations in beach sediment or
the shallow sea.

In order to explain the mineral partitioning observed in Macaronichnus,
Clifton and Thompson (1978) analyzed a modern analogue—Ophelia limacina.
Based on observations of this polychaete, the authors proposed that the trace
reflects selective ingestion of grains possessing a rough surface texture due to the
associated bacterial abundance (food). On intertidal flats of Willapa Bay, Gingras
et al. (1999) also observed Ophelia producing Macaronichnus-like structures.
Studying another modern analogue, the polychaete Euzonus mucronata, Saunders
(1989) suggested that rejection of darker grains was a function of lower nutritive
value. The detection of these darker grains was suggested by Nara (1994) to
be related to the specific gravity or shape of the grains. Gingras et al. (2002)
suggested that these angular (darker) grains were rejected by feel. Based on
quantitative analysis of E. mucronata activities, Dafoe et al. (2008a; see Chapter
4) suggested a possible mechanism used to segregate mineral grains—site-
selective feeding at felsic-rich locales. This mechanism primarily resulted in the
segregation of shell fragments from the burrow infills, and appeared unique to
the sediment characteristics and species of polychaete used in the experiments.
The function of the shell fragment segregation was inferred to be related to grain
size and shape or surface texture and associated nutritive value (Dafoe et al.,
2008a; see Chapter 4). Savrda and Uddin (2005) suggested that grain composition
and shape are inherently linked, although the function these parameters play in
mineral segregation is unknown. Further analysis is required to determine the
methods of grain partitioning used in other sediments and by other species, and
the purpose of the mineral segregation. Despite the limited understanding of
mineralogical segregation, Saunders and Pemberton (1988) and Saunders (1989)
alluded to the deposit-feeding strategy of Macaronichnus trace-makers as a
primary form of optimal foraging. The selective ingestion of more desirable grains

by the trace-makers enhances the net energy gain per unit of feeding (Saunders

101



and Pemberton, 1988).

With respect to the depositional environment, Macaronichnus is most
commonly found in close proximity to the shoreface-foreshore transition
(Pemberton et al., 2001). Initially Clifton and Thompson (1978) described
Macaronichnus from a number of settings including: estuarine, beach, nearshore
and shallow marine. More specifically, Macaronichnus has been identified from
the nearshore-beach complex at the toe-of-the-beach (e.g., Saunders, 1989;
Saunders et al., 1994), shallow shoreface (e.g., Ranger et al., 1988; Hoffman,
2008), and even tidal inlets (e.g., Savrda and Uddin, 2005). The presence of
Macaronichnus is thought to be related to occurrences of “oxygen windows” that
can occur within the shoreface as ephemeral, post-storm phenomena (Pemberton
et al., 2001). Permanent, oxygenated sediment also can be found in the intertidal
and innermost surf zone of wave-exposed beaches where oxygenated water can
percolate several meters below the sediment surface (Riedl and Machan, 1972).
Macaronichnus trace-makers were able to exploit these deep-zone habitats of
high-energy shorefaces and beaches (Saunders and Pemberton, 1988). However,
Saunders and Pemberton (1988) found that an oxygenated window was not a
necessary condition for the habitation of modern, analogous Macaronichnus
trace-makers. Evolution of the deposit-feeding activities of Macaronichnus trace-
makers was likely a function of stable and predictable habitat and food resources
(organic detritus and/or bacteria; Saunders and Pemberton, 1988). Variation in
expression of the Macaronichnus ichnogenus reflects important adaptations of
the trace-makers to local biomasses and environmental conditions that persisted

during active burrowing within these nearshore to shoreface settings.

MacaroNIcHNUS SEGREGATIS Clifton and Thompson, 1978

Figures 5.2, 5.6, 5.9

Macaronichnus MosLow AND PEMBERTON, 1988, fig. 7b; AINsworTH, 1992, fig. 46;
WALKER AND BERGMAN, 1993, fig. 22; AINSWORTH, 1994, fig. 23b; SAUNDERS,
MACEACHERN AND PEMBERTON, 1994, fig. 5b, f; BHATTACHARYA AND WILLIS,
2001, fig. 10f; MacEacHErN and Hosss, 2004, fig. 13b; GIBERT, NETTO,
ToGNoLI AND GRANGEIRO, 2006, p. 72, fig. 4b; CoaTES AND MACEACHERN, 2007,

fig. 13h; GINGrRAS, PEMBERTON, HENK, MACEACHERN, MENDOZA, ROSTRON,
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O’HARE, SpiLA AND KONHAUSER, 2007, fig. 8; MACEACHERN, PEMBERTON, BANN
AND GINGRAS, 2007, fig. 10d (=Macaronichnus segregatis).

Macaronichnus WALKER AND BERGMAN, 1993, fig. 17; FIELDING, BANN AND
TrUEMAN, 2007, figs. 21a, 22e; KoTakg, 2007, p. 498, figs. 30.5, 30.6;
Komarsu, Ono, NARUSE AND KuMaGaE, 2008, fig. 6f (=Macaronichnus
simplicatus-segregatis).

Macaronichnus segregatis CLIFTON AND THOMPSON, 1978, p. 1293-1295; DuprE,
1984, p. 441, fig. 3f; HUunTER, CLIFTON, HALL, CsAszAR, RIcCHMOND AND CHIN,
1984, p. 9, fig. 16; CLirTON, 1988, p. 517, fig. 13; SAUNDERS AND PEMBERTON,
1988, p. 132-133, figs. 26b, 27a-c, e, text-fig. 29; SAUNDERS, 1989, p. 124-
125, fig. 24b, 25a-c, e; MACEACHERN AND PEMBERTON, 1992, figs. 5d-f, 6c¢, e,
f; WALKER AND BERGMAN, 1993, p. 844-845; MacEAcHERN, 1994, figs. V-8d,
e, V-9c, e, f, VI-10e, f, VI-11a-c, text-fig. VI-12; Nara, 1994, p. 9, text-fig.

3, fig. 4; BREKKE, 1995, p. 83, fig. 32a-d; MARTINI, CASCELLA AND Rau, 1995,
fig. 11a, b; BRoMLEY, 1996, p. 170, 204, 263; PEMBERTON, SPILA, PULHAM,
SAUNDERS, MACEACHERN, ROBBINS AND SINCLAIR, 2001, p. 127, text-fig. 103,
figs. 104a-c, e, 106, 145, 152b; GINGRAS, MACMILLAN, BALCOM, SAUNDERS AND
PemBERTON, 2002, p. 553, fig. 2; HoBas, 2003, figs. 3.5a, b, e, 3.6a, c, 3.8c-¢;
TamurA, MAsSUDA, Sakal AND Funwara, 2003, fig. 7e; SCHMIDT AND PEMBERTON,
2004, fig. 4a, b; MACEACHERN, BANN, BHATTACHARYA AND HOWELL, 2005, fig.
7g; PEMBERTON AND GINGRAS, 2005, fig. 9a; DAFOE, GINGRAS, SAUNDERS AND
PeEMBERTON, 2006, p. 78; LE Roux, OLIVARES, NIELSEN, SMITH, MIDDLETON,
FENNER and IsHmAN, 2006, p. 145; D’ ALESSANDRO AND UcHmaN, 2007, p. 214-
215, fig. 3b; DEsRocHEs, THoMPSON AND MacEAcHERN, 2007, fig. 3c; FIELDING,
BanN anD TrRUEMAN, 2007, fig. 12b, e; HANSEN AND MACEACHERN, 2007, fig.
6e; PEMBERTON, MACEACHERN, GINGRAS AND SAUNDERS, 2007, fig. 2¢; SEIKE,
2007, p. 497-498; DaFoE, GINGRAS AND PEMBERTON, 2008a, p. 91, fig. 1;
DaroE, GINGRAS AND PEMBERTON, 2008b, p. 79, fig. 1; DEsRocHEs, 2008, figs.
3.1.4f, 3.1.8e, f; Kamapa, 2008, figs. 2-4; PEMBERTON, MACEACHERN, GINGRAS
AND SAUNDERS, 2008, p. 278, figs. 6a, 7b; TAMURA, MURAKAMI, NANAYAMA,
WATANABE AND Sarto, 2008, fig. 7c.

Macaronichnus segregatis lineiformis BROMLEY, MILAN, UCHMAN AND HANSEN,
2009, p. 105, 117, fig. 4b (=Macaronichnus segregatis); BROMLEY, MILAN,
UcHmAN AND HANSEN, 2009, figs. 4c, 5b, 6b (=Macaronichnus simplicatus-
segregatis).

Macaronichnus segregatis maeandriformis BROMLEY, MILAN, UCHMAN AND
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Hansen, 2009, p. 105, 117, figs. 5b, 6a, b (=Macaronichnus simplicatus-
segregatis).

Macaronichnus segregatis segregatis SAUNDERs, 1989, p. 124-125, text-fig. 27;
BroMmLEY, MILAN, UcHMAN AND HANSEN, 2009, p. 116-117 (=Macaronichnus
segregatis).

non Macaronichnus segregatis CURRAN, 1985, p. 263-264, pl. 1, fig. b-d, pl. 2, fig.
a; MAPLES AND SUTTNER, 1990, p. 870, figs. 12.1, 12.9, text-fig. 13; TAMURA
AND MAsupa, 2005, p. 1383, fig. 7c (=Harenaparietis).

non Macaronichnus segregatis HUNTER AND CLIFTON, 1982, p. 135, fig. 4¢; OrR,
1995, p. 272-274; GLuszek, 1998, p. 532-533, fig. 11a, b (=?Harenaparietis).

non Macaronichnus segregatis CLIFTON AND THOMPSON, 1978, fig. 2; FURsICH

AND HEINBERG, 1983, p. 95, text-fig. 7ii; DECELLES, 1987, p. 253, 255, fig.
5¢; RANGER, PEMBERTON AND SHARPE, 1988, p. 456, fig. 6a-d; KnausT, 2004,
p. 14, fig. 6.5, 6.6; MacEacHerN and Hosas, 2004, figs. 13a, 15b; UcHmaN
AND KRENMAYR, 2004, p. 238, fig. 7; MACEACHERN, BANN, BHATTACHARYA
AND HoweLL, 2005, fig. 4b; TAMURA AND MaAsuDA, 2005, p. 1383, fig. 7e;
D’ ALessanDrO AND UcHMAN, 2007, fig. 4c, d, f; TAMURA, NANAYAMA, SAITO,
Murakami, NAKAsHIMA AND WATANABE, 2007, fig. 6f; DesRocHEs, 2008, fig.
3.1.5d, g; BRoMLEY, MILAN, UcuMaN aND HANSEN, 2009, p. 105, 107, fig. 4a
(=Macaronichnus).

non Macaronichnus segregatis CLIFTON AND THOMPSON, 1978, p. 1293-1295, figs.
1, 2; Cuirron, 1981, p. 170-171, fig. 9; DECELLES, 1987, p. 253, 255, fig. 5d;
Bann and FIELDING, 2004, fig. 6¢; JOHNSTONE, MUSTARD AND MACEACHERN,
2006, fig. 6¢ (=Macaronichnus simplicatus).

non Macaronichnus segregatis BROMLEY, 1996, fig. 11.9 (=?Macaronichnus
simplicatus).

non Macaronichnus segregatis HUNTER, 1980, fig. 3b; Napon, 1988, p. 49-50,
fig. 25; PoLLARD, GOLDRING AND Buck, 1993, p. 153, 161-162, fig. 4a-c;
CarMONA, Buarors, MANGANO AND BROMLEY, 2008, p. 101-102, figs. 4.6, 4.7
(=Macaronichnus simplicatus-segregatis).

non Macaronichnus segregatis FUrsich, 1984, p. 331, fig. 3b, text-fig. 10
(=?Anconichnus); MALE, 1992, figs. 6a-c, 12¢ (=cryptobioturbation); RiGsBy,
1994, fig. 12a (=?Palaeophycus); OrRr AND Howg, 1999, p. 37-38, fig. 3a, b
(=?Palaeophycus); BRIDGES AND CASTLE, 2003, table 2, fig. 4e (=?);ZHENSHENG,
X1aoMIN, BIN anD Xi1LIN, 2004, p. 207-208, fig. 3 (=Palaeophycus), figs. 4.1,
4.2,4.4-4.6, 6 (=?Chondrites).
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non Macaronichnus simplicatus MACEACHERN, BANN, BHATTACHARYA AND HOWELL,
2005, fig. 3b (=Macaronichnus segregatis).

transitional Macaronichnus segregatis-simplicatus SAUNDERS, MACEACHERN AND
PeMBERTON, 1994, fig. 5g (=Macaronichnus simplicatus-segregatis).

“Excirolana chiltoni burrows” Okazaki and Masupa, 1992, fig. 15b.

“Excirolana chiltoni japonica” ToxuHasHI and Konpo, 1989, fig. 11.

Excirolana chiltoni japonica burrows” Kovama, 1983, pl. 1, fig. b-d, pl. II, fig. b.

“isopod traces” KikucHi, 1972, p. 144, pl. 1, figs. 1-4.

“mottled burrows” Hakes, 1976, p. 38, pl. 12, fig. 2.

Emended Diagnosis—Predominantly horizontal, randomly oriented burrows
characterized by the tendency towards the avoidance of interpenetration of

structures.

Description—Burrows are characterized by randomly curving and meandering
paths generally occurring along bedding planes in moderate to high population
densities. The structures are typically small with diameters ranging from 1-5

mm (characteristically 2-3 mm), and the mantle is on the order of one to several
grains in thickness. Burrow infills are predominantly comprised of quartz and may
include lesser feldspar and chert. Infills also may contain meniscate structures
indicative of active backfilling. The mantle may be comprised of heavy minerals,
micas, chert, plagioclase and/or magnetite. Burrows exhibit a propensity towards
avoidance of interpenetration; however, localized cross-cutting may be observed.
Recognition of avoidance can be identified as mantle material separating abutting
traces, while intersections are demarcated by partial or complete removal of
mantle material between adjoining structures. Where traces begin to converge,
they tend to curve sharply away or become parallel with an approximately
consistent separation distance. In the case of the latter, mantles between separate
burrow infills may coalesce. Mantles may also be indistinct such that traces are
defined by lighter colored burrow infills and a concentration of darker minerals in
the surrounding host sediment. The overall behavior that produces M. segregatis
was described by Saunders and Pemberton (1988) and Saunders (1989) as a

“random avoidance” pattern of exploitation.

Etymology—Segregatis is from the Latin word “segregare,” which refers to the

segregation of minerals between the burrow mantle and infill.
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Paratypes—Horseshoe Canyon Formation of Alberta, Canada, collected by
T.D.A. Saunders in storage at the University of Alberta, Edmonton, Alberta,
Canada (TF020 and TF021; Fig. 5.2).

Discussion—The ichnospecies diagnoses presented herein correspond to
ichnofossil descriptions proposed by Saunders and Pemberton (1988) and
Saunders (1989), and subsequent informal use of these trace fossil names. The
original description of Macaronichnus segregatis (Clifton and Thompson, 1978)
combines features of both M. segregatis and M. simplicatus (cf. Saunders and
Pemberton, 1988). As a result, a specimen from the Painted Rock Sandstone
Member of the Vaqueros Formation, from which the original holotype was
collected, was analyzed in detail to assess proper ichnospecies designation.
Ichnofossils in this specimen exhibit a tendency towards interpenetration of
structures rather than avoidance (Fig. 5.3). Consequently, the informal holotype
originally used to describe M. segregatis now describes the ichnospecies M.
simplicatus. In place of the Painted Rock Sandstone Member, specimens from the
Horseshoe Canyon Formation are now designated the paratypes for M. segregatis.

Recently, the M. segregatis ichnospecies has been formally diagnosed
and subdivided (Bromley et al., 2009), and this recent work is assessed below.
Based on occurrences of Macaronichnus segregatis from the east coast of
Rhodes, Greece, Bromley et al. (2009) subdivided the trace fossil into three
ichnosubspecies: M. segregatis lineiformis, M. segregatis maeandriformis and M.
segregatis spiriformis. These ichnofossil distinctions were made on the general
morphology as strongly oriented perpendicular to the shoreline (linear displaying
phobotaxis and strong rheotaxis normal to the shoreline), winding and spiraled
forms, respectively. These new forms of M. segregatis were interpreted to be
associated with various porewater flow conditions (Bromley et al., 2009). Winter
or high-energy conditions would result in strong porewater flow perpendicular
to the shoreline resulting in rheotactic orientation of traces. In contrast, more
stagnant waters lead to formation of spiraled burrows produced during summer
months, and winding forms reflected intermediate conditions (Bromley et al.,
2009).

Notable inconsistencies exist with the ichnosubspecies designations and
concordant interpretations presented by Bromley et al. (2009). For instance,

Bromley et al. (2009) indicated that subspecies can grade into one another, and
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individual traces can be continuous from one form to another. Interpretation of a
single burrow structure reflecting variation in seasonal conditions is improbable.
Daily tidal fluctuations, however, influence the activities of a modern analogous
worm—FEuzonus mucronata—when tides and porewater pressure falls, the worms
migrate to the sediment surface for respiration (Eikenberry, 1966). These daily
fluctuations in porewater flow would not necessarily lead to changes in amplitude
or degree of meandering or result in spiraling behaviors. It was also indicated
that the three ichnosubspecies rarely occur together within the same laminae

(cf. Bromley et al., 2009). However, specimens photographed by Bromley et al.
(2009), display M. segregatis lineiformis and maeandriformis occurring together
on the same bedding plane (Bromley et al., 2009, figs. 4c, 5b, 6a). Based on
these examples, it appears that linear and meandering traces can be segregated
only at a highly localized scale, further suggesting that variations in pore-

water conditions (over mere centimeters) due to wave/wind charge do not fully
explain the occurrence of the various ichnosubspecies. In addition, M. segregatis
maeandriformis displays variation from simple meanders (Bromley et al., 2009,
fig. 5a) to more complex, nested loops (Bromley et al., 2009, fig. 6a), which
suggests that a continuum exists between linear and meandering forms in which
meanders may increase in amplitude and complexity. Accordingly, the degree to
which the amplitude and/or regularity of meanders becomes great enough to be
called maeandriformis rather than lineiformis is subjective (e.g., Bromley et al.,
2009, figs. 4c, 5b, 6b). Macaronichnus segregatis lineiformis and maeandriformis
appear to reflect similar responses to environmental conditions and vary only in
the degree of meander.

Despite the clear association of linear and meandering Macaronichnus, the
general trend of some Macaronichnus occurrences do—as Bromley et al. (2009)
assert—reflect shoreline-normal burrowing activities. However, winter (high
energy) porewater conditions described by Bromley et al. (2009) for /ineiformis
do not correspond to observations of modern analogous burrowers that produce
Macaronichnus-like structures. Shoreline-normal migrations near the sediment
surface have been observed with modern Euzonus mucronata along Long Beach,
Vancouver Island, Canada, during high energy summer conditions on the wind-
and wave-eroded beach (Fig. 5.7; Saunders, 1989). Observations of E. mucronata
by Saunders and Pemberton (1988) and Dafoe et al. (2008b) indicated that gradual
onshore-offshore migrations of the Euzonus populations occur as a result of tidal

drainage on dissipative foreshores (during which there were no major storms).
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SeaW'ard : Cic . e
FIGURE 5.7—Onshore-offshore migrations of the polychaete Euzonus mucronata during summer

on a wind- and wave-eroded beach. For scale, there is a footprint at the bottom of (A), and (B)
shows a close-up view of the Macaronichnus-like burrows.

These polychaetes optimize their position within the sediment with respect to
degree of water saturation and oxygenation (Saunders and Pemberton, 1988),
necessitating semidiurnal onshore-offshore migrations despite the season or wave
conditions. Seike (2008) also described shoreline-normal migrations of Euzonus
sp. at greater depths within the substrate under storm conditions, which were also
not restricted to the winter season. With regards to the association of spiraling
behavior with stagnant summer conditions, winter storms can remove much of
the reworked sediment on a beach face (e.g., Seike, 2008). However, preserved
beds reflecting summer months should contain extensive burrow structures as
conditions (temperature, food availability, stable beach conditions and population
increases) are ideal at this time. However, dense spiraling Macaronichnus do
not appear to occur in the Pefkos beachrock (e.g., Bromley et al., 2009) or in
specimens from the Horseshoe Canyon Formation (e.g., Saunders, 1989). Indeed,
spirals may reflect reduced porewater flow conditions (cf. Bromley et al., 2009)
in which the trace-makers are not required to locomote perpendicular to the
shoreline, but another factor must be related to the presence of these unique
Macaronichnus (see M. spiralis section below).

Bromley et al. (2009) further suggested that the M. segregatis
ichnosubspecies reflect varied foraging optimization as a function of pore-
water movement. The filtering of seawater through pore spaces in the intertidal
zone provides oxygen and dissolved particulate organic materials to infauna
(McLachlan et al., 1985). Within high-energy beaches, current dynamics can
retain a permanent “oxygen window” within the substrate (Riedl and Machan,
1972). For this reason, Saunders and Pemberton (1988) suggested that the
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occurrence of Macaronichnus within the foreshore/shoreface setting is a result
of “pumped” oxygen- and nutrient-rich waters within pore systems. Thus, the
stagnant conditions proposed for M. segregatis spiriformis would result in
decreased food resources and possibly suboxic conditions in the presence of
organics. Whereas high-energy pore flow would enhance delivery of nutrients to
infaunal organisms. The interpretation of Bromley et al. (2009) is also in contrast
to the study of Chiridotea coeca (isopod) grazing trails by Hauck et al. (2008)
in which increasing burrow tortuosity (from linear to looping to convolute) was
associated with increased organic-carbon content of the sediment. Under stagnant
(low nutrient) conditions, it is unclear what motivates the Macaronichnus trace-
makers to continue foraging within a particular locality. More likely, under such
conditions, Macaronichnus trace-makers would locomote to find more optimal
living conditions. Accordingly, foraging optimization may not be directly linked
to seasonal or long-term changes in pore-water movement. It is more likely that
traces oriented normal to the shoreline (whether linear or meandering) reflect an
affinity to particular porewater saturation levels that encourage the trace-making
population to locomote and maintain a position within optimal sediment.
Following more traditional taxonomic protocols, the taxonomy presented
by Bromley et al. (2009) is based on the morphological attributes of individual
traces. However, the proposed taxonomic scheme fails to account for the
most typical occurrence of Macaronichnus—abundant intertwined through to
interpenetrating burrows (thus the connotation of “macaroni”, bestowed by
Clifton and Thompson, 1978). In this case, Bromley et al. (2009) relegated these
forms of Macaronichnus to M. segregatis segregatis, which includes the original
specimen described by Clifton and Thompson (1978). In the absence of bedding
plane views, the ichnosubspecies presented by Bromley et al. (2009) cannot be
positively identified in either low or high population densities of Macaronichnus.
Furthermore, the reference to M. segregatis lineiformis by Carmona et al.
(2008) demonstrates a possible misuse of this taxonomy. Carmona et al. (2008)
interpreted randomly oriented Macaronichnus less than 10 cm in length as
approaching lineiformis; however, the figure (Carmona et al., 2008, fig. 4.6)
displays no preferred orientation of trace segments, which is an integral aspect of
the trace diagnosis. Based on the above assessment, the ichnosubspecies presented
by Bromley et al. (2009) do not capture the most important architectural aspects
of Macaronichnus occurrences: a short fall that this paper attempts to address.

The ichnosubspecies of M. segregatis proposed by Bromley et al.
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(2009) do not correspond with the diagnoses proposed herein: M. segregatis is
distinguished by an avoidance of adjacent burrow structures. Examples presented
by Bromley et al. (2009), largely reflect composite M. simplicatus-segregatis (see
M. simplicatus discussion below) where localized avoidance occurs with localized
interpenetration and cross-over of structures (Bromley et al., 2009, figs. 4c, 5b,
6). The remainder of examples depicted by Bromley et al. (2009) can be defined
as Macaronichnus isp. where isolated (Bromley et al., 2009, figs. 4a, 5a) or M.
spiralis where traces are planispiral (Bromley et al., 2009, fig. 7). The taxonomy
presented in this paper serves to incorporate examples of Macaronichnus that are
randomly and systematically oriented. Accordingly, it is left up to the ichnologist
to interpret any organized patterns of burrowing as related to the particular strata
being studied.

Macaronichnus segregatis 1s distinguished from other ichnospecies
based on the collective morphology which is characterized by avoidance of other
burrow structures. The traces generally occur in dense monospecific assemblages
(Saunders and Pemberton, 1988), and tend to be pervasive throughout the
sediment, which forms an ichnofabric rather than individual ichnofossils
(Bromley, 1996). The pattern of burrowing is randomized and can be explained
by three factors: 1) population densities; 2) the availability of food; and 3) the
energy requirements of the trace-makers themselves (Saunders, 1989; Gingras
et al., 2002). Dense populations result in intraspecific competition (Saunders,
1989), which forces individuals to continually migrate in 2 and 3 dimensions to
locate untouched sediment. Food resources in intertidal settings may be patchily
distributed (e.g., runnels versus beach berms) in addition to variation in porewater
saturation and oxygenation, which also promotes random foraging to locate better
food resources. As a result of the energy required to process previously burrowed
sediment, simple, random foraging in conjunction with the primary grain-selective
optimization likely proved insufficient to sustain dense trace-maker populations
(Saunders and Pemberton, 1988). Accordingly, a more advanced deposit-feeding
strategy in the form of avoidance of previously reworked sediment was adopted
(Fig. 5.8; Saunders, 1989). This “random avoidance” strategy is a secondary
optimal foraging strategy (Saunders and Pemberton, 1988) and is seen in detail
with a surface-rendered MRI of M. segregatis from the Horseshoe Canyon
Formation of Alberta, Canada in Figure 5.9. The “random” nature refers to
the random orientations of ichnofossils that display a systematic refrain from

intersection. The traces within this specimen display an obvious avoidance of
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Increasing Foraging Optimization

random interpenetration strategy random avoidance strategy systematic spiral strategy

Macaronichnus simplicatus Macaronichnus segregatis Macaronichnus spiralis

FIGURE 5.8—Plan view representation of Macaronichnus simplicatus, M. segregatis and M.
spiralis. The foraging strategy becomes increasingly optimized in terms of efficient feeding
behavior from M. simplicatus to M. spiralis. Foraging efficiency primarily changes due to
population density pressures and food-resource distribution (see Figure 10). Modified from
Saunders and Pemberton (1988) and Saunders (1989).

FIGURE 5.9—Three-dimensional surface rendering of a Magnetic Resonance Image (MRI)

of a specimen containing Macaronichnus segregatis from the Horseshoe Canyon Formation of
Alberta, Canada. Note the complex intertwining of burrow segments demonstrating the “random
avoidance” strategy.
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cross-cutting as structures tend to twist and intertwine around one another. Other
traces exhibiting this random avoidance behavior include examples of Nereites
irregularis documented by Uchman (2007).

This “random avoidance” pattern generally reflects the behaviors of
smaller Macaronichnus trace-makers (based on the diameter of the traces). In
general, smaller organisms inherently process less sediment per time frame as
compared to larger burrowers. Accordingly, previously defecated sediment or a
mantle of undesirable grains may be avoided by smaller organisms as the amount
of energy required to reprocess this sediment is beyond a threshold of efficiency.
These smaller organisms would be more inclined to avoid burrowed sediment and
feed upon adjacent untouched sediment. In this case, avoidance of other structures
provides an optimal advantage to these smaller trace-makers. The avoidance of
interpenetration of traces reflects a moderate degree of foraging optimization (Fig.
5.8) whereby trace-makers are deposit feeding on sediment that is likely the most
resource-rich based on the lack of previous reworking.

Alternatively, the shear density of modern Euzonus that construct
Macaronichnus-like burrows can reach maxima of 14,000 individuals/m? (Dales,
1952) and even up to 98,000 individuals/m? (based on dry weight; Kemp, 1985).
This suggests that biomass density may, in fact, be the driving force behind some
examples of avoidance behavior due to limited available space within a narrow
optimal sediment band along the foreshore. This relationship of M. segregatis
trace-makers to vital environmental conditions is depicted in Figure 5.10. In
instances in which dense trace-maker populations existed and available space
was limited, avoidance was simply necessitated by worm-to-worm contact.
However, with decreased population densities and enhanced availability of space,
organisms had the opportunity to avoid other burrow structures, also producing
random avoidance. Food resources were likely limited for M. segregatis trace-
makers as avoidance suggests that: 1) energy cannot be expended by trace-makers
to reburrow previously reworked sediment, or 2) dense populations rapidly
depleted available food resources within the sediment. Sedimentation rates may
also have been greater during construction of M. segregatis. As new sediment
was deposited, nutritional resources were enriched, allowing for a more optimal
foraging (avoidance rather than cross-cutting).

The activity of Macaronichnus segregatis trace-makers may obliterate
primary stratification, or may form a type of cryptobioturbation in which

bedding planes remain visible (Fig. 5.6; e.g., MacEachern and Pemberton, 1992;
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FIGURE 5.10—The relationships between the various ichnospecies of Macaronichnus and
important environmental conditions (see text for further explanation).

Pemberton et al., 2001; Pemberton et al., 2008). The preservation of primary
stratification may be related to: 1) optimal grains found in particular laminae sets;
2) increased food quality of particular laminae sets; or 3) laminae boundaries
may act as guides for the trace-makers to permit feeding by dense populations
(Saunders, personal commun., 2007). Within the realm of M. segregatis deposit-
feeding, foraging is further optimized when trace-makers are vertically organized
and exploit particular laminae (e.g., Figs. 5.2, 5.6). For instance, in Figure 5.6A,
the upper portion of the core displays cryptobioturbation in which M. segregatis
trace-makers were organized along laminae reducing the need to twist and
intertwine around one another. In contrast, the lower portion of the core depicts
3-dimensional random foraging in which more energy is inevitably expended

by traversing across laminae forcing trace-makers to more actively avoid other
burrow structures and trace-makers.

Macaronichnus segregatis 1s generally found in monospecific assemblages
(Brekke, 1995) in a variety of depositional settings including: the upper foreshore
(e.g., Saunders, 1989; Saunders et al., 1990; MacEachern and Pemberton 1992;
Hoffman, 2008; Bromley et al., 2009), foreshore-shoreface transition zone
(e.g., Moslow and Pemberton, 1988; Walker and Bergman, 1993; MacEachern
and Hobbs, 2004), upper shoreface (e.g., MacEachern and Pemberton 1992;
Pemberton et al., 2001; Schmidt and Pemberton, 2004), delta front (e.g. Fielding
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et al., 2007; Hansen and MacEachern 2007) and tidal channels (e.g., Schmidt
and Pemberton, 2004). Variation in the environmental setting in which these
traces are found may be associated with a number of factors including: the size,
species, behavioral adaptations of the trace-makers and prevailing environmental
conditions (oxygenation, food resources, sedimentation rate, erosional processes,

and beach face morphology).

MACARONICHNUS SIMPLICATUS new ichnospecies

Figures 5.3, 5.8, 5.12

Macaronichnus LOCKLEY, RINDSBERG AND ZEILER, 1987, fig. 2b; Bann and
FiELDING, 2004, p.294, fig. 14b; FIELDING, BANN AND TRUEMAN, 2007, fig. 12¢
(=Macaronichnus simplicatus).

Macaronichnus WALKER AND BERGMAN, 1993, fig. 17; FIELDING, BANN AND
TrUEMAN, 2007, figs. 21a, 22¢; Kotakg, 2007, p. 498, figs. 30.5, 30.6;
Komatsu, ONo, NARUSE AND KuMaGaEk, 2008, fig. 6f (=Macaronichnus
simplicatus-segregatis).

Macaronichnus segregatis lineiformis BROMLEY, MILAN, UCHMAN AND HANSEN,
2009, figs. 4c, 5b, 6b (=Macaronichnus simplicatus-segregatis).

Macaronichnus segregatis maeandriformis BROMLEY, MILAN, UCHMAN AND
Hansen, 2009, p. 105, figs. 5b, 6a, b (=Macaronichnus simplicatus-
segregatis).

Macaronichnus simplicatus SAUNDERS AND PEMBERTON, 1988, p. 133, text-fig. 29,
pl. 11, figs. 1-5, 7; SAUNDERS, 1989, p. 125, text-fig. 27, pl. 11, figs. 1-5, 7;
PEMBERTON, SpiLA, PULHAM, SAUNDERS, MACEACHERN, ROBBINS AND SINCLAIR,
2001, p. 127, text-fig. 103; MacCEACHERN, BANN, BHATTACHARYA AND HOWELL,
2005, fig. 3c.

non Macaronichnus segregatis CLIFTON AND THoMPSON, 1978, p. 1293-1295, figs.
1, 2; Crirton, 1981, p. 170-171, fig. 9; DECELLES, 1987, p. 253, 255, fig. 5d;
Bann and FIELDING, 2004, fig. 6e; JOHNSTONE, MUSTARD AND MACEACHERN,
2006, fig. 6¢ (=Macaronichnus simplicatus).

non Macaronichnus segregatis BROMLEY, 1996, fig. 11.9 (=?Macaronichnus
simplicatus).

non Macaronichnus segregatis HUNTER, 1980, fig. 3b; Napon, 1988, p. 49-50,
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fig. 25; PoLLARD, GOLDRING AND Buck, 1993, p. 153, 161-162, fig. 4a-c;
CarMONA, Buarors, MANGANO AND BROMLEY, 2008, p. 101-102, figs. 4.6, 4.7
(=Macaronichnus simplicatus-segregatis).

non Macaronichnus simplicatus RAYCHAUDHURI AND PEMBERTON, 1992, fig. 6¢;
Hosgss, 2003, figs. 3.4f; MACEACHERN, BANN, BHATTACHARYA AND HOWELL,
2005, fig. 4e; DesRocHEs, 2008, figs. 3.1.2g, 3.1.4d (=Harenaparietis).

non Macaronichnus simplicatus MACEACHERN, BANN, BHATTACHARYA AND HOWELL,
2005, figs. 3c, 4a, f, g, 6¢, e, 9] (=Macaronichnus); MACEACHERN, BANN,
BHatTACHARYA AND HOWELL, 2005, fig. 3b (=Macaronichnus segregatis).

transitional Macaronichnus segregatis-simplicatus SAUNDERS, MACEACHERN AND
PeMBERTON, 1994, fig. 5g (=Macaronichnus simplicatus-segregatis).

?Palaeophycus BOoYER AND WARME, 1975, p. 85, text-fig. 9d; KinG, 1987, p. 39,
fig. 2g.

Scoyenia sp. CHAMBERLAIN, 1978, fig. 92.

Diagnosis—Variably oriented and configured, predominantly horizontal burrows

that are commonly randomly interpenetrating.

Description—Documented examples range in size from 1.5-10 mm in diameter,
which is typically larger than Macaronichnus segregatis. Macaronichnus
simplicatus is characterized by straight to randomly curving or meandering
paths that are generally circular to ovate in cross section (Fig. 5.3). Burrows are
predominantly horizontal to slightly inclined such that burrows may transect
multiple laminae and are a few centimeters to a few decimeters in length. In some
instances, burrow diameters may be characterized by a bimodal size distribution
(e.g., Saunders and Pemberton, 1988). Infills are predominantly characterized
by quartz and may contain meniscate structures indicative of active backfilling.
The mantle is generally composed of darker mineral grains that may include:
micas and heavy minerals. Mantle thickness ranges from 0.1 to 1 mm and may
vary between individual traces or around the same structure. Some examples
may display a thicker basal mantle that may or may not be irregular in nature. In
some cases, the distinction between mantle and host sediment may be difficult to
ascertain especially with dense ichnofossils (Fig. 5.3).

Interpenetration of Macaronichnus simplicatus is observed in cross
section as the cross-cutting of burrows intersecting at random. Intersections

or cross-cutting of adjacent traces is recognized through partial or complete
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False Branching Primary Successive Branching True Branching

FIGURE 5.11—Various forms of branching. A: False branching formed by intersecting burrows
constructed at different levels within the sediment. B: Primary successive branching formed by an
animal systematically probing and backfilling branching burrow components. C: true branching
in which backfilling of branch (a) is succeeded by backfilling of (b) rather than simultanecous
infilling. Modified from D’Alessandro and Bromley (1987).

removal of mantle material. In plan view, the configuration of structures includes
overlapping, cross-cutting and false branching (Figs. 5.3, 5.11). False branching

is identified where there is no mantle or a partial mantle preserved between
intersecting burrows. The angle of intersection of false branches ranges due to

the random configuration of burrows. Despite the characteristic occurrence of
these interpenetrations, examples where adjacent traces display avoidance are also
present.

Etymology—Describes the simplistic form of foraging in which trace-makers

display no adaptations towards maximizing foraging efficiency.

Holotype—Painted Rock Sandstone Member of the Vaqueros Formation
(Miocene) in storage at the University of Alberta, Edmonton, Alberta, Canada —
TF023 (Fig. 5.3).

Paratype—Painted Rock Sandstone Member of the Vaqueros Formation
(Miocene); sample collected by D.L. Durham on repository at the U.S. Geological
Survey, Menlo Park, California. (Original informal Macaronichnus segregatis
holotype from Clifton and Thompson (1978)).

Discussion—The defining characteristic of Macaronichnus simplicatus is the
tendency towards interpenetration of burrows, which forms an overall collective
morphology. The paucity of interpenetrations observed in M. segregatis as
compared to M. simplicatus may, in some instances, be a function of the size of

the trace-makers and their ability to process sediment. Based on the dimensions
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of M. simplicatus, these traces are generally constructed by larger organisms as
compared to M. segregatis. In dense populations, it would be difficult for large
organisms to maneuver around previously constructed burrows in a limited
interval of exploitable sediment. In addition, the ease and rapidity of sediment
processing is an advantage to these larger trace-makers. The energy expended to
feed upon previously reworked sediment would unlikely affect their efficiency
of balancing expended and acquired energy resources. Accordingly, larger
organisms would more frequently ingest previously reworked sediment, resulting
in a tendency towards interpenetration of structures. In some cases, the methods
of deposit feeding employed by M. segregatis and M. simplicatus trace-makers
also may be significantly divergent to produce the varied interactions. Overall,
the tendency towards interpenetration and less organized foraging suggests a
simplistic form of deposit feeding that exhibits no secondary adaptations towards
efficiency beyond primary grain selectivity (Saunders and Pemberton, 1988; Fig.
5.9).

Strata characterized by Macaronichnus simplicatus also contain structures
exhibiting avoidance of interpenetration, which is expected as the random
orientation of burrows does not guarantee the interpenetration or cross-cutting
of every structure. The degree of interpenetration of burrows depends upon:

1) the population density; 2) availability of space; 3) abundance of food; 4)

the amount of time available for reworking (e.g., reduced in storm beds) or
sedimentation rate; and 5) trace-maker morphology and deposit-feeding strategy
(Fig. 5.10). In order for M. simplicatus to be constructed, abundant cross-cutting
and interpenetration of burrows generally requires high population densities,
either widespread or localized, and limited available space. Food resources are
generally plentiful such that the population can be sustained despite the degree of
reburrowing of previously ingested sediment (Saunders and Pemberton, 1988).
On the scale of a bedding plane, resource-rich patches may lead to concentrated
areas of burrow intersection. Sedimentation rates are generally low, which
necessitates continual reworking of the same interval of optimal sediment for
prolonged periods of time. These factors progressively influence the degree of
cross-cutting of Macaronichnus traces, which results in a continuum of structures
ranging from predominantly intersecting to predominantly avoiding. Accordingly,
the identification and distinction between M. segregatis and M. simplicatus may
not always be clear especially in moderate population densities where interactions

are minimized.
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Macaronichnus segregatis and M. simplicatus represent near end-member
community interactions. These ichnofossils reflect the preservation of natural
behaviors, and the likelihood of observing complete avoidance of interpenetration
or complete interpenetration of all structures is infinitesimally low. Examples of
Macaronichnus may clearly characterize one near end-member of the continuum
(especially at the scale of core), or strata may contain mixed elements of both
behaviors with no clear tendencies towards avoidance or interpenetration. This
transitional foraging strategy was first recognized by Saunders et al. (1994) from
the Cadotte Member of the Peace River Formation of Alberta in which mixed
elements of M. segregatis and M. simplicatus were identified. This mixing of
elements of both end-members is presumably observed at outcrop scale (rather
than core) where isolated intervals or even adjacent grouping of structures may
be characterized by different forms. In such cases, the assemblage should be
described as containing elements of both M. segregatis and M. simplicatus and
should be referred to as the composite ichnofossil: M. simplicatus-segregatis (Fig.
5.12). This mixed expression of Macaronichnus may be associated with localized
variations in population densities of trace-makers. Where population densities
are low, trace-makers have the ability to avoid other burrow structures producing
M. segregatis. Where localized higher population densities exist, M. simplicatus
may be constructed if the availability of space is low enough that organisms are
required to burrow within previously reworked sediment. In instances where
population densities vary laterally or vertically through time, both forms of

¥ :
FIGURE 5.12—Macaronichnus simplicatus-segregatis in which elements of “random avoidance”
of M. segregatis (Me) are mixed with elements of cross cutting of M. simplicatus (Mi). Plan

view from the Freitag Formation of Queensland, Australia. Photo courtesy of Kerrie L. Bann and

Christopher R. Fielding.
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Macaronichnus also may be present.

With regards to the depositional environment, Macaronichnus simplicatus
has been observed in settings similar to that of M. segregatis: the upper foreshore
(e.g., Bromley et al., 2009); nearshore-beach complex at the toe-of-the-beach
(e.g., Clifton and Thompson, 1978; Saunders et al., 1994); middle shoreface
(e.g., Bann and Fielding, 2004); and lowermost upper shoreface to distal lower
shoreface (Saunders and Pemberton, 1988).

MACARONICHNUS SPIRALIS new ichnospecies

Figures 5.4, 5.9

Macaronichnus segregatis spiralis SAUNDERS AND PEMBERTON, 1988, p. 133, fig.
27b, d, £, g, text-fig. 29; SAUNDERS, 1989, p. 125, fig. 25b, d, f, g, text-fig. 27
(=Macaronichnus spiralis).

Macaronichnus segregatis spiriformis BROMLEY, MILAN, UCHMAN AND HANSEN,
2009, p. 105, 117, fig. 7 (=Macaronichnus spiralis).

Macaronichnus spiralis MACEACHERN AND PEMBERTON, 1992, fig. 6d;
MaAcEACHERN, 1994, fig. V-9d, text-fig. VI-12; PEMBERTON, SpiLA, PULHAM,
SAUNDERS, MACEACHERN, ROBBINS AND SINCLAIR, 2001, p. 127, text-fig. 103,
fig. 104b, d, f, g; MINTER, Buartols, Lucas, BRADDY AND SMiTH, 2006, p. 1058.

Diagnosis—Burrows display planispiral configurations on bedding planes with
varying levels of perfection including: single irregular loops, nested partial loops,

single perfect coils, and perfect coiled spirals.

Description—Planispiral configurations are generally constructed outwards
(dextral or sinistral) from an initial circular to sub-circular burrow 1.5-2.5 cm in
diameter (Saunders and Pemberton, 1988; Saunders, 1989). The cross-sectional
diameter of the burrow ranges from 1.5-3 mm. Coil spacing tends to be constant
(0.5-2 mm) with minor irregularities, and a maximum of up to 12 coils has been
observed (Saunders and Pemberton, 1988).

This ichnospecies is generally observed with low population densities at
various scales. Macaronichnus spiralis exhibits varying degrees of systemization

and is often characterized by disorganized and irregularly curved structures
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confined to a specific area (Fig. 5.4B). In rare instances, perfect planispiral
configurations may be observed (Fig. 5.4A, C). Irregular singular spirals (Fig.
5.4D) or clusters of nearly complete spirals (Fig. 5.4B) are more common and

may be observed in conjunction with M. segregatis (Fig. 5.4D).

Etymology—Describes the spiraled nature of the burrows in plan view.

Holotypes—Horseshoe Canyon Formation of Alberta, Canada, collected by
T.D.A. Saunders in storage at the University of Alberta, Edmonton, Alberta,
Canada (TF024 and TF025; Fig. 5.4A, C).

Discussion—The planispiral configurations of Macaronichnus spiralis are rare
and have been identified from the Horseshoe Canyon Formation of Alberta
(Saunders and Pemberton, 1988; Saunders, 1989; MacEachern and Pemberton,
1992; MacEachern, 1994; Pemberton et al., 2001; Gingras et al., 2002) and the
Pefkos beachrock of Rhodes Island (Bromley et al., 2009). Specific environmental
requirements that permit the construction of M. spiralis include: 1) low
population densities (Saunders and Pemberton, 1988); 2) abundance of available
space (Saunders and Pemberton, 1988); 3) plentiful food resources; and 4) low
sedimentation rates (Fig. 5.10). M. spiralis occurs in regional to highly localized
low population densities in which there is an abundance of available space

such that interference from other burrow structures or individuals is minimized.
In localized available spaces, M. spiralis may occur on bedding planes with
other forms of Macaronichnus. In these instances, the trace-maker exploited a
small patch of available sediment without interference from other individuals
(Fig. 5.4D). Regardless of how resource-rich the sediment may have been, the
organism had the opportunity to exploit unbioturbated sediment that was likely
more nutrient-rich as the sediment had not been previously processed by other
burrowing individuals. Kitchell (1979) stated that differential predation and
competition pressures could explain the presence of both random and non-random
feeding strategies within the same area. Where populations of trace-makers are
dense, a random foraging pattern (in regards to trace orientation) is expected
(i.e., M. segregatis or M. simplicatus), and where competition for food resources
is low, a non-random foraging pattern (in regards to predictable orientation) is
expected (i.e., M. spiralis). Abundant food resources also plays a major role in

the formation of M. spiralis as focused deposit feeding within a particular locale
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suggests the presence of optimal sediment. Sedimentation rates would typically
be low to allow for the construction of M. spiralis without necessitating vertical
adjustment to maintain a position within optimal substrate.

The modern spiraled burrows of Paraonis found in intertidal settings
resemble that of Macaronichnus spiralis. These polychaetes feed on diatoms
(rather than sediment) and form spirals 4 to 8 cm in diameter and less than 1
mm in cross-sectional diameter. Risk and Tunnicliffe (1978) reported that food
resources of Paraonis are concentrated along bedding planes such that systematic
mining increases feeding efficiency. In a computer simulation of Paraonis
fulgens spiraling behavior, Papentin (1973) suggested that avoiding cross-over
of other burrow paths in high population densities may have led to the evolution
of meandering and spiraling. However, P. fulgens can migrate to other bedding
surfaces, similar to M. spiralis trace-makers, so the worms are seldom required to
cross-over previously constructed burrows.

