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Abstract
Fine-grained sedimentary rocks are very common and play an important role as source
rocks in conventional hydrocarbon plays and combined source rocks and reservoirs in
unconventional shale gas plays. Recent research has revealed that organic carbon-rich
examples are much more heterogeneous than most authors have previously assumed. Despite
appearing largely homogeneous at hand specimen scales, they are actually organized into very
thin, sharp-based, occasionally bioturbated beds that systematically upward-coarsen and fine
on metre scales. The presence of this heterogeneity profoundly impacts how geologists
interpret both the fundamental mechanisms responsible for organic carbon enrichment in these
successions, how long-term stratigraphic processes are interpreted to control facies variability,
and suggest that the relative importance of persistent bottom water anoxia and that the
existence of a low energy water column have been over estimated.
This study is focused on the Posidonia Fm., a Jurassic (Toarcian) mudstone succession
located within the Lower Saxony Basin, Germany. The Posidonia Fm. was chosen because this
succession, and its global equivalents distributed throughout Europe, South America, and
North America, are considered to be a classical example of an Oceanic Anoxic Event (Jenkyns,
1988). Additionally, the availability of two Posidonia Fm. cores with correlative wire line log
suites allowed for an integrated lithofacies-wireline log assessment.
The organic-carbon rich lithofacies present in the Posidonia Formation was
investigated to determine (a) the extent of lithofacies variability present, (b) the fundamental
physical, chemical and biological controls that might be responsible for this variability, (c)
whether this succession can be reasonably interpreted in terms of sequence stratigraphic
principles, and (d) the appropriateness of using wireline logs to characterize this variability.
The necessary textural and mineralogical data to investigate these aims were obtained using
petrographic, scanning electron microscope, x-ray diffraction data, and total organic carbon
data coupled with a suite of wire line logs (gamma ray, neutron porosity, sonic, density, and
resistivity logs).
Seven lithofacies were identified and are characterized by varying proportions of
detrital and production-derived rock components, diagenetic features, grain size variations and
variable textures and bedding fabrics. These lithofacies are organized into thin mm-scale beds
that systematically stack into m-units that are variously increasingly silt-rich, clay-rich or
calcareous nannoplankton-rich. The deposition of normally-graded beds with sharp bases are
interpreted to be related to storm deposition, and evidence of ripple deposition suggests that
depositional conditions were more energetic than previously assumed. Sand-rich ripples
suggest that advective transport mechanisms were operating in addition to suspension settling
processes. Stacked successions progressively enriched (or depleted) in detrital components
relative to production-derived components and exhibiting evidence of increasing (or
decreasing) energy conditions have been determined to be component parts of overall
highstand ( and transgressive) systems tracts.
Stacked successions characterized by systematic facies variability correlate to
increasing and decreasing trends in the gamma-ray, density, sonic, neutron, and resistivity
wireline logs. The sensitivity of the logs to mineralogy means that systematic lithological
variations can be related to wireline trends. Cross-plots of neutron, sonic, density and
resistivity log data appear to broadly discriminate between facies. A single log cannot be relied
upon to extract useful facies information, an integrated approach using two or more logs is
much more effective.
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CHAPTER ONE: INTRODUCTION
1.1 Introduction
Mudstones provide the most complete stratigraphic record of Earth's history
(Schieber, 1999). These rocks are involved in a wide variety of major geological
processes; sea level fluctuations, weathering and erosion, sediment transport mechanisms,
provenance studies, primary productivity, global depositional events, ocean chemistry,
and diagenesis are topics related to the deposition and transformation of these finegrained lithologies. Their stratigraphic significance stems from the wealth of information
these rocks contain about sedimentological processes. The lithofacies variability
preserved in these rocks provides insight into a variety of depositional environments and
diagenetic processes, and their lateral continuity makes many fine-grained sequences
important marker beds that represent key stratigraphic events in sequence stratigraphy
studies. From an economic perspective, fine-grained sedimentary rocks are significant
because they act as source and seal rocks in conventional hydrocarbon plays and are also
increasingly reservoir targets in unconventional gas plays. Additionally, these rocks act as
syngenetic hosts for mineral deposits and as receptor beds for metals released in
hydrothermal and metamorphic systems (Tourtelot, 1979).
Despite their stratigraphic and economic significance, fine-grained sedimentary
lithologies are poorly understood relative to other sedimentary rock types (Mac Quaker et
aI., 2007; Schieber et aI., 2007). Their fme grain size and extreme susceptibility to
weathering causes these rocks' original textures and primary compositions to be easily

2

masked and indiscernible from the hand specimen scale, underpinning the assumption
that these rocks are relatively simple and homogenous. This apparent lack of
compositional and textural variability means that most research aimed at determining the
origin of these rocks has been rooted in investigating proxy attributes (varying fossil
contents, geochemical variability, petrophysical characteristics, grain size differences) on
the assumption that conventional analyses will reveal little geologically relevant data.
The assumed homogeneity and apparent absence of macroscopic variability
present within fme-grained sedimentary lithologies has made it difficult to design an
effective classification for these rocks. Traditional nomenclature used to classify these
rocks are based on hand specimen scale attributes such as color, mechanical properties
(such as fissility), fossil content, and silt/sand ratios. These criteria are inadequate
discriminators when differentiating between rock types of similar grain size that may
possess dramatically different mineralogy and small-scale textural heterogeneities. These
criteria also fail to describe the primary features of these rocks that provide any useful
insight into depositional environments and diagenetic histories.
The problems and inadequacies associated with the current classification schemes
for fme-grained sedimentary rocks are suffering increased criticism as recent research
reveals that these rocks exhibit a considerable amount of microscopic variability
(Mac Quaker and Adams, 2003; Mac Quaker and Howell, 1999). Recent petrographic data
(e.g. MacQuaker and Adams, 2003; Mac Quaker and Howell, 1999) have revealed that
these rocks are far more heterogenous than most workers have previously assumed.
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Produced data demonstrate that seemingly homogenous mudstones observed in outcrop
are actually organized into very thin «10 mm thick) genetic beds that systematically
stack into predictable bed-sets and parasequences on the m-scale (Mac Quaker et aI.,
2007; MacQuaker and Howell, 1999). These petrographic data illustrate that mud is
commonly micro-texturally and compositionally heterogeneous.
The conventional view that suspension settling processes are responsible for the
deposition of fine-grained sedimentary rocks in deep marine environments is an
additional assumption many researchers make in response to the apparent lack of
variability in these rocks. Traditionally, advective sediment transport mechanisms (e.g.
traction currents) are not attributed to the grain size and textural microscopic variability
observed in these rocks. Instead, this variability is considered to be driven by changes in
productivity in the photic zone. During periods of high productivity buoyant blooms that
descend through the water column deliver increased organic matter to the sediment water
interface. During times of relatively lower productivity in the photic zone, the sedirnentwater interface receives less production-derived material and the rocks deposited appear
to have a higher proportion of clastic material. Besides the occasional turbidity current
transporting grains to the sediment water interface, these "on / off' shifts in productivity
are generally assumed to be the most likely way to achieve compositional and textural
variability in mudstone successions.
Contrary to these conventional assumptions, recent research highlighting the
considerable textural and microscopic variability in fme-grained sedimentary rocks has

4

demonstrated that they likely accumulated in response to a combination of both advective
sediment transport and suspension settling processes (e.g., Mac Quaker et aI., 2007).
Erosional bed bases, distinct bedding planes, fining upward bed geometries, and
significant variations in the relative proportions of silt and clay suggest that advective
sediment transport mechanisms (e.g., wave enhanced fluid mud flows, traction currents)
played a significant role in the deposition of these rocks, and that they operated under
higher energy conditions than previously perceived (Mac Quaker and Howell, 1999;
Schieber et aI., 2007). Growing evidence indicates that variability in fine-grained
sedimentary rocks is driven by a significant advective component as opposed to being
solely governed by suspension settling processes that reflect "on/off" transitions in
productivity.

1.2 Motivation and Aims
Recent research prompts a radical re-evaluation of the fundamental controls on the
variability preserved in fine-grained sedimentary successions. These advances are
philosophically important because they encourage geologists to consider controlling
mechanisms as an up-dip to down-dip continuum rather than as distinct entities with
lithofacies variability in more distal settings being controlled by very different processes
to those operating in more proximal settings. In addition, it will help to provide the
science-basis for a paradigm shift in our understanding of the way that the physical,
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biological, and chemical processes interact within mud-dominated successions to produce
the variability present.
Wireline logging techniques are used throughout the hydrocarbon and mining
industries as a means of acquiring borehole data about rock properties in the subsurface.
These data are relied upon to make critical drilling decisions, to develop exploration,
development and production strategies, to calculate reserve estimates, to infer about
lithological variability, to provide information about the types of fluid present within the
rock, to estimate reservoirs parameters such as porosity and permeability, and to provide
insight into the mechanical properties of the rock. The ability to relate core data to
accompanying wireline log data means that wireline log responses can be calibrated to
real rock properties. This knowledge can then be expanded and incorporated into wireline
log interpretations related to similar rock successions that may not be cored. This can
improve efficiency and reduce costs as acquiring core is expensive. For these reasons, it is
advantageous to expand new learnings about mudstone rock variability into the realm of
wireline log data and investigate how mm-scale rock heterogeneities can be related to
wire line log trends on the m-scale.
The research presented here is an analysis of the Posidonia Fm., a Toarcian
(Jurassic)-aged organic-rich mudstone succession from the Lower Saxony Basin,
Germany. This succession was chosen because it is considered to be a classical example
of an Oceanic Anoxic Event (Jenkyns, 1988), a seemingly homogenous succession that
had been deposited under low energy, anoxic conditions. Additionally, the availability of
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both core and correlative wire line log data allowed for an integrated lithofacies-wireline
log assessment. An integrated analysis of petrographic, core, geochemical, and wireline
log data will be conducted to highlight and investigate the heterogeneity present in this
mudstone succession. This study is aimed at identifying the lithofacies variability present
within the succession and at investigating the fundamental mechanisms responsible for
this textural and compositional heterogeneity. An important component of this lithofacies
assessment is to determine the sources of major rock components (i.e. detrital, production,
or diagenesis-derived). Ultimately, this lithofacies assessment will generate useful rock
descriptions that describe the varying proportions, spatial distribution, and textural
attributes of the framework and matrix rock components on the microscopic scale.
Potential transport mechanisms likely responsible for delivering rock components to the
site of deposition will also be investigated. If present, macroscopic and microscopic
bedding fabrics will be identified and interpreted. After examining the varying
mineralogical and textural attributes of these rocks, this study is aimed at determining
whether this observed variability is organized into predictable bed-sets. If bed-sets are
observed, whether or not lithofacies observed on the mm-scale be placed into a sequence
stratigraphic framework on the m-scale will be investigated.
The next phase of this study is aimed at determining whether systematic rock
variability can be related to trends observed in accompanying wire line log data. Can
lithofacies be broadly identified by their respective petrophysical attributes, and if so,
what rock properties are driving the correlation between rock and wireline log trends?

7

Any correlations that may be drawn between lithofacies variability and wireline log
responses means that existing wireline log data sets can be reassessed in a more critical
manner to understand the origins and economic significance of mud-dominated
sedimentary successions. Understanding the link between core and wireline log data is
extremely valuable in the exploration, development and production sectors of the resource
industries because when core is unavailable wireline log data is relied upon to infer rock
types and rock properties in the subsurface.

1.3 Methods
58 core samples of the Posidonia Fm. were chosen from two cores (A, B) obtained
from an active drilling program in the Lower Saxony Basin operated by ExxonMobil
Germany. Thin sections cut from these samples have been analyzed using conventional
petrographic techniques and by Scanning Electron Microscope (SEM) analysis. Total
organic content (TOe) measurements were collected from the core samples, and x-ray
diffraction (XRD) techniques were used to determine bulk mineralogy of the samples. All
of these techniques provide insight into the microscopic textures and mineralogical
variability present within these mud-dominated samples.
In addition to these laboratory techniques, wireline logs accompanying the two
cores will be incorporated into this study. Gamma-ray, resistivity, sonic, density, and
neutron porosity logs will be used as proxies for lithofacies variability because they are
anticipated to respond to the crucial compositional variability present in mud-dominated
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successions in a systematic way, and have sufficient resolution ( > 0.15 m) to determine
bed set variability.

1.4 Literature Review
1.4.1. Characteristics and distribution of organic-rich mudstones
Dark-colored mudstones composed dominantly of silt- and clay-sized particles
and relatively enriched in organic matter are considered to be organic-rich mudstones.
2-10% total organic carbon (TOC) is the typical range for organic-rich mudstones; few
contain in excess of 20% TOC (Tourtelot, 1979). These organic-rich rocks are often
laminated and typically characterized by an apparent lack of benthic faunas or evidence
of metazoan life (Arthur and Sageman, 1994). These characteristics have led to the
general assumption that these rocks are deposited by suspension settling processes in low
energy, anoxic conditions. They are considered to be deposited under conditions where
organic matter accumulates because it is produced faster than it is destroyed (Tourtelot,
1979). Organic-rich mudstones, or black shales, are typically marine and have areal
extents that can reach thousands of square kilometres. Definite depths of organic-rich
mudstone deposition are poorly constrained, and estimates have differed from tens to
hundreds of metres (Wignall, 1991). Compositionally, they are comprised of various
materials; clays, quartz, calcium carbonate, organic matter, skeletal remains, and chemical
precipitates are typically the dominant constituents (E.g., Mac Quaker and Bohacs, 2007;
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Arthur and Sageman, 1994 ). Black shale sequences occur throughout the geological
record and are distributed worldwide (Tourtelot, 1979) (Fig. 1).

1.4.2 Conventional depositional models oforganic-rich mudstones
Several commonalities exist among models that have been proposed for the
deposition of organic-rich mudstones. The observations that organic-rich mudstones are
often laminated, exhibit no visible bioturbation, contain minimal macroscopic textural
and compositional variability, are present as relatively thick sedimentary sequences, and
are often found in bathymetric depressions have generated models that assume
these rocks were deposited in environments where, a) bottom waters were anoxic, b) low
energy conditions prevailed, c) mud arrived at the sediment-water interface as a
continuous rain of particles falling through the water column via suspension settling from
buoyant plumes, d) sediment was deposited as a drape into the basin, e) mudstone
variability was driven by changes in productivity as opposed to changes in detrital input,
and f) sediment accumulation rates were slow. Organic carbon-rich mudstones deposited
as widespread global "black shale" sequences are traditionally viewed as representing
deposition during intervals where the basins were sediment "starved" (pettijohn, 1957).
The observation that the highest concentration of organic carbon is often found in the
deepest parts of a basin led Huc (1988) to conclude that this concentric pattern of organicmatter distribution is an additional characteristic of anoxic basins.
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Figure 1 . Distribution of black shale sequences in time and space. Filled circles indicate occurrences.
Compiled from Tourtelot (1970) and Fullon (1977). Figure from Tourtelot (1979).
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Conventional depositional models of organic-rich mudstones invoke some variety
of bottom water anoxia and water column stratification whereby bottom water layers are
cut off from the rest of the circulation patterns. An early pioneer of mudstone deposition
argued that the idea "pyritic black shale(s) were deposited under anaerobic conditions is
unquestioned" (Pettijohn, 1957). Important factors associated with anoxic environments
traditionally include organic productivity (Pedersen and Calvert, 1990), sedimentation
rate, and availability of oxygen (Tourtelot, 1979). Evidence for anoxic conditions during
organic-rich mudstone deposition has traditionally been hinged on the preservation of
lamination and the apparent lack of bioturbation in these rocks. Virtually all aerobic
biological activity is assumed to cease and benthonic scavenging is considered to be
absent under anoxic bottom waters (Demaison and Moore, 1980; Schlanger et aI., 1987)
(Fig. 2).
Mechanisms responsible for the development of bottom water anoxia form the
cornerstone of contrasting models that describe the deposition of organic-rich mudstones.
The "silled basin" model attributes the development of bottom water anoxia to stagnant
ocean circulation, while the "upwelling" model relates anoxia to increased biological
productivity in areas of upwelling. In the four conventional models outlined in the
following discussion (i.e. the silled basin model, the expanding puddle model, the
upwelling model, and the transgression hypothesis), a zone of bottom water anoxia
creates a reducing environment for organic matter preservation and prevents aerobic
organisms from oxidizing organic matter in the sediments.
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illustrates how laminated textures and an apparent lack of evidence for aerobic organisms are interpreted to
be associated with anaerobic conditions. Figure modified from Challands et al. (2009).
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The silled basin model is a popular interpretation of ancient black shale sequence
deposition and represents a classic view of the accumulation of organic- rich mudstones
(Tourtelot, 1979; Arthur and Sageman, 1994). Stagnant water circulation can be initiated
in basins due to topographic barriers and further enhanced by contrasting properties of
surface and bottom waters, such as temperature or salinity (Littke, 1993; Rohl and Rohl
2005). In addition to sluggish circulation, lower salinity surface water outflow and
relatively higher salinity deeper water inflow in barred basins with a positive water
balance are argued to create a halo-(and thermo-)cline that results in water column
stratification (Demaison and Moore, 1980) (Fig. 3). This model assumes a stratified
water column comprised of an upper oxygenated portion and anoxic bottom waters.
Organic material is derived from photosynthetic processes performed by organisms in the
photic zone, and can also be derived from terrestrial organic material if land plants exist
(Tourtelot, 1979). This model assumes that the oxygen content of the water column is not
refreshed by circulation, leading to the accumulation of organic-rich sediments below the
level where oxygen contents are exhausted due to the oxidation of settling organic matter
(Tourtelot, 1979). The depositional environment is below wave base and the sediments
are anoxic (Tourtelot, 1979). These anoxic conditions persist because water circulation
cannot supply oxygen fast enough to equal or exceed the oxygen demand of the available
organic material (Tourtelot, 1979; Demaison and Moore, 1980). Under these anoxic
conditions, virtually all aerobic biological activity has ceased and benthonic scavenging is
absent (Demaison and Moore, 1980). Due to the lack of aerobic decomposition of
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organic matter in the muds, anomalously high carbon values can be preserved and pyrite
typically forms as a product of hydrogen sulfide formed by sulphate-reducing bacteria
(Byers, 1974). The absence of bioturbation by aerobic organisms is interpreted to
preserve the laminated fabrics often associated with organic-carbon rich mudstones
(Demaison and Moore, 1980).
Hallam and Bradshaw's (1979) "irregular bottom topography" model argues that
organic-rich mudstones were deposited in local areas of rapid subsidence beneath the
deepest waters, within pools of anoxic bottom water surrounded by more oxygenated
waters (Fig. 4). This model suggests that organic-rich mudstones are restricted to
bathymetric basin centres (Wignall, 1991), and that the thickest sediment packages are
deposited in these bathymetric depocentres. The fact that organic-rich mudstones are
typically found in basin centers surrounded by less organic-rich mudstones with more
diverse benthic faunas, and that the greatest sediment thicknesses accumulate in basin
centre depocentres are observations that lead to the development of this model (Wignall,
1991).
Wignall (1991) expanded upon Hallam and Bradshaw's model and proposed the
"expanding puddle" model, which accounts for progressive onlappong of black shale
lithofacies during a transgression (Fig.5). In this model, water depth is dictated by highly
variable factors such as sediment input and sea-level variations, and the relatively slower
influence exerted by subsidence. Anoxic puddles in deep water may expand during
transgressions, as the extent of relatively deep water expands. Deposition is greatest
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Figure 3. Simplified silled basin model (modified after DeMaison and Moore, 1980). Topographic barriers
create basins with low salinity surface outflow and high salinity deeper water inflow. The development of
anoxic conditions below a halocline creates conditions conducive to preserving organic matter and
accumulating organic-rich mudstones. Figure from Oschmann (1988).

Figure 4. Simplified irregular bottom topography model (Hallam and Bradshaw, 1979). The subsidence of
topographic lows creates depressions where sluggish water circulation establishes stagnant, anoxic
conditions. The legend is labelled as I: aerobic environment, 2: anaerobic environment, 3: bioturbated
shale, and 4: organic-rich mudstone. A: local depression, B: rapidly subsiding area. Figure from Oschmann
(1988).
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Figure 5. Expanding puddle model. A) Basin centre anoxia develops in a lowstand basin centre and black
shales accumulate in depocentres . B) This anoxic puddle expands during transgressions as deep-water
becomes increasingly widespread due to sea level rise and continuing subsidence. C) The area of
deposition is at its largest during highstand when marine conditions reach their maximum extent. Figure
from Wignall, 1991.
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during highstand when marine conditions reach their maximum extent (Wignall, 1991).
Both the "irregular bottom topography" and "expanding puddle" models propose
stagnant, anoxic bottom waters in topographic basin depressions undergoing rapid
subsidence (RoWand Rohl, 2005).
Many researchers (e.g., Jenkyns 1985; Fleet et aI., 1987; Jenkyns and Clayton,
1986; Jenkyns et aI., 2001; DeMaison and Moore, 1980) propose that high productivity
associated with zones of upwelling can create anoxic bottom waters ideal for
accumulating organic-rich sediments. Upwelling processes are attributed to ocean or
atmospheric forcing mechanisms (Coriolis Effect, surface winds, coastal currents) that
pull water away from an area, creating a deficit on the surface that causes water to ascend
from deeper regions (Littke, 1993) (Fig. 6). In this model, upwelling and subsequent
increased nutrient supply enriched in phosphates and nitrates triggers enhanced
productivity in surface waters. Under the areas of upwelling, increased recycling of dead
organic matter creates a considerable demand for oxygen that can cause anoxic conditions
to develop in deeper waters below the upwelling (DeMaison and Moore, 1980). High
productivity combined with an underlying oxygen-depleted water column establishes
conditions that are more conducive to preserving organic matter and accumulating
organic-rich sediments below these zones (DeMaison and Moore, 1980).
The Deep Sea Drilling Project in 1968 revealed that several widespread, organicrich mudstone sequences were deposited as "black shale sequences" throughout the Late
Jurassic and the middle-Cretaceous (Arthur and Sageman, 1994). The deposition of these
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100 - 1000 km

~l

Figure 6. Schematic of the upwelling model, modified after Heckel (1977). Upwelling and subsequent
increased nutrient supply triggers enhanced productivity in surface waters. Increased recycling of dead
organic matter creates a considerable demand for oxygen that can cause anoxic conditions to develop in
deeper waters below the upwelling. 1: offshore winds, 2: water current, 3: settling organic matter, 4:
oxygen-poor water, 5: anoxic water. Figure from Oschrnann (1988).
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globally distributed, apparently coeval organic-rich mudstones across a range of marine
settings (from continental shelves to deep basins) has been recorded during specific
intervals in the sedimentary record. These sequences have been traditionally associated
with periods of inferred bottom water anoxia and are referred to as Oceanic Anoxic
Events (OAEs), a term coined by Schlanger and Jenkyns (1976). Inferred OAEs appear
to be coeval with transgressive pulses, and this correlation is argued to exist "throughout
the stratigraphical column" (Jenkyns, 1980) (Fig. 7). In this transgression hypothesis
(Jenkyns, 1980), transgressions create upwellings of deep nutrient-rich waters to the
surface and can deliver an accelerated flux of nutrients from the continents to the oceans
(Jenkyns, 1988). Flooding of land-masses is argued to have transported considerable
quantities of terrestrial plant material seawards, and the expansion of shelf areas is
considered to have stimulated increased production of marine plankton (Jenkyns, 1980).
As organic productivity in the oceans increases, organic burial also increases. Enhanced
organic burial increases the sequestration of 12C, generating positive (5I3C anomalies. For
this reason, positive (5I3C isotopic excursions are associated with inferred OAE intervals.
This traditional concept demonstrates how conventional models are dependent on
the establishment of anoxic bottom waters in order to accumulate significant amounts of
organic-matter and deposit these black shale sequences. Hermosso et al. (2009) states that
the location of black shale intervals deposited during inferred anoxic events are
interpreted to be representative of the strongest anoxic conditions. The Toarcian (Early
Jurassic), also referred to as the Lias in European literature, is considered to be a classical
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example of an OAB (e.g., Jenkyns, 1988; Jenkyns and Clayton, 1997; Hesselbo, 2000).
During the Toarcian (approximately 183 Ma), western Europe was situated at the "cuI de
sac" of the Tethys Ocean (Fleet et aI., 1987). This period is characterized by the
deposition of organic-rich mudstones in numerous epicontinental basins of western
Europe and along adjacent protocotinental margins of the western Tethys Ocean (Fleet et
aI., 1987). These organic-rich mudstones are coeval with other organic-rich sediments
deposited elsewhere in the world, such as the coincident Tethyan pelagic limestones with
relatively enriched l3C values up to 138C = 4.5%0 (Fleet et aI., 1987). The relatively high
carbon isotope values associated with Toarcian mudstones and pelagic limestones are
interpreted as representing high rates of organic carbon burial and the increased
preservation of organic matter in many areas around the world during anoxic periods
(Fleet et aI., 1987; Rohl et aI., 2001; Demaison and Moore, 1980).

