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Abstract

In bioturbated reservoir facies, ichnology is integral to reservoir characterization.

chnofabrics

Ichnological analysis of a reservoir facies and subsequent classification into
or ichnofacies allows for characterization of reservoir properties. Bioturbation can
redistribute grains and cause sorting or mixing, this physical modification of the primary
sedimentary fabric causes changes to porosity, and permeability in reservoir facies. In
highly bioturbated reservoir facies, bioturbation can be the first order control on
petrophysical properties.

Petroleum geologists are primarily concerned with the effect that bioturbation has

on the petrophysical properties of a reservoir facies, rather than the details of

The proposed style categories do not require
in-depth knowledge of ichnology. The categories can casily be applied to facies and core
analysis for incorporation into reservoir models. The action of bioturbators can be
considered in terms of: 1) sediment mixing; 2) sediment cleaning; 3) sediment packing; 4)
pipe-work building strategies; 5) combination sediment cleaning and packing; and 6)
combination pipe-work building and sediment packing. Sediment packing and sediment

mixing styles commonly reduce porosity/permeability, while sediment cleaning

style enhances ity. Pipe-work building and combination
bioturbation styles are highly dependent on the lithological contrast between burrow fill,

and enclosing substrate. The use of bioturbation style categories, and the classification of

trace fossils into these categories may be more user-friendly for reservoir geologists than
existing paleoenvironmentally-driven ichnofacies or ichnofabric analyss.

While categorization of bioturbation style is a useful tool in reservoir
characterization, lateral variations in reservoir quality and heterogeneity of ichnofacies or
ichnofabric must be incorporated into geological models in order to predict fluid flow in
bioturbated facies at the inter-well scale. Ichnological analysis allows insight into

variations in sedimentation rate, hydrodynamic energy (erosive currents), substrate

consistency, length of colonization window, and community succession (tiering and



cross-cutting relationships). This ichnological dataset means that inferences regarding
both physical and chemical processes acting at the time of bioturbation can be made.
There is inherent ichnological variability within most bioturbated beds. The

lateral variability, or patchiness of the ichnofabrics studied were not found to be related to

proximity to the paleo-shoreline in the three d d itional systems.
Instead, the most critical factor appears to be the sediment accumulation style. Slow
continuous deposition was found to produce complex and highly patchy ichnofabrics,
whereas rapid, episodic, event bed deposition was found to be associated with the most
uniform development of ichnofabric.

Autocylic and allocyelic interpretations can be postulated for bioturbated key
stratigraphic surfaces in siliciclastic shallow marine settings. A case study illustrating the
need for careful ichnological analysis has been undertaken as part of this thesis, and
focuses on Thalassinoides, and its validity as an indicator for key stratigraphic surfaces.
Thalassinoides is easily identified in core and outcrop, has a pipe-work bioturbation style,
and colonizes a variety of substrates including softground and firmground (Glossifingites
ichnofacies) substrates. The Glossifungites ichnofacies is commonly found in association
with relative sea level change, but alternative autocyelically-generated processes should

be considered. With careful ichnological investigation, realistic palacoenvironmental and

sequence stratigraphic interpretations can be made by objective consideration of both
autocyclic and allocyclic processes.

‘This research uses bioturbated shallow marine case studies to create a first order
understanding of likely reservoir quality, reservoir heterogeneity, and interpretation of
candidate key sequence stratigraphic surfaces. These concepts are an integral part of
reservoir to basin scale models of hydrocarbon reservoirs. With an improved, integrated,
understanding of what bioturbating organisms do to sediment, ichnology can continue to
grow as an important component of reservoir characterization studies, and petroleum

geology in general.
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Chapter 1: Introduction

Many of the world's siliciclastic. reservoirs are developed in bioturbated
shallow marine facies including Jeanne d" Arc Basin, offshore Newfoundland, Canada;
North Sea, UK; Halten Terrace, offshore mid-Norway; Athabasca Oil Sands, Canada;
and Orinoco Ol Bel, Venezuela (McAlpine, 1990; Richards, 1992; Cannon and
Gowland, 1996; Mellroy, 2004b; Crerar and Amott, 2007; Labourdette et al., 2008),
Bioturbation can redistribute grains and result in either sorting or mixing; this physical
‘modification of the primary sedimentary fabric affects porosity and permeability in
reservoir facies. Effective production of hydrocarbon reservoirs requires reliable
prediction of facies-related reservoir properties and correlation at the inter-well scale.
In bioturbated facies, paleoenvironmental analysis and reservoir characterization are

he:

ly reliant upon the description and interpretation of ichnofabrics (c.g., Martin and
Pollard, 1996; Pemberton et al., 2001; Mcllroy, 2004b; Pemberton and Gingras, 2005;
Gingras et al., 2007; Tonkin et al, 2010).

In this thesis, outcrop and core-based case studies are used to produce a first
order understanding of: 1) the effect of bioturbation on reservoir quality; 2) lateral
ichnological variability; and 3) the interpretation of “Glassifingites surfaces” that may
be incorporated into paleoenvironmental and reservoir models of siliciclastic shallow

‘marine hydrocarbon reservoirs.



1.1 Aim and Seope

This research generates a more complete understanding of the impact that
bioturbation has on reservoir quality and characterization of shallow marine
successions. Bioturbated siliciclastic strata are studied: 1) at the micro-fabric scale; 2)
the outcrop scale; and 3) in terms of sequence stratigraphic cycles. The aim at the
micro-fabric scale is to understand the role that organisms have in controlling the
porosity and permeability of sandstone reservair intervals. - Along-strike or lateral
trends in sedimentological and ichnological variability are studied at the outcrop scale.
This work also considers autocyclic and allocyclic processes inherent to producing the

Glossifungites ichnofacies and

rbated key stratigraphic surfaces. Shallow marine
case studies from New Zealand, Utah, Argentina, and offshore Newfoundland are
used to achieve these aims. Development of a consistent quantitative methodology is
required in order o objectively compare sedimentological and ichnological datasets.
“This research into shallow marine bioturbated reservoir intervals s innovative in its
quantitative style (inclusion of porosity and permeability data), identification of
multiple autocylic and allocyclic interpretations for “Glossifingites surfuces”,

documentation of lateral trends

nofabric from deltaic facies, and proposal of
simple bioturbation style categories that can be used as a tool in reservoir quality
prediction.

Samples from reservoir facies were taken along vertical and lateral profiles of

bioturbated sandstone successions. This thesis uses detailed ichnological analysis,

facies anlysis, logging of outcrop, petrography, permeabiliy/porosity measurements,
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and large thin slicing to produce and refine the reservoir characterization of

bioturbated facies.

111 Objectives
1) Describe the physical modifications that trace fossils cause to sediments and
sedimentary rocks, compared to the original primary unbioturbated fabric.
4. Ichnological and facies analysis of studied outcrop and core, including
logging of section/core, and large thin slicing of slab samples.
b.Qu_ antify bioturbation in terms of petrophysical propertics (porosity and
permeability). Measure permeability of slabs (on cm-scale) and
visually estimate porosity from thin sections.
2) Describe the relative heterogeneity of ichnological and sedimentological
properties along horizontal (lateral) transects, and consider the implication of

this variability for ichnologically based facies modeling.

3) Deseril  depositional history of
surfaces recorded in ichnofabrics, considering both autocyclic and allocyclic
‘mechanisms for formation and preservation.

4) Erect bioturbation categories that quantify the physical modifications that
trace-makers produce in siliciclastic facies, for use in predicting reservoir

quality.



1.2 Bioturbation

Trace fossils are biogenic sedimentary structures, tracks, trails and borings
produced by animals on or within the sediment or rock (Hantzschel, 1975; Bertling et

record foss

al., 2006). Trace fos

behaviour, effectively the response of organisms
o the physical, biological, and chemical environments in which they lived (Figure

L1). Integrating sedimentology and  ichnology results in more comprehensive

including physico-chemical parameters, and aids

in the idenification of key stratigraphic surfaces (see reviews in Taylor ef al., 2003;
Gingras et al, 2011). Iehnological analysis provides insights into some aspects of
ancient environments (e.g., salinity and relative oxygenation) that cannot be gleaned

from the study of physical sedimentary structures alone (Ekdale and Mason, 1988;

Savrda and Bottjer, 1991).  Studying the effects of bioturbation is important in

the dynamic proces ciated allow marine
settings.
1.3 Paleoenvironmental controls on trace fossil distribution
“The main i controls on bioturbation are: nate,

salinity, turbidity, oxygenation, substrate consistency, hydrodynamic energy, and
event bed deposition (see reviews in Taylor ef al., 2003; Mcllroy 2004a; Gingras er
al., 2011). Physico-chemical parameters that affect bioturbation include grain size,

turbidity, light, temperature, and sediment supply; while biological constraints include







salinity tolerance of the tracemaker, food supply and burrow morphology (Figure 1.1).
Reworking of sediments at the coastline by physical processes controls the
bioturbation intensity, diversity and ichnological distribution in- shallow marine
settings. The following subsections detail the physical and biological parameters that
control the distribution, diversity, and abundance of trace fossils in shallow marine

environments (Figures 1.1 and 1.2).

1.3.1 Hydrodynamic energy and bioturbation

The distribution of trace fossils is linked 1o hydrodynamic energy in all
depositional settings. The dominant hydrodynamic processes that actively erode,
transport, or deposit sediment in shallow marine settings are fluvial currents,
hyperpyenal flows, tidal currents, longshore wind-generated currents, wave- and
storm-induced gravity flows, and turbidity currents (see review in Nittouer and
Wright, 1994). The shoreface and proximal delta front are high hydrodynamic energy
settings with rapid sedimentation rates. Shallow marine facies are typically well-
sorted and sand-rich (Reading and Collinson, 1996), and are associated with enhanced
porosity and permeability. Consequently, the distribution of reservoir properties with
regard to geometry and architecture is of particular interest in hydrocarbon reservoir
characterization (c.g. Brandsater ef al,, 2005; Howell e al., 2008; Ainsworth ef al.,
2011). Upper shoreface and proximal delta front facies are typically characterized by
low bioturbation intensities and low ichnological diversities. Typical trace fossils that
can be found in the high-energy environments such as the pper shoreface, and

pro»

al delta front deposits are vertical bumows including Diplocraterion,

Ophiomorpha, Skolithos, and Arenicolites (c.g., Gingras et al., 1998; Mcllroy et al.,
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2005). As such, the deposits have an ichnological assemblage comparable to the
Skolithos ichnofacies (Seilacher, 1964; 1967a; Bromley and Asgaard, 1991;
MacEachem et al., 2007c).

Trace fossil diversity and intensity of bioturbation generally increase both
offshore and laterally away from sources of high sedimentation input such as
distributary channel mouths. Facies with low sedimentation rates or event-bed type
sedimentation patterns (e.g., lower shoreface, distal delta front to prodelta, and shelf

settings) are typically characterized by moderate to high bioturbation intensity and

trace fossil diversity. Overp

ing of ichnocoenoses (i.. palimpsesting) is common
where sedimentation rate is low.

In the moderate energy facies of the delta front, lower shoreface, and the inner-
shelf, deposits are dominated by a mix of vertical and horizontal trace fossils
including Teichichnus, Asterosoma, Ophiomorpha, Thalassinoides, and Planolites
(broadly equivalent to the Cruziana ichnofacies; Gingras et al., 1998; Cumming ef al.,
2006; Buatois et al., 2008). In low to variable energy facies including prodelta,
offshore transition zone below storm-wave base, and in the outer shelf, deposits
typically contain Phycasiphon, Chondrites, Zoophycos, and Scolicia (equivalent to the
Cruziana and Zoophycos ichnofacies; Pemberton et al., 2001; Wetzel and Uchman,

2001).

1.3.2 Salinity tolerance of trace-making organisms
“The salinity characteristics of marine systems can be broadly grouped into: 1)
‘normal marine, 2) brackish and fresh-water environments. Biological diversity and

organism size are thought to co-vary with salinity (Pickerill and Brenchley, 1991;



Pemberton e al,, 1992; Gingras ef al., 2011). Rapid salinity fluctuations are

somewhat buffered in pore-water systems due to slow rates of diffusion (see

discussion in Mellroy, 2004a). Infaunal biomineralized organisms have behavioural
adaptations to protect against short term osmotic stress caused by rapid salinity change
(reviews in Buatois ef al., 1997; Mellroy, 2004a; Gingras et al., 2011). Ichnological
assemblages of fresh-water environments are usually devoid of complex feeding
burrows (e.g. Mermia ichnofacies; Mngano and Buatois, 2004). Brackish water or
marginal marine assemblages are characterized by simple horizontal and vertical
burrows including Planolites, Diplocraterion, Skolithos, Palaeophycus, Lockeia, and
Thalassinoides (Buatois et al., 2005). In these ichnological assemblages, salinity is

seldom demonstrably the first order control on ecology (temperature, sedimentation

rate, substrate consistency and turbidity are generally all involved; Mellroy et al.,
2004b; Buatois et al., 2005).
Fluvial, brackish, and marine assemblages have distinet ichnological

assemblages. Some ichnotaxa are seemingly ubiquitous such as Planolites which is

considered to have been made by euryhaline organisms (Méngano and Buatois, 2004),
Low diversity assemblages interpreted as being made by euryhaline organisms arc
commonly considered to be indicative of brackish water setings (Mngano and

Buatois, 2004). An integrated approach incorporating careful sedimentary facies and

ichnological analysis is required. ~Persistently brackish paleocnvironments are only

really expected i distributary channels, near-channel ~paleoenvironments and
potentially in restricted seas, lagoons, estuaries and fords (cf. Martinius e al., 2001;

Mellroy et al., 2005; Dalrymple, 2010),
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1.3.2.1 Saline Wedge
Less dense fresh-water sits above saline water in some estuarine systems

(Dalrymple e al., 1992). The density contrast between essentially fresh-water in

distributary channels—with varying ions of suspended sediment
to the saline waters of the marine basin controls the mode of sediment dispersal
processes at the river mouth (Wright, 1977). The salt-water wedge, and the associated
fine-grained suspended sediment to the turbidity maximum zone can extend landward
into the delta plain, trapping silts and clays in the nearshore zone until fluvial
discharge is high enough to push the sediment-laden wedge seaward, and into the
fecciving marine basin (review in Dalrymple and Choi, 2007). As a consequence of
this salinity wedge, marine influence from the receiving basin can extend into the
‘marginal marine realm of inner estuary, distributary channels and delta plain facies
(Dalrymple, 2010).

The salinity wedge is critically important in ichnological analysis of tide-
dominated ancient deltaic and estuarine successions, as it can create significant along-
strike and up-dip variability of ichnofabrics (e.g., Gingras et al., 1999; Mingano and
Buatois, 2004; Mellroy, 2004b; Mcllroy ef al., 2005; Fielding, 2010). Fluvial
influence can also extend seaward of the distributary mouth as hypopycnal,
homopycnal or hyperpyenal flows (Wright, 1977; Bretle et al., 2004; Bhattacharya

and MacEachern, 2009; Macquaker ef al., 2010a).

1.3.3 Sedimentation rate and the colonization window

‘The decel f fluvial or id deposition of the

suspended sediment load, as can flocculation in the mixing zone of estuaries (Pryor,



1975, Mellroy, 2004b; Boyd ef al., 2006). Sedimentation rate is variable, from
instantaneous and permanent deposition to erosion and redistribution by waves and
tides, sometimes in a multi-cyclic fashion (Einsele ef al., 1991).  Rates of sediment
deposition and reworking are o a large degree controlled by: 1) depositional setting
(articularly water depth); 2) hydrodynamics of the receiving basin (Orton and
Reading, 1993); and 3) destruction/generation of accommodation space by both
autocyelic and allocyclic processes (Van Wagoner et al., 1988; Einsele et al., 1991).

In order to assess the paleoenvironmental significance of a highly biowrbated
bed or bedset, it s important to be able to compare the intensely bioturbated unit with
its “normal” counterpart (Figure 1.2). In shallow marine successions, some facies are
persistently highly bioturbated indicating persistently low rates of sedimentation
relative to the rate of bioturbation (Chapter 3). Preservation of physical sedimentary
structures within a bed is a function of sedimentation rate, bioturbation rate, and bed
thickness (Wheatcroft, 1990; Bentley and Sheremel, 2003). This window of
opportunity on the seafloor for bioturbation of the substrate (and potential obscuring
or destruction of primary sedimentary fabric) is known as the colonization window
(Pollard et al., 1993; Figure 1.2). Environmental stability can be reflected in the
length of time that the colonization window is open (Taylor er l, 2003).

Shallow marine facies have highly variable sedimentation rates (Walker and
James, 1992).  Successions characterized by rapid continuous sedimentation are
commonly devoid of trace fossils or are sparsely bioturbated, by low diversity
ichnological assemblages, with optimal preservation of primary sedimentary fabrics
(e.g. lower shoreface Neslen Formation, Chapter 3). In arcas of slow continuous

sedimentation, bioturbation intensity and ichnodiversity are commonly high (¢.g.



shelfal Pohutu Formation, Chapter 3). This is due to the colonization window being
open long enough for biogenic reworking of sediments. Facies with such low net
accumulation rates, and repeated overprinting may be characterized by intense
bioturbation, which obscures/destroys most primary sedimentary structures (Taylor
and Goldring, 1993).

Fluvial input to the marine basin, and generation of sediment gravity flows can
be seasonally variable. The inter-bedding of fair-weather and event-bed deposits, may

produce “lam-scram” fabrics of alternating low (“lam” or laminated) to high (“scram”

or scrambled) intensities of bioturbation (Howard, 1972).  The thickness of an event

bed is an important limiting factor on benthic ecology, as it may smother existing
infaunal communities, effectively causing macrofaunal defaunation if the endobenthos.
are unable to escape to the new sediment-water interface (Pollard er al., 1993;
Wheateroft and Drake, 2003). If colonization from below is not possible, post-
depositional re-colonization by juveniles or adult organisms s possible (Mcllroy,
2004a), though the new seafloor substrate may not be initially entirely hospitable to
deposit feeding organisms due to a lack of deposited organic matter (see discussion in

Herringshaw et al,, 2010).

1.3.4 Oxygenation

‘The oxygenation of interstitial pore-waters at the sediment-water interface is a

relatively common first order control on trace fossil distribution in subaqueous
environments (Savrda and Bottjer, 1991). Well-oxygenated seafloors will typically
exhibit high degrees of bioturbation, and burrowing to depth below the ancient

seafloor. The maximum depth of burrowing and infaunal colonization of shallow,




mid-, and deep-tiers (i.c., the vertical partitioning of substrate; Berger ef al., 1979;

Ausich and Botter, 1982) or mixed and transition layers (Goldring, 1995; Bromley,
1996) can be used as an indicator of well-oxygenated bottom waters and pore-waters
(Bromley and Ekdale, 1984; Bromley, 1996; Figure 1.2).

Some marginal marine and delta plain environments may be rich in

sedimentary organic matter (e.g., swamps, tidal flats, marshes, lagoons and bay fills;

Reading and Collinson, 1996). ~Increased accumulation of organic carbon-bearing
sediment at or near the sediment-water interface can result in higher microbial
productivity using free oxygen which can lead o locally oxygen-poor, pore-water

environments (Jorgensen and Postgate, 1982; Konhauser and Gingras, 2007).

Endobenthic activity in such organic-rich sediments is seldom limited by the absence
of pore-water oxygen. Oxygenated waters can be introduced to the sediment by
bioirrigation, which also stimulates microbial growth in the near-burrow environment
(Gust and Harrison, 1981; Herringshaw et al., 2010) or simply by maintaining a
connection 1o the sediment-water interface while feeding on sediments below the
redox boundary (see discussion of sulphur mining in echinoderms by Bromley, 1996).
Tidal flat facies containing solely Ophiomorpha or Thalassinoides traces may be
indicative of a periodically oxygen stressed paleoenvironment where pore-water
oxygenation fluctuate through the tidal cycle (Swinbanks and Luttermaver, 1987).
Shoreface, deltaic and shelf facies are areas of dynamic coastal processes and
are characterized by strong bottom currents (Reading and Collinson, 1996). These
currents are commonly a combination of fluvial, wave and tidal processes, which keep

the water column mixed, and the botiom water oxygenated, making it suitable for

king organisms. C¢ nily, bottom-water oxygenation in
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shallow marine settings is not generally a controlling factor in the occurrence and
distribution of shallow marine trace fossils. ‘This is particularly true of the shallow

marine facies focussed upon in this thesis.

1.3.5 Substrate consistency and bioturbation

Shallow marine substrates are commonly found 1o be sofigrounds, with
oceasional soupground, firmground and woodground substrates (Seilacher, 1978;
Ekdale, 1985; Goldring, 1995; Figure 1.2). Bioturbated softground substrates are
typically depositional settings with continuous deposition, or hiatuses (see Chapter 4
for discussion). Bioturbated firmground substrates can also be interpreted as a hiatal
surfaces (e.g., “Glossifungites surfaces”; Gingras et al., 1999, 2007). Firmground
surfaces in shallow marine settings may typically be colonized by Thalassinoides and
have autocyclic (e.g., change in sediment delivery) or allocyclic (e.g., eustatic sea-
level fluctuations) causative mechanisms.  Soupgrounds are generally found in
association with rapid deposition, especially where rapid flocculation in the mixing
zone, or remobilization of partly settled mud by waves and tidal currents produces
hyperpycnal flows, and fluid mud deposition (Bentley and Nittrouer, 2003;

Bhattacharya and MacEachern, 2009; Macquaker et al., 2010a).

1.3.6 Nutrients and feeding mode of the tracemaker
Organic nutrients are not typically a limiting resource in shallow marine
depositional environments.  This s evident in the presence of particulate organic

matter in most shallow marine sandstones and mudstones (Macquaker et at., 2010b).




Organic matter availabilit is not considered to be a limiting factor in the ecology of

most benthic marine systems. Organic particulates from terrestrial and marginal

marine vegetation rich in refractory organi day et al.,
1990). Many shallow marine trace fossils (e.g. Arenicolites) are thought to culture
‘micro-organisms on buried detrital organic matter, processing the microbial biomass
for food (see Bromley, 1996; Herringshaw et al., 2010). Bioavailable organic matter
is commonly present both in suspension and buried in sediments. The trace fossil
assemblages found in shallow marine facies are likewise inferred to represent a

ure of suspension, gardeni  deposit feeding behs Nickel

and Atkinson, 1995; Mcllroy, 2004b; MacEacher et al., 2007b; Herringshaw et al.,
2010).

While trace fossil morphology does reflect behaviour of the trace-maker, the
feeding strategy of the tracemaker is commonly more complex. Recent research has

demonstrated that number of modern benthic burrowing organisms display significant

behavioural plasticity, with a single burow serving multiple purposes (e

thalassinid shrimps, Suchanek, 1985; Nickell and Atkinson, 1995; Herringshaw ef al.,

2010).

1.3.7 Summary of paleoenvironmental controls on ichnology

Shallow marine settings are generally sites of abundant food supply, well-
oxygenated water columns and pore-waters for benthic organisms. The ichnological

assemblages of shallow marine systems are typically optimal for marine organisms,

and as a consequence ichnological assemblages are commonly diverse. The major

paleoenvironmental controls on trace fossil abundance and diversity in shallow marine



systems are considered to be hydrodynamic energy/sedimentation rate, salnity, and to
a lesser extent substrate consistency.

Fluctuations in hydrodynamic energy, salinity, and sedimentation rate exist in

shallow marine systems, particularly in proximity to fluvial systems in the shore-
parallel direction. Fluctuations in energy, salinity and sedimentation rate exist along
strike, and dip in ancient depositional environments, with. variability diminishing
seaward of the distributary mouth t0 the outer shelf. The benthic ecosystems of the
offshore shelf are typically independent of hydrodynamically related stress (e.g.
salinity wedge and wave action). The most common controls on the distribution of
trace fossils and bioturbation intensity in distal settings are larval settling and inter-
species interactions (e.g. predation and competition). Bioturbation intensity and
ichnodiversity typically increase systematically in an offshore direction, from the
shoreface to the shelf.

In nearshore settings, the combination of fluval, tidal and wave processes

produces distinct environments for benthic organisms. The resultant sedimentary

facies therefore have d e ichnological signatures (see Chapter 3). No single
trace fossil is diagnostic of a shallow marine facies, rather the trace fossil assemblage

in an ichnofabric or ichnofacies, when considered in their sedimentological context,

may be used in paleoenvironmental interpretation.

1.4 Ichnological Analysis

Ichnological analysis of sedimentary rocks is a powerful tool in facies

characterization.  Infaunal and epifaunal trace-producing organisms  adjust. their



behaviour to suit changes in environmental parameters (Figures 1.1 and 1|

Sedimentological and ichnological data are combined and assessed using the concepts
of ichnofabric analysis and application of the ichnofacies paradigm (following

Mellroy, 2008).

1.4.1 Ichnofabric Analysis

Ichnofabric is defined as “all aspects of the texture and internal structure of
sediment that result from bioturbation at all scales” (Bromley, 1990; p. 269).
Ichnofabric analysis is a description of the ichnology, diversity, bioturbation level and
colonization order of bioturbated beds (see review in Taylor et al., 2003; Mellroy,
2004a for detailed methodology). Bioturbated sedimentary fabrics are studied on a
bed-by-bed basis, and involve quantification of bioturbation intensity, documentation
of diversity and cross-cuting relationships (Figure 1.2 and Table 1.1).