Similar rationale can be used to explain the evolution of Macaronichnus
spiralis. The occurrence of small, irregular M. spiralis in association with M.
segregatis (Fig. 5.4D) may have initially evolved as a result of limited food
resources. Under intraspecific competition, resource-rich patches were exploited
in a more efficient manner through planispiral burrowing. The spiraling nature of
these traces minimized the probability of the burrower intersecting other burrow
structures due to the areal clustering, thereby enhancing nutrient intake (Saunders
and Pemberton, 1988). Once this behavior was established, a trace-maker that
encountered a widespread open space could form larger, more complex planispiral
configurations. Despite the evolution of this spiraling behavior, M. spiralis is
rarely observed, although this scarcity can be explained by a few factors. In
most densely populated successions, pronounced intraspecific competition could
explain the lack of M. spiralis traces (Saunders and Pemberton, 1988). Limited
bedding-plane exposures in core and outcrop also preclude identification of
these ichnofossils. In some successions where bedding planes are visible, curved
traces may approach the spiraled form of M. spiralis (e.g., Hobbs, 2003). Similar
to Paraonis, the M. spiralis trace-maker is able to forage in 3 dimensions,
which may further explain the rare preservation of these structures. Coiling in 3
dimensions may explain the spiraling upwards Macaronichnus identified from
the Freitag Formation by Bann and Fielding (2004) and Fielding et al. (2007).
Bann and Fielding (2004) suggested that this ichnofossil was formed under high

sedimentation rates as a form of escape structure.
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The planispiral configurations of M. spiralis also resemble deep-sea
trace patterns such as Spirorhaphe (Seilacher, 1977) and Nereites irregularis
(e.g., Uchman, 2007). Richter (1924) was the first to suggest that spiraling and
meandering burrow paths reflect optimal utilization of food resources present
within the sediment. A uniform distribution of food, such as in the deep sea,
favors the construction of complex grazing patterns that maximize coverage of
the area while minimizing cross-cutting of other structures (Raup and Seilacher,
1969). In the deep sea, avoidance of other burrow paths is advantageous in
a similar fashion to the shallow marine where food resources may be more
abundant, but populations are denser (Kitchell, 1979). Seilacher (1974)
interpreted complex flysch traces in terms of evolutionary optimization where
more regular, patterned structures generally reflect a more advanced behavior.
Based on analogous Paraonis burrows and deep-sea traces, M. spiralis exhibits
a more advanced foraging strategy in comparison to M. segregatis and M.
simplicatus (Fig. 5.9). The random interpenetrations of M. simplicatus exhibit
no adaptations towards optimizing foraging efficiency, whereas the random
avoidance of M. segregatis illustrates a moderate degree of foraging optimization.
In planispiral form, the length of M. spiralis is maximized and the aerial
utilization is minimized, which reflects the most advanced or efficient foraging
strategy (Fig. 5.9; Saunders and Pemberton, 1988; Saunders, 1989). Preservation
of these spiraled traces generally occurs within the foreshore where quiescent
conditions (as compared to the shoreface) permit more systematic foraging (e.g.,
Saunders, 1989; MacEachern and Pemberton, 1992; Bromley et al., 2009).

HARENAPARIETIS n. ichnogen.

Figures 5.13-5.16

Palaeophycus CanTt, 1984, p. 547, fig. 8; O’ConNELL, 1988, p. 389, fig. 5b, d;
PEMBERTON, SpiLA, PULHAM, SAUNDERS, MACEACHERN, ROBBINS AND SINCLAIR,
2001, figs. 97, 98; SADEQUE, BHATTACHARYA, MACEACHERN AND HOWELL, 2007,
fig. 13b.

Palaeophycus haberti FIELDING, BANN AND TRUEMAN, 2007, fig. 25¢.

Palaeophycus tubularis FIELDING, BANN AND TRUEMAN, 2007, fig. 25¢.

Palaeophycus tubularis ROUBLE AND WALKER, 1997, fig. 10 (=?Harenaparietis).
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Planolites sp. CuisnoLm, 1970, p. 24, pl. 1, figs. 1-4; Hanprorp, 1986, fig. 7c,
text-fig. 8c.

Planolites sp. HEINBERG, 1974, p. 15, text-fig. 9b (=?Harenaparietis)

non Macaronichnus MACEACHERN, 1994, fig. [V-4g, h; SAUNDERS, MACEACHERN
AND PEMBERTON, 1994, p. 339, fig. 6b; BreEkKE, 1995, p. 83, figs. 18, 21d,
22a-d, 34a, 36a, b; HuBBARD, PEMBERTON AND HOWARD, 1999, fig. 18d; SpiLA,
PuLHaM, SAUNDERS, MACEACHERN, ROBBINS AND SINCLAIR, 2001, figs. 95b,
106; Hogss, 2003, figs. 3.2f, 6.2; Bann and FiELDING, 2004, p. 291, 293, 294,
296, 299, figs. 7b, c, 8a-c, 9b, c, e, 10a, c-e, 13b, 14d; HuBBARD, GINGRAS AND
PemBERTON, 2004, fig. 8g; FIELDING, BANN AND TRUEMAN, 2007, figs. 10a, 19e,
25g, h; MACEACHERN, PEMBERTON, BANN AND GINGRAS, 2007, fig. 10b; SADEQUE,
BHaTTACHARYA, MACEACHERN AND HOWELL, 2007, fig. 10c (=Harenaparietis).

non Macaronichnus segregatis CURRAN, 1985, p. 263-264, pl. 1, fig. b-d, pl. 2, fig.
a; MAPLES AND SUTTNER, 1990, p. 870, figs. 12.1, 12.9, text-fig. 13; TAMURA
AND MAsuDa, 2005, p. 1383, fig. 7c; (=Harenaparietis).

non Macaronichnus segregatis HUNTER AND CLIFTON, 1982, p. 135, fig. 4c;
GLuszek, 1998, p. 532-533, fig. 11a, b (=?Harenaparietis).

non Macaronichnus simplicatus RAYCHAUDHURI AND PEMBERTON, 1992, fig. 6¢;
MacEACHERN, BANN, BHATTACHARYA AND HOWELL, 2005, fig. 4e; DESROCHES,
2008, figs. 3.1.2g, 3.1.4d (=Harenaparietis).

Para-Macaronichnus Hoftman, 2008, p. 49, figs. 2.8a, e, 2.9a-c, 2.10, 2.11a,
2.12b, c.

“burrows of ?Haustoriid amphipods” Rapwanski, Friis AND LARSEN 1975, p. 237-
239, fig. 10.

“Horizontalschlift” HANTZsCHEL AND REINECK, 1968, tafel 14, fig. 1.

“irregular horizontal pipes” CHisnoLm, 1968, p. 116 (=?Harenaparietis).

“small meniscus filled tunnels” HEINBERG, 1974, p. 15-17, text-figs. le, 3¢, d, 7, 8

(=?Harenaparietis).

Type species—Harenaparietis reprobus n. ichnosp.

Diagnosis—Cylindrical, commonly interpenetrating, locally branching,
predominantly horizontal to slightly inclined burrows concentrically lined with
darker mineral grains in conjunction with available fines (silt and clay). Infills
closely resemble host sediment or may display a reduction in darker mineral

grains and fine grained material and may contain irregular backfills. The junction

123



FIGURE 5.13—Holotype specimens of Harenaparietis from the Bluesky Formation well 07-
27-072-13W6 in Alberta, Canada. A: Slabbed core containing Harenaparietis (Ha), Rosselia

(R), Macaronichnus (M) and Palaeophycus (Pa). Note the circular to ovate cross section and
thick concentric lining of Harenaparietis. B-D: Core slices displaying the successive probes of
Harenaparietis (solid arrows) and meniscate backfills (dashed arrows). E: Close-up view of two
abutting Harenaparietis from the slabbed core. Note the concentration of dark mineral grains and
small degree of fines in the lining and similarity of the infill and host sediment composition.

between the infill and lining is sharp and the lining to host sediment junction

ranges from moderately diffuse to sharp.

Etymology—From the Latin words “harena” for sand and “parietis” for wall,
which is in reference to the sandy burrow wall lining. Reprobus is in reference to
the probing nature of the burrow structures whereby successive probes cross-cut
earlier formed tubes.

Holotypes—Collected by Tom Saunders from the Bluesky Formation (07-27-072-
13W6), Sinclair Field area, West Central Alberta, in storage at the University of
Alberta, Edmonton, Alberta, Canada — TF026 (Fig. 5.13A, E) and TF027 (Fig.
5.13B, D).

Description—In cross section, burrows are typically circular to slightly ovate
depending on the degree of compaction. The diameter of structures is variable
(2-15 mm), but is generally 5-10 mm. Traces are often clustered locally (Figs.
5.13A, 5.14E, F, 5.15A, C), and may show evidence of collapse prior to infill such
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FIGURE 5.14—Harenaparietis examples from various units. A: Traces display distinctive
interpenetration of structures, and some examples display relatively sharp lining/host sediment
boundaries while other traces exhibit more diffuse lining/host sediment junctions. Trace infills
display a low to moderate degree of segregation of minerals as compared to the host sediment
(Bluesky Formation, well 06-10-075-08W6). B: Plan view demonstrating the interpenetration

and backfilling of Harenaparietis from the Falher D Member of the Spirit River Formation

(photo courtesy of Trevor Hoffman; 06-13-068-11W6, depth 2280.5 m). The traces display
variation in burrow infill composition including well segregated felsic infills, infills resembling
surrounding host sediment and infills containing slightly darker infills as compared to the host
rock. C: Harenaparietis in cross section from the Falher D Member of the Spirit River Formation
(photo courtesy of Trevor Hoffman; 11-07-068-12W6, depth 2507.6 m). These examples show
weakly defined ichnofossil walls (black arrows) with some examples showing more distinct

walls in which concentrations of more mafic minerals or fines are present (white arrows). Infills
also closely resemble the composition of the host sediment where linings are less distinctive. D:
Branching Harenaparietis from Cattle Creek Nianda, Queensland (photo courtesy of Kerrie L.
Bann and Christopher R. Fielding). E: Harenaparietis (Ha) exhibiting variation in infill and lining
based on local lithology. Core (approximately 8 cm in diameter) from the Freitag Formation, GSQ
Springsure —17 (photo courtesy of Kerrie L. Bann and Christopher R. Fielding). F: Harenaparietis
(Ha) exhibiting variation in trace infill and lining based on nearby lithology. Note the subtly of
some traces and the clarity of other structures which contain more fines in the lining. Core from
the Freitag Formation, Rolleston Core —11:2 (photo courtesy of Kerrie L. Bann and Christopher R.
Fielding).
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FIGURE 5.15—Macaronichnus (M) occurring in conjunction with Harenaparietis (Ha) in core.
A: Small Macaronichnus occurring with Harenaparietis from the Falher D Member of the Spirit
River Formation, Alberta (photo courtesy of Trevor Hoffman). Note the variation in degree of
mineral segregation where Macaronichnus shows strong segregation while Harenaparietis shows
weak or no segregation of the infill in comparison to the host sediment. Harenaparietis also
displays distinct linings whereas Macaronichnus mantles range from distinct (at the base of the
core) to indiscernible from the host sediment at the top of the core. Collapsed Harenaparietis

(C) are also present. B: Small Macaronichnus occurring with subtle Harenaparietis, which

may be a function of a lack of fines within sandier intervals from the Falher D Member of the
Spirit River Formation, Alberta (photo courtesy of Trevor Hoffman). There are also scattered
Palaeophycus (Pa), small pebbles (Pb), and Skolithos (Sk). Note the difference in linings between
Harenaparietis and Palaeophycus. C: scattered Macaronichnus cross cutting Harenaparietis from
the holotype (TF=026). Unlike the scattered Macaronichnus, Harenaparietis displays obvious
clustering. D: Pervasively burrowed sediment containing Harenaparietis (Ha), Macaronichnus
(M), Palaeophycus (Pa), and collapsed Harenaparietis (C) from the Falher D Member of the Spirit
River Formation, Alberta (photo courtesy of Trevor Hoffman). The abundance and mixing of trace
fossils makes it difficult to discern individual structures.
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that there is only a lining preserved (Fig. 5.15A, C). Cross-cutting and abutting
of tubes is common and depends upon the density of structures. In plan view, rare
branching is observed (Fig. 5.14B, D), and burrows display tapered terminations
especially with associated clustering of tubes (Fig. 5.13B, C). These ichnofossils
tend to occur in fine-grained sands that also may contain a small fraction of silt
and clay. However, one occurrence has been observed from a limestone in which
light carbonate grains formed the infill and darker peloids were used to form the
lining (cf. Handford, 1986).

Harenaparietis is primarily characterized by a lining and infill exhibiting
mineralogical and often lithological segregation. The lining is generally thick
(0.1 to 2 mm) and evenly distributed around the burrow with evidence suggesting
concentric lamination within the lining (Fig. 5.13E). Composition of the lining
can include: micas (biotite, muscovite), heavy minerals, and fine-grained or
carbonaceous material. With increasing incorporation of fines, the lining appears
darker in colour and is generally thinner (Fig. 5.14A) as compared to sandier
wall linings (Fig. 5.13A). The lining may possess tangential orientation of
grains (primarily micas) throughout the lining (from the host sediment to infill
boundary) suggestive of formation over a period of time. The infill can resemble
the host sediment closely (Figs. 5.13E, 5.14C, 5.15A) or exhibit substantial
mineralogical segregation in which the infill is lighter in colour than the host
sediment (Figs. 5.13A, 5.14B). Infills are commonly dominated by quartz with
a paucity of micaceous material and may contain a higher proportion of coarser
grained material as compared to the host sediment. The infill commonly contains
meniscate structures that sharply truncate against the inner lining boundary
and display variable thickness, distribution, and mineralogy (Fig. 5.13B-D,
5.14B). The composition of infills may vary lithologically between adjacent
individual tubes (Fig. 5.14B, E, F; e.g., Chisholm, 1970, plate 1, figs. 1-4; Bann
and Fielding, 2004, figs. 9b, ¢, 10d). The lining also can vary vertically as the
lithology and concordant available sediment varies (e.g., Handford, 1986, fig.
7¢). Burrows may also contain “tubular tempestites” or laminae deposited from

passive sedimentation.

Discussion—This newly defined ichnogenus was first documented by Héntzschel
and Reineck (1968) as “Horizontalschliff,” which displayed obvious reprobing
and branching of clustered tubes. Subsequently, Chisholm (1970) identified

an “annfield form of Planolites” described as backfilled and lined by mica and

127



carbonaceous material, and specimens also displayed successive probing with
variable infill composition. Planolites with a concentration of tangentially
oriented mica surrounding the burrow fill and related “small meniscus filled
tunnels” lined with tangential mica grains were described by Heinberg (1974). In
this study, Heinberg (1974) suggested that mica was excluded prior to ingestion of
sediment and then pressed into the burrow wall to produce the vague mica zone/
host boundary. The sharp mica zone/infill boundary was interpreted as reflecting
a depositional time gap, which suggests that Heinberg was possibly describing
Harenaparietis. Radwanski et al. (1975) identified Harenaparietis as “burrows of
?haustoriid amphipods™ and interpreted the structures as formed by active vagile
animals that burrowed rapidly through the sediment.

Following establishment of the Macaronichnus ichnogenus by Clifton
and Thompson (1978), Harenaparietis was most commonly identified as
Macaronichnus and to a lesser extent Palaeophycus. A few notable examples
include those documented by Hunter and Clifton (1982) in carbonaceous-
micaceous sandstone that were reported as resembling M. segregatis. The
resemblance to Macaronichnus in combination with finer-grained sediment
indicates that these traces may have in fact been Harenaparietis. The Y-shaped
structure observed by Curran (1985) reflects the rare branching nature of
Harenaparietis. Examples presented by Handford (1986) displayed variation
in infill and lining through a sandier-upwards bed such that linings became
thinner and less distinct upwards as the proportion of fine-grained sediment
decreased. Saunders et al. (1994) also recognized this trace as a “unique form
of Macaronichnus” constructed by grain-selective deposit-feeders, in which the
traces appeared to be closely associated with Palaeophycus tubularis. Regardless,
Saunders et al. (1994) suggested that this trace reflected the activity of organisms
separate from the Macaronichnus trace-makers that colonized the toe-of-the-
beach.

Bromley (1996) indicated that structures containing a “zoned fill” can
be categorized as one of the following: (1) open burrows that are inhabited and
irrigated over long periods of time; and (2) structures formed through sediment
processing by mobile deposit feeders undergoing continuous locomotion
within the substratum. The structures of Harenaparietis reflect aspects of both
behaviors in such a way that feeding and defecating occurs within the subsurface
(Fig. 5.16). Burrows remain open for short periods of time and also are formed

through sediment processing whereby burrow linings contain segregated heavy
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FIGURE 5.16—Formation of Harenaparietis. TM=Trace-maker. A: Segregation of mafic and
micaceous grains in addition to fines forms the wall lining (a), which occurs with concordant
ingestion of felsic mineral grains. B: Backfilling of the initial burrow (a) with ingested and
processed felsic material. C: Formation of wall lining (b), ingestion of felsic mineral grains, and
subsequent backfilling of burrow (b). D: Formation of wall lining (c), ingestion of felsic mineral
grains, and subsequent backfilling of burrow (c).

and micaceous mineral grains and even silt and clay. Evidence suggesting the
formation of a lining rather than a mantle includes: the presence of collapsed
burrows, branching structures and meniscate structures that sharply truncate
against the burrow wall which indicate a depositional time gap between the two
features. Bromley (1996) recognized the branching Y-shaped trace documented
by Curran (1985, pl. 1, fig. C) to be similar to that of M. segregatis. However,
based on the branching morphology, Bromley (1996) suggested that the trace
could not be trophically or ichnotaxonomically equivalent to any form of
Macaronichnus. As Macaronichnus is defined as structures in which the mantle
is formed concurrently with the infill during active backfilling of the infill. This
Y-shaped structure may reflect actual branching (Fig. 5.11C) or possibly false
branching produced by the intersection of two traces (Fig. 5.11A). Most likely,
infrequent branching of Harenaparietis was preserved as the Y-shaped structure
from Curran (1985) as it resembles intersections seen in the Harenaparietis
holotype (Fig. 5.13), the Falher D Member (Fig. 5.14B; Hoffman, 2008), the
Freitag Formation (Fig. 5.14D; Bann and Fielding, 2004), and in Maples and
Suttner (1990, fig. 12.1).

The characteristics that distinguish Harenaparietis reflect aspects of
both Palaeophycus and Macaronichnus. Bann and Fielding (2004) also found
that these traces encompassed features of multiple ichnofossils (Palaecophycus,
Planolites, and Macaronichnus), as did Hoffman (2008; Palaeophycus and
M. segregatis). The distinguishing attributes that suggest a time gap between
formation of the lining and infill (e.g., sharply truncating meniscate fill, burrow
collapse and branching) are not always present or discernible in cross-section.
Accordingly, the collective morphology—abundant trace interpenetrations and

clustering—in conjunction with mineralogical segregation closely resembles
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that of M. simplicatus. However, the nature of the burrow components can be
used to differentiate this ichnogenus from Macaronichnus. Harenaparietis tends
to be more circular in cross section as compared to Macaronichnus; however,
Harenaparietis may also be ovate depending on the sediment properties, lining
characteristics, and degree of compaction. The lining of Harenaparietis is also
thicker and evenly distributed concentric around the burrow infill with tangential
orientation of platy minerals throughout the lining suggesting concentric
lamination. In addition, Harenaparietis generally displays a lower degree of
segregation of light colored, felsic minerals in the infill as compared to typical
Macaronichnus (Hoffman, 2008). This relationship is especially apparent
where the two ichnogenera are found within the same unit (Fig. 5.15A, B, D).
The coexistence of Harenaparietis and Macaronichnus was also observed in
the Upper Falher of the Spirit River Formation by Hobbs (1999). Infills of
Harenaparietis also contain irregular meniscate structures that contrast the more
regular meniscate structures found within Macaronichnus. The prominence of
Harenaparietis linings also contrasts the indistinct mantles that may be found
with some examples of M. simplicatus and M. segregatis (Figs. 5.1, 5.2), and
the diameter of Harenaparietis tends to be greater than most occurrences of
Macaronichnus. The presence of a lining containing fine-grained material
resembles that of Palaeophycus; however, the presence of actively segregated
minerals within the lining suggests separation from the Palaeophycus ichnogenus.
In addition, Harenaparietis also displays clustering of structures and cross-cutting
of adjacent tubes, which is not characteristic of Palaeophycus. The uniqueness of
this new ichnogenus can only be properly ascertained through careful analysis of
the grain sorting, burrow components and collective trace morphology.

In describing traces interpreted as Macaronichnus, Bann and Fielding
(2004) reported a range of infills including: passive, active and meniscate. These
structures are, in fact, Harenaparietis as Macaronichnus is, by definition, actively
rather than passively infilled. The infills of these Harenaparietis also vary in
coloration and mineralogy (Fig. 5.14E, F; Bann and Fielding, 2004, figs. 9¢c, 10d,
13b). Variation in infill mineralogy/coloration of adjacent or even overlapping
tubes suggests that sediment was sourced from different localities. Some tubes
may have been passively infilled with different surface sediment, or pockets or
laminae of differing lithology may have been preferentially mined by the trace-
maker and later backfilled into tubes. Especially in the case of Figure 5.14E,

variation in burrow infill mineralogy/lithology is likely due to sediment sourced
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5cm

FIGURE 5.17—A typical Lumbrineris cf. latreilli burrow constructed under laboratory conditions
in a thin-walled aquarium. Modified from Petch (1986).

from different localities within the interbedded sandstone and mudstone.

Based on the core slices from the Bluesky Formation (Fig. 5.13B-D),
Harenaparietis is interpreted to reflect probing of adjacent sediment packages
(Fig. 5.16). Mineralogical and lithological segregation occurs during the
formation of an open tube, which remains open until the trace-maker backfills
egested sediment into this newly constructed burrow (Fig. 5.16B). The
overlapping or cross-cutting of individual tubes suggests that infilling occurs
relatively rapidly such that older burrows can be cross-cut by newly formed tubes
(Fig. 5.16C, D). The formation of these burrows involves segregation of sediment
such that mafic and micaceous grains in addition to fines are segregated and
used to form the burrow wall while the felsic component of the host sediment is
ingested (Fig. 5.16B). The addition of fines to the burrow wall serves to enhance
stabilization by filling in pore spaces between segregated mineral grains. Ingested
grains are then processed by the animal and egested as backfilled sediment into
the newly constructed open burrow. This allows for subsequent cross-cutting of
adjacent burrow structures as the organism successively probes the sediment. In
the formation of these burrows, branching is possible (e.g., Fig. 5.14D) as well as
passive infilling (e.g., Bann and Fielding, 2004).

A possible analogous modern burrower, Lumbrineris cf. latreilli, was
described by Petch (1986) as a deposit-feeder that ingests subsurface sediment
while constructing semi-permanent burrows (Fig. 5.17). The burrows are mucous-
lined and branch off of a main tunnel (Petch, 1986). Worms first construct the

main tunnel that is generally connected to the sediment-water interface. Feeding
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then takes place in the side branches where the worms selectively ingest smaller
particles likely due to greater surface area per unit of volume ingested (Petch,
1986). This polychaete appears to display the deposit-feeding, branching,

and probing behavior interpreted from Harenaparietis; however, this modern
polychaete is relatively small, and it is uncertain whether it backfills older side
tunnels.

Very little is known about Harenaparietis; however, the process of
successively probing, or reprobing, best explains the common cross-cutting
nature of the traces. If the ichnofossils reflected a large network of open burrows,
cross-cutting of open tubes would result in burrow collapse. Rather, cross-cutting
of successive sediment probes following backfilling of earlier formed tubes,
produces structures that neatly cross-cut one another. In plan view, this reprobing
appears as overlapping of adjacent burrow structures that simultaneously
terminate (i.e., display tapered ends) within a particular locality (Figs. 5.13B,

D, 5.14B). This form of branching was called “primary successive branching”
(Fig. 5.11) by D’ Alessandro and Bromley (1987). A possible explanation

for this reprobing behavior is the need for the trace-maker to maintain open
irrigated burrows in conjunction with deposit-feeding activities. Burrows may
be connected to the sediment surface while trace-makers actively mine sediment
within a particular locale. If this is the case, reprobing of sediment adjacent to a
semi-permanent burrow open to the surface would provide a relatively efficient
feeding strategy whereby available sediment is systematically mined despite
overlap of structures.

The other aspect of these traces that requires some explanation is the
formation of a wall lining in addition to deposit-feeding activities. There may
have been an adequate time gap between the ingestion and egestion of processed
sediment which required open burrows to be constructed for later waste disposal.
Most likely, unstable and shifting sediment required trace-makers to stabilize
burrow walls. In Figure 5.15B, C, and D, Harenaparietis is clearly cross-cut
by Macaronichnus. Knowing that Macaronichnus is a deeper-tier ichnofossil
(cf. Pemberton et al., 2001), this suggests that Harenaparietis is formed within
a shallower tier and is successively cross cut by deeper-tier Macaronichnus. 1f
Harenaparietis exists within a mid-tier setting (i.e., centimeters from the sediment
surface), burrow-wall stabilization would be an ideal adaptation to prevent burrow
collapse. In contrast, deep-tier Macaronichnus colonized the sediment at a depth

in which shifting sediment did not influence their deposit-feeding activities. This
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would explain the occurrences of Macaronichnus and Harenaparietis described
by Hoffman (2008) from the Falher D Member of the Spirit River Formation.
Hoffman (2008) observed the abundance of M. segregatis to decrease upwards
while Harenaparietis (described as Para-Macaronichnus) increased upwards
through the same interval. The presence of Harenaparietis demarcates the upper
portion of the bed while Macaronichnus reflects the successive deeper-tier
colonization of the same sediment.

The co-occurrence of Macaronichnus and Harenaparietis in the Falher
D Member lead Hoffman (2008) to interpret the traces to have been constructed
by the same organism (likely a polychaete) in which Macaronichnus reflected
activity of juvenile forms (based on trace diameters). It is unlikely that these
traces were formed by the same animal as the two traces reflect activity within
separate tiers. In the study by Dafoe et al. (2008b), juvenile Euzonus mucronata,
which form modern Macaronichnus-like biogenic structures, were actually
found closer to the sediment surface as compared to the adult population. These
polychaetes require respiration at the sediment surface, and juveniles burrow more
slowly than the adult counterparts, as such, juveniles maintain a position closer to
the sediment surface. Based on these analogous modern polychaetes, it is unlikely
that juvenile forms of the same animal would burrow beneath the adult population
to cross-cut the larger biogenic structures. Furthermore, the two ichnogenera
reflect inherently different behavioral adaptations—one probing the sediment with
lined structures and the other segregating minerals during continuous deposit-
feeding activities.

The sedimentary environment in which Harenaparietis typically occurs
corresponds to shoreface deposition and in association with Rosselia (Fig.
5.13A), Palaeophycus (Fig. 5.15A, B, D) and wave rippled or HCS sandstone (cf.
Macaronichnus sp., Brekke, 1995; Maples and Suttner, 1990). Harenaparietis
can be found in the lower to middle shoreface (e.g., O’Connell, 1988), the upper
shoreface or barrier setting (e.g., Hubbard et al., 2004; Hoffman, 2008), wave-
reworked mouth bar deposits (e.g., Bann and Fielding, 2004), delta front (e.g.,
Bann and Fielding, 2004; Fielding et al., 2007; Hoffman, 2008), and prodeltaic
tempestites (Fielding et al., 2007). Unlike many occurrences of Macaronichnus,
Harenaparietis is generally found in water depths below the shoreface-foreshore
transition. Under such high-energy shoreface conditions, burrow linings are an

optimal adaptation to maintain burrow stability of temporary open tubes.
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DISCUSSION

Reservoir Properties

Distinguishing between traces that display mineralogical segregation
can enhance the understanding of trace-maker behaviors and adaptations that
developed in response to the local environmental conditions. In addition,
recognition of Macaronichnus and Harenaparietis plays an important role in
determining potential reservoir properties of the rock. Schmidt (2002) suggested
that the degree of Macaronichnus burrowing and diagenetic history can act
to either enhance or decrease overall permeability. For instance, Lerette and
MacEachern (2004) determined that the grain selectivity of Macaronichnus trace-
makers initially enhanced porosity, but also led to diagenetic quartz overgrowths
which degraded reservoir productivity. Conversely, Macaronichnus in the Bluesky
Formation consist of dark chert-mantled traces in which the mantle acts as a
“compaction shelter,” and the lack of quartz overgrowths also enhanced reservoir
properties (Gordon et al., 2008). With regards to mineralogical segregation,
Pemberton et al. (2008) found that Macaronichnus cryptobioturbation enhanced
permeability (Kha) by up to 10 times in the Early Cretaceous Sandstones in
Papua, New Guinea by segregating out glauconite. Using MRI images of M.
segregatis from the Horseshoe Canyon Formation of Alberta, Gingras et al.
(2002) concluded that the traces formed a dual porosity-permeability system.

Variation in reservoir enhancement or degradation would also depend
on the form of Macaronichnus found in the rock. Isolated Macaronichnus or
M. spiralis would unlikely affect the overall characteristics of the sandstone.
However, M. simplicatus could potentially enhance permeability and porosity
as compared to M. segregatis. The pathways (burrows) in M. simplicatus are
more commonly interconnected rather than intertwined as in M. segregatis. In
comparison to Macaronichnus, one would expect variation in reservoir properties
with rocks containing Harenaparietis. With Harenaparietis, the organisms have
concentrated fines within burrow walls, producing networks that are potentially
sealed off from the host rock. In addition, the reprobed nature suggests that
terminations could act as areas for hydrocarbons to pool. Despite the cross-
cutting nature of Harenaparietis, the degree of inclusion of fine-grained sediment
and density of structures would influence the potential to enhance (decreased
fine-grained sediment and dense traces) or degrade (abundant fine-grained

sediment and low density of traces) reservoir properties. Clearly, recognition and
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assessment of traces displaying mineralogical segregation plays an important role

in determining the reservoir potential of the rock.

The Future of Ichnotaxonomy

A “uniform approach” to ichnotaxonomy (cf. Bertling et al., 2006)
in which ichnotaxobases lie within a predisposed hierarchy may not be the
most ideal means of enhancing this key aspect of ichnology. Ichnologists
should be open to more dynamic taxonomy in which traces may not always
be classified via the traditional means (i.e., typical morphological criteria).
Ichnofossils record the preservation of animal activities within a natural system
and may not always be neatly categorized. This paper demonstrated the use of
unconventional ichnotaxobases—grain sorting and collective trace morphology—
in the classification of Macaronichnus and Harenaparietis. In the case of
Macaronichnus, grain sorting defines the ichnogenus while collective morphology
is inherently tied to ethology and defines the ichnospecies. In contrast, the
ichnogenus Harenaparietis, often mistaken for Macaronichnus in previous
literature, is defined on both grain sorting and collective morphology. Bertling
et al. (2000) suggested that ichnotaxobases have been given different levels
of priority in previous taxonomic assessments based on the subjectivity of the
ichnotaxonomist. If we try to develop a consensus over what makes ichnogenera
or ichnospecies different from one another, we are likely to miss other, more
significant, criteria.

Ichnotaxobases presented within this study have the potential to be
applicable to the classification of other ichnogenera and ichnospecies. It was also
shown that inherent ethological elements may not always be separated from the
description of ichnofossils. Despite the incorporation of ethological elements
in the presented ichnotaxonomy the definition of traces based on a single trace-
maker remains an unacceptable approach to ichnotaxonomy. Ichnofossils cannot
be necessarily attributed to particular trace-makers, as Ekdale et al. (1984) noted,
there are basic ichnological principles at work:

1) The same individual or species of animal can produce different

structures depending on the expression of behavior.

2) The same individual or species of animal can produce different

structures resulting from the same behavior, but in different substrates.

3) Different animals can produce the same structures through similar
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behaviors.

4) A structure may be formed by two or more different animals living

together or in succession.

There are likely numerous undiscovered biogenic structures, and it is our
job, as ichnologists to describe these structures in the most communicable way as
to further our understanding of the traces, the exhibited behavior, potential trace-
makers and the significance of the structure in an evolutionary and environmental

SENSse.
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CHAPTER 6 - ICHNOLOGICAL ASPECTS OF ANEW FORM OF
PISCICHNUS IN THE SNAPPER POINT FORMATION, NEW SOUTH
WALES, AUSTRALIA

INTRODUCTION

In the Snapper Point Formation (SPF) of the southern Sydney Basin
of southeastern Australia, large depressions, interpreted as biogenic in origin,
demarcate particular stratigraphic horizons (Fig. 6.1). These ichnofossils are
dimensionally and morphologically comparable to the trace fossil Piscichnus
(Tables 6.1, 6.2). Other plug-shaped trace fossils — Conostichnus, Bergaueria,
Conichnus, and Dolopichnus — are more regular, ornamented, and generally
possess different width-to-depth ratios than the traces observed in the SPF (cf.
Pemberton et al., 1988). This study presents an ichnotaxonomic diagnosis for a
currently unrecognized form of Piscichnus and suggests possible trace-makers
and exhibited behaviors associated to construction of Piscichnus within the

Permian deposits.

Mechanisms of Piscichnus Generation

Interpretation of the Piscichnus ichnofossil is based upon modern
observations of morphologically and dimensionally analogous structures
(Table 6.3). Various forms of Piscichnus are considered to reflect different: 1)
animal behaviors; 2) phylogenetic attributes; and 3) methods of generation.
The behaviors exhibited in the formation of Piscichnus include protection from
predators, nesting, and the pursuit of food resources (Cook, 1971; Feibel, 1987).
There are clear indications from the rock record, however, that most Piscichnus
are associated with predation of infaunal organisms (e.g., Kamola, 1984; Ekdale
and Lewis, 1991; Gregory, 1991; Martinell et al., 2001; Gingras and Armitage,
2004; Gingras et al., 2007). Similar feeding relationships have been reported
from the present day (e.g., Cook, 1971; Howard et al., 1977; Gregory et al.,
1979; Grant, 1983; Oliver et al., 1983b; Nelson et al., 1987; Hines et al., 1997;
Levermann et al., 2003; Pearson et al., 2007).

The size and morphology of the causative organism influences the
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FIGURE 6.1—Piscichnus in the Permian Snapper Point Formation, SE Australia. A, B, D: Photos
from Snapper Point North (near Merry Beach, SE Australia). These traces represent colonization
of the same palimpsest surface. C: Photo from Snapper Point South reflecting colonization of
another palimpsest surface. E-F: Photos of traces along a surface from the Clear Point outcrop
locality. A: An inclined and hooked-shaped depression identified as P. gregorii. The trace may
be associated with a possible Thalassinoides directly below the Piscichnus. B: An inclined and
hooked-shaped Piscichnus with two overlapping depressions also regarded as P. gregorii. C: A
conical form of P. waitemata that may also be associated with an underlying Thalassinoides. D:
P. gregorii occurring with Thalassinoides along a stratigraphic horizon. E: Columnar-shaped

P. waitemata infilled with sand and small pebbles. F: P. gregorii within deposits containing
Diplocraterion habichi.
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Width, W Depth, D Inclination from horizontal (°)
Example Morphology (cm) (cm) W:D ratio Left side Right side

1 Cone shaped 7.6 7.9 0.95 70 76
2 Cylindrical 5.5 3.4 1.62 80 54
3 Hooked shaped 11.6 5.9 1.98 30 53
4 Hooked shaped 6.6 5.1 1.29 47 43

5 Hooked shaped 6.5 29 2.23 50 45

6 Hooked shaped 8.4 7.6 1.1 86 89
Overall Average 7.7 5.5 1.53 60.5 60.0

Hooked Shaped Average 8.3 5.4 1.65 53.3 57.5

TABLE 6.1—Measurements corresponding to Piscichnus documented from the Permian Snapper
Point Formation. The measurements were approximated from photographs of the trace fossils,
using the scales shown in the photos for reference. The measurements represent the maximum
width (diameter) and depth of the trace fossils. Widths are measured at the tops of the traces,

and abnormalities in the ichnofossil boundaries are not considered. The maximum width is taken
where there is a clear transition from the approximately horizontal surface to the sloped surface
of the trace fossil margin. In most cases, the top of the trace fossil is asymmetrical, in that one
side of the trace lies above the other. In such cases, the width is estimated along a horizontal line
that intersects the vertical position equivalent to both sides of the trace. The width-to-depth ratios
are also presented along with the overall inclinations of the trace fossil boundary walls from
horizontal.

Width Depth W:D Ratio
Publication Min. Max. Mean Min. Max. Mean Min. Max. Mean Trace fossil
Feibel (1987) 45 135 90 5 15 10 3.00 27.00 9.00 Piscichnus brownii
Kamola (1984) 15 20 0.75 unnamed
Ekale and Lewis (1991) 20 40 30 50 50 0.40 0.80 0.60 Piscichnus isp.
Gregory (1991) 15 30 22.5 15 50 32.5 0.30 2.00 0.69 Piscichnus waitemata
Martinell et al. (2001) 9 53 31 32 70 51 0.13 1.66 0.61 Piscichnus isp.
Gingras et al. (2007) 20 30 25 10 40 25 0.50 3.00 1.00 Piscichnus isp.
Frey and Howard (1981) 3 8 5.5 12 20 16 0.15 0.67 0.34 Conichnus conicus
Pemberton et al. (1988) 3.6 8 5.8 20 20 0.18 0.40 0.29 Conichnus conicus
Pemberton et al. (1988) 1.8 4 29 8 8 0.23 0.50 0.36 Conichnus papillatus
This publication 55 11.6 7.7 29 7.9 55 0.95 2.23 1.53 Piscichnus

TABLE 6.2—A comparison of width-to-depth ratios of traces from various publications and this
study. The minimum width-to-depth ratio reflects the minimum width to maximum depth, and the
maximum width-to-depth ratio corresponds to the maximum width to minimum depth ratio. The
mean width—to-depth ratio is calculated using the mean width and depth.
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TABLE 6.3 (Previous page)—Complied descriptions and interpretations of excavations
constructed by modern organisms and processes. The possibility of analogous ancient organisms
or similar physical processes producing the structures in the Snapper Point Formation (SPF) is
briefly explained, and expanded upon in the text.

Piscichnus or Piscichnus-like structures that are ultimately formed (Cook, 1971).
Organisms known to produce modern Piscichnus-like burrows (Fig. 6.2; Table
6.3) include: rays (Cook, 1971; Howard et al., 1977; Gregory et al., 1979; Grant,
1983; Martinell et al., 2001); skates, flatfish and flounder (Cook, 1971; Stanley,
1971; Risk and Craig, 1976; McCurdy et al., 2005); sturgeon (Gingras and
Armitage, 2004; Pearson et al., 2007); eelpouts (Stanley, 1971); tilefish (Able et
al., 1982, 1987, Twitchell et al., 1985) and walrus (Oliver et al., 1983b; Nelson et
al., 1987; Gingras et al., 2007). The principal methods used by these organisms
to form Piscichnus include: 1) hydraulic jetting into the substrate to induce
resuspension of sediment, sediment winnowing and lamination (Fig. 6.2A, D;
e.g., Gregory et al., 1979; Kastelein and Mosterd, 1989; Gregory, 1991; Hines

et al., 1997; Levermann et al., 2003; Gingras and Armitage, 2004; Pearson et

al., 2005; Gingras et al., 2007); and 2) mechanical excavation of the substrate
through intrusion, sediment biting, undulatory movements, “wing-flapping” (e.g.,
rays), or digging, where infill occurs through pit-margin collapse and passive
sedimentation (Fig. 6.2B, C; e.g., Risk and Craig, 1976; Howard et al., 1977; Able
et al., 1982; Feibel, 1987; Martinell et al., 2001; Levermann et al., 2003; Gingras
and Armitage, 2004; McCurdy et al., 2005; Pearson et al., 2005; Pearson et al.,
2007; Gingras et al., 2007).

This study concerning Piscichnus from the Permian Snapper Point
Formation of SE Australia, aims to: 1) classify the observed traces; 2) interpret
the behavior(s) exhibited by the trace-maker(s); 3) evaluate the unusual,
stratigraphically limited preservation of these traces; 4) postulate the method of

formation of the Piscichnus; and 5) identify possible trace-makers.

Geological Setting
The SPF comprises part of the Shoalhaven Group and is Tastubian to
Sterlitamakian (Early Permian) in age (Fig. 6.3; Bann et al., 2004). The formation
stratigraphically overlies the Pebbley Beach Formation and outcrops along the
SE coast of New South Wales, Australia (Fig. 6.4). The SPF was deposited in the
southern Sydney Basin (Carey, 1978), which comprises part of the larger Sydney-
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FIGURE 6.2—Modern animals capable of forming Piscichnus-like structures. The animals
include: A: rays; B: fish; C: cephalopods; and D: walrus. All of the modern animals can form
Piscichnus-like structures through mechanical means (depicted in B and C) and through hydraulic
jetting (depicted in A and D).

Gunnedah-Bowen Basin, in which sedimentary successions are closely associated
with tectonic events (Tye et al., 1996).

The Shoalhaven Group reflects overall relative sea-level rise (Tye et
al., 1996), punctuated by periods of short-lived progradation. The SPF consists
mainly of sandstone with interbedded siltstone and conglomerate and corresponds
to an overall transgressive cycle with intervening regressive packages (e.g.,
Gostin and Herbert, 1973; Carey, 1978; Runnegar, 1980; Tye et al., 1996). The
early SPF (Tastubian) transgression may have been associated with deglaciation,
whereas the subsequent Sterlitamakian regression was possibly related to post-
glacial isostatic rebound (Veevers and Powell, 1987).

Ice sheets over Eastern Antarctica and Eastern Australia played an
integral role in the deposition of Permian continental margin strata (Crowell and
Frakes, 1975; Veevers and Powell, 1987). The climate during deposition of the
Wasp Head and overlying Shoalhaven Group is thought to have been glacially
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influenced, based on the presence of distinctive cold-climate indicators (Fig. 6.5;
e.g. Raggatt, 1938). Lonestones, dropstones, and lenses or layers consisting of
angular clasts record probable ice-rafted debris from sea-ice or released river

ice (Fig. 6.5A; Raggatt, 1938; Gostin and Herbert, 1973; Crowell and Frakes,
1975; Carey, 1978; Veevers and Powell, 1987; Tye et al., 1996; Frank et al., 2004;
Thomas et al., 2004; Fielding et al., 2006). Fossils further emphasize cold-water
conditions during the Sakmarian. They are associated with glacial deposits, low
diversity assemblages, and the presence of thick-walled Eurydesma, a distinctive
component of Permian southern cool-temperature biota (Fig. 6.5B; Dickins, 1978,
1996; Runnegar, 1979, 1980). Additional evidence of cold-climate conditions
includes post-depositional folding and mechanical mixing, believed to have been
produced by iceberg keels grounding on the sea floor (Fig. 6.5C; cf. Eyles et al.,
1997).

Glacial influence is also supported by the presence of glendonite crystals
in the Shoalhaven Group, taken to indicate that near-freezing conditions persisted
at the sea floor during deposition (Fig. 6.5D; Raggatt, 1938; Kaplan, 1979; Carr et
al., 1989; Eyles et al., 1998; De Lurio and Frakes, 1999; Swainson and Hammon,
2001; Frank et al., 2004; Thomas et al., 2004; James et al., 2005). Finally, large
Rhizocorallium and Diplocraterion in the Shoalhaven Group are interpreted to
reflect cold-climate conditions, based on the unusual gigantism of the traces and
Bergman’s Rule (Fig. 6.5E, F; cf. Pemberton et al., 2001, 2006a, b).

Study Area and Methods

Cliffs along the coast of New South Wales yield near-pristine exposures
of Permian strata. The SPF crops out between Clear Point and Merry Beach and
exposures examined for this study include sections of outcrop north of Clear Point
and at Snapper Point (Fig. 6.4). At these outcrops, Piscichnus were photographed
and general sedimentological and ichnological attributes were recorded.
Intensities of bioturbation within facies were reported using Bioturbation Index
(BI; cf. Reineck, 1967; Taylor and Goldring, 1993; Bann et al., 2004). Units
within the formation show variations from BI 0-6. Trace fossil width and depth
measurements were obtained from the photographs using the scale bars for
reference (Table 6.1). The widths were measured from the point where the steep
inclination of the trace boundaries intersect the shallow slope of the stratigraphic

surface. The maximum height of the trace fossils was measured from the
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FIGURE 6.5—Evidence of cold-climate conditions during deposition of the Shoalhaven Group.
A: Large outsized clast (Cl) in the Wasp Head Formation, which has depressed the underlying
strata, and is consistent with ice rafting rather than erosion. Multiple pebbly to brecciated clast
layers suggest abundant sediment transport into the area (white arrows). B: Eurydesma pavement
at the base of the Snapper Point Formation, corresponding to a major transgressive event. C:
Large-scale deformation structures in the Snapper Point Formation, produced by icebergs
grounding on the sea floor. D: Glendonite (Gd) crystals in the Pebbly Beach Formation. These
minerals are pseudomorphs of calcite and replaced the mineral ikaite, which requires waters below
5°C in order to form. E: Exceptionally large Rhizocorallium (Rh; plan view) in the Pebbley Beach
Formation (the scale is 3 cm). F: Robust Diplocraterion parallelum (Di) in plan view from the
Pebbley Beach Formation (coin is approximately 32 mm in diameter).
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stratigraphically lowest point of the traces to the uppermost boundary of the trace
fossils. These values were used to calculate width-to-depth ratios of the structures.
The overall inclinations of the ichnofossil boundaries from the horizontal were

also calculated using the photographic data set (Table 6.1).

OBSERVATIONS

Snapper Point

The SPF at the Snapper Point locality (Fig. 6.5) contains surfaces
characterized by Piscichnus overlain by gritty and pebbly deposits (Fig. 6.1A-D).
These ichnofossils occur within thoroughly homogenized (BI 5) sandy mudstones,
characterized by common Helminthopsis; moderate to common Planolites;
rare to moderate Palaecophycus tubularis and Rosselia; and rare Asterosoma.
Material infilling the cross-cutting Piscichnus typically consists of coarse-grained
sandstone with abundant to sparse, subangular to subrounded quartz, chert and
lithic granules, and small (typically less than 2 cm diameter) pebbles. Locally,
clasts up to 6 cm in diameter are intercalated. This coarse clastic material infills
Piscichnus, which are characterized by a single depression with a hooked end
(Fig. 6.1A, D), overlapping hook-ended depressions (Fig. 6.1B), and a cone-
shaped structure (Fig. 6.1C). Thalassinoides infilled with coarse clastic debris
also occur along the surface (Fig. 6.1D), and some of the traces are potentially
associated with Piscichnus (Fig. 6.1A, C). Overlying this ichnologically
demarcated surface, the strata consists of massive muddy sandstones (BI 3) with
moderate numbers of Rosselia and Palaeophycus tubularis; rare to moderate

Planolites; and rare Teichichnus and Rhizocorallium.

Clear Point

Near Clear Point, exposures of the SPF contain large, gritty sandstone-
filled Piscichnus, characterizing a surface separating muddy sandstone from
an overlying sandstone unit (Fig. 6.1E, F). The underlying strata comprises
bioturbated (BI 3) muddy sandstone with moderate to common Rosselia and
Diplocraterion habichi, rare to moderate Palaeophycus tubularis, and rare
Asterosoma. The sedimentary media infilling the Piscichnus consist of sand, with

scattered clasts that are generally less than 3 cm in length and are subangular

160



to subrounded. The Piscichnus at this locality includes a cylindrical form (Fig.
6.1E) and a steep-walled, hook-shaped form (Fig. 6.1F). The trace fossil suite and
coarse clastics along the surface are overlain by apparently massive sandstone

with scattered reworking (BI 1) containing rare Rosselia and Diplocraterion
habichi.

SYSTEMATIC ICHNOLOGY

Piscichnus Feibel 1987
Figure 6.6A

Emended Diagnosis—A shallow, circular, bowl-shaped structure to a more
steeply-sided, cylindrical, plug-like, or hook-shaped excavation. These structures

are concave upward and perpendicular to a horizontal plane (Fig. 6.6A; Feibel,
1987; Gregory, 1991).

Discussion—The Piscichnus ichnogenus was originally described by Feibel
(1987) from specimens in the Koobi Fora Formation of northern Kenya. The
original ichnogenus was intended to describe shallow, dish-shaped structures
that were interpreted to have been formed by nesting fish (Feibel, 1987).
Gregory (1991) expanded this description to include more steeply-sided traces
from the Waitemata Group of Northland, New Zealand, which are interpreted

A B
Piscichnus Piscichnus brownii
Mechanical Excavation/ Hydraulic Jetting Mechanical Excavation
(3 D
Piscichnus waitemata Piscichnus gregorii
Hydraulic Jetting Hydraulic Jetting

FIGURE 6.6—Various forms of Piscichnus and the likely methods of formation.
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as pits formed through hydraulic jetting by rays. More recent descriptions have
incorporated asymmetrical conical depressions, concave depressions, and dish-
or bowl-shaped depressions (Fig. 6.2; Table 6.1; e.g., Ekdale and Lewis, 1991;
Martinell et al., 2001; Gingras and Armitage, 2004; Gingras et al., 2007).