1.4.3 Conventional mud transport mechanisms
Muds are traditionally considered to be deposited in relatively quiet, low energy
environments that are only intermittently disturbed by weak current activity (Potter et aI.,
2005). Under these conditions, mud is considered to be continuously delivered to the
sediment water interface by the slow settling of fine dispersed grains out of the water
column. Suspension settling associated with buoyant plumes resulting from storms and
river floods, plumes produced by high productivity, and the settling of individual grains
delivered by waning turbidity currents are dominant processes. The observation that
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mudstones commonly exhibit closely spaced, parallel laminations has been used as
evidence for continuous deposition of particles settling out of the water column. The
assumption that slow suspension settling processes are driving the delivery of muds to the
sediment/water interface means that thick mudstone successions are generally considered
to have taken relatively long periods of time to be deposited. Conventionally, advective
sediment transport mechanisms are not associated with the movement of muds, and the
standard assumption is that mudstone deposition testifies to the" virtual absence of
bottom currents" (Wignall, 1994). Water-rich muds comprised of up to 90% water by
volume are regarded to have "almost no shear strength" (Sheu and Presley, 1986) , and
are considered to be resuspended once eroded. Mud transport mechanisms can be divided
into suspension settling processes (pelagic settling, hemipelagic settling) and density
driven processes (hyperpycnal flows, turbidites, and density driven flows) (Fig.8).
Pelagic settling is the dominant suspension settling process assumed to deliver
sediment to the sea-floor. This process of vertical settling under the influence of gravity
transports primary biogenic material (dead zoolplankton, unconsumed algal cells, fecal
pellets, fish carcasses) and very fine-grained detritus from the surface waters through the
water column and eventually to the sea floor. The speed of grains falling through the
water column is described by Stoke's Law, whereby settling velocities are governed by
density, grain size, and shape. In oligotrophic, open-ocean systems, suspension settling
velocities of detritus and biogenic material through the water column are considered to be
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continuous and very slow, with estimated accumulation rates of < 1 cmlky (Stow et aI.,
2001).
Particle aggregation is assumed to increase particle settling velocity. Because
bacteria exude biopolymers, exudates of bacteria and algae can also combine with
minerals in an additional settling process called flocculation. These organominerallic
aggregates, called marine snow, are a mixture between inorganic components such as clay
and silt, and organic debris such as micro-organism tests, zooplankton fecal pellets, and
bacterial mucous secretions. These loose aggregates are bound by extra-cellular
polysaccharides, plankton secretions and electrochemical attractions between grains.
During times of high productivity, pulsed blooms of marine snow increases settling
velocities and can cause accumulation rates to exceed 8 cmlky (Stow et aI., 2001).
Pelagic processes combined with an additional component of slow, lateral
advection through the water column is referred to as hemipelagic settling.
This lateral component may be driven by the inertia of river plumes, glacial meltdown
diffusion, internal tides and waves, or turbid layer plumes (Stow et aI., 2001).
Pelagic settling processes can also be observed within the final stages of turbidity
current deposition, as the fine-grained material suspended within the turbidite mixes with
any pelagic or hemipelagic material and deposits slowly via vertical settling (Stow et aI.,
2001). This type of deposition is considered to be episodic as opposed to continuous,
where each deposited layer is considered to be representative of a geological event.
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In contrast to suspension settling processes, density driven, downslope resedimentation processes are additional mud transport mechanisms. Hyperpycnal flows are
characterized as near bottom discharge of suspended sediment plumes initiated at river
mouths during times of flooding or by glacial-charged systems. The underflow driving
this process is the excess density of the sediment load (Stow et aI., 2001). While most
flows dissipate and deposit sediments near the river mouth, hyperpycnal flows can
continue across the pro-delta slope and transport material into deep waters (Stow et aI.,
2001). These types of density driven flows can also create lower density turbidity currents
that contribute to hemipelagic advection (Stow et aI., 2001).
Turbidity currents are density-driven flows considered to be the most dominant
process responsible for transferring fme- to coarse-grained material from the shallow to
deep water environments. These dilute turbulent suspension flows are driven by the
downslope component of gravity. High concentration flows are capable of transporting
sand and gravel-sized material, as well as large volumes of mud. Individual events can
deposit beds ranging in size from <1 cm to > 10 m in thickness (Stow et aI., 2001).
When density driven flows powered by a downslope component contain a high
enough concentration of material that they move plastically as a thick slurry of cohesive
matrix, they are termed debris/mud flows. These types of flows can support relatively
larger clasts such as rock boulders, shale clasts, and other soft-sediment clasts (Stow et
aI., 2001). Deposits associated with these types of flows can range in thickness from < 1
m to > 50 m (Stow et aI., 2001). The transport of even larger volumes of sediment
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downslope as an individual event are referred to as slides and slumps, and are propelled
by mass gravity transport processes. This style of transport and deposition is widespread
on all marine slopes (Stow et aI., 2001).

1.4.4 Criticisms of conventional mudstone models and transport mechanisms
Recent research (e.g., Mac Quaker and Bohacs, 2007; Mac Quaker and Adams,
2003; MacQuaker and Jones, 2002; MacQuaker and Howell, 1999; Schieber and
Southard, 2009; Schieber et aI., 2007) suggests that, a) suspension settling processes are
not the only dominant mechanism behind mudstone transport, b) mudstone variability
not only reflects changes in productivity but also records variations in detrital input, c)
mudstone deposition likely occurs under higher energy conditions than previously
assumed, and d) persistent anoxia is not required for the preservation and accumulation
of organic-rich mudstones. Growing evidence reveals that mudstone successions are in
fact quite heterogenous on the microscopic scale, exhibiting considerable textural and
compositionally variability. It has also been shown that the proportions of detrital,
production, and diagenetic-derived components of mudstones can vary dramatically
throughout a succession (e.g., MacQuaker and Taylor, 1996). The conventional notion
that anoxia is a prerequisite for the preservation of organic matter has also been
scrutinized by researchers who argue that factors such as sediment accumulation rates are
more likely to control the preservation of organic matter in sediments (e.g., MacQuaker et
aI.,2007).
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Recent research suggests that mudstone heterogeneity is significantly impacted by
the variable supply of detrital components associated with storms and tidal activity, and is
not solely driven by variations in photic zone productivity and preservation resulting from
anoxic conditions (Mac Quaker and Howell, 1999). It has been shown that mudstone
successions exhibit considerable vertical and lateral lithofacies variability, especially in
terms of their clastic components (e.g., MacQuaker and Gawthorpe, 1993; MacQuaker,
1994; Mac Quaker and Taylor, 1996). Genetic beds present on the mm-scale representative
of individual depositional events have been observed to stack systematically into
parasequences (MacQuaker and Howell, 1999). These parasequences, comprised of
fining- or coarsening-upwards cycles, themselves stack into system tracts. Coarseningand upward-fining cycles suggests that lithofacies variations reflect differences in local
sediment supply and sediment accumulation rates during deposition, in addition to the
factors previously assumed to solely drive lithofacies variability- surface productivity and
bottom water oxygenation (Mac Quaker and Jones, 2002). Such systematic variability
means that mudstone successions can be reassessed in order to determine how contained
depositional packages fit into existing sequence stratigraphic frameworks. Most sequence
stratigraphic frameworks are focused on lithofacies variability observed in non-marine
and marginal-marine successions, and rarely incorporate any of the variability observed in
more distal, mudstone end-members into which the more up-dip succession pinch out
(Mac Quaker and Jones, 2002).
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The preservation of microscopic erosional surfaces and bioturbated intervals in
mudstones suggests that the depositional environments for these rocks are likely oxic and
are influenced by higher energy conditions than previously assumed. Recent research
suggests that between storm events, surface layers are reworked by communities of
burrowing organisms (e.g., MacQuaker and Howell, 1999). Implied colonization of
sediments between storms has been interpreted to demonstrate that there was enough time
between storm events for aerobic organisms to disrupt original depositional rock fabrics
(i.e. lamination), and that the pore waters were predominantly oxic (Mac Quaker and
Howell, 1999; Mac Quaker, Taylor and Gawthorpe, 2007). It has also been suggested that
the preservation of infauna implies that the substrate was oxic and likely firm, as opposed
to soupy, during deposition (MacQuaker , Gawthorpe, Taylor, 2007). Where remnant
lamination has been preserved and aerobic trace fossil assemblages are absent, it is
interpreted to mean that there was insufficient time between storm deposits for the
sediment to be reworked and that the porewaters were dysoxic rather than completely
oxic (MacQuaker and Howell, 1999). Thin beds observed to have homogenized tops
suggest that the rock components were not being delivered as a continuous rain of
sediment settling through the water column, as there was sufficient time between storms
or phytoplankton blooms to allow the sediments to be re-worked by organisms
(MacQuaker et aI., 2010). Homogenized laminae suggest that the seafloor was being
periodically re-worked during deposition (Mac Quaker and Bohacs, 2007; MacQuaker et
aI.,2010).
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The conventional view that mudstones are deposited in low energy environments,
accumulate directly from suspended particles settling through the water column, and that
advective transport mechanisms are absent from mudstone depositional processes is being
challenged by new evidence that contradicts these traditional assumptions. Recent
research (Schieber and Southard, 2009; Schieber et aI., 2007) demonstrates that mud
accumulation can occur in higher energy conditions than previously assumed, and that
advective mechanisms erode, transport, and deposit substantial volumes of fine-grained
sediment. This research has shown that mud can be transported by traction currents
operating close to the sediment-water interface and deposited as current ripples.
Progressively fme-grained beds, localized erosion, sharp-based beds, thin lags, and lowangle ripple laminae are additional small, mm-scale sedimentary structures indicative of
advective sediment transport mechanisms operating in higher energy depositional
conditions.
Contrary to conventional thought, flume experiments performed by Schieber et aI.
(2007) showed that silt and clay particles are susceptible to flocculation, an aggregation
process that causes fine-grained particles to form larger aggregates. Flocculation is
controlled by turbulence, bed shear stress, sediment concentration, ion exchange behavior
and settling velocity, and increases the accumulation rate of fine-grained sediments
(Schieber et aI., 2007). These flume experiments demonstrated that the formation of
muddy floccules that travel in bedload in the form of ripples is possible, that these ripples
develop into low angle foresets, and that they have a shape that is very similar to ripples
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formed in sandy sediments (Schieber et aI., 2007). Schieber and Southard (2009)
conducted additional flume experiments which demonstrated that floccule ripples ranging
from 2-20 mm in height could migrate over the flume bottom and accrete into continuous
mud beds at streamwise velocities ranging from 0.1-0.26 mls. Schieber et aI. (2007)
claims that mud can be transported and deposited at current velocities sufficient to
transport and deposit sand-sized particles. The assumption that water-rich muds lack the
strength to be eroded and transported has been challenged by Schieber et aI. (2010), who
demonstrated that experimental muds with 70 weight % water can form mm to cm-size
fragments upon erosion. Schieber et aI. (2010) proposes that lenticular lamination in
shales results from the deposition of water-rich mud fragments, and that they represent
episodic erosion and transport of surficial muds by currents.
Unconventional mudstone models argue that these rocks are deposited in higher
energy environments than previously assumed, and that mudstone variability is
influenced by changes in detrital input. Supporters of unconventional mudstone models
argue that anoxia is not required for organic-matter preservation in these successions, and
instead favor factors such as rapid sedimentation rates to account for organic-matter
preservation. Unconventional models challenge the idea that most mud is delivered to the
sediment-water interface as a continuous rain settling out of the water column. Instead,
advective transport mechanisms such as traction currents are believed to move
considerable amounts of mud. Contrary to conventional models, recent research (e.g.,
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Schieber et aI., 2010) suggests that muddy sediments can in fact possess sufficient
internal strength and cohesion to be eroded.

1.5 Geological Setting
This research studies the Posidonia Fm. in the Lower Saxony Basin, Germany.
The Lower Saxony Basin is a sub-basin situated within the Central European Basin
system.

1.5.1 Central European Basin System
The Central European Basin System (CEBS) covers an area that extends from the
North Sea to Poland and from Norway to the German midlands (Maystrenko et aI., 2008)
(Fig. 9). The central basin area comprises the Dutch, North German, and Danish
Lowlands which are characterized by low topography, typically 25 m above sea level
(Maystrenko et aI., 2008). The northern flanks of the Central European Basin System
along the North and Baltic Seas are also associated with lowland topography.
Topographical highs present along the southern margin of the Central European Basin
System are associated with the Harz Mountains (Germany) , the Sudetes Mountains
(Germany, Poland, and Czech Republic ), and the Holy Cross Mountains (Poland). The
Central European Basin System is comprised of numerous sub-basins that vary greatly in
tectonic style, sedimentary infill , and possesses diverse burial, thermal, and maturation
histories.
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Figure 9. Topographic map showing the location of the Central European Basin System. Outlines of the
Early Permian basins are shown: NPB- Northern Permian Basin, PT- Polish Trough, and SPB- Southern
Permian Basin. Figure from Maystrenko et aI., 2008.
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The Central European Basin System overlies an assemblage of crustal domains
comprised of the Precambrian Baltic Shield, the East European Craton, and CaledonianVariscan Europe (Maystrenko et ai., 2008). The present day crustal association
underlying the Central European Basin System was formed during terrane amalgamation
onto the Precambrian Baltic and East European Craton throughout the Precambrian and
Paleozoic (Maystrenko et ai., 2008). The Trans-European Suture Zone is comprised of
two components, the Tornquist-Teisseyre (TTZ) and the Sorgenfrei-Tornquist Zone
(STZ). The TTZ represents the boundary between Precambrian East European crust and
Palaeozoic crust in Central Europe, while the TSZ is considered a major lithospheric
boundary (Maystrenko et ai., 2008).
The development of the Central European Basin System was initiated by rifting
and thermal subsidence of the lithosphere during the Latest Carboniferous! Early Permian
(Rodon and Littke, 2005; Maystrenko et ai., 2008). Three sedimentary basins were
initiated during this period: the Northern and Southern Permian basins and the Polish
Trough (Fig. 9). The assembly of the supercontinent Pangea during the Early Permian
subjected these early basins to extensive faulting and igneous activity. Early Permian
deposits of the Central European Basin System are comprised of rhyolites and ignimbrite
sequences (Maystrenko et ai., 2008).
Subsequent evolution throughout the remainder of the Mesozoic was influenced
by both external and internal tectonic forces that created additional sub-basins. The breakup of Pangea in the Triassic created several extensional pulses that developed numerous
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sub-basins in the Central European Basin System (Maystrenko et aI., 2008). Continued
extension and rifting in the Central European Basin System throughout the Late JurassicEarly Cretaceous led to the formation of the Central Graben, the West Netherland Basin,
the Polish Trough, and the Lower Saxony Basin. The Central European Basin System
underwent considerable re-configuration during the Late Cretaceous in response to the
Alpine Orogeny, which was initiated when the African and Indian continents and the
small Cimmerian plate collided from the south with Eurasia in the north. Strong,
collision-related compressional forces caused many basins to undergo compression and
inversion. The development of deep-rooted reverse faults and subsequent vertical uplift
led to significant erosion of sediments along the southern margins of the Central
European Basin System (Maystrenko et aI., 2008).
The Cenozoic evolution of the Central European Basin System is marked by the
creation of a broad depocentre within the North Sea. It is estimated that since the Miocene
in excess of 2000 m of sediments have accumulated within this depocentre (Maystrenko
et aI., 2008). In contrast, marginal areas of the Central European Basin System have
subsided throughout the Cenozoic (Maystrenko et aI, 2008).

1.5.2 The Lower Saxony Basin
The Posidonia Fm. analyzed in this study is a mudstone succession located in the
Lower Saxony Basin, Germany (Fig. 10). The Lower Saxony Basin forms part of a string
of Late Jurassic and Early Cretaceous rift and wrench induced basins associated with the
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Figure 10. Generalized stratigraphy of the Lower Saxony Basin based on the German Stratigraphic
Commission (2002). Figure from Munoz (2007).
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break-up of Pangea and the crustal separation of the Central Atlantic. It is situated in the
southern margin of the Central European Basin System, and extends from the Dutch
border throughout Northern Germany. Structurally, it separates the Pompeckj High in the
north from the Rhenish Massif in the south, and is considered to be part of the larger Late
Paleozoic-Mesozoic NW German Basin (Binot et aI.,1993). The Lower Saxony Basin
strikes E-Wand is approximately 300 km long and 65 km wide. Basin stratigraphy is
composed of Permian to Late Cretaceous rocks that are unconformably overlain by
Cenozoic deposits (Betz et aI., 1987). The Lower Saxony Basin has been actively
explored for hydrocarbons since 1864, and since that time 100 oil fields have been
discovered and more than 10,000 wells have been drilled (Binot et aI., 1993).
As the Carboniferous transitioned into the Permian, the Variscan mountain chain
was collapsing in central Europe along with its former foreland to the north (McCann,
2008). The magmatic activity associated with this period of moderate extension and
overall dextral transtensional stress regime in Central Europe marks the base of Lower
Saxony Basin stratigraphy (Fig. 10). Following rifting, a phase of thermal subsidence
dominated Central Europe and the initial depocentres of north Central Europe
amalgamated to create the large Northern and Southern Permian Basins (McCann,2008).
Pulses of extensional tectonics throughout the Triassic resulted in the differentiation of
these Permian basins and led to the formation of numerous sub-basins in the Central
European Basin System (Fig. 11). The NW German Basin was one of the Triassic subbasins that formed within the Southern Permian Basin. In this basin, a regression
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Figure 11. Main post-Permian sub-basins superimposed on Early Permian basins (grey area). The Lower
Saxony Basin is shaded in brown. Abbreviations: CG- Central Graben, FT- Fjerritslev Trough, GGGluckstadt Graben, HG- Hom Graben, and PT- Polish Trough. Major crustal boundaries are: VF- Variscan
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STZ- Sorgenfrei-Tornquist Zone. Figure from Maystrenko, 2008.
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established continental conditions and post-rift sedimentation was dominantly clastic
(Lower and Upper Triassic) with lesser carbonates (Mid Triassic) (Munoz, 2007).
Early Jurassic subsidence within the NW German basin initiated the evolution of
an early graben structure. A transgression initiated during the Rhaetian (Latest Triassic)
re-established marine conditions that would persist throughout the Jurassic (Betz et aI.,
1987). This sea level rise caused much of Europe to be flooded by shallow seas, and this
transgression is recorded as marls, carbonates, and organic-rich mudstones in Lower
Saxony Basin stratigraphy. Late Jurassic-Early Cretaceous rifting and subsidence,
contemporaneous with major extension related to the North Sea rift, caused the Lower
Saxony Basin to become a real structural entity as a deeply subsided sub-basin of the
NW German Basin (Maystrenko et aI., 2008).
The Late Cretaceous Alpine Orogeny caused by the collision between AfricaArabia and Eurasia introduced compressional stresses that affected all of Europe (Cacace
et aI., 2008). In response, the Lower Saxony Basin was inverted during the ConiacianSantonian as existing normal faults that had previously facilitated Late Jurassic-Early
Cretaceous subsidence became reactivated and transformed into deep thrusts and reverse
faults (Munoz, 2007). During inversion, thicknesses of eroded sedimentary rocks reached
up to 6000m for the centre of the basin (Munoz, 2007). This inversion phase culminated
in the Campanian, and was followed by an additional inversion phase in Maastrictian
times (Late Cretaceous). During the Eocene and Oligocene the Lower Saxony Basin
became buried under a relatively thin deposit of deltaic and shallow marine sediments.
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Posidonia shale deposition in western Europe is shown in purple. The European area was open to the
Tethys ocean at various times during the E. Jurassic, including the Toarcian. Littke et al. (1991) proposed
that the major supply and transport of clastic materials to the Lower Saxony Basin during the Toarcian was
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et aI., 1991.
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The apparent lack of differential subsidence of the Lower Saxony Basin during the
Cenozoic has been interpreted to indicate that the basin has reached thermal and isostatic
equilibrium as a result of its inversion (Betz et ai., 1987).