The ichnofabric analysis approach uses the ichnofabric constituent diagram
(ICD, Figure 1.3) and the Bioturbation Index (B, Table 1.1) to provide a normalised
visual means for describing and comparing ichnofabrics in sedimentary rocks (Taylor
and Goldring, 1993). The ichnofabric analysis method is used to: idenify key
stratigraphic surfaces (Taylor and Gawthorpe, 1993; Goldring, 1995; Droser ef al.,
2002); and formulate depositional models (Droser and Botsjer, 1989; Bottjer and
Droser, 1991; Ekdale and Bromley, 1991; Pollard e al., 1993; Martin and Pollard,
1996; Gowland, 1996; Mcllroy, 2004a, b), and create fully integrated reservoir
characterizations (Bockelie, 1991; Taylor and Gawthorpe, 1993; Mellroy, 2007;

‘Tonkin er al., 2010).
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Ichnological analysis when integrated with detailed sedimentological studics is

readily applicable to siliciclastic sedimentation, and

hlights ichnological response

10 changes in environmental conditions (Taylor and Goldring, 1993; Mcllroy, 2004c,
2008; Figure 1.2). This method allows direct comparison of different ichnofabrics
from different geographic or stratigraphic successions. The focus on cross-cutting

relationships can provide insights into community  development and tiering to

determine ichnocoenoses (Figure 1.2).

1.4.11 Bioturbation Intensity

Intensity of bioturbation and ichnological diversity in shallow marine settings
are useful first-order tools in recognition of facies, facies association and the dominant
process that influenced the assemblage of trace fossils that the rocks host.
Bioturbation intensity, known as the bioturbation index (BI, Table 1.1) is based on the
amount of reworking with respect to the original sedimentary fabric (Taylor and
Goldring, 1993). The bioturbation index ranges from BI 0 which represents an
unbioturbated lithology and extends up to BI 6, 100% which is complete biological
reworking of the primary sedimentary fabric (Table 1.1). This index is different from

the ichnofabric indices (1I) of Droser and Bottier (1986), as they do not allow

recognition of the relationship of traces 1o background sedimentation or event
stratigraphy.  Highly bioturbated successions are commonly well-oxygenated, and

have abundant food supply, providing optimal conditions for cre:

n of burrows,
tracks and trails on the ancient seafloor. Such intensely bioturbated facies can oceur
in a range of shallow marine facies, with the pre-requisite being a rate of bioturbation

which is greater than the rate of sedimentation



14.1.2 Recording of ichnotaxa

In this thesis, ichnotaxonomic identification was typically made at the
ichnogeneric rather than ichnospecific level. In most cases ichnospecies-level
ichnotaxobases are not evident in ichnofabric studies from cut slabs. Parameters such

as burrow size, burrow-fill, morphology, cross-cutting. relationships, tier level,

abundance, and depth below event bed are documented for each identified ichnofossil

in the ichnofabric studies presented herein (see Chapter 3). Documentation of other
ichnological textures such as burrow mottling (Savrda and Botjer, 1989; Gingras et
al., 2004), and cryptobioturbation (Pemberton et al., 2008) are equally important for

facies modelling, and reservoir characterization.

14.1.3 Ichnodiversity

Preserved ichnodiversity is influenced by: 1) taphonomy (c.g. loss of

preservation through physical and diagenetic processes); 2) sediment textural and

‘mineralogical maturity; 3) colonization history; 4) intensity of bioturbation (c.g.
overprinting or rapid deposition); and $) the taxonomic philosophy of the investigator
(e sedimentologist versus specialist ichnologist). ~Diversity of a trace fossil

assemblage should not be directly linked to species diversity or abundance on the

ancient seafloor, because organisms have the at

ty to create multiple burrow

‘morphologies (behavioural plasticity), and to create extensive burrow networks (c.g

Thalassinoides) that may obscure or enhance diversity. The presence of monotaxic



assemblages in a stratigraphic succession s usually taken to be indicative of a “stress’

in paleoenvironments of high energy, high rates of sedimentation and lowered salinity.

There s a strong preservational bias towards mid- to deep-tier trace fossils
(the shallow mixed layer for example may be removed by erosion or overprinted
during sediment accumulation by the transition layer, Figures 1.2 and 1.3)

Tehnodiversity cannot be used as a direct indicator of biological species diversity, but

can be used (with care) to document facies change.

1.4.1.4 Burrow size

“The maximum burrow diameter of each ichnotaxon was measured in all case
studies presented herein. Variations in burrow size can indicate organism response to
change in environmental conditions including oxygenation and salinity (Ekdale and
Bromley, 1991; Savrda and Botter, 1991; MacEachern ef al., 2007; Gingras et al,

2011).

1415 Burrow fil

Recogrition of the lithology and intemal structure of burrow fill is important
when examining depositional history of a bed or surface, in partiular the relationship
of the causative open burrow to a particular stratigraphic horizon. The taphonomic
expressions of trace fossils and the relationship of the burrow fill to the host sediment,
(subtle lithological contrast or distinct lithological contrast) can be used to recognize a

key stratigraphic surface, and accompanying depositional history (see Chaper 4).



1.4.1.6 Cross-cuting relationships

‘The basic geological principle of cross-cutting relationships applies to trace
fossils. In ichnofabrics these relationships represent the colonization order of
ichnotaxa (Figure 1.3). In addition, sedimentation rates and recognition of condensed
beds can be determined through identifying cross-cutting relationships between
different ichnotaxa and overprinting of ichnofabrics (Taylor et al., 2003; Figures 1.2

and 1.3).

1.4.1.7 Iehnofabric Constituent Diagram (ICD)

The ichnofabric constituent diagram (ICD, Figure 1.3) is a  visual
representation of one or more ichnofabrics. The diagram displays components of the
ichnofabric including, ichnotaxon identification, bioturbation intensity (BI), burrow
size and abundance, colonisation order and tiering, sedimentary structures, and key

Stratigraphic surfaces. Together these features of the ICD graphically represent the

characteristics of an ichnofabric and its development through time in response to
changing paleoenvironmental conditions (Taylor and Goldring, 1993; Mellroy,

20042).  This diagram provides detailed information for ~high-resolution

1.4.2 Ichnofacies
Bioturbated rocks can also be categorized using Seilacherian ichnofacies (see
MacEachem ef al., 2007c for detailed methodology). The archetypal ichnofacies

concept (Seilacher, 1964, 1967, b) is widely used to describe trace fossil associations



and facies successions in terrestrial and marine environments (Figure 1.4). Originally,
ichnofacies were considered to be bathymetrically controlled (e.g. Seilacher, 1964).
“The current definition of an ichnofacies is a recurring ichnological assemblage that
has paleoenvironmental implications (Bromley and Asgaard, 1991).  Ichnofacies are
ot restricted to specified salinity or bathymetric conditions and can occur in a range
of marine and non-marine environments (Frey et al., 1990; Bromley and Asgaard,
1991).  This broadening of ichnofacies concept, defines ichnofacies as being
paleoenvironmentally controlled, rather than a simple palcobathymetric proxy (Frey ef
al., 1990).

Each ichnofacies s named after a typical trace fossil, but the particular trace
need not appear in the ichnological assemblage (Figure 1.4). In this study, ichnofacies
were identified for each comparable ichnofabric (Chapters 2 and 3). Three archetypal
ichnofacies have been identified from siliciclastic shallow marine settings; Skolithos,
Cruziana, and Glossifungites. General definitions of these three ichnofacies are
summarised from Frey ef al. (1990); Bromley and Asgaard (1991); and Bromley
(1996):

1) Skolithos ichnofacies ~ a suite of softground trace fossils, generally with low
diversity, typically associated with high energy conditions in clean, well sorted
shifting substrates.

2) Cruziana ichnofacies — characterised by a high preservation potential of
shallow to mid tier traces in relatively low energy conditions.  Ichnodiversity is
high and benthic communities consist of a mixture of deposit feeders and

suspension fecders.






3) Glossifungites ichnofacies - a site of firmground burrows and/or borings,

generally with low diversity. It occurs locally, intercalated with softground
horizons, or can be exhumed by localised erosion and/or event deposition.

Iehnological analysis of sedimentary rocks is a powerful tool in facies analysis

and reservoir characterization (Gingras et al., 1999; Pemberton et al., 2001; Buatois et

al., 2002; Mcllroy, 2004, 2008; Pemberton and Gingras, 2005; Gingras et al., 2007,

2010). The objective of ichnofacies and ichnofabric analysts s the same, to determine:

ancient paleoenvironments. Both methodologies do this successfully and generally

come to comparable conclusions (Mcllroy, 2008). A neutral

hnological analysis

approach has been proposed, and abandonment of the conflicting terms of ichnofacies

ofabric has been suggested (Mcllroy, 2008).

1.5 Shallow Marine Facies Models

Coastlines are dynamic settings where fluvial and marine processes interact to
produce a diverse array of depositional environments (see reviews in Reading and

Collinson, 1996; Posamer

and Walker, 2006). Fluvial, tidal and wave processes
produce distinctive coastal morphologics, as well as having diagnostic lateral and
stratigraphic facies trends (Boyd er al., 1992; Figure 1.5). Combinations of these

parameters are  evident

the resultant  sedimentology and ichnology.
Sedimentological analysis is used as the primary tool to define shallow marine settings

and their f Ichnological variability in response to the same hydrodynamic

parameters provides an excellent additional tool in recognition of marginal marine to

shelfal facies. Integration of sedimentology and ichnology enables us to construct
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Figure 15, Coastal classification of major clastic coastal depositional environments. Based on shoreline
Boyd

progr
etal, 1992).
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more comprehensive reservair, facies, and paleoenvironmental models (Pemberton er

al., 2001; Mellroy, 2004a, b, 2008; MacEachem et al., 2010).

Deltaic coastlines are sites of net sediment deposition where a river enters a
body of water (Galloway, 1975). Deltas are progradational features that form discrete
shoreline protuberances where the alluvial-fluvial system delivers sediment more
rapidly than can be redistributed away from the distributary mouth by waves and tides
(Orton and Reading, 1993).  Estuaries are associated with net shoreline transgression
with high—usually eustatically driven—rates of accommodation space generation
relative to rates of sediment supply (Boyd et al., 1992). Non-deltaic coastlines derive
their sediment from the adjacent coastline and shelf, and are not fed directly by a iver
sediment supply. These coastal areas include beaches, strand-plains, barrier-island
systems, lagoons, estuaries and tidal flats (James and Dalrymple, 2010).

Deltaic and non-deltaic coastlines and the associated depositional systems are

part of a continuum linked to shoreline regression and transgression, and are

fluenced by wave, tidal, and fluvial currents (Figure

Boyd et al, 1992).

Characterization of ancient deltas is somewhat challenging. The deltaic morphology

(e.g., elongate versus lobate; Bhattacharya, 2006) i difficult to characterize in ancient

deposits. For example, ancient wave-dominated river deltas develop shoreface facies
and may be difficult to distinguish from non-deltaic shorelines, unless the large-scale
spatial context s well delineated by seismic data, good outcrop exposures or closely

spaced, reliably correlated core or well-log data (Hampson and Howell, 2005)



1.6 Facies Analysis

A facies is a body of rock with specific lithological, physical and biogenic
characteristics (see reviews in Walker, 1992; Reading, 1996; James and Dalrymple,
2010). The body of rock termed a facies may be a single bed or a group of beds. The
facies name may be purely descriptive (e.g. bioturbated sandy mudstone), or
interpretive (c.g. shoreface facies). When facies are used in a descriptive manner it
allows for objective and transparent environmental interpretations.  Groups of facies
that are genetically or environmentally linked to one another are termed facies
associations, and are deposited under specific environmental conditions (Collinson,
1996). Facics and facies associations are distilled into a facies model that
characterizes the depositional system; this model is drawn from both ancient and
modern examples (Walker, 1992).  An integral principle in construction of a facies

model is *Walther's Law’ or the ‘Law of Correlation of Facies’ (Middleton, 1973).

Walther's Law states that a vertical succession of conformable facies accumulated in
laterally adjacent depositional environments. In this research project the fcies
analysis approach is used to interpret depositional environments (Figure 1.5).
Ichnological analysis can be incorporated into a facies model as an additional building

block in the interpr positi i . 2008).




1.7 Laboratory Analyses

Sedimentary rock specimens were sampled from each outcrop locality for each
case study. The aim of sample analysis was to determine: 1) petrology (slab sample
and thin section analysis); and 2) petrophysical propertis (porosity and permeability).
Hand specimens were described in detal including color, texture, composition,
sedimentary structures, and trace fossil and fossil content. Slab faces of samples were
sliced for preparation of large thin slice (Figure 1.6), and thin section analysis. The
remainder of the samples underwent spot. permeability measurement on the slab

surface (using a probe permeameter, Figure 1.7).

Large Thin Slicing

The technique of large thin slicing is used to study the sedimentary and

biog

fabrics in sandstone and mudstone lithologies in transmitted light (Garton

and Mcllroy, 2006). A large thin slice is cut from the hand specimen using a rock saw

fitted with a travelling vice. The cut slice of 2-3 mm is then mounted with epoxy or
wax onto a large glass slide (28 x 20 cm). The mounted slice is further reduced in
thickness by lapping on a rotating lapidary wheel until translucent (Figure 1.6). The
thickness required varies between samples from between 0.3 10 1.0 mm, dependent on
the grain size of the sample. The large thin slices were photographed with a mounted
camera in transmitted light using a 500 W halogen light with a parabolic reflector.
Large thin slicing is particularly useful where weathering or diagenetic processes (c.g.
cement) may mask sedimentary, or biogenic features, or in very fine grained facies

(Garton and Mellroy, 2006). The resultant images when viewed in transmitted light,
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show sedimentary structures and detailed ichnology that is not otherwise visible in

polished hand specimen or field samples (Figure 1.6).

1.7.2 Thin Section Analysis

Thin sections (4.5 x 27 cm) were cut from each sample. Detailed
petrographical analysis of each thin section was undertaken, including description of
texture, grains, matrix, compaction, cementation, porosity, classification and
photography.  Petrography provides micro-fabric detail which aids in accurate
sedimentological classification, mineralogical composition, and enables identification
of mineralogical burrow-grain relationships.

Thin sections were impregnated with blue epoxy resin, in order to highlight
pore spaces when viewed under the microscope. Visual estimates of grain sorting
were measured using comparison charts (Jerram, 2001). Digital image analysis
Software (Simple PCI®) is used to calculate the relative proportions of ‘blue’ pore
space in a given area of interest, and this 2D visual measurement is taken as a proxy
for the corresponding porosity. Porosity is a measure of the proportion of void spaces
in amaterial, and is commonly quantified as a percentage. Porosity was determined in
bioturbated samples to: 1) assess the influence of biogenic reworking on porosity; 2)
‘document variability in porosity relative to bioturbation intensity; and to be able to

directly relate bioturbation to reservoir quality



=

1.7.3 Probe Permeametry

A probe-permeameter (TEMCO Inc. MP-401) was used to measure
permeability (k) in the collected samples. Permeability is the measure of the abilty a
material to transmit fluids (expressed as the millidarcy (mD)). The equipment
measures the flow rate and injection pressure of nitrogen gas into a rock. The probe-
permeameter injects compressed nitrogen gas into the rock using a probe-tip of 3.18-
6.35 mm inner-outer diameter, and measures the flow rate and injection pressure in a
rock volume of approximately lem'. In each of the slab samples, a lcm-grid was
drawn on the surface, and spot horizontal permeability measurements were taken in
the centre of each square (cf. Dreyer et al., 1990; Figure 1.7).

Data acquisition and analysis was calculated using the SmartPermTM software
to measure the effective permeability. In each slab samples a 4cm by 10cm grid was
drawn on the slab face. The spacing between columns and rows is Tem. Permeability
in millidarcies (mD) was calculated using the appropriate form of Darcy's equation
modified by the half-space solution of a geometrical factor Go as a function of probe-
tip seal thickness (Goggin et al., 1988). Four measurements were taken of the same

point on the grid to obtain an average and at least 40 grid point measurements were

obtained from each sample (Figure 1.7). The permeability data was overlain and

compared to sedimentological (large thin slice image and thin section) and

ichnological data (see Chapter 2).
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1.8 Reservoir quality prediction in bioturbated successions

Effective production of petroleun from bioturbated reservairs requires reliable
prediction of facies-related reservoir properties. In such bioturbated settings, facies
analysis and reservoir characterization are essentially ichnological analysis (Mcllroy,
2008). Bioturbation can redistribute grains and cause sorting or mixing (see Chapter
2), this physical modification of the primary sedimentary fabric effects porosity and

permeability in reservoir facies. Some ichnotaxa produce zones of enriched

mud/organic matter (e.g., pellet burrow linings) or mud-reduced zones by removing

the inter-particle clay-grade between sand grains (e.g,, burrow matrix/halo; Tonkin er
al., 2010; Bednarz and Mellroy, 2009; see discussion in Chapter 2). Bioturbation of
reservoir facies can either enhance or reduce porosity and permeability, and is
important when calculating reserves (Pemberton and Gingras, 2005, Meyer and

Krause, 2006; Tonkin et al., 2010).

1.8.1 Porosity and Permeability

“The majority of studies discussing the relationship of bioturbation to porosity

and permeability in carbonate and siliciclastic reservoirs have focused on burrow-

enhanced porosity/permeability trends (Gingras et al., 1999, 2002, 2004; Smith et af

2003; Pemberton and Gingras 2005; Spila er al, 2007; Florea er al., 2009;

Cunningham et al., 2009). The literature on the effe

of bioturbation on petroleum

reservoirs is biased towards p ing trace fossils of

Phycosiphon, ophycos, and Gi surf

(Gingras er al., 1999, 2002, 2004, 2007, 2010; Cunningham ef al., 2009; Knaust,



2009; Gordon et al., 2010; Tonkin et al., 2010; Chapter 2 herein). This thesis
documents the effect of bioturbation on petrophysical properties and focuses on the
more common but subtle heterogencities in shallow marine sandstone reservoirs

(Chapter 2).

1.9 Spatial variability of trace fossils

Lateral variability is of relevance to understanding trends in paleoecology

through time, flow in porous media, and determines the productivity of some
bioturbated petroleum reservoirs (Pemberton and Gingras, 2005). Knowledge of the
lateral variability of bioturbation and application of a more quantitative ichnological
methodology s required to make refiable predictions of reservoir properties (see
discussion in Chapter 3). Most studies of bioturbation have been aimed at
understanding changes in vertical strtigraphic profiles (Pemberton and Gingras,
2005; Gingras et al,, 2007). Lateral variability is significantly understudied but of
relevance to understanding flow in porous media, and can determine the productivity
of some bioturbated petroleum reservoirs.

Studies in lateral variability of trace fossils are beginning to give an impression
of in situ spatial variability of ichnofabrics (Mellroy, 2007), with the additional insight
into variations in sedimentation rate, hydrodynamic energy (erosive currents),

substrate consistency, length of colonization

indow, community structure and
succession (tiering and cross-cutting relationships). ~Ichnofabric analyses along a
highly bioturbated lateral profile (55 m), demonstrate there is considerable along-

strike ecological patchiness in offshore shelf settings, given the expected




hydrodynamic homogeneity at this scale (Mcllroy, 2007). This thesis uses onshore to
offshore case studies to create a first order understanding of likely lateral ichnological
variability in a number of depositional environments that may be incorporated into
reservoir 1o basin scale models of shallow marine hydrocarbon reservoirs and

paleoecological models (Chapter 3).

110 Key stratigraphic surfaces and bioturbation

Key stratigraphic surfaces (erosion, non-deposition or condensation) in
bioturbated successions are clearly identifiable where there is a distinct facies change,
variation in- bioturbation intensity, trace fossil cross-cutting relationships, and
lithological contrast in burrow fll relative to the host sediment. Trace fossils
observed at key stratigraphic surfaces include Thalassinoides, Planolites, and
Ophiomorpha (Pemberton e al, 1992; Taylor and Gawthorpe, 1993; Bromley, 1996;
Gowland, 1996; Gingras ef al,, 2002, 2008; Taylor et al., 2003; Mcllroy, 2004b;
MacEachem and Gingras, 2008; see Chapter 4). These surfaces can have
allostratigraphic, autocyclic, or ecologic significance and can be fundamental in

irfaces (Einsele ef al., 1991; Catuneanu et al.,

2009).

“The fill of Planolites, and found

1o comespond to that of the lithology of the overlying colonization surface. This is
generally taken to indicate that the burrow was kept open with burrower/borer-

induced water currents (Sheehan and Schiefelbein, 1984), or that the burrow was

constructed in a firm substrate not prone 1o collapse. Modem thalassinid shrimps




construct burrows that resemble Ophiomorpha and Thalassinoides with vertical shafts
connected to horizontal to oblique galleries at depths of up 1o 1 metre below the
sediment-water interface (Pryor, 1975; Shechan and Schicfelbein, 1984; Swinbanks
and Luternauer, 1987; Phillips ef al,, 2011). Analogous fossil burrow systems thus
have the potential to produce enhanced permeability fabrics within sedimentary
successions (e.g., Cunningham ef al., 2009; Pemberton and Gingras, 2005; Tonkin er
al., 2010). Sand-filled Thalassinoides may potentially produce vertical and horizontal
macropore networks with. the potential 1o act as flow conduits in_ hydrocarbon
reservoirs (Gingras et al,, 1999; Tonkin ef al., 2010).

Taphonomic expressions of bioturbated stratal surfaces and the relationship to
the enclosing sediment allows recognition of bioturbated stratigraphic surfaces and
their relationship to the enclosing sediment allows assessment of the sequence

stratigraphic  significance, depositional history, and paleoenvironmental change

associated with that surface. This thesis uses Thalassinoides as a tool in identification
of key stratigraphic surfaces because of the: 1) abundance of Thalassinoides in the
geological record; 2) distribution of Thalassinoides in a wide range of depositional
and geographical environments; 3) ease of identification in core and outcrop; and 4)

ability of the Thalassinoides trace maker 1o colonize a variety of substrate types

including softgrounds and firmgrounds (Chapter 4)

1.11 Thesis Structure

A variety of case studies of onshore o offshore shallow marine facies are used

in this thesis, including: 1) Quaternary fan deltaic succession, Conway Flat, New



Zealand; 2) Early Cretaceous shoreface succession, offshore Newfoundland, Canada;

3) Late Cretaceous shoreface succession, Book CIiffs, Utah, USA; 4) Middle Jurassic
tide-influenced deltaic succession, Neuquén Basin, Argentina; and 5) Neogene shelf’
succession, East Cape, Raukumara Basin, New Zealand. This thesis is submitted in

manuscript style. The following four chapters are summarized below.

LILL

Chapter 2: Bioturbation influence on reservoir quality: A case study from the
Cretaceous Ben Nevis Formation, Jeanne d’ Arc Basin, Offshore Newfoundland,
Canada.

This manuscript investigates the role bioturbation has in controlling the
petrophysical properties of sandstone reservoir intervals. Quantitative permeability
and porosity is presented while ichnotaxa are discussed and categorized with respect
to their sediment modification behaviour, and enhancement or reduction of
permeability. The burrowing activity of marine organisms is grouped into five

categories with predictable effects on porosity and permeability.

1112

Chapter 3: Lateral trends in the ichnological variability of shallow marine
successions
This manuscript discusses the lateral variability of ichnological and

sedimentological properties of three along-strike horizontal transects. Three datasets



are analyzed: 1) a Quaternary proximal fan delta succession (New Zealand); 2) a
Cretaceous shoreface succession (Utah); and 3) a Miocene offshore shelf succession
(New Zealand). These case studies are used to produce a first order understanding of
likely lateral ichnological variability in a number of depositional environments
Lateral trends in ichnological variability may be incorporated into reservoir- to basin-

scale models of shallow marine hydrocarbon reservoirs and paleoecological models

113

Chapter 4: Bioturbated key stratigraphic surfaces and their autocyclic and
allocyclic implications

‘This manuscript examines the complexity and significance of Thalassinoides-
bearing surfaces (erosion, non-deposition o condensation). Autocyelic and allocyclic

interpretations are debated using examples from ancient shallow marine facies.

.4

Chapter 5: Bi ion as a tool i

A summary chapter of how bioturbation can be used as tool to. predict
reservoir quality in shallow marine siliciclastic successions. A new, non-taxonomic

tions

bioturbation classification is proposed, that dircctly reflects the physical moifi

trace-makers produce in siliciclastic facies.
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Chapter 2: Bioturbation influence on reservoir quality: A case

Basin, offshore Newfoundland, Canada

Abstract

The delineation well Ben Nevis L-55, located in the Hebron-Ben Nevis Field,

offshore Newfoundland, targeted the Cretaceous Ben Nevis Formation in the petroleum-
rich Jeanne d’Arc Basin. This case study focuses on the bioturbated net-pay horizons,
and assesses the importance of animal-sediment interactions in controlling the porosity
and permeability of sandstone reservoir intervals.  In this study bioturbation can either
reduce permeability and porosity by as much as approximately 33% or enhance by up to

600%, dependent on burrow type and behaviour of the trace-making organism.