Piscichnus brownii Feibel 1987
Figure 6.6B

Diagnosis—a smooth, shallow, unornamented form of Piscichnus in which the
diameter typically ranges from 0.45-1.35 m, and the depth is generally 5-15 cm
(Fig. 6.6B; Feibel, 1987).

Description—These traces typically possess a width-to-depth ratio of 10:1 and
are normally scattered in outcrop (Feibel, 1987). Important aspects of these
traces are the distinctive circular shape in plan view and absence of cross-cutting
of individual structures. The infill of P. brownii varies from massive to weakly
bedded units. The surface of the structure also can be draped by a veneer of

coarser-grained material as compared to the underlying deposit.

Discussion—This ichnospecies is interpreted to reflect the nesting structures of
fish. Such nesting structures are excavated by mouth, similar to extant African
cichlids (Feibel, 1987). These fish generally spawn within 1-2 m of water depth;
however, other modern nesting burrows have been observed at much greater
depths (e.g., Stanley, 1971).

Piscichnus waitemata Gregory 1991

Figures 6.1C, E, 6.6
Diagnosis—A large, epichnial, subcylindrical, pit- or pothole-like excavation (Fig.
6.6C).

Description—The pits are, on average, 15-20 cm in diameter and 15 cm in depth,
with a maximum of 30 cm and 50 cm, respectively. The traces occur along
bedding planes and are oriented perpendicular to the bedding-plane surfaces. In
plan view, the traces have a circular outline, are roughly clustered, and locally
inter-nested. In cross-section, the traces can display asymmetry, and can be locally

related to narrow, shaft-like protuberances that are an additional 10-15 cm deep.
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The infill comprises conglomeratic units that are generally structureless, although
imbrication of cobbles is locally observed. The defining characteristics of this
ichnospecies includes: 1) the similarity in the dimensions of the diameter and

depth; 2) steep-sided trace boundaries; and 3) approximate circular cross-sections.

Discussion—This trace fossil is larger than those typically attributed to burrowing
activities or escape by sea anemones (e.g., Conichnus). The paucity of symmetry
also precludes an actinian anemone origin like that of resting or dwelling
structures of Bergaueria (cf. Pemberton et al., 1988). Gregory (1991) interpreted
P. waitemata as a structure formed through hydraulic jetting, similar to that of
modern rays. The protruding shafts were likely formed by infaunal bivalves
buried within the sediment (producing Siphonichnus), which served as prey for
the Piscichnus trace-maker (Gregory, 1991).

The cylindrical and cone-shaped depressions in the SPF (Fig. 6.1C, E)
are interpreted as Piscichnus waitemata, as the width-to-depth ratios and overall
trace-fossil morphologies correspond most closely to structures described by
Gregory (1991; Table 6.2). The trace Conichnus morphologically resembles the
structures from the SPF; however, Conichnus generally has a width-to-depth
ratio of less than 0.40 (cf. Pemberton et al., 1988), which is inconsistent with
ratios measured from traces in the Snapper Point (Table 6.2, 6.3). Pemberton et
al. (1988) reported that Bergaueria width-to-depth measurements tend to range
from 0.67 to 3.93, with a mean of 1.91. These values resemble those from the
SPF; however, the trace Bergaueria is described as cylindrical to hemispherical
with a rounded base, with or without a shallow, central depression. The traces in
the SPF, however, do not possess the rounded bases described by Pemberton et al.
(1988; Fig. 6.1). Accordingly, the anomalously large cone-shaped and cylindrical
biogenic structures in the SPF are best described as various forms of Piscichnus
waitemata.

The use of hydraulic jetting to construct Piscichnus (especially P.
waitemata) has been inferred from modern observations of rays and walruses
constructing analogous structures (Fig. 6.3; Gregory et al., 1979; Oliver et al.,
1983b; Levermann et al., 2003), and from the morphology and internal fabric of
the traces themselves (Gregory, 1991; Gingras et al., 2007). Deep, steep-sided
traces suggest a focused method of excavation. Furthermore, weak to well-defined
imbrication has been noted in some examples of Piscichnus (Gregory, 1991;

Gingras et al., 2007), as well as centralized cores (Oliver et al., 1983b; Gingras
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et al., 2007). Piscichnus waitemata in the SPF (Fig. 6.4C, E) are also interpreted
to have formed through hydraulic jetting, based predominantly on the overall
morphology, as the trace fossil infills have been obscured by reburrowing or

possess a disorganized fabric.

Piscichnus gregorii n. ichnosp.

Figures 6.1A, B, D, F, 6.6D
Diagnosis—A concave-upwards depression that is perpendicular to a horizontal
plane and, in cross-section, possesses a hooked-shaped end and may comprise an

overhang along one side of the vertical trace fossil boundaries (Fig. 6.6D).

Description—The sides of the depression may be shallow to steep, and the axes
of the trace is typically inclined. The traces may be inclined from the horizontal
between 30° and 90°. These structures range from 6.5 to 11.6 cm in width and 2.9
to 7.6 cm in depth. Width-to-depth ratios vary from 1.11 to 2.23 and average 1.65.
Piscichnus gregorii are generally composed of a single depression; however, in
rare cases, the trace reflects overlapping depressions (Fig. 6.1B). Traces locally
display variation in the height (on the order of millimeters to centimeters) of the
depression boundaries. In addition, the traces tend to flare towards the top, which

accounts for the large width-to-depth ratios.

Discussion—Inclined and asymmetrical Piscichnus have been described in
earlier studies (e.g., Gregory, 1991; Ekdale and Lewis, 1991; Martinell et al.,
2001; Gingras et al., 2007). However, a hooked-end structure (or some form of
overhang) has not been formally described, and constitutes a unique feature of
this ichnofossil. The absolute sizes of traces are generally not acceptable criteria
for identifying ichnogenera; however, the overall morphology and width-to-depth
ratios of plug-shaped traces can be used to establish an ichnogenus (cf. Pemberton
et al., 1988). The reported width-to-depth ratios of the hook-shaped traces from
Table 6.1 are comparable to the trace fossil Piscichnus (Table 6.2). Previously
documented Piscichnus possess width-to-depth ratios that typically range from
0.60 to approximately 9.00. The range seen in the hook-shaped biogenic structures
is limited, and varies from 1.11-2.23.

The hooked nature of P. gregorii indicates that mechanical excavation is not

the most plausible method of construction. The Piscichnus lack evidence of pit-
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margin collapse or passive sedimentation into open excavations (e.g., Howard et
al., 1977; Feibel, 1987; Martinell et al., 2001; Levermann et al., 2003; Gingras
and Armitage, 2004; Pearson et al., 2005; Pearson et al., 2007; Gingras et al.,
2007). Furthermore, mechanical excavation would most likely result in burrow
collapse of the overhang structure. The most logical method of formation of these
structures would be some form of water jetting that occurred at an angle to the
substrate. This hydraulic jetting would allow for the rapid removal of a plug of
sediment to preserve an overhang structure. The P. gregorii with overlapping
depressions (Fig. 6.1B) possibly reflects multiple jetting events, which also has
been observed with P. waitemata by Gregory (1991).

Hydraulic jetting may be used to form both P. waitemata and P. gregorii,
but the morphology suggests variation in the mechanism of formation. The hook-
shaped nature of P. gregorii can be explained by either a biological or physical
process. Mouths of the trace-makers could have been ventrally positioned such
that the animal rested on the sediment surface, or that the causative organism
could have been oriented at an angle to the substrate with an anterior-located
mouth. The depressed boundaries found along one side of some Piscichnus
examples (Fig. 6.1A-C) suggest that trace-makers may have rested at the edge
of the excavation. Piscichnus waitemata within larger, shallow depressions were
observed by Gregory (1991). Alternatively, jetting may have carved a steep-sided
excavation with additional “down-drift” erosion at the sediment-water interface.
Since the depressed edge opposes the hooked end in P. gregorii, the angle of
jetting would have to be oriented forward at a shallow angle in order to form the
hook shape while the organism depressed the substrate. If the lowered sediment
surface was simply due to related erosion, then a particular snout shape of the

trace-maker may have deflected the water jet to develop a more turbulent flow.

DISCUSSION

Stratigraphic Interpretations
The surfaces characterized by Piscichnus from Snapper Point North
(Fig. 6.1A, B, D) and Snapper Point South (Fig. 6.1C) suggest a change in
depositional conditions across the surface. The underlying sandy mudstone to
muddy sandstone contains suites dominated by deposit-feeding structures with

lesser grazing traces and dwelling structures of inferred suspension-feeders. This

165



trace-fossil suite is consistent with an archetypal expression of the Cruziana
Ichnofacies, and is interpreted to reflect deposition in upper offshore conditions.
Stratum overlying the surfaces is sandier, contains fewer traces, and displays
reduced ichnofossil diversities. Ethological assessments of the suites indicate
that they predominantly consist of deposit-feeding structures and fewer dwelling
structures of inferred suspension-feeding organisms. This suite reflects a stressed
and proximal expression of the Cruziana Ichnofacies, which is consistent with
conditions of the lower to middle shoreface; however, the stressed trace fossil
suite possibly indicates deltaic deposition.

From outcrops near Clear Point, the stratum underlying the surface
characterized by Piscichnus is dominated by deposit-feeding structures and
dwelling structures of inferred suspension-feeders with rarer dwelling structures.
This suite is interpreted as a proximal expression of the Cruziana Ichnofacies
reflecting lower shoreface deposition. The overlying stratum consists of sandstone
dominated by deposit-feeding traces with structures of inferred suspension-
feeding organisms reflecting a stressed expression of the Cruziana Ichnofacies,
mixed with elements of the Skolithos Ichnofacies. This suite reflects shallower-
water conditions, possibly related to stressed middle shoreface (deltaic?)
deposition. Accordingly, the surface at Clear Point does not reflect a significant
facies change; however, the accumulation of coarse clastics suggests a change in
depositional conditions.

The abrupt transition from the upper offshore to lower/middle shoreface
at Snapper Point suggests that a minor drop in relative sea level is associated with
the surface, which was evidently less significant at Clear Point. Decreased trace
fossil abundances and diversities above the stratigraphic surface, in conjunction
with the coarse clastic material suggests that environmentally stressful conditions
persisted during deposition. Possibly, increased riverine output suppressed
infaunal colonization, and the coarse clastic material may have been sourced from

contemporaneous released river ice (cf. Tye et al., 1996).

Substrate Properties and Piscichnus Preservation

Preservation of the hook-shaped Piscichnus is likely attributed to one
of two factors: 1) the sediment possessed some degree of cohesion (i.e., it
approached stiffground conditions) and the excavations were infilled over time;

or 2) the structures were rapidly infilled at the time of formation by the disturbed
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sediment. Mechanical excavation of fish burrows into stiff substrate via sediment
biting or body/fin movements has been documented previously (e.g., Voorhies,
1975; Stanley, 1971; Able et al., 1982, 1987). However, there is a paucity of
evidence from modern settings indicating that animals are capable of excavating
into stiffground through hydraulic jetting. Most likely, under such conditions,
sediment would be eroded in clumps rather than uniform dispersal of sediment
into the water column. In contrast, Gregory (1991) theorized that the presence

of P. waitemata indicated that the substrate possessed some degree of cohesion
possibly due to enhanced microbial activity.

Despite Gregory’s (1991) interpretation, the SPF Piscichnus are
interpreted to demarcate a palimpsest softground suite (Fig. 6.7) based upon the
following criteria: 1) the surface-constrained ichnofossils cross-cut the underlying
trace fossil suite; 2) traces display diffuse boundaries (i.e., not sharp as in a typical
firmground); 3) some examples possess a surrounding halo of disturbance in the
host sediment (Fig. 6.1B, C); 4) some examples show mixing of lag deposits
within adjacent host sediment (Fig. 6.1E, F); 5) emplacement of palimpsest
structures deformed the underlying fabric or lamination (Fig. 6.1C, E, F); 6)
loading may be present along the surface (Fig. 6.1F); 7) concentration of coarse
clastics suggests that palimpsest burrows were passively infilled; and 8) biogenic
structures may exhibit evidence of subsequent reburrowing (Fig. 6.1A, C; see
Chapter 9).

Formation of a Palimpsest Softground Trace Fossil Suite (Discontinuous Deposition)

—
Trace-maker colonization Depositional hiatus (and/or Subsequent lag deposition Resumed deposition and
of soft substrate minor erosion) followed by and mixing of the host and compaction of the softground
in an offshore setting recolonization of the soft lag deposits substrate and associated

substrate palimpsest trace fossil suite

FIGURE 6.7—The generation of softground palimpsest trace fossil suites. Initially, the
resident infaunal elements bioturbate the sediment, producing an initial softground trace fossil
suite. Subsequently, a depositional hiatus and/or minor erosion occurs, which is followed by
recolonization of the palimpsest softground substrate. These traces truncate the underlying trace
fossil suite and are typically passively or actively infilled with a depositional lag. In the case of
Piscichnus, the traces are immediately infilled following hydraulic jetting. Finally, deposition
resumes, and there is compaction of the softground substrate and palimpsest trace fossil suite.
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If the substrate lacked a significant degree of cohesion, excavations must
have been rapidly infilled at the time of formation to permit preservation of the
deep, steep-sided depressions within softground sediment. If infilling occurred
rapidly, the presence of coarse clastic lag material within the Piscichnus must be
explained. In order for the lag to be present within the traces, the trace-makers
most likely hydraulically jetted through a lag that mantled the surface, which
remobilized the lag and allowed it to be re-deposited into the depressions. Jetting
into muddy sandstone through a pebbly veneer would stir up the underlying sand
and mud, forming a cloud of sediment and allowing pebbly material to fall into
open excavations concurrently with the coarser fraction of jetted sediment. This
would account for coarse clastics within, but not directly located at the base of all
Piscichnus (except for Figure 6.1E). In contrast, passive infill of open excavations
would likely have concentrated more of the coarser clastic fraction at the base of
the structures, as larger clasts rolled or slid along the sediment surface.

The occurrence of Piscichnus in the SPF is restricted to palimpsest
stratigraphic horizons, and their occurrence and/or preservation may be a function
of a few factors. Possibly, the contrasting infill (sandy coarse clastic material)
provided a more effective means of preserving the traces in addition to a general
paucity of reburrowing. Most likely, the longer period of time reflected by the
palimpsest surface led to increased numbers of Piscichnus forming along the same

surface, enhancing their preservational potential.

Nature of the Trace-maker

Based on the overall morphology of the Piscichnus, coupled with the
width-to-depth ratios, a probable behavior and trace-maker can be inferred for the
SPF occurrences. The depth of penetration is suggestive of feeding or foraging
behaviors, and association with nearby traces may indicate a predator-prey
relationship. In the Snapper Point area, palimpsest Thalassinoides locally occur
along the same surface as Piscichnus (Fig. 6.1D), and some examples potentially
display Piscichnus cross-cutting possible softground Thalassinoides (Fig. 6.1A,
C). Diplocraterion are also found along the same stratigraphic surface in the
Clear Point area (Fig. 6.1E, F); however, no clear cross-cutting relationships
were observed. Palimpsest surfaces reflect extended periods of time compared
to typical bedding planes within softground sediment; however, shallow-tier

Piscichnus were most likely constructed following extensive bioturbation of deep-
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tier structures (Thalassinoides and Diplocraterion). In the Upper Cretaceous of La
Posa, Spain, Piscichnus were also found in association with both Thalassinoides
and Ophiomorpha (Martinell et al., 2001). Based on a potential cross-cutting
relationship, Piscichnus trace-makers may have preyed upon Thalassinoides
trace-makers during search for infaunal food resources.

Foraging behaviors inferred from Piscichnus are consistent with activities
of rays, walrus, fish and cephalopods in modern-day settings (Table 6.3). Walruses
evolved in the Late Miocene (Levin, 1996), and are therefore excluded as a
possible trace-maker of the SPF Piscichnus. Modern chondrichthyan fishes
include sharks, rays and chimaeras, which have a cartilaginous skeleton. These
fishes, which include elasmobranchs and holocephalans in the fossil record,
appeared during the late Lower Devonian (Moy-Thomas, 1971). However,
forms resembling modern-day rays and skates did not appear until the Jurassic,
and this niche was filled by durophagous holocephalans (adapted to consuming
hard-shelled organisms) following the Devonian and prior to the Jurassic (Moy-
Thomas, 1971). The Snapper Point Formation is Permian in age, and therefore,
the Piscichnus structures were not formed by rays, but possibly by forms of
holocephalan fish. Holocephalan fishes include chimaeras, which in the present
day feed primarily on bottom-dwelling invertebrates (Helfman et al., 1997; Last
and Stevens, 2009). The ability of these fish to jet into the substrate is, however,
unknown. As mentioned earlier, a particular snout shape of the causative organism
may have deflected the water jet to form the hook shape of P. gregorii. Modern
elephant fishes or plough-nose chimaeras possess such a snout, which provides
additional evidence implicating equivalent ancestral species as potential trace-
makers of the SPF Piscichnus.

Modern fish that have the ability to gulp and expel water include the
Tetraodontiformes from the Actinopterygii Class which includes: spikefishes,
triplespines, triggerfishes, filefishes, boxfishes, cowfishes, trunkfishes, puffers,
and porcupinefishes (Nelson, 2006). These fishes can jet small amounts of
water to uncover invertebrate prey buried within the sediment (e.g., Hobson,
1965; Reinthal et al., 1984; Fraser et al., 1991; Turingan and Wainwright, 1993;
Helfman et al., 1997; Chen et al., 2001). In some instances, these fish have been
observed to expose prey by jetting from an inverted, vertical position due to the
anterior position of the mouth (Hobson, 1965; Fraser et al., 1991). Extant fishes of
the Class Actinopterygii are similar in size and shape to ancestral fishes, such that

fossil and modern antinopterygians can be equated with regards to descendancy,
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form and possibly even function (Helfman et al., 1997). Moy-Thomas (1971)
suggested that irrefutable evidence of the first appearance of actinopterygian fish
is from the Lower Devonian. Accordingly, ancestral forms of tetraodontiformes
also may have been able to jet into the sediment to forage for invertebrates during
Permian time.

Cephalopods have been reported to uncover prey within the substrate
through mechanical excavation using their arms (e.g., Hanlon and Messenger,
1999) and water jetting (e.g., Wells, 1962). The cuttlefish Sepia can blow jets of
water to stir up bottom sediment to uncover buried shrimp and other crustacean
prey (Wells, 1962). Cuttlefish are part of the group of cephalopods known as
coleoids, which includes squid and octopuses. Coleoids make up one of the
subclasses of cephalopods that, in addition to the subclasses Ammonoidea
and Nautiloidea, arose from a Late Cambrian shelled mollusc that evolved a
mechanism for buoyancy (Boyle and Rodhouse, 2005). Coleoids first appeared in
the Devonian, but major radiation (except for belemnites) did not occur until the
Tertiary (Boyle and Rodhouse, 2005). Ammonoids appeared in the late Silurian
and became extinct at the end of the Cretaceous, while nautiloids evolved in
the Ordovician and are extant today. It is unknown whether ammonoids used
jet propulsion (cf. Donovan, 1993); however, present day nautiloids do employ
jet propulsion (Lehmann, 1981) like that of coleoids. The mechanism used for
jet propulsion by nautiloids could easily have been used to uncover prey within
the substrate. Ancestral species of coleoids or potentially nautiloids and/or
ammonoids may have been sufficiently large to jet the substantial volumes of
water needed to form Piscichnus.

Accordingly, causative organisms that formed the SPF Piscichnus may
have been some form of holocephalan or actinopterygian fish, or possibly a
form of cephalopod tolerant of cold-climate conditions. In any event, the trace-
makers would have had to have been sufficiently large to expel the volume
of water required to produce a jetting action. Piscichnus from the SPF are
relatively small compared to structures inferred to have been formed by rays
(e.g., Gregory, 1991) and walrus (e.g., Gingras et al., 2007). Accordingly, the
likelihood of a comparatively smaller fish or cephalopod forming the structures
is plausible. Variation in Piscichnus morphology seen in the SPF and potentially
other occurrences is likely a function of a number of factors including: causative
organism; species; organism size (e.g., adult vs. juvenile); angle of jetting relative

to the sediment surface; style of jetting (e.g., rapid or short bursts); substrate
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properties (lithology, degree of cohesion); infill material (pebbles vs. sandy
sediment); outcrop exposure and orientation of asymmetrical structures; and

initial substrate morphology.

Gutter and Pot Casts

The resemblance of fish-formed features to physical structures has
been previously discussed by Stanley (1971) and Risk and Craig (1976). For
example, Hunter et al. (1984) identified Piscichnus-like depressions as “surf-
zone potholes;” however, Gregory (1991) suggested that the structures were
most likely biogenic in origin due to their association with other ichnofossils.
The depressions observed in the SPF broadly resemble gutter and pot casts
formed through erosional processes. Gutter casts are sharp-walled, current-
generated excavations at the bases of high-energy beds. Such features tend to be
elongate (typically a meter or more in length) and a few centimeters to several
decimeters deep (Whitaker, 1973). These structures vary from symmetrical to
asymmetrical, locally display flat bases, vertical to overhanging sides, and rarely
deform underlying laminae (Whitaker, 1973). Gutter casts were interpreted by
Whitaker (1973) to form in firm cohesive mud, wherein erosion takes place by
water moving in helicoidal paths with horizontal axes. Pot casts are cup-shaped
to cylindrical pillars of sandstone, recording the depositional fill of pot holes or
rounded, nonlinear erosional features. Pot holes are typically 1-20 cm in diameter,
and there is commonly a central erosional high at the base of the pot cast (Myrow,
2003). Pot holes are formed by a spiraling eddy of water that flows downward
along the outer wall of the structure, and exits up through the center of the vortex
(Myrow, 1992b).

Compelling evidence of the biogenic origin of Piscichnus within the
SPF includes: 1) the uniformity of shape; 2) plausibility of traces to cross-
cut one another; 3) association with softground conditions; 4) environmental
occurrence; 5) paucity of other physical structures; 6) potential association with
Thalassinoides; and 7) analogous modern pits formed by rays, walrus and fish.
Dimensions of the Piscichnus superficially resemble gutter and pot casts (e.g.,
Myrow, 1992b; Browne, 1994; Chakraborty, 1995; Leeder, 1999; Pérez-Lopez,
2001); however, the structures do not display any evidence of the linearity typical
of gutter casts. The predominance of two-dimensional exposures in the outcrop,

however, may account for this. The biogenic structures also do not possess the
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typical raised center characteristic of pot casts. Overall, the general uniformity of
width-to-depth ratios indicates a similar mechanism of formation with steep sides
suggesting focused excavation. In addition, the overhanging boundaries observed
in some examples (Fig. 6.1A, B) are difficult to account for with a downward
spiraling eddy mechanism of formation. The overprinted nature of Piscichnus in
Figure 6.1B suggests biogenic generation, as gutter and pot casts are typically
infilled following resumed deposition. If deposition occurred to infill an earlier
physically formed excavation, subsequent current activity would unlikely scour
the substrate to cross-cut the initial scour.

Researchers generally agree that gutter casts are formed in firm cohesive
mud (e.g., Bridges, 1972; Whitaker, 1973; Pérez-Lopez, 2001; Myrow, 2003).
Conversely, Piscichnus from the SPF exhibit clear evidence of softground
conditions during formation of the structures. Erosion of pot casts and gutter casts
within non-cohesive particulate softground sediment rather than in firmground
conditions or cohesive mud would most likely produce rounded, flat-bottomed
features. Furthermore, P. gregorii structures can possess an overhang along one
side of the trace. Whitaker (1973) suggested that helical flow could result in the
formation of overhangs in gutter casts; however, these require firm cohesive mud
in order to form during progressive erosion.

Most gutter casts are found in shallow-marine deposits, and are interpreted
to have been formed by storms (Myrow, 1992a, b, 2003; Chakraborty, 1995;
Pérez-Lopez, 2001). There is no evidence of associated storm reworking or
deposition in the units above or below the palimpsest surface (e.g., the presence
of HCS). In addition, there are no associated physical structures associated with
the palimpsest surface. The Piscichnus also lack the sole markings that typically
occur at the bases and sides of gutter casts. In contrast, the Piscichnus occur
between highly to weakly bioturbated units and are potentially associated with
other ichnofossils. The features are also analogous to modern, biogenically
generated pits. The weight of evidence demonstrates that the structures in question

are biogenic and attributable to the ichnogenus Piscichnus.
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SUMMARY

The Permian Snapper Point Formation of southeastern Australia contains
unique and well-preserved Piscichnus. These cone-shaped and cylindrical traces
are dimensionally and morphologically attributable to P. waitemata, originally
described by Gregory (1991). The inclined hook-shaped structures in the SPF
have not been previously documented, and are designated as a new form — P,
gregorii. The depth of penetration of Piscichnus suggests feeding or foraging
behaviors that may be associated with predation, possibly upon Thalassinoides
trace-makers. The morphology, depth of penetration, and occurrence within
softground sediment suggests that both ichnospecies of Piscichnus were
generated by hydraulic jetting. The presence of coarse clastic material within
the excavations suggests that jetting occurred through a lag deposit and was
succeeded by rapid infilling of the depressions.

Strong evidence suggests that softground conditions persisted during
Piscichnus generation along surfaces that separate offshore-lower shoreface
deposits from lower-middle shoreface strata. The occurrence of Piscichnus along
these palimpsest softground stratigraphic horizons and their paucity within the
over- and underlying strata is most likely explained by prolonged exposure of the
surface during depositional hiatus combined with a low degree of reburrowing

and contrasting infill.
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CHAPTER 7 - ICHNOLOGICAL ASSEMBLAGES OF WAVE-
INFLUENCED AND MIXED RIVER- AND WAVE-INFLUENCED
DELTAIC DEPOSITS IN THE LOWER CRETACEOUS VIKING

FORMATION, ALBERTA, CANADA

INTRODUCTION

The Lower Cretaceous (Albian) Viking Formation (Fig. 7.1) consists of
a series of regionally coarsening-upward parasequences, capped by a complex
succession of erosionally amalgamated deposits reflecting deposition in incised
valley fills (Pemberton et al., 1992; Pattison and Walker, 1994), incised shorefaces
(Downing and Walker, 1988; Raddysh, 1988; Boreen and Walker, 1991; Davies
and Walker, 1993; Posamentier and Chamberlain, 1993; and Walker and
Wiseman, 1995; MacEachern et al., 1999a), and deltaic complexes (Raychaudhuri
and Pemberton, 1992; Raychaudhuri, 1994). Initially, these sandy Viking
reservoirs were interpreted as offshore bars (submerged sand ridges built some
distance from the shoreline) or tidal bars (e.g., Evans, 1970; Beaumont, 1984;
Amajor, 1986; Cant and Hein, 1986; Hein et al., 1986; Leckie, 1986; Amajor and
Lerbeckmo, 1990a, b). These interpretations are problematic, as questions arise
regarding transport mechanisms and the processes responsible for concentrating
sediment into linear, coarsening-upward bodies (cf. Downing and Walker, 1988).
More recent interpretations of the Viking sands appeared after Beaumont (1984),
who proposed shoreface erosion of older regressive deposits during stillstands,
subsequently followed by reworking of sediment into linear sandstone bodies.
Interpretations such as lowstand shorefaces (e.g., Walker and Wiseman, 1995),
forced regressive deposits (Davies and Walker, 1993; MacEachern et al., 1999a),
and transgressively incised shorefaces (Downing and Walker, 1988; Raddysh,
1988; Boreen and Walker, 1991; Davies and Walker, 1993; Posamentier and
Chamberlain, 1993; and Walker and Wiseman, 1995; MacEachern et al., 1999a)
became commonplace in the late 1980s and throughout the 1990s. However, only

two publications document deltaic Viking and equivalent Bow Island deposits

A version of this chapter has been published. Dafoe and Pemberton 2007. SEPM Short Course
Notes, 52: 291-306.
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FIGURE 7.1—Stratigraphic correlation chart for the Viking Formation and equivalents (modified
from MacEachern et al., 1999a).

that are interpreted as storm-dominated (Raychaudhuri and Pemberton, 1992)
and wave-dominated (Raychaudhuri, 1994) complexes. This study incorporates
detailed ichnological and sedimentological analyses of Viking Formation strata
that reveals wave-influenced and mixed river- and wave-influenced deltaic

deposition.

Study area

The studied Viking Formation includes two adjacent study areas in south-
central Alberta (Fig. 7.2). The first study area encompasses the Hamilton Lake
(HL) field and surrounding area between townships 32 to 38 and ranges 6W4 to
14W4 (Fig. 7.3). A total of 24 cores were examined from this area. The second
study area is located southwest of HL and is encompassed by townships 26 to 33
and ranges 11W4 to 26 W4 (Fig. 7.3). This area is located between the Wayne-
Rosedale and Chain (WRC) fields, from which 22 cores were inspected.

Previous work

In the HL area, earlier interpretations of the sand bodies included offshore
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bar deposition below fair-weather wave base in a tide-dominated setting (Amajor
and Lerbeckmo, 1990b). The sand bodies were thought to have formed at stable
or shallowing water depths with a ridge-and-swale morphology. To explain
the formation of these sand bodies, Amajor and Lerbeckmo (1990b) suggested
the redistribution of gravity flows or older deltaic deposits into sand ridges.
Subsequently, Burton (1997) interpreted the HL strata as lower to upper offshore
deposits capped by transitional to lower shoreface deposits. This interpretation
was based on the dominance of hummocky cross-stratification and an ichnological
suite characteristic of the Cruziana Ichnofacies (Burton, 1997). More recently,
MacEachern and Burton (2000) described the transgressively modified sequence
boundary from the top of the Viking Formation (bounding discontinuity 4) at HL.
This surface is uniquely characterized by the colonization of firmground suites
attributable to distal expressions of the Glossifungites Ichnofacies (see Chapters 8
and 9).

A shortage of cored Viking intervals between the Wayne-Rosedale and
Chain fields has resulted in few publications detailing the Viking facies. Brief
discussions by Amajor and Lerbeckmo (1990a, b) concluded that sandstone
bodies in the area were deposited as offshore bars. The ichnology and
sedimentology of the Bow Island/Viking Formations in the Wayne-Rosedale,
Standard, Wintering Hill and some of the Carbon and Hussar-Countess fields
were examined by Raychaudhuri and Pemberton (1992) and Raychaudhuri
(1994). Thickly bedded, low-angle laminated sandstones in this area were
interpreted as storm-dominated deltaic deposits (Raychaudhuri and Pemberton,
1992) and wave-dominated delta front or lower to middle shoreface deposits
(Raychaudhuri, 1994). Viking successions to the north of the study area have been
well documented (Downing and Walker, 1988; Peterson, 1995; MacEachern et
al., 1998; Burton and Walker, 1999; MacEachern et al., 1999a, b). Sand bodies
in this area are interpreted as incised shorefaces (Downing and Walker, 1988);
transgressively incised shorefaces (Peterson, 1995; MacEachern et al., 1999a);
progradational shorefaces deposited during stillstand (Burton and Walker, 1999);
and an embayment complex filled through bayhead-delta progradation during
stillstand (Peterson, 1995; MacEachern et al., 1998, 1999b). This study integrates
detailed sedimentological and ichnological observations to further refine facies

analysis of the Viking Formation in south-central Alberta.
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FACIES DESCRIPTIONS

Deposits from the two study areas can be grouped into two facies
associations based on recurring lithological, sedimentological, and ichnological
characteristics. Each facies association encompasses a vertical succession of
genetically related deposits that are intergradational with respect to lithology,
degree of biogenic disruption, and ichnofossil suites. Grouping facies into facies
associations permits the development of more comprehensive interpretations
within the depositional system. Within each study area, 4 related facies have
been defined and grouped into two separate facies associations. The degree of
bioturbation within the facies is described using the bioturbation index (BI), with
grades from 0 to 6. BI O reflects unbioturbated units and BI 6 indicates complete
homogenization (cf. Reineck, 1967; Taylor and Goldring, 1993). Trace fossils are
listed in order of decreasing abundance. In the following sections, the lithology,
sedimentology and ichnology of each facies is described and interpreted within

the facies associations.

FACIES ASSOCIATION 1: HAMILTON LAKE AREA

Deposits of Facies Association 1 (FASI) display a gradual decrease in
mud content and bioturbation intensity, with a corresponding increase in the

preservation of sedimentary structures from facies A through D.

Facies A: Burrowed Muddy Sandstone to Sandy Mudstone

Sedimentology

Lithologically, Facies A (FA) is highly variable and includes burrowed
muddy sandstone with 30-45% mud, sandy mudstone with 15-50% sand, and/or
interbedded sandstone and mudstone intervals (Fig. 7.4A-E). Dark, carbonaceous
mudstone laminae and interbeds are also intermittently present, and typically
drape underlying deposits. Sandstone beds in FA are typically less than 5 cm
thick and are sharp-based. Sedimentary structures in the sandstone beds include
common wavy parallel and planar parallel lamination with lesser oscillation

ripples and rare aggradational oscillation ripples. Soft-sediment deformation
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FIGURE 7.4—Hamilton Lake Deposits. A-E: Facies A. A: A sharp-based mudstone lamina with
Thalassinoides (Th) and Planolites (P1), overlain by sandstone with pervasive Helminthopsis

(He) in muddy sandstone, well 10-09-037-07W4 (820.7 m). B: Highly burrowed muddy
sandstone, with Schaubcylindrichnus (Sc), Helminthopsis (He) and Skolithos (Sk), well 09-15-
035-09W4 (905.5 m). C: Burrowed muddy sandstone with Diplocraterion (Di), Asterosoma (As),
Palaeophycus (Pa), Teichichnus (Te), Planolites (P1), and Helminthopsis (He), well 11-11-036-
08W4 (852.3 m). D: Interbedded sandstone and mudstone with a low bioturbation intensity (BI 2),
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FIGURE 7.4 (Continued)—flame structures (F1), normally graded beds and Schaubcylindrichnus
(Sc), well 02/06-33-035-09W4 (900.0 m). E: Wave-rippled sandy mudstone with
Schaubcylindrichnus (Sc), Helminthopsis (He), and Planolites (P1), well 10-12-036-12W4

(935.1 m). F-I: Facies B. F: Relatively thick, partially reworked sandstone beds interbedded

with muddier deposits, with Planolites (Pl), Helminthopsis (He), and Schaubcylindrichnus (Sc).
Arenicolites (Ar) is interpreted to represent opportunistic colonization of a sandstone bed, well 10-
12-036-12W4 (923.9 m). G: Interbedded wavy parallel laminated sandstone and mudstone with
bioturbated units containing Phycosiphon (Ph), Helminthopsis (He), Skolithos (Sk), and Planolites
(P1), well 10-02-036-11W4 (904.4 m). H: Wavy laminated sandstone with Rhizocorallium (Rh)
and Planolites (P1), well 12-29-035-10W4 (901.0 m). I: Interbedded sandstone and mudstone with
flame (F1) and loading (Ld) structures, as well as Planolites (P1) and Schaubcylindrichnus (Sc),
well 10-23-034-09W4 (892.9 m).

features and synaeresis cracks are very rarely observed. Lithological accessories

are rare and include siderite, glaucony, organic fragments, shell fragments, and

pyrite.

Ichnology

The biogenic disruption in FA is intense in comparison to the other
facies of FAS1. Bioturbation is typically common (BI 4-5), though units with a
BI ranging from 2-6 are observed. Carbonaceous mudstone laminae generally
display low degrees of burrowing (Fig. 7.4D). Sandstone beds are locally partially
reworked with traces persistent from muddier intervals, but locally remain
unburrowed (Fig. 7.4B). The ichnological suite includes: moderate He/minthopsis;
rare to moderate Planolites, Schaubcylindrichnus, Rhizocorallium, Skolithos,
and Asterosoma; rare Diplocraterion, Palaeophycus, Teichichnus, Zoophycos,
Arenicolites, Thalassinoides, and Rosselia; and very rare fugichnia, Chondrites,

Siphonichnus, Phycosiphon, and Cylindrichnus.

Interpretation

Sedimentological features such as aggradational wave ripples and soft-
sediment deformation structures imply high sedimentation rates during deposition.
Carbonaceous, sharply bounded mudstone laminae with low bioturbation
intensities are suggestive of subaqueous fluid mud deposition, in which its rapid
emplacement hampers infaunal colonization of the substrate (MacEachern et
al., 2005). The presence of synaeresis cracks is suggestive of salinity variations
through the introduction of freshwater into a marine body of water (Burst, 1965).

Alternately, Plummer and Gostin (1981) suggest that synaeresis can be related to
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rapid dewatering due to high sedimentation rates. Regardless of the formational
mechanism, salinity fluctuations and high sedimentation rates (or both) are
suggestive of deltaic influence.

The degree of bioturbation in units of FA reflects burrowing in a distal
setting. The ichnological suite is dominated by grazing traces and deposit-feeding
traces, with subordinate dwellings of inferred suspension-feeding organisms,
representative of the archetypal Cruziana Ichnofacies. Reduced abundance and
diversity of traces may be attributed to weak environmental stresses (Fig. 7.5; cf.
Pemberton and MacEachern, 1995; MacEachern et al., 1999; Pemberton et al.,
2001). Facies A is therefore characterized by a subtly stressed expression of the

archetypal Cruziana Ichnofacies. Accordingly, this facies is interpreted as a distal
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prodelta deposit, based on the fine-grained nature of the deposit, indications of
high sedimentation rates, salinity variations, and riverine influx suggested by fluid

mud emplacement, and the subtly stressed nature of the trace fossil suite.

Facies B: Burrowed Muddy Sandstone

Sedimentology
Facies B (FB) is characterized by burrowed muddy sandstone with 20-

35% mud content (Fig. 7.4F-I). This facies contains intercalated thin sandstone
beds that are generally less than 10 cm thick and sharp-based. These beds
display common wavy parallel and planar parallel lamination, lesser oscillation
ripples, and rare aggradational wave ripples and hummocky cross-stratification.
Carbonaceous mudstone laminae and interbeds are rare to common and typically
less than 1 cm thick. Accessory elements include rare to moderate mudstone rip-
up clasts, and rare convolute bedding, soft-sediment deformation features (Fig.

7.41), synaeresis cracks, glaucony, and wood fragments.

Ichnology
Bioturbation intensities in FB range from BI 0 to 4, with a BI of 3-4

prevailing. The trace fossil suite consists of moderate Helminthopsis and
Planolites; rare to moderate Schaubcylindrichnus, Asterosoma, Rhizocorallium,
and Skolithos; rare Diplocraterion, Palaeophycus, Arenicolites, Teichichnus,
fugichnia, and Zoophycos; and very rare Thalassinoides, Phycosiphon,
Ophiomorpha, and Rosselia. Diplocraterion, Skolithos, Arenicolites and
Phycosiphon locally subtend into sandstones beds from higher levels (Fig. 7.4F).
Some sharp-based mudstone laminae are partially reworked with deposit-feeding

or grazing traces, while others are unburrowed.

Interpretation

Carbonaceous mudstone laminae, wood fragments, and synaeresis cracks
support interpretation of a close proximity to a riverine source. The presence
of sharp-based mudstone laminae, likely deposited as fluid mud, and soft
sediment deformational features are suggestive of high sedimentation rates. The
ichnofossil suite is dominated by deposit-feeding and grazing traces with fewer
dwellings of inferred suspension-feeders. This type of suite is consistent with the
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archetypal Cruziana Ichnofacies (Fig. 7.5). Although the suite appears diverse,
traces designated as “very rare” reflect single occurrences in units of FB. In
general, the ichnofossil suite is dominated by 8 to 9 ichnotaxa signifying some
environmental stress during deposition. Bioturbation intensities are also reduced
relative to FA and typical upper offshore deposits characterized by the archetypal
Cruziana Ichnofacies (Fig. 7.5). Accordingly, the trace fossil suite corresponds
to a moderately stressed expression of the archetypal Cruziana Ichnofacies.

This facies was deposited in a more proximal setting than FA, as bioturbation
intensities and mud contents are reduced. Indications of fluvial influx, the fine-
grained nature of the sediment, and the moderately stressed archetypal Cruziana

Ichnofacies are interpreted to represent deposition in a proximal prodelta setting.

Facies C: Moderately Burrowed Sandstone

Sedimentology

Facies C (FC) consists of sandstone with common mudstone laminae
and thin beds, as well as muddy sandstone with up to 20% dispersed mud (Fig.
7.6A-D). Physical structures dominate units of FC and encompass moderate
occurrences of oscillation ripples, low-angle cross lamination and planar
parallel lamination, with rarer aggradational wave ripples and hummocky cross-
stratification. Mudstone laminae and beds are dark, carbonaceous, up to 4 cm
thick, and locally burrowed (Fig. 7.6C). Coal fragments, mudstone rip-up clasts,

glaucony and sideritized mudstone intervals occur rarely in this facies.

Ichnology

Bioturbation intensities range from BI 1 to 4 and, on average, bioturbation
is consistent with a BI of 2-3. Bioturbation intensities are high in the muddy
sandstone and locally within mudstone laminae (Fig. 7.6A). The ichnological
suite consists of rare to moderate Planolites, Helminthopsis, Schaubcylindrichnus,
and Diplocraterion; rare Asterosoma, Skolithos, Palaeophycus, and
Thalassinoides; and very rare Rhizocorallium, Chondrites, Arenicolites, Rosselia,
and Phycosiphon. Carbonaceous mudstone deposits are typically penetrated by
vertical Diplocraterion and Skolithos (Fig. 7.6B) or the deposit-feeding structures

Planolites and Thalassinoides.
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FIGURE 7.6—Hamilton Lake Deposits. A-D: Facies C. A: Partially reworked mudstone
laminations with Rosselia (Ro), Schaubcylindrichnus (Sc), Planolites (P1), Helminthopsis (He)
and Diplocraterion (Di), well 12-31-034-09W4 (884.9 m). B: Sand-infilled Diplocraterion (Di)
in plan view, well 04-26-036-12W4 (924.9 m). C: Wave-rippled sandstone and thin carbonaceous
mudstone bed burrowed with Thalassinoides (Th). Traces in the sandstone include Teichichnus
(Te), Planolites (P1), and Schaubcylindrichnus (Sc). The top of the core has reduced burrowing,
and flame structures (FI) can be seen at the top of a thin mudstone laminae, well 04-32-035-11W4
(930.4 m). D: Skolithos (Sk) and possible Diplocraterion (Di) penetrating mudstone laminae;
underlying planar laminations contain organic detritus, well 10-02-036-11W4 (902.9m).
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FIGURE 7.6 (Continued)—E-I: Facies D. E: Planar to low-angle parallel lamination interpreted
as HCS and capped by a thin carbonaceous mudstone laminae and overlying wave rippled
sandstone, well 12-20-034-09W4 (902.8 m). F: Large, robust, thick-walled Schaubcylindrichnus
(Sc) in low-angle parallel laminated sandstone, well 10-30-033-07W4 (873.2 m). G: Thin
mudstone laminae with small Planolites (Pl) and Palaeophycus (Pa) at the base of a sandy unit,
with small shell fragments and mudstone rip-up clasts, well 10-35-35-10W4 (880.3 m). H:
Possible Diplocraterion (Di) in planar to low-angle to parallel laminated (HCS) sandstone, well
10-04-034-09W4 (898.2 m). I: Apparently massive to wave rippled sandstone, well 10-04-034-
09W4 (896.6 m).

Interpretation

Sedimentologically, the sandy nature of FC suggests a nearshore setting
relative to FB. Aggradational wave ripples indicate high sedimentation rates, and
the presence of coal fragments, carbonaceous mudstone deposits, and siderite
cements are consistent with a nearby fluvial source. Sideritized mudstones in a
deltaic setting likely form due to the organic nature of the river-sourced muds,
which are conducive to bacterially facilitated precipitation of siderite by processes
similar to those in operation today (Coleman, 1993). High sedimentation rates
result in shorter durations of sediment in the aerobic oxidation and sulfate
reduction zones. This curtails consumption of organic matter by sulfate-reducing
bacteria, and promotes siderite precipitation (Gautier, 1982). High-energy
conditions are indicated by the presence of mudstone rip-up clasts and structures
suggestive of unidirectional current flow.

The ichnological suite is characterized by prevailing deposit-feeding
and dwellings of inferred suspension-feeding animals with fewer grazing traces.
This suite is generally consistent with a proximal expression of the Cruziana
Ichnofacies typical of lower shoreface deposits (Fig. 7.5; Pemberton and
MacEachern, 1995; MacEachern et al., 1999; Pemberton et al., 2001). The suite is,
however, reduced in diversity and abundance in comparison to these successions.
Accordingly, some degree of environmental stress influenced deposition of FC,
and the trace fossil suite corresponds to a moderately stressed proximal expression
of the Cruziana Ichnofacies. The sandy nature of this facies, indications of fluvial
input and high energy conditions, and the moderately stressed trace fossil suite are

interpreted to reflect deposition in the distal delta front.

Facies D: Sparsely Burrowed Sandstone

Sedimentology
Sandstone with rare to moderate occurrences of mudstone laminae
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characterizes Facies D (FD; Fig. 7.6E-H). Units are dominated by very low-
angle laminations with increasing thicknesses upwards interpreted as hummocky
cross-stratification (HCS; Fig. 7.6A). Other sedimentary structures include planar
parallel lamination and oscillation ripples with rarer wavy parallel lamination,
aggradational wave ripples and low-angle cross lamination. In a few instances,
units are characterized by massive (apparently structureless) bedding. Mudstone
laminae are typically less than 1 cm thick, sharp-based, carbonaceous, and drape
underlying sedimentary structures (Fig. 7.6G). Mudstone rip-up clasts are rare to
common, whereas occurrences of glaucony, sideritized mudstone laminae, wood

fragments and coal fragments are rare.

Ichnology
Units of FD locally range from BI 0 to BI 2; however, deposits are

typically characterized by a BI 1. Mudstone laminae are commonly the sites

of increased bioturbation (Planolites, especially). Trace fossils include rare

to moderate numbers of Planolites, Palaeophycus, Diplocraterion, Skolithos,
and Schaubcylindrichnus; rare Asterosoma, Helminthopsis, Thalassinoides,
Rhizocorallium, Chondrites; and very rare Ophiomorpha, Rosselia, Teichichnus,
and fugichnia. In some instances, Schaubcylindrichnus in sandstone beds are
enlarged, thick-walled, and robust, possibly reflecting harsh environmental

conditions.

Interpretation

Sedimentologically, FD is similar to the lower shoreface described by
Pemberton et al. (2001), except for the presence of sharp-based, carbonaceous
mudstone laminae and beds. These mudstones are possibly the result of rapid
outflows of riverine discharge, and would not be observed in a typical shoreface
succession (cf. MacEachern et al., 2005). Indications of rapid sedimentation
include aggradational wave ripples and massive bedding. Mudstone rip-up clasts,
hummocky cross-stratification, and low-angle cross laminations indicate high-
energy conditions during deposition. Occurrences of wood and coal fragments are
suggestive of proximity to a fluvial source, and sideritized mudstone deposits may
signify salinity fluctuations (Coleman, 1993).

The ichnological suite is dominated by a few deposit-feeding and

dwellings of inferred suspension-feeders. The suite consists of elements
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attributable to a proximal expression of the Cruziana Ichnofacies and/or the
Skolithos Ichnofacies (Fig. 7.5; Pemberton and MacEachern, 1995; MacEachern
et al., 1999; Pemberton et al., 2001). However, within a particular unit, the
abundance and diversity of traces is substantially diminished in comparison
with a typical shoreface succession characterized by these suites (e.g., Moslow
and Pemberton, 1988). As a result, the ichnological suite is interpreted as a
stressed and proximal expression of the Cruziana Ichnofacies with storm beds
exemplifying a stressed Skolithos Ichnofacies. Evidence of rapid sedimentation,
high-energy conditions, proximity to a fluvial source, and a stressed ichnological

suite are interpreted to reflect deposition in the proximal delta front.