1.5.3 Posidonia Fm.
Jurassic stratigraphy of northern Europe contains three favored intervals of
organic-rich shale deposition: the Toarcian, the Callovian-Oxfordian, and the
Kimmeridgian (Jenkyns, 1988). The organic-rich mudstones of the Posidonia Fm.
represent the most widespread distribution of Toarcian deposition in northern Europe
(Jenkyns, 1988) (Fig. 12). Correlative European Toarcian organic-rich mudstone
equivalents are the Jet Rock in northern England and the North Sea, and the Schistes
Carton in France. Deep marine organic-rich, Toarcian-aged mudstones are also present in
Italy, Austria, Hungary, and Tunisia, and epicontinental equivalents are known in Western
Canada (Poker Chip Shale), the Arctic slope, Madagascar, Argentina, and possibly
offshore Australia (Jenkyns, 1988). This apparent synchronous and global distribution of
organic-rich Toarcian facies, and the positive 8 13 C excursion associated with these
successions, has led to the interpretation that these rocks were deposited during an Ocean
Anoxic Event (E.g., Jenkyns, 1988; Jenkyns, 1980). The Posidonia Fm. is early
mature to mature throughout most areas of the Central European Basin system, but
reaches very high maturation levels (overmature) near the southern margin of the Lower
Saxony Basin. The Posidonia Fm. is considered to be the principal source rock in the
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onshore portion of the Central European Basin System (Littke et aI., 2008), and is
dominantly marine type-II kerogen (Horsfield et aI., 2010).
The Posidonia shale is famous for excellently preserved fossils and high amounts
of organic matter, up to 16% TOC (Rohl et aI., 2001). Typical Posidonia Fm. exposures in
Germany consist of bioturbated mudstones, bituminous mudstones, and laminated oil
shales (RoW et aI., 2001). The bioturbated mudstones are described as light colored marls
commonly displaying a burrow mottled fabric homogenized due to bioturbation and TOC
values typically < 1% (RoW et aI., 2001). The bituminous mudstones display indistinct
lamination, shell accumulations, disarticulated phosphatic fish debris, and possess TOC
values ranging 1-10% (RoW et aI., 2001). The laminated oil shales possess distinct
lamination, lack benthic fauna, contain rare and thin silty layers « 1 mm) characterized
by sharp bases, possess> 10% TOC, and average 4% pyrite content in the form of
disseminated framboidal pyrite (RoW et aI., 2001). Principle rock components are clay
minerals, calcite, pyrite, quartz, and organic matter (Littke 1988). The Posidonia Fm.
typically has a thickness ranging 30-60 m (di Primio et aI., 2008).
The Posidonia Fm. is interpreted to have been deposited under anoxic conditions
(Jenkyns, 1988; Littke 1991 ;). The apparent lack of current features, the absence of
burrowing, laminated intervals, abundant organic-matter, and pervasive diagenetic pyrite
are characteristics considered to be indicative of anoxic depositional conditions (Littke,
1991).

,

~i
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CHAPTER TWO: METHODS
2.1 Methods Introduction
The data used in this study were derived from core and wireline log data. Discrete
core samples (50 mm x 20 mm x 20 mm) were strategically chosen after inspection of
cores A and B and later examined using petrographic, Scanning Electron Microscope
(SEM), Total Organic Carbon (TOC), and X-ray diffraction (XRD) techniques. Wireline
log data comprises a complete suite of gamma-ray, density, neutron porosity, sonic, and
resistivity logs acquired over the entire Posidonia Fm. interval in both wells A and B. The
core analyses and wireline logging techniques used to derive data for this study are
summarized below.

2.2 Petrography and Nomenclature
Lithofacies have been classified according to nomenclature proposed by
Mac Quaker and Adams (2003). Distinctions between clay (mineral) and clay (size) are
made to distinguish between mudstones that are rich in a clay-mineral component as
opposed to examples that contain > 50% clay-sized material that is composed of calcite.
Petrographic descriptions characterize both the framework and matrix rock components
of the samples. Framework grains form the relatively coarser-grained component of the
rock (sand and silt-sized grains). Matrix components are considered to be the fmergrained detritus that infills space between the framework grains (in this study, commonly
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very fine silt and clay-sized grains, i.e. < 8 )lm) . In mudstones the rock is commonly
supported by the matrix.
Petrography was the main tool in determining a sample's lithofacies assignment;
framework and matrix grain composition and distribution, textural information, and
sedimentary features can only be confirmed through optical and scanning electron
microscopy. The textural and compositional information derived by petrographic analysis
provides insight into the distribution and sources of detrital, production-derived, and
diagenetic rock components.
Optical microscopy was conducted using a Nikon Eclipse 50 microscope at the
Memorial University of Newfoundland. Thin sections were made by WH Petrographic in
the United Kingdom. Thin sections are dark-colored and nearly opaque due to the
relatively high concentration of organic matter and pyrite present within these mudstones.
For this reason, thin section descriptions were greatly enhanced by backscattered electron
(BSE) microscopic analyses.

2.3 Scanning Electron Microscopy
Scanning Electron Microscopy (SEM), particularly backscattered electron (BSE)
imagery coupled with energy dispersive spectrometry (EDS), were used to confIrm
sample mineralogy, to investigate the spatial distribution and relative abundance of
framework and matrix grains, to observe microscopic textural information, and to verify
bulk X-ray diffraction (XRD) data. Element maps constructed using SEM software
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display the spatial distribution of AI, Si, S, Ca, Mg, K, Fe, and P over chosen thin section
areas. These elements were specifically chosen because they form the main rock minerals
within the succession, as confirmed by petrographic, XRD, and x-ray profiles generated
by SEM-Energy Dispersive Spectrometry (EDS). Element maps provide insight into how
the relative abundance and spatial distribution of main rock components (carbonate,
quartz, pyrite, clay) vary between lithofacies.
Before analysis, thin sections are coated with carbon to prevent charging under the
electron beam. Carbon (rather than gold) was chosen because it acts as a conductor but
does not attenuate the x-rays emitted by the underlying section. Conductive coatings are
necessary because many of the phases analyzed are electrical insulators that would
otherwise accumulate charge under electron bombardment and deflect the scanning
electron beam.
The sample surface is bombarded with an electron beam emitted from the SEM
source. This bombardment causes ground state electrons to be excited and ejected from
the atoms near the sample surface, creating electron vacancies. When an electron from an
outer, higher shell then fills in an electron vacancy, an x-ray is released to balance the
energy difference between the two orbitals. The EDS analyzer measures the intensity of
x-rays and their energy spectrum, as emitted from the sample. The energy ofthe x-ray is
characteristic of the element from which the x-ray was emitted. An EDS profile displays a
spectrum of energy versus the relative counts of detected x-rays. As a result, unknown
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minerals can be identified by examining the element peaks that comprise the EDS
spectrum (Fig. 13).
Electron bombardment provokes the expulsion of back-scattered electrons (BSE).
Back scattered electrons are evaluated using (BSE) image analysis. The BSE signal
generated from the sample surface after electron bombardment is translated into a
representative "grey value or backscattered coefficient, 1']" (Gu, 2003) (Fig. 14). The
intensity ofthe BSE signal is proportional to the mineral's average atomic number,
allowing for an approximate identification. Advantages of using BSE signals include the
ability to produce high quality sample images, its high lateral spatial resolution ( :s 0.1
micron), and fast acquisition speeds (10 000 pts/sec) (Gu, 2003). The disadvantage of
relying solely on BSE signals for mineral identification is that some minerals' grey levels
can overlap (eg. chalcopyrite and pentlandite, average atomic number ~ 23.5). In this
study, the grey levels for quartz and dolomite were very similar. This issue was resolved
by using EDS x-ray profiles to constrain the chemical composition of the grains.
Element maps were generated by mapping x-ray intensities within a set window of
a known element. For example, silica exhibits an x-ray energy peak at 1.75 keY, and the
defmed window around this peak is considered to be 1.65 - 1.85 ke V. When a chosen thin
section area is mapped, all x-rays acquired within this energy window show as silica
intensity (i.e. silica content). In all element maps generated for this study, maps made to
show silica x-ray intensities are mapped in red. Relatively bright red areas are associated
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Figure 13. An example of an EDS spectrum acquired from a calcite grain. The EDS x-ray detector measures
the relative abundance of emitted x-rays versus their energy. Element peaks produced by this calcite grain
represent calcium, carbon, and oxygen, confirming its elemental composition .
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Figure 14. An example of a BSE image displaying varying grey levels associated with different minerals.
This image was taken of a nodular concretion (sample l3). Yellow arrows represent calcite, green arrows
mark pyrite, and red arrows signify quartz.
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with quartz, and relatively less bright red grains are associated with clays, micas, and
feldspars. As a result, silica maps are successful in showing the
distribution of siliceous minerals. Minerals inferred from these maps were confirmed
through EDS spectrum analysis.
Element maps can also be overlain to provide insight into the spatial distribution
of rock components and the textural relationships between them. For example, overlaying
a silica (red) map with a calcium (yellow) map produces a composite map that represents
the relative distribution of carbonate and siliceous minerals. When two elements
contained within a common mineral are overlain, their respective colors produce a blend
that is characteristic of that mineral. For example, combining an aluminum (blue) map
with a silica map (red) generates a purple color that is diagnostic of clay material. In
samples where the matrix is clay-dominated, composite element maps show a purpledominated background representative of the clay content. A common composite map
used in this study is a Si- Ca- AI- S map (Fig. 15), as these elements comprise the four
main rock mineral components present within the succession: carbonates, clay, quartz,
and pyrite. These maps reveal variations in the grain sizes of specific minerals from
lithofacies to lithofacies, provide insight into what minerals are associated with certain
textures and rock fabrics, and illustrate how the relative abundances of these main mineral
components vary throughout the succession.
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Figure 15. An example of a BSE image and its associated Ca-AI-Si-S element map taken from an image of
a nodular carbonate concretion (sample 13). A) BSE image showing varying grey levels associated with
different atomic numbers. B) A Ca-Al-Si-S element map constructed from the same image showing the
distribution and textural attributes of calcite (yellow), pyrite (green), quartz (red), and minor clay (purple).
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2.4 Total Organic Carbon (TOC)
The total carbon (TC) content of a sample comprises both its inorganic carbon
(lC) and organic carbon (OC) components.
For the TOC analysis of samples used in this study, total carbon was measured by
a LECO Carbon Sulfur analyser at the Manchester Metropolitan University. The total
carbon content was determined by total combustion of pulverized, 0.2 - 0.3 g samples at
1350°C. Escaping C02 driven off during this process was detected by an infrared
detector. The amount of C02 is calibrated with a pure calcite standard with relative
standard deviations of < 5% (Analytical Methods, 2006). Following this total carbon
analysis, organic carbon contents are determined by decalcifying the samples on a hot
plate and weighted after all inorganic carbonate has been dissolved. At this stage, only
organic carbon is still present in the sample and can be measured. The mass is converted
to percent carbon based on the dry sample weight. The resulting measurements of total
organic carbonate are expressed as a percentage of the whole-rock weight.

2.5 X-Ray Diffraction
X-ray powder diffraction (XRD) is a non-destructive instrumental technique that
is used to identify minerals and crystalline compounds. XRD analyses become very
advantageous when evaluating fine-grained mixtures where mineral phases and relative
mineral proportions are hard to discriminate through optical microscopy. In this study,
XRD data were used to constrain the whole rock modal mineralogy of the mudstone

51

samples. This data provided insight into the relative proportion of the main mineral
components in this mudstone succession: silicates, clays, carbonates, and sulfides. The
XRD data were also used to confirm the dominant and minor mineral species observed
from SEM analyses. Essentially, the XRD analyses provided quantitative data which
described mineral abundances and also served as a useful complement to data generated
through SEM, TOe, and optical microscopy analyses. The XRD data used in this study
was acquired at the Memorial University of Newfoundland by a Rigaku Ultima IV X-ray
diffractometer. MDI JADE 9 analysis software was used to process and quantify this
XRD data at the Memorial University of Newfoundland.
The crystal lattice of a mineral is a regular, three-dimensional distribution of
atoms in space. They are arranged such that they generate a series of parallel planes of
regular, repeating atoms. These planes exist in a number of different orientations and are
separated from one another by a characteristic distance, d . Every crystalline solid
possesses a unique pattern of d-spacings. When a focused x-ray beam collides with a
plane of atoms and certain geometric requirements are fulfilled, x-rays scattered from the
crystalline solid can constructively interfere and produce a diffracted beam. The type of
atoms that defme a mineral lattice, and how they are arranged, dictates how x-rays are
diffracted. Because x-ray diffraction patterns are directly related to mineral crystal
structures, x-rays are diffracted by every mineral differently. The angle at which an x-ray
beam of known wavelength will diffract from a crystalline surface is described by Bragg's
Law,
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nA = 2dsin<J>
where n is an integer, A is the wavelength of the incident wave, d is the spacing between
planes of the atomic lattice, and e is the angle between the incident ray and the scattering
planes. XRD data are diffraction patterns generated by the constructive interference of
scattered x-rays that satisfy Bragg's Law.
X-ray diffractometers are comprised of three main elements: a sample holder, an
x-ray tube, and an x-ray detector.
XRD samples are prepared as a finely ground powder and are carefully placed
onto a holder. When processing the samples for this study, an aluminum pack mount was
used. Special care is taken to avoid packing the sample too densely onto the holder in
order to ensure that the powdered material does not have a preferred crystalline
orientation.
The XRD procedure requires a coherent beam of monochromatic x-rays of known
wavelength. The analytical x-rays used for x-ray diffraction are created inside a cathode
ray tube by heating a filament to produce electrons (Dutrow and Clark, 2011). These
electrons are accelerated by subjecting them to voltage (40 kV in this study) , and then
directed to strike a pure metal anode in a sealed vacuum tube. Characteristic x-rays are
produced when the electrons dislodge the inner shell electrons of the target metal anode
(Cu, Fe, Mo, Cr) ,producing a known wavelength, or set of wavelengths, that will
dominate the generated x-rays (Connolly, 2007). A copper anode was used in the XRD
analysis for this study, and the wavelength associated with this anode was 1.54 angstroms.
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After the analytical x-rays are generated, they are directed at the powdered
specimen. The sample is rotated in the path of the collimated x-ray beam at an angle,
8 ,while the x-ray detector is mounted on an arm to collect the diffracted x-rays and
rotates at an angle of28 (Dutrow and Clark, 2011). The instrument used to rotate both the
x-ray tube and the sample is called a goniometer. In this study, x-rays were collected
through theta 5° to 75°, with a step size of 0.02° at a 1 sec. count rate.
As the sample and detector are rotated the intensity of the reflected x-rays is
recorded. A peak in x-ray intensity created by constructive interference occurs when the
geometry of the incident x-rays striking the sample satisfies Bragg's Equation (Dutrow
and Clark, 2011). The detector records, processes and translates this x-ray signal to a
count rate which is then transmitted to a device such as a printer or computer monitor as a
diffractogram. Peaks on diffractograms are generated where the x-ray beam has been
diffracted by the crystal lattice, and are plotted as angle vs. peaks in intensity. The XRD
diffractometer used in this study was calibrated to an in-house and Rigaku quartz standard
before running samples to ensure that there were no erroneous peak shifts when acquiring
data. Multiple runs for a chosen test sample generated XRD diffractograms with good
reproducibility (Fig. 16).
Once the diffraction pattern for a sample is generated, the peaks can be compared
to XRD reference patterns in the Powder Diffraction File (PDF); a database of x-ray
powder diffraction patterns for a variety of materials (and minerals) maintained by the
International Center for Diffraction Data (ICDD). A non-linear, least squares algorithm is
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used to refine a theoretical peak profile until it matches the actual, measured peak profile.
This method, referred to as a Rietveld Refinement, allows the quantities and identities of
unknown crystalline and amorphous components in multi phase mixtures to be
determined. The accuracy associated with data derived by Rietveld refmement software at
the Memorial University is reported to be ± 5%, based upon a known quartz beryl
solution. In this study, data derived from Rietveld refinement analyses exhibited good
reproducibility. The bulk mineralogy produced by three repeat Rietveld refinements of a
sample are shown in Table 1 .
XRD data was an additional means of refining lithofacies' characteristics, but
could not be solely relied on to differentiate groups of samples. When reviewing XRD
bulk mineralogy data it is important to consider that some primary compositions may be
skewed due to diagenetic overprints. Calcite-filled fractures represent diagenetic
overprints that can inflate a sample's carbonate concentration and result in misleading
primary clay:carbonate ratios. These fractures are present throughout the mudstone
succession and samples that incorporate fracture fill are noted in Tables 3-4 (pp 149-150).
In cases where fractures are present, samples are assigned to a representative lithofacies
by the characteristics of the host rock containing the fracture as revealed by petrographic
and SEM analyses. This lithofacies study has shown that XRD data cannot make useful or
appropriate rock descriptions without incorporating petrographic or SEM analyses. XRD
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Table 1. Sample reproducibility using MDI JADE 9 analysis software and the Rietveld refmement method.
Sample
run

Calcite
(wt%)

Dolomite
(wt%)

Illite
(wt%)

(wt%)

Pyrite

Quartz
(wt%)

Gypsum
(wt%)

Apatite
(wt%)

Anorthite
(wt%)

value

I

15.0

10.2

43.0

6.4

20.9

2.6

0.5

1.4

9. 18

2

14.5

10.5

45.0

6.3

20.3

2.4

0.4

0.6

9.44

3

15.0

10.1

42.9

6.4

20.9

2.7

0.5

1.5

9.0

R
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analyses respond indiscriminately to rock components of the same mineralogy (e.g.,
coccoliths vs. calcite fractures) without recognizing the variable origins of these
components that signify shifts in depositional environment and subsequent diagenesis.

2.6 Wireline log data
Wireline logging has been a primary tool in conventional oil and gas exploration
and production for decades. Increased exploration for unconventional oil and gas targets
and growing interest to produce unconventional resources means that wireline logging
techniques are now being applied to shale gas and other unconventional plays.
Wireline log data provides down-hole information that can be integrated to derive
important rock properties. This study incorporates gamma-ray, sonic, resistivity, and
density wireline log data acquired from wells A and B. Depths on the logs are reported as
reference depths below the top of the Posidonia Fm., i.e. "-10m" means 10 m below the
top of the formation. This discussion focuses on what each tool measures and how each
tool has been traditionally interpreted when examining conventional hydrocarbon
resources.
Interpreting wire line log data for mudstone successions requires an approach that
must be adjusted to account for the unconventional issues associated with these finegrained successions; conventional applications do not always apply to mudstones.
Relative to conventional succession that are a mixture of sandstones, carbonates, and/or
mudstones, mudstone-dominated successions tend to be radioactive as a result of high
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clay contents (i.e. increased U, Th and K), contain high concentrations of bound water,
and exhibit very low conventional porosity values (with pore sizes ranging from 10-7 to
10-9 m). The relatively high proportion of contained clay and bound water in siliciclastic
mudstones means that they have high irreducible water saturations. These compositional
effects and water saturations must be considered when assessing these rocks as these are
issues not typically encountered in wire line log assessments associated with intervals
dominated by more conventional sandstones and carbonates.

2.6.1 Gamma-Ray Log
The gamma-ray log records the radioactivity of the formation. Formation gamma
radiation emanates from the naturally occurring uranium-238 and thorium-232 series,
including their daughter elements, and potassium-40 (Smolen, 1996). The total gammaray log records the radioactivity of the sum of these three radioactive elements, while the
spectral gamma-ray log reports the individual contribution of each of these elements to
the total measured radioactivity. The gamma-ray log is commonly denoted by the symbol
GR and is measured in API (American Petroleum Institute) units; GAPI (gamma-ray API)
units are the accepted industry standard. API units are empirically defined in a artificial
reference well at the University of Houston that contains rocks of accurately known
radioactivity. The photons emitted by each of the three sources have no mass and no
charge, but are associated with a great amount of energy (Rider, 2002). Potassium,
thorium, and uranium emissions measure between 0-3 MeV (million electron volts)
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(Rider, 2002). As gamma-rays pass through materials their energy is progressively
reduced as they collide with other atoms in the rock, referred to as Compton scattering
(Rider, 2002). Compton scattering continues until the energy of the gamma-ray becomes
completely absorbed by the formation.
The simple gamma-ray tool comprises a scintillation detector composed of a
sodium iodide crystal, 2 cm in diameter and 5 cm long, coupled with a photomultiplier
tube (Rider, 2002) (Fig. 17). Small flashes oflight created by the penetration ofthe
crystal by gamma-rays are collected by the photomultiplier and transformed into an
electric pulse (Schlumberger Oilfield Glossary, 2011). The frequency and amplitude of
the electric pulse is related to the number of gamma-rays and their characteristic energy
levels. The amount of energy accumulated during a set time interval (i.e. the time
constant) is converted to the gamma-ray count rate. The time constant is related to the
logging speed (Table 2). The vertical resolution of the simple gamma-ray tool is
approximately 200 mm above and below the detector along the borehole, and the radial
depth of investigation is approximately 100 mm (Rider, 2002). Gamma-ray tools are rated
to at least 149 DC and 137.9 MPa, and are typically at least 85.6 mm (3 3/8 in.) in
diameter (Smolen, 1996).
Similar to the simple gamma-ray tool, the spectral gamma-ray tool is also
comprised of a scintillation detector and photomultiplier tube. The sodium iodide crystal
is much larger, measuring 50 mm in diameter and 200 mm in length (Rider, 2002), in
order for the tool to achieve a better "counting" sensitivity (Rider, 2002). In the spectral
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Figure 17. Schematic of a generalized gamma-ray tool. Figure from Rider, 2002.
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Table 2. Typical time constants and associated logging speeds for the simple gamma-ray tool
(Rider, 2002).

Time-constant
(seconds)

Logging speed
(m/h)

Formation
logged in time
constant
(em)

1

1080

30.0

2

550

30.5

4

275

30.5

6

140

31.0
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gamma-ray tool, the intensity of the flash produced by gamma-rays passing through the
crystal is dependent on the energy of the incident gamma-ray (Rider, 2002). Gamma
radiations are identified by placing these characteristic energy rays into pre-defined
energy windows that sort through the distinctive energy peaks of the individual
radioactive elements (K, Th, U) (Rider, 2002). The principal peaks used to identify K, the
uranium-radium series, and the thorium series are 1.46 MeV, 1.76 MeV, and 2.62 MeV,
respectively (Fig. 18).
The gamma-ray log is conventionally used to provide insight into lithological
variations. Shales are often associated with high gamma values because the clays they
contain are enriched in K, U and Th relative to other rock types. Organic matter is
associated with relatively high gamma-ray concentrations as carbonaceous material can
efficiently extract uranium from solution, because uranium is fixed in reducing conditions
(Swanson, 1960; Adams and Weaver, 1958). The tendency for uranium to be concentrated
in phosphatic minerals such as apatite (Emsley and Hall, 1976) means that sediments
enriched in these minerals are often associated with relatively high gamma-ray
concentrations.
The relative radioactivity of sandstones depends on the composition of the rock.
Sandstones are usually associated with low gamma-ray values relative to shales because
they are often enriched in non-radioactive quartz (Rider, 2002). However, additional
detrital components can be radioactive. Micas and feldspars contain potassium, heavy
minerals contain thorium, and lithic fragments contain shale comprised of clays (Rider,
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2002). Varying proportions of these radioactive components can cause sandstones to
exhibit relatively low to high gamma-ray values.
Relatively clean carbonate rocks are associated with low gamma-ray signatures
(Rider, 2002). They can be associated with moderate to high gamma-ray values,
however, ifthey contain organic matter (Rider, 2002). Salts, anhydrite, and coal produce
abnormally low values on the gamma-ray log (Rider, 2002).
In conventional petroleum application, the gamma-ray log is used to differentiate
relatively high gamma-ray rocks such as shales (i.e. potential source rocks enriched in
organic matter or low porosity seals) from lower gamma-ray rocks such as carbonates and
sandstones (i.e. potential reservoir lithologies).
The gamma-ray log is also used to provide insight into depositional environments
(Rider, 1990; Cant 1992; Emery and Bertram, 1996; Nicols, 2009). Gradual changes in
the proportion of commonly high gamma-ray rocks (i.e. shales) and lower gamma-ray
rocks (i.e. sandstones and carbonates) is used to infer progressive changes in rock types
that are indicative of compositional trends associated with certain depositional
environments. These gradual compositional changes produce shapes on the gamma-ray
log that are conventionally used to suggest various environments of deposition or
depositional trends. The three principle shapes are the bell, funnel and blocky/cylindrical
shapes (Fig. 19). The bell shape is created by upwards increasing gamma-ray values, the
funnel shape is created by upwards decreasing gamma-ray values, and the blocky/
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Figure 19. The three principle gamma-ray trends and examples of corresponding sedimentary
interpretations (Rider, 2002). The bell shape can be related to channel deposits, characterized by a finingupwards trend and progressive enrichment in muddy material and depletion in sandy material. The funnel
shape can be related to a coarsening-upwards barrier bar deposit, and the cylinder shape can be associated
with a blocky channel sand. These shapes are general indications of depositional environments;
interpretations vary from interpreter to interpreter.
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cylindrical shape is associated with stable low-gamma ray values between high gamma
shoulders (Rider, 1990).
The gamma-ray data used in this study was acquired by a high resolution
Schlumberger Hostile Environment Natural Gamma Ray Sonde (HNGS) tool. This tool
has a measurement range of 0 to 2,000 API units, a vertical resolution ranging 20.32 to
30.48 cm, a depth of investigation of24.13 cm, and the following element accuracies: K
± 0.5%, Th ± 2%, and U ± 2% (Schlumberger, 2004).