The net-pay interval in the cored interval of Ben Ne

study from the Cretaceous Ben Nevis Formation, Jeanne d’Arc
55 is characterized by
Ophiomorpha-dominated ichnofabrics. The action of bioturbators can be classificd in
terms of sediment mixing, sediment cleaning, sediment packing and pipe-work building
strategies.  Bioturbation has the potential to: 1) increase isotropy or uniformity of grain-
size by destroying sedimentary laminae through burrow homogenization; or 2) decrease
isotropy by selectively sorting grains into burrow lining and fill by grain size, and through
creation of open burrow systems filled with later sediments of differing character to the

host sediment. The petrophysical characteristics of bioturbated reservoir facies are highly



dependent on lithology, trace fossil morphology, presence or absence of burrow linings,

nature of burrow fills, burrow size and bioturbation intensity. Mudstone-rich facies and

ichnofabrics contai

ing mudstone-filled and/or lined burrows (e.g., Ophiomorpha and
clusters of Chondrites) have the net-effect of permeability reduction. In contrast,
permeability enhancement is documented from muddy sandstone facies with clean sand-
filled burrows (e.g.. Thalassinoides), and clean sandstones with burrow-mottled or diffuse

to massive textures.

2.1 Introduction

Many of the world’s most productive siliciclastic petroleum  reservoirs are

strongly bioturbated, including the Early Cretaceous Ben Nevis Formation, Jeanne d" Arc

Basin, offshore Newfoundland, Canada; Late Jurassic Fulmar Formation and Middle
Jurassic Brent Group, North Sea, UK; Middle Jurassic lle Formation, Halten Terrace,
offshore mid-Norway; and Early Cretaccous McMurray Formation, Alberta, Canada
(McAlpine, 1990; Richards, 1992; Cannon and Gowland, 1996; Mcllroy, 2004; Crerar

and Amott, 2007).  Effec

e production of hydrocarbon reservoirs requires reliable

prediction of facies-related reservoir properties and correlation at the inter-well scale.

Hence, specifically in bioturbated settings, facies analysis and reservoir characterization

are reliant upon deseription and interpretation of bioturbation and ichnofabrics from

conventional core (Martin and Pollard, 1996).



Ichnofabric. analysis is an approach used to describe the sedimentology and

ichnology of a horizon in terms of diversity, bioturbation intensity and colonization
history (Bromley and Ekdale, 1986; Taylor and Goldring, 1993; Taylor e al,, 2003). An
integrated approach to the prediction of reservoir quality in bioturbated reservoir intervals
involves study of ichnofabric in core and further laboratory-based analysis. The same
principles have also been used to improve the productivity of aquifers (Cunningham er
al. 2009).

This research is aimed at generating a more complete understanding of the role
that organisms have in controlling the porosity and permeability of sandstone reservoirs at
the reservoir scale. The studied core (BN L-35) was taken from Ben Nevis Field, in
which the primary reservoir target is the Ben Nevis Formation. This sandstone-
dominated reservoir s variably intensely bioturbated, with intensity of bioturbation being
strongly facies controlled. ~ Ophiomorpha are the most conspicuous clement of the
ichnofauna throughout the well, and are characteristic of several net-pay intervals. This
study s focused on reservoir quality changes directly associated with Ophiomorpha
ichnofabrics.

In order to determine the influence that bioturbation has on petrophysical

properties, 129 meters of core were studied ichnologically and sedimentologically. Core

descript by ichnofabric analysis, and detailed ical analysis

of net-pay horizons. Bioturbated reservoir zones from the Ben Nevis L-55 core were

studied using the following techniques: 1) core logging from both a sedimentological and

ichnological (ichnofabric assignment) perspective, including visual estimation of

bioturbation intensity; 2) creation of large thin slices (sensu Garton and Mellroy, 2006):




e i g o i

3) probe-permeametry; and, 4) porosity estimated using dye-impregnated petrographic

thin sections and digital imaging software.

2.2 Regional setting

The Jeanne d’Arc Basin, offshore Newfoundland contains several petroleum
reservoirs in three presently producing fields (Hibernia, Terra Nova and Whiterose), with
the Hebron-Ben Nevis Field slated to come on-stream next. The basin is located
approximately 350 km southeast of St. John’s, Newfoundland, on the northeast Grand
Banks (Figure 2.1). The Jeanne d'Arc Basin developed in response to three rifting
episodes that took place during the late Triassic to early Cretaceous (Hubbard er al,, 1985;

Tankard and Welsink, 1987;

clair, 1988). The Ben Nevis Formation was deposited
during the last documented episode of rifting (Sinclair, 1993). The base of the Ben Nevis
Formation is marked by the mid-Aptian Unconformity, which has been related to uplift
and erosion during continental break-up (Tankard and Welsink, 1987; Tankard et al,

1989).

‘The Ben Nevis Field is part of the Hebron-Ben Nevis complex of fault blocks,

offshore Newfoundland, Canada (Figure 2.1). The field was discovered in July 1980 and

currently has two wells drilled to date. The discovery well, Mobil et al. Ben Nevis 1-45

(1980) drilled multiple targets from the Ben Nevis to the Hibernia Formation, while the

delineation well Chevron ef al. Ben Nevis L-55 (1999) targeted the Ben Nevis Formation

alone. Ben Nevis L-55 was drilled t0 a vertical sub-sca depth of 2650 m, from which 129
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‘and Charlie Gibbs fracture zones respectively (modified after Tunkard & Welsink, 1987).




m of core were recovered from the upper Ben Nevis Formation between 2320 m and 2452
m vertical sub-sea depth. The base of the Ben Nevis Formation was not drilled at the L-
55 location. The cored interval includes 82 m of net porous sandstone with a net-to-gross
ratio of 29%, based on a petrophysical cut-off of 15%. Most of the net-porous sandstone
occurs in bioturbated intervals, and concentrated in the lower half of the core (Table 2.1).

‘The Ben Nevis

ield is estimated to contain resources of 429 bef of gas and 114 mbbls oil
within 3 petroleum reservoirs: 1) the Ben Nevis Formation; 2) the Eastern Shoals
Formation; and 3) the Hibernia Formation (C-NLOPB, 2008).

The Kimmeridgian Egret Formation is recognized as the primary source rock in

the Jeanne d’Arc basin reservoirs, an organic-rich shale deposited in euxinic conditions

(von der Dick, 1989). The terrestrial organi

ich Gambo Member forms the base of the

Ben Nevis Formation, an suggested that the source of carbonaceous debris

within the upper part of the formation (Sinclair, 1993). The fining-upward shallow
marine succession is overlain by the transgressive marine Nautilus Shale (McAlpine,

1990), which acts as a i A back barrier-shoreface depositional setting for the

Ben Nevis Formation was first proposed by Sinclair (1988, 1993).
Bioturbation is recognized in the Ben Nevis Formation (Tankard and Welsink,
1987; Sinclair, 1988, 1993; McAlpine, 1990; Driscoll ef al., 1995; Hesse and Abid, 1998;

Pemberton ef al., 2001; Spila ef al., 2007), but has not previously been dircetly linked

with improved reservoir quality. Highly bioturbated sandstones and siltstones of the Ben
Nevis Formation of the Hibernia Field have been interpreted as shoreface sandstones and

tidal inlet channels in a barrier island system (Tankard and Welsink, 1987; Sinclair 1993).
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Detailed ichnological and sex

I study of the Avalon and Ben Nevis

formations, based on nine wells in the Jeanne d’Arc Basin, allowed recognition of a
number of depositional settings including fluvio-deltaic, tidal flats, salt marsh, barrier
istand to lagoon, and shoreface to offshore environments (Pemberton ef al., 2001),
Iehnofacies recognized from the shoreface and embayment settings in the upper Ben
Nevis Formation fall within the Skolithos and Cruziana Ichnofacies, and include
recognition of several “Glossifingites surfaces” (Pemberton ef al., 2001). To date there
has been no published sedimentological or ichnological study undertaken on the Ben

Nevis L-55 core.

2.3 Methods

Three methods were used to describe the influence of bioturbation on porosity and
permeability on five centre-cut core slab samples taken from the net pay zone in the Ben

Nevis L-55 core interval: large thin slicing; conventional thin sections; and probe-

permeametry. Two slices, 3-5 mm thick were removed from the core slab face of each
sample; one for preparation of a large thin slice to study lithological contrasts between
burrows and host matrix (Garton and Mcllroy, 2006), and another slice to make blue
epoxy-impregnated thin sections to visually estimate porosity and sorting. The core slab
surface was divided into a grid (Dreyer et al., 1990) and spot permeability data were

obtained using a steady-state probe-permeameter (TEMCO Inc. MP-401). Porosity

measurements are unstressed (e.g.. in ambient laboratory conditions, not at calculated




reservoir confining ~ siresses), and  permeabilities are unstressed ~horizontal ~air |

permeabilities

2.3.1 Thin Section Analysis

Thin sections (2.5 cm by 4.5 cm) were cut from a slice of the core slab face. The

sample was then impregnated with blue epoxy resin, in order to highlight pore spaces

ates of sor

when viewed under the microscope (Figures 2.2 and 2.3).  Visual e o
were measured using comparison charts (Jerram, 2001). Digital image analysis software
(Simple PCI®) is used to calculate the relative proportions of ‘blue” pore space in a given

area of interest, and this 2D visual measurement is taken as a proxy for the corresponding

porosity.

2.3.2 Large Thin Slicing

“The technique of large thin slicing is used to study the sedimentary and biogenic
fabrics in sandstone and mudstone lithologies in transmitted light (Garton and Mellroy,
2006). When viewed in transmitted light, the large thin slices display sedimentary
structures and detailed ichnology not otherwise visible in polished hand specimen or field

samples (Figures 2.4 and 2.5).



1,2a0d 36 1 (LF1) taken from

Figure 2. Porosity

Ben Nevis L. 475m 10 2388  F-H and J-L) are impregs
pyrite. Dashed
E, C.FG
e ple 1
©cal
203%. (E) Core
ab sample 2 (G)Quartz-

27.2%. (1) Core

slab sample 3 (2388m) with intense bioturbation (>90%), Ophiomorpha and Thalassinoides. (3) Clean sand Thalassinoides

(K)Close-upo

(L) nter-particle




%goLs

N

0

(@ By

Imo1q aresapous 1 (W9SEZ) § Sfdures quys 210D (3) “%gp 1 Airsosod ajdums “29vds a10d qEEAL Fupnad0 S

woser wisET

T SUAON S WOl U 1y

‘gl

21



Figure 2.4, Large thin slces and permeabiliy data of samples 1, 2 and 3 from bioturbated fine sandstone
(LF1), assigned an Ophiomorpha-dominated ichnofabric from Ben Nevis LSS core interval, 2475m to
2388m.  Core slab slices (A, D and G) and large thin slice images (B, E and H) with spot-permesbility
measurements overlain (C, F and 1. (A) Core slab sample 1 (2475m). (B) Ophiomorpha (Oph) margins
and concentrations of clay-filled pores of burrow motled sandstone. (C) Permeability data points range

from 8:84 mD 10 394.80 mD. (D) Core slab sample 2 (2460m) of bioturbated fine sandstone with shell

fragments. (E) Burrow motled bas ity data
points range from 154 mD 1o 55.20 mD. (G) Core slab sample 3 (2388m). (H) Thalassinoides (Thal)
burrow halo, mud-pellt lined Ophiomorpha and spreiten burrow (Spe). (1) Permeabilty data poinis range

from 1.54 mD t0 66,86 mD.
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(C) Permeabiliy data points range from 2.01 mD to 33.60 mD. (D) Core sab sample 5 (2356m). (E) Chondies (Chon)

MD1065.64mD.



2.3.3 Probe-Permeametry Data

The probe-permeameter (TEMCO Inc. MP-401) injects compressed nitrogen gas
into the rock and, using a tip of 3.18-6.35 mm inner-outer diameter, measures the flow
rate and injection pressure in a rock volume of approximately 1 cm’. Permeability in
millidarcies (mD) was calculated using the appropriate form of Darcy’s equation
modified by the half-space solution of a geometrical factor Gy as a function of probe-tip

seal thickness (Goggin ef al., 1988). In each of the five center-cut core slab samples, a |

em-grid was drawn on the surface, and spot permeability measurements were taken in the
cenre of cach square. Four measurements were taken for each of 40 points on the grid to

obtain an average (Figures 2.4C, 2.4F, 2.41, 2.5C and 2.5F).

2.4 Sedimentology and Ichnology of Ben Nevis L-55

2.4.1 Sedimentology of Ben Nevis L-55

‘The Ben Nevis Formation in the L-55 well displays a net upward-fining trend,
with mudstone content increasing upward. The cored interval is dominated by
bioturbated fine-grained sandstones with shell lags and mudstone beds, grading into mud-
rich very fine sandstone at the top of the cored interval (Table 2.1). Mudstone laminac,

low-angle stratification, dispersed shell fragments (decreasing upwards), bioclastic beds

and carbonaceous material are common throughout, along with rare mudstone rip-up

clasts and sideritized mudstone clasts. A total of five lithofacies (LF) are defined herein:



LF1) bioturbated sandstone with shell material; LF2) low-angle cross-stratified

sandstones; LF3) bioclasti LF4) laminated grained sandstones with

mudstone; and, LFS) bioturbated mud-rich sandstones (Table 2.1 and Figure 2.6).

Lithofa

1 and 5 are intensely bioturbated, and contain disseminated carbonaceous
matter and shell debris. Bioturbation intensity in LF1 and LF5 varies between 60 and
100%, but is typically about 75%. Lithofacies 2, 3, and 4 are sparsely to moderately
bioturbated (1%-60%). Intensely bioturbated facies LF1 and LFS are interpreted as fair-
weather beds. Less intensely bioturbated sandstone and mudstone units are interpreted to
be event beds deposited during periods of intense hydrodynamic activity in which
bioturbation is exclusively post-depositional (cf. Aigner, 1985).

“The dominant facies in the cored interval is LF1, highly bioturbated sandstones
which contain dispersed shelly debris. The presence of coarse shelly lags (LF3) and
pebble horizons at the base of bioturbated units suggests event bed deposition followed
by bioturbation during protracted periods of low hydrodynamic energy. LF2 consists of
fine-grained, low-angle, cross-laminated sandstones that are either unbioturbated or
contain low to moderate levels of bioturbation (5-60% bioturbation). The cross laminac
are considered 1o be cither storm-induced hummocky cross-stratification (Dumas and
Amott, 2006) or suspension setling in mouth-bar settings (cf. Brettle er al. 2004).
Sections of the cross-laminated sandstone (LF4) show diffuse zones that may have
n (Howard and Frey, 1975), or by

formed biogenically by meiofaunal eryptobioturbs

small-scale physically-induced dewatering or liquefaction (Figure 2.6C; Owen, 1996;
Hildebrandt and Egenhoff, 2007). The author considers it to be nearly impossible to

distinguish between these possibilities for lack of objective recognition eriteria. The



Figure 2.6, 1(LEL

vichichnus (Te) burrows in
lithofacies | (LF1). (C) Low-angle cross-sratified sandstone lithofucies 2 (LF2). (D) Oyster and calcarcous worm tube rich
bioclastic horizon of lithofacies 3 (LF3). (E) Ophiomorpha-Asterosoma ichnofabric in upper sandy mudstone lithof
(LES), Asterosoma (Ast). (F) Thalassinoides (Thal) and Chondrites (Chon) in laminated mudstone fucies 4 (LF4) with
nterbedded with bioturbated sandstone with shell material lthofacies 1 (1

s

Thalassinoides-Planolites ichnofabri
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bioclastic beds of LF3 comprise abundant broken, current-sorted bivalves (especially
oysters), along with gastropods and serpulid worm tube segments (Figure 2.6D). The
shell beds of LF3, are also commonly interbedded with LF1, cither as erosively-based
shell lags below sandstone beds or as up to 20 em thick bioclastic beds with low sand
content. The laminated sandstone and mudstone beds of LF2 are planar- or wavy-bedded,
or diffusely laminated with partings defined by mud drapes. A basal mudstone-pebble
lag, locally with oblate ofien sideritized, mudstone clasts and/or shell debris may be
present. Alternations of planar laminae, diffuse laminae and structureless intervals in LF4
are interpreted as periods of variable sedimentation rates. Laminated mudstone beds
(LF4) are commonly found to directly overlie cross-stratified sandstone (LF2) in the
upper section of core interval. These mudstone beds are interpreted to represent rapid

post-event bed deposition in paleoenvironments with low hydrodynamic energy. The

mud-rich siltstone (LFS) contains the most intense and diverse levels of bioturbation

within the cored interval. This highly bioturbated facies (LFS) is often intercalated with

laminated horizons (LF4) and can be referred to as a “lam-scram” style of deposition
(Howard, 1972). Laminated beds are deposited under high flow regime conditions, for
example during storm events, followed by “scrambling” of the sediment by bioturbation
during low energy post-event periods (Ekdale ef al., 1984). Coalificd and pyritized wood
clasts are common in all facies and may indicate proximity to a distributary system and/or

transgressive reworking and crosion of the plant-rich Gambo Member (Sinclair, 1993).

The heterolithic nature of that portion of the Ben Nevis Formation cored at LS5 is

consistent with event bed deposition in an offshore setting. Event beds are thought to be



storm induced with evidence for fluvial influence on the system in the form of fluid mud

deposits and plant-debris. Towards the top of the Ben Nevis succession in the L-55 core,

the mudstone-rich facies (LFS) becomes dominant and this is taken to reflect an increase

relative sea level. In summary, deposition of the facies represented in the cored
interval of Ben Nevis L-55 is thought to have occurred on a wave-dominated coastline
with some fluvial influence. No back-barrier or lagoonal facies were identified. The

depositional sctting is perhaps best compared to that of a wave-dominated delta.

2.4.2 Ichnology of Ben Nevis L-55

A diverse assemblage of deposit- and suspension-fecding marine trace fossils arc

found in the cored interval. Ichnotaxa include (by first occurrence at base of core);

Ophiomorpha, Phycosiphon, Thalassinoides, Planolites, Chondrites, Diplocraterion,

Teichichnus, Palaeophycus and Asterosoma (Figure 2. 6). Indistinct burrow-mottling is

also present throughout the core. Bioturbation intensity is extremely variable and is

found to be faci

dependent (Table 2.1). Measurement of the common trace fos

shows that burrow diameters of Ophiomorpha, Thalassinoides and Asterosoma remain

constant_throughout the succession. This suggests that they were created by adult
organisms, probably in an equable palacoenyironmental setting. Rare escape traces exist

ment

and are associated

event beds; they are likely a result of organism entr
during event bed flow and transport (cf. Follmi and Grimm, 1990).
Ophiomorpha (5-50 mm diameter) is the most abundant and conspicuous trace

1 in the succession, visually dominates most of the described ichnofabrics in the




Tower part of the L-55 core, and is an accessory component of ichnofabrics in many of the
mudstone-rich beds at the top of the Ben Nevis Formation. Ophiomorpha are lined with
circular to oval mudstone or organic-detritus-rich pellets. In several cases the pellets arc
only present on the roof of the burrow. Burrow fill is lithologically variable, and may
comprise cither a massive sandstone infill or a concentrically-laminated mudstone fill

(Figures 2.2B-]

. 23E 2.6A, 2.6B, 2.6F). The three-dimensional morphology of
Ophiomorpha galleries are known to include boxworks, networks and mazes (Frey ef al.,
1978).  Many modem  species of burrowing (Ophiomorpha and Thalassinoides-
producing) crustaceans produce inter-connected burrow networks (Pryor, 1975),
Analogous fossil burrow systems thus have the potential to produce enhanced

permeability fabrics within sedimentary successions (Figures 2.4 and 2.5), though

burrows with similar cross-sectional expressions may comprise isolated shafs and tunnels
(e.g. Miller and Curran, 2001). This uncertainty regarding the degree to which the fossil

burrows and are in_horizontal i and the

macro-pore networks that they form, remains a problematic issue in some hydrocarbon
reservoirs (Gingras et al., 2007).

Unlined Thalassinoides (10-21 mm diameter) are common in Ben Nevis L-55, but
are only clearly visible in mudstone-rich laminated beds (LF4) and mud-rich silistone
(LFS) (Figure 2.6F). Large thin slices created using the method of Garton and Mellroy
(2006) reveal that Thalassinoides is actually present in all facies throughout the core
(compare Figures 2.4G and 241). The fill of Thalassinoides is commonly found to
correspond to that of the lithology of the overlying colonization surfuce (Figure 2.6F).

This is generally taken to indicate that the burrow was created as an open burrow, and



221

kept open with self-induced water currents (Shechan and Schiefelbein, 1984). Modern
thalassinid shrimps construct burrows that resemble Thalassinoides trace fossils with
vertical shafts and horizontal to oblique galleries at depths of up to 1 m (Shechan and
Schiefelbein, 1984; Swinbanks and Luternauer, 1987). Sandstone-filled Thalassinoides
create vertical and horizontal macropore networks in Ben Nevis L-53 with the potential to
act as flow conduits in hydrocarbon reservoirs, but—as is the case with Ophiomorpha—
isolated burrows may require mechanical fracturing in the horizontal plane to create
reservoir flow units.

Mudstone-filled burrows of Phycosiphon (<1 mm diameter; Wetzel and Bromley,
1994) and Chondrites (1 to 2 mm diameter; Bromley and Ekdale, 1984) arc common
throughout the core interval (Figures 2.6F, 2.6G.) with the exception of the bioclastic
horizons (LF3). Clusters of the trace fossils are generally horizontal or oblique and may
overprint other traces such as Ophiomorpha. When present in clusters, these trace fossils
may create localized low porosity patches in the host sediment.

Burrow-mottling is persistent throughout Ben Nevis L-55 core (Figures 2.6 and
2.5) and i often cross-cut by discrete burrows. These undeterminable biogenic structures
are associated with repeated overprinting in horizons with intense bioturbation (-90%).
This burrow-mottled texture is interpreted to reflect burrow homogenization of the
primary sedimentary fabric, and may create zones of permeability enhancement relative

to the host sediment (Meyer and Krause, 2006).
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2.4.3 Bioturbation and Ichnofabri

in Ben Nevis L-55
Event bed preservation (e.g., LF2, 3, 4) is a function of sedimentation rate,
biogenic mixing rate, and event bed thickness (Wheatcroft, 1990; Bentley and Sheremet,
2003). In this study, event beds with low-angle cross-stratification, greater than around
10 em i thickness, are found to greatly suppress bioturbation. Densely packed bioclastic
beds are also generally found to be un-bioturbated (Figure 2.1).
Tiering of traces within the Ben Nevis Formation event beds includes rarely

preserved shallow tier trace fossils such as Diplocraterion, perhaps by instantancous

casting (cf. Einsele and Seilacher, 1991; Figure 2.6B). In fucies that are interpreted to
fepresent. slow  continuous deposition (e.g. LF1 and ), evidence for repeated
overprinting can be recognized.  Colonization order of trace-makers is difficult o
determine as very few cross-cutting relationships are recognized.  Nonetheless,
Diplocraterion is seen cutting Ophiomorpha, Phycosiphon traces are overprinting
Ophiomorpha, and all burrows cross-cut indistinet burrow-mottled ichnofabric. Shallow
tier burrows are poorly preserved, and the ichnofabrics are dominated by mid to deep tier
trace o

ils (c.0.. Ophiomorpha, Thalassinoides, Phycosiphon and Chondites: cf.

Bromley, 1990).
Nine diserete ichnofabrics (Table 2.1) have been recognized in Ben Nevis L-55,
and have been categorized into either intensely bioturbated “fair-weather” or “event bed

characteri

related

hnofabric associations sensu Mellroy (2007). Ichnofabri ing the

fair-weather ichnofabric association (associated with bioturbated sandstone and siltstone,
nclude

LF1 and LFS) are typically Ophiomorpha-dominated.  Fair-weather ichnofabri




the: weosiphon; Ophiomorpha-A: ;. Teichichnus-Phycosiphon

and burrow-mottled ichnofabrics. The event bed related ichnofabrics are Ophiomorpha-
Chondrites-Phycosiphon (associated with laminated sandstone, LF4 and the low-angle

cross-stratified LI2); spreiten-burrow ichnofabric, associated with the bioclastic (LF3);

Planolites; and the Phycosiphon-dominated ichnofabric of the laminated
mudstone facies (LF4).

Core slab samples 1, 2 and 3 are of the Ophiomorpha-dominated fair-weather

ichnofabric in the bioturbated sandstone facies (LF1; Figures 2.2 and 2.4). Samples 4 and

5 come from the laminated sandstone facies (LF:

jgures 2.3 and 2.5), and contain the

On the basis of the data

Ophiomorpha-Chondrites-Phycosiphon event bed ichnofal
presented these two ichnofabrics are associated with improved reservoir quality in Ben

Nevis well L-55. Detailed assessment of the host sediment has been undertaken in order

to fully understand the impact of bioturbation on reservoir quality.