Facies Association 1: Summary

Facies of FAS1 range from sandstones containing isolated mudstone
laminae with rare bioturbation to sandy mudstones with intense burrowing.
Facies contain sparse occurrences of sedimentological features suggestive
of high sedimentation rates, such as soft-sediment deformation features and
aggradational wave ripples. Dispersed synaeresis cracks, locally burrowed
carbonaceous mudstone laminae, coal and wood fragments, mudstone rip-up
clasts, and sideritized mudstone are interpreted to reflect subtle riverine influx
(cf. MacEachern et al., 2005). From facies A through to D, the ichnological
succession becomes increasingly stressed and reflects expressions of increasingly
proximal ichnofacies. In addition, biostratigraphic analysis of mudstone deposits
within the deltaic units of FAS1 revealed a paucity of foraminifera suggestive of
environmental stress as compared to typical Viking mudstones (cf. MacEachern et
al., 1999c). Subtle indications of high sedimentation rates, high energy conditions
and riverine influx are in contrast to deposits from the Wayne-Rosedale-Chain
area in which such attributes are more common.

The minor and sporadic distribution of river-generated features is
suggestive of mitigation of deltaic influence by waves, and the dominance
of HCS in the proximal delta front is suggestive of storm influence. Wave-
dominated deltas typically consist of hummocky cross-stratified and wave
rippled successions (Bhattacharya and Walker, 1992). In comparison to typical
wave-dominated deltaic successions (e.g., Weise, 1979; Balsley, 1980; Tankard
and Barwis, 1982; Bhattacharya, 1988; Bhattacharya and Walker, 1992; Siedler
and Steel, 2001; Nouidar and Chellai, 2002), the HL deposits comprise fewer

194



amalgamated storm beds and scattered sedimentary features typical of river-
dominated deltas. The presence of carbonaceous mudstone separating storm beds
may signify deposition in a wave-influenced deltaic system (cf. Bhattacharya and
Walker, 1991, 1992; Bhattacharya and Giosan, 2003).

Units of FAS1 contain trace fossil suites comparable to that of wave-
dominated deltas of the Dunvegan Formation (Gingras et al., 1998; Coates
and MacEachern, 1999). However, the suites from the HL area contain fewer
dwellings of inferred suspension-feeding animals and reflect deposition in settings
affected by harsher environmental stresses. Suspension-feeding behaviors are
common on some wave-dominated delta fronts as water turbidity is minimized
by active wave reworking (Gingras et al., 1998; Coates and MacEachern,
1999). Under moderate degrees of wave influence, a noticeable reduction in the
diversity and abundance of traces occurs due to reduced mitigation of the effects
of riverine discharge (turbidity, high concentration of suspended sediment, and
decreased marine salinity). In comparison to a wave-dominated delta, turbidity is
enhanced in a wave-influenced delta, which inhibits suspension-feeding behaviors
(MacEachern et al., 2005). The above sedimentological and ichnological
characteristics of FAS1 are interpreted to reflect deposition in a wave-influenced

deltaic system.

FACIES ASSOCIATION 2: WAYNE-ROSEDALE TO CHAIN AREA

The second facies association comprises deposits from the WRC study
area. The four facies (E-H) of FAS2 are typified by an upward decrease in mud
content, an overall decrease in the abundance and diversity of biogenic structures,
and a corresponding increase in the prevalence of physical sedimentary structures

from facies E through H.

Facies E: Burrowed Sandy Mudstone

Sedimentology

Facies E is diverse lithologically, and primarily comprises sandy siltstone
with 30-50% sand grains and sandy mudstone with 20%-40% sand content. To

a lesser extent, muddy or silty sandstone with 40-50% mud/silt, or interbedded
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FIGURE 7.7—Wayne-Rosedale-Chain Deposits. A-F: Facies E. A: Abundant Rhizocorallium
(Rh) with Helminthopsis (He), Planolites (P1), and Schaubcylindrichnus (Sc), well 10-03-032-
17W4 (1072.8 m). B: Burrowed muddy sandstone with Asterosoma (As), Thalassinoides (Th),
Phycosiphon (Ph), and Helminthopsis (He), well 02/10-14-026-18W4 (1185.0 m). C: Soft-
sediment deformation (Sd) with possible escape structure (?), as well as Planolites (P1) and
Helminthopsis (He), well 10-03-032-17W4 (1080.7 m). D: Thin sandstone bed with subtending
Ophiomorpha (Op) and background traces which include He/minthopsis (He), Chondrites (Ch),
and Schaubcylindrichnus (Sc), well 16-11-031-24W4 (1115.6 m). E: Synaeresis cracks (Sy) in
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FIGURE 7.7 (Continued)—sandy mudstone with abundant Chondrites (Ch) and Phycosiphon
(Ph), well 06-15-027-23W4 (1311.3 m). F: Opportunistic behavior displayed by Rosselia (Ro) in
a thin sandstone bed. Other traces include Planolites (P1), Phycosiphon (Ph), and Siphonichnus
(Si), well 02/10-14-026-18W4 (1178.4 m). G-J: Facies F. G: Asterosoma (As), Planolites

(P1), Schaubcylindrichnus (Sc), Diplocraterion (Di), Helminthopsis (He), Thalassinoides (Th),
and Skolithos (Sk), well 10-07-032-20W4 (1208.3 m). H: Wave-rippled sandstone beds with
Helminthopsis (He), Phycosiphon (Ph) and Skolithos (Sk) interbedded with a fair-weather
assemblage of Chondrites (Ch), possible Asterosoma (As), and Planolites (P1), well 11-02-030-
26W4 (1557.4 m). I: Rhizocorallium (Rh) in a low-angle laminated to wave-rippled sandstone
bed, well 06-23-028-14W4 (944.2 m). J: Planolites (P1), Helminthopsis (He), and Phycosiphon
(Ph) overlying fining-upward, wave-rippled beds with carbonaceous mudstone deposits, Planolites
(P1), and synaeresis cracks (Sy), well 10-07-026-14W4 (935.3 m).

sandstone and mudstone with 50-80% mud are also included in Facies E (Fig.
7.7A-F). The principal difference between the lithologies is the extent to which
biogenic homogenization has taken place. Where sandstone interbeds are well
preserved, the facies is more heterolithic. Sharp-based, locally fining-upward,
sandstone beds are generally a few centimeters thick and up to 20 cm in thickness
(Fig. 7.7D). These sandstone interbeds contain common oscillation ripples,

and rare aggradational wave ripples, hummocky cross-stratification, and planar
parallel lamination. Unbioturbated, carbonaceous, sharp-based, dark mudstone
laminae and beds are generally thin (1 cm in thickness or less). Mudstone laminae
may drape underlying structures or be partially burrowed. Convolute bedding and
loading structures also occur, but are typically rare. Accessory elements include
rare to moderate occurrences of pyrite and siderite, with siderite beds reaching

12 cm in thickness. Rare coal fragments, mudstone rip-up clasts, and synaeresis

cracks are also present (Fig. 7.7E).

Ichnology
Facies E (FE) contains the highest bioturbation intensities of FAS2. It is

pervasively bioturbated (BI 4-5), but units include bioturbation intensities ranging
from BI 1-6. Generally, sandstone beds have low degrees of bioturbation, with
some unburrowed and others preserved as lenses indicative of partial reworking.
Facies E contains a diverse suite of traces including: moderate to common
Helminthopsis and Planolites; moderate Chondrites, Phycosiphon, Asterosoma,
Schaubcylindrichnus, Palaeophycus, Rhizocorallium, and Teichichnus; rare,
Skolithos, Diplocraterion, Rosselia, Thalassinoides, and Ophiomorpha; and

very rare Siphonichnus and Scolicia. Ophiomorpha and Rosselia, as well as

some Skolithos, Diplocraterion, Helminthopsis, and Phycosiphon are associated
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with weakly-burrowed, sharp-based sandstone beds (Fig. 7.7D, E). These traces
generally subtend from the tops of sandstone beds. Common traces associated
with the carbonaceous mudstone deposits include Chondrites, Planolites, and
Thalassinoides (Fig. 7.7E).

Interpretation

The fine-grained nature and burrowing intensities in FE are suggestive of a
distal marine setting. Sedimentary structures in the sandstone beds are dominated
by wave-formed structures, but are preserved as remnants due to a high degree
of bioturbation. Similar to deposits of FAS1, carbonaceous mudstone layers are
interpreted to have been deposited as fluid mud sourced from riverine influx. Rare
occurrences of sediment loading structures, convolute bedding, and aggradational
wave ripples indicate periods of high sedimentation during deposition. Riverine
influx may be indicated by occurrences of sideritized mudstone, coal fragments,
mudstone rip-up clasts, and synaeresis cracks.

The diverse trace fossil suite is dominated by deposit-feeding structures
and grazing traces, with few dwellings of inferred suspension-feeding organisms.
Traces associated with sharp-based, rarely to moderately bioturbated sandstone
beds are interpreted to reflect opportunistic colonization of tempestite beds
(Pemberton et al., 1992b). The diversity of the suite and ethological groupings
are consistent with the archetypal Cruziana Ichnofacies (Fig. 7.5). However,
the intensity of bioturbation is somewhat subdued. Accordingly, the trace fossil
suite is consistent with a subtly stressed expression of the archetypal Cruziana
Ichnofacies. The high proportion of clay and silt particles, indications of high
sedimentation rates and fluvial input, and subtly stressed expression of the
archetypal Cruziana Ichnofacies are interpreted to reflect deposition in the distal

prodelta.

Facies F: Burrowed Interbedded Sandstone and Mudstone

Sedimentology
Lithologically, Facies F (FF) is characterized by interbedded sandstone

and mudstone or siltstone in cm- to dm-scale beds with 20-40% clay and silt
content (Fig. 7.7G-J). This facies locally consists of muddy sandstone (10-

40% mud) or silty sandstone in units with intense bioturbation. Sharp-based
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sandstone beds with low bioturbation intensities are common (Fig. 7.71). These
sandstone beds are dominated by oscillation ripples and wavy parallel lamination,
with moderately abundant planar lamination, and rare low-angle lamination,
hummocky cross-stratification, and aggradational wave ripples. Carbonaceous,
thin, dark-coloured mudstone beds locally cap sandstone beds (Fig. 7.7J). The
sharp bases of these mudstone beds indicate rapid emplacement and truncation

of underlying deposits. Deformational features include rare flame structures,
sediment loading structures, and convolute bedding. Accessory elements comprise
rare to moderate pyrite, siderite and coal fragments, with rare synaeresis cracks,

glaucony and wood fragments.

Ichnology
Unburrowed to pervasively bioturbated units (BI 0-5) typify FF; however,

moderate to high intensities of bioturbation (BI 3-4) are generally observed.
Trace fossils include: rare to moderate Helminthopsis and Planolites; local
Chondrites, Asterosoma, Schaubcylindrichnus, Phycosiphon, Palaeophycus, and
Rhizocorallium; rare Skolithos, Teichichnus, Diplocraterion, and Siphonichnus;
and very rare fugichnia, Thalassinoides, Arenicolites, Ophiomorpha, and
Cylindrichnus. Sandstone beds or layers may be bioturbated in a similar manner
as FE, however most biogenic disruption occurs in the muddy to silty sandstone
and mudstone interbeds. Carbonaceous mudstones are moderately to commonly
burrowed and contain common occurrences of Chondrites (Fig. 7.7H) as well as

locally abundant Rhizocorallium.

Interpretation

Facies F contains increased sand content and represents a more proximal
setting as compared to FE. Sedimentary structures are dominated by wave-formed
features suggestive of subaqueous deposition influenced by wave reworking.
High sedimentation rates are indicated by aggradational wave ripples, flame
structures, load structures, and rare convolute bedding. Fluvial input is implied
by the presence of rare coal fragments, wood fragments, sideritized mudstone
beds, and synaeresis cracks. Ichnologically, FF is dominated by deposit-feeding
structures, lesser grazing traces, and rare dwellings of inferred suspension-
feeding organisms. This suite is consistent with a diverse archetypal Cruziana

Ichnofacies (Fig. 7.5). Many of the traces in this facies are rare or very rare,
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such that only 8-10 ichnotaxa may be present within an individual unit. As

well, there are significantly reduced bioturbation intensities in comparison to
typical upper offshore deposits that are otherwise characterized by the archetypal
Cruziana Ichnofacies. Accordingly, the ichnological suite of FF is consistent
with a moderately stressed expression of the archetypal Cruziana Ichnofacies.
Indications of high sedimentation rates and fluvial input, abundance of sand-sized
particles, dominance of wave-formed structures, and the moderately stressed
ichnofossil suite are interpreted to reflect deposition in a proximal prodelta

setting.

Facies G: Burrowed Sandstone with Muddy Laminae

Sedimentology

Facies G (FG) is composed of sandstone with moderate to common
mudstone and siltstone laminae, and cm-dm scale interbedded sandstone with
<20% mudstone (Fig. 7.8A-D). This facies also includes intervals of rarely
burrowed, interbedded sandstone and mudstone locally with >50% mud content
(Fig. 7.8A). Carbonaceous, black mudstone laminae and beds are generally
several mm to 10 cm thick. This facies contains a diverse range of sedimentary
structures, dominated by oscillation ripples and wavy parallel lamination, with
lesser planar parallel lamination, low-angle cross lamination, aggradational wave
ripples, and HCS. Sideritized intervals are rare to moderate and are typically
not as pervasive as those in Facies H. Accessory elements also include rare to
moderate syneresis cracks and coal fragments, as well as rare mudstone and
sideritized mudstone rip-up clasts, pyrite, and glaucony. Deformation and erosion
structures include rare flame structures, gutter casts, convolute bedding and local

scour surfaces.

Ichnology
Bioturbation is absent to common (BI 0 to 4) in FG. Typically, however,

there are rare to moderately bioturbated units (BI 1-3) intercalated. Burrowing
intensities increase in some muddier intervals or locally within mudstone laminae
(Fig. 7.8A). Trace fossils include: rare to moderate numbers of Planolites,

Helminthopsis, Chondrites, Schaubcylindrichnus, and Rhizocorallium; rare
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FIGURE 7.8—Wayne-Rosedale-Chain deposits. A-D: Facies G. A: Sandstone and mudstone
interbeds with very little bioturbation, rare Planolites (P1), possible Thalassinoides (Th),
synaeresis cracks (Sy), and load structures (Ld), well 06-15-027-23W4 (1302.7 m). B: Two large
mudstone gutter casts in wavy parallel laminated sandstone with Planolites (P1), well 07-21-027-
19W4 (1157.2 m). C: Rhizocorallium (Rh) in planar laminated sandstone, well 07-21-027-19W4
(1156.2 m). D: Numerous synaeresis cracks (Sy) in interbedded sandstone and mudstone, well 07-
16-026-22W4 (1262.1 m). E-I: Facies H. E: Trough-cross bedding, well 10-04-030-22W4 (1246.4
m). F: Convolute bedding, with an overlying sideritized mudstone bed and planar laminated
sandstone, well 16-11-031-24W4 (1412.8 m). G: Low-angle cross laminated sandstone with rare
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FIGURE 7.8 (Continued)—Skolithos (Sk) and scoured by overlying wave rippled sandstone
containing sideritized mudstone rip-up clasts, well 11-02-030-26W4 (1555.4 m). H:
Aggradational wave ripples in sandstone with Planolites (P1) and Thalassinoides (Th), and
overlain by carbonaceous mudstone with Chondrites (Ch), well 10-04-030-22W29 (1251.1 m). I:
Carbonaceous mudstone laminae with flame structures (F1) and Planolites (P1), overlain by low-
angle cross laminated sandstone (HCS) with organic detritus, well 11-19-026-20W4 (1254.8 m).

Asterosoma, Phycosiphon, Palaeophycus, Skolithos, Diplocraterion, and
Thalassinoides; and very rare Arenicolites, Siphonichnus, Teichichnus, Scolicia,

Rosselia, and Ophiomorpha.

Interpretation

Units of FG contain lesser mud content, reduced bioturbation intensities
and lower ichnotaxa diversity in comparison to FF, which is suggestive of
deposition in a more proximal setting. Sedimentary structures indicate a
dominance of wave influence and lesser current influence, with local scours in a
high-energy setting. Elevated sedimentation rates are indicated by soft-sediment
deformation features, carbonaceous mudstone deposits and convolute bedding.
Synaeresis cracks, coal fragments and mudstone and sideritized mudstone rip-up
clasts imply fresh water influx. The trace fossil suite is dominated by deposit-
feeding structures with subordinate dwelling structures of inferred suspension-
feeding organisms and minor grazing traces. Evidence of environmental stress
includes reduced ichnofossil abundances and diversities. The suite is, therefore,
consistent with a moderately stressed proximal expression of the Cruziana
Ichnofacies (Fig. 7.5). Evidence of riverine influx coupled with a moderately
stressed proximal expression of the Cruziana Ichnofacies are interpreted to reflect

deposition in the distal delta front.

Facies H: Weakly Burrowed Sandstone

Sedimentology

Facies H is dominated by sandstone beds along with thinner, cm-
scale interbedded, carbonaceous mudstone laminae (Fig. 7.8E-I). Interbedded
carbonaceous mudstone beds with low bioturbation intensities are interspersed
between some tabular sandstone units (Fig. 7.8H). Interbeds of mudstone are up to
30 cm thick, while the tabular sandstone beds typically range from centimeters to
2 m in thickness. Sandstones are dominated by physical structures, including low-
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angle cross lamination and planar parallel lamination with lesser HCS, massively
bedded units, oscillation ripples, and rare aggradational wave ripples and trough-
cross bedding. Very rare current ripples and local scour surfaces are also present.
Wave ripples commonly occur in association with mudstone laminations. Copious
accessory elements in FH include rare to common sideritized mudstone rip-up
clasts and coal fragments. Partially sideritized zones (in the sandstone) are rare

to common, with intervals ranging from centimeters to decimeters in thickness.
Other sedimentological features include rare to moderate amount of pyrite, and
rare synaeresis cracks and glaucony. Flame structures, scour surfaces, convolute

bedding and gutter casts are also observed.

Ichnology

Ichnologically, FH consists of units that are unbioturbated to moderately
bioturbated (BI 0-2), although units are typically weakly burrowed (BI 1). A
number of intervals are strictly dominated by physical structures or massive
bedding without the presence of discernible traces (Fig. 7.8E). The ichnological
suite consists of Planolites and Helminthopsis; rare Chondrites, Skolithos,
Rhizocorallium, Schaubcylindrichnus, fugichnia, and Asterosoma; and very rare
Ophiomorpha, Thalassinoides, Palaeophycus, Diplocraterion, and Phycosiphon.
Commonly, Planolites and other deposit feeding structures (Chondrites), as well
as grazing traces (e.g., Helminthopsis) are observed in carbonaceous mudstone

deposits; however, some mudstones are unburrowed.

Interpretation

The predominance of low-angle cross laminations in FH is suggestive of
unidirectional current activity. Massively bedded units, soft-sediment deformation
features, and convolute bedding support rapid deposition during periods of high
sedimentation. Accessory elements such as sideritized mudstone rip-up clasts and
partially sideritized zones support interpretations of riverine influence similar to
deposits of FAS1. Synaeresis cracks indicate the mixing of fluvial and marine
waters, whereas gutter casts, scour surfaces and other sedimentary structures
indicate high-energy conditions.

The trace fossil suite comprises a low-diversity and low-abundance of
traces in a locally bioturbated facies. Ichnogenera correspond to deposit-feeding

behaviors (Planolites) are the most profuse, whereas dwelling structures of
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inferred suspension-feeders and grazing traces are rare. Significantly reduced
bioturbation intensities and ichnotaxa diversity are interpreted to reflect
environmental stress. The lack of structures of inferred suspension-feeding
organisms and dominance of deposit-feeding traces suggests a stressed proximal
expression of the Cruziana Ichnofacies (Fig. 7.5). FH is interpreted as proximal
delta-front deposits due to the sandy nature of the rock, strong evidence of
fluvial input, indications of high sedimentation rates, and the stressed proximal

expression of the Cruziana Ichnofacies.

Facies Association 2: Summary

Profuse indications of riverine influx, high sedimentation rates and
high-energy conditions are observed in facies of FAS2. These sedimentological
characteristics are in contrast to those of FAS1 in which these features are rarely
observed. Ichnological suites of FAS2 display characteristics (reduced ichnotaxa
abundances and diversities) associated with environmental stresses, which
increase from FE to FH. These observations reflect deltaic deposition, in which
FE represents the distal deposits, and FH the proximal. Persistent low-angle
lamination with mudstone laminae, soft-sediment deformation features, massive
beds, early diagenetic siderite, a high organic-matter content and mudstone rip-
up clast horizons in FAS2 are typical of river-dominated deltaic successions
(Bhattacharya and Walker, 1991, 1992). Oscillation ripples and aggradational
wave ripples indicate a low degree of wave reworking in the proximal delta
front. Hummocky cross-stratification (HCS) is indicative of storm deposition;
however, the presence of HCS is not diagnostic of wave-dominated deltaic
successions, as storms affect all variations of coastlines (MacEachern et al.,
2005). Thick unburrowed, carbonaceous mudstones reflect flood discharge (see
discussion below). Proximal delta front deposits (FH) contain features consistent
with distributary mouth-bar deposits, such as rare wave and current-rippled units
(Coleman et al., 1964; Reineck and Singh, 1975; Bhattacharya and Walker, 1991),
sporadic scour features, minor faunal content and some organic debris (Wright,
1985). Interbedded sandstone and mudstone with wave-formed sedimentary
structures (FG) and a moderate degree of bioturbation is consistent with areas
laterally adjacent to the river mouth (Pulham, 1989), such as the distal-bar setting
(Reineck and Singh, 1975). Prodelta deposits are also dominated by wave-formed

structures in FAS2. Accordingly, riverine and wave influence were the most
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Mixed influence

Wave-dominated Tide-dominated

FIGURE 7.9—Tripartite classification of deltaic systems, with end-member river-, wave- and
tide-dominated deltas. Deltas with mixed influence of wave, tides and/or riverine discharge plot
within the triangle. The approximate plotted position of the Hamilton Lake (HL) deltaic deposits
and the Wayne-Rosedale-Chain deltaic deposits (WRC) are shown. Modified from Galloway
(19795).
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Wave-influenced deltaic succession Mixed river- and wave-influenced deltaic succession
FIGURE 7.10—A: Wave-influenced deposits at Hamilton Lake and B: mixed river- and wave-
influenced deposits in the Wayne-Rosedale-Chain area. Trace fossil abbreviations: Planolites (P1),
Palaeophycus (Pa), Asterosoma (As), Rhizocorallium (Rh), Arenicolites (Ar), Schaubcylindrichnus
(Sc), Diplocraterion (Di), Skolithos (Sk), Teichichnus (Te), Helminthopsis (He), Phycosiphon (Ph),
Ophiomorpha (Op), Chondrites (Ch), Rosselia (Ro), Siphonichnus (Si).
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Hamilton Lake Wayne-Rosedale-Chain

Mixed river- and

Deltaic Environment Wave-influenced delta wave-influenced delta

stressed proximal Cruziana Ichnofacies
Proximal Delta Front with stressed Skolithos Ichnofacies
characterizing tempestite beds

stressed proximal Cruziana
ichnofacies

moderately stressed proximal Cruziana | moderately stressed proximal
Distal Delta Front oderately proxi uzi y 0

ichnofacies Cruziana ichnofacies
. moderately stressed archetypal moderately stressed archetypal
Proximal Prodelta Cruziana ichnofacies Cruziana ichnofacies
) subtly stressed archetypal Cruziana subtly stressed archetypal
Distal Prodelta ichnofacies Cruziana ichnofacies

TABLE 7.1—Comparison of ichnological assemblages from the Hamilton Lake and Wayne-
Rosedale-Chain study areas.

prominent process that affected deposition, while storm activity was subordinate.
Thick, carbonaceous mudstone units in the proximal delta front (FH)
are generally unburrowed (Fig. 7.8H). Similar silty convoluted mudstones
have been described in river-dominated Dunvegan deposits (Bhattacharya and
Walker, 1991; Gingras et al., 1998; Coates and MacEachern, 1999), Cadotte
deposits (Moslow and Pemberton, 1988), Permian units of the Denison Trough
(Bann and Fielding, 2004), and Scar House deposits (Martinsen, 1990). River-
dominated deltas typically have high suspended-sediment loads, which can be
transported via riverine discharge or in association with storm events (Gingras et
al., 1998). Sediment-gravity driven, hyperpycnal discharge may follow storm or
flood events as a result of abundant precipitation and increased riverine sediment
load during peak flooding (Raychaudhuri and Pemberton, 1992; Wright et al.,
1990; Gingras et al., 1998; Bann and Fielding, 2004 MacEachern et al., 2005).
Hypopycnal plumes are deposited from suspension and the rate of sedimentation
is much slower in comparison to hyperpycnal flows (MacEachern et al., 2005).
A slower sedimentation rate would allow for biogenic reworking, however, the
thick mudstones of FAS2 contain few traces suggestive of rapid emplacement by
hyperpycnal flows that followed flood or storm events. The lack of bioturbation
in these carbonaceous mudstones is likely related to the high organic content in
the muds, which results in oxidation, reduced oxygen at the bed, and inhospitable
conditions for infaunal organisms (Raychaudhuri and Pemberton, 1992; Gingras
et al., 1998; Coates and MacEachern, 1999; Coates, 2001; Bann and Fielding,

2004; MacEachern et al., 2005). Analysis of microfossil content also revealed
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an atypical lack of foraminifera suggesting a departure from normal marine
conditions (cf. MacEachern et al., 1999c).

The ichnological assemblages in the proximal delta front of the WRC
area are approximately comparable to the river-dominated deltaic successions in
the Dunvegan Formation (Gingras et al., 1998; Coates and MacEachern, 1999)
and deltaic deposits of the Cadotte (Moslow and Pemberton, 1988). The WRC
proximal delta front deposits, however, contain a subtly more diverse assemblage
with a slightly higher degree of bioturbation in some cases. In the distal delta
front and prodelta, expressions of the Cruziana Ichnofacies display evidence of
reduced environmental stresses in comparison to other wave-dominated deltaic
successions (e.g., Cadotte and Dunvegan; cf. Moslow and Pemberton, 1988;
Coates and MacEachern, 1999; Gingras et al., 1998). This reduction in stresses
associated with deltaic deposition in the WRC area is interpreted to reflect subtle
wave-influenced moderation of environmental stresses associated with riverine
discharge.

Sedimentologically and ichnologically, the WRC proximal delta-front
deposits are similar to the mouth-bar, delta front and prodelta deposits of the
mixed river- and wave-influenced deltaic deposits in Permian formations of the
Denison Trough (Bann and Fielding, 2004). FAS2 is also sedimentologically
similar to the Belly River mixed wave- and river-influenced deltaic deposits in
which tempestites and massive and deformed beds are indicative of storm and
riverine processes, respectively (Coates, 2001; Hanson and MacEachern, 2007).
Lithological, sedimentological, and ichnological features of FAS2 are consistent
with riverine influence, but additional characteristics imply increased wave
influence in comparison to typical river-dominated successions. Accordingly,
deposits of FAS2 in the WRC study area are consistent with a mixed river- and

wave-influenced deltaic system.

DISCUSSION

The tripartite classification of deltas is the classical approach in
delineating deltaic facies models (Fig. 7.9; Galloway, 1975). The complexity
of processes operating in a deltaic system does not always lead to end-member
classifications, as apparent in the HL and WRC Viking deposits. Instead, there
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may be complex sedimentary and ichnological relationships related to varying
degrees of influence from riverine, tidal, wave, and storm processes. Comparison
of lithological, sedimentological and ichnological attributes of the HL and WRC
deposits illustrate the various processes that influenced deposition in each instance
(Fig. 7.10, Table 7.1).

Principal sedimentological differences between FAS1 and FAS2 reside
in the proximal delta-front deposits (FD and FH; Fig. 7.10). Units of FD
(FAS1) contain abundant HCS, indicative of storm influence, whereas units
of FH (FAS2) contain low-angle cross laminated beds and massive bedding
signifying predominant riverine influence, unidirectional current activity, and
high sedimentation rates. Mouth-bar deposits were significantly reworked by
waves and storms in the HL area. Subtle storm and wave influences in the WRC
study area resulted in partial reworking of mouth-bar deposits and preservation of
thick mudstones deposited following storm or flood events. Distal delta-front and
prodelta deposits of both study areas are dominated by wave-formed structures
and differ in the thicknesses of sandstone (tempestite) beds.

In comparison to shoreface successions, there is a paucity of dwelling
structures of inferred suspension-feeding organisms and corresponding dominance
of deposit-feeding structures in deltaic deposits (Gingras et al., 1998; Coates and
MacEachern, 1999; Bann and Fielding, 2004; MacEachern et al., 2005). Between
the two study areas, ichnological suites show greater proportions of dwellings
of inferred suspension-feeding animals in the HL wave-influenced deposits
(FAST; Table 7.1; Fig. 7.10). This is interpreted to reflect wave-energy induced
stress mitigation of turbid waters, high concentrations of suspended sediment,
and decreased salinity related to riverine discharge (Moslow and Pemberton,
1988; Gingras et al., 1998; Coates and MacEachern, 1999; Bann and Fielding,
2004; MacEachern et al., 2005). In the mixed river- and wave-influenced delta
system (FAS2), harsh ecological conditions were more prevalent and inhibited
colonization by suspension-feeding organisms.

With respect to specific trace fossils, the mixed-influenced deposits
(FAS2) contain an increased proportion of Chondrites and Phycosiphon,
especially in the prodelta. As a result of harsher environmental conditions,
the niche typically colonized by suspension-feeding organisms was vacant
and permitted colonization by opportunistic deposit-feeders and grazers.
Carbonaceous mudstones in FAS2, in particular, are organic rich and thoroughly

burrowed with Chondrites, which is interpreted as a deep-tier trace made by an
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opportunistic colonizer feeding on bacteria from the degrading organic material in
the mudstones (Fig. 7.7E; Raychaudhuri and Pemberton, 1992).

Tempestite beds are especially prevalent in the prodelta of FAS2, and
to a lesser extent in the prodelta of FAS1. Rare opportunistic suites in the
Hamilton Lake deposits (FAS1) include Arenicolites, Skolithos, Phycosiphon,
and Diplocraterion traces. Grazing and deposit-feeding structures in tempestites
are more common in facies E and F of FAS2, and include Phycosiphon,
Helminthopsis, Ophiomorpha, Skolithos, Rosselia, and Asterosoma (Fig. 7.7D, E).
Opportunistic colonization of tempestite beds in shoreface successions typically
consists of vertical dwelling structures of suspension-feeding organisms of the
Skolithos Ichnofacies (Pemberton and Frey, 1984). However, tempestites of
FASI and especially FAS2 show an impoverishment of elements of the Skolithos
Ichnofacies. This suppression of suspension-feeding behaviors in tempestites is
common to deltaic deposits (Gingras et al., 1998; Coates and MacEachern, 1999;
Bann and Fielding, 2004).

CONCLUSIONS

Facies analysis from two adjacent study areas, Hamilton Lake and
Wayne-Rosedale-Chain, resulted in the identification of two facies associations.
Deposits of the HL area consist of four facies comprising FAS1, interpreted
to record progradation from distal prodelta (FA) to proximal delta front (FD)
settings in a wave-influenced delta complex. Subtle indications of riverine input,
high sedimentation rates and salinity variations, as well as a subtly stressed
ichnological suite indicate wave-mitigation of riverine derived stresses.

Facies Association 2 of the WRC area comprises four facies, in which the
distal prodelta (FE) gradually coarsens upward to the proximal delta front (FH)
in a mixed river- and wave-influenced deltaic system. In comparison to FAS1,
the indications of riverine influx, high sedimentation rates, and salinity variations
are more pronounced in FAS2. The ichnological suites of FAS2 also contain
very few dwellings constructed by inferred suspension-feeding animals. This
ichnologic signature is consistent with turbid conditions and high concentrations
of suspended sediment, which are persistent with minimal wave-reworking.

The specific environmental stresses placed on ichnological suites
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of ancient deltaic deposits are difficult to ascertain. Environmental stresses
can include: variations in salinity, temperature, substrate consistency and
sedimentation rates, as well as hypopycnal-induced turbidity, rapid sediment
influx, flood discharges, hyperpycnal-induced sediment gravity flows, fluid mud
deposition, and reduced oxygenation (e.g., Moslow and Pemberton, 1988; Gingras
et al., 1998; Coates and MacEachern, 1999; Coates, 2001; Bann and Fielding,
2004; MacEachern et al., 2005; Bhattacharya and MacEachern, 2009). In the HL
deltaic deposits, variations in salinity and sedimentation rates, as well as fluid
mud deposition and associated reduced oxygenation can be inferred. Salinity
variations are evident from the presence of syneresis cracks, and evidence of
variable sedimentation rates is based on the interbedding of mudstone laminae
and beds with HCS sandstones. Carbonaceous, sharp-based mudstone deposits are
suggestive of riverine-derived fluid mud hyperpycnite deposition (Bhattacharya
and MacEachern, 2009). Correspondingly, low burrowing intensities of these
mudstones are associated with reduced oxygen at the bed as a result of oxidation
of organic material (cf. Raychaudhuri and Pemberton, 1992; Gingras et al.,
1998; Coates and MacEachern, 1999; Coates, 2001; Bann and Fielding, 2004;
MacEachern et al., 2005). Deposition of FAS2 was influenced by the similar
stresses as FASI (e.g., salinity and sedimentation rate variations, fluid mud
deposition, and reduced oxygenation), which were more pronounced due to
heightened riverine influence. Hyperpycnal mudstone deposits are recognized
by the thick, graded beds with a paucity of biogenic structures and gradational to
sharp underlying contacts.

Understanding processes and environmental stresses that influenced
deposition of Viking deltaic deposits in south-central Alberta provides a basis for

understanding stratigraphic relationships and environmental distributions.
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CHAPTER 8 - WAVE-INFLUENCED DELTAIC SANDSTONE
BODIES AND OFFSHORE DEPOSITS WITHIN A STRATIGRAPHIC
FRAMEWORK IN THE VIKING FORMATION, HAMILTON LAKE
AREA, SOUTH-CENTRAL ALBERTA, CANADA

INTRODUCTION

Historically, sandy Lower Cretaceous (Albian) Viking Formation (Fig.
8.1) reservoirs have been interpreted as offshore bars and tidal bars (Evans,

1970; Beaumont, 1984; Amajor, 1986; Cant and Hein, 1986; Hein et al., 1986;
Leckie, 1986; Amajor and Lerbeckmo, 1990a, b). Explaining the transport
mechanisms and processes that concentrated sediment into linear, coarsening-
upward bodies was problematic in these interpretations (Downing and Walker,
1988). More contemporary interpretations of Viking sand packages encompass
lowstand shorefaces (Walker and Wiseman, 1995), forced regressive deposits
(Davies and Walker, 1993), transgressively incised shorefaces (Downing and
Walker, 1988; Raddysh 1988; Boreen and Walker, 1991; Davies and Walker
1993; Posamentier and Chamberlain, 1993; and Walker and Wiseman, 1995), and
deposition of deltaic strata (Raychaudhuri and Pemberton, 1992; Raychaudhuri,
1994; MacEachern et al., 1999b). This study provides a detailed facies analysis of
Viking deposits at Hamilton Lake (HL) in order to further refine the depositional
history of the area (Fig. 8.2).

Previous analysis of Viking units around HL include the study by Amajor
and Lerbeckmo (1990a, b) in which sand bodies were interpreted as offshore
units deposited below fair-weather wave base in a tide-dominated setting. These
authors proposed that sand bodies formed at consistent or shallowing water
depths, which produced a morphology similar to ridge-and-swale topography. To
explain the formation of sand bodies, Amajor and Lerbeckmo (1990b), suggested
mechanisms such as redistribution and reshaping of gravity flows or older deltaic
deposits into sandridges by submarine currents.

Subsequently, Burton (1997) interpreted HL deposits as lower to upper

A version of this chapter has been accepted for publication. Dafoe et al. 2009. Bulletin of
Canadian Petroleum Geology, in press.
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offshore strata capped by transition zone and lower shoreface deposits. These
interpretations were primarily based on the dominance of hummocky cross-
stratification and an ichnological suite characteristic of the Cruziana Ichnofacies
(Burton, 1997). A more recent ichnological study addressed the uppermost
Bounding Discontinuity 4 (BD4), a transgressively modified sequence boundary
at the top of the Viking Formation (MacEachern and Burton, 2000). In the HL
field, this discontinuity is uncharacteristically demarcated by a distal expression of
the Glossifungites Ichnofacies. The following analysis incorporates ichnological,
sedimentological and stratigraphic data, which provides a framework for deltaic
and offshore deposition in the HL area.

Study Area and Methods
The study area is located in south-central Alberta, Canada (Fig. 8.2), and

includes the HL field and surrounding area encompassing townships 32 to 39

and ranges 6W4 to 15W4 (Fig. 8.3). Within this study area, 41 drill cores were
logged and utilized to conduct comprehensive facies analysis through integration
of sedimentological and ichnological attributes. The facies outlined in this paper
are interpreted based on distinguishing sedimentological and ichnological features

and association to the stratal architecture.
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FACIES DESCRIPTIONS

The lithological, sedimentological and ichnological characteristics of the
12 facies described from HL are summarized in Table 8.2. Bioturbation within
facies is reported using a bioturbation index (BI), as well as corresponding
descriptive terms. A bioturbation index of 0 is equivalent to unbioturbated, BI
1 corresponds to sparsely burrowed, BI 2 indicates a low degree of burrowing,
BI 3 is equivalent to a moderate degree of burrowing, common burrowing is
represented by a BI 4, abundant burrowing reflects BI 5, and pervasive burrowing
corresponds to a BI 6 (cf. Reineck, 1967; Taylor and Goldring, 1993; Bann
et al., 2004). Trace fossils are listed in the order of decreasing abundance and
occurrence. Ichnological suites are interpreted with regards to ichnofacies, and
interpretations of depositional environments are summarized in Table 8.2 and

expanded upon in the following section.

FACIES ASSOCIATIONS

Based on similar attributes, facies were grouped into three facies
associations (Table 8.2). Each facies association comprises a vertical succession
of genetically-related facies in which the facies are gradational in nature with
respect to lithology, degree of burrowing, and trace fossil suite. The facies
associations include: 1) delta front and prodelta, 2) upper offshore, and 3) lower

offshore and transgressive.

Facies Association 1: Delta Front and Prodelta

Facies association 1 (FAS1) encompasses the proximal shoreline deposits
in the study area. Facies of this association are defined by increasing mudstone
content, increasing bioturbation, and decreasing abundance of sedimentary
structures from Facies A through D. The predominance of hummocky cross-
stratified (HCS) sandstone in this association has been previously interpreted to
reflect shoreface deposition (Burton, 1997). However, subtle sedimentological and
ichnological evidence of riverine discharge in FAS]1 is interpreted to reflect deltaic
origin (Table 8.2).

220



ejjopoud |eisip ay} ui uonisodap

109|841 0} pajaidiaiul ainjeu pauleBb-auly «
slajem aulew pue

ysal} Jo Buixiw AJubis S)oBIO SISBISBUAS «
so|ddi anem

|leuonjepelbbe pue uonewIo}ep JUSWIPSS
-jjos Aq paidwi sejes uonejuswipas ybiy «

S9|0BJOUYD| BUBIZNID) BY)
10 uojssaldxa [edAloyoie passals Ajgns «
A0 ‘ud

‘IS ‘U0 ‘ny auel AJan ‘oY ‘Yl Iy ‘0z ‘8] ‘ed
‘IQ 8JBl Sy NS ‘UY ‘OS ‘|d Sjelapow 0} aiel
‘oH @jelapow :sapnjoul 8)ins [ealbojouydl «
(¥ 19) pareqginiolg AjJuOWWOD «

a)lIAd pue syuswbely |jays

‘Auoone|b ‘ajiapIs ‘s)oelID SisaloruAs
‘UOIBWIOBP JUBWIPSS-1OS BIEl «
SBUIWE| BUOISPNW JUSHIWLIBIUI «
so|ddu

anem pue sa|ddu anem [euonepelbbe
JO S82UB.INJ20 S)EIapOW 0} Jel «
pnw pue pues pappagJajul

10 pUBS 9%0G-G| YlIMm suoispnw Apues
‘PNW %GH-0E Ym auoispues Appnul «

auojspnw Apues
0} suojspues Appnwi
pamo.ng :q saloe4

sysodap ejepold jewixoid se pajaidiaiul «
s)isodep pnw snoaodeuogled pue sjuswbely
poom Aq pajsabbns abieyosip suLIdAl «
suoneLeA Ajules Ajdwi syoelo SISSI9BUAS «
Buippaq

pajnjoAuod pue sajddil enem jeuonepelbbe
Aqg pajeoipul uonejuswipas pidel «

saloejouyd| eueiznio |edAyoyole

8y} Jo uoissaidxa passalls Ajajesapoul «
0oy ‘dO ‘ud ‘yL aJes Auan ‘oz

‘nj ‘a1 ‘0¥ ‘Bd ‘1Q 9JeJ S ‘YY ‘SV OS ‘Id
‘9H ©)elapow 0} el :dpN|oul S|ISSO} SIEl} «
(r-€19)

uoneqJn}oiq UOWWOD 0} 8}eiapoUl «

sjuawbely poom

pue Auoone|b ‘syoelo sisaloeuAs ‘sdn
-du suoyspnw ‘Buippaq panjoAU0D BJel «
so|ddil 8ABM JO S82UBIINDD0 18SS| pue
aeulwe| a|ddiu-enem |euonepelbbe «
Seu|We| suoispnw

SNO32BUOQIED JO SBOUSIINIJ0 S)eIapoW «
pnw %Gg-0Z YiMm auoyspues Appnul «

auojspues Appnw
pamoding 10 seloe4

sjsodap juou) Byjap [BisIp se pajaldiaul «
XNjul Jojem

ysaJj 8)eolpul Aew UOIBIUBLISD S}UBPIS «
abueyosip |eiany [leudAdiadAy jo
aAsabbns ale yolym seuiwe| suoyspnul
paseq Ajdieys pue sisejo dn-du suoyspnwi
Aq paysebbns suonipuod ABlaua-ybiy «
sa|ddu anem |euonepelbbe

Aqg pajeoipul sajel uoleuawipas ybly «

Sa|0BjOUYD| BUBIZNID
ay) Jo uoissaudxa |ewixosd passals Ajgns «
oY ‘Ud v ‘U0

‘yy ales A1an (Y] ‘ed NS ‘sy aJel ‘g ‘0S
‘OH ‘|d }elepouw 0} aJel :osudwod sadel) «
auoyspues Appnw

8y} ul Jajealb si Ajisusjul uolzequniolq .

(¢-z 19) Buimoiing ayesapowl 0} MO »

s|eAJdjul 8japIs pue Auoone|b

‘sdn-du suoyspnuw ‘sjuswbel) [B0D Slel «
sadeup pnw ajgnop pue ‘sa|ddu anem
‘suoljeulwel-ssolo a|bue-mo| aiel yym
suoneulwe| ajddu-anem [euonepeltbe «
JuB)U0d

pnw %0z 0} dn yyum suojspues Appnuwi Jo
Spag/aeulWE| SUO}SPNW SNO32BUOCIED
JO S82UB1IN2D0 UOWWOD Y})IM SUO)}SPUES «

auojspues pamo.ling
Alejesapoyy g seioe4

(SOH our sysodap Jeg-yinow

AJeInquisip payJomal) juol) eyap jewixold «
sjuswbely poom pue |eod

Aq palsebbns 821nos |eianyy e 0} Ajwixold «
ABisua jusind 8jeolpul Uojeulwe|
$s040-ybnouy pue sdn-du suoispnw «
Buippaq anissew

pue suonjeuiwe| a|ddi-anem [euonepelbibe
Aq paijdwi uonejyuswipas pided «

ab1eyosip auuaAl Jo smopno pidels Aq
paonpo.d 819m SBUIWE| BUOISPNW SWOS «

sajoBjouy9|

soyyijoxs passals Aq pazusioeieyo

spaq aysadwa) yym saioejouyo|
eueizni) |ewixold passalis Ajojeiapow «
Spaq auojspues Ulyum paniasgo swiueblio
Buipasj-uoisuadsns pauidjul Jo sbuljjemp «
‘ny ‘9] ‘oy ‘do aiel Aion

YD ‘Ud ‘UL ‘OH ‘sy aJes 98 S ‘IQ ‘ed
‘|d @)elopow 0} a1el :apn|oul S[ISSOJoUYDI «
(1 19) perequniolq Ajeiel «

sjuawbel} |eod pue syuswbel)

pooOM ‘Seuiwe| SUOISpNW PazZijapIS
‘Auoone|b ‘sdn-du suoispnw aJel «
s)o|dnod se sadelp pnw pue

Buippag SAISSEW JO SEOUSLINDI0 SJEl «
aeulwe| |9|jeled Jeueld pue sajddu anem
Jeuonepelbbe Jassa| pue suoneulwe|
-SS040 9|bue-mo| Aq pajeuIwuiop «
seulWe|

BUOISPNW SNOS2BUOGIED JO S80UBLINI00
9} apow 0} el Y}IM SUO)}SPUES «

auojspues pamo.ling
A18sieds 1y saoe

B}|9po.d pUe Juoid B}jad PaoUSNJUI-IABAN | UOIIRID0SSY Saloed

uonejasdiajul

sonsuajorIRy) [EOIBO[OUYD|

solsuajoeIRy) [eo1BOoj0jUBWIPSS

uonduoasaqg

221



2I0ysyo
J89MO] [e1sIp 8y} Jo siisodap se pajaidiaiul «
sainjons)s

Buipasy yisodap pue Buizeib jueuiwop

yum uonounfuod ul Bumes aioysyo

ue spoddns suielb pues Jo A}104eos «

aSeq anEM Jayjeam

Jle} pue wlo)s usamjaq payisodap «

S8l0BJOUYD|

eueizni) 8y} Jo uoissaldxa [e)sIp .

UL Uy S v ‘nj 'sy ‘08

‘9] ‘oz aiei Aian ‘yd ‘oH aiel ‘|4 Sjelapow
0} 8JeJ :9pN|oul panIasgo elauabouyol «
sainjonus oluaboiq jo Ayoned e

Ul S}|NSaJ 8UO}SPNW Y} Ul }SEJIUOD JO XOE| »
(r-019)

pajeqJniolq Ajuowwod 0} payeginioiqun «

sjuswBely [|oYs pue a)IspIS el «
aeulwe| |9)jesed Anem

pue Jeue(d JO S80US1INO0 d}eJapoul 0}
aJel U}IM S9SUd|/oBUIWE| SUO}SPUES «
sulelb pues

%G UBY} SS8| SUIBJUOD auoispnw APUes «

auojspnuw
Apues pamo.Ling
Alesieds | saoe4

uosodap aloysyo Jamo| [ewixoud 109|e.
0} pajaldiajul 8}Ins |ISSO} 9oel} A)ISIaAIp
9)jelopow 0} MO| pue ainjeu paulelb-auly «
9SEeq 9ABM JBU}Eam Jie) MOJaq

INQg ‘9seq SABM WIO}S dA0Qe uolisodap
sajeolpul so|ddi aAem Jo soussald «

sajoejouyo|

eue|zni) a8y} Jo uoissaidxa [eisIp .