2.6.2 The Density Log
The density log measures a formation's bulk density. The bulk density comprises
the solid rock matrix and fluids contained within the pore spaces (Rider, 2002).
Modem tools comprise a focused gamma-ray source and near and far detectors.
Cs-137 is a common radioactive source used in modem density tools to generate gammarays (Schlumberger Oilfield Glossary, 2011). When a gamma-ray collides with an
electron, part of its energy is transferred to the electron and the gamma-ray is scattered at
a reduced energy. The magnitude of Compton Scattering of gamma-rays is dependent
upon the density of the material through which it travels. As density increases, Compton
Scattering is reduced and fewer detectable gamma-rays reach the tool's detectors (Rider,
2002). As density decreases, Compton Scattering increases and more gamma-rays reach
the tool's detectors. Compton Scattering is related to the electron density of the formation,
which is very closely related to its bulk density (Rider, 2002). This relationship forms the
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basis for the density log. The detectors measure the gamma-rays that are scattered by the
rock, and these detector counts are converted directly to bulk density measurements
(Rider, 2002). The bulk density log is expressed in units of g/cm3.
The density measurement is based on the average density of the material between
the source and the detector. In effort to minimize the effect of the drilling mud on the
density measurement, sensors are placed on a pad that is pressed firmly against the
borehole wall and the source and detector are focused into the rock (Schlumberger,
Oilfield Glossary, 2011). Despite this precaution, the drilling fluid mudcake that
occasionally forms between the borehole and the formation may affect the measurement,
so several detectors may be used at different spacings to compensate for the mudcake
(Schlumberger, Oilfield Glossary, 2011).
The density log is used to determine the porosity of the formation. If the grain
(matrix) density and the fluid density within the rock are known, porosity can be
determined by the equation:
porosity (<I» = (pma - pb) / ( pma - pf),
where prna is the matrix ( or grain) density, pfis the fluid density, and pb is the bulk density
as measured by the tool. The density ranges of common lithologies are shown in Figure
20. The bulk density of oil (0.85 g/cm3) is similar to that of water (1.0 g/cm3). Gas,
however, is considerably less dense (0.0007 g/cm3) and can reduce the bulk density,
resulting in inflated porosity values (Rider, 2002). Organic matter is associated with
relatively low densities, ranging 0.50 g/cm3 to 1.8 g/cm3 (Rider, 2002).
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Modern density tools have an approximate depth of investigation of 10 cm (Rider,
2002). At typical logging speeds of 400 m/ hr ( 1300 ftI h), density tools have a typical
bed resolution of 60 cm (Rider, 2002). At slower speeds, however, bed resolution can
improve to 15 cm (Rider, 2002). The density data used in this study was acquired by a
High Resolution Density Device (HRDD) Schlumberger tool.

2.6.3 The Resistivity Log
The resistivity log measures a formation's resistance to the passage of an electric
current. Rock resistivity is governed by the passive but constricting formation and the
conductive fluids it contains (Rider, 2002). Most rocks are considered to be insulators,
however, conductive minerals do exist (e.g., clays, pyrite). Pore fluids are generally
conductors, with the exception of hydrocarbons which are infinitely resistive (Rider,
2002). Conductive formation waters are often saline; a typical saline formation brine
contains 200,000 ppm in dissolved salts (Rider, 2002).
Given that this study pertains to a mudstone succession, the conductivity of bound
water associated with clays must be considered. Clays are composed of stacked silicate
layers that become negatively charged in the presence of water (Rider, 2002). The surface
layers dissociate into an immobile negatively charged framework and positive, currentconducting ions. As a result, the clay surface becomes conductive and the interior of the
clay mineral grains remains non-conductive. Adsorbed water attaches to the outside clay
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surface (Rider, 2002) This bound water is physically bound to the clay minerals and
makes them relatively conductive.
Rock textures such as grain arrangement and pore geometries can impact upon a
rock's efficiency to pass a current through its conductive pore spaces (Fig. 21). The
formation resistivity factor (F) is a measure or how efficiently a current can pass through
the pore spaces in the rock. The easier the path through the pore spaces, the easier a
current can pass through (Rider, 2002). The formation resistivity factor is small if the
passive role of rock is small; the formation resistivity factor increases as the rock
progressively inhibits the passage of an electrical current through its pore spaces (Rider,
2002). 1t is expressed as the ratio of the formation resistivity to the resistivity of the fluid
that it contains (Rider, 2000):

Ro= F xRw ,
where Rw is the resistivity of the formation water and Ro is the original resistivity.
The resistivity index (I) describes the ratio of the true resistivity to the resistivity
of the same rock if it were filled completely with water:

I=RJRo
G.E. Archie (1942) proposed a series of equations that relate the true resistivity of
the rock (Rt), the resistivity of the formation water (Rw), the rock porosity (<1», and the
water saturation of the rock (Sw). The Archie equation is the basis for all conventional log
interpretation techniques. It is summarized as:
Sw n = aRwl <l>mRt ,
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Figure 21 . This schematic illustrates how three formations with the same porosity can have different
resistivity factors, F. The formation resistivity factor increases as the rock progressively inhibits the
passage of an electrical current through its pore spaces (Rider, 2002).
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where n is the saturation exponent, m is the cementation factor, and a is an empirical
constant. The saturation exponent is generally taken as 2 (El-Khatib, 1997), and m is
dependent on rock type.
Archie (1942) also proposed the relationship between the resistivity formation
factor and porosity:
F = a / <pm

The techniques used to measure formation resistivity stem from the same
principle. An electric current is sent into the formation by one or several electrodes. The
current travels through the formation and is measured by one or several receiving
electrodes at a known distance from the electrode(s) that emitted the current.
The resistivity data used in this study was acquired by a duallaterolog resistivity
tool. Laterolog tools are focused resistivity tools that are designed to operate in
conductive drilling fluids and are best suited to low porosity rock conditions (Widijanto,
2006). Duallaterolog tools measure resistivity at two different depths simultaneously:
deep (i.e. LLD) and shallow (i.e. LLS). The main current beam to be measured is emitted
by a main electrode (Ao) and is forced horizontally into the formation. This main current
is focused by an array of bucking currents generated by electrodes (A1-A2, A'1-A'2)
above and below the main current. Monitoring electrodes (M1,M2,M'1, M'2) form a loop
that adjusts the bucking currents to ensure that no current is established in the borehole
between the electrodes (Fig. 22).
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LLD

.------('~

Figure 22. Generalized duallaterolog tool configuration showing the main electrode (Ao), bucking currents
created by electrodes (A I-A2, A' l-A'2) and monitoring electrodes (Ml,M2,M' 1, M'2) (Widijanto, 2006).
The deep resistivity measurement (LLD) reads deeper into the formation relative to the more shallow
measurement (LLS).
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In order to acquire deep resistivity measurements, both the measured current and
the bucking currents return to a receiving electrode located on the surface. This increase
in distance between the emitting and receiving electrodes improves the depth of
investigation into the formation (but reduces the vertical resolution), allowing for a
more accurate measurement of the true formation resistivity (Rt). When acquiring the
shallow resistivity measurement, the bucking currents flow from Al to A2 and AI' to A2'.
As a result, the main current cannot be focused as far into the formation and the depth of
investigation is shallow relative to the deep measurement (LLD).
The shallow and deep resistivity measurements used in this study were acquired
by a High-Resolution Azimuthal Laterolog Sonde (HALS) Schlumberger tool. In addition
to collecting deep and shallow resistivity measurements like conventional duallaterolog
tools, this tool provides azimuthal resistivity measurements to allowed increased
resolution of deep resistivity readings (Smits et al.,1995). This high resolution tool has a
vertical resolution of 20.32 cm, a maximum depth of investigation of 81.00 cm
(depending upon the formation and mud resistivity ), a measurement range of 0.2 to 4,000
ohm-m, and an accuracy of 1 to 2,000 ohm-m ± 5 % (Schlumberger, 2004).

2.6.4 The Neutron Log
The neutron log is a measure of hydrogen within the formation and is dependent
upon the formation's ability to attenuate the passage of neutrons. There is no absolute
scale for neutron logs. Modem neutron logs are recorded in apparent porosity units with
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respect to a specific mineralogy. Calcite is a common default mineral, and when it is used
as a reference it means that the porosity values will be true porosities in limestone
intervals. The log is presented in units of porosity (vol/vol or porosity units, p.u.) relative
to the referenced mineralogy.
Neutrons are electrically neutral particles; they have a similar mass to hydrogen
atoms. In conventional neutron tools high-energy, fast-moving neutrons (4.5MeV) are
continuously emitted from either a radioactive source or neutron accelerator (Glover,
referenced 2011). Common radioactive sources are a combination of two elements, a
source of alpha radiation such as Radium, Plutonium, or Americium, and Beryllium-9
(Glover, referenced 2011). As these neutrons collide elastically with the nuclei of the
formation in a series of billiard ball collisions, the neutrons progressively lose energy and
produce low energy gamma-rays. The initially fast neutrons ( > 0.5 Me V) pass through
various stages of energy loss: intermediate neutrons ( 102 to 105 e V), epithermal neutrons
(0.1 to 100 eV), and thermal neutrons

«

0.1 eV) (Glover, referenced 2011). The slow

neutrons and gamma- rays are detected and their count rate is related to the amount of
hydrogen atoms in the formation (Glover, referenced 2011). When the rock contains
relatively large concentrations of hydrogen atoms, the neutrons are slowed and absorbed
quickly over a short distance, producing a slow neutron count rate and a low capture of
gamma-rays by the tool (Glover, referenced 2011). When rocks contain a smaller
concentration of hydrogen atoms the neutrons take more time to become absorbed,
producing a higher count rate of slow neutrons and an increase in captured gamma-rays.
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Neutron logs are used primarily to delineate porous zones and to determine their
porosity. In formations containing conventional porosity, it is assumed that the
contribution to the measurement of hydrogen comes entirely from fluids within the pore
spaces (i.e. water and hydrocarbons) and that the contribution to the measurement by
elements other than hydrogen is negligible (Glover, referenced 2011). As a result, the
count rate will be low in high porosity rocks and high in low porosity rocks (Glover,
referenced 2011). Rock components other than hydrogen that will contribute to the
measurement, however, include bound water in shales related to clay content (Glover,
referenced 2011). The additional hydrogen content in clays as a result of contained
hydroxyls increases the hydrogen measurement ofthe formation. As a result, inflated
hydroxyl concentrations translate into erroneously high porosity readings. Gas present in
pore spaces causes reduced porosity readings, as gas contains a low hydrogen density
(Neutron porosity, 2011). As a result, the count rate is higher and the apparent porosity is
lower (Neutron Porosity Logging Revisited, 1994).
The neutron porosity data used in this study was acquired by a Schlumberger
Accelerator Porosity Sonde (APS) tool. Instead of using a conventional radioactive
source, the APS tool uses an electron pulsed neutron generator (PNG) (APS Accelerator
Porosity Sonde, 2009). The tool comprises a 14 MeV neutron accelerator and five
detectors (one thermal and four epithermal neutron detectors) (Neutron Porosity Logging
Revisited, 1994) (Fig.23). The range of measurement for this tool is 0 to 60 pu, vertical
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Figure 23. Schematic of a neutron porosity tool. Shown here is the Schlumberger APS Accelerator Porosity
Sonde (Oilfield Review, Schlumberger, 1994). Similar to other neutron tools, it contains near and far
epithermal detectors and a thermal detector. This tool is equipped with two additional epithermal detectors
called the epithermal array.
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resolution of this tool is 35.56 cm, the depth of investigation is 17.78 cm, and the
accuracy is as follows: < 7 pu: ± 0.5 pu; 7 to 30 pu : ± 7% ; 30 to 60 pu : ± 10%. The data
used in this study was recorded relative to a limestone matrix and is presented in vol/vol
units.

2.6.5 The Sonic Log
The sonic log is an expression of the formation's ability to transmit elastic sound
waves. The sonic tool contains a transmitter that emits a pressure pulse in the surrounding
formation. These source pulses range 10-40 kHz, are emitted in short pulses, typically 20
pulses per second, and with wavelengths of7.5 to 75 cm (Rider, 2002). This pulse creates
waves that travel through the rock and back to a receiver on the tool. The first wave
arrivals back to the tool are compressional p-waves, followed by shear waves. The time
between the transmission of the pulse and the reception of the compressional wave is the
transit time between the transmitter and the receiver. The distance between the transmitter
and the receiver is known, therefore the wave velocity through the rock can be
determined. The sonic log records the travel time of waves versus depth, and is reported
in Ilsec/m. The interval transit time is the reciprocal of the velocity of the sound wave.
The interval transit time for a given formation is dependent upon the elastic properties of
the rock, the matrix and the fluid contained within the pore spaces.
In conventional wire line log interpretations the sonic log is used to determine
porosity. The sonic log's dependancy upon lithology and porosity means that when the
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matrix of the rock is known, porosity can be determined. The velocity ofa p-wave
through a material is directly proportional to the material's stiffness and inversely
proportional to its density (Glover, referenced 2011). Therefore, the slowness of a p-wave
in a material is inversely proportional to the stiffness of the material and proportional to
its density.
This research studies an organic-rich mudstone succession. The conventional
approach of using the sonic tool to determine porosity must be taken into consideration
when interpreting these rocks, as they likely do not contain conventional porosity and are
dominantly comprised of very fine-grained matrix material.
Conventional sonic tools usually focus on p-wave arrivals and ignore shear waves
(Rider, 2000). However, modem sonic array tools equipped with an array of receivers
can fully measure shear waves and produce data for specialist applications. One
application of shear waves is to cross-plot shear wave slowness against compressional
wave slowness to determine approximate lithology discriminators (e.g., Pickett, 1963).
Sandstones are generally characterized by ratios of 1.6-1.75, while limestones produce an
approximate ratio of 1.9 (Rider, 2000).
The sonic data used in this study was acquired by a Schlumberger array sonic tool.
This tool measures the interval transit times of both compressional and shear waves,
presented as the DTCO and DTSM logs, respectively. The general depth of investigation
of modem sonic tools is dependent upon the magnitude of the pulsed sound wavelength,
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and ranges 2.5 to 25 em (Rider, 2002). The general bed resolution of modern sonic tools
is 60 em (Rider, 2002).
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CHAPTER THREE: OBSERVATIONS
3.1 Introduction
Presented here are detailed observations derived from optical microscopy,
scanning electron microscopy, x-ray diffraction, total organic carbon analysis, and
wire line log data. Produced textural and compositional data were integrated to develop
lithofacies based upon grain size, compositional, and textural variations, to investigate
stacking patterns, and to highlight wireline log trends.

3.2 Lithofacies
Lithofacies present in the two wells have been determined from data derived by
visual core inspection (Fig. 24), thin section analyses (optical microscopy and
backscattered electron microscopy), bulk rock x-ray diffraction determinations, Toe
analyses, and wireline log responses. Presented here is an explanation of each lithofacies
summarizing core attributes, mineralogy, microscopic framework and matrix rock
components, textural information, organic richness, and correlative wire line log
characteristics. Stacking patterns are described and the associated wireline log trends are
characterized. Referenced tables are XRD mineral abundances (Tables 3-4) , TOe values
(Table 5) and wireline log values (Tables 6-7). Samples 29, 30, and 31 were sampled from
formations above and below the Posidonia Fm. and were not incorporated into this
lithofacies assessment.
Seven lithofacies have been observed in wells A and B (Fig. 25):
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Lithofacies #1: "Laminated, silt-bearing, clay-rich mudstone"
Lithofacies #2: "Laminated, sand and silt-bearing, clay-rich mudstone"
Lithofacies #3: "Laminated, sand, silt, clay, and coccolith-bearing mudstone"
Lithofacies #4: "Concretions"
Lithofacies #5: "Thin-bedded, bivalve and fecal pellet-bearing, clay-rich

mudstone"
Lithofacies #6: "Shell pavement"
Lithofacies #7: "Pelleted, silt and clay-bearing, coccolith-rich mudstone"
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Figure 24, Core examples from wells A (A) and B (B). Calcite-filled fractures are a common feature
present throughout both cores. Calcite concretions are present in both wells.
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Figure 25. Sample locations and lithofacies assignment shown relative to the gamma-ray logs of wells A
(A) and B (B). Reference depths from formation top are shown (top is at Om). Blue circles represent
nodular concretions observable in core.
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3.2.1 . Lithofacies #1 : Laminated, silt-bearing, clay-rich mudstone
This lithofacies was encountered in both wells A and B in the upper half of the
studied succession. Near the base of the succession in well A there was an outlier
occurrence of this lithofacies. In core, this lithofacies is medium grey in color and
exhibits parting spacings (Fig. 26). These partings are distinguishable due to variations in
grain size and to a lesser extent, color. Pyrite lags are present and typically < 1.0 mm in
thickness. Burrow mottling is visible. Calcite-filled fractures with minor euhedral pyrite
grains are associated with occasional samples in this lithofacies. When present, these
fractures exhibit an en-echelon distribution and are oblique to the parting spacings (Fig.
26). Fracture thickness is not consistent along the length of the fracture and ranges from
1.0 to 10.0 mm.
This lithofacies exhibits a clay:carbonate ratio > 1. This group of
samples contains moderate to high TOC values, ranging 6.94 - 9.53 wt%. Mineral
abundances by XRD are summarized in Tables 3-4. Particular points worth noting relative
to other lithofacies are : clay concentrations are the highest encountered throughout the
entire succession (range from 36.9 to 59.4%), carbonate concentrations are among the
lowest encountered throughout the entire succession (range from 14.3 to 38.2 %), quartz
is moderate in abundance (ranging from 13.3 to 19.0 %), pyrite concentrations are
moderate (range from 3.2 to 4.6%), and apatite is low in abundance when present
(ranging from undetected to 1.0 %). This lithofacies also contains minor concentrations of
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2cm
Figure 26. Core samples of Lithofacies #1 from well A. A) Medium grey mudstone showing subtle laminae
composed of slightly darker, fmer-grained material and slightly lighter, coarser-grained material. B) Core
sample showing typical en-echelon, calcite-filled fractures oblique to parting spacings.
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framework mica (ranging from undetected to 3.4%) and kaolinite (ranging from
undetected to 2.8%).
Framework grains are dominantly in the silt-sized fraction with lesser very fme
sand-sized grains. Grains in the silt-sized fraction include quartz, dolomite, apatite, pyrite,
and calcite (Fig. 27). Silt-sized quartz grains are rounded and spherical in shape, ranging
from 5 to 20

~m

in diameter. Very-fme sand-sized grains are present but minor in

abundance relative to Lithofacies #2 and #3. When present, very-fine sand-sized quartz
grains are rounded and elliptical in shape, ranging from 70 to 120

~m

in diameter.

Carbonate framework grains (calcite, dolomite) are low in abundance relative to other
lithofacies. Dolomite grains are present as subhedral rhombs and rounded grains ranging
from 10 to 30

~m

in diameter. Calcite framework components include shell debris

present as rounded grains and disk-shaped aggregates ranging from 5 to 15

~

in

diameter. Framework shell debris and coccolith-dominated fecal pellets are low in
abundance relative to other lithofacies. Rounded and framboidal pyrite grains in the siltsize fraction range from 10 to 50

~m

in diameter. Apatite grains are rounded and spherical

in shape, typically 10 ~m in diameter. Framework mica is present as lath-shaped, siltand sand-sized grains that range in length from 30 to 100

~m

in diameter. Organic matter

is present in the silt-sized fraction as amorphous masses distributed throughout the
framework component.
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Figure 27. Lithofacies #1 micrographs. A) Element map showing the distribution ofCa (yellow), Al (blue),
Si (red), and S (green). Framework grains are dominated by quartz (red) with lesser amounts of carbonate
(yellow) and pyrite (green). Matrix is dominated by clay (purple) with lesser amounts of dispersed
carbonate and pyrite. B) BSE image showing the clay-dominated, illitic matrix associated with this
lithofacies. Clay materials are highlighted using black arrows. Lesser amounts of carbonate shell debris
and framboidal pyrite are present as minor matrix components. Organic matter is dispersed throughout the
matrix and present as silt and clay-sized, black, anhedral blebs. Coccolith abundance is very low. C)
Optical micrograph illustrating inclined lamina composed of sand and silt-sized quartz, calcite, and pyrite
grains downlapping onto an underlying bedding plane. D) SSE image showing parallel sand and silt-rich
laminae composed of rounded quartz, carbonate and pyrite grains.
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This lithofacies exhibits a clay-dominated matrix with lesser amounts of
carbonate, pyrite, quartz, and organic matter (Fig. 27). The mineral clay fraction is illitic
in composition and is high in abundance relative to matrix compositions of other
lithofacies. Matrix carbonate is low in abundance relative to other lithofacies, present as
anhedral grains ranging from 2.0 to 5.0 11m in diameter. Coccoliths are low in abundance
where present and are typically 1.0 11m in diameter. Matrix pyrite is less common relative
to other lithofacies and is very-flne grained, ranging from 0.25 to 1.0 11m in diameter.
Dolomite and quartz grains are less abundant than matrix carbonate, ranging from 2 to 5
11m in diameter. Organic matter is dispersed as silt and clay-sized fragmentary material
throughout the matrix.
The subtle parting spacings of this lithofacies are deflned by the parallel alignment
of disk and lath-shaped calcitic shell debris and less common mica grains. Sand and siltrich laminae dominated by quartz grains with lesser calcite and pyrite grains are also
present. These sand and silt grains form continuous, sub parallel, inclined laminae that
downlap onto underlying lamina planes (Fig. 27). Parallel, sand and silt-rich laminae are
also present and have the same mineralogy as the inclined, sand and silt-rich laminae
(Fig. 27).
The samples in this lithofacies have similar wireline log characteristics (Tables
6-7). Gamma-ray log responses associated with this lithofacies are high relative to other
lithofacies, ranging 162 to 212 GAPI units. Resistivity measurements are low to moderate
relative to other lithofacies; deep resistivity measurements range from 0.32 to 1.17 ohmm
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and shallow resistivity measurements range from 0.390 to 1.27 ohmm. Sonic
measurements are high relative to other lithofacies; compressional wave transit times
range 96 to 110 f..Ls/f and shear wave transit times range 194 to 215 f..Ls/f. Sample 27
displays sonic values outside this characteristic range (compressional wave transit time is
81 us/f and the shear wave transit time is 160 us/f). Bulk densities are low to moderate
relative to other lithofacies (range from 2.47 to 2.57 g/cm3 ). This lithofacies contains
samples with the lowest density measurements encountered throughout the succession.
Neutron porosity values are high relative to other lithofacies (0.17 to 0.21 v/v), with the
exception of sample 27 which is associated with a relatively moderate neutron porosity
( 0.13 v/v). Sample 27 is associated with occasional wireline log values that appear to be
influenced by surrounding lithofacies (i.e. proximity to a concretion). Despite these
measurements, petrography has shown that this sample is representative of the lithofacies.