2.5 Porosity and Permeability in Ben Nevis L-55

The main controls on spot permeability contrasts are lithology and cementation, a

simple and expected relationship between higher permeability sandstone and lower

permeability mudstone, silstone, muddy sandstone or cemented zones. Processes which

affect the distribution of grain size fractions are the development of physical and biogenic

structures. I the Ben Nevis L-55 core, mudstone-rich facies (LF4) and ichnofabrics

containing mudstone-filled and/or lined burrows (¢.g., Ophiomorpha and clusters of
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Chonrites) have the net-effect of permeability reduction. In contrast, sandstone-rich

facies (LF1 and LF2) with sandstone-filled burrows (c.g. Thalassinoides) and

nofabrics with burrow-mottled or diffuse to massive textures have the net-effect of

permeability enhancement.
“The main pore type is inter-granular porosity, which has been reduced by pore-
filling detrital clay, bioclasts, calcite cements and sedimentary lithoclasts. Thin section

analysis reveals grain size sorting associated with sedimentary structures (e.g., laminae)

and biogenie structures (trace fossils). Concentration of the clay to silt grade material

into laminae, burrow igures 2.3 and

ings and fill (.g., Ophiomorpha and Chondrite

2.5) within sandstone decreases sorting of grains and therefore reduces porosity. T
biogenic process can be described as sediment packing. Conversely, some mud lined

burrows (e.g., Thalassinoides) create zones of biologically-cleaned sandstone, as mud and

organic matter is preferentially removed from host sediment (23.4% and 31.28 mD;

Figures 2.21-L and 2.41). Sorting and concomitant increased porosity is created by the

process of sediment cleaning in these burrows. Burrow-mottled fabri

massive horizons are formed by the biogenic process of sediment mixi

Anomalous permeability data points on large thin slice images that do not appear
o be direetly associated with any sedimentary or biogenic features on the slabbed surface,

are suggested o be influenced by high permeability domains (e.g., burrows and

dissolution voids) or low permeability zones (shells and pyrite) in the core that do not cut

the two-dimensional surface (Figures 2.4C, 2.4D and 2.5F). In this regard it is important

o remember that the probx reflect a

sample volume which is only partially represented by slabbed surfaces.



25.1 Host Sediment Porosity and Permeability in Ben Nevis L55
Al samples are predominantly fine to mud-rich very fine-grained sandstones.

Sandstone composition is dominated by quartz grains, with lesser amounts of feldspar,

detritus. Good inter-particle (primary)

ic clasts, clay and organi

calcite grains,
porosity is present between moderate o well-sorted, sub-angular to sub-rounded loosely
packed grains (Figures 2.2 and 2.3). Porosity measured from blue-epoxy impregnated
thin sections is between 4.9 and 27.2%. It is suggested the inter-granular pore space was
preserved due to early calcite cementation, followed by subsequent dissolution of pore-
filling cements (Hesse and Abid, 1998). The source of the carly calcite cementation in
the Ben Nevis Formation is through dissolution of bioclastic material from within the
reservoir interval (Hesse and Abid, 1998). Secondary porosity can be recognized in the
form of oversized pores, corroded grains, floating grains and grain-shaped voids in the
sandstone (Figures 2.2D, 2.2H and 2.2L). This suggests that the secondary porosity is
generated from dissolution of shell fragments, calcite cement, lithic clasts, clay minerals,
and feldspar grains.

Physical sedimentary structures are absent in samples 1, 2 and 3 from the
bioturbated fine sandstone facies (LF1) as a result of the intense bioturbation. ~High
permeability values in Sample 1 are found in clean, mud-deficient sandstone-rich areas
(Figures 24C, 24F and 241). Lower permeability regions of Samples 2 and 3
correspond to mud-rich bioturbated sandstone with shell fragments (Figures 2.5C and

2.5F). Samples within this facies preserve no physical sedimentary structures, only




burrow-mottling with few discrete burrows visible. Samples 4 and 5 of the laminated
sandstone facies (LF4) generally have well developed very fine (<1 mm-3 mm) planar

and parallel mudstone laminae within very fine sandstone. The porosity and permeability

of the host sediment is low due to well developed closely spaced mudstone laminae. The
higher permeability data points of Sample 5 are a result of lower mud content in the
laminated sandstone, and greater proportions of diffusely laminated to massive texture

(Figure 2.5F).

2.5.2 Bioturbated Sediment Porosity and Permeability in Ben Nevis L-55

Burrowing organisms can secrete mucus as they move through the sediment; use
mucus (0 trap organic matter or fine grains; or incorporate detritus (mud or sand) to create
a burrow wall or lining (Bromley, 1990; Herringshaw er al., 2010). Consequently
burrows can alter the geochemistry of a substrate, acting as focal points for the
colonization of microbes and mineralization, which may consequently drive early
diagenetic processes (Bromley, 1990; Pemberton and Gingras, 2005). This bio-
geochemical reaction may promote burrow-induced diagenesis, with pyrite (Figure 2.5E),

siderite and calcite growth centered on the burrow (Pemberton and Gingras, 2005;

gras et al., 2007).

In highly bioturbated ichnofabrics from Lithofacies 1 (Figures 2.2 and 2.4),
discrete traces are generally not preserved as a result of repeated overprinting. Samples 1,
2 and 3 of this facies preserve no original sedimentary fabric and are categorized as

burrow-mottled. ~ Porosity and permeability within the burrow-mottled sandstone are



enhanced relative to un-bioturbated sandstone by one or both of two animal-sediment
interactions: 1) “sediment packing” the removal of silt-clay grade material from the host
sediment, and re-depositing it in burrow linings and fills; 2) “sediment cleaning”, the
removal of silt-clay grade material from the sedimentary environment (ic. back to the
sediment-water interface). Incorporation of silt-clay grade material from the host
sediment into burrow fills and/or linings creates only localized, discontinuous areas of

reduced porosity and permeability (Figure 2.4), due to the silt-clay size fraction filling

pore space. The removal of silt-clay grade material from the host sediment by deposit
feeding organisms that defecate at the overlying sediment-water interface, can create
areas of biologically enhanced porosity and permeability within burrows. Both of these
biological processes generally improve the porosity and permeability characteristics of
the sediment. The results are consistent with Meyer and Krause (2006) who documented
higher and relatively isotropic directional permeabilities in bioturbated middle shoreface
sandstones relative to un-bioturbated, laminated sandstones.

Our petrographic  analyses demonstrate that the  Ophiomorpha-producing

organism(s) create localized zones of porosity reduction (along burrow walls), and the

Thalassinoides tracemaker creates porosity enhancement, relative to the host sediment

igures 2.21-L). Corresponding spot-permeabi

the reservoir measurements

also display similar trends (Figures 2.4G-1)



2.5.2.1 Porosity and Permeability of Ophiomorpha-dominated Ichnofabric
“This ichnofabric is dominated by conspicuous Ophiomorpha within burrow-
mottled fine sandstones from the bioturbated fine sandstone facies (LF1). Samples 1, 2

and 3 are representative of the Ophiomorpha-dominated ichnofabric. The porosity

estimate for Sample 1 is 20.3%, that of sample 2 is 27.2% and Sample 3 is 23.4% (Figure

2.2). Permeability ranges recorded from this facies range from 1.26 mD to 394.80 mD.

“The highest permeability values are from Sample 1 averaging 79.36 mD (Figure 2.4C),
with Sample 2 and 3 averages of 9.32 mD and 18.33 mD, respectively (Figures 2.4F and
241). Bioturbation level ranges from 60-100%, with discrete burrows including pellet-
lined Ophiomorpha and the unlined tubular burrows of Thalassinoides. Tn addition, some
undetermined sandstone-filled burrows and an inclined spreiten burrow are only visible in
large thin slices (Figures 2.4G-1). Sandstone-rich zones are characterized by higher

permeability zones (e.g., 8.84-394.80 mD; Figures 2.4C, 24F and 241) than the

mudstone-rich burrow-mottled zones (¢.g., 1.26-66.86 mD; Figures 2.4F and 2.41).
Ophiomorpha burrow fills, margins and linings have clay-rich pores, relative to
the surrounding clean high-porosity sandstone.  Permeability data support this
observation, with spot permeability data points within Ophiomorpha and at the burrow
margins being low (e.g., 1.54-15.71 mD), relative to the surrounding higher-permeability
(e.g., 5.38-66.86 mD) sandstone (Figures 2.41). In one of the studied specimens,
oversized pores are present within Ophiomorpha burrow margins (Figures 2.2A-D).
These are inferred o have formed by dissolution of burrow lining during diagenetic

secondary porosity development (Hesse and Abid, 1988; Figure 24C). Thin section




samples were impregnated with blue epoxy prior to prepration to prevent clay

were created by sediment-packing during deposit feeding

activity, in which the trace making organism concentrates mud and organic-rich particles

into burrow linings. The effect of this is to reduce porosity and permeabiliy in the near-
burrow environment relative to the biologically cleaned host sediment.  The
Ophiomorpha fill is a passive fill unrelated to the host sediment, which can locally even
include ripple cross-lamination. In our material the burrow fill is typically of low
permeability, though we acknowledge that this need not always be the case (Figures 2.41

and 2.5F).

by us from L-55 are distinguishable as very thin mudstone-

lined burrows, with fill similar o, or cleaner than, the enclosing matrix (Figures 2.2K and
221). A halo of high-porosity, clean, well-sorted sandstone is present around a small
number of Thalassinoides. For example, in sample 3 the Thalassinoides is 31.28 mD, the
adjacent Ophiomorpha is 1.54-15.71 mD, and the mean permeability for the sample is
18.33 mD (Figures 2.4G-1). This burrow halo exhibits higher porosity and permeability
than the matrix (Figure 2.41), and may be the result of the trace-maker generating a
current around its body and expelling fines into the water column (aguarium observations
of modem Neotrypaca californiensis by Mellroy). At least in the Ben Nevis Formation

core of well L-55, Thalassinoides is consistently associated with areas of enhanced

porosity and permeability relative to the host sediment



2.5.2.2 Porosity and Permeability of Ophiomorpha-Chondrites-Phycosiphon Ichnofabric

‘This ichnofabric is typically incompletely bioturbated (5-60% bioturbation). The
sedimentary fabric is composed of bioturbated mudstone-rich laminac in a very fine-
grained sandstone matrix (LF4). Pellet-lined Ophiomorpha and undetermined sandstone-
and mudstone-filled traces are common. Samples 4 and 5 are representative of the
Ophiomorpha-Chondrites-Phycosiphon ichnofabric.  The porosity of sample 4 is
estimated at 4.9% and that of sample 5 is 16.8% (Figure 2.3). This is significantly lower
than the porosities of 20.3%, 27.2% and 23.4% from the sandstone-rich samples 1-3
(LF1; Figure 2.2). The permeability of samples in lithofacies 4 (LF4) range from 2.01
mD 10 65.64 mD. Sample 4 has a mean permeability of 11.06 mD and Sample 5 a mean
0f 45.71 mD (Figures 2.5C and 2.5F).

Ophiomorpha and Chondrites within this ichnofabric are associated with zones of
localized porosity and permeability reduction in their mudstone-rich burrow fills and

linings (Figures 2.3 and 2.5). Pellet-lined and filled Ophiomorpha significantly reduce

permeability (e.g., 2.01-8.96 mD; Figure 2.5C) relative to the host sediment (7.99-12.59

mD; Figure 2.5C). Large opaque zones associated with Ophiomorpha are pyritized

organic-rich mudstone with low permeability values (e.g., 8.04-21.48 mD, Figure 2.5F)

relative 1o the host sediment (e.g., 19.76-65.64 mD; Figure 2.5F). Widely spaced

mudstone-filled Chondrites (1-2 mm diameter) do not affect permeability relative to host

sediment (Figure 2.5F). At the microscopic-scale Chondrites significantly reduce
porosity relative to the host sediment as silt-clay grade material is packed into pore space

(Figures 2.3E-H).



Lamina-sets with sharp mud-rich drapes alternate with intervals showing diffuse

lamination, interpreted to be formed by eryptobioturbation or liquefaction (Figure 2.5).

Laminac adjacent to burrows are deflected by the vertical movements of bioturbating
organisms (Figure 2.5B).  Diffusly laminated lamina-sets are characterized by

permeabilities between 5.89 mD and 33.60 mD, whereas inter-laminated massive

sandstone intervals have permeabilities of 7.99-12.59 mD (Figure 2.5B and 2.5C).

2.5.2.3 Comparison of core plug and slab porosity and permeability

Core plug porosity values obtained for the sampled facies (LF1 and LF4) of the
cored interval of Ben Nevis L-55 range from 9.2% to 22.7%, with an average valuc of
15.9% (Table 2.1, Core Laboratories Ltd., 1999). Visual porosity estimates of the §
samples using the SimplePCI software on a blue epoxy impregnated thin section range
from 4.9% to 27.2%, with an average value of 18.5% (Table 2.1). Micro-porosity is not
measured in the 5 samples and is recorded as minor in the core plug analysis report (Core
Laboratories Ltd., 1999). Core plug porosity data of given facies are thus in general

agreement with porosity trends revealed in thin section and measurements.

Permeability values obtained for Ben Nevis L-55 core interval facies (LF1 and

LF4) from the core plug data range from <1 mD to 376 mD with an average value of 4.9

mD (Table 2.1; Core Laboratories Ltd., 1999). Permeability data of the § samples using

the probe-permeameter range from 1.5 mD to 394 mD, with an average value of 32 mD

(Table 2.1). Spot-permeability data of bioturbated core slab samples reveals that that the

ich Ophiomorpha can locally reduce permeability by as much as approximately
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33%, through incorporation and concentration of silt-clay grade material in burrow fill

and lining (Figures 2.4 and 2.5). Conversely, sand-filled burrows such as Thalassinoides
can enhance permeability by as much as 600%, through removal of silt-clay grade
material from pore spaces (Figure 2.4). Although probe permeameter values correlate
well with the corresponding core plug data, the collection of probe data at 1 cm intervals

enables a more i of the nature of the Ben

Nevis L-55 core interval.

2.6 Porosity and permeability trends associated with bioturbation

Porosity and permeability in the Ben Nevis Formation of well L-55 are found to
be controlled by a combination of sedimentary, biogenic and diagenetic processes. Clay
and silt-rich laminae are associated with porosity and permeability reduction (Table 2.1).
Bioturbation can either enhance or reduce permeability, depend on the burrow type and
the behaviour of the trace-making organism in the Ben Nevis L-55 core interval

Formati

Based upon our studies of bioturbation in the Ben Nevi n, we consider

that the burrowing activity of animals can be grouped broadly into 5 categories with

predictable effects on porosity and permeability:

1

“Sediment mixers” ~ cause indiscriminate mixing of sediment grains,

decrease the isotropy or uniformity of the sediment by un-sorting any grain-

size trends, and through mechanical destruction of laminac.  Sediment

mixers burrow in the sediment without sorting the sediment into d




burrow |

\gs o fills. Clearly, the negative effect of diminished small-scale
sorting is more than compensated for by the elimination of fine-grained
laminac that act as baffles. For example burrow-mottled (Figure 2.4) and
diffuse to massive textures (Figure 2.5) create intense to complete levels of
bioturbation (>90%) with the net-effect of permeability enhancement (e.g.,
diffuse laminac, 5.89-33.60 mD and inter-laminated sandstone, 7.99-12.59
mD; Figures 2.5B and 2.5C).

“Sediment cleaners” — increase isotropy of the sediment by selectively

removing fine-grained material (e.g., pore-filing clay-silt and organic

matter) from the sediment by ingestion and subsequent defecation of fines
into the water column or creating a current within the near-burrow

environment. Burrows consis

ing of well-sorted clean sandstone fill, relative
1o enclosing host sediment, are considered 1o be produced by sediment
cleaning organisms with the net-effect of permeability enhancement (c.g.,
Thalassinoides burrow margin is 31.28 mD, the adjacent Ophiomorpha
burrow fill is 1.54-15.71 mD, and the mean permeability for the sample is
18.33 mD; Figure 2.41). Thalassinoides traces with clean sandstone halos
could be categorized as sediment cleaners (Figures 2.21-L and 2.4G-1),

“Sediment packers” ~ incorporate finer grained material (¢.g., clay and fine

organic matter) from the host sediment into burrow fills and/or linings

decreases isotropy of the sediment. Packing of the clay fraction into
pore space by organisms locally reduces permeabilitis (¢.g., Ophiomorpha

burrow permeability is 1.54-15.71 mD, relative to 5.38-66.86 mD of the
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surrounding  higher-permeability sandstone; Figure 241).  Burrows of
Ophiomorpha, Chondrites, Phycosiphon, Asterosoma and Teichichmus can
be categorized as “sediment packers” (Figures 2.3E-H; 2.4E, 2.41; 2.5, and
26)

Combination “Sediment cleaners and packers” ~ overall decrease isotropy of
the sediment. These organisms pack mud into a mud-filled core and clean
adjacent sediment creating a coarser grained halo. Phycosiphon burrows are

an excellent example of this combined behaviour (Figure 2.6G).

ipe-work builders” ~open semi-permanent burrows in sediment perforate
pre-existing physical sedimentary fabrics. Such burrows arehorizontal
gallerics connected at depth by vertical pipes o the sediment-water
interface. Upon burrow abandonment, the burrow generally remains open
and is passively filled with the overlying sediment at the sediment-water
interface.

a. If the “pipe-work” is filled with sand grade material, high-porosity
biogenic macro-pore networks can result. If such burrows are of
sufficiently high density, effective permeability at the bed-scale can be
greatly improved. Bioturbation-enhanced porosity and permeability

has been documented in a number of settings associated with

burrows into mudstone  horizons  including
Glossifungites ichnofacies (Weber, 1982; Gingras et al., 1999). This

study includes examples of enhanced permeability in association with
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Formation

Thalassinoides from sandstone reservoir of the Ben Nevis

(Figures 2.4G-1).

If the “pipe network is filled with mudstone, the effect is generally a
decrease in net-to-gross sandstone ratio, but without serious deleterious

effect on host sediment reservoir properties.

2.7 Conclusions

The burrowing activity of marine organisms produces a variety of burrows, tracks
and trails, reworking lithic clasts, mineral grains and organic matter to modify primary
physical sedimentary fabrics. The action of bioturbators can be classified as sediment
mixing, sediment  cleaning, sediment packing and pipe-work building strategies.
Bioturbation has the potential to either increase isotropy by un-sorting hydrodynamically-
sorted grains or decrease isotropy by sorting grains, and through creation of open burrow
systems.

In this sandstone-dominated reservoir, Ophiomorpha are the most conspicuous
element of the ichnofauna throughout the well, and are characteristic of several net-pay
intervals.~ Although our research demonstrates the conspicuous Ophiomorpha reduce

porosity and permeabil

iy, the subtle sand-filled burrows of Thalassinoides are
recognized as enhancing petrophysical properties in the net-pay intervals.
Ophiomorpha in the Ben Nevis Formation of well L-55 display “sediment

packing” behaviour in which clay-silt grade material is removed from the sediment, and




incorporated into burrow linings and fill, thereby markedly reducing porosity and
permeability (e.g., 33%). Thalassinoides, the other key trace fossil is classified as a
“sediment cleaner” and “pipe-work builder” increases isotropy and is related to enhanced
porosity and permeability (up to 600% greater than the host sediment). Burrow-moling,
diffuse laminae and massive intervals un-sort the primary sedimentary fabrics formed
during deposition. In intensely bioturbated lithologies bioturbation has the nt-cffect of
permeability enhancement

“The implication of animal-sediment interactions, for example the porosity and
permeability reducing sediment packing activity within the Ophiomorpha-dominated

ichnofabric, and porosity and permeability enhancing sediment cleaning activity within

the Ophiomorpha-Chondrites-Phycosiphon ichnofabrics are easily identified in core, and

are hence of predi

ive value.  Assignment of the aforementioned 5 categories of
burrowing activity can be applied to other core analyses and used as a tool to predict

effects on porosity and permeability
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Chapter 3: Lateral trends in the ichnological variability of

shallow marine successions

Abstract

High resolution palcoenvironmental reconstruction in marine systems can be

constrained by understanding variability, and trends in the distribution of benthic

organisms. Spatial distribution of trace fossils is complex, and involves both biological

and  physico-chemical  parameters. Superimposed  upon  these

ccologicalfpaleoenvironmental - signatures, are the effects of burrow preservation
(taphonomy).  Iehnofabric and ichnofacies seldom preserve trace fossils relating to a
single benthic community, or colonization surface, On biological timescales ichnological

assemblages are commonly the product of several time-averaged communiti

L or a

condensed representation of an unknown number of communities with hiatuses. Three

iciclastic shallow marine alony

strike profiles were studied from the Qu

ernary

Conway Flat, New Zealand; Late Cretaceous Neslen Formation, Utah, USA; and

Neogene Pohutu Formation, East Cape. Maximum ichnological variability was found in

the shelfal deposi

of the Pohutu Formation, characterized by slow continuous deposition

as;

ion with event bed deposition. Neslen Formation shoreface and Conway lower

delta plain studs

were characterized by relative litle lateral change in ichnofabric.
Along-strike variability, or patchiness, was found to be un-related to proximity to the

palo-shoreline in the three wave-dominated depositional systems. ~Instead, the most




ritical factor appears to be the sediment accumulation style. Slow continuous deposition

is found to produce complex, and highly patchy ichnofabrics, whereas rapid, episodic,

event bed deposition was found to be associated with the most uniform development of

ichnofabric. There is lateral ichnological variability within most beds but modes of

than distributions. Where

feeding strategies/bioturbation styles are the same, the net effect on reservoir quality is

seen to be less variable than would first appear.

3.1 Introduction

Some of the world’s most productive petroleum reservoirs are highly bioturbated,
with biogenic structures being integral to facies analysis, and controlling reservoir quality
(e.g.. Martin and Pollard, 1996). Effective production of hydrocarbon reservoirs requires
reliable prediction of facies-related reservoir properties, and correlation at the inter-well
scale. 1 is also becoming clear that reservoir quality, can be significantly impacted by
bioturbation (Gingras e al., 1999, 2002, 2004; Pemberton and Gingras, 2005; Tonkin er

al, 2010).  Studies of bioturbation are conventionally aimed at understanding

stratigraphic changes in ichnology o determine facies trends at the bedset scale, usually

within ional packages and sets, Van Wagoner et
al., 1990). In effect, such studies provide information about down-depositional-dip
ichnological trends (by application of Walther's Law; Middleton, 1973), and are based on
both semi-quantitative and qualitative approaches (Mcllroy e al., 2004; MacEachern et

al., 2007). Implicit to this is the assumption that ichnofabrics only vary in a down-dip




direction, as seen in bed-by-bed changes in ichnology (Taylor ef al,, 2003). Recent study

of ichnofabrics, from within a single bed, have revealed significant local patchiness in

ichnofabric that requires reassessment of the assumption of ichnological homogeneity at

the bed scale (Mcllray, 2007).

3.1.1 Patchiness of the modern endobenthos

Study of spatial variability in modem benthic populations by biologists has
categorized benthic seafloor patchiness as being in the form of gradients, clusters, and
mosaics:

1) Gradient patterns are comparable to the inferred along-depositional-dip
variability inherent in most ichnological studies in the rock record. ~Species are
distributed along environmental gradients, and variability is gradual along the gradient
(e.g. onshore to offshore), and reflects trends in sedimentological parameters (e.g. energy
and grain size; Johnson, 1971; Bloom et al., 1972; Valentine and Jablonski, 2010).

2) Clustering and clumping patterns of species, or communities constitute abrupt

or discontinuous spatial utions, and are often recognized as discrete, intensely
populated, patches on the seafloor (Woodin, 1976; Tilman et al., 1997).

3) Mosaic patterns have spatial-temporal significance, clusters of species or

overlap, and undergo disturbances over time. Both physically-induced (c.g.
erosion and detrital inputs), and biologically-induced (e.g. predation and larval dispersal)
phenomena can produce a complex spatial patchwork on the safloor. When the time

interval between disturbance events is non-uniform, this can add a temporal component




to mosaicecological trends/patterns of communities (Johnson, 1970; Reise, 1979;
Levinton and Kelaher, 2004).

Clustering and mosaic patterns are common phenomena in response to local
trends, usually parallel to the shoreline, and are typically not systematically related to
depth gradient patterns. The most common first-order biological controls on patchiness
of the modern seafloor are: 1) localized input of particulate food to the sediment-water-
interface (Shanks, 2002), which creates heterogeneity in the distribution of food
resources; and 2) the motility and mobility of benthic organisms, which greatly affects
their ability to exploit spatially-localized resources (Levinton and Kelaher, 2004),
particulary after defaunation events. The spatio-temporal controls acting on the

distribution of modern benthic seafloor communi

are complex. Anomalously large
derital input events may attract larvae or boost invertebrate population growth (Levinton

and Kelaher, 2004). The moti

y of epibenthic, and endobenthic organisms encompasses
both adult, and juvenile organisms. The mobility of organisms mostly affects juveniles,
and is caused by currents (e.g. Thorson, 1950; Beukema and Vlas, 1989).

Seafloor patchiness is widely stdied, by both biologists and ecologists.

However, equating such ecological

logical variability with ichnofabrics in the rock
record s not straightforward. ~Biological studies are typically focused on organisms,
rather than their burrows, and snapshots of ecology are on biological rather than
geological timescales.  Inherent in any analysis of ancient ecosystems is the possibility
for time averaging of skeletal assemblages, by reworking and winnowing of skeletal

material (Kidwell and Bosence, 1991 Valentine and Jablonski, 1993; Fiirsich and

Aberhan, 1994). i on these i i parameters are




taphonomic processes. It is almost impossible to determine whether an assemblage of

fossils or trace fossils reflects a true biological community or ichnocoenosis (Cummins et

al., 1986; Kidwell and Flessa, 1996; Mcllroy and Garton, 2010; Liu et al., 2011).
There is a need to develop an understanding of the combined effects of biological
patchiness with respect 10 the time-averaging typical of ancient sedimentary units when

interpreting ichnology. The variability scen in ichnofabrics is pertinent to: 1) the

establishment of - ichnologically-defined facies (Mellroy, 2008); 2) interpreting
paleocnvironmental parameters from ichnofossil assemblages (Taylor ef al., 2003); and
3) predicting changes in sediment properties in porous media (Tonkin er al. 2010,

Pemberton and Gingras, 2005).