IS ‘Ud ‘Ia N} ‘L ‘ed ‘sy

‘9] ‘0z g alel ‘yd ‘oS sjesapow 0} aJel

‘|d ‘©H @lesapow :9sudwod S|ISSO} 9JBl]
(¢ 19) sresopow AjjeoidAy

ng ‘(G- 1g9) Buimouing anisensad 0y alel .

a)uapis pue ajAd ‘Auoonelb ‘syuswbely
olueblio ‘syuswbel) |eod alel AJoA «
aeujwe| Jeueld pue ‘sa|ddu jualino
panse)s ‘sa|ddis aAEBM S)BISpOoW 0} alel «
seulwe|

auolspues yum auojspnwi Ayjis Jo ‘suielb
pues %G-G Yim auoyspnul Apues .

auojspnw Ayis
0} suojspnw Apues
pamo.ing :H saloe

syisoda@ aAIssaiBsuel] pue aI0ysyO J9MOT i€ UOIIRIDOSSY Saloey

susodap

aloysyo Jaddn |eisip se pajaidisiul «
slopasy

uolsuadsns jo sbuljjemp Arepuodas yym
sainjonis Buipaay jiIsodap Jo 8oUBUILLOP
9SE(Q 9ABM WIO0)S

sajoejouyo|

euejzni) ay} Jo uoissaidxs |edAjoyole «
uo

N} 1S ‘9L UV ‘YL ‘IQ NS #Jes [0z ‘uY ‘ed
ajelapow 0} alel yd ‘sy ‘03 ‘|d sielspow
{9H UOWIWOI :8pN|ouUl S8INJONI}S dluabolq «

sjuawbBely [e0o pue ‘apapis ‘Auocone|b
‘allAd ‘syjuswibely ||oys alel AJoA «
so|ddu anem

pue sa|ddu anem jeuonepeltibe alel «
sujelB pues 9,0-G| SUlejuod sajoe}

auojspnw
Apues o} auojsjjis
Apues paziusbowoH

pue Jayjeam Jiey usamiaq paysodap « (9-G 19) payeqiniolq Ajoaisentad « auojspnw Apues 0} duo)sjIs Apues « 9 saloe
saloejouyd|
asoysyo Jaddn jewixoid sy} euelzni) 8y} Jo uoissaldxs |edAjoyole « syuawbeuy [eoo aiel «
juasalidal 0} pajaidisiul ale abejquiasse Ud ‘ed ‘oS ‘oY ‘@1 ‘0z IS ‘Ud so|ddi anem pue sa|ddi
|ISSO} 90B1) SSISAIP pUB INjeu Apues . ‘YL 4V 1Q 8Jel fyy NS ‘Sy ‘OS alesepowl  aAem [euonepelbbe Jo saouaIInNd20 el « auojspues Appnwi
aseq aABM WI0)S 0} a.el ‘9H ‘|4 91elapoul JO }SISUOD Sde.l) « sajoiped Aejo Jojpue yis 0} Ajj1s paziusbowon
pue Jayjeam Jiey usamiag paysodap » (¢ 19) payequniolq Ajluowwoo « %G-0Z YIM auojspues Appnw o} AYIS « :4 sa1e4
90BJaI0YS JoMO| |ejsIp 8y} se pajaidiajul «
*210ysyo ay} ul punoy AjjeaidAy sjuawbeuy
S| sisdoyjuiwijal ‘1onamoy ‘eoejaloys S810BJOUYD| |eod pue a}llAd aiel ‘se ||om Se ‘a)luapls
19MO]| 8y} JO |ed1dA} ale Sadel) BljaSSOY « euelzni) 8y} Jo uoissaldxs |edAjoyole « pue Auoone|f Jo S80UB1INJ20 [BIO] «
aoejaloys yl ‘o] 4y ‘AD ‘ed auel IS ‘0 NS saJnjonas
Jamoj [ewixold pue aloysyo Jaddn ay} ‘Y ‘0S ajeIOpOW 0} BJel ‘Yd ‘|d d1elepow Aiejuswipas Jo uonjeasasald alel . auojspues
usamjaq bBuipes e sajedipul uoieqniolq ‘9H UowwWOo9 :ssedwodud S|ISSOJoUYD] pnw 9%0¢-0Z YIM auoispues Appnul « Appnw paziusbowoH
aAIseAlad pue pues Jo 9ouepunge . (9-¢ 1g) Buimoling aniseAlad 0} ajelapow « saloe) panIasqo Ajalel . :3 saioe4

aloysyo 19ddn 0} eoey0I0YS JOMOT [B)SIQ Y] :Z UOIRID0SSY Saloe

222



"(do) rydioworydp pue (D) sapripuoy) ‘(ng) eruyorsng ‘(0z)

s0241ydoogz “(08) v121102§ “(SY) vuosoisy (KD) snuydtipuij) “(1S) snuysruoydis ‘(Y1) saprouissvivy [ ‘(1) uorip.201di(J ‘(NS) Soy11j0ys
‘(1v) sapjoorua.y (W) wniip-4020z1yy “(4d) uoydisoodyd ‘(9H) sisdoyputujap] “(91) snuys1ys1af {(03) vijassoy “(9S) snuyoLpuijognvyss
‘(eg) snodydoavipg “(1d) Sa11j0uD] ‘SUOTRIADIQQE [ISSOJ dOBI] 'SUOIIBIOOSSE OAISSAIFSULRI) 0} I0YSHO JoMmOo[ pue a1oysyjo Joddn ‘orejjop

— SUOTJBIO0SSE SO1oR) 021} 0Jul padnois o1e sa1oey [ oYL "edle oxe] uojjruey ay3 ul syisodop 10} suondrrosap se1oei—I°8 A1d

VSd Jo uoisola
0} anp Buidwinis ybnouy} payisodap .

@) uojweH ul (YSd) @ouanbaseled
}SOWIBMO| BU} JO UOISOI YIIM PIJEIDOSSE «
uolisodap aioysyo 10y} [eoidAje s|issoy
90Bl} PUB SBINJONUIS POWIO-OABM JO YOE| «

¥MOL-9€0-70-01 Jo syisodap

ajnjoAuod Alybiy sy} ul uoneqgInioiq ou .
Juswipas ay}

JO ainjeu pawJojap ay) 0} Buimo aujwisep
0} }INOIYIP SI 1 ING ‘PANOL-9€0-€0-0L

ul juasald aq Aew uoi}BgIN}OIq BUIOS «

Auoone|6

9)eJapow pue sa|npou ajAd alel «
saINnjony)s aweyy

pue peo| YIm ‘pnw pue pues pappaglajul
0} 9JnjoAuod Ajybiy ‘pajeulwe) Ajaul «

auojspnw

Apues oj auojsjjis
Apues psppaq
a)njoAu0) [ saloe

2)INs [ISSO} 80BJ) 9dUBPUNJER MO| pUB
Ayis1anip mo| e Aq uoljeziuojod jusnbasgns
UHM 910YSyo Jomo| 0} Joaddn sy} Ul pa1inddo
syisodap oleyep [ewixoud Jo Buijiomal .
uoissalbsuely

Buunp Be| ayy Jo uonezIuoj0d

10} Wi} JUSBIOIYNS 8)edIpUl S|ISSO} dBl)
JuaAd Bulpooj} Bullew e Jo }J9suo

ay} 1e pawuo} be| anissaibsuel) «

Sal0BJOUYD| BUBIZNID

ay} Jo suoissaldxa [edAjayoie 0} [eisIp »

Jy ‘nj ‘el 1Q ‘oY ‘yl ‘oz

‘Y ‘ed ‘08 ‘sy NS aJeld ‘8 ‘|4 uowwod

0} 8} apoW :dpN|ouUl SaINjon)s oluabolq «
(e4njeu onoeyo

0} anp pajesabbexa-1ano Ajqissod pue

G-¢€ |g) uoneqiniolq aAISeAlad O} S)elopow «

sa|qqad

pue sjuswbely poom ‘sejnpou ajAd aiel «
so|ddi anem alel AIaA «

sulelb pues

%0%-0Z YIM auoyspnw Apues 0} Jusjuod
pnw %04-0€ UM auojspues Appnu «
juswipas ay} Jo uoneziuebio onoeyd

pUE UOo[}EQIN]OIq Pa2NPal J0} }daoxa

o) pue 4 saloe4 0} Jejiwis Ajjeaibojoyy| «

auojspues Appnw 0}
auojspnw Apues
anoey 1y saloe

sauolspnuw jjays se pajaidiaul «
spaq wJojs Apues |ejsip jo
uonisodap Bulnp paziuojod sayns
ofsiunjoddo asudwod s|ISSo) 8oed) «
9SB(Q 9ABM WIO0IS MOJaq payisodap .

ud ‘sv

‘|d ‘0S ‘oH 9Jes :ssedwooud S|ISSO} 9Bl «
seulwe| 1o spaq suojspues psje|os!
ulyum Jo sajonued 1jis ul asealoul ybis

B Y}IM S|eAld)ul 0} pajol}sal Buimouing «
(1 19) Bumouing alel A1an «

o)lJAd alel «

spaq auojspues

pappag 8)NjOAUOD pue S|eAl)ul PaZIjLapIS
JO S82UB.INJ20 S}elapowl O} Slel »

so|ddi enem |euonepelbbe

Aq pazusjoeleyd aeujwe|

BUOISPUES BJel UM SuoISpnw yiep «

a/eys o}
auojSpNyy 8AISSep
' seoe

223



Interpretation of Facies A: Sparsely Burrowed Sandstone — Proximal Delta Front

In Facies A (FA), the presence of prominent low-angle, cross-laminated
sandstones (Fig. 8.4A, D, E) interpreted as HCS, in combination with
carbonaceous mudstone deposits, siderite, localized wood and coal fragments and
evidence of rapid sedimentation suggests prominent wave and riverine influence.
The occurrence of HCS in sparsely burrowed sandstone is generally thought to
reflect shoreface deposition (Dott and Bourgeois, 1982). However, continuous and
pronounced wave energy acting on the shoreface would inhibit preservation of the
observed intermittently burrowed, sharp-based, carbonaceous mudstone deposits
(Fig. 8.4A, C). These mudstone deposits are interpreted to reflect hyperpycnal
flows associated with enhanced riverine discharge and phytodetrital pulses
(MacEachern et al., 2005).

Physical structures that indicate episodes of rapid sedimentation include
mudstone rip-up clasts (Fig. 8.4C), localized massive bedding, and aggradational
wave-ripple laminae. In addition, possible double mud drapes (Fig. 8.4A, B, E)
suggest a weak tidal influence during deposition (Visser, 1980). The presence
of rare sideritized mudstone beds can indicate riverine influx. The organic
nature of fluvial-sourced muds may be conducive to bacterially-facilitated
precipitation of siderite (Coleman, 1993). Alternately, the consumption of organic
matter by sulfate-reducing bacteria can be inhibited by high sedimentation
rates. Pronounced sedimentation leads to shorter residence times in the aerobic
oxidation and sulfate reduction zones, which promotes siderite precipitation
(Gautier, 1982). These physical structures imply riverine influx in the presence of
wave-reworking.

The ichnological suite of FA is dominated by deposit-feeding structures
— Planolites and Palaeophycus — observed within or near carbonaceous
mudstone deposits (Fig. 8.4C). In general, these mudstones possess low
degrees of bioturbation likely due to depletion of oxygen at the sediment-water
interface (Raychaudhuri and Pemberton, 1992; Gingras et al., 1998; Coates and
MacEachern, 1999). Structures exhibiting inferred suspension-feeding behaviors
include: Diplocraterion (Fig. 8.4E), Skolithos and Schaubcylindrichnus (Fig.
8.4B), which are observed within sandstone beds of FA. These ichnofossil suites
are consistent with elements of the proximal Cruziana and Skolithos Ichnofacies
(Fig. 4; Pemberton and MacEachern 1995; MacEachern et al. 1999a; Pemberton
et al., 2001).

The abundance and diversity of structures of inferred suspension feeders is
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: " l T g
FIGURE 8.4—A-E: Facies A. A: Low-angle laminae (HCS) capped by a thin carbonaceous
mudstone lamina overlain by wave-rippled sandstone (12-20-034-09W4). B: Large, robust, thick-
walled Schaubcylindrichnus (Sc) in low-angle laminated (HCS) sandstone (10-30-033-07W4).
C: Mudstone laminae containing small Planolites (Pl) and Palaeophycus (Pa) at the base of a
sandstone containing small shell fragments (Sh) and mudstone rip-up clasts (Md; 10-35-35-
10W4). D: Apparently massive to wave-rippled sandstone (10-04-034-09W4). E: Diplocraterion
(Di) in planar to low-angle laminated (HCS) sandstone (10-04-034-09W4). F-J: Photos of Facies
B. F: Diplocraterion (Di) traces occur on the top of a carbonaceous mudstone laminae (04-26-
036-12W4). G: Thick mudstone laminae between sandstone beds with interface traces consisting
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FIGURE 8.4 (Continued)—of Planolites (P1; 02/06-33-035-09W4). H: Partially reworked
mudstone laminae with Rosselia (Ro), Schaubcylindrichnus (Sc), Planolites (P1), Helminthopsis
(He) and Diplocraterion (Di; 12-31-034-09W4). I: Skolithos (Sk) and possible Diplocraterion
(Di) traces penetrating mudstone laminae draping wave-rippled sandstone. Underlying planar
laminae incorporate organic detritus (10-02-036-11W4). J: Wave-rippled sandstone with a thick
sharp-based mudstone deposit burrowed by Thalassinoides (Th). Other traces include Teichichnus
(Te), Planolites (Pl) and Schaubcylindrichnus (Sc). The top of the core exhibits reduced
bioturbation, and flame structures (F1) can be seen at the top of thin mudstone laminae (04-32-035-
11W4).
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FIGURE 8.5—Ichnological assemblages characteristic of shoreface strata in the Western Canada
Sedimentary Basin. Arrows indicate the dominant, subordinate and minor trace fossil behaviors
observed in each ichnofacies, as well as the dominant sedimentary processes. Modified from
MacEachern et al. (1999a).
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significantly reduced in comparison to typical shoreface successions characterized
by the Skolithos Ichnofacies (Moslow and Pemberton, 1988; Pemberton

and MacEachern 1995; MacEachern et al. 1999a; Pemberton et al., 2001).
Impoverishment in dwellings of inferred suspension feeders and prevalence of
the Cruziana Ichnofacies is interpreted to reflect deltaic influence (Moslow and
Pemberton, 1988; Gingras et al., 1998; Coates and MacEachern, 1999). The
suppression of dwellings of inferred suspension-feeding animals was described
by MacEachern et al. (2005) to be directly associated to increased water turbidity
and suspended sediment concentrations. Turbidity is produced by hypopycnal
riverine discharge, which results in clay flocculation and suspension settling

of material that interferes with filter-feeding apparatuses to inhibit suspension-
feeding activities (MacEachern et al., 2005). In addition, the deposit-feeding

suite of FA is moderately diverse with a low abundance of traces that also reflects
environmentally stressful conditions. Overall, high sedimentation rates reduce
bioturbation intensities by altering the substrate consistency and/or food content
(MacEachern et al., 2005). Furthermore, reduced salinities can lead to decreased
trace-fossil diversity (MacEachern et al., 2005). Accordingly, the ichnofossil suite
of FA is interpreted as a moderately-stressed proximal expression of the Cruziana
Ichnofacies with tempestite beds characterized by stressed expressions of the
Skolithos Ichnofacies.

Burton (1997) interpreted these deposits as transitional to lower shoreface
units characterized by the Cruziana Ichnofacies. However, structures suggestive
of riverine influence, in addition to the presence of a stressed trace suite, suggests
deposition under deltaic influence. Facies A lacks the abundance of cross-
stratification documented in distributary mouth-bar deposits of river-dominated
deltaic lobes (Bhattacharya and Walker, 1991). In contrast, distributary mouth-bar
deposits of wave-dominated delta fronts can be completely reworked by waves
(into HCS) during abandonment of the distributary (Suter, 1994). The physical
and biogenic structures in FA are interpreted to reflect deposition in proximal
delta front settings which are neither river- nor wave-dominated, but represent an

intermediate state.

Interpretation of Facies B: Moderately Burrowed Sandstone — Distal Delta Front

Physical sedimentary structures and accessory elements in this facies

imply wave and riverine influence similar to that of FA (Table 8.2; Fig. 8.4F-
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I). However, sharp-based, carbonaceous mudstones are more prevalent as

are biogenic structures. The ichnological suite is characterized by moderate
diversity with a low abundance of ichnofossils. Prevailing biogenic structures

in FB include deposit-feeding (Planolites) and grazing (Helminthopsis) traces
with fewer structures of inferred suspension-feeders (Schaubcylindrichnus and
Diplocraterion) structures. Suppression of typical levels of dwellings of inferred
suspension-feeding organisms found in sandy shoreface deposits is also observed
in this facies. Accordingly, the trace fossil suite is attributed to a subtly-stressed
proximal expression of the Cruziana Ichnofacies (Fig. 8.5; Pemberton and
MacEachern 1995; MacEachern et al. 1999a; Pemberton et al., 2001). In view of
the increased preservation of mudstone deposits in comparison to FA, evidence
of riverine influx, and stressed ichnofossil suite, FB represents deposition in the
distal delta front.

Interpretation of Facies C: Burrowed Muddy Sandstone — Proximal Prodelta

Soft-sediment deformation features in Facies C (FC) suggest episodic
rapid sedimentation (Fig. 8.6D). Additionally, wood fragments and carbonaceous,
hyperpycnal-derived mudstone laminae and beds (Fig. 8.6A, C) imply riverine
discharge. The presence of rare synaeresis cracks in this facies further implies
proximity to a freshwater source during deposition. Synaeresis cracks form
when a subaqueous, flocculated, clay-rich layer comes into contact with saline
conditions and spontaneously contracts as a result of interparticle attraction
(Tanner, 2003). This process results in expulsion of water forming a shrinkage
crack that can be infilled during subsequent deposition.

Planolites, Asterosoma, Rhizocorallium (Fig. 8.6B) and Helminthopsis
dominate the ichnofossil suite of FC with subordinate Schaubcylindrichnus
and Skolithos. The overall suite exhibits moderate diversity and abundance
of structures signifying environmental stress during deposition. This suite is
interpreted as a moderately-stressed archetypal expression of the Cruziana
Ichnofacies (Fig. 8.5; Pemberton and MacEachern 1995; MacEachern et al.
1999a; Pemberton et al., 2001). The muddy nature of the sandstone, indications of
riverine influx, and stressed trace fossil suite are interpreted to reflect deposition

in a proximal prodelta setting.

Interpretation of Facies D: Burrowed Muddy Sandstone to Sandy Mudstone —
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FIGURE 8.6—A-D: Facies C. A: Relatively thick, partially-reworked muddy sandstone with
Planolites (Pl), Helminthopsis (He) and Schaubcylindrichnus (Sc). Arenicolites (Ar) represents an
opportunistic trace (10-12-036-12W4). B: Wavy-laminated sandstone with Rhizocorallium (Rh)
and Planolites (Pl; 12-29-035-10W4). C: Interbedded wavy-parallel laminated sandstone and
carbonaceous mudstone deposits bioturbated by Phycosiphon (Ph), Helminthopsis (He), Skolithos
(Sk) and Planolites (P1; 10-02-036-11W4). D: Interbedded sandstone and mudstone with flame
(F1) and load (Ld) structures, as well as the ichnofossils Planolites (P1) and Schaubcylindrichnus
(Sc; 10-23-034-09W4). E-I: Photos of Facies D. E: Highly-burrowed muddy sandstone with
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FIGURE 8.6 (Continued)—Schaubcylindrichnus (Sc), Helminthopsis (He) and a reburrowed
Skolithos (Sk; 09-15-035-09W4). F: A preserved carbonaceous mudstone lamina reworked

by Thalassinoides (Th) and Planolites (P1) and overlain by pervasively burrowed muddy
sandstone containing Helminthopsis (He; 10-09-037-07W4). G: Burrowed sandy mudstone with
Diplocraterion (D1), Asterosoma (As), Palaeophycus (Pa), Teichichnus (Te), Planolites (P1) and
Helminthopsis (He; 11-11-036-08W4). H: Wave-rippled sandstone with Schaubcylindrichnus
(Sc), Helminthopsis (He), and Planolites (P1; 10-12-036-12W4). I: Interbedded unit with reduced
bioturbation intensities, flame structures (F1), a synaeresis crack (Sy), fining-upward thin beds and
Schaubcylindrichnus (Sc; 02/06-33-035-09W4).

Distal Prodelta

The presence of aggradational wave ripples, sharply bounded
carbonaceous mudstones (Fig. 8.6E, H, I), soft-sediment deformation structures,
and synaeresis cracks suggests admixture of fresh and marine waters occurred
during FD deposition. Intense biogenic reworking is suggestive of deposition
in a more distal setting (Fig. 8.6E-I). The ichnofossil suite is dominated by
grazing traces (Helminthopsis; Fig. 8.6F) and deposit-feeding structures
(Planolites, Rhizocorallium and Asterosoma) with secondary dwellings of inferred
suspension-feeders (Schaubcylindrichnus). Relative to FC, there is a marginal
increase in the diversity and abundance of trace fossils. Nevertheless, the degree
of burrowing and trace diversity is reduced in comparison to the typical archetypal
expression of the Cruziana Ichnofacies (Fig. 8.5; Pemberton and MacEachern
1995; MacEachern et al. 1999a; Pemberton et al., 2001). Accordingly, the
ichnofossil suite is characterized by a subtly-stressed archetypal expression of the
Cruziana Ichnofacies. This ichnological suite combined with localized indications
of riverine discharge in a mudstone-dominated lithology is interpreted to reflect

deposition in the distal prodelta.

Facies Association 2: The Distal Lower Shoreface and Upper Offshore

Facies comprising Facies Association 2 (FAS2) are lithologically
comparable those of FASI1. Facies E through G are differentiated from those of
FAS1 based on the abundance and diversity of biogenic structures and lack of
sedimentological attributes suggestive of riverine input. The characteristics of
Facies E through G are consistent with that of the upper offshore-lower shoreface

transition zone and the proximal and distal upper offshore (Table 8.2).
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Interpretation of Facies E: Homogenized Muddy Sandstone — Distal Lower
Shoreface

Pervasively bioturbated muddy sandstone characterizes Facies E (FE; Fig.
8.7A, B). The trace-fossil suite is dominated by grazing traces (Helminthopsis
and Phycosiphon) and deposit-feeding or dwelling structures (Planolites,
Rhizocorallium, Teichichnus, Cylindrichnus and Thalassinoides) with fewer
structures representing inferred suspension-feeding behaviors (Rosselia,
Schaubcylindrichnus, Skolithos, Siphonichnus, and Arenicolites). This diverse
suite of traces is characteristic of an archetypal expression of the Cruziana
Ichnofacies (Fig. 4; Pemberton and MacEachern 1995; MacEachern et al.
1999a; Pemberton et al., 2001). The ichnofossil Rosselia (Fig. 8.7A), which is
often prevalent in the lower shoreface (Pemberton et al., 2001), is observed in
conjunction with abundant grazing traces. This concurrence of traces is similar to
that of the offshore-lower shoreface transition strata described by Raychaudhuri et
al. (1992), which was dominated by Helminthopsis. Accordingly, FE is interpreted

to reflect deposition in the distal lower shoreface.

Interpretation of Facies F: Homogenized Silty to Muddy Sandstone — Proximal
Upper Offshore

The proportion of sand-sized grains and rare wave-produced structures
in Facies F (FF) signifies a depositional environment above storm wave
base. Bioturbation is pronounced, and the trace fossil suite is diverse within
the homogenized silty to muddy sandstone (Fig. 8.7C, D). Deposit-feeding
structures (Planolites, Asterosoma, Rhizocorallium, Thalassinoides, Chondrites,
Teichichnus, Scolicia, and Palaeophycus) dominate the facies, while grazing
traces (Helminthopsis, Zoophycos and Phycosiphon) are secondary and dwelling
structures of inferred suspension-feeders (Rosselia, Schaubcylindrichnus,
Skolithos, Diplocraterion, Arenicolites, and Siphonichnus) are minor. The
trace fossil suite resembles that of FE; however, fewer structures of inferred
suspension-feeding animals are observed in conjunction with increased deposit-
feeding and grazing ichnofossils. This suite is indicative of a more distal
depositional setting in comparison to FE; however, the diversity and abundance
of traces also reflects an archetypal expression of the Cruziana Ichnofacies (Fig.
8.5; Pemberton and MacEachern 1995; MacEachern et al. 1999a; Pemberton et
al., 2001). In accordance with the trace-fossil suite, lithology, and paucity of

231



‘ ; ori il [ Ichnology Research Group

FIGURE 8.7—A-B: Facies E. A: Muddy sandstone with Rosselia (Ro) that is partially
reburrowed by Chondrites (Ch). Other traces include Diplocraterion (D), Helminthopsis (He)
and Planolites (P1; 10-02-036-11W4). B: Large partially lined Skolithos (Sk) with background
burrowing including Helminthopsis (He) and Planolites (P1; 10-35-035-10W4). C-D:

Photos of Facies F. C: Muddy sandstone with abundant burrowing including Rosselia (Ro),
Schaubcylindrichnus (Sc), Rhizocorallium (Rh) and Helminthopsis (He) traces (10-12-036-12W4).
D: Muddy sandstone with few discernable traces including Helminthopsis (He) and Planolites
(PL; 15-15-035-10W4). E-F: Photos of Facies G. E: Sandy mudstone with pervasive bioturbation
comprising Rhizocorallium (Rh), Planolites (P1), and Helminthopsis (He) (02/06-33-035-09W4).
F: Large Diplocraterion (Di) in sandy mudstone with common occurrences of Helminthopsis
(He), as well as Asterosoma (As) and Planolites (P1; 10-04-034-09W4).
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sedimentary structures, FF represents deposition in a proximal upper offshore

setting.

Interpretation of Facies G: Homogenized Sandy Siltstone to Sandy Mudstone —
Distal Upper Offshore

Appreciable sand-sized grains and the presence of wave-formed
structures implies that Facies G (FG) was also deposited above storm wave
base (Fig. 8.7E, F). The sandy siltstone to sandy mudstone is characterized by a
diverse ichnological suite dominated by deposit-feeding and dwelling structures
(Planolites, Asterosoma, Palaeophycus, Rhizocorallium, Thalassinoides,
Teichichnus and Chondrites) with significant occurrences of grazing traces
(Helminthopsis, Phycosiphon, and Zoophycos), and rarer structures reflecting
inferred suspension-feeding behaviors (Schaubcylindrichnus, Skolithos,
Diplocraterion, Arenicolites, and Siphonichnus). This diverse suite also reflects
an archetypal expression of the Cruziana Ichnofacies (Fig. 8.5; Pemberton
and MacEachern 1995; MacEachern et al. 1999a; Pemberton et al., 2001). In
comparison to FF, there are fewer dwellings of inferred suspension-feeding
organisms and increased proportions of grazing traces, which implies deposition
in a more distal setting. The diverse ichnofossil suite and fine-grained nature of

FG is interpreted to reflect deposition in the distal upper offshore.

Facies Association 3: Lower Offshore and Transgressive Deposits

The final facies association (FAS3) consists of 3 fine-grained facies in
the HL area, as well as a facies with a disorganized internal fabric and a facies
dominated by convoluted bedding (Table 8.2; Fig. 8.8). The proportion of sand-
sized grains and observable bioturbation decreases from Facies H through J,
which reflect deposition in proximal lower offshore to shelfal settings. Facies
K and L are directly associated with transgressive erosion, where Facies K is
interpreted as a transgressive lag deposit and Facies L reflects slumping associated

with ravinement.

Interpretation of Facies H: Burrowed Sandy Mudstone to Silty Mudstone —
Proximal Lower Offshore
The rare to moderate occurrence of wave ripples in Facies H (FH)
is suggestive of a deposition under wave influence. However, the paucity of
sand-sized grains implies deposition beyond the upper offshore (Fig. 8.8 A, B).
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(He), as well as Planolites (Pl) and Rhizocorallium (Rh; 09-15-035-09W4). B: Silty mudstone
with common occurrences of Phycosiphon (Ph), and lesser Helminthopsis (He) and Planolites (P,
10-23-034-09W4). C: Photo of Facies I with distal silty to very fine sandy tempestite beds with
scattered ichnofossils including Chondrites (Ch) and Helminthopsis (He). The lack of burrowing
may be related to low oxygenation associated with the sharp-based carbonaceous mudstones (Cm;
12-24-035-09W4). D: Facies J characterized by homogeneous mudstone with no observable traces
(10-12-036-12W4). E-G: Photos of transgressive flooding surface 1 (FS1) overlain by Facies K.
E: A burrowed contact at FS1 (10-20-036-11W4). F: A sharp, inclined contact at FS1 (dashed
line), which is overlain by muddy sandstone of Facies K (06-29-035-09W4). G: Muddy sandstone
of Facies K with no clear laminae or sedimentary structures. Traces in this unit include: Planolites
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FIGURE 8.8 (Continued)—(P1), Arenicolites (Ar), Skolithos (Sk), and Helminthopsis (He; 10-
04-034-09W4). H: Convoluted sandy siltstone of Facies L (10-04-036-10W4).

Bioturbation intensities are typically moderate for FH; although, the high fluidity,
level of compaction, and textural homogeneity of the fine-grained sediment

may have resulted in a decreased preservational potential of traces (cf. Archer
and Hattin, 1984). Identifiable traces are predominantly structures reflecting
deposit-feeding (e.g., Planolites, Teichichnus, Asterosoma, Palaeophycus,
Thalassinoides, and Rhizocorallium) and grazing behaviors (e.g., Helminthopsis,
Phycosiphon and Zoophycos) with rare dwellings of inferred suspension-feeders
(e.g., Schaubcylindrichnus, Skolithos, and Diplocraterion). This suite delineates a
distal expression of the Cruziana Ichnofacies, representative of a proximal lower
offshore setting (Fig. 8.5; e.g., Pemberton and MacEachern 1995; MacEachern et
al. 1999a; Pemberton et al., 2001).

Interpretation of Facies I: Sparsely Burrowed Sandy Mudstone — Distal Lower
Offshore

Relatively few identifiable trace fossils are recognized in Facies I (FI),
which is directly a function of the muddy nature of the sediment (Fig. 8.8C).
The discernible trace fossil suite is dominated by deposit-feeding or dwelling
traces (Planolites, Teichichnus, Asterosoma, Rhizocorallium, Thalassinoides,
and Zoophycos) and grazing traces (Helminthopsis and Phycosiphon), with very
rare dwellings of inferred suspension-feeders (Schaubcylindrichnus, Arenicolites,
and Skolithos). This suite of biogenic structures is also consistent with a distal
expression of the Cruziana Ichnofacies (Fig. 8.5; cf. Pemberton and MacEachern
1995; MacEachern et al. 1999a; Pemberton et al., 2001). Indirect deltaic
influence may have contributed to the overall paucity of burrowing, by lowering
oxygenation near the bed through emplacement of organic-rich mud deposition.
The scarcity of sand-sized grains and reduction in trace-fossil abundance in
comparison to FH suggests that this facies was deposited in the distal lower
offshore.

Interpretation of Facies J: Massive Mudstone/Shale — Shelf

The fine-grained nature, lack of wave-formed structures, and general

paucity of observable bioturbation in this facies indicates that deposition likely
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occurred below storm wave base (Fig. 8.8D). During deposition of Facies

J (FJ) conditions were conducive to siderite formation, which can occur in
suboxic (slightly reducing) conditions with low sedimentation rates and low
organic concentrations (Mozley and Wersin, 1992), which is typical of shelfal
environments. Rare ichnofossils in this facies comprise opportunistic suites that
colonized distal sandy tempestites. The overall lack of bioturbation in this facies
was interpreted by Burton (1997) to reflect low oxygenation, although a lack of
lithological contrast may also have resulted in a low preservation potential. These
aforementioned sedimentological and ichnological characteristics are interpreted
to reflect sedimentation below storm wave base on the shelf (Fig. 8.5; Pemberton
and MacEachern 1995; MacEachern et al. 1999a; Pemberton et al., 2001).

Interpretation of Facies K: Chaotic Sandy Mudstone to Muddy Sandstone —
Transgressive Lag

Facies K (FK) is interpreted as deposits that formed during the onset of
marine transgression. The disorganized nature of the sediment is exemplified
in the general paucity of physical structures and presence of localized wood
fragments and pebbles (Fig. 8.8F, G). Evidence of biogenic disruption, however,
implies a sufficient period of time for colonization of the sediment during
the transgression and formation of the lag deposit. The moderately diverse
ichnological suite is dominated by deposit-feeding and grazing traces (Planolites
and Helminthopsis), with rare structures of inferred suspension-feeding
organisms (Table 8.2). This ichnological suite is consistent with a stressed distal
to archetypal expression of the Cruziana Ichnofacies. Facies K is comparable to
the highly-burrowed pebbly and sandy shale facies of MacEachern et al. (1992),
which was interpreted to be associated with transgressive ravinement. Similarly,
the formation of FK occurred at the onset of marine transgression where sandy
deltaic deposits were eroded in a more proximal setting. A portion of the sandy
sediment was likely transported offshore in addition to the reworking of the
uppermost deltaic deposits. The lag was subsequently exposed to an upper to
lower offshore setting, permitting colonization of the sediment prior to deeper

marine deposition.

Interpretation of Facies J: Convolute Bedded Sandy Siltstone to Sandy Mudstone
— Slump Deposit
Deposits of Facies J (FJ) occur in two well locations: 10-04-036-10W4
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and 10-03-036-10W4 (Fig. 8.8H). Similar slump deposits were also reported by
Burton (1997) in well 12-27-034-10W4. The highly deformed strata is devoid

of discrete trace fossils. The paucity of wave-formed sedimentary structures is
typical of offshore fine-grained deposits. The convolute nature of the sediment
and association with erosion along the lowermost bounding discontinuity (BDI;
see following section) suggests that FJ was deposited due to slumping associated
with erosion. Rapid deposition of a slump deposit may have 1) precluded
preservation of wave-formed structures and colonization by trace-makers, or 2)
primary stratification and initial biogenic modification may have been deformed

as a result of slumping.

STRATIGRAPHY

It is proposed here that the Viking Formation at Hamilton Lake is divided
into a number of stratigraphic packages informally named A through I from the
base to top of the Viking, respectively. These units are connected through complex
stratigraphic relationships involving a number of relative sea level (RSL) changes
in a shallow Cretaceous basin.

Bounding discontinuities used in the stratigraphic nomenclature generally
corresponds to that of Burton (1997). In the HL area, stratigraphic surfaces are
subtle, in that lag deposits are generally composed of very fine- to fine-grained
sandstone with scattered dark chert granules or small pebbles. Commonly,
lag deposits are burrowed, thin, or reflect a concealed surface in which only
contrasting sand is preserved within the burrows. Surfaces characterized by
trace fossil reflect palimpsest suites (see Chapter 9) in which the colonized
sediment was either soft or stiff, in contrast to the more classical firmground
traces of the Glossifungites Ichnofacies. The predominance of palimpsest suites
reflects a unique situation at HL, which was first recognized by Burton (1997)
and MacEachern and Burton (2000): a distal expression of the Glossifungites
Ichnofacies. (Chapter 9 contains detailed descriptions of the different expressions
of palimpsest suites). The subtle nature of lags and palimpsest suites is likely
related to the inconsistent distribution of surfaces across the study area. Surfaces
may be masked by muddy deposits, not survive preservation if burrowing did

not occur locally at the site of coring, or a thin lag may be bioturbated beyond
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recognition. As such, surfaces possess various characteristics that can change
along strike and dip.

Based on correlations from cross sections A—A’ (Fig. 8.9) and B-B’ (Fig.
8.10) and characteristics of the bounding discontinuities, the following sequence
of stratigraphic events is interpreted for the lower, middle and upper Viking

Formation.

Lower Viking Formation

Initial Viking deposition in the HL area began with falling relative sea
level (RSL) and progradation of shorelines across the study area, producing
packages of strata that coarsen upward from offshore/prodelta to sandy proximal
delta front deposits (Unit A). Progradation ceased when relative sea-level began to
rise during transgression, which produced a laterally extensive surface overlying
Unit A—transgressive flooding surface 1 (FS1). FS1 is generally sharp but is
locally burrowed or gradational from the underlying sandstone to deep marine
mudstones. The surface is overlain by 10-50 cm of deposits comprising FK,
which reflects reworking of sandy deposits in an offshore setting. Burton (1997)
also reported a bioturbated sandy to muddy deposit with rare pebbles and wood
fragments characterizing this stratigraphic surface.

Following transgression, progradation resumed in a landward locality to
the southwest of HL (Fig. 8.3), which resulted in deposition of equivalent distal
units comprising lower offshore to shelf mudstones in the HL area (Unit B).
Subsequently, a short-lived fall in RSL was succeeded by rapid transgression in
which no associated shoreface deposits were preserved. This formed Bounding
Discontinuity la (BD1a), which is present in southwestern localities: 11-26-033-
12W4 (Fig. 8.9) and 10-19-034-13W4. This palimpsest softground to stiffground
is characterized by Diplocraterion, Thalassinoides and Skolithos infilled with
fine-grained, salt-and-pepper-coloured sandstone with rare glaucony (Fig. 8.11A).
BD1a potentially reflects an amalgamated sequence boundary and transgressive
surface of erosion (SB/TSE), which was subsequently truncated by BD1 (Fig.
8.9). However, there is no evidence of subaerial exposure along BD1a, although
the palimpsest suite cross-cuts distal facies indicating a notable drop in RSL.

Transgression was succeeded by offshore deposition and another major
drop in RSL, which shifted the shoreline to a point northeast of the HL field.

This led to subaerial exposure to the southwest and removal of strata within
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LEGEND (This page)—List of symbols and abbriviations for Figures 8.9 and 8.10.

FIGURE 8.9 (Previous page)—Cross section A—A' along depositional dip through the Hamilton
Lake area (see Fig. 8.2). The datum used is a prominent well log signature due to the lack of an
appropriate datum intersecting all of the cored intervals. Letters indicate order of depositional
units from the base to the top of the Viking Formation from A through I. There are two major
transgressive flooding surfaces and four major bounding discontinuities.

FIGURE 8.10 (Next page)—Cross section B-B’ along depositional strike near the northeastern
edge of the Hamilton Lake field. The datum used is a prominent well log signature within the
overlying Westgate Formation due to the lack of an appropriate datum intersecting all of the cored
intervals. Note the patchy nature of Unit C and the truncation of the upper major flooding surface
by BD3.
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FIGURE 8.11—Aspects of Bounding Discontinuity 1. A: BD1a characterized by a palimpsest
softground suite including Diplocraterion (Di) infilled with fine, salt and pepper coloured
sandstone and rare glaucony (11-26-033-12W4). B: Overlying the slump deposits above BD1
is a palimpsest stiffground demarcated by Thalassinoides (Th) infilled with glaucony-rich, very
fine sandstone and underlain by 13 cm of siderite (10-03-036-10W4). C: BD1 demarcated by

a simple sharp contact (04-26-036-12W4). D-E: A palimpsest stiffground demarcating BD1
with Thalassinoides (Th), and Skolithos (Sk) infilled by fine-grained, salt and pepper coloured
sandstone (11-26-033-12W4).

Units A and B at the base of the lower shoreface (Figs. 8.9, 8.10). This RSL
fall was followed by transgression, during which the shoreline paused in the
HL area and prograded during stillstand conditions to deposit Unit C. This
transgressively incised shoreface is underlain by BD1, which is typically a sharp
contact and weakly burrowed with evidence of only minimal erosion, despite
the obvious truncation of underlying strata (Figs. 8.9, 8.10, 8.11C). There are,
however, a few locations in which removal of strata is indicated along the BD1
surface. Southwest of HL, 11-26-033-12W4 displays evidence of erosion,
where the surface is demarcated by a palimpsest stiffground characterized by
Thalassinoides, Skolithos and Diplocraterion infilled by fine-grained, salt-and-
pepper-coloured sandstone and overlain by 23 ¢cm of muddy sandstone with
scattered granules and small pebbles (Fig. 8.11D, E). Deposits overlying BD1
reflect deposition well below fair-weather wave base, which implies that the
surface corresponds to a SB modified during subsequent transgression (SB/
TSE) rather than serving solely as a regressive surface of marine erosion (cf.
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MacEachern et al., 1999a).

Deposits of Unit C in section B-B’ include slump deposits (FJ) in 10-
03-036-10W4 and 10-04-036-10W4. The slump deposits are capped by a
palimpsest surface in 10-03 that is demarcated by stiffground Thalassinoides
infilled with glaucony-rich sandstone and underlain by 13 c¢m of siderite cemented
mudstone (Fig. 8.11B). Slumping was likely associated with the bevel created
along BD1 during RSL fall, which led to accumulation of unstable sediment
that subsequently slumped prior to deposition of the incised shoreface (before or
during transgression).

Overall, the erosional edge of BD1 is irregular and is most pronounced
along the northwestern margin of the HL field. The incised shoreface thins
landward in the vicinity of T35 and R10W4 (Fig. 8.3). At localities where BD1
and the corresponding shoreface are not preserved, there is generally no evidence
of subaerial exposure or of transgressive ravinement apparent within the muddy
offshore/shelf deposits (e.g., 12-12-035-08W4; Fig. 8.10). Evidence of subaerial
exposure was likely removed during transgressive ravinement, producing mud-
on-mud contacts that are extremely difficult to discern. The irregular nature of
BD1 is possibly explained by paleotopography of the underlying strata. During
lowstand, paleotopography may have been affected by tidal ravinement. Localities
in which more extensive tidal ravinement may have taken place include the areas
located northwest and southeast of T35 R11W4. In the vicinity of T35 R11W4,
underlying strata escaped erosion forming a topographic high such that Unit C
was not deposited in this area. Seaward of HL, Unit C grades to distal offshore

and shelf deposits.

Middle Viking Formation

Deposition of the lower Viking Formation ceased during resumed
transgression, which removed upper shoreface deposits of Unit C during
shoreface retreat. This ravinement surface constitutes Bounding Discontinuity
2 (BD2). BD2 is commonly represented by a sharp contact, but is locally
demarcated by a palimpsest softground or stiffground ichnofossil suite. Palimpsest
traces include Diplocraterion, Planolites, Skolithos, and Thalassinoides infilled
with fine- to medium-grained, salt-and-pepper-coloured sandstone, locally
containing glaucony and rare chert granules (Fig. 8.12A, C). A lag deposit without

associated ichnofossils occurs in some intervals, such as in core 04-32-035-
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FIGURE 8.12—A-D: Bounding Discontinuity 2. A: A concealed palimpsest softground with
Skolithos (Sk) infilled by a discontinuous lag of salt and pepper coloured, fine to medium
sandstone (11-11-036-08W4). B: A discontinuous lag with small, dark to orange coloured chert
pebbles (white arrow) and sand with preserved load structures at the contact (04-32-035-11W4).
C: Long Diplocraterion demarcating a palimpsest stiffground infilled with glaucony-rich, fine

to medium sandstone distending from a sharp contact (12-24-035-09W4). D: Scoured surface
overlain by 12 cm of pebbly, salt and pepper coloured, fine to very coarse sandstone with calcite
cement and sideritized mudstone rip-up clasts (11-26-033-12W4). E-F: Photos of Flooding
Surface 2. E: A sharp contact with a small, fine sandstone lens (white arrow) containing a chert
granule that is carved into underlying deposits (12-33-034-10W4). F: A palimpsest softground
demarcated by Planolites overlain by an undulatory surface and 7 cm of fine to medium sandstone
(15-04-035-09W4).

11W4. There, the lag is discontinuous, with chert pebbles and underlying loading
structures (Fig. 8.12B). BD2 is rarely expressed as a burrowed interface, underlain
by siderite, and/or demarcated by a glauconitic and pyritic bed. In the southwest
of the study area, BD2 overlies BD1 with a scoured surface and 12 cm of pebbly,
salt-and-pepper-coloured, fine- to very coarse-grained sandstone (11-26-033-
12W4; Fig. 8.12D).

Transgression was succeeded by highstand progradation leading to
accumulation of coarsening-upward offshore and deltaic deposits of Unit D (Figs.
8.9, 8.10). Due to variation in proximity to source areas and concordant shore-
parallel deltaic influences, deposits reflect offshore, mixed offshore and deltaic,
and (in rarer cases) strictly shelf-like conditions (12-07-035-10W4). Source areas
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are thought to be located near T34 R10 and T36 R12 (Fig. 8.3). The paucity of
prominent deltaic deposition in comparison to Unit A suggests a general decrease
in riverine influx and/or migration of the point source. This package reflects
progradation of two deltaic shingles (parasequences) separated by a minor
flooding surface (Figs. 8.9, 8.10).

Highstand progradation was followed by a rise in RSL and transgressive
flooding. In cross section A—A’, sandy deltaic deposits present in core 12-31-034-
09W4 were likely removed in landward settings (e.g., 12-33-034-10W4 and 11-
26-033-12W4) during this episode of flooding. The transgressive flooding surface
(FS2) overlying Unit D is typically sharp where preserved; however, the surface
has commonly been removed by Bounding Discontinuity 3 (BD3; Fig. 8.10). The
flooding surface is also expressed as a scoured-to-burrowed contact in 10-23-
034-09W4, burrowed contact in 02-22-034-10W4, a small, scoured lens with a
chert granule in 12-33-034-10W4 (Fig. 8.12E), and a softground palimpsest suite
in 15-04-035-09W4 (Fig. 8.12F). This palimpsest suite is typified by Planolites
and Arenicolites infilled with fine- to medium-grained sandstone. Following
transgressive flooding, offshore strata were deposited as distal equivalents of a

landward-positioned shoreline system (Unit E).

06-24-038-12W4

830 m

FIGURE 8.13—Type core log from the Castor area showing multiple erosional and palimpsest
suites in the upper Viking.
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Upper Viking Formation

The upper Viking Formation at HL consists of a number of units preserved
within a relatively thin interval. Correlation of Bounding Discontinuity 3 (BD3)
differs from that of Burton (1997), in that the surface is subdivided into “BD3a”
and “BD3b” where multiple shorefaces have been incised into underlying strata
in the northern portion of the study area (Figs. 8.9, 8.10). This includes the Castor
area to the northwest (Fig. 8.3) in which multiple upper surfaces are present in the
core (Fig. 8.13). Along the landward side of HL, BD3 is typically represented by
a single surface that is locally amalgamated with BD4. In some places, BD3b may
also be amalgamated with BD4 (Figs. 8.9, 8.10).

Upper Viking Formation events began with the cessation of Unit E
deposition following major RSL fall and concordant migration of the shoreline to
a position northeast of HL. During this sea-level fall, another bevel was created at
the base of the lower shoreface in the northern portion of the study area forming
BD3a. Subsequently, RSL rose slightly, and during stillstand, a deltaic-influenced
shoreline prograded and deposited Unit F in the bevel carved during RSL fall.
Surface BD3a thus reflects a transgressively modified sequence boundary (SB/
TSE). This surface resembles BD1, in that it is locally sharp with no indications
of erosional truncation of underlying strata. However, BD3a is also expressed as a
palimpsest stiffground or softground demarcated by traces that include: Skolithos,
Diplocraterion, Arenicolites, ?Planolites, ?Thalassinoides (Fig. 8.14A, B). These
traces are infilled with very fine-grained sandstone with rare chert granules. The
surface can also be characterized by a very fine- to coarse-grained sandstone lens
with rare chert granules.

Following deposition of Unit F, a minor drop in RSL resulted in migration
of the lower shoreface slightly to the northeast. This led to the down-cutting
of Unit F forming surface BD3b (Fig. 8.9, 8.10). Progradation resumed during
stillstand conditions, depositing a deltaic-influenced package (Unit G). This
minor RSL drop was unlikely to have resulted in subaerial exposure; accordingly,
surface BD3b reflects a TSE carved by wave ravinement. This surface is locally
demarcated by a sharp contact or a palimpsest stiffground or softground suite of
Diplocraterion, Planolites, Skolithos, and Thalassinoides (Fig. 8.14C, D). The
unit containing this suite is overlain by very fine- to fine-grained sandy mudstone
with scattered granules and small pebbles. In the absence of a palimpsest suite,
the surface is demarcated by an anomalous fine-grained sandstone bed.