3.2.2. Lithofacies #2: Laminated, sand and silt- bearing, clay-rich mudstone

This lithofacies was encountered in both wells A and B in the upper half of the
succession. In core, this lithofacies is medium grey in color and exhibits subtle parting
spacings (Fig. 28). Partings are defined by slightly lighter-colored discontinuous lenses of
coarser-grained material and slightly darker lenses of fmer-grained material. These
parting spacings range in thickness from 5 to 10 mm. Pyrite lags are present and are :s 2.0
mm in thickness. Calcite-filled fractures observed in Lithofacies #1 are also associated
with occasional occurrences of this lithofacies. These calcite fractures exhibit an
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2cm
Figure 28. Core samples of Lithofacies #2 . A) Dark grey mudstone showing subtle partings composed of
darker, fmer-grained material and lighter, coarser-grained material. The coarser-grained partings in this
lithofacies appear to be slightly more coarse than those observed in Lithofacies #1 . Fractures shown here
are oblique to the partings direction. B) Fractures associated with this lithofacies also include examples that
are parallel to the partings direction and generally consistent thickness along their length.
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en-echelon distribution and are oblique to the parting spacings (Fig. 28). In addition to
these oblique fractures, calcite filled fractures parallel to the parting spaces are also
associated with this lithofacies. They range in thickness from 0.5 mm to 10 mm and are
typically uniform in thickness along the length ofthe fracture (Fig. 28).
Petrographic analyses show that this lithofacies exhibits a clay:carbonate ratio> 1.
This lithofacies contains the highest Toe values encountered in the succession, ranging
8.96 - 11.07 wt%. Mineral abundances by XRD are summarized in tables 3-4. Particular
points worth noting relative to other lithofacies are: clay concentrations are
moderate to high (range from 29.3 to 42.9%), calcite is low in abundance (ranging 12.1
to 26.9%) , dolomite concentrations are low to moderate (range from 1.1 to 16.5%), and
pyrite is relatively moderate to high in abundance (ranging 3.0 to 7.0%). Samples that do
not contain calcite fractures possess the highest abundance of quartz relative to other
lithofacies (20.9 to 26.9%). Despite the fact that samples containing calcite fractures
contain moderate quartz when analyzed by XRD, petrography reveals that the host rock
representative of this lithofacies contains relatively high quartz similar to samples in this
lithofacies without calcite fractures. Minor mineral phases include orthoclase (ranges
from undetected to 8.7%), anorthite (ranges from undetected to 2.9%), apatite (ranges
from undetected to 3.0%), gypsum (ranges from undetected to 2.7%), kaolinite (ranges
from undetected to 5%), and muscovite (ranges from undetected to 2.4%).
Framework grains in the very fine sand and silt-sized fraction are dominated by
calcite, quartz, pyrite, and dolomite, with lesser amounts of illitized kaolinite and feldspar
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(Fig. 29). Quartz grains are rounded and range from spherical to elliptical in shape. This
lithofacies contains the coarsest-grained quartz sampled throughout the entire succession;
rounded, elliptical, sand and silt-sized grains range from 0.07 mm to 0.25 mm in
diameter. In addition to these relatively coarse grains, quartz is also present as silt-sized
anhedral grains ranging in diameter from 0.1 mm to 0.07 mm. Coccolith-dominated fecal
pellets range in abundance from low to unobserved. Spherical calcite shell debris
constrained to the silt-sized fraction ranges from 4 to 15

~m

in diameter and is low in

abundance relative to other lithofacies. Lath-shaped calcite grains representing compacted
shell debris are low to moderate in abundance relative to other lithofacies and range from
50 to 100

~m

in length. Dolomite is present as subhedral rhombs ranging 9 to 30

~m

in

diameter and generally exhibit iron rims along grain edges. Pyrite is present as framboids
ranging 6 ~m to 40

~m

in diameter. Relatively coarser-grained pyritized bivalve shells

are rare.
This lithofacies exhibits a clay-dominated matrix with lesser amounts of
carbonate, pyrite, and organic matter (Fig. 29). The clay mineral fraction is illitic in
composition and is more abundant relative to matrix carbonate. The carbonate matrix
component is comprised of spherical shell debris generally 2 to 3
subhedral dolomite rhombs

~

5

~m

~m

in diameter,

in diameter, and scattered pockets of coccoliths low in

abundance relative to other matrix compositions. Fine-grained framboidal pyrite is
disseminated throughout and is generally

~

1 ~m in diameter. Organic matter

dispersed as clay-sized material throughout the matrix.

IS
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Figure 29. Lithofacies #2 micrographs. A) BSE image showing a rounded, sand-sized quartz grain and the
relative depletion of shell debris and coccolith-dominated fecal pellets in the framework component. B)
Element map of previous BSE image (A) showing the distribution ofCa (yellow), Al (blue), Si (red), and S
(green). Framework grains are dominated by quartz (red) with lesser amounts of carbonate (yellow) and
pyrite (green). The matrix is dominated by clay (purple) with lesser amounts of dispersed carbonate and
pyrite. C) BSE image showing the clay-dominated, illitic matrix. Lesser amounts of carbonate shell debris
and framboidal pyrite are present as minor matrix components. Organic matter (O.M.) is dispersed
throughout matrix. Coccolith abundance is very low. D) An element map showing the distribution of Ca
(yellow), Al (blue), Si (quartz), and S (sulfur). Note that the relatively coarser-grained framework
carbonate (yellow) and quartz (red) grains are rounded and elongated parallel to the original bedding plane
direction.
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The laminated texture of this lithofacies is defined by elliptical quartz and calcite
framework grains that form discrete laminae. Beds 1 to 5 mm thick contain laminae sets
composed of alternating clay and silt-rich laminae (Fig. 30). Beds are normally graded
and bedding planes are characterized by sharp bases. Pyrite-rich laminae with lesser
amounts of quartz, calcite and illite are present and parallel to bedding. Bed sets
comprised of pyrite-enriched laminae range in thickness from 0.1 to 2.0 mm. Nonparallel laminae composed of sand and silt-sized carbonate, quartz and lesser pyrite
downlap at low angles onto underlying, parallel laminae sets (Fig. 31).
Wireline log characteristics associated with this lithofacies are shown in Tables
6-7. Gamma-ray values associated with this lithofacies are moderate relative to other
lithofacies (ranging from 136 to 185 GAPI units). Resistivity measurements are generally
low with the exception of some moderate samples; deep resistivity measurements range
0.46 to 0.86 ohmm and shallow measurements range 0.38 to 0.94 ohmm. Sonic values are
high relative to other lithofacies; compressional wave transit times (DTCO log) range 101
to 107

~s/f and

shear wave transit times (DTSM log) range 196 to 219

~s/f.

Bulk density

values are relatively low (2.47 to 2.52 g/cm3). Neutron porosity values are among the
highest encountered in the mudstone succession (0.17 to 0.20 v/v).
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Figure 30. Lamination styles and bedding
characteristics observed in Lithofacies #2. A)
Optical micrograph showing beds comprised
of alternating clay-rich (blue arrow) and siltrich (yellow arrow) laminae. Note that beds
are normally graded and that bedding planes
(BP) are characterized by sharp bases. B)
BSE micrograph of pyrite-enriched laminae.
Purple arrow marks pyrite. This image shows
that they are not always continuous and
exhibit variable thicknesses.

97

Figure 31. Optical micrograph showing inclined laminae downlapping onto parallel laminae in
Lithofacies #2.
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3.2.3. Lithofacies #3: Laminated, sand, silt , clay, and coccolith-bearing
mudstone
This lithofacies was encountered in wells A and B in the upper portion of the
mudstone succession. In hand-specimen this lithofacies is medium grey in color and
exhibits subtle parting spacings approximately 5 mm apart (Fig. 32). Parting spacings are
distinguished by variations in grain size and to a lesser extent, color. Lithofacies #1-3
appear very similar in core, yet the coarser-grained partings in this lithofacies appear to be
slightly more coarse-grained than those observed in Lithofacies #1 and #2. Pyrite lags
parallel to the parting spacings are present and are typically S 1.0 mm in thickness.
Calcite-filled fractures containing euhedral pyrite grains are associated with occasional
occurrences of this lithofacies (Fig. 32). Fractures both parallel and oblique to the parting
spacings are present. Oblique fractures exhibit an en-echelon distribution and range from
0.5 to 7.0 mm in thickness. Parallel fracture thickness ranges from 20 to 75 mm.
This group of samples contains moderate to high TOC relative to other lithofacies
(7.56 to 9.92 wt%). Mineral abundances by XRD are summarized in tables 3-4. Relative
to other lithofacies, particular points worth noting are: carbonate concentrations range
moderate to high (range from 32.3 to 70.2%), clay concentrations are variable (ranging
10.2 to 37.6 %), quartz abundance is moderate to high (ranging 10.3 to 24.7%; an outlier
sample measuring 6.8% contains abundant fracture material), pyrite concentrations range
from low to moderate (range from 1.6 to 5.3 %), apatite is variable in abundance when
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Figure 32. Core sample of Lithofacies #3. This facies is medium grey in color and exhibits subtle parting
spacings defined by variations in grain size. Clay-rich areas are darker relative to silt-rich areas. This facies
is also associated with calcite fractures parallel and oblique to the parting spacing direction.
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observed (ranges undetected to 2.5 %), and mica concentrations are moderate when
observed (ranges undetected to 3.3%).
Framework grains in the very fine sand and silt-sized fraction include calcite,
quartz, pyrite, dolomite, mica, and apatite. Quartz occurs as rounded sand and silt-sized
grains (range from 10 !lm to 100 !lm diameter). Shell debris is moderate in abundance and
includes belemnite and bivalve fragments up to 1.0 mm in length (Fig. 33). Shell debris is
commonly pyritized or contains silt-sized euhedral pyrite grains. Coccolith-dominated
fecal pellets are moderate in abundance and range from 30 !lm to 150 !lm in length.
Subhedral, silt-sized dolomite rhombs (from 10 to 50 !lm) commonly exhibit iron-rich
rims. Silt-sized pyrite framboids range from 5 to 15 !lm in diameter. Sand and silt-sized
muscovite grains (50 to 200 !lm) are lath-shaped and are often illitized. Apatite is present
as silt-sized (5 to 20 !lm) rounded and blocky grains.
This lithofacies exhibits a carbonate dominated matrix with lesser amounts of
clay, pyrite, and organic matter (Fig. 33). Matrix carbonate is comprised of coccoliths
ranging 0.5 to 1.5 !lm in diameter and clay-sized « 1.0 to 4.0 !lm) calcite grains.
Framboidal pyrite grains range from 0.5 to 5.0 !lm in diameter. Clay-sized matrix illite is
minor in abundance relative to carbonate components. Clay-sized organic matter is
dispersed throughout the matrix.
The microscopic laminated texture of this lithofacies is defined by elliptical sand
and silt-sized quartz and calcite framework grains that form discrete parallel laminae.
Beds 0.1 to 5 mm thick contain laminae sets comprised of alternating clay and silt-rich
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Figure 33 . Microscopic features of Lithofacies #3. A) This facies is associated with a moderate
abundance of relatively large framework calcitic shell debris (BSE image). B) Element map showing the
relative distribution of framework grains: calcite (bright yellow), quartz (red), pyrite (green), dolomite
(pink), and illitized mica (bright blue). The fmer-grained matrix material is dominated by carbonate
(yellow) with lesser clay (purple). C) This facies exhibits a carbonate dominated matrix. Matrix
carbonate comprises silt and clay-sized calcitic shell debris (blue arrow), clay-sized coccoliths (yellow
arrows), and clay-sized carbonate grains (black arrow).
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laminae. Beds are normally graded and bedding planes are characterized by sharp bases.
In some instances the lamina within beds appear to be internally homogenized (Fig. 33).
Where homogenized beds are present, the bedding planes are preserved and often some
semblance of normal grading is still visible. Microscopic, parallel, pyrite-rich laminae
0.2 mm thick are present throughout the lithofacies and comprise silt-sized rounded pyrite
grains with lesser calcite and quartz. This lithofacies also contains low angle, inclined
laminae composed of sand and silt-sized quartz, carbonate, and pyrite grains that downlap
onto underlying, parallel laminae (Fig. 34).
Wireline log values associated with this lithofacies are shown in tables 6-7.
Gamma-ray values associated with this lithofacies are low relative to other lithofacies
(101 to 143 GAPI units). Resistivity measurements are relatively moderate; deep
resistivity measurements range 0.53 to 0.84 ohmm and shallow resistivity measurements
range 0.48 to 0.83 ohmm. Sonic values are moderate; compressional wave transit times
(DTCO) range 91 -100 Jls/f and shear wave transit times (DTSM) range 183 to 192 Jls/f.
Bulk densities are low to moderate, ranging 2.49 to 2.55 g/cm3. Neutron porosity values
are moderate (0.15 to 0.17 v/v).
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Figure 34. Textural characteristics of Lithofacies #3. A) In addition to beds consisting oflaminae sets
comprised of alte rnating clay-rich and silt-rich lamina, some beds appear to be internally homogenized as
shown here. Whe n beds exhibit this homogenized fabric, bedding planes (green arrows) are still present
and exhibit sharp bases (optical micrograph). B) This facies contains silt-rich, inclined laminae that
downlap onto underlying, parallel laminae.
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3.2.4 Lithofacies #4: Concretions
This lithofacies was encountered in wells A and B in the middle to lower portions
of the mudstone succession. Nodular and non-nodular concretions are present. In core,
nodular concretions are light grey in color and contain sand and silt-sized pyrite grains
dispersed throughout. These concretions have a high aspect ratio and distinct edges
adjacent to the surrounding mudstone material. Some nodular concretions are
characterized by a rim of pyrite along the outer edge, others contain a concentric
concentration of pyrite in the interior, and some nodular concretions lack both of these
features (Fig. 35). Nodular concretions range in vertical thickness from to 4 cm to 15 cm.
Non-nodular cemented horizons are medium grey in color and contain subtle
discontinuous laminae comprised of darker, clay and silt-sized material. These cemented
horizons range in apparent vertical thickness from 5 cm to 35 cm. In contrast to the
nodular variety, non-nodular cemented horizons have diffuse boundaries where the calcite
cement gradually diminishes outwards into the surrounding mudstone material (Fig. 36).
These samples generally contain the lowest TOC values relative to other
lithofacies, ranging 0.91 to 1.98 wt% in the nodular concretions (sample 52 is an outlier
containing 4.05% wt TOC) and 1.28 to 3.64 wt% in the non-nodular cemented horizons.
Mineral abundances by XRD are summarized in tables 3-4. Particular points worth
noting relative to other lithofacies are: carbonate concentrations are the highest
encountered in all of the mudstone succession (range from 45.4 to 88.9 %), pyrite
abundance is variable in the nodular concretions (range from 2.2 to 40.6 %) and relatively
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Figure 35. Macroscopic and microscopic characteristics of the nodular concretions. A) Nodular
concretions in core. Ruler scale shows mm-divisions. Pyrite distributions observable in core range from
pyrite present as rims along concretion edges (A 1), pyrite-rich laminae present within the concretion
interior (A2), and pyrite present as grains dispersed throughout the concretion and neither concentrated
along the edges or present as intemallaminae (A3). B) Back-scattered electron image showing sand and
silt-sized euhedral pyrite grains dispersed throughout the calcite cement. C) Element map of B) showing the
distribution ofSi, AI, Ca, and S. The dominant component of these concretions is calcite cement (yellow).
Minor components include euhedral pyrite grains (green), silt-sized rounded quartz grains (red), clay
(purple), and lesser amounts of organic matter (black).
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Figure 36. Macroscopic and microscopic features of the non-nodular concretions. A) Non-nodular
concretions in core. Scale bar shows mm-ruler divisions. Shown here is the cemented zone and the
diffuse boundary with the surrounding mudstone material. B) SEM micrograph showing microscopic
lamination created by parallel, discontinuous laminae surrounded by calcite cement. C) Element map
showing the distribution ofCa, AI, Si, and S. Discontinuous laminae composed dominantly of clay
(purple) with lesser quartz (red), dolomite (dark yellow), calcite (bright yellow) , and pyrite (green)
are surrounded by calcite cement (bright yellow).
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low to moderate in the non-nodular cemented horizons (range from 1.3 to 3.5%) , clay
concentrations are very low (range from 3.4 to 9.4 %), and apatite concentrations are
relatively low to moderate (range from 0.4 to 3.0 %). This lithofacies contains the highest
carbonate and the lowest clay concentrations.
Nodular concretions are composed of calcite cement with lesser amounts of clay,
quartz, pyrite, and organic matter (Fig. 35). All nodular concretions contain euhedral
pyrite grains that vary considerably in diameter (range from 10
typically present as silt-sized (range 10

~m

to 50

~m)

~m

to 500

~m).

Quartz is

rounded grains dispersed

throughout the calcite cement; very fme sand-sized grains are present but rare (100

~

diameter). Anhedral clay grains are minor in abundance and are generally silt-sized (10
~m

in diameter). Clay was observed to occasionally concentrate along the edges of

relatively coarse, euhedral pyrite grains (Fig. 35). In addition to the carbonate cement that
forms these concretions, minor occurrences of calcite shell debris up to 250

~m

in

diameter are present.
Non-nodular concretions consist of carbonate cement containing intermittent
discontinuous, lensed-shaped laminae composed of carbonate, clay, quartz, pyrite, apatite,
and dolomite (Fig. 36). The carbonate cement is dominantly calcite with lesser dolomite
in some samples. Pyrite is dispersed throughout the carbonate cement and within the
intermittent clay and quartz-bearing lenses as euhedral grains up to 100

~m

in diameter.

Lenses containing calcite, quartz, clay, pyrite, dolomite, and apatite range in length (range
0.25 to 2.00 mm) and width (range 0.10 to 0.30 mm). Grains present in these lensed-
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shaped, discontinuous laminae are silt-sized. Quartz and calcite grains grains are subrounded to rounded and range in diameter from 0.01 to 0.05 mm. Dolomite grains are
sub-rounded and range from 0.05 mm to 0.10 mm in diameter. When present, apatite
occurs as spherical grains typically 0.01 mm in diameter. These polyminerallic lenses
exhibit a clay-dominated matrix.
The microscopic and subtle macroscopic laminated texture of the non-nodular
cemented horizons is formed by the parallel distribution of the discontinuous,
polyminerallic lensed-shaped laminae within the surrounding carbonate cement (Fig. 36).
Wireline log responses associated with this lithofacies are shown in Tables 6-7.
Gamma-ray values associated with this lithofacies are low to moderate relative to other
lithofacies, and range from 70 to 166 GAPI units. The lowest gamma-ray responses
encountered in the entire mudstone succession are associated with this lithofacies.
Resistivity measurements are moderate to high relative to other lithofacies and contain the
highest resistivity values encountered in the entire succession. Deep resistivity
measurements range 0.55 to 4.16 ohmm and shallow resistivity measurements range 0.46
to 4.16 ohmm. Sonic measurements are low relative to other lithofacies and contain the
lowest compressional wave (DTCO) and shear wave (DTSM) transit times encountered in
the studied succession. DTCO values range from 64 to 88
from 114 to 167

~s/f.

~s/f and

DTSM values range

Bulk density values are high relative to other lithofacies and contain

the highest density measurements encountered in the studied succession, ranging from
2.57 to 2.79 g/cm3. Neutron porosity values are low relative to other lithofacies and
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contain the lowest neutron porosity values encountered in the succession, ranging from
0.062 to 0.16 v/v.