3.1.2 Paleoecological studies of patchiness in ancient strata

A bioturbated bed or ichnofabric rarely preserves burrows relating to a single

c-averaged

benthic commaunity. ~ Ichnofabrics are commonly the product of several tis
communities.  Therefore a_lateral profile along a bioturbated bed will commonly

incorporate both spatial, and temporal components. There are few studies of lateral

variability of trace fossils/ichnofabrics/ichnofacies (Mcllroy, 2007). Given the expected
hydrodynamic homogeneity on the scale of tens of meters, much of the variability in
ichnofabric is likely to be primarily related to time-averaged patchiness (Mcllroy, 2007).
When sampling for patchiness on the modern seafloor, and in the rock record a
consistent methodology is important, small replicate sampling protocol s recommended

cale (e.g. seasonal,

(Bennington, 2003), although time-averaging on a ccological tim

Gingras et al., 2008) may be effective in homogenizing patchiness.

If burrow type is



cquated with trophic. mode, the effects of time averaging can be incorporated  into
understanding of lateral variability in ichnofabrics. Ichnofabrics could be considered as
being representative of in situ spatial variability, the ichnological distribution being the
result of the life activity on the ancient sea-floor. Cross-cutting relationships, and depth
of burrowing seen in ichnofabrics additionally provide proxies for community structure,
and succession can be considered with respect to sediment accumulation style.

“This chapter expands on Mellroy (2007), and considers ichnological variability in

three case studies from a range of onshore to offshore shallow marine settings. The aim

of the presented studies is to determine the lateral variability of ichnological, and

sedimentological characteristics of a given bed along a horizontal transect within a range
of wave-influenced depositional settings. This understanding of the variability of
ichnofabrics is fundamental to refiable understanding of what constitutes a significant
(interpretable) difference in ichnofabrics relative to normal inherent variability (Mellroy,
2007). Comparable ichnological datasets have been collected from three case studies

from onshore to offshore: 1) a proximal Quaternary fan delta succession (New Zealand);

2) a Cretaceous shoreface succession (Utah); and 3) a Miocene offshore. shelfal
succession (New Zealand). Collection of semi-quantitative and qualitative ichnological
data such as bioturbation intensity., ichnotaxa identification, burrow size/fll cross-cutting

relationships, and bioturbation styles highlights ichnofaunal response to changes in

physico-chemical parameters, and enables recognition of trends in spatial distribution.
These case studies are used to assess the importance of lateral ichnological variability in a

number of wave-dominated shallow marine facies.
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3.2 Methodology

To aid palcoenvironmental reconstruction of cach case study, a variety of

ical

techniques are used 1o interpret the complex relationship between physico-cher
parameters and the associated ichnology. Well-exposed, accessible, laterally-continuous
outerops were logged to determine sedimentary facies. At intervals along a chosen

bedding plane sedimentological and ichnological observations were made to assess lateral

ty along 35 m t0 60 m profiles.

3.2.1 Ichnological analysi

Each sample was characterized using both the ichnofabric and the ichnofacies
approaches (see Chapter 1). Each sample underwent detailed ichnological analysis.

Iehnofabric analysis involves categorization of the ichnology. ichnodiversity, burrow

diameter, bioturbation intensity and cross cutting relationships (Taylor and Goldring,
1993; Taylor et al., 2003). Semi-quantitative data on bioturbation intensity was based on
the amount of destruction of sedimentary fabric by bioturbation (Bioturbation Index or
31; Taylor and Goldring, 1993).

ication of the burrow number of

Assessment of ichnodiversity involved quan

and ichnotaxonomic

ichnotaxa present, and is somewhat subjective due to taphonomi

biases. Potential taphonomic biases include preferential preservation of mid- to deep-tier

level trace fossils, late colonizers, deposit feeding burrows, and large burrows (‘elite
traces” of Bromley, 1996). Other taphonomic controls include: 1) the degree of

lithological heterogeneity and intensity of bioturbation; and 2) difficulties of identifying




ol i

ichnotaxa from vertical cross-sections (c.g. Mellroy ef al., 2009). Maximum burrow
diameter was measured from all the most abundant ichnotaxa. This quantification of

burrow size was performed for the total abundance number of trace fossils in cach

ichnofabric. Burrow diameter has been used as a proxy to define fluctu

i bottom
water oxygenation (cf. Bromley and Ekdale, 1984), although preservation biases
(taphonomy), and the potential to sample a range of both juveniles and adult trace-
‘making organisms is potentially misleading. In this work, ichnofabrics were categorized
and named based on the dominant trace fossil or fossils within a sample or sample arca
(Taylor et al., 2003; Mcllroy, 2004, 2007, 2008).

Ichnofacies were determined through comparison of the ichnotaxa composition of
assemblages o pre-established/archetypal ichnofacies according to the proposals of
MacEachern et l. (2010). Burrowing activity categories or bioturbation styles (Tonkin

et al., 2010) are applicd to cach dataset studied,

order to describe the physical

modi

jons made by each ichnotaxon or “bioturbation style” (Table 3.1). The

of bioturbation styles used are: sediment mixers, sediment cleaners, sediment

packers and pipe-work builders (Chapter 2; Tonkin ef al,, 2010). This new classification
can be used to summarize ichnological patiems, and can be used for reservoir
characterization.

“The primary objective for data collection was to undertake systematic sampling

g replicate sampling; Bennington, 2003) as a basis for a quantitative ichnological

study. The following data were collected at 5 m or 10 m lateral spacings along horizontal

transects in the field or analyzed from slab faces:

1) Grain size,



2) Lithology.

3) Orga

matter content.

4) Body fossil ide

cation and abundance.

5) Sedimentary structures.

6) Diagenetic features.

7) Bed thickness.

8) Intensity of bioturbation.

9) Ichnotaxon identification and abundance.

10) Burrow size.

11) Burrow fil

12) Depth of bioturbation.

13) Cross cutting relationships between trace fossils
14) Iehnodiversity.

These data are used to systematically assess the relative sedimentological and

ichnological heterogeneity across a lateral profile (see reviews in Taylor et al., 200

Mellroy, 2004 for detailed methodology). This ichnological approach is used to decipher
a high resolution depositional history from cach lateral profile and highlights along-strike
ichnological variability. ~Biogenic structures that cannot be attributed to a specific
ichnotaxon (for lack of appropriate ichnotaxobases) are recorded, and are considered an
important component of ichnological analyses.  Burrow-mottling textures and
eryptobioturbation are the net effect of bulk sediment mixing tracemaker behaviours, and

in the case studies presented herin constituent a significant of the ichnofabric. It is



important to document these structures since they are a component of the ichnofabric, and
can affect bulk sediment properties (¢.g. Chapter 2, Tonkin et al., 2010)

Slab face analyses, analogous to core used in hydrocarbon exploration, enable
core-width (40-100 mm) views of sedimentary environment and ichnofabric. Thin slabs
of sedimentary rock were sampled at 5 or 10 m spacings along a horizontal transeet, to
assess variability over lateral distances of up to 60 m. In the Quatemary case study,
collection of samples was not possible and vertical surfaces (0.4 m by 0.4 m) on outerop

surfaces were cut into the cliff face (with a blade) and detailed descriptions and

photography were collected. While lateral transects of the scale of 100s of meters would

be ideal, no suitably accessible beds were located at the field localities. Samples have

undergone facies, ichnological, petrographic analysis, and large thin slicing (Garton and

Mellroy, 2006).

3.2.2 Thin section analysis
‘Thin sections (25 mm by 45 mm) were cut from a slice of the sample slab face.

Detailed petrographic analysis of each thin section are undertaken, including description

of: grain size, sorting, roundness of grains, grain shape, matrix distribution, mineralogy,

and cementation.  Visual estimates of sor

g were measured using comparison charts

(Jerram, 2001).  Proportions of quartz, calcite, clay and organic matter were visually
estimated and photomicrographs were taken of microfabric textres for each sample.
Petrographic analysis provides microscopic detail, which aids lithological classification

and enables identification of mincralogical burrow-grain relationships.




3.23 Large Thin Slicing

The technique of large thin slicing is used to study the sedimentary and biogenic

fabrics in sandstone and mudstone lithologies in transmitted light (Garton and Mellroy,
2006). When viewed in transmitted light, the large thin slices display sedimentary
structures and the ichnology not otherwise visible in polished hand specimen or field
samples

“The results of three case studies were chosen to reflect a range of onshore to

offshore facies across wave-influenced shallow marine systems: 1) a Quaternary lower

delta plain in a fan delta succession (New Zealand); 2) a Cretaceous shoreface succession

(Utah); and 3) a Miocene offshore shelfal succession (New Zealand).

3.3 Proximal fan delta succession (Quaternary Conway Flat, NZ)

Coarse-grained fan delta deposits are well-exposed in coastal cliffs at Conway
Flat, South Island, New Zealand (Figure 3.1). This Quaternary succession is composed
of a complex of fan-delta facies including pro-fan-delta, gravelly distributary channels,
sandy gravel barrier bars and embayment facies (Lewis and Ekdale, 1991). The lateral
profile is measured within the delta front-delta plain transition facies association (Lewis
and Ekdale, 1991).

In the late Quaternary, a series of small, short, and steep fan deltas drained the
Hawkeswood Range, building into the nearby Pacific Ocean (Figure 3.1). The gravel of
the Gilbert-type fan deltas was sourced from the Mesozoic sandstones of the

Hawkeswood Range (Rattenbury ef al., 2006). Loess-rich sediment was derived from the
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Figure 3.1. Locality map of Conway Flat, South Island, New Zealand. Clffscctions of Quaternary age sand, mud
NE-SW through

Mt Wilson (elevation 640 m). Offshore from the field localiy les the Conway Trough and Ridge in the SW Pacific
Ocean(taken from Lewis and Exdale, 1991). The 30m length lateral profile was sampled from a coastal cliff section.
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Southern Alps as a product of wind deflation from glacial outwash plains, and fluvial
transport (Lewis and Ekdale, 1991; McConnico and Bassett, 2007). The bathymetrically
deep (>800 m) Conway Trough lies just offshore and runs parallel to the present day
coastline, and is the receiving basin for coarse-grained deltaic sediments (Carter ef al.,
1982; Figure 3.1). In the most northern part of the fan delta complex exposed along the
Conway Flat coastline, fossil wood has been "*C dated at between 7600 and 8400 years
(Ota et al., 1984). The sedimentation rate is calculated at 0.5 m (1000yr" since 20,000
yr BP (Carter et al., 1982).

Facies architecture in the fan delta s highly complex and laterally variable. A 25
m high cliff section within the embayment facies (Lewis and Ekdale, 1991) was logged.
“The lateral profile bed s part of the distal embayment facies characterized by moderately
to intensely bioturbated (BI 3 to BI 5, Figures 3.2 and 3.3) sand, inter-bedded with very
thin carbonaceous mud and silt to very fine sand-grade loess deposits. The horizon
chosen for the lateral profile study is at the proximal delta front-lower delta plain

transition lies stratigraphically above a delta front, gravelly bar facies, and below a delta

plain, thizolith-dominated mud facies. Hand samples were not collected along the profile
due 10 the unconsolidated nature of the Quaternary sediments, a small thin section sized
sample was collected intact. Instead, a smooth 0.4 m by 0.4 m area was prepared in the

field. A lateral profile of 30 m was logged at 5 m intervals (Figures 3.2, 3.3 and 3.4).

“The short length of the lateral profile and closer interval spacing highlights the lack of

continuity of beds within this embayment facies.




Figure 3.2. Quartemary proximal fan dela plin facies, Conway Flat, New Zealand. A) Along:strke view of
lateral profile bed north of Ploughmans Creek, Conway Flats, North Canterbury, New Zealand. B) Slab sample
3at 10m,

yfinesand. C)




Figure 3.3, Quarterary proximal fin dela plain fcies, Conway Flat, New Zealand. D) Cross-laminated thin

sandstone bed with Skolithos (SK). E) Phycosiphon-dominated ichnofabric (Ph). F) Planolites (P1) in thin
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3.3.1. Sedimentological varability

Loess-rich grey bioturbated mud with very thin interbeds of light brown to orange
silt o very fine sand, dark grey carbonaceous mud, and grey loessial mud beds are
sampled for lateral variability assessment. A dark grey to black carbonaceous mud bed
(1020 mm) with woody fragments, and a laminated o cross-laminated very fine sand
bed (10-50 mm) can be traced along strike within the bioturbated mud, forming marker
horizons in the 0.4m by 0.4m quadrat (Figure 3.2A). Basal contacts of the carbonaceous
and sand beds are typically wavy and erosional into the underlying mud. The thickness
of these very thin beds is highly variable, and the beds pinch and swell along strike
(Figures 3.2B, and 33A-D), with woody particulate and fragments increasing to the
north, ~ Laminated to ripple cross-laminated silt to very fine sands also thicken to the
north. Small scale syn-sedimentary faults, with offets of ~50 mm are common in this

faci

The thin section (Figure 3.2C) collected from this mud facies is mainly composed

of clay and sili-grade grains (~93%), with lesser amounts of organic material (~5%) and
very fine-grained sand (~2%). Very fine-grained sand and coarse silt are moderately

sorted, sub-angular to sub-rounded, and spherical o blade-shaped quartz grains.

Very

in the mud-

fine scale lateral and vertical heterogeneity exists in this fa

dominated 0.4 m by 0.4 m areas (Figures 3.2B, and 3.3A-D).

3.3.2 Ichnology

The highest intensities of bioturbation (BI 5) are in the grey mud, and are

dominated by pervasive Phycosiphon along the horizontal transect. Mud beds contain
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common Planolites, with rare Diplocraterion and Skolithos, and abundant burrow-
mottled texture. In the carbonaceous mud bed, bioturbation ranges from moderate to
high (BI 3 to 5), and is dominated by Planolites. The ripple cross-laminated sand beds
have low bioturbation intensities (BI 1 to 2), and contain rare Diplocraterion and
Skolithos.

Phycosiphon dominates the loess-rich horizontal transect in this fan delta
complex. These mud-filled burrows, <1 mm to | mm in diameter with very fine sandy
halos, oriented in all directions (Figure 3.3B). This distinctive texture of dark grey
curved and hook-shaped burrows is recognized in the mud, silt and very fine-grained
sand beds, but is absent in the dark grey carbonaceous mud beds (Goldring ef af., 1991
Wetzel and Bromley, 1994; Bednarz and Mcllroy, 2009). Phycosiphon are cross-cut by

large Diplocraterion and Skolithos (Ekdale and Lewis, 1991) in the loessial mud beds.

Simple horizontal sand- or silt-filled traces of Planolites are common in the

carbonaceous mud bed, at all intervals along the lateral profile (Figure 3.3C). Burrows

are circular to oval in cross-section, and range from 2 mm to 7 mm in diameter.
Planolites consistently post-date (cross-cut) Phycosiphon in loessial grey mud beds, but
no other systematic cross-cutting relationships are recognized within the measured
vertical surface.

Rare Diplocraterion cross-cut multiple beds of grey mud (Figure 33D). The
spreiten of Diplocraterion are alternately composed of mud, and sand, with diameters

from 15mm to 26mm, and depths 20 mm to 70 mm (Figure 3.3D). Unlined mud-filled

vertical burrows of Skolithos, with diameters of 2 mm to 5 mm, and cross-cut

Phycosiphon and burrow-mottled ichnofabrics (Figure 3.3A).
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Observations along a bioturbated horizontal transect reveals a patchy distribution

of the four identified ichnotaxa in the Quaternary, Conway Flat section (see summary
Figure 3.4).  Ichnodiversity is low in the ichnofabric studies, ranging from 2 to 4
ichnotaxon. Maximum burrow diameters range from 5 mm (in Skolithos) to 26mm (in

Diplocraterion) along strike. Iehnofabrics can be categorized as Phycosiphon-dominated

or Phycosip and Planolites-d d. ively, using the
ichnofacies approach, the lateral profile bed is assigned the Cruziana ichnofacies.

Bioturbation styles across the profile are dominated by burrows of combination

I packing (e.g. Phyce sediment mixing (e.g. b texture), and
pipe-work building strategies of Planolites and Skolithos. Rare examples of sediment

packing bioturbation style (Diplocraterion) are associated with the thin carbonaceous

‘mud, and ripple eross-laminated sand beds.

3.3.3 Discussion

The loess-rich mud is intensely bioturbated (BI 5), and in some cases

these istics reflect low rates relative to the rate of

biotrbation. The lower delta plain facies

inferred to have been well-oxygenated with

abundant food supply in the form of detrital organic matter. Bioturbation intensity in the

storm-induced sand beds is generally low (BI 1 to 3), as these event beds are related to
rapid deposition of storm washover sheets. Rare root traces are not related to the studied

beds, but have penetrated from the stratigraphically higher rhizolith facies in the section.

The heterolithic facies form the marginal marine component of a fan delia

complex (Ekdale and Lewis, 1991; Figur

cs 3.2, 3.3 and 3.4). This ichnological



investigation focused on a back barrier, lagoonal facies, with inter-bedded terrigenous
matter and ripple cross-laminated sand bed. These thin event beds erode into underlying
mud, suggesting fluctuating hydrodynamic energy and rapid deposition during episodic
flooding, and storm washover events. The highly variable bioturbation intensity (BI 1 to
5) of the beds is a direct result of the episodic high fluvial discharge (allowing time for

organisms to colonize substrate between depositional events), and associated high

peding rate of bioturbation) on the flood-prone lower delta plain.
‘The lateral profile at Conway Flat is dominated by fair-weather Phycosiphon-
dominated ichnofabrics, with event bed Planolites ichnofabrics (Figure 3.4).

Sedimentation rates are variable, and consist of episodic, storm (sand) and flood-related

(carbonaceous mud) deposition. The bioturbation style is dominated by sediment mi
and combination cleaning-packing with, similar ichnofabrics along the short lateral

ance of 30 m.

3.4. Shoreface succession (Neslen Formation, Book Cliffs, Utah, USA)

In the late Cretaceous, continental collision of the Pacific Plate and the North
American Plate produced high mountains in western Utah, while eastern Utah was
drowned by seas from the east (Kauffinan, 1984). This tectonically induced transgression
of castern Utah formed an inland sea, and a coastal plain developed between the cast and
west coal swamps (Franczyk ef al., 1992). Foreland basin deposition took place during

the Sevier Orogeny (Cross, 1986), and is characterized by a range of siliciclastic shallow

marine facies. A variety of depositional environments have been interpreted in the upper




Cretaceous strata of castern Book CIiffs including coastal plain, estuarine, shoreface,

delta front and offshore marine (c.g. Sego Sandstone, Neslen Formation and Castlegate
Sandstone of the Mesaverde Group; Swifl ef ., 1987; Van Wagoner, 1995; Willis, 2000;
Kirschbaum and Hettinger, 2004; Pattison et al., 2007). Ophiomorpha-dominated
ichnofabrics of the Sego Sandstone (stratigraphically below the Neslen Formation) reveal
variations in burrow architecture of Ophiomorpha that are controlled by hydrodynamic
energy, grain size and sedimentation rate (Anderson and Droser, 1998). The present
study has focused on a single upward coarsening suceession (parasequence) of well-

cemented heterolithic mudstones, and siltstones inter-bedded with muddy very fine

grained hummocky cross stratified (HCS) sandstones of the Neslen Formation (Figure
3.5). The HCS sandstone beds become amalgamated at the top of the succession
indicating deposition in the middle shorefuce.  Cliff-line exposures of the Neslen
Formation at Sagers Canyon, Book CIiffs, Eastern Utah were sampled along at 10 m

intervals along a laterally continuous exposure (Figures 3.5 and 3.6A).

3.4.1 Sedimentological variability

‘The studied horizon is very fine grained, well-cemented, sandstone from within a

thick 12 m heterolithic succession of hummocky cross-stratified laminated mudstones

and bioturbated siltstones. The thickness of the sandstone bed was found to vary laterally

from 0.13 10 0.22 m. The basal contact with the underlying heterolithic facies is wavy
and erosive. Parallel laminac (<1 mm to | mm spacing) are present in the basal portion
of the bed in all samples, with the exception of SC11. The upper portion of the sandstone

en. When stud

is apparently massive with no grading apparent in hand spey

n large
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thin slice, the massive fabric is resolved as very low angle, fuzzy lamination (Figures
3.7A-3.7E).

“The samples are from the same muddy very fine-grained sandstone bed, which
calcarcously cemented. Petrographic characteristics are similar along-strike, all samples
are composed of clay, silt, and very fine sand fractions, and are moderately sorted, with a

calcitic or clay-mineral cements (Figure 3.6D). In sample SC3, the proportions of

lowered calcite (25%), and proportionally higher clay content (40%) coincide with the

presence of an burrow. S i istics are homogenous

along strike in this hummocky cross-stratified bed (HCS).

3.4.2 Ichnology

Bioturbation intensity is consistently 10-20% across the length of the studied bed
(BI2 of Taylor and Goldring, 1993). Discrete trace fossils of Phycosiphon,Cylindr ichnus
and Ophiomorpha overprint the prevalent fuzzy lamination which is. interpreted as
eryptobioturbation (Figures 3.7A-3.7).

Mudstone-filled Phycosiphon (<Imm diameter) are common within the HCS bed

as moderate intensity clusters of “frogspawn texture” (cf. Bednarz and Mellroy, 2010;

igures 3.7A-3.7E).  Phycosiphon is only visible in large thin slices, as weathering and

cement obscure these tiny burrow structures under normal light in hand sample (Figures

3.7B and 3.7C).
Ophiomorpha irregulaire (18 mm diameter) are recorded in cut slab sample SC7
only despite being the most abundant and conspicuous trace fossil in outcrop, and uncut

sample faces (SC3, SCS, and SC9, 9-20 mm diameter). Ophiomorpha irregulaire



Figure 3.7, Shorefa LateC Book CHiffs, Utah. A) Low-angle “fuzzy”
(~cryptobioturbation) lamination in large thin slice image of sample SC3 at 10m. ) Sparse patches of

in large thin slice S5 at 20m. €) Dense patches of
inlarge of sample SC7 at 30m. D) Vertical shaft of
s SC9at40m. E) Chondrites (C

largethin lice image of sample SC'11at S0m,
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burrows are lined with circular to oval mudstone-rich pellets (1-3 mm pellet diameter)
and its recognition in outcrop and core has been the subject of some debate (Bromley and
Petersen, 2008; Mcllroy et al., 2009). Some Ophiomorpha are passively infilled with
alternating sandstone and mudstone laminac (Figure 3.7D). Ophiomorpha have vertical
1o inclined shafts and bedding parallel galleries and are cross-cut by Phycosiphon.

Cylindrichnus (8-16 mm diameter) is circular o ovoid in cross-section, with
concentric mudstone-rich fil, vertical to inclined to bedding, and often tapers into a cone
shape (Howard and Frey, 1984). This trace is not visible in any of the cut slab faces
along the lateral profile, but was common in the field and present in uncut sample faces
0f $C3, C5, SC7 and SC11.

Analysis of the cut slab samples along a bioturbated horizontal transeet reveals
distribution of Phycosiphon and Ophiomorpha in the Neslen Formation, Book CIiffs,
Utah (see summary Figure 3.8). Cylindrichnus s omited from the quantitative dataset,
as it is not present in the cross-section of any of the random samples. In the cut slab
sample data set, eryptobioturbation and Phycosiphon traces are common.  Ichnofabrics
are variable are comprised of Phycosiphon (SCI, SCS, SC9 and SCII),
cryptobioturbation (SC3), and Ophiomorpha (SC7). Using the ichnofacies approach,
most samples would fall within either the archetypal Cruziana ichnofacies (SC1, SC3,
SCS, SC9 and SCI1) or stressed proximal Cruziana ichnofacies, and the archetypal
Cruziana ichnofacies for sample SC7 (cf. MacEachern et al., 2010). Ichnodiversity is
low and ranges from 1 o 2 identified ichnotaxa. The maximum burrow diameter of trace
fossils at each sample point ranges from >1mm Phycosiphon to 18 mm in the single

Ophiomorpha. Bioturbation styles (Chapter 2, Tonkin ef al., 2010) across the profile are




P

+ = = Ophiomorpha ~ = 4
T T T
2




dominated by sediment mixing (¢.g. cryptobioturbation), with the combined cleaning-

packing behaviours (c.g. Phycosiphon) being common, and more rarely sediment packing

(Ophiomorpha).

3.4.3 Discussion

The calcareous sandy siltstone bed sampled for the lateral profile study is

consistent with deposition shoreface setting, and interpreted to be a storm-induced HCS
bed (Figures 3.6, 3.7 and 3.8). Deposition is inferred to have been above storm wave
base, but below fair weather wave base. The source of sand is interpreted to be from
beaches and mouthbars, eroded during storm conditions, and re-deposited in the lower

shoreface and offshore transition zone to create sheet-like sandstone geome

s (Dumas
and Amott, 2006).