Where BD3a and b are represented by a single surface (in the
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southwestern landward direction), BD3 is typified by a palimpsest stiffground.
The stiffground contains Thalassinoides, Planolites, Chondrites, Rhizocorallium,
Diplocraterion, Skolithos, and Arenicolites overlain by very fine- to very coarse-
grained sandstone or muddy sandstone (Fig. 8.14F). In addition, the lag generally
contains granules, rare chert pebbles and very rare glaucony. In a few instances,
the surface is underlain by siderite cemented mudstone. Other expressions of BD3
include reworked surfaces represented by scattered chert granules or burrowed
sandy mudstone with chert pebbles and an absence of an ichnofossil-demarcated
surface (Fig. 8.14E). This surface was reported by Burton (1997) to have been
removed in a number of wells; however, in this study, it was observed only in
some localities to be amalgamated with BD4 (e.g., 15-04-035-09W4 in A—-A").

Following deposition of the transgressively incised shoreface of Unit G,
transgression resumed with the flooding of the HL area. Highstand deposition of
two parasequences of distal shoreline equivalents (Unit H) separated by a minor
flooding surface succeeded transgression (Fig. 8.9). Viking deposition was ensued
by a final major RSL drop that was likely associated with subaerial exposure, and
is potentially related to forced regressive or lowstand packages to the northeast.
Subsequently, there was rapid transgression with wave ravinement that modified
the exposed surface to form an amalgamated SB/TSE referred to as Bounding
Discontinuity 4 (BD4).

This uppermost bounding discontinuity (BD4) is generally characterized
by a palimpsest softground, stiffground or firmground suite with ichnofossils
including: Thalassinoides, Skolithos, Teichichnus, Rhizocorallium, Chondrites,
Planolites, Diplocraterion, ?Arenicolites, and Zoophycos (Fig. 8.14G, H). The
surface is overlain by burrowed very fine- to coarse-grained sandy mudstone
to muddy sandstone with scattered chert granules and rare small pebbles, shell
fragments, coal fragments and calcite cement. The underlying sediment is only
rarely siderite cemented beneath the ichnofossils. In a few instances, BD4 is
characterized by a lag without any associated colonization of the substrate. In
such localities, it is demarcated by very fine- to fine-grained sandy mudstone
containing rare chert pebbles and scattered granules. This uppermost discontinuity
was overlain by shelf mudstones of the Westgate Formation (Colorado Shales;
Unit I).
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FIGURE 8.14— A-F: Bounding Discontinuity 3. A: BD3a demarcated by a palimpsest
stiffground with Skolithos (Sk) infilled with very fine-grained sandstone containing carbonaceous
debris and overlain by 2-3 cm of wave rippled sandstone (02/06-33-035-09W4). B: A palimpsest
softground characterizing BD3a with Arenicolites (Ar) overlain by 2-3 cm of very fine sandstone
(12-29-035-10W4). C: BD3b typified by palimpsest stiffground ichnofossils including:
Diplocraterion (Di), Planolites (P1) and Skolithos (Sk) that are reburrowed with Helminthopsis
(He), Chondrites (Ch) and Planolites (P1) and overlain by muddy, very fine-grained sandstone
(10-09-037-07W4). D: Diplocraterion (Di) and Planolites (P1) demarcating a palimpsest
stiffground along BD3b overlain by 13 c¢cm of sandy mudstone with a prominent 7eichichnus
(Teti) and scattered granules and small pebbles (10-35-035-10W4). E: In this example of BD3
there is no particular surface, however, the boundary is indicated by a burrowed, fine-grained,
sandy mudstone with one yellow chert pebble (Pb) and Thalassinoides (Th) (02-22-034-10W4).
F: A palimpsest stiffground demarcating BD3 with Rhizocorallium (Rh), Chondrites (Ch), and
Planolites (P1), which are overlain by 10 cm of muddy sandstone with scattered coarse-grained
sand to small chert pebbles (12-33-034-10W4). G-H: Photos of Bounding Discontinuity 4. G:
Diplocraterion (Di), Skolithos (Sk) and Planolites (Pl) characterizing a palimpsest stiffground
infilled with fine-grained sandstone and overlain by 10 cm of muddy sandstone. The surface also
has loading structures (Ld) and the infill also contains coal fragments, calcite cement, scattered
chert granules to pebbles, and shell fragments. (10-12-036-12W4). H: BD4 demarcated by
palimpsest softground Rhizocorallium (Rh), Chondrites (Ch), Thalassinoides (Th), and Skolithos
(Sk) overlain by very fine- to fine-grained sandy mudstone with rare granules (02-36-034-10W4).

248



g

Lobate Arcuate/Cuspate Cuspate Strike-Elongate

-

Increasing reworking by marine processes

FIGURE 8.15—Delta morphologies produced as a result of increasing wave influence. The lobate
delta is river-dominated, and the strike-elongate delta reflects conditions of wave-dominance.
Arrows indicate sediment input and directions of sand transport. Modified from Weise (1979).

FAS1: WAVE-INFLUENCED DELTAIC DEPOSITS

Deltaic facies models are typically classified using the tripartite division
of Galloway (1975). These models are used to categorize the morphology and
facies architecture of delta fronts based on the dominance of a particular process.
Wave-dominated deltas are well documented and have been described by a
number of authors (e.g., Weise, 1979; Tankard and Barwis, 1982; Bhattacharya,
1988; Bhattacharya and Walker, 1992; Seidler and Steel, 2001; Nouidar and
Chellai, 2002). The degree of wave-dominance in a delta depends upon the ability
of waves to rework the river-supplied sediment, which influences the geometry,
distribution and orientation of the resulting sand bodies (Fig. 8.15; Coleman,
1981). Interactions between marine (wave and tide) and fluvial processes can
produce complex facies relationships in which no single process dominates during
deposition of the succession.

Recently, wave-influenced deltas were described by Bhattacharya and
Walker (1991) from the Dunvegan Formation. Bhattacharya and Giosan (2003)
also discussed general characteristics of asymmetrical wave-influenced deltas,
which consist of prograding beach ridges resembling a progradational strandplain
passing along strike into more river-influenced lobes. Wave-influenced deltas
can be differentiated from modern strandplains based on the arcuate to cuspate

morphology of the beach ridges, a decrease in the proportion of filter-feeding
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Publication

Delta classification

Proximal delta front

Distal delta front

Proximal prodelta

Distal prodelta

This publication:
Viking Fm,
Hamilton Lake

wave-influenced

moderately-stressed
expression of the
Cruziana

Ichnofacies with lesser
occurrences of the
Skolithos Ichnofacies

subtly-stressed
proximal expression
of the Cruziana
Ichnofacies

moderately stressed
archetypal expression
of the Cruziana
Ichnofacies

subtly stressed
archetypal expression
of the Cruziana
Ichnofacies

Gingras et al., 1998:
Dunvegan Fm,
Alberta, Canada

wave-dominated

"healthy" though
incompletely
preserved, Skolithos
Ichnofacies

proximal Cruziana
Ichnofacies

robust and diverse Cruziana Ichnofacies

Coates and
MacEachern, 1999:
Dunvegan Fm

wave- and
storm-dominated

mixed Skolithos-Cruziana assemblage

"stressed" Cruziana assemblage

Bann and Fielding,
2004: Permian
Denison Trough,
Queensland,
Australia

mixed river- and
wave-influenced

sporadically
distributed, stressed
proximal expression
of the Cruziana
Ichnofacies

sporadically distrib-
uted, stressed
Cruziana Ichnofacies
and very rare
Skolithos ichnofacies

sporadically distributed, stressed expression
of the distal Cruziana Ichnofacies

TABLE 8.2—Comparison of ichnological assemblages interpreted from deltaic deposits described
from this study; the Dunvegan Formation of Alberta, Canada (Gingras et al., 1998; Coates and
MacEachern, 1999); and the Permian Denison Trough of Queensland, Australia (Bann and

Fielding, 2004).

organisms, a decrease in diversity and abundance of trace fossils, and indications
of high sediment influx (Gingras et al., 1998; Coates and MacEachern, 1999;
Bhattacharya and Giosan, 2003; Bann and Fielding, 2004). In general, wave-

influenced deltas possess characteristics of both end-member river- and wave-
dominated deltas (Bhattacharya and Walker, 1991).

The deltaic Viking deposits in this study comprise coarsening-upward

packages with abundant wave-formed structures including hummocky cross-

stratification. However, FAS1 also contains subtle evidence of rapid sedimentation

and freshwater input that includes localized carbonaceous mudstones, synaeresis

cracks, and soft-sediment deformation structures, as well as stressed ichnofossil

suites. In comparison to reported wave-dominated ichnological suites from

particular units of the Dunvegan Formation (Gingras et al., 1998; Coates and

MacEachern, 1999), there are heightened environmental stresses associated with
FASI (Table 8.3). The “stress” associated with ichnofossil suites within HL is

highlighted by reduced diversities and abundances of trace fossils (especially

dwellings of inferred suspension-feeding organisms). In conjunction with a

stressed trace fossil suite, mudstone units of FAS1 lack foraminiferal assemblages
typical of marine Viking deposits (cf. MacEachern et al. 1999c).

Conversely, the ichnological suites of FAS1 exhibit reduced environmental
stress as compared to those described by Bann and Fielding (2004) from Permian

deltaic deposits in Australia (Table 8.3). These Permian deposits are described as

250



mixed river- and wave-influenced delta lobes with a low-diversity ichnological
suite. The trace diversity and abundance of dwellings of inferred suspension-
feeders is diminished in comparison to HL strata. This suggests that the influence
of river-sediment influx is more pronounced in the Permian strata. As wave
influence increases, the impact of riverine discharge and associated environmental
stresses (turbidity, high concentration of suspended sediment, and decreased
marine salinity) are progressively minimized (cf. MacEachern et al., 2005, 2007).
Accordingly, deposits of FAS1 can be interpreted as the products of wave-
influenced deltas based on: 1) subtle physical structures and lithological elements
indicative of river-sediment influx; and 2) subtly to moderately stressed trace
fossil suites with an overall reduction in abundance of structures attributed to
suspension-feeding animals. Morphology of the deltas could not be ascertained
despite the laterally extensive deltaic deposits within Unit A, owing to truncation
and modification along FS1 and BD1. The delta systems were most likely cuspate

and formed under moderate wave influence (Fig. 8.15).

CONCLUSIONS

The Viking Formation in the HL area consists of a diverse assemblage of
facies that are grouped based on lithological, sedimentological and ichnological
criteria into three facies associations. Facies of FASI are interpreted as proximal
and distal components of the delta front and prodelta, based on evidence of
carbonaceous mudstone deposition, high sedimentation rates, salinity fluctuations,
and the presence of stressed ichnological suites. Environmental stresses associated
with riverine influx including: heightened water turbidity, high concentrations
of suspended sediment, fluid mud deposition, high sedimentation rates, reduced
salinity, and reduced oxygenation. Conversely, deposits of FAS2 reflect deposition
under more normal marine conditions, as biogenic reworking was pervasive
leading to homogenized muddy sandstones to sandy mudstones of the distal lower
shoreface and upper offshore. The lower offshore and shelf deposits of FAS3
reflect more distal deposition, whereas the transgressive lag and slump deposits
are associated with erosion along BD1.

Initially, Hamilton Lake sand bodies were interpreted as offshore bars

(Amajor and Lerbeckmo, 1990a, b), and later reinterpreted as coarsening-upward
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shelf to shoreface successions (Burton, 1997). The detailed facies analysis of
this study, however, reveals subtle sedimentological and ichnological indicators
pointing to wave-influenced deltaic deposition. Deltaic deposition was prominent
within Unit A, which was succeeded by a transgressive shoreface incisement and
resumed mixed deltaic and offshore deposition. The upper Viking also contains
two additional transgressively incised shorefaces, capped by the uppermost SB/
TSE (BD4).

Implications of this study for petroleum exploration and development
include enhanced recognition of wave-influenced deltaic deposits in ancient
successions. The model provides a better understanding of the nature of potential
reservoirs with respect to lithology and morphology. Unlike wave-dominated
deltas or shoreface strata, sandy deposits in these wave-influenced complexes
would be expected to contain greater proportions of mud, especially mudstone
laminae that reduce overall permeability between sandstone beds. Furthermore,
sandstone geometries would reflect cuspate, shoreline-parallel bodies rather than
lobate or linear features. The subtle nature of wave-influence suggests a potential

for reinterpretation of other ancient strata.
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CHAPTER 9 — DEFINING THE NATURE OF PALIMPSEST
SOFTGROUND, STIFFGROUND, AND FIRMGROUND TRACE FOSSIL
SUITES USING MODERN AND ANCIENT EXAMPLES

INTRODUCTION

Ichnology has proven to be exceedingly useful in the interpretation
of stratigraphic surfaces in two important ways: (1) through identification
of substrate-controlled ichnofacies; and (2) ichnological analysis of vertical
successions (MacEachern et al., 1992). Stratigraphically significant surfaces tend
to be associated with a period of hiatus and/or erosion, during which time infauna
may colonize the surface, producing a suite of traces that cross-cut precursor trace
fossil assemblages. These substrate-controlled ichnofacies reflect time-averaging
of successive communities, and are referred to as palimpsest trace fossil suites
(Bromley and Asgaard, 1991; Bromley, 1996). Palimpsest suites reflect substrate
colonization, wherein conditions have typically changed between successive
communities; the specific character of the palimpsest ichnofossil suite will depend
upon the consistency of the underlying substrate at the time of colonization
(MacEachern and Hobbs, 2004). Established substrate-controlled ichnofacies
include the Glossifungites (Fig. 9.1), Trypanites (Fig. 9.2A), and Teredolites (Fig.
9.2B) ichnofacies reflecting palimpsest firmground, hardground and woodground
substrates, respectively (Bromley, 1975; Bromley et al., 1984; Pemberton and
Frey 1985). Owing to their affinity with erosional discontinuities, such suites are
also referred to as “omission suites.”

More recently, researchers have recognized palimpsest softground
ichnofossil suites (e.g., Hobbs, 2003; Sadeque and Bhattacharya, 2004; Buotois
et al., 2005; Gingras and Bann, 2006; Dafoe et al., 2007; MacEachern et al.,
2007a) and palimpsest stiffground ichnofossil suites (e.g., Martino, 1989; Gingras
et al., 2000; Hladil et al., 2004; Lettley et al., 2007). The focus of this work is
to establish criteria to differentiates these more recently recognized palimpsest
suites from the more familiar firmground Glossifungites Ichnofacies. This chapter

also investigates environmental and stratigraphic influences on palimpsest suites,
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FIGURE 9.1—The firmground Glossifungites Ichnofacies (see Table 5 for additional details). A:
Sharp-walled firmground Rhizocorallium saxicava (Rh) subtending from a scoured contact at the
base of an incised valley in the Viking Formation of the Willesden Green Field. B: The margin

of a submarine canyon between the Nihotupu and Tirikohua Formations of New Zealand. The
contact is demarcated by scratch-marked Rhizocorallium (Rh) and Thalassinoides (Th). C: In the
Hamilton Lake area, the Viking Formation is characterized by a distal firmground suite consisting
of Zoophycos (Zo) and Thalassinoides (Th) along a SB/TSE. D: A firmground suite from the
Viking Formation at Hamilton Lake in which sharp-walled Arenicolites (Ar), Skolithos (Sk),
Diplocraterion (Di) and Planolites (P1) colonized initially incipiently siderite cemented mudstone.
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FIGURE 9.2—The A: Trypanites Ichnofacies, and B: Teredolites Ichnofacies. A: Palimpsest
hardground from the Triassic Halfway Formation of Alberta. B: Thalassinid borings within a coal
bed from the Ferron Sandstone near Emery, Utah (photo courtesy of Ryan King).

conditions in which these suites develop, their preservation potential, and the

broader applications of these suites in facies analysis.

Overprinting, Tiering and Palimpsest Suites

A palimpsest suite (especially softground) may resemble ichnofossil
tiering; however, these forms of overprinting are distinctly different. Overprinting
may occur in the form of: 1) tiering of organisms within a community, and 2)
time-averaging of successive communities or palimpsest ichnofossil suites.
Ichnological tiering was described by Wetzel and Aigner (1986) as the vertical
zonation of traces within the substrate, which is a function of vertical gradients
in physical, chemical and biological characteristics (Fig. 9.3A; Bromley and
Ekdale, 1986; Bromley, 1996). Such gradients can include: degree of compaction,
substrate consistency, organic matter concentrations, oxygenation, pH, physical
factors, distribution of food particles, early diagenesis, penecontemporaneous
erosion, sedimentation rates, the organisms present, and the position of the redox
zone (Goldring et al., 1991; Bromley, 1996). Based on cross-cutting relationships,
one can determine the nature of infaunal tiering (Bromley and Ekdale, 1986)
because an individual tier reflects mutually intersecting traces produced at a
similar depth (Wetzel and Aigner, 1986). During burial, sediment becomes

compacted, which alters the texture and consistency leading to it becoming firmer
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FIGURE 9.3—Various forms of overprinting. A: Tiering of an ichnofossil suite in which
deep-tier structures (Zoophycos (Zo) and Chondrites (Ch)) have overprinted mid-tier traces
(Thalassinoides (Th) and Helminthopsis (He)) that initially overprinted shallow tiers (Arenicolites
(Ar) and Skolithos (Sk)). B: Time averaging of successive ichnofossil communities whereby the
softground suite of (A) is truncated and cross-cut by the unrelated suite containing Skolithos (Sk),
Thalassinoides (Th) and Diplocraterion (Di).

with depth (Bromley and Ekdale, 1986). Accordingly, shallow tiers become
compacted and display ill-defined trace boundaries, whereas occupants of
successively deeper tiers intersect stiffer sediment and their biogenic structures
exhibit well-defined boundaries (Bromley and Ekdale, 1986). Deeper tiers
typically possess an enhanced preservation potential, but tend to be less abundant
(Wetzel and Aigner, 1986), which preserves an ecologically incomplete and
biased paleocommunity (Bromley and Ekdale, 1986).

Time-averaging, on the other hand, addresses the overlapping of time-
lines, such that several successive communities are found in a single assemblage
of traces (Fig. 9.3B; Bromley, 1996). Time-averaging of trace fossil suites is
indicative of a palimpsest suite wherein conditions have changed between the

periods of initial and subsequent colonization. A palimpsest surface often has
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been considered to simply reflect two superimposed ichnofossil suites within

the same rock unit (e.g., Bromley and Asgaard, 1991; Brekke, 1995). However,
the palimpsest suite may not always cross-cut an underlying trace fossil suite

due to a paucity in bioturbation or recognizable traces within the underlying
substrate (especially in deep marine mudstones). As such, it is proposed here that
a palimpsest suite must be recognized by: 1) the cross-cutting of an underlying
precursor suite of trace fossils, and/or 2) a change in paleodepositional conditions
across the surface.

In some instances, especially where palimpsest suites demarcate
autogenically generated surfaces, the distinction between tiering and
palimpsesting may be unclear, as deep tiers inherently involve colonization of
stiffer substrate (Bromley and Ekdale, 1986). Tiering can be distinguished from
palimpsest suites through identification of two key attributes. 1) Tiering generally
reflects colonization during continuous deposition, such that there is no discrete
surface; as such, without a change in conditions, infilling sediment is unlikely to
contrast with the host media. Palimpsest suites, on the other hand, reflect some
degree of discontinuous deposition and concomitant changes in environmental
conditions. A change in depositional conditions produces a discrete surface that
is subsequently colonized with burrows that are infilled with typically contrasting
superjacent sediment. 2) Traces of a palimpsest suite tend to reflect colonization
of a surface during a comparatively shorter time frame, such that their constituent
ichnofossils generally do not cross-cut one another. However, tiered ichnofossils
reflect continuous deposition during which deeper tiers may cross-cut one another

(especially those constructed by differing trace-makers).

Discriminating Between Soft-, Stiff- and Firmgrounds

One of the most important factors controlling colonization and trace fossil
distribution is the substrate character (Goldring and Kazmierczak, 1974; Bromley
and Ekdale, 1986; MacEachern et al., 2007a). In modern sediments, there is a
clear distinction between soft-, stiff- and firmground substrates mad apparent by
organism-sediment interactions observed in each substrate. Softground substrates
have undergone some degree of dewatering and burrows are maintained with
mucous linings (e.g., Pearson and Gingras, 2006; Lettley et al., 2007; MacEachern
et al., 2007a). Stiffground substrates, on the other hand, reflect stabilized sediment

yielding open, unlined burrows and tunnels that are at least semi-permanent (e.g.,
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Thalassinoides; Wetzel and Uchmann, 1998; Lettley et al., 2007; MacEachern
et al., 2007a). In contrast, firmgrounds are considered to be firm, dewatered, and
compacted sediment with burrows showing little compactional deformation, sharp
burrow outlines and distinct bioglyphs (Goldring, 1995; Wetzel and Uchmann,
1998; Mikulés et al., 2003; MacEachern et al., 2007a). These unique organism-
sediment interactions observed in the modern realm translate to discrete and
predictable characteristics for palimpsest soft-, stiff- and firm- substrate suites in
ancient successions.

Previous literature, however, has rarely discriminated between these
suites, and palimpsest soft- and stiffground suites have been mistakenly attributed
to the Glossifungites Ichnofacies (e.g., Brekke, 1995). For example, Ruffel
and Wach (1998) proposed a hierarchy of firmgrounds that ranges from very
mature, mature, immature and loose or soft. The immature firmgrounds most
likely reflect stiffground conditions, whereas the loose or soft firmgrounds are,
in fact, palimpsest softgrounds. Modern “firmgrounds” observed in Willapa Bay
by Gingras et al. (2000) were deemed temporally insignificant, and are now
recognized as “stiffground”. In other instances, the uniqueness of stiffground
substrates was recognized, but suites were still attributed to the Glossifungites
Ichnofacies (e.g., Mikulas et al., 2003).

Soft-, stiff- and firmground palimpsest ichnofossil suites can be
discriminated from one another through identification of trace fossil attributes
that reflect non-cohesive, semi-cohesive, and cohesive substrate conditions
during endobenthic colonization in ancient sediments (e.g., Lettley et al., 2007),
and by the degree of substrate firmness in modern sediments (e.g., Gingras and
Pemberton, 2000; Gingras et al., 2000).

Challenges in Defining Palimpsest Suites

There are two main challenges with defining palimpsest soft-, stiff-and
firmground suites: 1) the gradational character of substrate firmness; and 2) the
variable expression of palimpsest suites. Experiments in modern environments
have shown compactional differences between these substrates, based on a
modified Brinell hardness test (Gingras and Pemberton, 2000). The Brinell
hardness test consists of a sphere dropped from a fixed height onto the substrate.
The diameter of the indent is inversely proportional to the firmness of the
substrate (Fig. 9.4; Gingras and Pemberton, 2000). Softgrounds generally exert
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a pressure less than 3.2 x 10* Pa, stiffgrounds range from 3.2 x 10* to 107 Pa, and
firmground record yield strength in excess of this (Fig. 9.4; Gingras et al., 2000).
The gradational nature of substrate firmness results in transitional realms between
soft and stiff, and between stiff and firm. Colonization of a substrate possessing
firmness within a transitional zone may yield palimpsest ichnofossils exhibiting
characteristics of more than one type of suite (see section on localized variability
at the ichnofossil scale).

Palimpsest suites can be differentiated from one another, but also may be
characterized by a variety of attributes. Variable expressions between palimpsest
soft-, stiftf-, and firmgrounds is primarily a function of the character of the
underlying substrate. The development and expression of these ichnofossil suites
is further modified as a result of associated environmental and stratigraphic
influences, in addition to the processes that led to the formation of the palimpsest
suite.

Differentiation between suites of the firmground Glossifungites
Ichnofacies and palimpsest soft- and stiffground ichnofossil suites enhances
our understanding and ability to interpret successions and their associated
stratigraphic discontinuities in modern and ancient examples. The aim of this
paper is to: 1) define the characteristics of palimpsest soft-, stiff- and firmground
trace fossil suites; 2) discuss the environmental influence(s) on palimpsest suites;
3) evaluate stratigraphic influences on the generation of palimpsest suites; 4)
propose mechanisms by which the suites form; and 5) determine the application

of palimpsest suites in modern and ancient successions.

METHODS

In this study, modern and ancient examples of palimpsest soft-, stiff- and
firmground ichnofossil suites were employed. Observations from outcrop and
core were compiled, to highlight characteristics that define these suites (Table
9.1). Their attributes tend to fall into hierarchical categories, in that all variations
of palimpsest suites: (1) cross-cut the underlying ichnofossil suite; and/or (2)
indicate a change in depositional conditions across the surface. Additional
characteristics fall into primary (distinguishing) and secondary (commonly

associated) attributes. The characteristics of these suites are described below
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TABLE 9.1 (Previous page)—Comparison of characteristics of trace fossil suites reflecting
palimpsest softground conditions and palimpsest stiffgrounds, as well as the Glossifungites,
Trypanites and Teredolites ichnofacies. Characteristics are subdivided into the principal attribute,
which is necessary in recognition of the trace fossil suite, the primary attributes that distinguish the
suite, and secondary attributes that are commonly, but not necessarily associated with a suite.

Location and Figure

Niawiakum Estuary, WS, USA
Figure 9.14A

Modern Palimpsest Suite Stratigraphic Importance

soft to stiff transition within fine-grained
organic sediment

¢ autogenic
e upper point bar surface

Arenicolites- and Skolithos-like burrows
pass through upper (beige) softground
into underlying oxygen-poor stiffground
sediment

burrows are sharp walled in the
stiffground, but poorly defined in
softground

underwent autocompaction
through dewatering

Shepody River, New
Brunswick, Canada
Figure 9.14B

soft to stiff transition within accretionary
bank deposits

Corophium volutator and Macoma balthica
burrows reflecting Arenicolites-,
Diplocraterion-, and Siphonichnus-like
structures that are sharp-walled in the
lower stiffground and poorly defined in the
upper softground

seasonal fluctuations in
sedimentation, freeze/thaw,
compaction and dewatering
(Lettley et al., 2007)
autogenic related most
likely to synaeresis forcing
the expulsion of pore water
(Lettley et al., 2007)

North Cove, WS, USA
Figure 9.14C

compacted and exhumed stiffground
sandy tidal flat mud

incipient Thalassinoides formed by shrimp
approximately 200 ybp.

exhumation on a
transgressive beach due to
bay margin migration

Goose Point, Willapa Bay,
WS, USA
Figures 9.14D

firmground Diplocraterion- and Skolithos-
like burrows easily maintained without
lining or mucous

e cross-cuts earlier suite

oxidation next to burrows suggests
reduced sediment conditions

c.a. 100,000 yrs.
predominantly wave
ravinement and lesser tidal
ravinement on surface.

Modern sediment X-ray
Figure 9.7A

non-palimpsest typical softground
assemblage containing prominent
bivalves

none

Modern sediment X-ray
Figure 9.7B

palimpsest softground Cylindrichnus-like
burrow extends from surface and cross-
cuts underlying softground assemblage
(threadworm and Saccoglossus
structures)

e faint burrow lining at top of burrow and
general sediment disruption in adjacent
sediment

soupground at top with sediment more
cohesive (but still soft) at base

likely insignificant
stratigraphically

Modern sediment X-ray
Figure 9.7B

palimpsest stiff- to firmground rhythmically
laminated saltmarsh sediment extensively
rooted

o Arenicolites-like structures cross cut the
rhizoliths

autocompaction of
sediment likely aided by
abundant rhizoliths

Modern sediment X-ray
Figure 9.7C

palimpsest firmground with bivalves cross-
cutting burrowed sediment
uneven surface topography

e autogenic
e subaqueous tidal channel

eroded into salt marsh
deposits

TABLE 9.2—Modern examples of palimpsest suites from sedimentary surfaces and X-ray.
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using examples presented in Tables 9.2-9.6. Through analysis of the underlying
ichnofossil suite, the palimpsest suite, and the overlying ichnofossil suite, each
surface can be identified as allogenic or autogenic in origin (cf. MacEachern et al.,
1992; MacEachern et al., 2007¢). Using these studied examples, the influences of
environment and stratigraphy on the palimpsest suites were evaluated. Processes
resulting in the formation of palimpsest suites are described, and the applications

of palimpsest suites are discussed.

SUBSTRATE INFLUENCE ON PALIMPSEST SUITES

Substrate Properties

The various forms of substrate include: soupground, softground,
looseground, stiffground firmground, hardground and woodground. The
most important factor controlling colonization is the degree of cohesion or
consistency of the substrate (Goldring and Kazmierczak, 1974). For example,
the same mud deposit can be firm, soupy, soft or hard at the time of colonization.
Sediment firmness is dependent upon a number of factors including: grain
size and shape; pore-water content; compaction; early diagenetic cementation;
mineralogy; drainage (on sloped sediment surfaces); as well as sedimentary
fabric, temperature, turbulence, sedimentation rate, and salinity (Goldring and
Kazmierczak, 1974; Wetzel, 1990; Ruffel and Wach, 1998; Wetzel and Uchmann,
1998; Gingras and Pemberton, 2000; Gingras et al., 2001).

Muddier substrates are particularly susceptible to forming palimpsest
suites, because the sediment typically possesses increased water content
and coherence, which tends to produce stiff- and firmgrounds upon burial,
compaction, dewatering and subsequent exhumation. Heterolithic sandstone and
mudstone, sandy mudstone, and muddy sandstone possess overall larger sediment
calibres, reduced water contents, and reduced compatibility. As such, they are
susceptible to palimpsest soft- and stiffground colonization. Sandy sediment can
also be colonized by firmground trace-makers, leading to suites attributable to the
Glossifungites Ichnofacies, especially where incipient cementation has occurred.

Based on the data gathered from ancient strata and modern settings,
there are exist specific identifying characteristics of trace fossil suites that

demarcate soft- to firmground substrate. The principal, primary, and secondary
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characteristics are described below using particular modern and ancient examples.

Palimpsest Softground Suites

Palimpsest softground suites are associated with non-cohesive substrate
conditions during subsequent endobenthic colonization. In previous studies,
palimpsest softgrounds were only related to the overprinting of trace fossils in
sandy substrates (e.g., Brekke, 1995; Hobbs, 2003; MacEachern and Hobbs,
2004). In these studies, traces demarcating palimpsest softground suites were
attributed to the Skolithos Ichnofacies (e.g. MacEachern and Hobbs, 2004;
Buatois et al., 2005). Conversely, Bromley and Asgaard (1991) attributed muddy
and sandy palimpsest softgrounds separating pre- and post-turbidite deposits to
the Nereites Ichnofacies. Accordingly, palimpsest softground suites clearly form
in a range of substrates including: compacted sand, heterolithic sand and mud,
sandy mud, and dewatered mud. Regardless of the underlying substrate lithologies
and their consistencies, palimpsest softground suites can be differentiated from

other palimpsest scenarios (Table 9.1).

Principal Attributes

As with any palimpsest suite, the principal characteristic includes that:
1) traces cross-cut elements of an underlying ichnofossil suite; and/or 2) the
suite indicates a change in depositional conditions across the surface. In some
instances, however, it may be difficult to differentiate palimpsest softground
suites from deep-tier ichnofossils that cross-cut shallow tiers of the softground.
In Figure 9.5A, deep-tier Arenicolites cross-cuts the shallow-tier, horizontal,
mud-lined trace (Palaeophycus?) and appears to be related to the overlying
surface. However, the Arenicolites is infilled with sandstone consistent with
the surrounding host sediment, rather than the overlying coarse deposit, which
indicates that infill of the trace occurred prior to formation of the surface. If
the Arenicolites reflected colonization of the erosional surface and was open
during subsequent deposition, it would be infilled with coarser sand and small
pebbles concordant with the overlying lag. Conversely, Figure 9.5B depicts a
scenario wherein Arenicolites appears to display a similar relationship, except
the burrows infill consists of coarse-grained sand sourced from the overlying lag

deposit. This indicates that this trace is part of the palimpsest softground suite. In
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FIGURE 9.5—Softground trace fossil suite versus palimpsest softground trace fossil suite. A:
A softground trace fossil suite is truncated by an erosional event, and superficially resembles a
palimpsest softground suite. However, the Arenicolites (Ar) is infilled with sandstone consistent
with the lower unit, indicating that infill occurred prior to erosion. If the Arenicolites was
associated with the erosional event as part of a palimpsest suite, then coarser sand and small
pebbles similar to that of the lag should be present in the trace fossils. B: Arenicolites (Ar)
contains a coarse-grained sand and mud consistent with the overlying lag deposit indicating that
this structure was open along the interface allowing coarse material to be piped into the burrow.
This suggests that the trace characterizes a palimpsest trace suite. The poorly defined trace fossil
boundaries suggest that the Arenicolites comprises a palimpsest softground ichnofossil suite that
overprinted the Asterosoma (As) and Helminthopsis (He) dominated unit (02-33-034-20W4,
1189.03 m depth).

addition, the dwelling of an inferred suspension-feeding organism reflects a shift
in environmental conditions that contrasts with the horizontal, deposit-feeding
structures predominating the underlying upper offshore strata. This surface is
ultimately overlain by shelf mudstones, and reflects an amalgamated SB/TSE at
the top of the Viking Formation of Alberta, Canada.

Primary Attributes

There are diagnostic primary attributes of suites that indicate that
palimpsesting occurred within softground sediment. The identification of a single
primary attribute is sufficient for classifying the type of palimpsest suite observed.
The identification of multiple primary attributes enhances this interpretation
(Tables 9.1-9.3). Softground primary characteristics include: 1) indistinct or
irregular trace fossil boundaries; 2) mixing of host and superjacent sediment;

3) surrounding halo of disturbance within the host substrate; 4) traces are lined;
5) laminae are significantly warped next to palimpsest traces; and 6) surfaces
displaying pronounced loading.

Palimpsest ichnofossils displaying indistinct or irregular boundaries
suggest that sediment grains were easily manipulated by the trace-maker

during colonization of softground sediment. In the Jurassic Heather Formation,
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FIGURE 9.6—Examples of palimpsest softground trace fossil suites (see Table 9.3 for additional
details). A: The Heather Formation (Middle Jurassic) off the Norwegian Shelf contains a
palimpsest ichnofossil suite comprising Diplocraterion (Di) and Thalassinoides (Th) with poorly
defined boundaries. The fill mixes the lag and host sediment, and shows minor reburrowing. B:
Rhizocorallium (Rh) with indistinct ichnofossil boundaries demarcating a palimpsest suite in the
Viking Formation (06-11-039-14W4). C: A palimpsest Rhizocorallium (Rh) with a surrounding
halo of disturbance in the Viking Formation (10-30-033-07W4). D-E: Two successive palimpsest
softgrounds from the Viking Formation (06-29-038-18W4). The lower suite (E) is demarcated
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FIGURE 9.6 (Continued)—by Arenicolites (Ar) and Skolithos (Sk) with indistinct to lined
boundaries, overlain by Thalassinoides (Th) and Planolites (P1) displaying indistinct walls

and the mixing of host and lag sediment within carbonaceous mudstone (D). F: Palimpsest
Conichnus (Co) in the Bluesky Formation displaying pronounced disruption of the host sediment
and indistinct boundaries (06-32-074-12W6). G: Skolithos (Sk), Planolites (Pl), Thalassinoides
(Th) and ?Rhizocorallium (Rh) cross-cutting convoluted and deformed soft sediment with
sheared Phycosiphon (Ph) in the Viking (10-23-034-09W4). H: An intermittently lined, elongate
Diplocraterion (Di) defining a wave ravinement surface in the Viking Formation (12-24-035-
09W4). I: Sheared and deformed Diplocraterion habichi (Di) from the Pebbley Beach Formation.
Sediment creep leading to the deformation of the traces along a tidal ravinement surface. J:
Rosselia socialis (Ro) from the Snapper Point Formation displaying variation in the incorporation
of lag material and warping of laminae (inset).

a palimpsest suite typically consists of Diplocraterion and Thalassinoides
displaying poorly defined to irregular boundaries (Fig. 9.6A). This suite
demarcates an amalgamated sequence boundary and flooding surface related to
tectonic activity, based on the presence of fault blocks in the area. The Lower
Cretaceous Viking Formation also contains erosional surfaces demarcated by
lag deposits commonly in association with trace fossil suites. The uppermost
bounding discontinuity (BD4; see Chapter 8) of the Viking in the Hamilton Lake
area is a SB/TSE that is typically demarcated as a palimpsest softground suite.
One expression of this surface shows Rhizocorallium with indistinct boundaries,
in which the mixing of lag and host sediment is so extensive that the ichnogenus
itself is difficult to identify (Fig. 9.6B).

The mixing of superjacent (typically lag) and host softground sediment
is also diagnostic to palimpsest softground colonization as this also suggests an
ease of grain manipulation. Mixing of host and superjacent sediment may occur in
various ways described below. The Lower Cretaceous Bluesky Formation reflects
a transitional setting between the coastal plain of the Gething Formation and the
open marine conditions of the Wilrich Member (Male, 1992). Within this setting,
a discontinuity is demarcated by palimpsest Conichnus exhibiting pronounced
disruption of the host sediment material as a result of extensive mixing of lag
and host media (Fig. 9.6F). Colonization of looseground sandy sediment is the
most plausible explanation for the chaotic nature of this palimpsest suite. This
surface separates two parasequences as a transgressive surface of erosion. Another
expression of “lag and host” mixing occurs within Permian strata that crops
out along the coastline of New South Wales (NSW) of Australia. A palimpsest
softground in the Snapper Point Formation consists of Rosselia socialis displaying

variations in the incorporation of lags, owing to active infilling at the time of
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lag deposition (Fig. 9.6J). Variation includes: gritty lag strictly within the stalk,
the bulb, both the bulb and stalk, and sparse incorporation of coarse material
interpreted to reflect timing of burrowing relative to deposition of the coarse-
grained material. The surface likely reflects autocyclic fluctuations in sediment
supply (possibly related to glacial processes; cf. Veevers and Powell, 1987)
because over- and underlying strata are broadly comparable and the surface
appears genetically conformable with underlying hummocky cross-stratification.

At Hamilton Lake, the Viking Formation along Bounding Discontinuity 4
(BD4) exhibits an additional primary feature—a surrounding halo of disturbance
within the host sediment. In Figure 9.6C, the base of the Rhizocorallium exhibits
an approximately 2 mm wide halo within the host sediment in which the primary
fabric has been destroyed, possibly due to compaction or grain shifting adjacent to
the burrow structure. Modern sediments can also exhibit characteristics diagnostic
to softground palimpsesting (Table 9.2). A modern X-ray image in Figure 9.7B
depicts a Cylindrichnus-like burrow that subtends from the sediment surface
and cross-cuts the underlying softground suite. Along the length of the structure,
there is disruption of the surrounding host sediment (lighter coloured halo)
suggesting it reflects a palimpsest softground condition. The surface is, however,
stratigraphically insignificant though it depicts a minor shift in the burrowing
community.

The Cylindrichnus-like structure in Figure 9.7B also exhibits a faint
burrow lining near the surface, although not at depth. The sediment likely
possessed a soupground-like character near the sediment surface, but was more
cohesive at depth so that a lining was no longer required. Burrow linings of
ichnofossils within a palimpsest suite indicates that the trace-maker needed
to stabilize its burrow walls, in order to maintain the structure (prevalent with
semi-permanent domiciles). Such linings may be robust and thick (Fig. 9.8A)

or thin (Fig. 9.9A). One particular example of a lined trace occurs in the Viking

FIGURE 9.7 (Next page)—X-ray images of modern deposits in which the sediment surface is
towards the top of each photo (see Table 2 for detailed descriptions). A: A typical softground
assemblage of modern organisms and burrow structures including bivalves (Bi). The upper sandier
portion of the sediment is admixed, and not significantly dewatered, so that burrows were not open
nor infilled. B: Palimpsest softground Cylindrichnus-like (Cy) burrow cross-cutting threadworm
(Th) and Saccoglossus (Sa) structures. The Cylindrichnus-like structure is lined near the top and
displays general sediment disruption along the length of the burrow. C: Transitional palimpsest
stiff- to firmground, in which Arenicolites-like burrows cross-cut rhizoliths (Rh) within salt marsh
deposits. D: Firmground colonized by bivalves (Bi) from the base of a subaqueous tidal channel.
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FIGURE 9.8—Progressive palimpsesting from A-B: The Snapper Point Formation, Snapper
Point South, New South Wales, Australia and C-D: The Viking Formation, Alberta, Canada. A:
Softground palimpsest suite of unlined Planolites (P1) and Thalassinoides (Th) with a lined (?)
trace that extends below the palimpsest surface and up into the overlying coarse clastic deposit. B:
Palimpsest softground suite consisting of weakly lined Arenicolites (Ar) that extends up into the
overlying coarse clastic material with a poorly defined Rhizocorallium (Rh) that has depressed the
underlying laminae. Identification of traces within the lag deposit is difficult due to preferential
weathering. C: Palimpsest softground to stiffground suite in well 14-18-044-07W4 demarcated
by an unknown trace (?), Teichichnus (Tei), Planolites (P1) and Thalassinoides (Th) with

sharp to diffuse boundaries and local partial linings. The Teichichnus extends upwards into the
overlying muddy sandstone lag. D: Palimpsest stiffground from well 15-04-035-09W4 which is
characterized by Diplocraterion and Thalassinoides and overlain by muddy sandstone containing
Planolites (P1), Teichichnus (Tei) and Rhizocorallium (Rh). The Diplocraterion extends upwards
into the overlying lag unit.
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FIGURE 9.9—Palimpsest surfaces displaying spatial and/or temporal variation. A-C: Palimpsest
suites from the Viking Formation that reflect spatial and temporal variation along surfaces

that have become amalgamated. A: The BD3a SB/TSE at Hamilton Lake (see Chapter 8) is
demarcated by a palimpsest softground with lined Arenicolites (Ar) and a probable Planolites (?Pl;
12-29-035-10W4). B: The overlying BD3b wave ravinement surface demarcated by transitional
palimpsest softground to stiffground, sharp-walled Diplocraterion (Di) and indistinctly walled
Planolites (P1). The overlying lag deposit contains notable Teichichnus (Tei) and Helminthopsis
(He). C: The BD3 surface reflecting an amalgamation of the BD3a and BD3b surfaces in a
landward direction. The stiffground is characterized by sharp-walled Rhizocorallium (Rh) and
Planolites (P1) with a post-palimpsest suite of Chondrites (Ch). D-F: Localized spatial variation
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FIGURE 9.9 (Continued)— along a palimpsest suite in the Pebbley Beach Formation at Clear
Point, NSW, Australia. D: A view of the outcrop illustrating the transition of substrates beneath
the surface (dashed line). To the left of the photo, the surface is underlain by mudstone, whereas
to the right of the photo, the surface is underlain by laminated sandstone. E: Close-up view of the
palimpsest softground suite containing Rosselia (Ro) that are heavily lined. F: Close-up view of
the stiffground palimpsest suite containing Diplocraterion (Di) that are sharp walled.

Formation in which two palimpsest softground suites occur in succession (Fig.
9.6D, E). Deposits under- and overlying the suites are characterized by an
environmentally stressed ichnofossil suite reflecting deposition in a prodelta to
distal delta-front setting based on the lack of structures of inferred suspension
feeders, sharp-based carbonaceous mudstones and presence of unbioturbated
strata (cf. MacEachern et al., 2005). The lower palimpsest suite is demarcated by
unlined Arenicolites and lined Skolithos reflecting a slight change in energy that
resulted in colonization by inferred suspension-feeding organisms and slightly
coarser-grained sediment deposition. This surface and the overlying surface
separate genetically related deposits.

The final primary characteristics of palimpsest softgrounds include
significant warping of laminae adjacent to the ichnofossils, and surfaces
displaying pronounced loading due to superjacent sediment deposition. Warping
of laminae can be observed in the inset photo of Figure 9.6J where sandy laminae
have been deformed next to the Rosselia, suggesting that laminae were indirectly
disturbed during colonization. Possible loading along a palimpsest surface is
depicted in Figure 9.6D. This surface overlies the suite containing Arenicolites
and Skolithos in Figure 9.6E. High-energy sandstone deposition was likely
followed by extensive fluid mud deposition, which may have depleted oxygen
at the bed due to the organic nature of the mud (Raychaudhuri et al., 1992;
Gingras et al., 1998; Coates and MacEachern, 1999). This resulted in a period
of bioturbation reduction, possibly permitting dewatering of the mudstone and
subsequent palimpsesting. Extensive loading was also observed in the Snapper
Point Formation (Fig. 9.8A) in which coarse clastic material was emplaced

leading to pronounced loading structures.

Secondary Attributes

Features that fall under secondary attributes are commonly (but not
necessarily) associated with palimpsest softground suites. As such their presence

is not diagnostic in identifying this form of overprinting. For example, the active
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and/or passive infilling of traces occurs within soft-, stiff- and firmground suites.
As such, this is not a diagnostic characteristic, although it does provide useful
information regarding trace-maker behaviors. Palimpsest softground suites
exhibiting active infilling include those in Figure 9.6A-D, G, 1, J, and passive
infilling of overprinted softground ichnofossils is prevalent with dwelling
structures of inferred suspension feeders shown in Figure 9.6E, H, and passive
carnivores (Fig. 9.6F).

Due to the lack of significant burial and compaction that typically occurs
in softground successions, ichnofossils of palimpsest suites may display post-
depositional compaction. Such compaction is observed in Thalassinoides along
an autocyclic surface of the Viking (Fig. 9.6D) and with a number of ichnofossils
from the uppermost Viking SB/TSE in well 10-23-034-09W4 (Fig. 9.6G). In the
latter example, the Skolithos appears shortened and cross-sections of the other
traces are ovate indicating that the host substrate underwent compaction.

Also apparent within well 10-23-034-09W4, is the convolute nature
of the host sediment directly underlying the palimpsest surface (Fig. 9.6G).

The overprinted ichnofossil suite, however, displays no evidence of shearing
and cross-cuts the contorted underlying fabric. Within the deformed sediment,
Phycosiphon have been sheared, and laminae are strongly deformed. The cause
of this localized deformation (not observed with any other expressions of the
BD4 surface) is unknown. In addition to deformation of the host softground,
ichnofossils of the palimpsest suite may also be deformed. Within the Permian
Pebbley Beach Formation of NSW, Australia, a palimpsest softground is
demarcated by inclined Diplocraterion habichi that have been deformed due to
down-slope sediment creep (Gingras and Bann, 2006). The surface is interpreted
to reflect a tidal ravinement surface separating estuarine basin from channel fill
deposits.

Traces demarcating palimpsest suites may also be reburrowed by
successive, post-palimpsest traces. Reburrowing may explain the stubby nature of
Skolithos in Figure 9.6G. Alternatively, palimpsest softgrounds are often typified
by diminutive traces such as the Skolithos mentioned above, as well as traces from
the Heather Formation (Fig. 9.6A) and from other Viking examples (Fig. 9.6B, D,
E). Although, there are exceptions in which large, robust structures characterize
palimpsest softground suites (Fig. 9.6F, I, J). One striking example is from a wave
ravinement surface that overlies the lowermost incised shoreface at Hamilton

Lake (Fig. 9.6H; see Chapter 8). The presence of elongate Diplocraterion
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demarcating the surface contrasts with the underlying upper offshore strata
predominated by horizontal deposit-feeding structures and the overlying
unbioturbated deep marine strata suggestive of low oxygenation (cf. Burton,
1997). This example illustrates the presence of a high-energy environment that
existed only during colonization of the palimpsest substrate, which further implies
that wave ravinement occurred. As the only record of lag deposition is found
within the traces, this example shows the importance of ichnofossils in identifying
the stratigraphic significance of surfaces.