3.2.5 Lithofacies #5: Thin bedded, bivalve andfecal pellet-bearing, clay-rich
mudstone
This lithofacies was encountered in wells A and B in the middle portion of the
mudstone succession. In core, this lithofacies exhibits a wavy lamination comprised of
alternating clay-rich, dark grey and light grey, shell-rich beds (Fig. 37). Bed thicknesses
range from 1 to 12 mm. In well B this lithofacies is associated with relatively coarsegrained, calcitic fractures that are parallel to the wavy lamination. Individual fractures
exhibit a uniform thickness ranging from 1 to 10 mm along their length. Fracture fill is
composed of fibrous calcite crystals (Fig. 37).
This group of samples contains moderate Toe values relative to other lithofacies,
ranging 3.20 to 8.32 wt%. Mineral abundances by XRD are summarized in Tables 3-4.
Particular points worth nothing relative to other lithofacies are: carbonate concentrations
are relatively high (range from 2.3 to 67.2%), dolomite concentrations in particular are
variable and include the highest encountered in all ofthe succession (range from 7.5 to
43.0%), clay abundance is low to moderate (range from 8.9 to 33.8%), pyrite
concentrations are low to moderate (range from 1.6 to 4.4%), and quartz abundance is
moderate (range from 9.1 to 20.3 %). Apatite concentrations are variable and range low to
high (range from 0.4 to 5.9%).
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Figure 37. Core samples of Lithofacies #5. A) Wavy lamination is formed by alternating beds of dark,
clay-rich and light, bivalve-rich material. Shell density in the bivalve-rich layers is variable. B) Calcitefilled fractures parallel to lamination are associated with this facies in well B. The calcite crystals in these
fractures appear coarser-grained than those observed in the oblique fractures.
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The framework component is dominated by calcitic bivalve debris (Fig. 38).
Bivalve debris is present as thin, curved calcitic structures and is organized into thin beds.
Bivalve species have been interpreted by previous authors as variously either

Steinmannia bronni (formerly Posidonia bronni var. magna) and Bositra buchi
(equivalent to Posidonia bronni var. parva) (Bottjer, 2002; Littke et aI., 1991), or just
exclusively Bositra buchi (RoW, 1998). Framework bivalve debris ranges 0.2 to 2.0 mm
in length. Coccolith-dominated fecal-pellets are moderate to high in abundance relative to
other lithofacies. These fecal pellets are commonly elliptical in shape and reach 0.75 mm
in length. Calcitic shell debris is present as rounded and elongated grains typically 20 urn
in diameter. Shell debris is commonly pyritized. Additional framework grains in the siltsized fraction include quartz, apatite, pyrite, and dolomite. Rounded, spherical quartz
grains range from 10 to 50 !lm in diameter. Sand-sized quartz grains are absent from this
lithofacies. Framboidal pyrite grains range from 10 to 20 !lm in diameter; less abundant,
coarser-grained euhedral rhombs up to 0.2 mm in diameter are also present. Apatite
grains are typically 50 !lm in diameter and are present as either spherical or rectangularshaped grains. This lithofacies contains the highest abundance of framework apatite
relative to other lithofacies. Anhedral and subhedral dolomite grains are present as siltsized grains (range from 10 to 40 !lm diameter) and generally exhibit iron-rich rims.
This lithofacies exhibits a calcite-dominated matrix with lesser amounts of
dolomite, pyrite, organic matter, and illite (Fig. 38). Coccoliths averaging 1-5 !lm in
diameter are the dominant calcitic component that forms the majority of the matrix. The
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Figure 38. Microscopic features of Lithofacies #5. A) Optical (plane light) micrograph illustrating the
stacked beds that are organized into bedsets. The individual beds comprise clay-rich and bivalve-rich
laminae. B) BSE micrograph of bivalve-rich lamina. Bivalve debris is present as curved, calcitic
structures and are sometimes pyritized. C) BSE micrograph showing typical framework grain
assemblage in a clay (size) - rich lamina. Shell debris, dolomite (dol), pyrite (py), apatite (ap), and
quartz (q) are common framework grains. Fecal pellets are common in this lithofacies and are
coccolith-dominated. D) This facies has a coccolith-dominated matrix (black arrows) with lesser c1aysized carbonate, pyrite, clay, and quartz grains (SEM micrograph).
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matrix is enriched in carbonate relative to clay. Pyrite framboids and anhedral dolomite
grains are present in the clay-size fraction and are less common relative to clay and
calcite components. Organic matter is dispersed as fine-grained clay-sized material
throughout the matrix.
The macroscopic and microscopic wavy lamination associated with this lithofacies
is defined by bivalve shell debris that forms thin beds ranging in thickness from 0.5 to 12
mm. This wavy laminated texture is a characteristic feature ofthis lithofacies (Fig. 37).
Gamma-ray values are moderate relative to other lithofacies ranging 135 to 177
GAPI units. Resistivity measurements are high relative to other lithofacies; deep
resistivity values range from 0.70 to 2.09 ohmm and shallow resistivity values range from
0.76 to 2.34 ohmm. This lithofacies contains the second highest resistivity values
encountered in the mudstone succession (concretions are associated with the highest
resistivity values). Sonic measurements are low relative to other lithofacies.
Compressional wave transit times (DTCO) range from 78 to 95 us/f and shear wave
transit times (DTSM) range from 147 to 167 us/f. Concretions are the only other
encountered lithofacies associated with lower sonic values than this lithofacies. Bulk
densities associated with this lithofacies are moderate to high relative to other lithofacies,
ranging from 2.54 to 2.62 g/cm3 • Neutron porosity values are low relative to other
lithofacies, ranging from 0.11 to 0.14 v/v.
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3.2.6 Lithofacies #6: Shell pavement
This lithofacies was sampled in well A near the middle of the mudstone
succession. In core, it appears as a thin (0.5 mm) shell-rich bed containing belemnite
fossils approximately 10 mm in diameter (Fig. 39). An accumulation of pyrite extends
approximately 40 mm beneath this shell pavement. Silt-sized pyrite grains are present in
the shell bed and the belemnite shells.
This shell pavement contains relatively low TOC (2.40 wt%). Mineral abundances
by XRD are summarized in table 3. Particular points worth noting relative to other
lithofacies are: pyrite abundance is high (15.5%), quartz concentration is very low (3.9%),
carbonate abundance is moderate (31.1%), and illite concentration is moderate (33.5%).
This sample contains the highest apatite concentration encountered in the mudstone
succession (9.1 %), and a minor concentration of sphalerite (4.3%).
Framework grains in the sand-sized fraction comprise shell debris, dolomite,
pyrite, and apatite (Fig. 40). Calcite cement is also present. Belemnite fragments up to 10
mm in diameter are the coarsest-grained variety of shell debris. Additional fossil material
includes gastropod fragments, disarticulated fish remains, and belemnite debris ranging
0.1 to 2.0 mm in length. Shell debris is commonly pyritized. Dolomite grains are
subhedral and present as both sand-sized (range 0.07 to 0.10 mm in diameter) and siltsized (range 10 to 50 JlID in diameter) grains. Dolomite grains in this lithofacies do not
exhibit iron-rich rims. Rounded and blocky apatite grains are present as sand-sized (range
0.07 to 0.10 mm in diameter) and silt-sized (range 10 to 50 )..lm in diameter) grains.
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2cm
Figure 39. Core photograph of the shell pavement (Lithofacies #6). A concentrated horizon of fme-grained
shell debris and associated belemnite fossils are characteristic oftbis litbofacies. A large accumulation of
pyrite is present beneath the shell bed.
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Figure 40. Microscopic features of Lithofacies #6. A) Shell and fish debris are abundant framework grains
and are commonly pyritized (SSE micrograph). B) Belemnites and gastropods are common fossils in this
facies. The left edge of the image is part of one of the larger (~ 10 mm diameter) belemnites observable in
the core photograph (BSE photograph). C) SSE image showing additional common framework grains:
apatite (ap), dolomite (dol), and fecal pellets. D) Element map of image C) showing the spatial distribution
ofCa (yellow), Si (red) ,P (pink) ,AI (blue) , and S (green). This map shows the relative abundances of
framework calcite (bright yellow), pyrite (green), apatite (pink), dolomite (dark yellow), quartz (red), and
matrix clay (purple).
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Coccolith-dominated fecal pellets are moderate in abundance and range in length from
0.05 to 0.25 mm. Pyrite is present as euhedral sand-sized (range 0.1 to 0.5 mm in
diameter) and silt-sized (range 5 to 60 )..lm in diameter) grains. Rounded quartz grains are
silt-sized (range 5 to 20 )..lm in diameter) ; no sand-sized quartz grains were observed.
The matrix is composed of clay-sized material dominated by illite with lesser
quartz, pyrite, carbonate, and apatite (Fig. 40). Organic matter is dispersed throughout the
matrix as clay-sized material.
The gamma-ray value associated with this lithofacies is the highest encountered in
the succession (214 GAPI units). Resistivity values are relatively low; the deep resistivity
measurement is 0.47 ohrnm and the shallow resistivity measurement is 0.51 ohrnm. The
sonic values associated with this sample are moderate relative to other lithofacies; the
shear wave transit time (DTSM) measures 187 )..ls/f and compressional wave transit time
(DTCO) measures 93 )..ls/f. The bulk density value associated with this lithofacies is
relatively moderate (2.52 g/cm3). The neutron porosity measurement is also moderate
(0.16 v/v) . When comparing the mineralogy of this lithofacies to its associated wireline
log characteristics, it is important to consider the vertical resolution of the tools relative to
the thickness of the shell pavement (l cm) and its isolated occurrence.
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3.2.7 Lithofacies #7: Pelleted, silt and clay-bearing, coccolith-rich
mudstone
This lithofacies was encountered near the base of the mudstone succession in well
A and in the middle portion of well B. In core, this lithofacies is dark grey in color and
does not exhibit any continuous lamination or distinct parting spaces (Fig.41).
Discontinuous, parallel, light grey laminae are present. These laminae do not vary
considerably in thickness (range from 0.5 to 1.0 mm) or length (range from 1.0 to 5.0
mm). Pyrite lags are present in relatively minor abundance. Coarse-grained, thick (10
mm) calcitic fractures parallel to lamination are associated with this lithofacies. This
lithofacies is also associated with calcitic, lensed-shaped fractures that vary in size from <
5 to 50 mm and are parallel to the discontinuous laminae (Fig. 41).
This group of samples contains relatively moderate to high TOC values, ranging
from 5.83 to 9.88 wt%. Mineral abundances by XRD are summarized in table 3.
Particular points worth noting relative to other lithofacies are: clay concentrations range
from low to moderately high (range from 12.9 to 27.1 %), quartz abundance is low to
moderate (range from 7.2 to 15.8 %), carbonate concentrations are moderate to high
(range from 43.3 to 68.7 %), pyrite concentrations are moderate (range from 2.0 to 5.8
%), and apatite is low to moderate in abundance (range from 0.3 to 1.9%). Dolomite
abundance is relatively moderate to high in these samples, ranging from 5.7 to 25.3 %.
When observed, kaolinite has minor abundance (ranges undetected to 3.2 %).
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2cm
Figure 4l. Core photographs of Lithofacies #7. A) This facies is dark grey in color and does not exhibit
macroscopic, continuous lamination. Subtle, parallel, discontinuous light-grey laminae are marked. B) In
addition to calcitic fractures that are parallel to lamination and consistent in thickness, lensed-shaped,
parallel calcitic fractures are also present.
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Framework grains in the silt-sized fraction include quartz, dolomite, apatite,
pyrite, calcite, fecal pellets, and illitized kaolinite (Fig. 42). Sand-sized grains are not
common in this lithofacies. Rounded calcite grains are moderate in abundance and are
typically 10 ~m in diameter. Bladed calcitic shell debris is moderate in abundance.
Individual shells are parallel but are not organized into distinct beds or laminae. These
calcitic structures range in length from 20

~

to 20 mm and vary in thickness from 50

~m

to 5 mm. This lithofacies contains the highest concentration of fecal-pellets encountered
throughout the entire succession. Fecal pellets are usually lensed-shaped but can also
have a bulbous end with an opposing "tail". They are dominated by coccolith-debris and
range considerably in length from 5
~m

~m

to 100

~m.

Dolomite grains range from 8 to 24

in diameter and are commonly euhedral rhombs with pronounced iron-rich rims;

lesser subhedral grains without iron-rims are also present. Quartz is typically rounded and
ranges in diameter from 6 to 20
to 20

~m

~m.

Pyrite grains are dominantly framboidal and range 5

in diameter; less abundant euhedral grains range 10 ~m to 60 !lm. Blocky,

illitized kaolinite grains are minor in abundance relative to other framework components
and range in diameter from 10 to 20

~m.

Silt-sized framework apatite is sparsely

distributed throughout the samples and occurs as rounded grains ranging from 5 to 20 !lm
in diameter.
The matrix is dominated by clay-sized carbonate grains of coccoliths, calcite, and
dolomite (Fig.42). Coccoliths are commonly 1.0 !lm in diameter, anhedral calcite grains
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pyrite

Figure 42. Microscopic features of Lithofacies #7. A) BSE micrograph showing parallel calcitic shell debris
that is present throughout the facies. Note that the black spots near the top of the image are holes. B) BSE
micrograph showing framework grains: dolomite, fecal pellets, quartz, apatite, pyrite, and kaolinite.
Framework grains are dominantly silt-sized; few sand-sized grains are present in this facies. C) Element
map showing the spatial distribution and relative abundances of calcite (bright yellow), quartz (red), pyrite
(green), dolomite (dark yellow), kaolinite (bright blue), and clay ( background purple). This image shows
parallel fecal pellets with bulbous fronts and elongated ends (black arrows). D) The matrix of this
lithofacies is carbonate dominated relative to clay. Coccoliths (white arrows) and clay-sized carbonate
grains (blue arrows) are the dominant matrix components. Organic matter is dispersed throughout the
matrix as clay-sized material. (SEM micrograph).

122

range 1.0 to 3.0 !lm in size, and subhedral dolomite rhombs are typically 2.0 !lm. Claysized illite is a minor component relative to matrix carbonate. Matrix pyrite
is moderate in abundance and present as 2 Jlffi framboids. Organic carbon occurs as
anhedral, clay-sized material distributed throughout the matrix.
Texturally, this lithofacies does not exhibit continuous lamination. However, in
sections where fecal pellets are abundant, their parallel alignment forms microscopic
discontinuous laminae. Light grey discontinuous laminae represent areas with abundant
fecal pellets and bladed calcitic shell debris.
The wireline log characteristics associated with this lithofacies are similar with the
exception of outlier sample #23 and #47. Sample 23 exhibits different wire line
characteristics relative to other samples because it is nestled between two nodular
concretions, one approximately 0.25 m above and another approximately 0.25 m below.
In well B this facies was encountered once and is situated within a stacked succession
dominated by facies #1-3 (sample 47). Some wire line values associated with sample 47
appear anomalous relative to the rest of the lithofacies; however, the brief and isolated
occurrence of this sample in well B means that it is likely not thick enough to warrant its
own petrophysical properties from the other bounding lithofacies that appear to be more
developed within this portion of the succession.
Typical gamma-ray values associated with this lithofacies are moderate to high
relative to other lithofacies, ranging from 172 to 186 GAPI units (outlier sample 23
measures 103 GAPI units, sample 47 is associated with 146 GAPI units). Resistivity

123

measurements are among the lowest encountered in the mudstone succession. Deep
resistivity values range 0.35 to 0.54 ohmm and shallow resistivity values range 0.30 to
0.46 ohmm (outlier sample 23 deep resistivity measurement is 1.05 ohmm and shallow
resistivity measurement is 0.96 ohmm; outlier sample 47 deep resistivity measurement is
0.98 ohmm and shallow resistivity measurement is 1.11 ohmm) . Sonic values are
moderate to low relative to other lithofacies. Shear wave transit times (DTSM) range 153
to 163

~s/f

and compressional wave transit times (DTCO) range 76 to 87

sample 23 DTSM value is 132.00
DTSM value is 185.83

~s/f and

~s/f and

DTCO value is 67.56

DTCO value is 95.08

~s/f).

~s/f;

~s/f(outlier

outlier sample 47

Neutron porosity values

associated with this lithofacies are moderate to low relative to other lithofacies, ranging
from 0.11 to 0.14 v/v (outlier sample 23 measures .078 v/v; sample 47 is associated with
0.16 v/v).

3.3 Stacking Patterns
Individual beds (millimeters to centimeters thick) are organized into stacked
successions of beds that form bed-sets on the order of one meter thick. These stacked
beds sets are separated from one and another by stratal surfaces. The lithological patterns
observed in stacked successions are associated with trends in wireline log responses and
TOC variations. The Posidonia Fm. in wells A and B is organized into stacked
successions separated by discrete horizons and cemented intervals (Figs. 43- 44).
Stacking patterns, horizons, and concretion-rich intervals sampled sufficiently to examine
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changes in mineralogy, texture, and wireline log responses are Stacked Successions I-III,
interval C.l. (concretion-rich interval), and horizon H (shell pavement).
I) Stacked Succession I was encountered in well A at the base of the formation
between depths -30 and -34 m (Fig. 45). Lithofacies encountered in this stacked
succession are #1 (laminated, silt-bearing, clay-rich mudstones) at the base, #7 (pelleted,
silt and clay-bearing, coccolith-rich mudstones) in the middle, and #4 (nodular and nonnodular concretions) at the top. This trend is associated with an overall increase in
resistivity and density values, and a progressive decrease in gamma-ray, neutron, and
sonic values. Overall, the base of this package is emiched in TOC relative to the top
(Table 5).
The base of Stacked Succession I is marked by Lithofacies # 1, which is
characterized by a relatively high clay content (XRD reports relatively low clay
abundances due to a calcite fracture in the sample within this trend), low carbonate
concentrations, a very low abundance of fecal pellets, and a laminated texture. Lithofacies

# 1 is associated with the lowest density, the highest gamma, the highest TOC, and the
lowest resistivity values encountered in this stacked succession. The sonic and neutron
porosity values associated with Lithofacies # 1 are moderate relative to other samples in
this trend.
A non-nodular concretion (Lithofacies #4) was encountered in the middle of this
trend. Nodular concretions at the base (sample 28) and throughout the stacked succession
(observed in core) are associated with the highest densities (significant spikes on wireline
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curves relative to surrounding material), the lowest gamma-ray values, the lowest sonic
values, the lowest neutron porosity values, and the highest resistivity values. These
nodular concretions also contain the lowest Toe encountered in this stacked succession.
The non-nodular concretion is associated with intermediate gamma, resistivity, sonic,
neutron porosity, and density values relative to Lithofacies # 1 and the nodular
concretions.
Lithofacies #7 was encountered in the upper part of Stacked Succession 1. This
facies contains lower clay concentrations, an increase in both framework and matrix
carbonate comprised of shell debris and coccoliths, and an increase in fecal pellet
abundance relative to Lithofacies # 1.
This facies is associated with wireline log characteristics that are intermediate
between Lithofacies #1 and 4. It is important to consider that some samples representative
of Lithofacies #7 are located between nodular concretions, and that the wireline
characteristics reported for these samples (e.g., #23) may be influenced by the relatively
distinctive wireline responses associated with these concretions.
Immediately below the base of this stacked succession is the largest (13 cm
apparent vertical thickness) nodular concretion in the entire succession which marks the
base of the Posidonia Fm. This basal concretion exhibits similar wireline characteristics
as the other nodular concretions in the overlying stacking pattern (low gamma-ray, high
density, low neutron, low sonic, and high resistivity values).
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This stacked succession is marked by a facies at the base which contains a claydominated matrix and a facies towards the top that contains a carbonate (coccolith) dominated matrix. The top of this trend is also marked by a nodular concretion. This
stacked succession is characterized by a progressive decrease in clay up-section (clay
concentration of sample 27 is diluted by a carbonate fracture), a progression from
relatively few fecal pellets at the base to the highest abundance of fecal pellets observed
in the succession near the top, and a dramatic increase in coccolith abundance up-section.
Lithofacies #1 at the base ofthe stacked succession exhibits a laminated texture and sand
and silt-rich, inclined laminae. Lithofacies #7 at the top of the trend does not contain any
continuous lamination or evidence of sand and silt-rich laminae.
C.I.) The Concretion Interval (C.l.) containing numerous concretions is located in
the middle portion of the succession and was sampled in wells A and B (Fig. 46). This
interval is approximately 2m thick in both wells and contains non-nodular and nodular
calcite concretions (Lithofacies #4). These concretions are associated with relatively low
TOC values (0.91 to 3.64%).
Nodular concretions are composed primarily of calcite cement with minor
concentrations of quartz, illite, pyrite, and organic matter. Non-nodular concretions are
composed primarily of calcite cement with laminae composed of carbonate, clay,
quartz, pyrite, apatite, and dolomite. They exhibit the highest carbonate concentrations
and the lowest clay concentrations.
Relative to surrounding mudstone material, concretions exhibit
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Figure 46 (previous page). Wireline log responses associated with the concretion-rich interval (C.l.) and the
shell pavement (horizon H) in wells A (A) and B (B) shown relative to Stacking Pattern II. Relative curve
movements are shown by arrows for H (brown) and C.l. (blue). Carbonate-rich and clay-poor C.I . is
associated with low gamma-ray and sonic values, and high resistivity and density values relative to
surrounding material. Overlying HI in well A contains relatively high apatite and pyrite concentrations.
This horizon is associated with high gamma-ray, low resistivity and density, and intermediate sonic values
relative to surrounding material.

characteristic wireline log responses. Concretions are associated with positive "spikes" in
resistivity and density values and negative excursions in sonic, neutron, and gamma log
values relative to the material above and below. The magnitude of these localized
positive spikes and negative excursions is large relative to the changes in the logs
responding to the surrounding mudstone material.

H) This horizon represents a shell pavement (Lithofacies #6) which overlies C.l.
near the middle of the succession. It was encountered in well A (Fig. 46). This facies is
associated with a high pyrite concentration (15.5%), contains one of the highest sampled
uranium concentrations (11.46%), and exhibits the highest apatite concentration
encountered in the entire formation (9.1%). Clay and carbonate concentrations are
moderate, and quartz abundance is low. Shell debris is high and commonly pyritized,
consisting of gastropod fragments, disarticulated fish remains, and belemnite debris
ranging from 0.1 to 2.0 mm in length. Calcite cement is present; the surrounding matrix is
clay-dominated. Sand-sized grains are pyrite and dolomite; no sand-sized quartz grains
were observed. The TOC associated with this sample is relatively low (2.40%).
This horizon is associated with the highest gamma value sampled in this study.
Resistivity and density values are low relative to the surrounding material but are

132

intennediate relative to the entire succession. Sonic and neutron values are moderate
relative to the surrounding material and to the rest of the formation.

II) Stacking Pattern II is located in the upper part of the fonnation and was
sampled in wells A and B (Fig. 47-48). It is approximately 15 m thick in well A and 20 m
thick in well B. Lithofacies encountered in this stacked succession are #3 (laminated, silt
and sand, clay, and coccolith-bearing mudstones) at the base, grading to #2 (laminated,
sand and silt-bearing, clay-rich mudstones) in the middle, and #1 (laminated, silt-bearing,
clay-rich mudstones) at the top. Lithofacies #7 (pelleted, silt and clay-bearing, coccolithrich mudstone) was also encountered at the base of this trend. This stacking pattern is
associated with an overall increase in gamma and sonic values, and a progressive
decrease in density, neutron, and resistivity log values. The base of this package is
characterized by lower TOe relative to the top (Fig. 43-44).
The base of this trend contains a laminated, silt and sand, clay, and coccolithbearing mudstone in well A (Lithofacies #3) , and a pelleted, silt and clay-bearing,
coccolith-rich mudstone (Lithofacies #7) in well B. These facies represent the most
carbonate-rich facies in this trend. Relative to lithofacies # 1 and #2, these facies are
characterized by high coccolith and fecal pellets abundances, coarse-grained (up to 1 mm)
shell debris, and low clay concentrations relative to the overlying facies near the top of
this stacked succession. These facies exhibit a carbonate-dominated matrix.
The middle of this trend contains laminated, sand and silt-bearing, clay-rich
mudstones (Lithofacies #2). This lithofacies exhibits a clay-dominated matrix, low to
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lithofacies that exhibit a carbonate-dominated matrix at the base (#3) and lithofacies with clay-dominated matrices in the middle (#2) and top (#1).
Stacking Pattern III exhibits clay-rich, carbonate and coccolith-poor facies near the bottom and carbonate and coccolith-rich facies with moderate clay
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moderate carbonate, relatively moderate to high clay concentrations, and fewer fecal
pellets and coccoliths relative to the underlying facies #3 and #7. This facies contains
sand and silt-sized quartz grains. Coarse-grained (1 mm) shell debris is very minor.
Lithofacies #2 in this stacked succession is associated with intermediate gamma-ray,
resistivity, and density values that are higher than Lithofacies # 1 but not as high as
lithofacies #3 and #7. Sonic values are similar to, or slightly less than, lithofacies #1 but
greater than lithofacies #3 and #7.
Laminated, silt-bearing, clay-rich mudstones (Lithofacies #1) were encountered at
the top of this coarsening-upward trend. This facies contains the highest clay and the
lowest carbonate concentrations encountered in the entire formation. It is characterized by
a clay-dominated matrix, sand-sized and silt-sized framework grains, scarce fecal pellets,
and low abundances of shell debris and coccoliths. Lithofacies # 1 is associated with the
highest gamma and the lowest resistivity and density values within this trend. Sonic
values are high and neutron values are moderate to high relative to Lithofacies #2, #3 and
#7.
Overall, this trend is associated with an increase in clay, a decrease in carbonate
(coccoliths, shell debris, fecal pellets), and a progressive shift from lithofacies containing
a carbonate-dominated matrix (Lithofacies #3 and #7) to those containing a claydominated matrix (Lithofacies #1 and #2). The proportion of sand-sized quartz grains
increases towards the top of this trend. The highest TOC is associated with the middle
portion of this stacked succession (Lithofacies #2). Lithofacies #7 at the bottom of this
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trend is not associated with sand and silt-rich, inclined laminae, whereas overlying
Lithofacies #1-3 contain these features.