The HCS bed studied herein has an undulating crosive basal contact with the

underlying background heterolithic package. The bulk of the HCS bed consists of cross
laminae with a fuzzy appearance, this post-depositional modification may have formed
biogenically by meiofaunal cryptobioturbation (Howard and Frey, 1975) or by small-

scale physically-induced dewatering or liquefaction (Owen, 1996; Hildebrandt and

Egenhoff, 2007). It is considered difficult to distinguish between these possibilities for
lack of objective recognition criteria. In this thesis the fuzzy laminated texture is termed

eryptobioturbation.

of the HCS induced event is i ished relative to the

enclosing highly bioturbated heterolithic interbeds. ~Bioturbation styles are relative

similar in all samples, with sediment mixing and combined sediment cleaning-mixing
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strategies volumetrically dominant in the bed. In outcrop exposure Ophiomorpha and
Cylindrichnus are conspicuous components of the ichnofabric (Figures 3.6C and 3.6E),

but the field observations are not reflected in sample dataset. In addition, while

Phycosiphon were not noted in outcrop o uncut sample surfaces, they are common in
large thin slices, and demonstrate observational biases from field to slab samples.
Bioturbation intensity and ichnodiversity of trace fossils are low in all samples
and are laterally unvarying in the sample dataset. Ophiomorpha and Phycosiphon
consistently overprint the prevalent fuzzy laminated texture  (crytobioturbation o
dewatering), this relationship suggests either that the original sediment mixing
‘community predates the subsequent larger traces or that there is mutual avoidance. Post-
event colonization of the HCS sandstone by Ophiomorpha, Phycosiphon and
Cylindrichnus is considered to have been short-lived since bioturbation intensity is low

(BI 2) relative to the

tense bioturbation characteristic of the enclosing fair-weather

facies.

In summary, physical and biogenic sedimentary structures, and petrography do

not vary significantly in the present study (Figure 3.8). This homogeneity is taken to
imply little discernable patchiness and a lack of significant biological stress in the post-
event ecosystem. Observation of any slab (in retrospect) would have been acceptable for

facies characterization of the bed throughout the lateral profile.

3.5 Offshore shelf (Pohutu Formation, Raukumara Basin, New Zealand)



The late Miocene to early Pliocene age strata of East Cape, Raukumara Peninsula,
New Zealand were deposited in a forearc basin located along the Hikurangi convergent
plate boundary. This open coast marine succession of siliciclastic rocks has high
volcaniclastic input because of its proximity to the active Coromandel Volcanic Are

during the Neogene (Adams ef al., 1994). Tuff beds are re-deposited as volcaniclastic

sediment gravity flows, from influx of material into the basin via fluvial transport
(Ballance et al., 1991; Shane e al., 1998). These strata comprisc the Paconcone and
Pohutu Formations of the Mangaheia Group (Mazengarb ef al., 1991, and are now
recognized as potential analogous reservoir facies 1o those offshore in the Raukumara
Basin (Stagpoole et ., 2008). The petroleum potential of the Raukumara Basin has been
identified from 2D seismic data (RAUO7), direct hydrocarbon indicators, and seismic
facies of shelf and turbidite sandstones are interpreted as potential reservoirs (Uruski er
al., 2008).

“The background mudstones, siltstones and very fine sandstones of the Pohutu and
Paconeone Formations are interbedded with sediment gravity flows (slumps, turbidites,
debris and grain flows) and T horizons (Ballance et al,, 1991). The majority of these
sediment gravity flows are bioturbated, have erosional bases and are of hyolitic volcanic
origin. The upper-slope to outer-shelf marine succession of the Pohutu Formation

coarsens upwards, and is in gradational contact with the sandier Paconeone Formation.

Bioturbation is intense in most beds, and trace fossils are well-preserved, owing o the
strong lithological contrasting between the dark grey lithic mudstones and sandstones,

and light-colored volcaniclastic burrow fill



Samples were taken from a bedset exposed in a wave cut platform, close to the
gradational boundary between the Pohutu and Paconeone formations, at Wharariki Point,
along 60 m of outcrop at 5 m intervals (Figure 3.9). Siliciclastic mudstones, siltstones
and sandstones are inter-bedded with volcaniclastic rocks of Neogene age in Pohutu
Formation upper slope to outer shelf depositional settings (Ballance ef al., 1991). The
shallowing upward succession of grey sandy mudstone facies arc interbedded with
reworked rhyolitic tuff beds. The studied bed runs parallel to the present day coastline in
a NW/SE strike direction. The length of the lateral profile was limited due to erosion and

small scale faulting in the section, but represents the longest continuous exposure

ble for study.

3.5.1 Sedimentological variability

Sandy mudstone is interbedded with two thin tuff beds, and are sampled to assess
the lateral ichnological and sedimentological variability. The lower pale-grey to white
fine-grained tuff ranges from 20-50 mm thickness along strike in the 60 m profile (Figure
3.10A). The basal contact with the underlying mudstone is highly variable, being
irregular, and cither sharp or diffusely bioturbated. The upper cream to orange colored,
pumice-rich coarse-grained volcanic tuff bed is between 60 and 120 mm thick, and lies
directly above the lower fine tuff or above a thin bed of sandy mudstone between the two
twff beds. The enclosing sandy mudstone is absent of sedimentary structures due to
intense bioturbation (BIS). Sedimentary structures in the pyroclastic ff beds are rare,
but include wavy, irregular thin (1-3 mm) laminae are recognized in the basal 0-30 mm of

the coarse tuff bed of sample EC12 (Figure 3.10B). Bivalve shell fragments (<5 mm) are
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Figare 3.10. Shelfal
Along:stike view of lateral profile bed west of Wharariki Point, East Cape. B) Fine- and coarse-grained tff

icession, Pohutu Formation, East Cape, Raukumara Peninsula, New Zealand. A)

a1 20m). €) Erosive contact between fine-grained tif and background sandy mudstone with Asterosoma
burrow (slab sample EC3 at 10m). D) Teichnichnus-dominated bedding plane surface (slab sample ECT at
30m). E)C “10at45m)




dispersed_throughout the mudstone, but are absent in the tff beds. Most samples
contained both a bioturbated fine-grained tuff and a coarse tuff bed. The discontinuous

lateral distribution of the tuff bed:

the sample is a product of the erosive, undulating
contact both volcaniclastic beds with the underlying sandy mudstone (ECS, EC6, Figures
3.107B, 3.10C, and 3.11A). In localities with deeper erosion (e.g. below the upper tuff)
the thin tfF beds are stacked, and the intercalated mudstone bed is not preserved.

Color and lithological contrast are commonly the only evidence of bedding in this
study. As a consequence of the lack of physical sedimentary structures in the Pohutu
Formation, ichnological and other  paleontological analyses are the basis of the

paleoenvironmental interpretation.

3.5.2 Ichnology

Bioturbati ensity ranges from BI 4 10 5 (61-99%) along strike in the lateral

profile. The sandy mudstone consistently has intense bioturbation (BI 5), dominated by
Asterosoma.In both the fine- and coarse-grained tuff beds, bioturbation i intense (BI 4
10 5), with laminac only rarely preserved (EC12). Phycosiphon, Teichichnus, Scolicia,
Chondrites, Planolites, Thalassinoides, and ambient burrow-mottled textures  are
recorded from cut slab faces. Along-strike ichnodiversity is variable (1 o 4 discrete
ichnotaxa, Figures 3.10B-3.10E, and 3.11C).

Burrow diameters of Asterosoma range from 15 to 90 mm, with concentrically
laminated sandstone or altemating tuff-mudstone burrow fill in most of the samples
(cross sections of shafts and arms, Figures 3.10C and 3.10E). At or near bedding

contacts with tuff, all burrows are readily seen, and both the vertical shafts and




Figure 3.1, Shelfal succession, Pohutu Formation, East Cape, Raukumara Peninsula, New Zealand.  A)
Burrow mottled ichnofabric, with Phycosiphon. Note discontinuous uffbed (lab sample EC'3 at 60m). B)
Vertical section adjacent to EC10 sampl, with fin ash-flled Teichichnus below. C) Bedding planc view of
Scolicia adjacent to sample EC9. D) CT scan image of EC3, Selicia and biogenic (burrow) mortling. Image

(sampleECI). bl




longitudinal/transverse sections through the radial arms of Asterosoma are determined. A
complete burrow system with both central shaft and radiating arms is visible sample
EC10, and in outerop (Figure 3.10E). Asterosoma burrows in sample EC9 and EC10

have a central core of coarse-grained tuffaceous fill, linking them to an overlying

ent water interface at a depth of tiering of 0.15m (Figure 3.10E).

Phycosiphon are common in small patches in the sandy mudstone facies. The
dark mudstone-filled burrow cores are up to Imm in diameter with slightly lighter silt-
grade haloes. Phycosiphon cross-cuts Asterosoma in samples EC7 and ECS. This small
trace is difficult to distinguish from background burrow-mottled texture in the field,
having litle lithological contrast, and therefore may be more prevalent than recorded
herein.

Chondites are rare and variably distributed in the sandy mudstone. The burrows
are generally filled with fine-grained tuff. The branches of Chondrites are 1 to 3mm in
diameter, and are orientated subparallel to bedding (Figure 3.11A). No systematic cross-
cutting relationships are recognized in relation o other ichnotaxa and the vertical shaft is

not documented herein.

Horizontal, cireular o ovoid cross sections of Planolites are present in samples
EC1 and EC6 only. The burrows are fine tuff or sandstone-filled in contrast to enclosing
rock, and range from 3 mm to 12 mm in diameter. Planolites have wavy margins, and no

systematic ing relationships are observed. is present in samples

ECI, and EC3 to ECS, and is found to be filled with fine-grained tuff or mudstone, in

lithological contrast to enclosing lithology. Horizontal burrows of Thalssinoides range
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from 7 mm to 27 mm in diameter and cross-cutting relationships with other ichnotaxa are
not observed.

Scolicia s rarely observed in vertical sections of samples (EC3), but are
commonly seen in outcrop at the interface between mudstone and tff beds (Figure

3.11C). Burrow is 25mm diameter and visible an X-ray image of sample EC3

3.11D). Alternating mudstone and tuff meniscate backfill makes this horizontal Scolica
burrow conspicuous in the EC3 sample. Tuff i likely a constituent of all samples across
the profile, as in bedding planes in outcrop.

Teichichnus zig-zag (Frey and Bromley, 1985; Martin and Pollard, 1996) is rare in
the stratigraphic interval sampled except in sample. The inclined burrows have diameters

of between 5 mm and 10 mm. Burrow fill is either fine-grained tuff, or alternating tuff

and sandstone within mudstone host sediment. Burrows of Teichichnus mutually cross-
cut one another and have wavy margins. Teichichnus is common in outcrop, below and
adjacent to sample points along the lateral profile (Figures 3.10D and 3.11B). The case
\ for potential over-representation of Teichichnus in sample EC7 is interesting. The

importance of this ichnotaxon could easily have been over-interpreted had that point been

intersected in a core-based study in the subsurface.

Circular to ovoid coarse tuff-filled burrows are present in the mudstone facies.
Burrow margins are sharp with diameters ranging from 7 to 12 mm, in horizontal and
vertical orientations in samples EC1, EC4, ECI1 and ECI3. In samples where discrete
trace fossils are not discernible, or where discrete traces overprint intensely bioturbated

ichnofabrics, this biogenic texture is named burrow-mottling and occurs where




lithological contrast i low or the sample is intensely bioturbated (Figures 3.10B-3.10E,
and 3.11A-3.11E)
Sampling along the lateral transect reveals patchy distribution of the seven

identified ichnotaxa in the upper Pohutu Formation, Raukumara Basin, New Zealand (see

summary Figure 3.12). Asterosoma and Phycosiphon dominate the ichnofabrics, with
accessory ichnotaxa being Chondrites, Scolicia, Thalassinoides, Planolites and

Teichichnus. The ichnofabrics seen are subdivided conservatively into: Asterosoma-

dominated ichnofabrics (EC2-6; EC8-12), burrow-mottled ichnofabric (EC1), and a
Teichichnus-Phycosiphon (ECT) ichnofabric. ~ Alternatively, using the ichnofacies
approach, all sample point along beds would be grouped into the Cruziana ichnofacies,
with the exception of ECI.  Ichnodiversity is low to moderate in all ichnofabrics, and
ranges from 2 to 4 identified ichnotaxa. The total ichnodiversity of the lateral profile is 7
ichnotaxa. Maximum burrow diameters range from 12mm to 90mm along strike and are
usually attributable to Asterosoma, or Planolites.

Bioturbation styles across the profile are dominated by sediment mixing (c.g.

mottling texture), with common sediment packing (dsterosoma and Scolicia), and

coml

tion cleaner-packers (e.g. Phycosiphon; Tonkin et al., 2010). Minor pipe-work
building Thalassinoides and Planolites are also present in low abundance in EC1, EC3 to

ECY samples (Figure 3.12).

3.5.3 Discussion

‘The intensely bioturbated sandy mudstones of the Pohutu Formation are inferred

to have been deposited on a d ed shelf
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Sedimentation rate on the outer shelf is inferred to have been low based on the high
bioturbation intensity, but is punctuated by episodic rapid deposition of reworked
pyroclastic tephra. Tuff has also been biogenically mixed into the intensely bioturbated
sandy mudstone, and sourced from air-fall tephra, and subsequent suspension settling

(Figures 3.10B-

10E). This mudstone is considered to be the background fair-weather
facies on the outer shelf. The reworked subaqueous tuffs are likely to be deposited by
sediment gravity flows generated by rapid deposition of fluvial-derived pyroclastic
‘material onto the inner shelf (Fisher, 1984). The type of sediment gravity flow is difficult
1o define, as only rare sedimentary structures are preserved in tuff beds. The presence of

complete Bouma sequences in the upper-slope facies elsewhere in the lower Pohutu

Formation (Einsele ef al., 1991) suggests that they were deposited by cither debris flows

or turbidity currents. The mudstone/siltstone-rich outer shelf facics are inferred to have

been sourced from a fluvio-deltaic system which supplied a mix of siliciclastic and
Volcaniclastic sediments to the Raukumara Basin.

Softground substrates are recognized over the short vertical section (1.0-1.5 m) as
defined by wavy burrow margins of trace fossils (Figures 3.10B, 3.10C and 3.10D).
Periods of non-deposition allowed for development of firmground conditions (reflected in
the ichnological assemblage). An alternative hypothesis is exhumation of a firmground
by erosive sediment gravity flows. Previous authors have discussed winnowing out of
clay-size fraction of sediments by bottom water currents produced by geostrophic flow
(Swift and Thone, 1991 Ballance et al., 1991). The low mud content in the wave/storm-
dominated shelfal facies suggests clay-grade sediment was being transported offshore to

deeper slope facies (Ballance ef al., 1991, MacQuaker and Gawthorpe, 1993). This
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interpretation is confirmed by abundance of siltsize grains in thin section, and the
locality of the beds on the shelf are likely arcas of sediment bypass, accounting for the
low sedimentation rates, erosion of paleo-seafloor by ash-rich turbidity currents.

Relatively condensed sections are recognized by the abundant cross-cutting

relationships between trace fossils seen in the ichnofabrics, representing the overprinting

of multiple successive soft-bottom commu

nocoenoses).  The fine-grained
twilaceous bed is found to be discontinuous as a result of differential erosion by the
turbidite current that deposited the overlying coarse-grained tuff, and locally due to
intense bioturbation (Figures 3.10B and 3.11A). The pre-tuff mudstone displays
evidence for multiple colonization events, involving repeated cycles of erosion and
deposition, followed by slow rates of sedimentation and recolonization. Many of the
burrows in the mudstone facies can be categorized as sofiground “floating” burrows
(Droser et al., 2002), such as Chondries and Teichichnus where they are recognized in
isolation from the fine tff bed that s inferred to have sourced their burrow fills. The

deep tier Chondrites and Teichichnus, and mid tier Asterosoma and Phycosiphon, are

uous along the lateral profile bed. Shallow tirs are removed by erosion and re-

burrowing during vent-bed deposition at the sediment-water interface.

Several tuff-filled burrows including Asterosoma, Chondrites, Scolicia,
Thalassinoides, Planolites and Teichichnus are present in the background shelf facies up
10 0.6 m below tufl beds, this suggests that either: 1) the open burrows were part of the
background facies community and were passively infilled during tuff deposition (e.g

Thalassinoides, Planolites and Chondrites); or 2) coloniz:

on oceurred after deposition

of the wff bed and tracemakers burrowed into underlying substrate actively filling their




burrows as they moved through the sediment (e.g. Asterosoma, Scolicia and
Teichichnus). In some samples (EC9 and EC10) the central core of Asterosoma contain
coarse-grained twff, the associated colonization surface for these burrows are likely to
pre-date deposition of the coarse-grained tuff.

“The patchiness and rarity of Thalassinoides in samples and outerop suggests that

the kers were cither: 1) were entrained in tuff sediment

gravity flows and transported to the outer shelf (Follmi and Grimm, 1990); or 2)

recolonizing the paleo-seafloor post-event bed deposition. The latter is considered more

probable, as Thalassinoides are recognized in the “background” ichnofabrics.

“The burrow-mottled background ichnofabric is cross-cut by several ichnotaxa,
this relationship suggests the ichnofabrics do not represent a single ichnocoenosis, or
community at any of the localities along strike. The lateral profile beds are condensed

and represent successive overprinting of multiple commaunities or ichnoconoeses. There

is strong evidence for ging, with multiple g relationships, intense
overprinting, and intense bioturbation.  Although the time-averaging has not completely
removed lithological heterogeneities along the horizontal transect.

Intensely bioturbated outer shelf environments are interpreted as sites of abundant
food supply, stable marine salinity, oxygenated water column and pore waters for benthic

organisms. - Ichnological analysis reveals lateral variability in the ichnofabrics (Figure

3.12). Four ichnofabrics in descending order of abundance: Asterosoma-dominated,

siphon, b led, and Teichichnus-Phycosiphon ichnofabric are
recognized in the same bed. The Cruziana ichnofacies is present in 12 of 13 samples,

with Skolithos ichnofacies at a single sample point within the single studied bed.
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Bioturbation styles (sensu Tonkin ef al., 2010; Table 3.1) show little variability between

the samples, with sediment mixing, sediment packing, and combination cleaner-packing
behaviours being persistent throughout the dataset (Figure 3.12). In addition, low
abundance patches of pipe-work trace fossils are present. Rare patches of the pipe-work
bioturbation style are directly associated with ichnotaxa from the post-event bed, and are

not part of the background sedimentation. Therefore, although both qualitative and

quantitative ichnological analyses reveal significant lateral heterogeneit

ichnological dataset, the net-effect on sedimentary fabrics is generally uniform at the

scale of the study presented here.

3.6 Onshore-offshore lateral trends in ichnological variability

In al three case studies there is little change in sedimentology of the studied units
on the seale of the lateral profile from 35 m to 60 m in shallow marine settings. However
lateral changes in ichnology were found to be variably developed. Maximum variability
was found in the offshore shelfal deposits of the Pohutu Formation, characterized by slow
continuous deposition in association with event bed deposition. Neslen Formation
shoreface and Conway delta plain studies were characterized by relative litle lateral

change in ichnofabric. Along-srike variability, or patchiness, was found to be un-related

to proximity to the paleo-shoreline in the three wave-dominated depositional systems.
Instead, the most critical factor appears to be the sediment accumulation style.
Patchiness of the modern seafloor is unlikely to be preserved in the rock record.

Modern gradient patterns are comparable to along-dip variability from the onshore to
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offshore, and are preserved at a gross-scale in the rock record (Valentine and Jablonski,
2010). The depth-related gradient pattems are a concept on which the archetypal
ichnofacies are based upon (Seilacher, 1967). The clustering and mosaic patiems

(parallel to the shoreline) on the modern benthic scafloor, a concept on which this study

is based cannot be objectively identified due to time averaging and taphonomic
processes. The closest analogy of modern seafloor patchiness is a frozen profile bed or

frozen tier (Savrda and Bottjer, 1986; Orr, 1994; Taylor et al., 2003), where rapid

deposition (e.g. event bed) and minimal erosion has preserved an infaunal community.

And, even in such examples (c.g. Utah case study) it is impossible to determine whether
the preserved trace fossils reflect a multiple biological communities or a single

community

3.7 Conclusion

“The patchy distribution of the modern benthic seafloor is not directly analogous to
patierns of spatial ichnological distribution in the rock record. Slow continuous
deposition was found to produce complex and highly patchy ichnofabrics, whereas rapid,
episodic, event bed deposition was found to be associated with the most uniform
development of ichnofabric. Erosion, fluctuation of sedimentation rates and overprinting
of successive communities at the sediment-water interface, all introduce geological

complexity to ecological patterns ~ hitherto unexplored.  Biological factors of larval

persal, compet ing factors in controlling

i and predation are unlikely to be contri




the benthic spatial distribution in the rock record due to time-averaging on a geological
timescale.
In reservoir characterization studies variability in ichnology and ichnofabrics can

be an important control on reservoir quality (e.g., Pemberton and Gingras, 2005; Tonkin

et al., 2010). For the petroleum geologist it is commonly the effect of the trace fossil on

reservoir quality that is important rather than the ichnotaxonomic identification. The
burrowing activity categories of Tonkin ef al. (2010) are proposed as a practical approach
to ichnology for the petroleum geologist undertaking reservoir characterization. The
studies of lateral variability presented herein suggest there is inherent ichnotaxonomic
variability within most beds, if one considers only the effect on reservoir quality and the

style of bioturbation, lateral variability of ichnofabrics/ichnofacies is seen to be less

variable than would first appear
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Chapter 4: Bioturbated key stratigraphic surfaces and their

and interp

Abstract

Trace fossils are common at key stratigraphic surfaces (both erosional and non-
depositional) reflecting their common association with parasequence boundaries in many
petroleum reservoir intervals and in a wide range of marine facies. The most common of
these trace fossils is perhaps Thalassinoides, which are easily identified in both core and
in outcrop, and colonize a variety of substrates including softgrounds and firmgrounds.
This large, unlined branched burrow often forms deep-tier box-works and/or gallerics that
are conspicuous within the substrate, and can form conduits for flow of hydrocarbons.
Four idealized taphonomic expressions of Thalassinoides are considered in terms of
possible autocylic and allocyclic causative mechanisms: 1) coarse-grained burrow fill in

ed burrow fill in

fine-grained sediment (c.g., mudstone: sandstone); 2) fine-gr

ne-
grained sediment (¢.g.. mudstone: mudstone); 3) fine-grained burrow fill in coarse-
grained sediment (.., sandstone: mudstone); 4) coarse-grained burrow fill in coarse-
grained sediment (e.g., sandstone: sandstone). With careful ichnological investigation,
realistic paleoenvironmental interpretations should be considered to assess the relative
merit of integration of both autoeyclic and allocyclic processes for trace fossil-bearing

surfaces of sequence stratigraphic significance.



4.1 Introduction

A key sequence stratigraphic surface is a sedimentary surface that characterizes a
hiatus produced by erosion or non-deposition (Mitchum et af., 1977; Van Wagoner et al,
1990). Erosion and non-deposition can be caused by either allocyclic or autocyclic
mechanisms. - Distinguishing between basin-wide and local environmental processes is

integral to sequence stratigraphic analyses (Einsele e al, 1991; Catuncanu, 2006; Tomer,

eral, 2011). Sequence stratigraphic surfaces are interpreted as the products of allocyclic

mechanisms, and are associated with basin-wide to global changes in relative sca-level

change. These basin-wide changes are can be caused by an interplay between changes in

rates of eustatic sea-level change, sedimentation rates, and - tectoni

lly induced
subsidence or uplifl. The relative importance of these processes are related 1o
accommodation space gain or loss for sediment accumulation (Mitchum ef al, 1977; Van

Wagoner et al., 1988; Van Wagoner ef al., 1990).

Iehnological analysis enables interpretations of an autocyelic ori

oceurs wi

in an evolving sedimentary basin without any external (eustatic) forcing; or an

allocyelic origin, a process influenced by events external to the basin

cluding chang

global climate, tectonism and custasy (Einsele ef al,, 1991). Shallow marine deposition

of sandstone or mudstone is a component of transgressive, or regressive parasequence

sets; and associated with: 1) aggradation; 2) progradation; or 3) retrogradation. Key

ctive ns include the

sequence stratigraphic surfaces with dist chnological expres




transgressive surface of erosion (TSE), sequence boundary (SB), flooding surface (FS) or

amalgamated surface (SB/TS).

Stratigraphic surfaces in bioturbated successions are commonly identifiable where
there is some combination of distinct facies change, variation (usually an anomalous

increase) in bioturbation intensity, unexpected trace fossil cross-cutting relationships, and

lithologic contrast in burrow fill elative to the host sediment, Even where there is low
lithologic contrast or subile facies changes, bioturbated stratigraphic surfaces may be

expressed as overprint

g ichnofaby

5. Key sequence stratigraphic surfaces have

allocyclic, autoeyelic or ecological significance and can be fundamental in the

identification of system tracts, and thus ichnological expressions (Einsele et al., 1991;
Catuneanu et al., 2009; Dalrymple, 2010; Figure 4.1).
Key sequence stratigraphic surfaces of relative sea-level change may involve

erosion, non-deposition or condensation, and in marine settings commonly have

distinetive ichnological expressions (Figure 4.2). Ichnology can provide aids in the
recognition of such surfaces in marine environments in several ways by providing

evidence for

1) Significant paleoenvironmental change reflected in marked ichnological
assemblage change across or associated with a single stratigraphic surface.