Other characteristics commonly associated with palimpsest softgrounds
include low population densities such as in Figure 9.6A-F, and H. However, other
factors may influence the density of traces such that some surfaces are densely
populated by monospecific suites (Fig. 9.6J, I). Traces of palimpsest softgrounds
may also display evidence of truncation due to erosion. Finally, traces can display
progressive palimpsesting in which ichnofossils subtend below the surface and
extend up into the overlying substrate (Fig. 9.6C; see Environmental Influence

section).

Palimpsest Stiffground Suites

Principal Attribute

Unlike palimpsest softground suites, the cross-cutting of an underlying
suite along a palimpsest stiffground surface is easily recognizable due to sharp
ichnofossil boundaries and a general lack of trace linings. However, not all
stiffgrounds will reflect a significant shift in depositional conditions across the
surface. For instance, muddy tidal flats can become compacted and dewatered
without significant burial such that colonization and overlying deposition occurs

within the same tidal flat setting.

Primary Attributes

Palimpsest stiffground suites can be differentiated from other substrate-
controlled ichnofacies by evidence of semi-cohesive sediment conditions during
endobenthic colonization (Tables 9.1, 9.2, 9.4). The four primary attributes of
stiffground suites include: 1) traces are relatively sharp-walled (Goldring and
Kazmierczak, 1974; Gingras et al., 2000; Lettley et al., 2007) or display irregular
(but unlined) boundaries in sandy sediment; 2) laminae are distorted (upwards or
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FIGURE 9.10—Representative examples of the models depicted in Figure 9.18 (see Tables

9.4 and 9.5 for detailed descriptions). A: Gyrolithes as part of an apparent bed junction in the
McMurray Formation. B: Oil-stained Planolites and Thalassinoides as part of an autocyclic
palimpsest stiffground suite in the McMurray Formation. C: Skolithos from the Viking Formation
as part of an allocyclic palimpsest stiffground (02-04-037-19W4). D: Skolithos from the Viking
Formation as part of a firmground Glossifungites Ichnofacies (08-17-040-01W5, 1721.5m depth).
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downwards) adjacent to traces (Lettley et al., 2007); 3) the stiffground displays
plastic deformation with flame and load structures; and 4) traces are generally
unlined (Lettley et al., 2007), but may display minor partial linings within sandy
substrates.

A prime example of sharp-walled stiffground ichnofossils occurs in
the Lower Cretaceous McMurray Formation. This formation is dominated by
the alteration of sandstone and mudstone in inclined heterolithic stratification
(THS) formed through point-bar deposition in estuarine channels (Lettley et al.,
2007). In Figure 9.10B, sand-infilled Thalassinoides and Planolites are observed
within mudstone beds in which the overlying sandstone bed is preserved as a
remnant. This relationship suggests that the burrows were passively (or perhaps
actively) infilled with sand prior to removal of the overlying sandstone bed. The
lack of burrowing within the mudstone and obvious juxtaposition of the sand-
filled traces in combination with their sharp-walled nature suggests palimpsest
stiffground colonization. Lettley et al. (2007) suggested that seasonal variations in
water circulation and sediment texture resulted in the formation and exposure of
stiffground sediment. These autocyclically formed surfaces, however, are highly
localized (Lettley et al., 2007). In contrast to muddy host sediment, stiffground
traces that occur within sandy substrate, exhibit irregular boundaries and are
unlined. This is seen within the lowermost portion of Diplocraterion in Figure
9.11B and Figure 9.12.

Similar to palimpsest softground surfaces, laminae may be distorted (albeit
to a lesser degree) upwards or downwards adjacent to stiffground trace fossils.
This attribute is exhibited in the uppermost SB/TSE of the Viking Formation
(Fig. 9.10C). The surface overprints a heterolithic sandstone and mudstone
unit in which laminae are primarily down-warped next to the Diplocraterion.
The presence of structures of inferred suspension feeders along the surface
suggests a change in depositional energy and conditions during palimpsesting
that contrast the restricted underlying brackish suite and deep marine, seemingly
unbioturbated, overlying stratum.

Deposition of superjacent sediment overlying palimpsest stiffgrounds
may also result in loading along the surface as a result of plastic deformation.
This form of deformation is observed in Figure 9.10C in which medium to
coarse sand and small, cherty pebbles forms a discontinuous lag overlying the
surface. Alternatively, burrowing of the palimpsest surface may be so extensive

that the surface and any initial features have been removed. This is the case with
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FIGURE 9.11—Transitional palimpsest softground to stiffground suites (see Table 9.6 for
additional details). A: Skolithos (Sk) with boundaries that appear to be fairly well defined at

the base (stiffground expression), however, the upper few centimeters are more poorly defined

(softground expression). This variation in trace boundary configuration is likely related
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FIGURE 9.11 (Continued)—to compaction of the sand at depth within the Bluesky

Formation. B: Vertical transition between the upper softground with lined to indistinctly walled
Diplocraterion (Di) and Skolithos (Sk) and the lower sharp-walled, but compacted stiffground
components. From the Viking Formation (16-34-038-25W4). C: Sharp-walled Skolithos (Sk)

and poorly defined Thalassinoides (Th) and Arenicolites (Ar) from the Viking (10-03-036-10W4,
882.75 m depth). D: Diplocraterion (Di) from the Pebbley Beach Formation at Clear Point in
which the traces display sharp-walled stiffground colonization within the upper mudstone and

are lined within the underlying sandstone (softground expression). E: Large Diplocraterion
parallelum (Di) from the Moosomin B unit of the Red Jacket Formation (04-18-015-02W2,
723.9m depth). This trace displays well-defined boundaries to mixing of host and lag sediment of
both palimpsest soft- and stiffground suites. Early diagenetic cementation likely played a role in
the patchy nature of the substrate. F: Softground (diffuse boundaries) to firmground (sharp-walled
with mudstone clasts) expressions within siderite cemented substrate containing 7halassinoides
(Th) within the Viking Formation (02/07-22-038-20W4). G-H: Photos of the surface at the top of
the Panther Tongue, Star Point Formation. G: Skolithos (Sk) with irregular, but well-defined trace
boundaries suggesting stiffground colonization. G: Rosselia (Ro) displaying indistinct boundaries
with a mixing of the lag and host sediment suggesting more of a palimpsest softground nature.

FIGURE 9.12—A transitional
stiffground (at depth) to firmground
(near the surface) palimpsest suite
from the Viking Formation (12-
35-036-25W4). The presence of
incipient siderite cementation near
| the surface resulted in firmground
Diplocraterion (Di) that pass

to stiffground within the lower
heterolithic sediment (see Table 6
for more details).
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the base of the Miocene, Pebas Formation which is demarcated by stiffground
Thalassinoides that have completely reworked the initial palimpsest surface
(9.13D). The degree of sediment compaction and shear destruction of the
palimpsest surface suggests that the sediment was stiff during colonization. This
contact was interpreted by Hovikoski et al. (2007) as a transgressive surface of
erosion.

Ichnofossils demarcating palimpsest stiffgrounds are generally unlined
(Lettley et al., 2007); however, traces may possess minor partial linings especially
within sandy sediment. Representative examples of unlined structures occur in the
Viking Formation at Hamilton Lake. In well 10-09-037-07W4, the BD3b surface
is characterized by unlined Diplocraterion and Skolithos—traces that are typically
lined within softground sediment (Fig. 9.13B). This surface reflects a wave
ravinement surface separating transgressively incised shorefaces (see Chapter
8). Conversely, in the West Ahken Field, a stiffground was colonized by partially
lined Skolithos exhibiting sharp boundaries (Fig. 9.13G). Lining occurs within the
sandier laminae suggesting that some burrow wall stabilization was required in
the looser material. This suite reflects a submarine canyon incision that forms part
of a sequence boundary. Partial lining is also observed along the Diplocraterion in

Figure 9.10C where the trace intersects sandier sediment.

Secondary Attributes

Stiffground palimpsest suites may be characterized by actively and
passively infilled burrows. Examples of potentially actively infilled structures
include: Gyrolithes (Fig. 9.13A), Rhizocorallium (Fig. 9.13C), and Planolites
(Fig. 9.13B, C). Passively infilled traces can include: Skolithos (Fig. 9.13B, C,
G), Diplocraterion (Fig. 9.13B), and Thalassinoides (Fig. 9.13B-F). Despite
the nature of infilling, palimpsest stiffground traces often display evidence of
compaction (Lettley et al., 2007). Compaction is easily identified with ovate
Thalassinoides cross-sections, such as those in the West Ahken Field (Fig. 9.13F)
and in the Pebas Formation (Fig. 9.13D). In the Snapper Point Formation of NSW,
Australia, compacted Thalassinoides are also prevalent within a stiffground suite.
This suite reflects an autocyclic palimpsest surface in which an initially fluid
mudstone was dewatered and compacted possibly under hypoxic conditions prior
to burrowing. This autocyclic surface reflects changes in sediment supply and

burrowing activities within genetically related strata.
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FIGURE 9.13—Palimpsest stiffground suites (see Table 9.4 for additional information).

A: Stiffground Gyrolithes (Gy) within a mudstone IHS bed of the McMurray Formation.
Compaction of the upper portion of the burrows has occurred within the uppermost stiffground.

B: A palimpsest stiffground in the Viking Formation demarcated by sharp-walled Skolithos (Sk),
Thalassinoides (Th), Diplocraterion (Di) and Planolites (P1). Slight loading is present along the
surface in addition to reburrowing by Helminthopsis (He) and Chondrites (Ch; 10-09-037-07W4).
C: Sharp-walled Rhizocorallium (Rh), deformed Skolithos (Sk) and compacted Thalassinoides
(Th) in addition to Planolites (P1) in the Viking Formation. Teichichnus (Tei) within the lag deposit
appears to have avoided the underlying stiffground substrate and reburrowing by Chondrites (Ch)
and Helminthopsis (He) is present (02-36-034-10W4). D: Pebas Formation palimpsest
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FIGURE 9.13 (Continued)—7halassinoides (Th) that display compaction and complete
reworking of the surface. E: Sharp-walled Thalassinoides (Th) in the Snapper Point Formation in
which compaction of the stiffground autocyclic surface is evident. F-G: Palimpsest suite in the
West Ahken Field which consists of compacted, sharp-walled Thalassinoides (Th) and mud-lined
Skolithos (Sk) with deflection of adjacent laminae (West Ahken-1 core, 4375.3 ft and 4379.8 ft).

The cohesive, yet pliable nature of stiffground sediment can also

result in shearing or deformation of stiffground burrows (Lettley et al.,

2007). A prime example of deformed palimpsest stiffground Skolithos occurs

in the Viking Formation (Fig. 9.13C). The Skolithos is deformed around a
Thalassinoides possibly as a result of timing of burrowing; i.e. Thalassinoides
was constructed following excavation by the Skolithos trace-maker. Further
evidence suggesting stiffground colonization is the evidence of a Teichichnus
(possibly Rhizocorallium?) trace-maker that burrowed only above the palimpsest
interface. This surface defines the uppermost SB/TSE in the Hamilton Lake
area. Pronounced deformation of Gyrolithes also occurs within the McMurray
Formation (Fig. 9.13A). Where sandy [HS beds are overlain by relatively thick
muddy beds, Gyrolithes are highly visible in the lower part of the mud unit (due
to the presence of sand-sized grains), but become compacted and indiscernible
in the upper portion of the mud bed with decreasing abundance of sand (Fig.
9.10A). Biogenic mottling is, however, prevalent within the upper portion of the
mudstone bed, but traces are poorly defined due to deformation and compactional
alteration. The condition of the Gyrolithes within the upper portion of the
mudstone bed likely reflects the compaction and distortion of the ichnofossils
within softground sediment. At depth, however, the softground was underlain by
stiffground mudstone that allowed for enhanced preservation of the ichnofossils
as a result of reduced compaction. In Figure 9.13A, the uppermost stiffground
containing Gyrolithes has been deformed possibly due to compaction and down-
slope sediment creep. These sand and mud couplets reflect autocyclic changes in
deposition within the estuary due to tidal cyclicity, seasonal fluctuations, storms
and floods (Thomas et al., 1987).

Ichnofossils within palimpsest stiffground suites may also be reburrowed
by post-palimpsest suites. In Figure 9.13B, Skolithos, Thalassinoides, Planolites
and Diplocraterion are reburrowed by Helminthopsis and Chondrites. Similarly,
Skolithos, Thalassinoides, Rhizocorallium and Planolites are reburrowed by
Chondrites and Helminthopsis in Figure 9.13C. Stiffground traces also tend to
be diminutive (Fig. 9.13A-C, E-G; Lettley et al., 2007), although some examples
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FIGURE 9.14—Modern examples of different substrate consistencies (see Table 2 for additional
details). A: Softground (black arrow) to stiffground (white arrow) transition in fine-grained
organic sediments of the Niawiakum Estuary, WS. B: Soft- to stiffground transition within
accretionary bank deposits in the Shepody River area, New Brunswick. Corophium volutator
(Co) and Macoma balthica (Ma) produced burrows resembling Arenicolites-, Diplocraterion-,
and Siphonichnus-like traces that are sharp-walled in the lower stiffground and poorly defined

in the upper softground. C: Stiffground comprised of compacted and exhumed tidal flat sandy
mud. Exhumation is occurring in the foreshore of a transgressive beach of North Cove, WS. The
dominant burrow type is incipient Thalassinoides that were produced by shrimp approximately
200 ybp (field of view is 2 m). D: Firmground at Goose Point, Willapa Bay, WS. In this example,
the sediment is very firm, and burrows (inset photo E) are easily maintained open without the aid
of lining or even mucus (field of view is 10 m).

reflect robust trace-maker colonization (Figs. 9.9F, 9.13D). Population densities
within palimpsest stiffgrounds can be low (Fig. 9.13B, E-G), or, similar to
softground suites, dense monospecific suites may colonize the substrate (Fig.
9.13D). In Washington State, North Cove contains a highly burrowed stiffground
comprised of compacted and exhumed sandy tidal flat mud (Fig. 9.14C). The
dominant burrow type is incipient Thalassinoides that were produced by shrimp
approximately 200 ybp. This recent stiffground formed due to exhumation on
the foreshore of a transgressive beach in which migration of the bay margins has
exposed a newly exhumed substrate in the bay.

It is possible that some stiffground suites may be truncated due to
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subsequent erosion. For instance, in the McMurray Formation, overlying
sandstone beds were truncated (although the ichnofossils were unaffected; Fig.
9.10B). Analogous to palimpsest softground surfaces, stiffground traces can

also display progressive palimpsesting in which ichnofossils extend up into the
overlying unit (Fig. 9.8D). Stiffground surfaces may also display an undulatory
nature, especially in modern settings (Fig. 9.14C; Gingras et al., 2000b). Finally,
Lettley et al. (2007) reported that depth of the trace penetration could be less than
10 times that of the diameter of the burrow. This relationship may not always be
true, and the colonization depth is likely a function of a number of other factors
including: trace-maker behaviors, time permitted for colonization, sedimentation
rate, population density, degree of stiffness, and food value of the sediment

(especially for deposit feeders).

Firmground Glossifungites Ichnofacies

Characteristics of the Glossifungites Ichnofacies have been well
established in previous literature (e.g., Pemberton and Frey 1985; MacEachern
et al. 1991, 1992; Pemberton and MacEachern, 1995; Gingras et al., 2000;
Pemberton et al., 2004; MacEachern et al., 2007a, ¢) and are reviewed here in

conjunction with a few examples.

Principal Attribute

In the same manner as palimpsest stiffground suites, the firmground
Glossifungites Ichnofacies is easily recognizable as cross-cutting elements
of previous ichnological suites and most often indicates a significant shift in
depositional conditions across the surface. Whether the surface is demarcated by
robust Skolithos or actively infilled Zoophycos, the firmground ichnofossil suite
often contrasts that of previous and overlying suites (if present). However, in
some instances, firmground suites can form autocyclically such that under- and

overlying strata are genetically related.

Primary Attributes

Similar to stiffground colonization, the Glossifungites Ichnofacies is
characterized by unlined and sharp-walled traces (Pemberton et al., 2001);
however, there is no partial lining of structures. Palimpsest firmground traces
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reflect limited burrowing capabilities of trace-makers, which are not permitted
free movement, but are rather constricted to excavation of semi-permanent
burrows (MacEachern and Burton, 2000). The sharp-walled, unlined nature

of the Glossifungites Ichnofacies is exhibited in the Viking Formation along a
transgressive surface of erosion in the Gilby A Field (Fig. 9.10D; MacEachern

et al., 1992). In this example, Skolithos trace-makers cut into initially incipiently
siderite-cemented offshore silty shales, and the traces were subsequently passively
infilled. In modern settings, the sharp-walled and unlined nature of firmground
burrows can be confirmed. At Goose Point, Willapa Bay, a sedimentary surface
was identified as exceedingly firm with burrows that were easily maintained

open without the aid of lining or even mucus (Fig. 9.14D, E). Burrows include
sharp-walled Diplocraterion-like and Skolithos-like structures that cross-cut the
previous biogenic suite. Oxidation of sediment adjacent to burrow structures
indicates the reduced nature of the firmground substrate. This surface reflects c.a.
100,000 yrs. of predominantly wave ravinement influence, and possibly to a lesser
extent tidal ravinement.

The development of firmground substrate typically requires extensive
burial, compaction and erosion to expose firm substrate to marine or marginal
marine colonization (Pemberton et al., 2001). As such, palimpsest firmground
surfaces may display evidence of significant scouring (Pemberton et al., 2001).
In the Willesden Green Field, the Viking Formation consists of a lowstand
incised valley system (MacEachern and Pemberton, 1994). Within these
lowstand incised valleys, migration of tidal inlets and channels can produce
tidal ravinement surfaces (TRS). Such a surface is presented in Figure 9.1A in
which Rhizocorallium saxicava delineates a Glossifungites Ichnofacies overlain
by pebbly sandstone of a tidal inlet fill. The surface is inclined and undulatory
and amalgamates with the initial transgressive surface and sequence boundary
(MacEachern and Pemberton, 1994). The amalgamated nature of this surface
is likely the reason that this TRS exposed firmground substrate that generally
requires extensive exhumation. Similarly, the modern X-ray in Figure 9.7D
depicts bivalves that have colonized an incipient firmground within a subaqueous
tidal channel. The channel eroded into salt marsh deposits, and the bivalves cross-
cut a homogenously burrowed sediment in which the topography is uneven as a
result of scouring within the channel.

Another diagnostic attribute of palimpsest firmground suites is the

ornamentation of traces or presence of bioglyphs or scratch marks (Pemberton
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et al., 2001). Between the Nihotupu and Tirikohua Formations, New Zealand,

a well preserved Glossifungites Ichnofacies exists along a submarine canyon
incision (Fig. 9.1B; Hayward, 1976). During lowstand, there is sediment bypass
on the continental shelf and deposition at the shelf edge. If the shelf edge is over-
steepened, slumping may occur along with erosion by sediment gravity flows,
which produces a submarine canyon. This lowstand incised surface has a high
potential for colonization by trace-makers as the surface is formed within the
marine realm (Pemberton et al., 2001). In this particular outcrop, the surface is
colonized by Rhizocorallium and Thalassinoides in which Rhizocorallium display
distinctive scratch marks typical of firmground colonization (Fig. 9.1B).

The degree of erosion required to expose firm, dewatered and compacted
mudstone is likely extensive (2 m or more was estimated by Gingras et al., 2000).
Firmground can also be formed through incipient growth of cements especially
of siderite in marine and marginal marine settings. In the Viking Formation,
sharp-walled Arenicolites, Skolithos, Planolites and Diplocraterion occur within
siderite-cemented, deep marine mudstone (Fig. 9.1D). These ichnofossils are
not borings, but reflect colonization of the sediment during which time siderite
cementation was taking place to form a firm substrate. In the deep marine, suboxic
conditions combined with low sedimentation and low organic concentrations
can facilitate siderite precipitation (Mozley and Wersin, 1992). The high-energy
Glossifungites suite of predominately inferred suspension-feeding structures
suggests a major change in depositional conditions at the time of palimpsesting.
This surface is interpreted to reflect a SB/TSE that occurs above the uppermost

Viking deposits within the Colorado Shale.

Secondary Attributes
Unlike the palimpsest soft- and stiffground suites, the Glossifungites

Ichnofacies is not characterized by: measurable compaction; shearing or
deformation of traces; or progressive palimpsesting due to the firmness of the
substrate. On the other hand, like that of soft- and stiffground ichnofossils,
firmground burrows may be passively (more commonly) or actively infilled
(Pemberton et al., 2001). Firmground traces reflect the cohesive nature of the
sediment at the time of colonization and passive infilling indicates that the
burrows were stable following vacation of the trace-maker (MacEachern et al.,

2007a). Examples of passively infilled Glossifungites Ichnofacies are typically
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those of inferred suspension feeders or passive carnivores, which includes
Skolithos (Figs. 9.1D, 9.10D), Arenicolites (Fig. 9.1D) and Diplocraterion (Fig.
9.1D) and some dwelling structures such as Thalassinoides (Fig. 9.1B, C).
Actively infilled traces are typically those of deposit-feeding or foraging animals
including Rhizocorallium (Fig. 9.1A, B) and Zoophycos (Fig. 9.1C). Zoophycos
and Thalassinoides in Figure 9.1C demarcate a palimpsest surface in which the
traces are sharp walled and there is no disruption to laminae in the host substrate.
This firmground suite reflects the uppermost amalgamated SB/TSE in the Viking
Formation from the Hamilton Lake area (MacEachern and Burton, 2000).
Additional secondary features that may or may not be associated with
firmground suites include robust ichnofossils (Figs. 9.1A, B, 9.10D) and a
general low diversity of traces (Figs. 9.1A-C, 9.10D, 9.14D-E; Pemberton et
al., 2001). In some instances, populations densities may be low (Fig. 9.1C, D),
but monospecific suites tend to be densely populated (Figs. 9.1A, B, 9.14D-E;
Pemberton et al., 2001).

Localized Variability at the Ichnofossil Scale

Local variations in substrate coherence can result in changes in burrow
structure. For example, Frey (1978) suggested that thick-walled burrows near
the surface can become thinner walled and more ornamented at depth where
the sediment is more compacted. This form of localized variation at the scale of
individual ichnofossils can be exhibited in a number of ways (Figs. 9.11, 9.12,
Table 9.6) including:

1) adjacent traces display varying palimpsest characteristics;

2) vertical variation of ichnofossils in a homogeneous lithology;

3) vertical variation of ichnofossils in a heterolithic lithology;

4) variation due to incipient cementation; and

5) overall character can reflect different interpretations of palimpsesting.

Adjacent Ichnofossils Displaying Varied Characteristics

In the Viking Formation at Hamilton Lake, an example of the uppermost
SB/TSE is demarcated by a palimpsest surface characterized by adjacent
individual traces that reflect soft- and stiffground colonization (Fig. 9.11C). In this
example, a short Skolithos displays sharp boundary walls with slight deflection
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of adjacent laminae suggesting stiffground colonization. Other traces along the
surface consist of Thalassinoides and Arenicolites with indistinct boundaries

and mixing of host and lag sediment suggestive of softground palimpsesting.
Potentially, the stiffground Skolithos is lined, which would be indistinguishable
from the host substrate, and may explain the concentration of sandy material that
passively infilled a vacated burrow. Alternatively, the softground expressions may
be related to timing of colonization or activities of the burrowers that produced a
more softground expression. Most likely, the overall sediment character reflected
a degree of compaction transitional between soft and stiff sediment (Fig. 9.4)

in which traces reflect characteristics of both suites depending on method of

construction or burrowing activities.

Vertical Variation in Homogeneous Sediment

Within the Lower Cretaceous Bluesky Formation, a palimpsest wave
ravinement surface is demarcated by Skolithos in which the ichnofossil
boundaries are well defined at the base of the burrow, but poorly defined in the
upper few centimeters (Fig. 9.11A). This variation in boundary configuration is
likely related to compaction of the sand, which was more prevalent at depth. This
example exhibits the ability of sandy substrates to retain stiffground properties
especially at depth within the substratum.

Another example of vertical variation within a consistent lithology occurs
along a SB/TSE in the Viking Formation in which Diplocraterion and Skolithos
extend at depth into bioturbated silty to muddy sandstone (Fig. 9.11B). Upper
portions of the traces are characterized by indistinct boundaries, mixing of host
and lag sediment and partial to more extensive ichnofossil linings indicative of
palimpsest softground colonization. In contrast, the lower portion of traces exhibit
sharp boundaries with evidence of slight deformation of the traces where they
intersect sandier laminae (stiffground expression). In the upper portion of the
palimpsest substrate, siderite cementation is also present; however, in contrast to
other examples (Fig. 9.11F, 9.12), cementation was likely in a very incipient stage
or occurred post-palimpsesting.

Vertical variation of substrate properties is common within modern
settings. In the Niawiakum Estuary, a modern soft- to stiffground transitional
suite is present within fine-grained organic sediments (Fig. 9.14A). Softground

conditions persist in the uppermost centimeters, while stiffground conditions
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persist at depth in dark grey, reduced sediment. Arenicolites- and Skolithos-

like burrows are sharp-walled and easily maintained within the stiffground, but
are more poorly defined within the upper softground. This surface reflects an
autocyclically formed surface at the top of a point bar in which autocompaction
has occurred within dewatered muds. A similar scenario takes place in the
Shepody River area where soft mud overlies stiffground mud on accretionary
banks (Fig. 9.14A). Arenicolites-, Diplocraterion- and Siphonichnus-like burrows
are sharp-walled and easily maintained in the lower stiff mud, but poorly defined
in the upper soft sediment (Lettley et al., 2007). The formation of the transitional
sediment package was suggested by Lettley et al. (2007) to be related to stiffening

during winter months.

Vertical Variation in Heterolithic Sediment

Near the top of the Pebbley Beach Formation at Clear Point, a palimpsest
suite is found to extend at depths into two different lithologies (Fig. 9.11D).
Diplocraterion reflect stiffground colonization within the upper mudstone
deposit due to the presence of sharp trace boundaries, slight deflection of laminae
adjacent to the traces, and loading and flame structures along the surface. Within
the underlying muddy sandstone, the same traces are lined, display indistinct
trace boundaries, and mixing of host and lag sediment suggestive of palimpsest
softground colonization. The juxtaposition of palimpsest stiffground mud over
softground sand is an atypical scenario and is further explained in a subsequent
section (see Stratigraphic Influence). The surface is interpreted as a wave

ravinement surface at which high energy conditions persisted during colonization.

Variation as a Function of Incipient Cementation

Incipient cementation can produce varied palimpsest expressions
including: 1) random variation within an individual ichnofossil; 2) varied
expression between different traces; and 3) vertical variation within the same trace
due to a limited depth of cementation.

In the Red Jacket Formation of southeastern Saskatchewan, Kreis
(1991) defined the Jurassic Moosomin Member. Within this unit, a surface is
characterized by transitional palimpsest soft- to stiffground Diplocraterion

parallelum (Fig. 9.11E). The boundaries of this trace vary from sharp (stiffground
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expression) to diffuse (softground expression) with a non-systematic distribution.
Incipient calcareous cementation likely played a role in the variable substrate
properties such that cementation was patchy rather than uniform. The Moosomin
B is interpreted by Kreis (1991) to reflect brackish water deposition of a tidal

flat setting reflecting overall shallowing, and the surface likely reflects marine
ravinement (pers. commun. Kreis, 2007).

Within the Viking Formation, a siderite cemented bed contains
Thalassinoides that reflect soft- to firmground conditions (Fig. 9.11F). Cross-
sectional representations of Thalassinoides display indistinct ichnofossil
boundaries with a mixed sandy and sideritized mudstone infill. The vertical
Thalassinoides, however, is sharp walled and contains sandstone with sideritized
mudstone clasts reflecting firmground colonization. Mudstone clasts within the
ichnofossil further imply firmground conditions at the time of colonization as the
clasts must have been durable enough to remain intact. This surface is interpreted
as autocyclic in nature based on the presence of low-angle laminated deltaic
sandstone below and above the surface. Within deltaic strata, siderite can form
due to the organic nature of fluvial-sourced muds that may result in bacterially-
facilitated precipitation of siderite (Coleman, 1993). Variation in the palimpsest
expression is likely due to the timing of burrowing relative to the degree of
incipient cementation. Cross-sectional Thalassinoides were likely formed during
the early stages of incipient siderite cementation when the substrate acted as
softground. Conversely, the sharp-walled Thalassinoides likely formed during late
stage incipient cementation at which time the mudstone was firm. Bromley (1975)
discussed a similar scenario in which lithification of carbonaceous sediments may
occur during burrowing activities.

In the Viking Formation at well location 12-35-036-25W4, there is an
unusual occurrence in which Diplocraterion and Skolithos subtend from a surface
through sideritized mudstone and into underlying interlaminated sandstone and
mudstone (Fig. 9.12). Within the siderite unit, ichnofossils indicate firmground
colonization based on the sharp-walled nature of the traces. However, within
the underlying interlaminated unit, the traces were emplaced within stiffground
sediment indicated by the relatively sharp-walled nature of the traces, rare
partial lining, deflection of laminae adjacent to the trace fossil boundaries, and
deformation found in the pinching and swelling of the traces (i.e. compaction).
The transition from stiffground at depth to firmground near the colonized surface

is atypical. In general, one would expect firmground substrate to be found at
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greater depths due to more prolonged compaction and dewatering, while stiffer
sediment would be found closer to the sediment surface. In this instance, siderite
cementation was likely incipient at the time of colonization such that the substrate
was not fully lithified, but possessed a greater degree of cohesion as compared

to underlying heterolithic sediment. Strata below and above the surface reflects
deltaic deposition based on ichnological and sedimentological attributes. The
presence of siderite in conjunction with a pebbly lag and robust structures of
inferred suspension feeders (which are absent from the host and overlying
sediment) suggests that a major shift in depositional conditions occurred. Perhaps
the surface reflects a minor drop in relative sea level, subsequent relative sea-
level rise and wave ravinement. In this example, the presence of a palimpsest

ichnofossil suite is the only evidence of a major depositional shift.

Overall Character Reflects Different Interpretations

The Late Cretaceous Panther Sandstone of the Star Point Formation
outcrops on the eastern side of the Wasatch Plateau and the western side of the
Book Cliffs in Utah, USA. At the top of this unit, a surface reflects a transitional
palimpsest softground to stiffground in which the overall character of the traces
reflects the nature of both soft and stiff overprinted substrates (Fig. 9.11G, H). The
traces include Rosselia and Skolithos in which trace boundaries possess a sharp
to diffuse character with localized halos of disturbance (softground expression).
The unlined nature of burrows within sandy substrate suggests passive infilling
within stiffground sediment wherein burrows were stable and did not require
wall stabilization. These characteristics appear to reflect palimpsest softground
colonization while the nature of the burrow within sandy substratum suggests that
the sediment was compacted enough to retain some stiffground properties. Local
diffuse boundaries and disturbance of the surrounding sediment suggests that the
incohesive nature of the sandy sediment made it easy to manipulate grains along
burrow boundaries. Likely the degree of compaction was transitional between
typical softground and stiffground sediment (Fig. 9.4). This palimpsest suite
characterizes a transgressive surface of erosion separating underlying deltaic
strata from overlying fully marine mudstones (Bhattacharya et al., 2007).

In the modern, the degree of sediment cohesion is more readily apparent;
however, it is more difficult to define characteristics of individual traces that

have not passed into the historical record. In the modern X-ray in Figure 9.7C,
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rhythmically laminated saltmarsh sediment was extensively rooted based on the
presence of rhizoliths. Arenicolites-like burrows cross-cut the rooted sediment that
is transitional between stiffground and firmground. The transitional nature of this
palimpsest surface is based on the cohesion of the modern strata (cf. Gingras et
al., 2000). This surface was formed through autocompaction that was likely aided

by the presence of extensive rhizoliths.

ENVIRONMENTAL INFLUENCE

Aside from the substrate, the expression of a palimpsest suite is highly
dependent upon key environmental factors. Ichnofossils of the Glossifungites
Ichnofacies have been predominantly described as vertical to subvertical
U-shaped, cylindrical, or tear-shaped domiciles of suspension feeders (e.g.,
Diplocraterion, Skolithos, Psilonichnus, Arenicolites, Conichnus, Bergaueria)
and to a lesser extent deposit-feeding organism (e.g., Thalassinoides; MacEachern
et al., 2007a). However, in studying the Viking Formation in the Hamilton
Lake area, MacEachern and Burton (2000) recognized atypical expressions of
the Glossifungites Ichnofacies characterized by foraging, probing and deposit-
feeding structures including: Thalassinoides, Rhizocorallium and Zoophycos.
These trace fossil suites characterize the uppermost bounding discontinuity in the
Viking Formation (BD4), which reflects an amalgamated SB/TSE (MacEachern
and Burton, 2000; see Chapter 8). This surface would have been cut under high-
energy conditions; however, ichnofossils reflect colonization in a proximal
offshore, low-energy setting (MacEachern and Burton, 2000). These suites were
referred to as distal Glossifungites Ichnofacies by MacEachern and Burton (2000).

Based on the examples described above (Tables 9.2-9.6), the same
distal versus proximal trends can be seen with palimpsest soft- and stiffground
suites. Environmental influence plays an important role in the type of infaunal
colonization, behavior of trace-makers, size of trace fossils and relationship of
organisms to resumed sedimentation. Accordingly, aside from substrate, the
three most important environmental factors that determine the attributes of the
palimpsest ichnofossil suite include: 1) the depositional setting; 2) energy regime;
and 3) sedimentation rate at the time of palimpsest colonization (Fig. 9.15), in

addition to the trace-maker morphology and exhibited behavior.
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Proximal Setting Intermediate Setting Distal Setting
Palimpsest Suite Palimpsest Suite Palimpsest Suite

Predominantly vertical structures of inferred Mixed expression with vertical Predominantly horizontal traces reflecting
suspension feeders or passive carnivores and horizontal ichnofossils deposit feeding, foraging and probing
B High-Energy Intermediate-Energy Low-Energy
Palimpsest Suite Palimpsest Suite Palimpsest Suite

Large, robust, deeply excavated, generally Shallow, diminutive vertical structures and
vertical structures of inferred suspension diminutive to robust horizontal deposit feeding,
feeders or passive carnivores foraging or probing structures
C High Sedimentation Rate Intermediate Sedimentation Low Sedimentation Rate
Palimpsest Suite Rate Palimpsest Suite Palimpsest Suite

Progressive Palimpsesting: organisms that Passive to active infilling of burrows Passive infilling of burrows that are
colonize the palimpsest surface continue constructed prior to, and during vacated prior to significant
burrowing into overlying sediment deposition of the overlying deposit deposition of the overlying unit

Arenicolites & Gastrochaenolites vRosseIia \ Thalssinoides

v Conichnus = Planolites D Skolithos % Zoophycos

N
Diplocraterion \T\f Rhizocorallium Teichichnus
@

FIGURE 9.15—The environmental influence on palimpsest suites. A: Proximal to distal trends in
trace fossil suites (modified from MacEachern and Burton, 2000). B: The influence of energy on
ichnofossil suites. C: The influence of sedimentation rate on the expression of a palimpsest suite.
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Depositional Environment

The depositional environment that persists during palimpsesting influences
the suite, diversity, and abundance of ichnofossils (MacEachern et al., 2007a). In
general, vertical structures of inferred suspension feeders or passive carnivores
will colonize proximal settings while horizontal deposit-feeding structures
predominant distal settings (Fig. 9.15A; MacEachern et al., 2007a). Proximal
palimpsest suites will tend to include: Diplocraterion (Fig. 9.12), Skolithos
(Fig. 9.11A) Arenicolites (Fig. 9.1D), Psilonichnus, Conichnus (Fig. 9.6F),
Bergaueria and to a lesser degree Thalassinoides (Fig. 9.13D; MacEachern et
al., 2007a), Rosselia (Fig. 9.6]) and Gyrolithes (Fig. 9.13A). Distal expression
of palimpsesting includes Thalassinoides (Fig. 9.1B), Spongeliomorpha,
Rhizocorallium (Fig. 9.13C), and Zoophycos (Fig. 1C; MacEachern and
Burton, 2000) in addition to Planolites (Fig. 9.6G) and Teichichnus (Fig. 9.8C).
Chondrites may cross-cut the palimpsest suite; however, these traces tend to
contain a contrasting infill that reflects post-omission burrowing. For example, the
palimpsest Chondrites described by Schieber (2003) likely reflect a deeper tier
ichnofossil that colonized the substrate at a later time. Distal settings may also be
colonized by diminutive vertical structures of inferred suspension feeders such as
Skolithos (Fig. 9.11C). While intermediate depositional settings will be colonized
by a mixed expression of the proximal and distal suites (Fig. 9.13B).

The diversity and abundance of palimpsest ichnofossils can also depend
upon the depositional setting. For instance, within a modern Glossifungites
assemblage at Willapa Bay, Gingras et al. (2001) found that intertidal zonation
led to colonization by different organisms. Subtidal and lower to middle intertidal
firmground exposures were colonized by crustaceans and rarer bivalves forming
Thalassinoides- and Gastrochaenolites-like traces. In contrast, the upper intertidal
was burrowed by Polydora forming small Diplocraterion- and Arenicolites-
like traces. In this case, the presence of low-diversity suites was dependent
on intertidal zonation that was a function of lithology, degree of cohesion and
overlying lag deposition (Gingras et al., 2001). The abundance of ichnofossils
will likely be dependent upon the suitability of the setting to the trace-makers,
the degree of opportunistic colonization of sediment, and the time permitted for
colonization. In the Pebas Formation, a suitable setting and likely ample time led
to the complete destruction of the stiffground surface (Fig. 9.13D). Conversely, a
lack of opportunistic colonization and potentially rapid shift in the environment

led to a sparsely burrowed contact in the Viking Formation in Figure 9.10C.
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Energy Regime

Energy regime also influences the nature of trace-maker colonization
during palimpsesting (MacEachern and Burton, 2000; MacEachern et al.,
2007a). High-energy settings tend to be colonized by large, robust, deep, vertical
structures of inferred suspension feeders or passive carnivores (Fig. 9.15B). Low-
energy conditions, however, tend to result in colonization by diminutive, shallow,
vertical structures and robust to diminutive horizontal deposit-feeding, probing or
foraging structures (Fig. 9.15B).

Depositional setting and energy regime are closely associated in that
large, vertical structures tend to be associated with high energy, proximal
settings. For example, wave ravinement surfaces in the Viking (Fig. 9.6H) and
Bluesky (Fig. 9.11A) formations were colonized by robust, vertical ichnofossils
within proximal upper offshore muddy sandstone. Similarly, a tidal ravinement
surface in the Pebbley Beach Formation cuts into estuarine basin deposits and
is characterized by deep, robust Diplocraterion (Fig. 9.61). In the same fashion,
low-energy palimpsesting tends be associated within distal settings. For example,
distal colonization of the Viking uppermost SB/TSE produced suites containing
Zoophycos (Fig. 9.1C) and Rhizocorallium (Fig. 9.6C). There are, however,
exceptions to these generalized relationships. For instance, in proximal deposits
of the Heather Formation (Fig. 9.6A) and Viking Formation (Fig. 9.6D, E),
the palimpsest softground ichnofossils are diminutive and shallow suggesting
relatively low-energy conditions during colonization. Intermediate energy during
palimpsesting within proximal settings will tend to be demarcated by a mix
of vertical and horizontal structures. In the Panther Tongue of the Star Point
Formation, diminutive Skolithos and robust Rosselia suggest an intermediate
energy regime (Fig. 9.11G, H). Another example of intermediate energy within a
proximal setting is suggested by Thalassinoides in the Snapper Point Formation in
which the palimpsest suite replaces vertical Diplocraterion within the underlying
sandstone (Fig. 9.13E). Intermediate energy conditions can also persist in more
distal settings, which is expressed by a mixed palimpsest ichnofossil suite
containing vertical and horizontal traces such as those from the Viking along wave
ravinement (Fig. 9.13B) and SB/TSE (Fig. 9.13C) surfaces.

One would expect that stiffground and firmground suites are typically
associated with high-energy conditions as these substrates tend to require some
degree of erosion and removal of overlying strata. However, it is the energy

regime at the time of colonization that influences the ichnofossil suite regardless
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of the energy of the system that may have led to erosion along a surface.
Interrelationships between numerous environmental, substrate and stratigraphic
factors also play a role in the development and expression of the palimpsest suite
such that generalized trends between energy and the type of palimpsest suite

cannot be necessarily made.

Sedimentation Rate

The nature of a palimpsest ichnofossil suite will also depend, to a lesser
extent, on the sedimentation rate (Fig. 9.15C). When sedimentation rates are low,
deposition of lag or superjacent sediment tends to occur following construction
of palimpsest ichnofossils. In this case, traces are passively infilled following
vacation by trace-makers. These ichnofossils are typically vertical structures of
inferred suspension feeders or passive carnivores such as Skolithos (Fig. 9.10D)
and Diplocraterion (Fig. 9.10C). Although, structures of inferred suspension
feeders may not always be passively infilled, such as Diplocraterion in the
Pebbley Beach Formation (Figs. 9.61, 9.11D) and the Moosomin B (Fig. 9.11E).
In addition, horizontal dwelling structures like Thalassinoides may be passively
infilled such as those in the Pebas Formation (Fig. 9.13D) and the West Ahken
Field (Fig. 9.13F).

With intermediate sedimentation rates, lag deposition typically occurs
during or shortly after initial colonization such that ichnofossils may be
passively or actively infilled with the overlying deposit. Ichnofossils that may
be influenced by intermediate sedimentation could include foraging or deposit
feeding structures such as Rhizocorallium, Zoophycos, Thalassinoides, Planolites
and Rosselia. Such a mix of passively and actively infilled traces is found in the
Viking along the uppermost SB/TSE (Fig. 9.11C, 9.13C). Where sedimentation
rates are comparatively high, organisms that formed burrows subtending from
the surface may continue burrowing up into the overlying deposit (e.g., Fig.
9.6C). The occurrence of traces spanning across the palimpsest surface reflects
a unique form of palimpsesting referred to herein as progressive palimpsesting.
Ichnofossils found in this setting may incorporate a variety of structures including
Diplocraterion, Arenicolites, Teichichnus and Rhizocorallium that adjust upwards

with sedimentation.
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Progressive Palimpsesting

In studying modern firmground assemblages at Willapa Bay, Gingras et
al. (2001) observed portions of firmground burrows existing within the sediment
veneer as well as in the firmground. Based on these modern biogenic structures,
Gingras et al. (2001) hypothesized that only the burrow component within the
firmground would likely pass into the historical record. This may be the case in
some scenarios; however, within the Snapper Point Formation of Australia and
the Viking Formation of Alberta, palimpsest traces have been observed extending
into the overlying unit (Fig. 9.8). These examples are defined by palimpsest
softground and stiffground suites rather than the firmground Glossifungites
Ichnofacies. Perhaps the active burrowing (as opposed to passive infilling typical
of firmground suites) associated with palimpsest softground and stiffground suites
is more conducive to progressive palimpsesting in which trace-makers continue
burrowing to keep pace with sedimentation. Although, rapid sedimentation in a
distal setting in which deposit-feeding or foraging organism colonize the surface
could produce progressive palimpsesting in firmground substrate.

In the examples presented below, evidence suggests that rapid deposition
of the overlying unit took place such that trace-makers were required to keep pace
with sedimentation. This progressive palimpsesting reflects colonization of an
autocyclic surface in the Snapper Point Formation and an amalgamated SB/TSE

in the Viking Formation.

Snapper Point Formation—At the Snapper Point South locality of NSW,

the Snapper Point Formation is characterized by numerous palimpsest trace
fossil suites, two of which display progressive palimpsesting. The lowermost
palimpsest softground suite is characterized by Planolites and Thalassinoides
with indistinct boundaries, mixing of host and lag deposits and partial trace
linings, and an unknown lined, inclined trace (Fig. 9.8A). The latter trace is
heavily lined suggesting that palimpsesting of looseground sediment occurred,
and the ichnofossil contains an infill consistent with the under- and overlying
units. The palimpsest surface also displays prominent load casts suggestive of soft
or looseground overprinting followed by rapid deposition of the overlying coarse
clastic unit. The heavily lined trace reflects active infilling such that the trace-
maker either penetrated down through an initial lag deposit, or adjusted upwards
through the sediment as lag deposition occurred. Most likely, as the coarse

material was being rapidly deposited, the trace-maker would not have burrowed
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downward as the sediment-water interface progressed upwards.

The second overlying surface is demarcated by palimpsest ?Arenicolites
the bulk of which occurs within the overlying lag deposit (Fig. 9.8B). The
trace appears lined at the base, while additional Rhizocorallium exhibits
diffuse boundaries and disruption to underlying laminae suggesting softground
colonization. Loading is also present along this surface, but is less pronounced as
compared to the underlying surface. Within the overlying coarse clastic material,
burrowing is common; however, traces are unidentifiable due to preferential
weathering of the ichnofossils.

Burrowing across these surfaces suggests that there was a slight shift in
the community: the pre-omission suites include sparse Rosselia, Diplocraterion,
and Palaeophycus overprinted by Planolites, Thalassinoides, Arenicolites and
Rhizocorallium. The continuation of burrowing by the palimpsest suite into
overlying strata suggests that conditions remained optimal enough for trace-
makers to continue thriving. In this case, burrows are likely actively infilled rather
than passively as burrows remain occupied by animals as they kept pace with
sedimentation. Traces that are part of the palimpsest suites, but do not exhibit
progressive palimpsesting (Thalassinoides, Planolites and Rhizocorallium)
likely colonized the sediment at an early stage and were passively infilled prior
to significant deposition. Traces extending across the surface may indicate that
burrowing began prior to lag deposition or following some deposition of coarse
clastics.

The lower palimpsest surface separates underlying swaley cross-stratified
sandstone (storm deposition) from overlying lag deposits and sandy mudstones
that reflect a highly bioturbated, fair-weather suite. In contrast, the upper
palimpsest suite separates hummocky cross-stratified sandstone from overlying
trough-cross bedded sandstone. Both surfaces are interpreted to reflect autocyclic
fluctuations in sediment supply possibly related to ice-rafting (cf. Veevers and

Powell, 1987) within an overall conformable succession.

Viking Formation—Traces as part of palimpsest stiffgrounds and softgrounds that
extend into the overlying deposit are also present within the Viking Formation. In
the first example (Fig. 9.8C), transitional palimpsest softground to stiffground is
demarcated by Teichichnus, Planolites, Thalassinoides and an unknown structure,
which are partially lined with sharp to diffuse boundaries. The ichnofossil of

interest is the 7eichichnus that subtends from the surface and extends up into
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the overlying lag deposit. This surface represents the uppermost SB/TSE of the
Viking Formation underlain by weakly bioturbated deltaic deposits and overlain
by lower offshore to shelf mudstones.

The example presented in Figure 9.8D consists of Thalassinoides and
Diplocraterion that constitute a palimpsest stiffground with sharp ichnofossil
boundaries and no discernible disruption to underlying laminae. The
Diplocraterion subtends below the surface into lower offshore strata and extends
up into the overlying Colorado Shales. This surface reflects an obvious shift in
depositional conditions at the time of palimpsesting in which structures suggestive
of a more proximal setting are found in otherwise weakly burrowed mudstones
reflecting the uppermost SB/TSE of the Viking Formation.

The presence of progressive palimpsesting along this Viking surface is
likely associated to rapidly changing conditions during palimpsesting. Within the
overlying lag deposit of the BD4 surface in the Hamilton Lake area, Teichichnus
is a relatively common trace, the upwards adjustment of this burrow suggests the
need for trace-makers to keep pace with sedimentation during resumed deposition.
Transgression was likely rapid such that the window for colonization during
palimpsesting was short prior to any lag deposition and subsequent deep marine
conditions. This progressive palimpsesting contrasts with that of the Snapper
Point Formation in that traces display continual readjustment along allocyclically
generated surfaces. Accordingly, the presence of progressive palimpsesting can be

an important indicator of the depositional conditions at the time of colonization.