III) Stacking Pattern III transitions from Stacking Pattern II near the top of the
formation and was sampled in wells A and B (Fig. 47-48). Lithofacies encountered in this
stacked succession are #1 (laminated, silt-bearing, clay-rich mudstones) at the base, #2
(laminated, sand and silt-bearing, clay-rich mudstones) in the middle, and #3 (laminated,
silt and sand, clay, and coccolith-bearing mudstones) at the top. This stacked succession is
associated with an overall increase in resistivity and density values (trend is more
developed in well A), and a progressive decrease in gamma-ray, neutron, and sonic
values. This stacked succession is approximately 10m thick in well A and 13 m thick in
well B.
Lithofacies # 1 was encountered at the base of this stacked succession. This
laminated facies contains the highest clay concentrations encountered in the entire
formation, a clay-dominated matrix, the lowest carbonate concentrations encountered in
the entire formation, dominantly silt-sized quartz grains, scarce fecal pellets, and low
concentrations of shell debris and coccoliths. Lithofacies # 1 is associated with the highest
gamma-ray and the lowest resistivity values, and low densities relative to Lithofacies #2,
#3 and #7.
Lithofacies #2 was encountered in the middle portion of this trend. This
laminated facies is characterized by a clay-dominated matrix, moderate to high clay
concentrations, low to moderate carbonate concentrations, and the highest concentration
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of sand and silt-sized quartz grains encountered throughout the entire formation. Samples
representative of Lithofacies #2 in the middle portion of this trend are associated with
intermediate gamma, resistivity, and density values that are higher than Lithofacies #1 but
not as high as Lithofacies #3. Sonic values are similar to, or slightly less than, Lithofacies
#1 but greater than Lithofacies #3.
The top of this stacked succession contains samples representative of Lithofacies
#3. This facies contains moderate clay concentrations (samples with low XRD clay
concentrations contain carbonate fractures), a carbonate-dominated matrix, a higher
abundance of coccoliths and fecal pellets relative to Lithofacies #1 and #2, relatively
coarse-grained (up to 1 mm) belemnite and bivalve shell debris, and rounded
sand and silt-sized quartz grains. Lithofacies #3 encountered at the top ofthis
coarsening-upward trend correlates to the highest gamma, resistivity, and density values
encountered in the stacked succession, and is also associated with the lowest sonic values.
Overall, this trend is associated with a relatively slight decrease in clay, an
increase in carbonate (coccoliths, shell debris, fecal pellets), and a progressive shift from
lithofacies containing a clay-dominated matrix (Lithofacies #1 and #2) to those
containing a carbonate-dominated matrix (Lithofacies #3). This stacked succession is a
coarsening-upward trend, marked by a progressive increase in the proportion of sandsized quartz and carbonate grains. The highest Toe is associated with the middle portion
ofthis coarsening-upward trend (Lithofacies #2). Lithofacies contained within this
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stacked succession (#1-3) contain sand and silt-rich inclined laminae that down-lap onto
underlying, parallel bedding planes.

3.4 Cross-plots
Trends associated with petrophysical properties of lithofacies can be observed by
cross-plotting wireline log values. Certain wireline log cross-plots are more effective in
discriminating between lithofacies than others. The following plots suggest that the sonic,
neutron and density logs may be more effective in differentiating between lithofacies than
the resistivity and gamma-ray logs. A single wireline log alone cannot define lithofacies,
however, these plots demonstrate that the integration of at least two logs reveals trends
that appear to distinguish between facies observed in the studied succession. The relative
proportions of clay and carbonate appear to define the trends observed between
lithofacies; the trends do not appear to be as significantly impacted by the relative
proportion of quartz. The lithofacies are color-coded in the following diagrams as such:

+

+
of

+

+
+
+
+

#1:
#2:
#3:
#4:
#4:
#5:
#6:
#7:

Laminated, silt-bearing, clay-rich mudstone
Laminated, sand and silt-bearing, clay-rich mudstone
Laminated, sand,silt,clay, and coccolith-bearing mudstone
Nodular concretion
Non-nodular concretion
Thin-bedded, bivalve and fecal pellet-bearing, clay-rich mudstone
Shell pavement
Pelleted, silt and clay-bearing, coccolith-rich mudstone
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3.4.1 Neutron vs. Density
The neutron-density cross-plot forms a broad linear trend between the two
properties (Fig. 49). This cross-plot illustrates that lithofacies #1-2, characterized by a
clay-dominated matrix, relatively low carbonate, and high clay concentrations, exhibit
the highest neutron porosity and the lowest density values. Lithofacies #3, #5, #6 , and #7,
containing relatively intermediate to high carbonate concentrations, low clay
concentrations, and positioned in the middle of this trend, are associated with
intermediate neutron porosity and density values. These facies also contain a carbonatedominated matrix. The highest neutron porosity and density values are associated with
nodular and non-nodular concretions (lithofacies #4). This lithofacies contains the highest
carbonate and lowest clay concentrations observed in the studied succession. This crossplot shows increasing neutron porosity and decreasing density values are associated with
an increase in clay and a decrease in carbonate. It should also be noted that facies
containing sand-sized quartz grains (Lithofacies #1-3) are concentrated at the top ofthis
trend, while facies without sand-sized quartz grains are constrained to the middle and
bottom of this trend (Lithofacies #4-7).

3.4.2 Gamma vs. Density
The gamma-ray-density cross-plot does not produce a liner trend (Fig. 50).
Samples of the same lithofacies are both grouped and scattered across the plot; there is no
obvious correlation between lithofacies, gamma-ray and density values. For example, the
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Figure 49. Neutron-density cross-plot. This trend shows increasing neutron porosity and decreasing density
values associated with an increase in clay and a decrease in carbonate.
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gamma-ray range from 106 to 180 API contains clay-rich lithofacies (#1-2) , carbonaterich, clay-poor lithofacies (#3, #5 ,#7) and carbonate-dominated lithofacies (#4 ).
Gamma-ray values do not appear to be a useful discriminant when used solely to identify
lithofacies; the number of lithofacies that fall into an intermediate gamma range means
that only very extreme sample values can be identified (i.e. very high gamma values are
likely to represent lithofacies associated with the highest clay and lowest carbonate
concentrations (#1), and very low gamma-ray values are likely to represent lithofacies
with the highest carbonate and lowest clay concentrations (#4).

3.4.3 Sonic vs. Density
Sonic-density cross-plots produce a broad linear trend (Fig. 51). Clay-rich,
carbonate-poor facies containing a clay-dominated matrix (#1-2) exhibit the lowest
density and highest sonic values. The carbonate-rich, clay-moderate facies containing a
carbonate-dominated matrix (#3) exhibits intermediate density values slightly higher and
sonic values slightly lower than clay-rich facies #1-2. The shell pavement is associated
with sonic and density values similar to facies #3; this sample contains moderate clay,
carbonate, and minor calcite cement. Carbonate-rich, clay-poor lithofacies containing a
carbonate-dominated matrix (#5, #7) exhibit intermediate sonic and density values and
are situated in the middle of the trend. Nodular and non-nodular concretions (#4) are
associated with the highest density and the lowest sonic values along the trend; these
samples contain the highest carbonate and the lowest clay concentrations.
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effectively. For example, Lithofacies #1-3 exhibit varying gamma-ray ranges but similar density ranges.
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Figure 51. Sonic-density cross-plots. Shear wave transit time (DTSM) vs. density and compressional wave
transit time (DTCO) vs. density cross-plots are shown. They exhibit a broad linear trend defmed by clayrich, carbonate-poor facies at the top and carbonate-rich, clay-poor facies at the base. These plots suggest a
progressive increase in sonic and decrease in density values towards higher clay and lower carbonate
concentrations.
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3.4.4 Resistivity vs. density
Resistivity-density cross-plots produce a broad linear trend (Fig. 52). Lithofacies
exhibiting a clay-dominated matrix, moderate to high clay abundances, and relatively low
carbonate (#1-2) are concentrated at the bottom of the trend. These lithofacies are
associated with the lowest density and lowest resistivity values. Carbonate-rich, claymoderate facies containing a carbonate-dominated matrix (#3, #7) exhibit density values
and resistivity values slightly higher than clay-rich lithofacies #1-2. The intermediate
portion of the trend is dominated by a carbonate-rich, clay-poor lithofacies (#5) and
carbonate-dominated concretions (Lithofacies #4). These two lithofacies span similar
resistivity values but are differentiated by their densities. The highest resistivity and
density values are associated with a nodular concretion (Lithofacies #4). This pattern of
lithofacies along the trend suggests that the progression towards higher resistivity and
density values is associated with an overall decrease in clay and increase in carbonate.

3.4.5 Neutron vs. Sonic
Neutron-sonic cross-plots produce a linear trend (Fig. 53). The bottom of the trend
is defined by the carbonate-dominated lithofacies (#4), which exhibit the lowest neutron
porosity and sonic values. The intermediate portion of the trend is dominated by
carbonate-rich, clay-poor lithofacies (#5), carbonate-dominated concretions (#4), and
pelleted, coccolith-rich mudstones with minor to moderate clay (#7). Lithofacies
exhibiting a clay-dominated matrix, moderate to high clay abundances, and relatively low

145

Deep resistivity vs. Density

•

4.20

T

3.23

E
E
.c
I

+

2.25

0

1.28

0.30
2.40

2.50

2.70

2.60
g/cm3

2.80

Shallow resistivity vs. Density

•

4.20

T

+ #1
+ #2
#3
+ #4
+ #4
... #5
+ #6
+ #7

3.20

E
E 2.20

+

I

.c
0

+
1.20

+ .fI-+

0.20
2.40

2.50

2.60
g/cm 3

2.70

2.80

Figure 52. Resistivity-density cross-plots. Shallow resistivity vs. density and deep resistivity vs. density
cross-plots are shown. These cross-plots display a broad linear trend defmed by clay-rich, carbonate-poor
facies at the base and a progression towards carbonate-rich, clay-poor facies at the top. The clay-rich facies
at the base are associated with low density and resistivity values, and the carbonate-rich facies near the top
are associated with high resistivity and density values.
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Figure 53. Neutron-sonic (DTSM and DTCO) cross-plots display linear trends characterized by carbonate-

dominated facies at the base, carbonate-rich, clay-moderate and poor facies in the middle, and clay-rich,
carbonate-moderate and poor facies at the top. This trend implies that the progression towards increasing clay
and decreasing carbonate is associated with an overall increase in neutron porosity and sonic values.
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carbonate (#1-2) are concentrated at the top of the trend. These lithofacies are associated
with the highest neutron porosity and sonic values. This linear trend suggests that the
progression towards higher neutron and sonic values is associated with an overall increase
in clay and decrease in carbonate.

3.4.6 Uranium vs. TOC
TOC sample data plotted against uranium data derived from the spectral garnmaray log in well A does not produce a linear trend (Fig. 54). Clay-rich and carbonate-rich
lithofacies exhibiting a range ofTOC values span low to high uranium concentrations.
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Figure 54. A uranium-TOC cross-plot does not produce a linear trend. Samples within a particular facies
exhibit a range of uranium concentrations that do not appear to be related to TOC.

Table 3. XRD data for samples 1-28 from well A.
SAMPLE DEPTH Fracture QUARTZ

"

3,259.40
3,261.90
m:a ,;;:..:;] 3,263.77
3,265.61
f;;t, ,,,,,, , d 3 ,266.43
2

3,268.16
r!~·~·~!···-I· 3,268.75

# ; . 3,269.79
9
3,273.58
_ t . _ 3,275.38
3,277.66
3,277.93
3,278.06
3,278.64
3,278.80
3,278.95
3,279.46
3,280.26
3,280.86
3,281.52
3,282.10
3,282.41
3,287.44
3,288.33
3,289.00

no
no
no
no
no

16.2
22.4
23.3
22.7
26.9

no
yes
yes
yes
yes
yes
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
yes
yes
no

20.9
13.3
14.3
10.4
17.1
3 .9
1.4
8.1
7.4
5.5
10.7
14.7
16.9
10.4
19.9
13.7
20.3
15.8
17.2
4.4
7.2
10.8
9.5

ILLITE

55.7
34.4
38.3
34.9
31. 1
42.9
36.9
19.9
24. 0
34.9
33.5
4.3
5.0
4.2
9.2
9.4
24.5
22.4
18.5
8 .9
15.0
29.5
13.3
27.3
3.4
27.1
16.1
3 .5

CALCITE Dol + FeDol

8 .7
26.9
17,8
20.3
20.3
15.0
28.9
50.4
46.8
32.8
24.2
81.8
61.8
68.3
69.9
55.4
42.9
42.2
54.7
51.6
54.5
33.0
42.4
29.2
12.6
50.8
54.0
39.1

6.4
5.3
10.2
9.2
8.0
10.1
7.5
9.0
6.5
7.0
7. 1
5.3
16.5
15.7
13.6
22.0
7.5
9.8
10.8
12.7
10.9
9.3
25.3
14.1
75.4
5.7
10.4
6.3

PYRITE

SPHAL

APATITE

ORTHO

ALBITE

ANOR

Muse

KAOL

GYPS

TOTAL

4.6
4.4
5.7
6.1
6.9
6.4
3.2
4.3
3.9
4.3
15.5
7.2
3.3
2. 1
1.3
2.1
3.6
4.4
1.6
3.4
2.4
3.5
2.9
5.8
3.5
2.4
3.8
40.6

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
4.3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.1
2.5
0.4
0.0
3.0
0.5
1.0
1.0
0.5
0.0
9.1
0.0
3.0
1. 1
0.5
0.4
3.1
0.7
0.3
1.6
0.4
1.7
0.3
0.6
0.0
1.1
0.6
1.0

0.0
0.0
0.0
2.2
3.3
0 .0
3.6
0.0
2.6
1.3
0 .0
0 .0
1.9
0.0
0.0
0.0
1.5
1.8
3.7
1.9
1.2
1.6
0.0
5.1
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0. 1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

2.8
0.0
2.1
2.9
0.0
1.5
0.9
0.1
2.8
0.7
0.0
0.0
0.0
1.2
0.0
0.0
0.0
0.0
0.0
0.0
1.1
0.0
0.0
0.0
0.0
0.0
2.6
0.0

3.0
2.2
0.0
0.0
0.0
0.0
3.4
0.0
1.3
1.7
0.3
0.0
0.0
0.0
0.0
0.0
1.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
3.2
0.9
0.0

1.7
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.8
1.9
2.2
1.7
0.4
2.7
1.3
1.0
1.2
0.2
2.1
0.0
0.4
0.0
0.0
0.0
0.4
1.8
0.0
0.0
0.8
1.1
0.0
0.7
0.7
2.5
0.8
0.0

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

Abbrevi ated mineral headings are: sphal (sphalerite) , orthoc (orthoclase), anor (anorthite) , musc (muscovite), kaoli (kaolinite), and gyps (gypsum).
Fracture column indicates whether a sample contains a carbonate-filled fracture. Sample numbers are color-coded by lithofacies: green (# 1), red (#2),
yellow (#3 ), dark and light blue (#4; nodular and non-nodular, respectively), #5 (pink), #6 (brown), and #7 (purple). Mineral abundances reported as weight
%. Depth unit is metres.
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Table 4. XRD data for samples 32-55 from well B.
SAMPLE DEPTH

_ , _ 2,585.92
33
2,588.82
34
2,588.97
35
2,589.30
36
2,589.94
37
2.590.65
38
2,591.26
2,593.83
2,595.70
2,597.66
2,599.75
2,601.31
2,601.70
2,603.32
2,603.58
2.604.31
2,606.53
2,606.70
2,607.25
2,607.55
2,607.59
2.607.68
2,607.85
2,608.40

Fracture QUARTZ

no
no
no
no

yes
yes
yes
yes
yes
yes
yes
yes
no
no

yes
yes
no
no
no
no
no
no
no
no

19.0
10.3
20.7
24.7
16.7
20.2
6.8
18.5
14.0
15.3
11 .9
12.7
13.0
17.2
12.6
12.8
5.3
9.5
9. 1
10.1
12.6
11.9
17.1
3.7

IllITE

59.4
15.8
30.3
29.4
37.6
26.0
10.2
33.1
31.3
38.9
33.5
40.1
60.3
38.8
29.3
12.9
9.1
16.3
14.4
33.8
20.3
17.1
41.5
3.9

CALCITE Dol + FeDol

12.2
66.0
37.5
31.1
35.6
36.5
76.9
18.0
42.2
29.6
30.8
25.0
10.4
12.1
31.9
59.3
72.9
24.2
30.7
27.0
41.9
35.7
19.3
87.9

2.1
4.2
2.0
8 .2
2.5
3 .4
1.3
13.1
4.1
8 .6
11. 1
6 .9
6.0
23.8
16.5
9.4
11 .2
43.0
3 1.2
16.6
20.4
22.5
10.2

1.0

PYRITE

SPHAL

APATITE

ORTHO

ALBITE

ANOR

MUSC

KAOL

GYPS

TOTAL

3.6
2.7
4.5
5.3
3.4
4.9
1.6
7.0
4.1
3.9
3.3
7.6
2.6
3.0
3.4
2.0
1.5
2.1
3.7
4.4
3.5
3.8
5.3
2.2

0.0
0 .0
0.0
0.0
0 .0
0.0
0.0
0 .0
0.0
0.0
0 .0
0.0
0.0
0 .0
0.0
0 .0
0 .0
0 .0
0 .0
0.0
0 .0
0 .0
0 .0

0.0
1.0
0.8
0.0
2.1
1.2
0.0
0.0
0.0
0.0
0.0
2.7
2.6
0.0
2.0
1.9
0.0
0.8
5.9
4.3
1.2
2.5

2.5
0.0
0.0
0.0
0.0
0.0
0.0
8.7
0.0
0.0
0.5
0.0
0.0
0.0
0.0

0.0
0 .0
0.0
0.0
0.1
4.2
3.2
0 .0
2.1
0 .0
7.8
0 .0
0.0
0.1
2.4
0.0
0 .0
0.0
0.0
0.0
0.0
0.0
0.0

100
100
100
100

1.3

0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0 .0
0.0
0.0
0.0
2.8
2.0
3.5
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0 .0
0.0
0 .0

1.2
0 .0
0 .9
1.3
0 .9
3.6
0.0
1.6
2.2
1.3
1. 1
2.2
0.8
1.5
0 .3
0 .0
0.0
4.1
0 .80
1.4
0.1
4.8
3 .1

0.0

0.0
0 .0
3 .3
0 .0
1. 1
0 .0
0 .0
0.0
0 .0
2.4
0.0
0 .0
2.3
0 .0
1.6
0 .0
0 .0
0 .0
0 .0
2.4
0.0
1.7
3 .5
0 .0

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

0.0

0.0
0.0
4.2
0.0
0.0
0.0
0.0

0 .0
0 .0
0 .0
0 .0
0.0
0 .0
0 .0
0 .0
0 .0
0 .0
0 .0
0 .0
0 .0
0 .0
0 .0
0 .0
0 .0
0 .0
0 .0
0 .0
0 .0
0 .0
0 .0
0 .0

0.0

100

1.7

0.0

Abbreviated mineral headings are: sphal (sphalerite) , ortho (orthoclase), anor (anorthite) , musc (muscovite), kaol (kaolinite), and gyps (gypsum).
Fracture column indicates whether a sample contains a carbonate-filled fracture. Sample numbers are color-coded by lithofacies: green (#1), red (#2),
yellow (#3), dark and light blue (#4; nodular and non-nodular, respectively), #5 (pink), and #7 (purple). Mineral abundances reported as weight %. Depth
unit is metres.
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Table 5. Total carbon (TC) , total inorganic carbon (TIC), and total organic carbon (TOC) data
for samples from well A and well B, expressed in wt%.