2) Stratigraphic condensation, which may be inferred from the presence of

anomalously intense bioturbation intensities (often with an associated facics shift)

In regions of very slow sedimentation. Overprinting of infaunal communities







Figure 4.2. Taphonomy of i Idealized

bumows in
st b s

diagenesis (s Gingras e ., 2007).



related to gradually changing (often deepening) paleoenvironments (ichnological
cross-cutting relationships).

3) Partially lithified sediments on the seafloor evidenced by the presence of
firmground Glossifingites ichnofacies trace fossils or borings into fully lithified
carbonate substrates (Trypanites ichnofacies). Lithification may cither be caused
by scafloor cementation or erosional exhumation of lithified sediment (caused by

erosion induced by relative sea-level change).

Ecological studies are, by necessity, performed on biological timescales,
considering census populations of organisms, not burrows (e.z, Swinbanks and
Luternauer, 1987.  Inherent in any analysis of ancient ecosystems is the possibiity for
time averaging of assemblages of fossils (Kidwell and Bosence, 1991; Valentine and
Jablonski, 1993; Fiirsich and Aberhan, 1994). The same is true of trace fossils. It is
difficult to determine whether an assemblage of body or trace fossils represents the
activities of a true biological community (Cummins ef al,, 1986; Kidwell and Flessa,
1996; Mellroy, 2008; Mellroy and Garton, 2010). Thus, it is unlikely a trace fossil

assemblage represents a coenosis in the strict sense of the term (see discussion of

ichnocoenosis in Mellroy, 2004a), rather it is the preservation of a number of

that are superi (e.g. multiple i The most commonly

cited example of a ichnological assemblage at a bioturbated key stratigraphic surface s
the firmground Glossifungites ichnofacies, commonly associated with a parasequence
boundary or transgressive surface of erosion (c.g., MacEachem and Pemberton, 1992;

Taylor and Gawthorpe, 1993; Savrda e al., 2001; Gingras et al., 2002),



Thalassinoides is the trace fossil most commonly recognized in association with
the Glossifungites ichnofacies (Table 4.1).  Thalassinoides is also a component of the
Cruziana, Zoophycos and Nereites, and Teredolites ichnofacies (Frey et al., 1990).
Thalassinoides is easily recognizable in core, and is common in shallow marine strata
from the Triassic onwards (Table 4.1 and Table 4.2). Recent work has recognized that
the classical expression of the Glossifingites ichnofacies as firmground burrows cut into
bioturbated mudstones can also express autocyelic processes associated with colonization
of erosional channel floors, and in association with tidal flat firmgrounds (Mellroy,
2004b). In modern estuarine firmgrounds, Thalassinoides at “Glossifungites surfaces” are
attributed to both autoeyelic and allocyclic mechanims (Gingras ef al., 2001, 2004).
Firmground ichnotaxa (Glossifungites ichnofacies) include Skolithos, Diplocraterion,
Chondrites, Palacophycus, Psilonichnus and Zoophycos (MacEachern et al,, 2007a).
“Glossifungites surfaces” as they have been dubbed in the literature, may enhance the
porosity and permeability characteristics of a reservoir by increasing vertical permeability

(e.g.. Gingras et al., 1999; Pemberton and Gingras, 200"

‘unningham e al., 2009;
“Tonkin et al., 2010).

The trace makers of Thalassinoides are commonly considered to be various
species of callianassid crustaceans (Swinbanks and Luternauer, 1987; Table 4.1). These

shrimps employ a range of burrowing behaviours in mudstone and sandstone facies

(Ziebis et al., 1996; Yang et al, 2009; Table 4.1). Cal assid shrimps produce extensive
bedding-parallel galleries connected to the sediment water interface by shafls (Swinbanks
and Luternaver, 1987). The depth of bioturbation of callianassids and ancient

Thalassinoides is variable, and is commonly substrate dependent (c.g., Griffis and
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Chavez, 1988;

gras et al., 2001). Thalassinoides is usually associated with intense
hydrodynamic currents (Frey and Seilacher, 1980; Kamola, 1984; Gowland, 1996;

Gingras e al., 1998; Buatois ef al., 2007), and as such it is commonly filled with coarse-

grained  sediment post-mortem (or post-sbandonment), to form the classical
“Glossifingites-type” expression of the trace fossil (MacEachern ef al., 2007a; Figure
42). The coarse-grained infill of the Thalassinoides is commonly used to help recognize
a significant change in hydrodynamic regime (Wanless ef al, 1988). In many cases, that

change in hydrodynamic regime has been inferred to be associated with relative sea-level

200

change (Savrda ef a ingras et al., 200;

acEachemn ef al., 2007b). Relative

sea-level change is not the only possible cause of the “Glossifungites type” preservation

of 71 and valid autocyclic i can also be drawn from a given

stratigraphic surface.
This work explores the preservation of Thalassinoides as an example of a

common Glossifingites ichnofacies trace fos

 and object

ely assesses the fundamental
ichnological and hydrodynamic processes responsible for them. A conceptual model to
encompass the main expressions of Thalassinoides preservation in sandstones and
‘mudstones, characterizing the burrow fill with respect to the host sediment, is developed
herein. The possible modes of preservation are:

1) Coarse-grained burrow fill in fine-grained sediment (e.g., mudstone:

sandstone; Figure 4.3A).

2) Fine-grained burrow fil in fine-grained sediment (e.g., mudstone: mudstone;

Figure 4.3B).
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3)  Fine-grained burrow fill in coarse-grained sediment (c.g.. sandstone:
‘mudstone; Figure 4.3).
4)  Coarse-grained burrow fill in coarse-grained sediment (e.g., sandstone:

sandstone; Figure 4.3D).

Examples of the four taphonomic expressions of Thalassinoides have been studied
both in outerop and core.  Ichnofabric analysis s used in this study to assess changes in
depositional setting and  paleoecology associated with the different taphonomic

expressions of Thalassinoides (see reviews in Taylor et al., 2003; Mellroy, 2004a, 2008;

ingras et al,, 2007). The ichnofabric method allows casy comparison of ichnofabrics
from different geographic successions, recognition of sequence stratigraphic context,
interpretation of community development (e.g., cross-cutting relationships and tiering)
and consequent changes in community structure. This study recognizes the following

stages of formation of Thalassinoides ichnofabrics: 1) depos

n of the host sediment; 2)
colonization of substrate by Thalassinoides-making organism; 3) infilling of burrow and
deposition of the casting medium; and 4) burial and diagenesis (Figure 42). These

fundamental components of the formation of Thalassinoides ichnofal

are influenced

by a combination of ecological, and sedi ical processes. The

processes may be either autocyclically or allocyclically controlled. The challenge for the

petroleum geologist and ichnologist is determining whether the resultant ichnofabric is of
sequence stratigraphic importance or whether normal autoeyclic processes can account

for the observed relationships. This rescarch builds on previous work on trace fossils as

key sequence stratigraphic surface indicators (Pemberton ef al, 1992; Bromley 1996;




Taylor and Gawthorpe, 1993; Gowland, 1996;

ingras et al., 2002, 2008; Taylor et al.,
2003; Mellroy, 2004b; MacEachern ef al., 2007b).

‘This study focuses on Thalassinoides duc to its abundance in the rock record, and

-work

wrbation style (cf. Tonkin ef al., 2010 and Chapter 2). It is important to
recognize that not all bioturbated surfaces or Glossifingites surfaces have sequence

stratigraphic significance. This research proposes autocyclic alternatives that may oceur

more commonly in the rock record as part of the evolution of a sedimentary basin.
Published literature and case studies are used as examples of Thalassinoides-bearing

stratigraphic surfaces, with the aim to provide both alternative autocyclic and allocyclic

mechanisms to produce the same taphonomic outcome. Modern analogues (Table 4.1)
and ancient examples (Table 4.2) are discussed in detail to demonstrate the multiple
pathways (autocyclic and allocyclic) that lead to formation of a particular preservation of

Thalassinoides (Figure 4.2). The overall objective of this study is to define the validity of

using Thalassinoides as a indicator for key stratigraphic surfaces, and outline all

applicable autocyelic and allocyclic processes (Figure 4.2).

4.2 Modern analogues for Thalassinoides

Through the study of modern marine environments and aquaria experiments
now recognized that the trace-making organism of Thalassinoides is most likely a
thalassinid shrimp (c.g., Swinbanks and Luternauer, 1987; Miller and Curran, 2001; Table

4.1). Many modem species of burrowing crustaceans produce Ophiomorpha-and
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Figure 4.3, Four taphonomic expressions of Thalassinoides in marine siliciclastic shallow marine cnvironments.
Example A from Blackhawk Formation, Book CIiffs, Utah. Examples B and C from Lajas Formation, Neuguén Basi

Argentina. Example D is core from Ben Nevis Formation, Hebron Field, offshore Newfoundland. (A) Thalassinoides
illed burrows in carbonaceous mud in marginal marine environment. This Glossifingites surface can be
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Thalassinoides-like burrows  (Pryor, 1975; Swinbanks and Luternauer, 1987).
Thalassinidean decapods including the mud shrimp Upogebia, the ghost shrimp
Neotrypaca californiensis (formerly Callianassa californiensis, Table 4.1), as well as
fiddler crabs create burrows somewhat analogous to Thalassinoides in modem soft

substrates (Griffis and Suchanck, 1991; Gingras ef al., 2001). Freshwater crayfish

also possible progenitors of (Martin et al., 2008)

Modern thalassinid sh

1ps construct burrows that resemble Thalassinoides trace
fossils with vertical shafts, and horizontal to oblique galleries at depths to 1 m deep
(Swinbanks and Luternauer, 1987; Table 4.1). The burrows are kept clear of detrital

n by active manipul

ion of grains, and

sediment during the life of the burrowing organi
excavation of material back to the sediment-water interfuce by organism-induced water
currents (Sheehan and Schiefelbein, 1984; Swinbanks and Luternauer, 1987). This
process of excavation using the limbs of the crustacean can, in firmground sediments,
leave scraich marks (bioglyphs) which have been named Spongeliomorpha by some

authors (Bromley and Frey, 1974; Gibert and Robles, 2005), but synonymised with

Thalassinoides by others (Firsich, 1973; Schlirf, 2000). In vertical cross-section the

bioglyph cannot be scen and recognition of a firmground expression is commonly based

on a lack of compression of the burrow. The host mudstone is inferred to have already

dewatered and, as such, will not significantly compress during subsequent burial
Research on the ccology of thalassinid shrimps in modern soft substrate

environments describe these crustaceans as dietary/trophic. generalists or exhibiting a

range of feeding behaviours, and cannot be considered exclusively as deposit feeders

s and Chevez, 1988; Nickell and Atkinson, 1995; Bromley 1996). Thalassinid




shrimp display deposit feeding, filter/suspension feeding, drift catching and omnivorous
scavenging feeding behaviours (Griffis and Suchanck, 1991; Astall ef al., 1997). Such
endabenthic shrimp efficiently control the oxygenation of their burrows, and can have
inhalant and exhalant openings which produce conical mounds and funnel-shaped
depressions at the sediment-water interface (Table 4.1; Ziebis et al., 1996; Astall et al.,

1997).  Burrow

igation by thalassinid shrimps also has the additional benefit of

introducing particulate matter to the burrow for suspension feeding (Pryor, 1975; Astall et
al., 1997).

Most modem studies of burrowing shrimps that produce Thalassinoides-like
burrows are from marginal to shallow marine settings, in particular shallow bays,
intertidal to subtidal flats, and estuaries (Table 4.1). Research into water depths of
modern thalassinid shrimp burrows range from the upper intertidal to 15 m below mean
sealevel, and burrows are commonly 9-24 mm in diameter, and infaunal tiering depths
are 7-80 em (Griffis and Chavez, 1988; Ziebis et al., 1996; Astall et al., 1997; Gingras et
al.,2001; Table 4.1). Thalassinids are also efficient sediment reworkers and can extrude
1849 ml of wet sediment per day (Swinbanks and Luternaver, 1987).

Neotrypaca and Ubogebia are recognized as bioturbators that have the ability to
penetrate softground and firmground deposits (Pemberton and Frey, 1985; Gingras et al.,

2001, 2004). The burial time of a softground mud to become a firmground has b

estimated at a “few years”, when buried at a depth of at least 0.5 m (Yang et al., 2009).

Thalassinoides are also found in log-grounds in modern estuarine settings, and are
produced by a mud shrimp (Gingras e al., 2001, 2004). Modern marginal marine

Thalassinoides-like burrows have been found to not change as burrows penetrate from



softground sand veneer, through a firmground mud and into a “woodground” (Gingras ef
al,, 2004). The implication of this observation s that firmground Thalassinoides may be
unrelated 1o a key sequence stratigraphic surface. The colonization surface maybe

associated

an overlying surface, potentially up to 80 cm stratigraphically above
(Table 4.2). Firmgrounds that are not exposed at the seafloor at time of burrowing are
known as concealed firmgrounds (Bromley, 1990).  As in ancient examples of

Thalassinoides-dominated surfaces, modern analogues are commonly found to be related

o hiatal surfaces created by autocycli induced erosion (Gingras et al.

or allocycli

2001, 2004; Yang et al. 2009), but are also a normal

rinsic component of estuaries.

4.3 Thalassinoides in ancient shallow water environments

The fill of Thalassinoides is commonly found to correspond to that of the

lithology overlying the colonization surface to which the burrow is associated.  For this

reason Thalassinoides are easily identified in core and outerop, and colonize a variety of

substrates including softgrounds (Cruziana ichnofacies), and firmgrounds (Glossifungites

ichnofacies).

The first occurrence of Thalassinoides comes from the Ordovician, and ranges
through to the recent (Sheehan and Schiefelbein, 1984; Ekdale and Bromley, 2003;

lastic and carbonate

Buatois er al., 2007). Thalassinoides is well known from both sil
rocks, and is most common from the Triassic to Recent (Table 4.2; Kamola er al., 1984;

Pemberton and MacEachern, 199:

s et al., 1996; Gingras ef al., 2001; Miller and




Curran, 2001; Curran and Martin, 2003; Cunnningham et al., 2009). In sil

iciclastic

facies, Thalassinoides are recognized in a broad range of depositional environments from
‘marginal-marine estuarine facies to marine turbidite facies, but are most common in
‘shallow marine facies (e.g., Buatois ef al., 2007; Uchman, 1995; Phillips et al., 2011). A

deep water Glossifungites surface has been recognized by Savrda (2001), and interpreted

as a firmground produced by induced sediment starvation and
Burton, 2000).

A wealth of literature exists on sandstone/shell/pebble filled Thalassinoides
burrows in mudstones (e.g., Table 4.2; Bromley, 1975; Pemberton and MacEacher,
1995; Gingras et al., 2002). Where such coarse-grained burrow fills are uncompressed in
mudstones, they are commonly inferred to be associated with firmground development,
and are referred to colloquially as “Glossifingites surfaces” or more properly as omission
or hiatal surfaces (Frey and Seilacher, 1980; Bromley, 1990; MacEachern ef al., 2007a;
Table 4.2). These surfaces have been variously used to recognize the following sequence

stratigraphic surfaces: sequence boundaries (SB); parasequence boundaries (pSB),

transgressive surfaces of erosion (TSE); and flooding surfaces (FS) (e.g., Table 4.2;
“Taylor and Gawthorpe, 1993; Savrda et al., 2001; Gingras et al., 2002).

In carbonate shelf o slope facies, Thalassinoides has been recognized in chalk-
marl successions at surfaces interpreted as omission surfaces where firmground and
hardgrounds are inferred to have developed due to seafloor cementation/lithification

(Bromley, 1967, 1975; Pemberton and Gingras, 1995 Locklair and Savrda, 1998; Table

42). Diagen of in carbonate

(differer

facies (chalk, marls, dolomite and micrite) can be interpreted as early digenesis associated




with non-deposition (Bromley, 1967), and are associated with allocyclic generated
sediment starvation (Table 4.2). Preservation of burrows can be enhanced or obscured by
diagenesis. Four types of diagenetic burrow preservation have been described in
carbonate facies: 1) preferred tube cementation; 2) preferred burrow cementation; 3)
fabric-mimicking cementation, and 4) nodular hypo-burrow cementation (Gingras et .,
2007).

“The Bemoull effect created by the open burrow morphology of Thalassinoides is
thought to improve circulation through the burrow, also predisposing the burrow to post-
mortem or post-abandonment infill from the sediment water interface (Vogel, 1981;
Allanson, et ., 1992). The burrow fill is generally the same as the grain size of sediment
present at the sediment water interface at the time of burial. However, if the burrow
remains open for some time—and hydrodynamic conditions change—the burrow fill may
be composed of an erosional lag to a subsequent event unrelated to conditions at the time

of occupancy of the burrow (Figure 4.2). Thalassinoides are often only clearly visible

where there is lithologic contrast between the host sediment and burrow fill; examples of
sandstone-filled burrows in mudstone-rich beds are well documented (Table 4.2).
Many authors have noted that normal basinal processes can generate

Thalassinoides-dominated surfaces in firmground settings in association with exhumation

firmground muds by storm events, tidal scour, tidal channel incision, submarine canyon

incision, and changes in sediment delivery or rate (e.g., Grimm and Folimi, 1994; Savrda,
1995; Lowemark er al, 2004; Mellroy, 2004ab).  Alternatively, a so called

Thalassinoides-bearing key strtigraphic surface may not be a surface at all, but a product
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of the trace-maker penetrating a concealed firmground, unconnected to a
contemporaneous depositional surface (Bromley, 1990).

Thalassinoides are found in a range of marine facies (marginal marine to slope), a

variety of substrate consistencies (softground to firmground) and lithologies (siliciclastic
and carbonate). The abundance and range of this marine ichnotaxon, therefore casts
doubt on the preference in literature to invoke allocyelic processes to explain bioturbated

stratigraphic surfaces (e.

mground Glossifungites surfaces; Table 4.2).

The ba

geological principle of cross-cutting relationships applies 1o trace

fossils, and the study of taphonomy (preservation) of trace fossils is an integral part in

deciphering of paleocommunity analysis and determining of colonization order (see
review in Savrda, 2007). Taphonomic expressions of Thalassinoides, and the relationship

o its enclosing sediment, can illustrate a key stratigraphic surface, and accompanying

depositional history and environmental information can be extracted

n of burrowed substrate and

depositional history can be broken down into: 1) depos

associated processes; 2) colonization of substrate by trace-making organism; 3) infilling
of burrow and further depositional processes; and 4) burial and diagenesis (Figure 4.2)

“The pre-deposition ichnofabrics, have previously been described as the pre-event or post-

omission suite (Bromley, 1975). There are many variables to this idealized model, and
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there may be more than one hiatal surface and/or condensed section, at different times in

the taphonomic process (Figure 4.2).

Summaries of autocyclic and allocyclic interpretations for each of the four
taphonomic expressions of Thalassinoides are discussed. These interpretations are highly
dependent on sedimentological context.  Detailed description of each of the
aforementioned taphonomic expressions of Thalassinoides were studied in the deltaic
facies of the heterolithic Lajas Formation (Middle Jurassic), Neuquén Basin, Argentina;
shoreface facies of the Ben Nevis Formation (Early Cretaceous), Jeanne d"Arc Basin,

offshore Newfoundland; marginal marine facies of the Blackhawk Formation (Late

Cretaceous), Book Cliffs, Utah; and supplemented with an literature example from the

marginal marine facies of the Pebas Formation (Miocene), Peru (Gingras et al., 2002).

ition of mudstone (deposition of burrowed substrate)

4.4.1 Dep

The autocyclic interpretations of a sofiground marine mudstone in marginal
marine to slope facies are: 1) continuous fair-weather sedimentation; or 2) event bed
deposition (Einsele and Seilacher, 1991). Autocyclic interpretations for the development
of a firmground marine mudstone are: 1) exhumation by event bed deposition (Savrda et
al., 2001); or 2) non-depos

n due to change in sediment delivery (e.g., delia lobe

abandonment or channel avulsion; Roberts, 1997).  Allocyclic interpretations of

softground mud deposition are: 1) component of transgressive parasequence set; or 2) or

regressive set. Allocyelic ions for firmground devel are:



1) sub-arial exposure due to relative sea-level rise or sediment deposition due to relative
sea-level fall (e.g., HST, and SB/pSB). and 2) current agitation precluding deposition

(e.g.. exhumation by wave or tidal ravinement; TSE). The trace-maker then colonizes the

mudstone, creating open burrows, ready to be passively infilled during the next

depositional event (Figure 4.2).

4.4.1.1 Inflling of burrows by sandstone deposition (mudstone: sandstone)
“The open Thalassinoides are infilled with sandstone, usually producing a distinct
lithologic contrast in the substrate (Figure 4.3A). The taphonomic expression of

sandstone burrow fill, enclosed within firmground mudstone is commonly refereed (o as

g linked 0 a “Glossifingites surface”. Possible autocyelic interpretations of such
surfuces are: 1) event bed deposition and, 2) overprinting of ichnofabrics; or 3) change in

sediment delivery (e

. delta lobe switching or channel migration). The allocyclic

interpretations for the same surface are: 1) transgressive surface of erosion (TSE); or 2)

flooding surface (FS); or 3) amalgamated surface (SB and TSE); or 4) progradation of

shoreface sands over offshore muds during regres

jon (Figures 4.3A and 4.4).

4.4.1.2 Infilling of burrows by mudstone deposition (mudstone: mudstone)

Open Thalassinoides can be infilled with mudstone, producing a subtle

ologic

contrast in the substrate (Figure 4.3B). The auto

clic interpretations of this subtle fabric

are: 1) continuous softground development or event bed deposition of mud; and 2)

overprinting of ichnofabri

“The allocyelic interpretations for the same fabric are: 1)



parasequence boundary (pSB); 2) flooding surface (FS; e.g., juxtaposition of offshore

mudstone on nearshore mudston

: or 3) amalgamated surface (SB and FS); or 4)

aggradation during transgression (Figures 4.3B and 4.4).

4.4.2 Deposition of sandstone (deposition of burrowed substrate)

Deposition of the “pre-omission” or “pre-event” sandstone is typically generated
by autocyelic processes. The autoeyelic interpretations of a softground marine sandstone
marginal marine to slope facies are either: continuous fair-weather sedimentation, or
event bed deposition. The allocyelic interpretations of a sofiground marine sandstone in
‘marginal marine to slope facies are: 1) related to relative sea-level rise (c.g., TSE, pSB,

FS); or 2) relative sea-level fall (e.g., SB). The trace-maker then colonizes the sandstone,

creating open burrows, ready to be passively infilled during the next depositional event

4.4.2.1 Inflling of burrows by mudstone deposition (sandstone: mudstone)

Open Thalassinoides infilled with mudstone, produce a distinet lithologic contrast
in the substrate (Figure 4.3C). The autocyelic interpretations of this preservation style
are: 1) fair weather deposition of mud or event bed deposition; and 2) overprinting

(colonization of historical layer from overlying sediment-water interface; or 3) change in

sediment delivery (e.g., delta lobe switching or channel migration). The allocyc

interpretations for the same surface are: 1) flooding surface (FS; e.g., juxtaposition of

offshore mudstone over shorefice sandstone during transgressi

: 2) parasequence

boundary (pSB); and 3) amalgamated surface (pSB and FS; Figure 4.3C),



4.4.2.2 Inflling of burrows by sandstone deposition (sandstone: sandstonc)

‘The open Thalassinoides are infilled with sandstone, producing a subtle lithologic

contrast in the substrate (Figure 4.3D). The autocyclic interpretations of this subtle fabric

are: 1) softground continuation or event bed deposition; and 2) overprinting of
ichnofabrics. The allocyclic interpretations for the same fabric are: 1) transgressive
surface of ersion (TSE); 2) parasequence boundary (pSB); 3) amalgamated surface (SB

and FS); or 4) aggradation during transgression (Figures 4.3D),

4.4.3 Summary of taphonomic expressions of Thalassinoides

bearing  surfaces, 7 i d d ichnofabrics and

“Glossifungites surfaces” are produced by a range of allocyclic and autocyclic-induced

ated

mechanisms.  These four taphonomic expressions are not solely as
firmgrounds or key sequence stratigraphic surfaces. The subtle expressions of mudstone-
filled burrows in mudstone and sandstone-filled burrows in sandstone (Figures 4.3 and
4.3D) are generally atributable to autocyclically generated processes on softgrounds,
sinoides would

including continuous quiescent deposition. These expressions of Thala

likely be overlooked in the rock record, and an autocyclic interpretation applied to the

ichnofabric, although allocyclic interpretations may be just as valid (Figure 4.4).

can

ixpressions of Thalassinoides preservation with distinet lithologic contras

have cither auotcyclic or allocyclic interpretations (Figures 4.2, 4.3A, 4.3C, 4.4, 4.5A,

4.58B), including ichnological overprinting (condensed and amalgamated beds), change in



substrate consistency, colonization/penctration from overlying surface, parasequence

boundaries, sequence boundaries (SB), flooding surfaces (FS), transgressive surfaces (TS)

and amalgamated surfaces (¢.g., SB/TS

. Itis clear when studying all four taphonomic

expressions of Thalassinoides, that there is a preservational biases towards burrows with

distinet lithlogic contrast, and this is clear from the over representation in literature of the
Glossifungites ichnofacies, i.c., sandstone-filled burrows within mudstone or coal beds

(Table 4.2).