Trace-maker Colonization

The type of ichnofauna that colonize the substrate, the burrow density and
depth of burrows depends primarily on substrate attributes and environmental and
physio-chemical conditions that persisted during the hiatal break (Gingras and
Pemberton, 2000; Gingras et al., 2001; Pemberton et al., 2004). While firmground
substrates may inhibit formation of Rosselia and Planolites by deposit-feeders,
suspension feeders and passive carnivores may thrive, especially in the absence
of other burrowers. Conversely, palimpsest soft- and stiffgrounds likely attract
more deposit feeders and a broader range of organisms, but may also be colonized
by inferred suspension-feeding organisms as well. The construction of semi-
permanent dwellings in firmground substrates requires an initial expenditure of

energy; however, no long-term energy is required to stabilize burrow walls. On
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the other hand, burrowing within soft- and stiffground requires less of an initial
energy expenditure; however, more long-term energy is required to maintain
burrow walls, especially in softground sandy sediment. In studying modern
palimpsest suites, Gingras et al. (2001) noted a strong correlation between the
firmness of the sediment and the observed burrowing behaviors. At Willapa Bay,
sediment firmness is heterogeneous where different burrowers colonize varying
substrate firmnesses: Polydora populated substrate displaying a firmness of about
1 x 107 Pa, whereas very firm substrates (>1x 10° Pa) were typically devoid of
burrowing (Gingras et al., 2001).

Ultimately, the colonizing organisms determine the type of trace fossil
constructed, size, and inferred ethology. Inherently, organisms-sediment
interactions with the substrate can change between firmgrounds and softgrounds,
and potentially different trace fossils may be constructed. However, the nature of
palimpsest suites will reflect the morphology and behavior of the trace-making
organisms. The size of palimpsest ichnofossils will likely be a function of the
permanency of burrows. Burrows reflecting dwelling and inferred suspension-
feeding activities tend to be semi-permanent and likely become enlarged as
the individual trace-maker grows (Fig. 9.10D, 9.12). Whereas deposit-feeding
structures typically reflect temporary burrow activity in which sediment is mined
and the burrow is actively infilled as the trace-maker moves through the sediment
(Fig. 9.13C). The temporal significance of deposit-feeding structures is shorter,
and as such these structures may be diminutive, although that may not always be
the case (Fig. 9.1A, B).

STRATIGRAPHIC INFLUENCE ON PALIMPSESTING

Degree of Burial, Erosion, and Hiatus

Ruffel and Wach (1998) suggested that the maturity of a firmground
is related erosional events or to the magnitude of the associated hiatus. With
increasing depth of erosion, the probability of exposing a firmground that may
be colonized to produce a Glossifungites Ichnofacies increases. The depth of
erosion will depend on: 1) the energy and duration of the erosional event; 2)
characteristics of the substrate; and 3) slope of the depositional surface. With
increasing energy and duration of an erosional event, the depth of erosion

potentially increases. For instance, wave ravinement surfaces form in the
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shoreface during transgression and typically reflect continual high-energy
conditions. A storm scour or shallow tidal ravinement surface, on the other hand,
may represent brief scouring conditions that may not expose deeper firmground
substrate, and instead favor softground colonization. The characteristics of the
substrate can also influence the degree of erosion as firm mud will be more
durable than loose sand, and incipient cementation can inhibit extensive erosion.
The slope of the depositional surface will also influence the degree of erosion
and probability of exposing firmer sediment. Ravinement across a relatively

flat surface will likely be rapid with minimal erosion; however, ravinement of

a sloped surface such as a preexisting forced regressive shoreface will likely be
slow and extensive (Fig. 9.16).

With burial of sediment, compaction and dewatering occurs which
enhances the cohesion of the substrate. Although, the formation of firm- and
stiffgrounds may not require extensive burial, as muds exposed on tidal flats
can undergo autocompaction in which sediment dewaters and compacts despite
prolonged burial (Fig. 9.7C, 9.13A, 9.14A, B). In modern settings, the firmness
of the substrate is generally a function of age (burial time) and exposure time
to modern processes (Gingras et al., 2001). In these settings, the firmness tends
to be more heterogeneous with “patches” that are firmer producing an overall
undulatory firmness profile (decimeter scale; Gingras et al., 2000). In general,
the burial depth required to form a firmground will depend upon the sediment
texture, initial pore-water content, sedimentation rate and amount of burial time
(Dewhurst and Aplin, 1998; Gingras et al., 2000). Gingras et al. (2000) suggested
that exposed durable firmgrounds likely involve removal of 2 m or more of
sediment. Where the sediment has good drainage, the sediment also tends to
exhibit firmer profiles (Gingras et al., 2000).

Hiatuses may occur in the marine realm along a condensed section in
which semi-lithified or lithified sediment may form without erosion (Pemberton
et al., 2004). In the Falher A cycle, Hobbs (2003) also identified palimpsest
trace fossil suites characterizing maximum flooding surfaces. Amalgamation
of erosional and/or hiatal events will also result in an increased potential for
palimpsesting due to prolonged erosion or dewatering. During subaerial exposure,
sediment dewaters and compacts. The amalgamation of a subaerially exposed
sequence boundary and transgressive surface of erosion will often expose firm
substrate. The tidal ravinement surface amalgamated with the initial transgressive

surface and sequence boundary in the Viking Formation at Willesden Green

312



Incremental
sea level
fall

/

Regy, \
essj
Sive s, Ceof E -
Fosjo
n

fa

. Maximum
Forced Regressive
Shorefaces Lowstand sea level
Shoreface fall

Time 3

SB

Erosive shoreface retreat

FS/SB
— — — — FWWB2|

Ravinement .
surface Flooding

surface

V4

Transgressive
Shoreface

Transgression

Reg 'eSS;kSur o

£ N
ace ofErOS' FWWB1
on

B ’ cc

FIGURE 9.16—The formation of incised shorefaces. Time 1: As sea level falls in increments,
forced regressive shorefaces are carved. The sequence boundary is formed due to subaerial
exposure and grades into regressive surfaces of erosion and the correlative conformity in the
offshore. Time 2: Maximum sea level fall carves the lowstand shoreface, which is underlain by
a continuation of the sequence boundary. Time 3: Transgression ensues and the former sequence
boundary is amalgamated with the ravinement surface to form a FS/SB as the shoreface retreats.
During stillstand a transgressively incised shoreface may be preserved overlying the FS/SB.
Modified from MacEachern et al. (1999b).

resulted in firmground colonization by robust Rhizocorallium (Fig. 9.1A).

Rates of Transgression or Erosion

The development of a palimpsest suite may also be a function of the
rate of erosion (Gingras et al., 2001). Depending on fluctuations in relative sea
level, the rate of transgression may slow, remain constant or increase over time.
A slower rate of transgression tends to result in increased erosional truncation of
underlying deposits, which may potentially expose firmer substrates. Whereas
rapid transgression tends to flood an area resulting in minor erosion during
shoreface retreat favoring palimpsest soft- or stiffground colonization. Examples
presented from the uppermost SB/TSE of the Viking Formation at Hamilton
Lake record distal expressions of palimpsest suites (Fig. 9.1C, 9.6B, C, G,
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9.11C, 9.13C). Rapid transgression at Hamilton Lake is suggested by progressive
palimpsesting, a low abundance and diversity of traces within the lag deposit
and traces suggestive of keeping pace with sedimentation (e.g., Teichichnus).
Most likely, in this distal Viking setting, erosion was limited during a rapid
transgression along BD4 (see Chapter 8).

During transgression, periods of stillstand reflect a pause in the overall
relative sea level rise. This pause results in the formation of a bevel carved in
the underlying deposits as the shoreface preserves its concave upward profile
(Fig. 9.16). Stillstand conditions therefore generate increased localized erosion to
expose firmgrounds to marine trace-makers. The bevel created along BD1 in the
Viking Formation at Hamilton Lake is typically demarcated by a sharp contact
with little evidence of erosion except the obvious truncation of underlying strata.
In this case, the BD1 surface was first carved during relative sea level fall and
subsequently modified during transgression, which may have been rapid such that

conditions were not ideal to palimpsesting (Fig. 9.16; see Chapter 8).

Lag Deposition

The deposition of a lag deposit or contrasting superjacent sediment is key
in preserving traces associated with palimpsest suites, as the traces may otherwise
appear as part of the underlying suite if the infilling material is similar. A change
in grain size within palimpsest softground traces, especially, differentiates
these ichnofossils from the underlying trace fossil suite. Colonization of a
palimpsest substrate by trace-makers, may, in some instances require deposition
of overlying sediment. In a modern study at Willapa Bay, Gingras et al. (2001)
observed heterogeneity in the Glossifungites Ichnofacies, which was associated
to the presence or absence of a sediment veneer. A sediment veneer of >1 ¢cm in
thickness precluded the Polydora Association, and 3-5 cm of sediment veneer
precluded the Petricola Association while Upogebia was unaffected by a sediment

veneer (Gingras et al., 2001).

Spatial and Temporal Surface Variability

A single discontinuity can be characterized by palimpsest softground,
firmground, woodground and hardground suites (MacEachern et al., 2007a) as

substrate consistency can change both laterally and vertically (Bromley, 1996).
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There may be gradation between softground, stiffground and firmground suites
in siliciclastic sediments, while carbonates may transition to hardgrounds as well.
MacEachern et al. (2007a) suggested that allocyclic discontinuities can vary in
nature spatially as a result of the underlying substrate, substrate cohesion, energy
regime during subsequent colonization and depositional conditions at the time

of colonization. Based on the examples presented below (Fig. 9.9), this variation

may occur over significant distances or within meters of outcrop.

Viking Formation — Spatial-Temporal Transition

In the upper Viking strata in the Hamilton Lake area, two transgressively
incised shorefaces persist along the northern edge and to the north of the field (see
Chapter 8; Figs. 8.2, 8.8). Towards the southwest of Hamilton Lake, the bases of
these shorefaces are amalgamated into one surface—BD?3 (Fig. 9.9C). However,
where the shorefaces exist separately, the surfaces are denoted as BD3a (Fig.
9.9A) and BD3b (Fig. 9.9B). These surfaces, where demarcated by ichnofossil
suites can be characterized by either a palimpsest softground or stiffground
suite. However, the amalgamated surface, where demarcated by trace fossils, is
consistently a stiffground suite.

The BD3a surface in Figure 9.9A consists of a palimpsest softground
overlain by 2-3 cm of fine to medium sandstone infilling lined Arenicolites
and a possible Planolites. The surface separates stressed Rhizocorallium and
Asterosoma dominated prodeltaic deposits (BI 3-5) from weakly deltaically
influenced distal upper offshore strata. The palimpsest surface reflects a SB/

TSE (see Chapter 8), which exhibits an obvious shift in depositional conditions
between the under- and overlying strata.

The wave ravinement surface of BD3b is demarcated by a transitional
palimpsest soft- to stiffground with sharp-walled Diplocraterion displaying well
defined spreite and Planolites displaying indistinct boundaries. The overlying
deposit contains Teichichnus suggestive of rapid deposition of the sandy mudstone
lag. Underlying strata comprises homogenized (BI 5-6) upper offshore strata
predominated by Helminthopsis, Rosselia and Planolites. While overlying strata
consists of moderately to weakly burrowed (BI 1-3) sandy mudstone to mudstone
with interlaminated fine sandstone suggestive of deeper marine conditions. In this
locality, the second transgressively incised shoreface was not deposited, but strata

reflect lower offshore deposition during progressive deepening.
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The BD3 surfaces become amalgamated in the landward direction and
are expressed as a single stiffground assemblage in Figure 9C. In this example,
the stiffground is demarcated by Rhizocorallium and Planolites. All of the
trace display sharp boundaries with minor disruption to preexisting laminae
suggestive of stiffground colonization. The Chondrites are infilled with distinctly
lighter coloured sand suggesting that these traces are related to post-palimpsest
burrowing. Amalgamation of the BD3 surfaces implies two things: 1) increased
erosion and/or exposure along the same surface, and 2) increased time reflected
by the single, amalgamated surface. Overprinting of successive surfaces tends to
expose stiffer substrate due to an increased depth of erosion. The amalgamated
surface reflects both a spatial (landward versus basinward) and temporal (one

amalgamated surface versus two temporally less significant surfaces) transition.

Pebbley Beach Formation — Lateral Lithological Variation

In the Pebbley Beach Formation at Clear Point, a palimpsest surface
displays lateral lithological variation such that different lithologies are
characterized by different palimpsest ichnofossil suites (Fig. 9.9D-F). Along the
outcrop, the surface is underlain by either a burrowed muddy sandstone or weakly
burrowed silty mudstone (Fig. 9.9D). The burrowed sandstone is characterized
by trough-cross beds, while the mudstone deposit appears to have infilled
topographic highs between sandy bedforms. These deposits comprise the upper
portion of an interbedded sandstone and fluid mudstone unit that is weakly to
moderately burrowed with combined flow ripples and current ripple lamination.
The thick sharp-based mudstones and general paucity of bioturbation suggests
deltaic deposition (cf. MacEachern et al., 2005). Variation in lithology below the
surface is a function of the muddy unit pinching out against the sandier unit in
either direction (at the scale of meters). This variation is likely a function of the
initial sedimentary topography whereby depressions between sandy dunes were
infilled with muddy deposits possibly as hyper- or hypopycnal riverine discharge.

Directly overlying the palimpsest surface is a gritty mudstone which
infills the burrows. The gritty sediment consists of fine to very coarse sand
grains in conjunction with glendonite crystals. The lag material tends to pinch
and swell and there is localized loading along the surface. Traces defining the
palimpsest suite include Diplocraterion and Rosselia. Rosselia occur within the

muddy sandstone, are infilled with gritty sediment, and are heavily mud lined
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suggesting palimpsest softground conditions (Fig. 9.9E). Where the surface is
primarily underlain by mudstone deposits, sharp-walled Diplocraterion dominate
the palimpsest stiffground ichnofossil suite (Fig. 9.9F). Where the underlying
lithology transitions, there tends to be a transitional suite consisting of both
Diplocraterion and Rosselia.

Overlying the lag deposit is mudstone with thin interlaminated sandstone
beds that is overall moderately to commonly bioturbated (BI 1-3). This facies is
interpreted to reflect distal prodeltaic deposition based on the fine-grained nature
of the deposit, paucity in trace fossil abundance suggestive of environmentally
stressful conditions, and overall coarsening upward nature of the stratal unit.
The palimpsest suites likely reflect a minor rise in relative sea level possibly

associated with wave ravinement.

Stratigraphic Surfaces

Substrate-controlled ichnofacies are important in delineating potentially
significant stratigraphic surfaces in the rock record and have been discussed
extensively by previous authors (e.g., MacEachern et al., 1991; MacEachern et al.,
1992; MacEachern and Pemberton, 1994; Pemberton et al., 1994; Pemberton and
MacEachern, 1995; MacEachern et al., 1999; Pemberton et al., 2001; MacEachern
et al., 2007a, c). The presence of palimpsest soft-, stiff- and firmground suites
along stratigraphic surfaces is briefly reviewed here.

Based on the examples presented above, palimpsest soft-, stiff- and
firmground ichnological suites characterize both allocyclically and autocyclically
formed surfaces in modern and ancient settings. The newly established soft- and
stiffground suites can be as stratigraphically significant as suites attributable to the
Glossifungites Ichnofacies. There is equal potential for soft-, stiff- and firmground
colonization of stratigraphically significant allocyclic surfaces such as: 1)
sequence boundaries and regressive surfaces of erosion associated with submarine
canyon incision, forced regressive and lowstand shorefaces and incised valleys; 2)
transgressive surfaces of erosion (TSE) associated with wave ravinement surfaces
(WRS) and tidal ravinement surfaces (TRS); and 3) amalgamated sequence
boundaries and flooding surfaces (FS/SB) which involve initial transgression
across the sequence boundary, transgressive erosion across valley interfluves, and
wave ravinement across sequence boundaries (SB/TSE).

However, the erosion (and possibly hiatus) associated with palimpsest
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softground and stiffground suites may be less extensive in comparison to the
Glossifungites Ichnofacies. Accordingly, the probability of palimpsest soft- and
stiffgrounds reflecting stratigraphically significant discontinuities is likely lower
in comparison to firmground suites, and higher for autocyclically generated
surfaces. Although, it is evident from the presented examples that various
conditions can also produce important palimpsest soft- and stiffground ichnofossil
suites (Figs. 9.6, 9.11, 9.13).

DEVELOPMENT AND PRESERVATION OF PALIMPSEST SUITES

The development of palimpsest soft- and stiffground trace fossil suites
may resemble that of the firmground Glossifungites Ichnofacies, wherein
colonization of the surface succeeds varying degrees of erosion and/or
depositional hiatus (Figs. 9.17, 9.18). Due to the gradational nature of softground
to firmground substrates, there are numerous methods in which palimpsest
substrates can form, which likely results in the especially varied nature of
palimpsest soft- and stiffground suites (Table 9.1). The development of stiff- to
firmground substrates can be remarkably similar due to their common association
with dewatered and incipiently compacted mudstones. Understanding the
various processes responsible for the development of palimpsest suites is further
complicated by the range in the degree of substrate “firmness” (Fig. 9.4; Gingras
et al., 2000).

Palimpsest Softground

The formation of palimpsest softground involves little or no burial,
compaction or erosion, such that soft substrate remains exposed (Fig. 9.17).
Brekke (1995) and Hobbs (2003) initially suggested that palimpsest softgrounds
characterized sandy substrates in which there is minimal or extensive erosion
of sandy deposits. However, based on the examples in Figure 9.6, palimpsest
softgrounds tend to develop under two different scenarios: 1) low- to high-
energy conditions in sandy proximal sediment (Fig. 9.6A, E, F, H-J), and 2)
low-energy conditions in (typically) distal settings within muddy sediment

(Fig. 9.6B-D, G). Within proximal sandy sediment, even pronounced erosion
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A Formation of a Typical Expression of the Proximal Cruziana Ichnofacies (Continuous Deposition)

s ) i

Trace-maker colonization Compaction and recolonization Further compaction and A proximal expression of the
of softground substrate of the softground continues as recolonization as sediment Cruziana |chnofacies
new sediment is deposited aggrades is formed over time
B Formation of a Palimpsest Softground Trace Fossil Suite (Discontinuous Deposition)

Trace-maker colonization Depositional hiatus (and/or Subsequent lag deposition Resumed deposition and
of soft substrate minor erosion) followed by and mixing of the host and compaction of the softground

in an offshore setting recolonization of the soft lag deposits substrate and associated
substrate palimpsest trace fossil suite

FIGURE 9.17—Models depicting the formation of softground trace fossil suites formed during
continuous and discontinuous deposition. A: Formation of a typical proximal expression of

the Cruziana Ichnofacies wherein colonization and deposition are continuous. B: Formation

of a palimpsest softground trace fossil suite during discontinuous deposition. In this example,
palimpsest trace-maker colonization succeeds softground colonization and potentially some degree
of depositional hiatus and/or minimal erosion.

may produce a palimpsest softground due to the incohesive nature of sandy
sediment. Conversely, in order for muddy substrate to escape extensive erosion,
recolonization of the surface may take place in a low-energy (generally distal)
environment. Development of a palimpsest softground ichnofossil suite contrasts
that of tiering (Fig. 9.17A) in which there is no discrete surface or change in

depositional conditions.

Palimpsest Stiffground

On a localized scale, salinity changes and water expulsion may produce
stiffground substrates (cf. Lettley et al., 2007). In other cases, the formation of
palimpsest stiffground sandstones may be related to sediment compaction (e.g.,
via surf-pounding; Gingras et al., 2000) or incipient cementation (especially
with carbonates). Understanding the various processes responsible for the

development of palimpsest stiffgrounds is further complicated, however, by the
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FIGURE 9.18—Models depicting the development of trace fossil suites in stiffground and
firmground. A: Development of apparent bed junctions formed through stiffground colonization

during continuous depositio
overlain by a veneer of soft
softground and stiffground.
which infills the burrows in
the softground layer is now

n. Initial colonization of the substrate consisting of stiffground
sediment (1). White arrow indicates the transition depth between
Subsequently, there is deposition of a new sediment package (2),
bed 1. The new sediment layer (2) is colonized by trace-makers, and
present at the top of this bed (2). The previous softground veneer in

bed 1 is compacted as a result of deposition of overlying sediment, distorting the upper burrow
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FIGURE 9.18 (Continued)—segments contained in the softground. Burrow segments originally
constructed within the stiffground, however, remain identifiable. With deposition of a new bed
(3), softground sediments of bed 1 are further compacted and corresponding trace segments

are barely visible. Upper softground segments of burrows in bed 2 are also distorted through
compaction. Bed 3 is subsequently colonized by trace-makers, and burrows are subsequently
infilled during deposition of bed 4. Following deposition of bed 4, softground burrow segments
in bed 1 are no longer visible, and traces infilled with contrasting sediment appear to have no
connection to the overlying bed. Since deposition is continuous, these traces actually reflect an
apparent bed junction. B: Development of a palimpsest stiffground ichnofossil suite due to a
compactional gradient. Muddy substrates commonly comprise stiffgrounds overlain by a veneer
of softer sediment. When organisms colonize the substrate, the burrows subtend through this into
the underlying stiffground. Deposition of new sediment infills the burrows. Subsequent erosion
can erode down into the stiffground; accordingly, lower segments of biogenic structures may be
preserved but commonly display compaction due to resumed sedimentation. C: Development of
a palimpsest stiffground ichnofossil suite through significant erosion. The softground substrate
undergoes minor burial and compaction (i.e., a firmground is not formed). The overlying softer
substrate is eroded to exhume the stiffground, which may possess a locally undulatory surface
expression. This stiffground is colonized during a depositional hiatus. In sandier substrates
burrows may be partially lined to maintain stability. Subsequent deposition of a lag may lead to
passive or active burrow infill. Resumed sedimentation leads to compaction of the stiffground
and concomitant burrow compaction. D: Development of the Glossifungites Ichnofacies. Initially,
there is extensive burial and compaction of a softground substrate. Deposition is succeeded by
extensive erosional exhumation of firmground substrate. During the ensuing depositional hiatus,
organisms colonize this firmground. The burrows are then passively or actively infilled by a
typically coarse lag deposit to form elements of the Glossifungites Ichnofacies.

range in the degree of substrate “firmness” (Fig. 9.4; cf. Gingras and Pemberton,
2000; Gingras et al., 2000). Accordingly, some possible scenarios of stiffground
formation are described below and schematically depicted in Figure 9.18A-C with

analogous examples presented in Figure 9.10A-C.

Stiffgrounds Constructed During Continuous Deposition

Bromley (1996) recognized the importance of lateral and vertical
changes in substrate such that softground may overlie firmground sediments. In
this case, the firmground is said to be “concealed” as it is not in direct contact
with the water column (Ekdale et al., 1984). This vertical substrate change may
produce thick-walled burrows near the surface that become thinner-walled, more
ornamented burrows at depth due to compactional variation (Frey, 1978). A
similar scenario has been observed in modern settings where stiffground sediment
is typically overlain by a veneer of 1-20 cm of softer mud (Figs. 9.14A, B,
9.18A). Burrows within the stiffer substrate are more stable and more likely to be

preserved in the rock record, which could form a “concealed” stiffground or an
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apparent bed junction (Fig. 9.18A).

In order to form an apparent bed junction, the substrate must consist of
stiffground overlain by a veneer of soft sediment in which the soft sediment is
compacted during continuous deposition. The “concealed” stiffgrounds observed
in modern settings (e.g., Pearson and Gingras, 2006; Lettley et al., 2007) are
generally colonized contemporaneously with the overlying softground sediment
(Fig. 9.14A, B). Organisms that colonize the substrate subtend through both
the softground and stiffground such that burrow segments may possess linings
within the softground, but remain unlined within the stiffground. Subsequent
deposition infills these burrows and produces overburden pressure that compacts
the softground veneer into a stift sediment to distort upper burrow segments
(Fig. 9.18A). The burrow segments that were originally constructed within
stiffground, however, remain identifiable. As new sediment layers are deposited,
the original softground veneer is further compacted such that the burrow segments
that were initially within the softground are no longer discernable (Fig. 9.18A).
Accordingly, the initial stiffground traces appear to be infilled with contrasting
sediment with no apparent connection to the overlying bed. Since deposition is
continuous, these traces actually reflect an apparent bed junction. This pattern
could repeat in a succession such that multiple apparent bed junctions overly one
another.

The scenario of repeating apparent bed junctions has been documented
in the McMurray Formation (Fig. 9.19; e.g., Lettley et al., 2007). The McMurray
Formation is predominated by inclined heterolithic stratification (IHS) formed
through point bar deposition in estuarine channels (Lettley et al., 2007). Apparent
bed junctions are formed where sandy IHS beds are overlain by relatively thick
mud beds (Fig. 9.10A). In this instance, the Gyrolithes traces are highly visible
in the lower part of the mud unit (due to the presence of sand-sized grains and
stiffground colonization), but become compacted and indiscernible in the upper
portion of the mud bed. The sand and mud couplets are interpreted to reflect
autocyclic fluctuations in depositional conditions (Thomas et al., 1987) during
rather continuous deposition. Lettley et al. (2007) suggested that the background
bioturbation is overwhelmed by IHS stiffground colonization.

The presence of an apparent bed junction does not signify the presence
of a stratigraphically significant surface. This form of autocyclic stiffground
formation during relatively continuous deposition reflects a stiffground suite that

is theoretically equivalent to any of the softground suites such as the Skolithos

322



or Cruziana Ichnofacies. Despite the relatively continuous deposition, there is a
slight change in conditions during which Gyrolithes trace-makers colonize the
sediment. The slight depositional change and repeated nature of these beds (Fig.
9.19) suggests a highly autocyclic nature, such that these surfaces should be

segregated from allocyclically formed stiffground suites.

Palimpsest Stiffgrounds Formed Due to a Compactional Gradient

The idea of the “concealed” stiffground can also be applied to instances

o]

FIGURE 9.19—Repeating sand and mud couplets in the McMurray Formation characterized by
Gyrolithes within stiffground mud.
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in which there is a small degree of erosion of the substrate (Fig. 9.18B). The
“concealed” stiffground requires a muddy stiffground overlain by a veneer of
softer sediment. During colonization of the substrate, the burrows pass through
the softer sediment into the underlying stiffground. Renewed sedimentation
infills these burrow structures and may lead to slight compaction of the initial
softground (Fig. 9.18B). During a minor or localized erosive event, the new
sedimentary layer and overlying softer substrate are removed due to the lack in
cohesive resistance. However, the more resistant stiffground remains intact, and
the lower segments of biogenic structures are preserved. This form of stiffground
reflects a minor degree of erosion combined with possible depositional hiatus.
The stiffground suite reflects an autocyclically formed surface that can also repeat
throughout a facies.

The McMurray Formation is again used to exemplify the formation of
this type of stiffground substrate (Fig. 9.10B). Oil stained sands tend to infill
stiffground burrows such as Planolites and Thalassinoides. In Figure 9.10B, the
upper Planolites are far removed from any significant sandstone beds suggesting
that the infilling sand bed and potentially overlying softer muddy sediment were
removed during erosion. With the underlying Planolites and Thalassinoides, there
is a thin sandstone lamina above the traces that potentially suggests that the entire
mud bed was stiff and resistant to erosion while the overlying non-cohesive sand
bed was removed.

Using the modern Shepody River as an analogue to the McMurray
Formation, Lettley et al. (2007) suggested that seasonal variations in water
circulation within the estuary combined with sediment texture could produce the
common occurrences of stiff substrate. During the winter months at Shepody
River, the substrate undergoes stiffening due to: (1) reduced sedimentation,

(2) freezing, which draws water from underlying the sediment surface, (3)
compaction due to ice sitting atop the mud at low tide, and (4) the influx of
freshwater from the melting of snow and ice. Lettley et al. (2007) further
suggested that synaeresis is likely the most important factor resulting in the
dewatering of substrate through changes in electrostatic configuration of clays.
Within the McMurray, the presence of an underlying permeable silt/sand bed may

have acted as a secondary pathway for water expulsion.
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Palimpsest Stiffground Formed Through Erosion

In modern sediments, the degree of sediment firmness varies widely (cf.
Gingras et al., 2000) such that stiff substrates can be exposed due to varying
degrees of erosion to form palimpsest stiffground trace fossil suites such as in
Figures 9.10C. In Figure 9.18C, the substrate is depicted as heterolithic sandstone
and mudstone; however, the substrate could also be exclusively mudstone or
sandstone. The softground substrate undergoes moderate burial and compaction
(i.e. a firmground is not formed). The overlying softer substrate is eroded to
exhume a stiffground, which may possess a locally undulatory surface expression.
Subsequently, the stiffground is colonized by trace-makers during a depositional
hiatus. In sandier substrates or interbedded sandstones and mudstones, burrows
may be partially lined in order to maintain burrow stability. Subsequently, there
is accumulation of a lag deposit and passive to active infilling of the burrows.
Resumed sedimentation leads to compaction of the stiffground substrate and
concordant compaction of burrow structures. Palimpsest stiffgrounds may form
in a range of substrates including sandy sediment, heterolithic sandstone and
mudstone, and most frequently within mudstone. In the case of sandy substrates,

more extensive erosion is likely required to form stiffgrounds (Hobbs, 2003).

Development of the Glossifungites Ichnofacies

The Glossifungites Ichnofacies is generally produced following burial and
compaction of sediment (typically muds) that forms dewatered and firm substrate
at depth (Fig. 18D). This is succeeded by erosional truncation of the overlying
deposits to expose the firm substrate, which is then colonized (Pemberton et al.,
2001). Following the erosive activity, there is generally deposition of a lag deposit
which can passively or actively infill trace fossils of the palimpsest suite. The
development of palimpsest firmground suites within sandy sediment is uncommon
due to the lack of cohesion of the sediment. In the modern, Gingras et al. (2001)
noted that sandy firmground deposits tend to be infrequently colonized as more
energy must be expended to burrow into these types of substrates. Furthermore,
incipient cementation can also result in firmground colonization despite the

lithology of the underlying stratum.
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Taphonomy of Palimpsest Suites

Preservation potential of palimpsest suites can vary between the different
forms. For the Glossifungites Ichnofacies, the firmness of the substrate inhibits
compaction such that preservation potential is typically the greatest for these
overprinted suites. Preservation is especially high if there is incipient cementation
during colonization after which complete cementation of the horizon can enhance
preservation. Although, firmgrounds in which the superjacent sediment does not
contrast the host sediment can possess a low preservation potential (especially
with mud-on-mud contacts).

The presence of a contrasting sediment infill (especially coarser grained)
enhances the overall taphonomic preservation of palimpsest soft-, stiff- and
firmground suites. In more proximal settings, palimpsest suites tend to be overlain
by thicker and/or more coarse-grained lag deposits. In the Viking Formation, the

Wayne-Rosedale area is located in a more shoreline proximal setting as compared

4 FIGURE 9.20—A coarse, thick lag
¥ deposit. In contrast to the muddy
sandstone to sandy mudstone lag

_ found in the Viking Formation at

% Hamilton Lake, in more proximal
settings (Wayne-Rosedale area)
lags tend to be thicker and coarser
grained when located closer to

{ the sediment source (11-19-026-
20W4).
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to the Hamilton Lake area (Chapter 7, Fig. 7.2). Lags in the Wayne-Rosedale area
tend to be thicker and coarser grained (Fig. 9.20) as compared to the thin sandy
mudstone lags at Hamilton Lake (e.g., Fig. 9.13C).

Soft- and stiffground palimpsest suites usually have a reduced
preservational potential in comparison to the Glossifungites Ichnofacies, and
represent overprinting with a moderate to high preservation potential. With
softground and even stiffground palimpsest suites, deep-tier post-palimpsest traces
can reburrow the palimpsest suite further reducing preservation potential (Fig.
9.13B, C). Also within these substrates shearing and other forms of deformation
may occur (Fig. 9.6G, I, 9.13A). Gingras and Bann (2006) suggested that if
the magnitude of strain exceeded a 2 to 1 ratio, burrows would most likely be
deformed beyond recognition upon preservation in the rock record. Compaction
of soft- and stiffground suites is also prevalent, which can distort or deform traces
(Fig. 9.13C, F). The nature of some palimpsest softground ichnofossils also
results in low preservation potential. When boundaries are indistinct, the presence
of a contrasting infill may be the only evidence of burrowing along a particular
horizon (Fig. 9.6B).

Additional factors that may enhance or detract from preservation includes
differential erosion in outcrops. In some instances, traces may be highlighted
by erosion of the host substrate (Fig. 9.6J) while others may be preferentially
eroded (Fig. 9.8D). In some instances, diagenetic enhancement may also occur
to highlight ichnofossils (Fig. 9.8A, 9.14E). Despite the type of palimpsest suite,
Ruftfel and Wach (1998) suggested that the amount of seafloor exposure time is
the most important condition that influences firmground preservation. If ample
time is given, organisms can modify the substrate to such a degree that the

indications of even firmground conditions can no longer be surmised.

APPLICATION OF PALIMPSEST SUITES

Palimpsest suites may: 1) cross-cut an underlying suite; and/or 2) indicate
a change in depositional conditions across the surface. The shift in depositional
conditions can occur within a system or may be related to events external to the
depositional systems. Stratigraphically significant surfaces, are allocyclic in nature

and formed as a result of events that are associated to accumulation of sediments
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external to the sedimentary system. These surfaces have a regional, mappable
extent that separate genetically unrelated successions (MacEachern et al., 2007a).
Conversely, autocyclic events are associated to accumulation of sediments that
are part of the sedimentary system itself and are more common with palimpsest
soft- and stiffgrounds. These suites have limited spatial distribution and are

over- and underlain by genetically related strata (MacEachern et al., 2007a).
Determining the auto- or allocyclic significance of a particular surface involves:
1) identification of the palimpsest suite, 2) determination of the pre-omission
suite, 3) determination of the post-omission suite, and 4) an understanding of the
stratigraphy.

A prime example of an allocyclically generated surface occurs in well
02-02-037-19W4 along the uppermost SB/TSE in the Viking. This surface is
underlain by heterolithic delta front deposits and subsequently overlain by a
discontinuous lag and shelfal mudstones (Fig. 9.10C). In some cases, however,
the colonized surface is the only evidence of a drastic shift in environmental
conditions. For example, the transitional firmground to stiffground in the Viking
depicted in Figure 9.12 is under- and overlain by prodeltaic deposits; however
the presence of robust Diplocraterion contrasts the predominantly diminutive,
horizontal deposit-feeding structures within the under- and overlying facies.

On the other hand, examples of autocyclic depositional shifts includes the
two palimpsest softgrounds within the Viking depicted in Figure 9.6D and E that
are under- and overlain by distal delta front deposits. The lower surface reflects
a slight increase in energy and colonization by dwellings of inferred suspension-
feeding animals typically absent from the facies, while the upper surface possibly
reflects dewatering of a riverine sourced mudstone. In the examples from the
McMurray Formation, alternation of IHS sandstone and mudstone beds simply
reflects autocyclic (and geologically insignificant) shifts in depositional conditions
related to tidal cyclicity, seasonal fluctuations, storms and floods (cf. Thomas et
al., 1987).

It is within these types of brackish settings that there appears to be a
tendency towards the formation of palimpsest suites whether softground or
stiffground and potentially firmground. Palimpsest stiffgrounds tend to form
despite the general lack of burial and compaction possibly as a result of synaeresis
and associated water expulsion (Lettley et al., 2007). In deltaic systems, incipient
siderite cementation may produce palimpsest soft-, stiff- or firmgrounds. There is

no stratigraphic importance to these types of surfaces, and the formation of these
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palimpsest suites are associated to dynamics of the environment. In the sense
of reflecting a shift in conditions, autocyclic stiffgrounds do reflect a change in
deposition (albeit slight). However, these “surfaces” form more of an assemblage
rather than a substrate-controlled ichnofacies. As Lettley et al. (2007) suggested,
the complexity of assigning stiffgrounds to the Ichnofacies concept is that the
burrowed stiffground can overwhelm the background bioturbation such that the
colonized surfaces take on a volume of the rock unit.

Apparently, the distinction between allocyclic and autocyclic
palimpsest suites needs to be made in order to avoid confusion and enhance our
understanding of palimpsest suite occurrences. It has been well established that
the Glossifungites Ichnofacies must demarcate a mappable (i.e. allocyclic) surface
in order to conform to Walther’s Law (cf. MacEachern et al., 2007b). Despite
the lack of ichnofacies designation, it is proposed here that a similar terminology
be applicable to the soft- and stiffground palimpsest suites. Where a palimpsest
surface is allocyclic and mappable in nature, ichnofossils demarcating the surface
should be referred to as a “mappable palimpsest suite” (whether it is softground,
stiffground, or transitional in nature). Conversely, where a surface is only locally
expressed and autocyclic in origin, the ichnofossils demarcating these surfaces
should be referred to as a “localized palimpsest suite” (softground, stiffground,
firmground, or otherwise transitional between forms). In the case of reoccurring
localized palimpsest suites, such as those in the McMurray Formation, the strata
should instead be referred to as containing a “localized palimpsest assemblage.”
In addition to this classification, suites can be modified through identification of
proximal versus distal and high versus low energy expressions of a suite whether
it is mappable or localized. Suite found to extend up into the superjacent sediment
can be further classified as exhibiting progressive palimpsesting, which suggests
rapid sedimentation rates. Determining and defining the nature of palimpsest
suites can enhance our understanding of events and processes that lead to the

formation of a particular suite.

SUMMARY

1. A palimpsest suite cross-cuts the underlying ichnofossil suite and/or indicates

that there was a change in depositional conditions across the surface. Tiering, on
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the other hand, reflects a vertical zonation of traces within the substrate due to

vertical gradients in physical, chemical and biological characteristics.

2. Challenges inherent in defining and distinguishing palimpsest suites include:
1) the transitional nature between soft-, stiff- and firmgrounds; and 2) the variable

nature of palimpsest suites.

3. The fundamental factor that controls the development and expression of

palimpsest suites is the consistency and coherence of the substrate.

4. Palimpsest softground ichnofossil suites can be recognized by the following
primary characteristics: 1) indistinct or irregular ichnofossil boundaries; 2) mixing
of superjacent sediment and host softground; 3) a surrounding halo of sediment
disturbance within the host sediment; 4) lined traces; 5) laminae are significantly
warped adjacent to palimpsest traces; and 6) the surface displays pronounced load

structures.

5. Stiffground suites are characterized by the following primary attributes: 1)
relatively sharp-walled traces in mudstone and irregular (but unlined) traces in
sandy sediment; 2) laminae are deflected adjacent to traces; 3) there is plastic
deformation of the surface in the form of flame and load structures; and 4) traces

are generally unlined, but may possess minor partial linings.

6. Firmground suites can be identified based on: 1) traces that are unlined and
sharp-walled; 2) surfaces that display evidence of significant scouring; 3) traces

are ornamented; and 4) traces are found within incipiently cemented substrate.

7. Due to the gradational nature in coherence of sediment, surfaces can exhibit
localized variation in substrate conditions that include: 1) variation of palimpsest
expression between ichnofossils; 2) vertical variation in homogeneous sediment;
3) vertical variation in heterolithic sediment; 4) variation as a function of incipient

cementation; and 5) the overall character reflects different interpretations.

8. Environmental influence plays an important role in the type of infaunal
colonization, behavior of trace-makers, size of trace fossils and relationship

of organisms to resumed sedimentation. The depositional setting and energy
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regime are closely associated such that high-energy, proximal settings tend to

be colonized by vertical structures of inferred suspension feeders or passive
carnivores. While distal settings tend to be lower energy and colonized by deposit
feeding, foraging and probing traces. However, there are exceptions to these

generalized trends.

9. Sedimentation rate plays an important role in the nature of burrow infilling
and subsequent deposition. Where sedimentation rates are low, traces tend to be
passively infilled. Where sedimentation rates are high, ichnofossils tend to be
actively infilled such that burrows continue from below the palimpsest surface up

into the superjacent sediment, which is termed progressive palimpsesting.

10. Stratigraphy also influences the development and expression of palimpsest
suites. The degree of burial, erosion and hiatus will determine whether the
colonized substrate is soft, stiff or firm in nature. The rate of erosion, especially
during transgression, can also determine the degree of substrate removal. Rapid
transgression tends to flood an area and results in minimal erosion, while slow
transgression and stillstand conditions tend to enhance erosion of underlying
substrate. Lag or superjacent sediment deposition is key in preserving the

palimpsest suite and may influence the development or expression of ichnofossils.

11. Palimpsest surfaces can vary spatially and temporally. Where surfaces become
amalgamated, a surface becomes more temporally significant, but may diverge
into less temporally significant surfaces. Spatially, surfaces can be regionally

or locally variable with regards to the underlying substrate and concordant

palimpsest suite.

12. The development of palimpsest softground suites involves little or no

burial, compaction or erosion, and simply requires a change in the depositional
conditions. Whereas stiffgrounds may form through a number of processes
during continuous and discontinuous deposition. Based on modern observations,
stiffgrounds can form in brackish settings due to synaeresis and expulsion of
pore waters without significant compaction or burial. Firmgrounds typically form

through extensive burial, compaction and dewatering of fine-grained sediment.

13. The preservation potential of palimpsest suites is generally high for
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firmground suites and moderate to high for soft- and stiffground suites. Soft-

and stiffground suites may undergo compaction, deformation, and reburrowing
that reduce preservation potential. The contrasting infill of palimpsest suites is
key in preserving these traces as mud-on-mud contacts are very difficult, if not

impossible to recognize.

14. A refined terminology for palimpsest suites is proposed in that mappable,
allocyclic surfaces are termed mappable palimpsest suites for soft- and
stiffgrounds and the Glossifungites Ichnofacies for firmgrounds. Where surfaces
are localized and autocyclic in origin, the suite should be referred to as localized
palimpsest suites for softground, stiffground, firmground, or otherwise transitional
forms. Where localized palimpsest suites are reoccurring, the strata should instead

be referred to as characterized by a localized palimpsest assemblage.
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CHAPTER 10 - CONCLUSIONS

The application of ichnology furthers our understanding of ancient
environments and ancient animal behaviors. This thesis utilizes various
ichnological subdisciplines to build upon the underlying ichnological principles.
The aspects of ichnology investigated include: neoichnology, ichnotaxonomy,
ichnofacies analysis, and the study of palimpsest trace fossil suites. By studying
modern animals, this can aid in identifying and explaining the occurrences
of ancient ichnofossils and potential trace-makers. Ichnotaxonomy involves
the classification of trace fossils which is vital in the communication between
ichnologists. By identifying suites of trace fossils, we can begin to interpret the
depositional conditions at the time of colonization using ichnofacies analysis.
Special ichnofossil suites demarcating stratigraphic discontinuities are important
in interpreting allocyclic and autocyclic events. Based on these studies, key

conclusions can be drawn:

1) By studying a single organism that tends to occur in monospecific assemblages,
the rate at which burrowing activities occur can be assessed and applied to

the rock record. Documenting these activities can also help us explain ancient
occurrences of similar biogenic structures or stratification. The bioturbation rate
for a mixed population of closely related tubificids (Limnodrilus and Tubifex)
was calculated at 0.050 cm/d/100,000 individuals/m? at 21°C. This relatively
rapid reworking rate, in conjunction with selective ingestion of silt and clay
particles, lead to the formation of biogenic graded bedding. This form of biogenic
stratification can provide information on the biological impact, initial sediment
properties, sedimentation rate, current velocities and environmental conditions in
ancient settings. In addition, the burrowing rate calculated for 5 EFuzonus (0.089
cm’/hr) was extrapolated to populations (approximately 1400-5000 worms/

m?) estimated from Pachena Beach, which require 70-300 days to completely
rework 0.1 m® of sediment. Using this data, it is inferred that the producers

of Macaronichnus segregatis in the Appaloosa Sandstone persisted in dense
populations and reworked sediment at a rate that exceeded deposition during
overall foreshore aggradation. Grain counting of ingested and excreted mineral
grains from Euzonus mucronata revealed preferential ingestion of felsic grains
over mafic and general avoidance of shell fragments. The preferential ingestion

of felsic grains is attributed to en masse feeding in felsic-rich locales identified
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through sediment probing interpreted to reflect one possible mechanism used in

the construction of Macaronichnus segregatis.

2) Preserved activities of organisms reflect a natural system in which a
standardized approach to ichnotaxonomy (i.e. separating ichnofossils based on
morphology) may not be the ideal method to enhance this important aspect of
ichnology. New ichnotaxobases were proposed in order to classify Macaronichnus
ichnospecies and the Harenaparietis ichnogenus, which includes: grain sorting
and the recognition of systematized group interactions reflected in a collective
morphology. In the case of these ichnofossils, ethology is not easily separated
from the diagnosis as collective morphology implies a group behavior. On the
other hand, in some instances, morphology can be used to distinguish traces such
as the new form of Piscichnus from the Snapper Point Formation.

Based on the morphology and width-to-depth ratios of these traces, coupled

with the inferred substrate properties at the time of generation, P. gregorii were
interpreted to have been constructed via hydraulic jetting. In the case of these
traces, the orientation of asymmetrical traces relative to outcrop exposure may
have produced the varied nature of the structures, which are thought to have
been formed by actinopterygian fish, holocephalan fish or possibly a coleoid

cephalopod, searching for infaunal food sources.

3) Detailed analysis of trace fossil assemblages can provide valuable information
about the depositional conditions that persisted during colonization of the
sediment, which may deviate from normal marine conditions. At Hamilton Lake
subtle evidence of riverine input is indicated by the presence of local synaeresis
cracks, soft-sediment deformation features, carbonaceous (hyperpycnal) mudstone
deposits, and moderately to subtly stressed expressions of the archetypal

Cruziana Ichnofacies and stressed expressions of the mixed Skolithos-Cruziana
Ichnofacies. In this area, wave-induced processes mitigated the eftects of riverine
influx, and the strata is described as wave-influenced deltaic. Conversely, in

the Wayne-Rosedale-Chain area, significant river-derived influx is indicated

by common synaeresis cracks, sideritized intervals, convolute bedding,
carbonaceous mudstone deposits, and coal fragments with subtly to strongly
stressed expressions in the archetypal Cruziana Ichnofacies. These deposits are
especially impoverished of inferred suspension-feeding structures indicating harsh

environmental stresses (heightened water turbidity, rapid sediment influx, and
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high concentrations of suspended sediment) suggestive of deposition in a mixed

river- and wave-influenced deltaic system.

4) Palimpsest trace fossil suites can reflect stratigraphically significant surfaces,
as well as demarcate autocyclically generated suites and assemblages. Palimpsest
softground and stiffground ichnofossil suites can be as stratigraphically significant
as suites attributable to the Glossifungites Ichnofacies. However, the autocyclic
generation of such suites should be distinguished from the allocyclically
important surfaces, which is accomplished through a revised terminology. The
proposed terminology includes allocyclic surfaces demarcated by mappable
palimpsest suites, and autocyclic surfaces demarcated by localized palimpsest
suites that can form localized palimpsest assemblages where they repeat within

a facies. The differentiation of palimpsest suites enhances our understanding and
ability to interpret successions and associated stratigraphic discontinuities in both

modern settings and ancient strata.
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APPENDIX

In 2007, the International Code of Zoological Nomenclature (ICZN) ruled that
the family Tubificidae (Order Haplotaxida) be renamed to Naididae, which is
subdivided into seven subfamilies including Tubificinae (Erséus et al., 2008).
Prior to this ruling, the term tubificid encompassed a wide range of oligochaetes,
and previous works refer to worms of this family (and not necessarily of the new
subfamily Tubificinae). It should be kept in mind that the term tubificid may not
reflect worms as closely related as once thought, and are used in this study as
analogs or examples to the studied organisms. In this chapter, the use of the term
tubificid refers to worms within the new Naididae family especially those of the

genus Tubifex and Limnodrilus.
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