4.5 Examples of the Thalassinoides-bearing surfaces

The prescrvation (taphonomy) of Thalassinoides yields detailed data on
depositional history, which can be interpreted in an autocyclic or sequence stratigraphic

(allocyclic) context (Figure 4.2 and Table 4.2). Thalassinoides-bearing surfaces from the

case studies and published literature are used as examples of both autocyclic and

allocyclic interpretations for cach taphonomic expression.

4.5.1 Sandstone-filled in mudstone (‘ ifungi ")

The first taphonomic expression is extremely conspicuous throughout the rock

record, and s ofien referred to as a “Glossifingites surface” (sensu Pemberton and
MacEachern, 1995). Thalassinoides are commonly, passively filled with light colored

sandstone enclosed in dark colored mudstone (Figure 4.3A). Several examples of this




taphonomic expression have been studied from marginal marine settings of Permian to

Miocence in age (Table 4.2). The majority of interpretations of this Thalassinoides-

bearing key surface are allocyclically-based, sequence stratigraphic surfaces (e.g., TSE or
SB; Table 4.2 and Figure 4.4).

of the Ben Nevis Formation

Examples of Thalassinoides from the shoreface faci
are sandstone-filled burrows in mudstone bed and interpreted to be formed by autocyclic
mud event bed deposition (Figure 4.5A). Fluid mud deposition formed by enhanced
settling velocity during wave dissipation or slack tidal currents (MacQuaker et al., 2010),

n. The laminated mudstone bed in the Ben

creating a softground substrate for colonizai

Nevis Formation is interbedded with bioturbated sandstone, and also contains other pipe-

working forming burrows of Planolites and Chondrites (Figure 4.5A; Tonkin ef a

ing the return of fair-weather

2010). The post-event burrows are then infilled by sand d
conditions on the wave-dominated shoreface.

“The Blackhawk Formation, Book CIffs, Utah contains abundant sandstone-filled
Thalassinoides in carbonaceous mudstone, and is part of a marine to non-marine
succession (Figure 4.3A). The carbonaceous bed interpreted as a coastal plain facies was

deposited during a_transgression, the increase in relative sea-level providing the

space for mudstone d and preservation (Dubiel,
2003). A significant hiatal period followed peat deposition, and represents the shoreline

n, allowing for the development of a marine firmground surface.  Subsequent

erosion of mudstone and colonization by the Thalassinoides reflects a return to marginal

marine conditions, and the onset of transgression. These open burrows are then filled

with sandstone, associated with deposition of the overlying tidal channel facies (Kamola,
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Figure 4.5, Examples of Thalassinoides-bearing surfuces. A) Sandstone-filled burrow in mudstone bed, fro
the shoreface facies of the Ben Nevis Formation, offshore Newfoundland, Canada. Fluid mud s colonized by
d Thalassinoides

ker post-cven, and infilled by sand ¢

cained tufl from the Paconcone F

deposition (autocyclic interpr
sandstonc of the

Thalassinoides from

rates in the offshor zone (3 prets
the deltaic facics of the Lajas Formation, Argentina. Interpreted as a ransgressive surface of rosion (TSE).



1984;

igure 4.3A). Burrows are adhered to a bounding discontinuity surface that is

laterally extensive in outcrop. This surface between the mudstone bed and tidal channel

fill facies was allocyclically-induced and represents a sequence boundary (SB). The

Thalassinoides-dominated ichnofabric (condensed bed), as a whole represents a sequence
boundary (SB, basal contact of bioturbated bed, Figure 4.3A), and transgressive surface
of erosion (TSE), where the firmground carbonaceous bed (developed during sediment
starvation) was exhumed and colonized during the onset of transgression (Zaitlin et .,

1994). This marginal m:

ichnofabric is also termed the Glossifingites ichnofacies, or

surface (MacEachem et al., 2007a). It is conceivable burrows may be unrelated to the

stratigraphic surface between the two distinet facies, and be associated with colonization
of a concealed firmgound/woodground from an overlying surface.

In the deltaic Lajas Formation, Argentina, sandstone-filled burrows are preserved
in a mudstone bed with a oyster-rich shell lag (Figure 4.5D). This Thalassinoides-

dominated ichnofabric and contemporancous shell lag can be interpreted as a

transgressive surface of erosion (TSE). Alternatively, the autocyclic interpretation is
related to exhumation of a firmground by storm, or underflow-induced erosion on the
distal delta front (Mellroy et al., 2005). Although, the an autocyelic interpretation is

more likely in this example, as the surface can be traced into deltaic topsets with shell-

rich reefs.




45.2 Mudstone-filled Thalassinoides in mudstone

“The subtle taphonomic expression of mudstone to mudstone Thalassinoides, are

rarely recognized in the rock record. An example from the inner shelf facies of the

Paconeone Formation, New Zealand has burrows with mudstone-fill within muddy

sandstone, and is interpreted as an autocyclic associated taphonomic expression (Figure

45C)

In outcrop, burrows are visible in hyporelief, cross-cut a highly bioturbated
ichnofabric, and are inferred to represent condensed beds and fair-weather deposition on
the sofiground paleo-seafloor. The condensed bed is produced by repeated overprinting
of infaunal communities, and low sedimentation rates (Figure 4.5C).

Mudstone-filled burrows in mudstone are recognized in the distal delta front

facies of the Lajas Formation, Argentina, and is interpreted as allocyclic (Figure 4.3B)
“This ichnofabric is interpreted as a well-oxygenated, softground distal delta front facies,
bioturbation intensity is high implying, slow sedimentation rates, and cross-cutting of

earlier ichnofabrics (palimpsesting).

4.5.3 Mudstone-filled Thalassinoides in sandstone
Mudstone-filled Thalassinoides are enclosed in sandstone, and are rare in the
literature despite being conspicuous (Table 4.2). A literature example from the bay-

margin facies of the Pebas Formation, Peru show a complex Glossifungites ichnofacies

association,  including mudstone-filled  Thalassinoides in  sandstone bay-margin

parasequences (Gingras ef al,, 2002). Marginal marine sands were colonized and

penetrated by open burrows, then subsequently in-filled by the overlying mudstone. The



surface between the sandstone and mudstone is interpreted as a transgressive surface of

erosion (TSE) formed by wave and tidal ravinement, demarcating the base of a

parasequence (Gingras et al., 2002),

In a coarsening upward deltaic succession, Lajas Formation, Argentina, mudstone-
filled burrows in sandstone are recognized at the boundary between 2 cyeles of delta front
deposition (Figure 4.3C). Sharp walled Thalassinoides colonize sands in the distal delta
front facies, these burrows are then infilled by mud deposition at the base of the next

upward coarsening delta front package. Either autocyclically or allocyclically induced

mechanisms can be interpreted from this ichnofabric. ‘The Thalassinoides-bearing surface
demarcates a boundary between two parasequences, and mudstone deposition may be
associated with a marine flooding surface (Mcllroy e al,, 2005).  Alternatively, allocyclic
or intra-basinal processes drive deposition, from cither rapid fluid mud deposition (c.f
Macquaker et al., 2010), or are a product of sediment delivery change on the delta front,
caused by delta lobe switching (Roberts, 1997).

d: lled d sediment

gravity flow bed are recorded from the inner shelf facies of the Paconeone Formation,

New Zealand (Figure 4.5B). A purely allocyclic interpretation is described for this

Thalassinoides ichnofabri

in this shelfal facies. The reworked pyroclastic ash event bed
is colonized by pipe-work building strategists (Thalassinoides), and upon return to fair-
weather conditions is infilled with mudstone (Figure 4.5B). While, no Thalassinoides

burrows were identified in the enclosing background mudstone at this particular locality,

further up-section mudstone in mudstone taphonomic expressions are visible in hyporelief

(Figure 4.5C).



4.5.4 Sandstone-filled Thalassinoides in sandstone

Low contrast examples of Thalassinoides in sandstone are not commonly
described, although large thin slice images of core slabs reveal they may be more
common in sandstones than previously documented (Chapter 2, Figure 2.3; Tonkin ef al.

2010). Subtle expressions of sandstone-filled Thalassinoides in sandstone of the Ben

Ner

Formation and Lajas Formation are interpreted as autocyclic background

sedimentation in the lower shoreface, and delta front, respectively (Figure 4.3D).

4.6 Discussion

There are variety of taphonomic expressions of Thalassinoides in siliciclastic
rocks (Figures 4.2, 4.3 and 4.4). Four have been documented in the author’s research and
literature. The two most conspicuous taphonomic expressions relate to lithologic and
grain size contrasts, for example: 1) sandstone-filled burrow in mudstone host rock; and
2) mudstone-filled burrow i sandstone filled host rock; but the more subtle; 3)
sandstone-filled burrow in sandstone; and 4) mudstone-filled burrow in mudstone are less
conspicuous in the rock record, and not well documented. There is a bias in literature
towards a predominantly allocyclic or sequence stratigraphic interpretation of

Thalassinoides-bearing bioturbated surfaces (Table 4.2), although it is clear that



autocyclic interpretations of the same surface may in some cases be equally valid (Figure
42).

The bioturbated key surfaces can be broken down into six components: |)

sandstone or mudstone deposition and formation of physical sedimentary structures; 2)
bioturbation, formation of biogenic structures; 3) no hiatus, or hiatus and creation of
firmground or condensed sofiground; 4) colonization of the substrate by Thalassinoides

and creation of an open burrow; 5) infilling of the burrow by overlying or bypassing

sandstone or mudstone and; 6) diagenesis and burial, which may include compaction,
mineral replacement, cementation and degradation of organic matter. At each stage, a
variety of physical environmental and ecological controls are active (Figures 4.1 and 4.2).

Interpretations of Thalassinoides-bearing surfaces can be attributed to either
autocyclic processes such as storm-induced event sedimentation, or regressive or
transgressive shoreline shift (Figure 4.4). Parasequence boundaries are often marked by

“Glossifungites surfaces” and are interpreted as transgressive surfaces of erosion (TSE;

e.g., Pebas Formation, Gingras ef al., 2007; Blackhawk Formation). Alternatively the

“Glossifingites surface” (sandstone:mudstone) and mudstone: sandstone expressions may
be bioturbated concealed firmgrounds (e.g.. Blackhawk Formation, Figure 4.3A), fluid
mud deposition (e.g., Ben Nevis Formation, Figure 4.5A) or storm induced erosion (c.g.,

Lajas Formation, Figure 4.5D). Rarely documented mudstone-filled Thalassinoides in

sandstone may be associated with transgression, as flooding surfaces (e.g.. FS; Lajas
Formation, Figure 4.3D); transgressive surfaces of erosion (TSE; Pebas Formation), or

post-event colonization (Paconeone Format

n, Figure 4.5B). Burrows with low

lithologic contrast (e.g., Ben Nevis Formation, Figure 4.3D; Paconcone Formation, Figure




4.5C) are generally interpreted as condensed beds, and can be attributed to variation in

sedimentation rates associated with varying hydrodynamic energy in shallow marine
facies. In the delta front facies of the Lajas Formation all possible four taphonomic are
expressed and can associated with allocyclic processes including delta lobe switching,
and change in sediment delivery at the distal delta front (mudstone-fill in sandstone).

“The abundance of firmground mudstones in estuaries (Buatois ef al., 2005), means
that the Glossifungites ichnofacies is likely to form without association to allocyelic key

surfaces. Relat

g the Glossifingites firmground directly to rela

e sea-level change
should be accepted only once alternative autocyclically generated processes are excluded.
“The implication of this conceptual study is the over-interpretation of bioturbated surfaces
as sequence stratigraphic surfaces, in particular misidentification of systems tracts in core

is possible. In core analysis where recognition of the laterally extent straigraphic surface

is not possible, alterate allocyclic interpretations must be considered. The majority of

stratigraphic surfaces are most likely not associated with relative sea-level change, but a
product of autocyclically controlled physical processes such as change in sediment

delivery, and event bed deposition.

4.7 Conclusion

While this study has focused upon generalities, in each case study should be
considered in its full sedimentological context as part of a succession of rocks. When a

Thalassinoides-bearing surface is considered in its proper sedimentological, stratigraphic,



temporal and spatial context, it may be possible to favor either an autocyclic or an

allocyclic controlling mechanism. Several possible auto/allocyclic interpretations can be
drawn from each taphonomic expression of Thalassinoides (Figures 4.2, 4.3, 4.4 and 4.5).

“Through a depositional step-by-step breakdown of the creation of a bioturbated
key surface, the complexity of these surfaces is revealed. Multiple scenarios and
interpretations can be commonly made. Non-unique solutions and interpretations of
Thalassinoides ichnofabrics or Glossifingites ichnofacies may be extracted with
understanding of stratigraphic and sedimentological context. Objective analysis of
bioturbated key stratigraphic surfaces is an excellent tool for paleoenvironmental studies

and reservoir characterization.
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Chapter 5: Summary - Bioturbation as a tool in reservoir

characterization

In bioturbated reservoir facies, ichnology is integral to reservoir characterization,
This research uses bioturbated shallow marine case studies to create a first order
understanding of likely reservoir quality (Chapter 2), reservoir heterogeneity (Chapter 3),
and_ interpretation of autocyclic or allocyclic (sequence stratigraphic) key surfaces
(Chapter 4), that can be incorporated into reservoir to basin scale models of hydrocarbon

reservoirs.

5. 1 Effect of bioturbation on reservoir quality
Description and interpretation of bioturbation in shallow marine facies is a
valuable tool in reservoir characterization. Ichnological analysis of a reservoir facies and

(0 ichnofabrics or ichnofacies allows for characterization of

subsequent classification i
reservoir properties. In highly bioturbated reservoir facies, physical modification by trace
fossils can be the first order control on petrophysical properties; .g. if the bioturbated
reservoir were quartz cemented, the cementation would be the first order control. The
action of bioturbators can be classified in terms of: 1) sediment mixing; 2) sediment

cleaning; 3) sediment packing; 4) pipe-work building strategies; 5) combination sediment

-work buil

ing and sediment packing (see

cleaning and packing; and 6) combination

Table 6.1). These categories of bioturbation style have predictable effects on porosity
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and permeability, and can be easily incorporated into reservoir characterization, even by

the non-expert.

5.2 Application of bioturbation styles as a tool to predict reservoir
quality

Petroleum geologists are primarily concerned with the effect that bioturbation has
on the petrophysical properties of a reservoir facies, rather than the details of
ichnotaxonomic identification. The proposed bioturbation style categories do not require
in-depth knowledge of ichnology. The categories can easily be applied to facies and core
analysis for incorporation into reservoir models. This approach makes ichnofabric study
accessible and directly applicable to reservoir characterization. Bioturbation can
redistribute grains and cause sorting or mixing (see Chapter 2), this physical modification

reservoir facies.

of the primary sedimentary fabric effects porosity and permeability

The physical modification of the sediment by trace-making organisms has the potential to
cither decrease sorting, by un-sorting physically-sorted grains or increase sorting by direct
‘manipulation of grains, and through creation of open burrow systems. The bioturbation
style categories seen in a hydrocarbon reservoirs (Tonkin ef al., 2010), were introduced in
Chapter 2, used in Chapter 3 and are further refined below (see Table 6.1).

1) Sediment mixing —indiscriminate mixing of sediment grains, decreases the

sorting of the sediment by un-sorting any g e trends, and through mechanical

destruction of depositional textures. “Sediment mixers™ burrow in the sediment without

sorting the sediment into distinct burrow linings or fills (e.g. cryptobioturbation and



burrow mottling). These biogenic structures generally cannot be attributed o a specil
ichnotaxa. This type of bioturbation by bulk sediment mixers commonly constitutes a
large proportion of ichnofabrics (cf. Chapters 2 and 3). Localized sediment mixing style
in laminated facies enhances porosity and permeability, through elimination of fine-
grained laminae or pre-existing discrete traces (e.g. sediment packers) that act as baffles

for fluid flow. Altematively in burrow mottled fabrics (with high bioturbation

intensities), the collective sediment mixing behavior of the trace-making organisms, and

bulk sediment mixing /unsorting of grain size trends or bedding would reduce

permeability/porosity.  The net effect of sediment mixing style is most commonly

porosity and permeability reduction.

2) Sediment packing  incorporation of finer grade material (c.g. clay,

fine-grained organic carbon) from the adjacent stratigraphic levels into burrow fills and/or
linings decreases the sorting of the sediment. Packing of clay and silt-grade grains into

pore space locally reduces permeability, relative o the adjacent substrate. Lined burrows

(e.g. Palacophycus), burrows that have been actively infilled by the trace maker (e
Asterosoma, Chondrites, Diplocraterion, Phycosiphon, Scolicia, Teichichnus and
Zoophycos), can be categorized as “sediment packers”. Tracemakers can also incorporate
coarser grade material (¢.g. sand and coarse twff within a mudstone) from the adjacent
stratigraphic levels into burrow fills and/or linings decreasing sorting of the sediment.
“The net effect of sediment packing style is most commonly porosity and permeability
reduction.

3) Sediment cleaning — selective removal of fine-grained material (e.g., pore-

filling clay-silt and organic matter) from the enclosing substrate, increasing sorting. By



inge:

n and subsequent defecation of fines into the water column. Burrows with halos
of well-sorted clean sands (e.g. Thalassinoides) are categorized as “sediment cleaners”.
“The net effect of sediment cleaning style is permeability enhancement.

4) Pipe-work building — open semi-permanent burrows in sediment perforate pre-
existing sedimentary fabrics or ichnofabrics. Such biogenic structures are connected to
the sediment-water interface. Upon burrow abandonment, the burrow generally remains
open and is passively filled with the overlying sediment at the sediment-water interface.

Trace fossils of Planolites, Skolithos, and Teredolites are

categorized as “pipe-work builders”. The net effect of this bioturbation style is dependent

on the lithological contrast between the burrow fill and the host sediment. For example,
Thalassinoides in the Ben Nevis field are sandstone-filled burrows within thin mud beds
that produce vertical and horizontal macropore networks, with the potential o act as flow
conduits (Chapter 2; Tonkin ef al,, 2010). This bioturbation style can be further
subdivided into vertical or horizontal pipe-work building.

5) Combination sediment cleaning and packing ~ incorporation of finer grade

material from the host sediment into burrow fills and/or linings, and cleaning of adjacent

sediment. Phycosiphon burrows are an example of this combined bioturbation style, with

their clay-grade core and coarser grained halo. The net effect of this combination

bioturbation style is dependent on the lithological context, in particular the contrast

between burrow fill and host substrate. For example, Phycosiphon halos have twice the

volume of coarse-grained halo than the associated clay-rich burrow core, and therefore

have the net effect of permeability enhancement in shale gas reservoirs (Bednarz and

Mellray, 2009),



Combination pipe-work building and sediment packing — open burrows in

sediment perforate pre-existing physical sedimentary fabrics, and pack finer grade
material from the host sediment or suspended sediment into burrow linings.
Ophiomorpha burrows are an example of this combined style. Burrow margins are

packed with mud, while the burrow itself remains open and is passively infilled with

sediment. Ophiomorpha is distint from other pipe-work building ichnotaxa (Planolites,
Skolithos, and Thalassinoides) which are unlined. The net effect of this bioturbation style

is dependent on the lithological contrast between burrow fill and host sediment.

Categorization of bioturbation style can be applied to any bioturbated reservoir
facies, and used as a tool to predict reservoir quality (Table 6.1). Enhancement or

reduction of porosity/permeability, is dependent on trace fossil morphology, composition

of burrow linings/fills, burrow size, bioturbation intensity, and bioturbation style (Chapter

2). The petrophysical characteristics of pipe-work building and combination bioturbation

styles are highly dependent on the lithological contrast between burrow fill, and enclosing

substrate.  Sediment packing and sediment mixing styles commonly reduce

porosity/permeability, while ~sediment  cleaning  bioturbation  style  enhances

porosity/permeability. An understanding of trace fossil behavior, as it affects reservoir

quality is important in reservoir characterization. The use of bioturbation style categories

and the classification of trace fossils into these categories may be a more useful

application of ichnological analysis reservoir geologists, than paleocnvironmentally-

or ichnofabric analyses.



5.3 Ichnological trends in reservoir heterogeneity

While categorization of bioturbation style is a useful tool in reservoir
characterization, lateral variations in reservoir quality and heterogeneity of ichnofacies or
ichnofabric must be incorporated into geological models in order to predict fluid flow in

bioturbated facies at the inter-well scale (Chapter 4). Trends in trace fossil distribution

are excellent indicators of in-situ spatial variability of physico-chemical processes.

Iehnological analysis allows insight into variations in sedimentation rate, hydrodynamic

tion window, and

energy (erosive currents), substrate consistency, length of coloni
ey ¥, lengt

community succession (tiering and cross-cutting relationships). The patchy distribution
of endobenthic organisms on the modern seafloor is not direetly comparable to patterns of
spatial distribution in the ichnological record.  Biological factors (e.g., larval dispersal,
competition and predation) are unlikely 1o be contributing factors in controlling the
benthic spatial distribution in the rock record. Time-averaging, community succession
and physical processes of erosion and deposition on a geological timescale are likely to

erase primary ecological signatures in most cases.

most beds. However if one

There is inherent ichnological variability
considers only the effect on reservoir quality caused by bioturbators (bioturbation style),
the net effect on reservoir quality heterogeneity is seen to be less variable than would first
appear. Ichnofabrics most commonly result from bioturbation by several communities,
effectively a condensed representation of an unknown number of communities (with

hiatuses)



The variability, or patchiness, along-strike was not found to be related to

proximity to the paleo-shoreline in the three wave-dominated depositional systems.

Instead, the most critical factor appears to be the sediment accumulation style. Slow

continuous deposition was found to produce complex and highly patchy ichnofabrics,

whereas rapid, episodic, event bed deposition was found to be associated with the most

uniform development of ichnofabric.

of key i ic surfaces in bi facies

Identi

cation of bioturbated hiatal or key stratigraphic surfaces of erosion, non-

deposition or condensation are clearly identifiable where there is a distinet lithological
contrast in burrow fill relative to the host sediment. Autoeylic and allocyclic

igraphic surfaces can be postulated for the pre-bioturbation and

interpretations of key str
post-bioturbation in siliciclastic shallow marine settings. A case study illustrating the
need for careful ichnological analyses has been undertaken as part of this thesis (see
Chapter 4), and focuses on Thalassinoides burrows, and it validity as an indicator for key

tratigraphic surfa

. and outline all appli ic and allocyclic processes.

Thalassinoides is easily identified in core and outcrop, has a. pipe-work
bioturbation style, and colonizes a variety of substrates including sofiground and
firmground (Glossifungites ichnofacies) substrates. The Glossifungites firmground
association with base level change, and transgression may be an over-interpretation, and

alternative autocyclically-generated processes should be investigated.  Uneritical use of

the Glossifungites ichnofacies as a direct indicator for the identification of re



50

level rise is considered to be flawed. Possible autocyclic mechanisms for formation of

firmground surfaces should always be objectively considered.  Four taphonomic

expressions of Thalassinoides are described: 1) sandstone-filled burrow in mudstone host

rock; 2) mudstone-filled burrow in mudstone; 3) mudstone-filled burrow in sandstone

filled host rock; 4) sandstone-filled burrow in sandstone; and have been discussed in this

thesis (Chapter 3). These interpretations of Thalassinoides-bearing surfaces are generic
and could be applied to carbonate facies such as chalks, marls, calcarenites and shell

beds; and extended 1o other pipe-work building ichnotaxa (e.g. Ophiomorpha, Skolithos,

and Planolites). With careful ichnological investigation, realistic palacoenvironmental

n of both

and sequence stratigraphic interpretations can be made by objective consider

and allocyelic process

5.5 Contributions of ichnology to reservoir characterization

s becoming an integral part of reservoir characterization

“The petrophysical properties associated with bioturbation can be predicted (Chapter 2);

spatial vari urbated reservoir facies

lity and heterogeneity can be determined in
(Chapter 3); and both autocyclic and allocyclic controls on ichnology can be incorporated
into reservoir model (Chapter 4).

In bioturbated reservoir facies, the proposed bioturbation style categories (Tonkin

et al., 2010 and herein) can be incorporated into conventional facies and core analysi

Core can be logged and assigned bioturbation styles, allowing the petroleum geologist to




make predictions with respect to porosity/permeability trends, and define potential net

pay intervals without needing to be a specialist ichnologist.

Ichnological variability in hydrocarbon reservoirs is dependent on sediment

accumulation style. In depositional settings where there s slow continuous deposition,
complex and highly patchy ichnofabrics are recognized. Where event bed sedimentation
is the norm, ichnofabrics with very litle change along-strike predominate i the event bed
itself. If the petroleum geologist focuses on the effect of bioturbation on reservoir
properties using bioturbation style categorization (rather than getting decply involved in
ichnotaxonomic variability), lateral variability in reservoir quality can be assessed. This

work has found that while ichnodiversity commonly changes, the net effect on reservoir

quality, and the bioturbational style, is seen to be less variable than it might first appear.
“This thesis has shown that ichnology analysis (ichnofabric and ichnofacies) is a
useful, and directly applicable tool for reservoir characterization. With an improved,

integrated, understanding of what bioturb;

g organisms do to sediment, ichnology can
continue to grow as an important component of reservoir characterization studies, and

petroleum geology in general.
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