WELLA
Sample TC (%) TIC (%) TOC (%)
1
0.283
6.943
7.226

2
3

4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

22
23
24
25
26
27
28

11.813
11.728
11.602
11 .638
13.204
12.752
11.146
13.556
9.892
3.281
9.883
11.190
11.915
12.164
11.711
12.702
12.790
11.634
11.476
12.908
12.597
12.618
11 .888
13.071
15.259
12.435
5.183

3.899
2.280
2.638
2.420
2.137
3.218
4.195
4.856
4.134
0.884
8.978
7.980
8.775
9.375
8.072
4.786
5.387
8.439
6.585
7.812
4.278
6.792
4.366
10.181
5.381
3.302
3.205

7.914
9.448
8.965
9.218
11.067
9.534
6.951
8.700
5.758
2.397
0.905
3.210
3.140
2.789
3.639
7.916
7.404
3.196
4.892
5.097
8.319
5.826
7.522
2.890
9.878
9.133
1.977

Sample TC (%) TIC (%) TOC (%

32
33
34
35
36
37
38
39
40
41
42
43

44
45
46
47
48
49
50
51
52
53
54

55

8.918 0.639 8.279
12.438 3.559 8.879
14.226 4 .302 9.924
12.603 3.415 9.188
12.168 4.236 7.932
11.990 4.426 7.564
12.258 3.942 8.316
12.837 2.582 10.255
13.739 3.768 9.971
12.883
3.611 9.272
13.173 4.366 8.807
10.344 4.482 5.862
13.131
3.677 9.454
11.119 2.642 8.477
11.804 4.558 7.246
11.257 5.198 6.059
11.715 9.754 1.961
11.240 7.122 4.119
11.518 6.732 4.786
10.509 4.575 5.934
10.761
6.711 4.050
10.885 6.782 4.103
9.544 2.926 6.618
11.286 10.009 1.277

Table 6 . Wire line log data associated with samples 1-28 from well A.
SAMPLE

Depth
(m)

Gamma
(API units)

URAN

THOR

K

(ppm)

(ppm)

(%)

Deep
Shallow
Resistivity Resistivity
(ohmm)

. . . 3,259.40
3,261.90
2
3,263.77
3,265.61
3,266.43
3,268.16
3,268.75
3,269.79
3,273.58
3,275.38
3,277.66
3,277.93
3,278.06
3,278,64
3,278.80
3,278.95
3,279.46
3,280.26
3,280.86
3,281.52
3,282.10
3,282.41
3,287,44
II
3,288,33
3,289,00
3,290,89
3,291,38
3,291,85

162.38
11 0.27
136.00
136.98
139.30
185.25
192.39
189.59
142.56
212.1 9
213.51
160.77
154.21
150.53
107.22
82.10
164.15
177.20
160.94
163.55
150.41
173.20
102.53
172.03
144.93
185.90
208.61
70.39

4.60
4.45
4.65
4.67
5.04
9.66
9.72
11.48
9.39
9.91
11.46
8.74
8.68
7.12
6.03
6.25
9.62
10.51
8.86
8.45
9.49
10.43
7.15
9.55
9.03
11.57
10.65
4.69

12.83
7.76
9.94
10.16
9.35
10.22
10.32
9.87
6.1 9
10.06
8.60
7.31
7.66
6.36
5.23
5.25
7.53
7.1 2
6.01
6.1 3
6.49
7.06
4.20
6.82
5.87
6.43
6.96
3.48

2.03
1.23
1.59
1.76
1.79
1.51
1.55
1.59
1.24
2.09
2.21
1.80
1.87
1.53
1.22
1.23
1.84
1.86
1.68
1.60
1.64
1.77
1.12
1.69
1.51
1.70
1.81
0.99

1.13
0.53
0.46
0.47
0.55
0.48
0.47
0.47
0.72
0.40
0.47
1.13
1.10
0.91
1.60
2.43
1.09
0.70
0.70
1.1 1
1.00
0.90
1.05
0.54
0.54
0.35
0.32
4. 16

(ohmm)

1.17
0.48
0.40
0.40
0.46
0.38
0.39
0.39
0.67
0.40
0.51
1.18
1.13
0.94
1.64
2.46
1.1 2
0.76
0.78
1.1 8
1.05
0.95
0.96
0.46
0.46
0.30
0.28
4.16

Sonic
Ol eO
(u slf)

101.74
92.93
102.03
101 .71
100.65
101.35
102.86
101.81
90.90
96.25
93.00
82.90
84.22
74.73
69.58
70.30
83.70
84.63
82.45
83.40
83.71
83.92
67.56
82.52
82.48
87.27
80.97
63.81

Sonic
DTSM
(uslf)

215.48
183.27
199.27
218.66
201.29
201.09
203.64
204.36
183.45
194.1 8
187.27
161 .09
164.36
145.64
137.09
133.27
147.09
160.91
159.82
157.45
156.00
157.09
132.00
154.36
151 .09
163.82
159.89
11 9.35

Density
RHOZ
(g/ cm 3)

2.55
2.54
2.48
2.49
2.48
2.47
2.49
2.47
2.55
2.52
2.52
2.64
2.64
2.62
2.66
2.67
2.60
2.54
2.54
2.57
2.55
2.56
2.66
2.56
2.57
2.50
2.51
2.79

Neutron
Porosity
(v/v)

0.1 8
0.1 5
0.1 9
0.1 9
0.1 9
0.1 8
0.1 8
0.1 9
0. 16
0.1 7
0.1 6
0.12
0.1 2
0.09
0.06
0.07
0.13
0.14
0.1 3
0.1 2
0.1 3
0.1 2
0.08
0.1 3
0.1 3
0.14
0.1 3
0.07

Sample numbers are color-coded by lithofacies: green (#1), red (#2), yellow (#3), dark and light blue (#4; nodular and non-nodular, respectively), #5
(pink), #6 (brown), and #7 (purple),
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Table 7. Wireline log data associated with samples 32-55 from well B.
SAMP LE

Depth
(m)

Gamma
(API units)

Deep
Resistivity
(ohmm)

IIIEDIII
33
34
35
36
37
38

2 ,585.92
2,588.82
2,588.97
2 ,589.30
2,589.94
2,590.65
2 ,591 .26
2,593.83
2,595.70
2 ,597.66
2,599.75
2,601 .31
2,601 .70
2,603.32
2,603.58
2,604 .21
2 ,606.53
2 ,606.70
2,60 7.25
2,60 7.55
2,60 7.59
2,607.68
2,60 7.85
2,608.40

164. 17
101.00
102.1 6
11 3.41
123.71
11 4.24
121 .70
157.13
145.46
148.72
188.98
181 .70
193.60
161 .23
166.36
145.76
134.89
134.89
150.83
164 .89
164.89
166.78
163.60
166.38

1.1 7
0. 76
0. 78
0. 71
0 .69
0 .84
0.76
0.59
0.69
0 .64
0.58
0.71
0 .57
0.86
0 .84
0.98
1.70
1.70
2.09
1.57
1.57
1.53
1.62
1.30

Shallow
Re sist ivity
(ohmm)

1.27
0.78
0.79
0.72
0.70
0.83
0.74
0.61
0.72
0.63
0.55
0.70
1.27
0.94
0 .94
1. 11
1.95
1.95
2.34
1.79
1.79
1.74
1.85
1.51

Sonic
DTCO
(us/f)

109.90
99.83
99.30
98.90
98.87
99.69
98.51
103.79
106.74
107.31
106.37
106.01
105.81
102.14
101.04
95.07
78.20
78.20
86.68
86.42
86.42
86.96
88.36
87.58

Sonic
DTSM
(us/f)

2 18.66
187.95
188.00
184 .88
186.83
187.40
192 .26
20 0.86
20 5.1 5
2 07.74
204.37
20 5.80
20 5.83
199.58
195.84
185.84
167.28
167.28
154.91
158.64
158.64
159.27
162 .4 1
167.30

Density

RHOa
(glcmJ)

2.57
2.49
2.49
2.49
2.51
2.51
2.50
2.49
2.47
2.47
2.47
2.48
2.47
2.52
2.51
2.54
2.62
2.62
2.63
2.61
2.61
2.60
2.60
2.59

Neut ron
Porosity
(v/v)

0. 21
0.1 7
0.1 6
0. 16
0.1 6
0.1 7
0.1 7
0.1 8
0. 20
0.1 9
0.1 9
0.1 9
0. 20
0.1 7
0.1 8
0.1 6
0.11
0.11
0.1
0 .1
0.1
0. 13
0. 13
0.1 3

Sample numbers are color-coded by lithofacies: green (# \), red (#2), yellow (#3), dark and light blue (#4; nodular and non-nodular, respectively), #5
(pink), and #7 (purple).

Vl
W

154

CHAPTER FOUR: DISCUSSION
4.1 Discussion Introduction

The studied succession is a mixed siliciclastic and production-dominated system.
Seven lithofacies have been observed: #1-laminated, silt-bearing, clay-rich mudstones;
#2- laminated, sand and silt-bearing, clay-rich mudstones; #3-laminated, sand, silt, clay,
and coccolith-bearing mudstones; #4- carbonate concretions; #5- thin-bedded, bivalve and
fecal pellet-bearing, clay-rich mudstones; #6- a shell pavement; and #7- pelleted, silt and
clay-bearing, coccolith-rich mudstones. These lithofacies vary considerably in
composition (e.g., varying proportions of clay and carbonate), microfabrics, grain size,
bedding styles, and exhibit varying proportions of clastic and production-derived
components. Lithofacies contain variable matrix compositions (carbonate and claydominated), clastic components vary dramatically in abundance, and the proportion of reworked and production-derived carbonate is variable throughout the succession. The
progression of lithofacies throughout the succession suggests that rock variability is
driven by changes in detrital input and the relative dilution of clastic materials by
production-derived components.
Varying proportions of clastic and production-derived components, the presence
and absence of sand and silt-sized ripples from facies to facies, evidence for iocalized
erosion, and internal bed fabrics demonstrate that both advective and suspension settling
processes impacted deposition throughout the succession. In addition, textural and
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compositional variability reflects changing energy conditions and transport mechanisms
that influenced grain dispersal.
Stacked successions have been observed to display coarsening and fining-upwards
trends (Fig. 43-47) and systematic variations in the proportion of clastic and productionderived components. Observed successions are defmed by one of the three compositional
trends: 1) a progressive enrichment in clay and silt-sized production-derived materials
(coccoliths. shells) and a depletion in clastic components (silt and sand-sized quartz
grains, clay-sized clay minerals), 2) characterized by an overall increase in clastic
materials (sand and silt-sized quartz grains and clay-sized clay minerals) and a relative
depletion in clay and silt-sized production-derived material (coccoliths, shells), or 3)
exhibit a progressive increase in clay and silt-sized production-derived material
(coccoliths, shells), an enrichment in the proportion of clay minerals and sand-sized
quartz grains, and an enrichment in sand-sized, rounded carbonate grains (re-worked shell
debris). Beds composed of high proportions of clastic materials relative to clay and siltsized coccoliths and shell debris are commonly laminated, normally graded, and exhibit
sharp bed bases. Progressive compositional and grain size variability observed in the
stacked successions is significant as variations in the relative proportions of clay, quartz,
and carbonate, in addition to grain size trends, imply changing depositional conditions.
For example, a progressive dilution in fme-grained carbonate components (e.g.,
coccoliths) relative to clastic components (e.g. sand-sized quartz) may imply increasing
proximity to a clastic source and/or an increase in depositional energy.
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Observed stacking patterns correlate with wireline log trends that appear to be
responding to the systematic compositional variation observed in these mudstones. Rock
composition (e.g., variations in carbonate and clay) impacts the response of the gammaray, resistivity, sonic, density, and neutron porosity tools such that the compositional
variability within stacked successions can be related to the wireline log responses.

4.2 Grain origin and dispersal
Rock components observed in the studied succession comprise materials that were
originally detrital or production-derived. Discussed here are the origins of these detrital
and production-derived materials and the dispersal mechanisms that delivered these
grains to the sediment-water interface.
Detrital materials comprise clay, mica, feldspar, and kaolinite. It should be noted
that illite was likely derived from the transformation of illite-smectite to illite during
diagenesis (Eberl and Hower, 1976; Eberl and Hower, 1977), however, the original clays
were detrital in origin. It is likely that these components were derived from the
weathering of the surrounding hinterland; it has been proposed that the major supply and
transport of clastic materials to the Lower Saxony Basin during the Toarcian was from the
northwest and east from the Fenno-Scandian High and contiguous areas (Littke et aI.,
1991). It is known that rivers often act as transport mechanisms and deliver weathered
materials and nutrients to ocean basins (e.g, Potter et aI., 2005; Rohl et aI., 2001).
Microscopic (5-10 !lm) dark black, blocky material observed in thin section is likely to
be woody detritus also weathered from the hinterland and delivered to the ocean basin by
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river transport. Very-fine sand and silt-rich, inclined laminae observed to downlap onto
underlying bedding planes are very similar to structures created by Schieber et al. (2010)
in flume tanks and are interpreted to be ripples deposited by advective currents operating
over the sea floor. Sharp bed bases and evidence of localized erosion suggest that altered
detrital components were being transported by advective processes, at least partly in
bedload and deposited in conditions where there was sufficient energy to overcome the
critical erosion velocity (Schieber et aI., 2007; MacQuaker and Bohacs, 2007). The
initially high energy conditions suggested by these sediment features and normally graded
bed geometries indicative of waning energy are likely to be associated with storms (e.g.,
Mac Quaker and Howell, 1999; Mac Quaker and Taylor, 1997).
The relative proportion of detrital components varies considerably throughout the
studied succession. Detrital grains range from clay to sand-sized in varying proportions
from lithofacies to lithofacies and range in relative abundance from high to low. The
variety in size and distribution of altered detrital grains throughout the succession implies
that there were varying fluxes of sediment being transported by several mechanisms.
Storms, fluid muds, geostrophic flows, advective currents, and suspension settling
processes, operating at the end of gravity-driven flows, transport sand, silt, and clay-sized
grains in varying proportions. Changing detrital supply distributed by a variety of
advective processes, in addition to varying production in the photic zone, significantly
impacts the distribution and relative abundance of clastic components. It appears that the
transport of altered detrital grains is governed by the interplay between both advective
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(e.g., ripple deposition) and gravity-dominated (e.g., suspension settling at the end of a
waning flow) processes.
Diverse transport mechanisms are not the only factor determining the relative
abundance of detrital grains. The relative proportion of detrital grains can be diluted by
high productivity in the photic zone or by an increase in the proportion of re-worked
carbonate grains, as shown by the range of detrital components throughout carbonate-rich
lithofacies exhibiting a coccolith-dominated matrix. Laminated, sand, silt, clay, and
coccolith-bearing mudstones (Lithofacies #3) contain one of the highest proportions of
sand-sized quartz grains, exhibit moderate clay concentrations, are rich in carbonate shell
debris and matrix coccoliths, and show evidence of sand and silt deposition by ripples
transported by advective currents. This facies shows that relatively high proportions of
detrital components can be supplied, transported and deposited in abundances that are not
significantly diluted during times of high productivity in the photic zone. In contrast, thinbedded, bivalve and fecal pellet-bearing, clay-rich mudstones (Lithofacies #5) and
pelleted, silt- and clay-bearing, coccolith-rich mudstones (Lithofacies #7) contain low to
moderate clay concentrations, low to moderate silt-sized quartz grains, and a higher
abundance of carbonate shell debris and coccoliths relative to Lithofacies #3. Lithofacies
#5 and #7 demonstrate how the proportion of sand-sized detrital grains can be diluted by
increased concentrations of shell debris and biogenic material. The observation that
detrital components appear to be diluted by high productivity in some carbonate-rich
lithofacies (# 5 and #7) and not in others (#3) suggests that the processes transporting
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detrital grains are variable and not always controlled by suspension settling processes
associated with the transport of production-derived components. Varying altered detrital
grain abundances and evidence for advective transport mechanisms (i.e. ripple deposition
by traction currents, sharp bed bases, varying proportions of sand, silt, and clay) suggest
that detrital components are not simply delivered by suspension settling processes alld
that the deposition of these rocks occurs in a higher energy environment than previously
assumed. The relative proportion of detrital grains, however, can be diluted by an influx
of production-derived components.
Production-derived components comprise carbonate shell debris, coccoliths, fecal
pellets, phosphatic fish remains, and organic matter. Fecal pellets ranging from 50 J.ltll to
0.75 mm in diameter are likely derived from zooplankton grazing. These components,
additional biogenic material, and marine snow travel through the water column as
aggregates and descend to the sediment-water interface (MacQuaker et ai., 2010). During
phytoplankton blooms and periods of high productivity there is an increased flux of
production-derived material to the sea floor. This productivity increase often dilutes the
detrital components being delivered along the sea floor by advective currents, the
suspended detrital material in the water column, and the detrital material being influenced
by hyperpycnal flows. Lithofacies that appear to be deposited during times of higher
clastic input and relatively less productivity (# 1-2) exhibit clay-dominated matrix
compositions, whereas during times of relatively higher productivity and varying degrees
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of detrital dilution (Lithofacies # 3,5, 7) the matrix composition shifts towards a
coccolith-dominated composition.

4.3 Diagenesis
Early and late post-burial processes can be observed in the studied succession.
These include early pre-compaction cements mediated by microbial activity and later,
post-compaction cements created by deep burial processes.
Very fine-grained nodular and non-nodular carbonate concretions are interpreted
to be pre-compaction cements that formed as the surrounding mudstone material
compacted around them. These concretions likely formed during breaks in sedimentation
when there was sufficient time for solutes to be delivered to the sites of precipitation and
replace pre-compaction porosity with cement. This break in sedimentation is crucial,
otherwise, in the absence of diffusion acting faster, there would not have been enough
time to supply the necessary solutes (Taylor and Mac Quaker, 2000).
Framboidal pyrite is ubiquitous throughout the lithofacies. Ripples composed of
sand-sized quartz, re-worked carbonate grains, and framboidal pyrite suggest that this
pyrite was relatively early, as advective processes operating along the seafloor were able
to transport these grains as opposed to being formed in-situ in a deep burial environment.
The presence of framboidal pyrite in laminated beds cross-cut by fractures and the
absence of framboidal pyrite in fractures that have been interpreted to be related to deep
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burial processes (Jochum et ai., 1995) implies that these grains were likely formed by
early burial, pre-compaction microbial processes.
Once the most energetically efficient oxidant, oxygen, has been depleted in the
near surface diagenetic environment by aerobic organisms sulfate reduction occurs (e.g.,
Claypool and Kaplan, 1974). In the absence of oxygen, anaerobic organisms consume
sulfate (Eqn. 1). As a result, hydrogen sulfide and bicarbonate anions are supplied to the
pore waters, pore water sulfate concentrations are reduced, and the produced hydrogen
ions slightly lower the pH.
Eqn.l:

2CH20 + S02-4 ~ H+ + 2HC03- + HS-

Reducing conditions means that any reactive Fe3+ derived from weathering will become
reduced and go into solution. This iron (Fe2+) reacts with reduced sulfur in the pore
waters and forms framboidal pyrite grains via iron mono sulfide intermediates (Rickard
and Luther, 2007). As burial continues, sulfate gradually depletes because the rate it is
being consumed is faster than the rate at which it can diffuse into the sediment. As a
result, methanogenesis becomes the dominant organic matter decay mechanism (Eqn. 2).
Eqn.2:

2CH20 ~ CH4 + C02

As sulfate reduction processes exhaust much of sulfate available in the pore waters, its
poisoning effects on dolomite precipitation reduce. In the presence of reduced sulfate
concentrations and given that seawater is saturated in Mg2+ ions, dolomite can precipitate
(Kastner, 1984). Ferroan dolomite precipitates in the methanogenic zone as there is no
other sink for Fe2+(Coleman, 1985). Dolomite grains observed in this succession contain
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either iron rims along grain edges or trace amounts of iron detected by the SEM and XRD
analysis. As a result, they are interpreted to be early, pre-burial cements related to
methanogenic processes.
The ubiquitous appearance of framboidal pyrite in all observed lithofacies
suggests that sediments throughout the entire succession were likely exposed to postdepositional sulfate-reduction processes. Pyrite-rich laminae may represent instances
where the products of this bacterial process are more evident due to a relatively higher
supply of iron in these layers. Sand and silt-sized pyrite grains concentrated in relatively
coarse laminae may make these preferential fluid pathways during the earliest phase of
burial.
Apatite likely precipitated in response to changing pore water chemistries related
to sulfate-reduction processes and the subsequent oxidation of this process's bi-product,
sulfide. Sulfate reduction processes produce hydrogen sulfide that bubbles up through the
sediments, and given sufficient time, can react with iron and produce framboidal pyrite
(Coleman and Raiswell, 1995). However, if the hydrogen sulfide bubbles up through the
sediments and reaches oxic sediments before it has the opportunity to form pyrite, the
sulfide can be oxidized instead. Sharp bed bases interpreted to be erosional surfaces and
homogenized bed tops likely created by organisms re-working the sediments mean that
oxic surfaces were present and that oxic-sulfidic interfaces existed. The pH of the pore
waters decreases in response to the oxdiation of sulfide. In these circumstances, despite
the pore waters having high carbonate activities, calcium carbonate cannot precipitate

163

due to the relative acidity (Taylor and Mac Quaker, 2011). However, because the pore
waters still contain relatively high concentrations of bicarbonate and phosphorus derived
from the breakdown of organic matter, the carbonate mineral likely to precipitate is
apatite (Taylor and Mac Quaker, 2011). Apatite is interpreted to be a pre-compaction
cement related to pore water chemistry.
Many diagenetic processes can transform minerals and contribute to acidity in the
deep burial environment . The thermochemical breakdown of maturing organic matter
generates acid (Carothers and Kharaka, 1978; Crossey et aI., 1986) (Eqn.3).
Eqn. 3: 2CH20 ~ C02 + CH4

~

CH3COo- + H+

When feldspars and muscovite grains become unstable post-compaction they dissolve,
delivering K+ ions to burial formation pore waters (Morad et aI., 1994; Eberl and Hower,
1977; Eberl and Hower, 1976), leading to the formation of kaolinite, and producing
bicarbonate ions (Eqn.4).
Eqn 4: 2KAlJSi30S +2C02 +3H20 ~ A12Si205(OH)4 + 4Si02 + 2K+ + 2HCo-3

The K+ ions liberated to the pore waters by dissolving feldspars can react with mixed
layer illite-smectite to produce illite (Worden and Morad, 2003). The transformation of
illite-smectite to illite represents detrital clays becoming altered detrital material (Boles
and Franks, 1979). Also, kaolinite grains observed in SEM to contain areas predominantly
illitic in composition suggests that the illitization of kaolinite occurred (Worden and
Burley, 2003) (Eqn. 5).
Eqn. 5: 3A12Si205(OH)4 + 2K+ ~ 2KAlJSi301O(OH)2 + 3H20 + 2H+
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The illitization of kaolinite introduces more acidity to the pore waters. This acidity has
been hypothesized to be a late acid producing reaction and linked to the post-compaction
dissolution of calcite (e.g., Wintsch and Kvale, 1994). The precipitation of calcite within
deep burial fractures present in the studied succession demonstrates how much calcite
mobility there has been in this succession and that these fractures were conduits through
which calcite ions were transported from a site of dissolution to re-precipitation. These
diagenetic mineral transformations are associated with the movement of ions and suggest
that fluid flow in the subsurface played a role in the diagenetic evolution of these rocks.
The fractures observed throughout the studied succession were likely created after
significant lithification and in response to considerable pressure in the deep burial
environment or overpressure related to oil and gas generation (e.g., Jochum et aI., 1995;
Duppenbacker et aI., 1991). These fractures reveal that the rock has behaved in a brittle
manner. Burial acid flushes associated with organic matter expulsion can lead to calcite
dissolution in the deep burial environment (Carothers and Kharaka, 1978). The dissolved
calcite associated with these acidic processes likely transported along fluid pathways and
re-precipitated in the fractures. The same fluid pathways that facilitated the movement of
calcium ions may have also transported iron, allowing for the precipitation of euhedral
pyrite in these fractures. The euhedral pyrite grains are interpreted to be late as they
crosscut earlier grains and are most often associated with the calcite fractures. The
calcite-filled fractures cross-cut lamination where present, and both detrital and
production-derived components. The calcite fracture fill and the euhedral pyrite grains
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contained within these fractures are interpreted to be deep burial, post-compaction
cements. The absence of framboidal pyrite or dolomite grains further implies that their
formation is not related to the deep burial processes that formed the carbonate and
euhedral pyrite observed filling these fractures.

4.4 Bedding and Internal Fabrics
Internal bed fabrics vary throughout the studied succession. Varying bed fabrics
are distinguished by variations in grain size, lamina style, and framework grain shapes.
In the studied succession, some beds exhibit continuous lamination, others lack any
lamination, and some contain both laminated and homogenized sections within the same
bed. Discussed here are observed bedding characteristics and the variable fabrics
observed within these beds.
Normally graded beds contain laminae enriched in silt and very-fine sand grains at
the base and laminae that are enriched in very fine silt and clay-sized grains towards the
top. Individual beds commonly exhibit laminated lower portions and homogenized, clayrich tops (Fig.30), are completely laminated, or show evidence of re-working within
internal laminae (Fig. 34). All observed beds exhibit sharp bases that are interpreted to be
erosional surfaces created by initially higher energy conditions operating at the onset of
bed deposition. This erosional surface is interpreted to represent the initial stages of storm
deposition. For example, in the normally graded beds higher energy conditions associated
with storm activity delivered sand and silt-sized grains, and as the energy waned after the
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storm clay and silt-rich grains were transported in relatively lower energy conditions. In
light of these observations, lamina sets on the mm-scale separated by discrete bedding
planes are interpreted to be genetic beds representative of individual depositional events.
The rate of sediment accumulation is interpreted to be related to the frequency of storm
events.
Beds with laminated bases and homogenized tops are interpreted to represent
original depositional fabrics (i.e. lamination) being overprinted by early burial processes
(i.e. bioturbation). Homogenized sections were likely created by diminutive organisms
that disrupted original bed fabrics (i.e. lamination) (MacQuaker et aI., 2007).
Homogenized bed tops suggest that there was sufficient time between storm events to
allow re-working of surface sediments by organisms (Mac Quaker and Howell, 1999).
Storms may deposit sediments over the course of days, but it may take up to months for
organisms to get into the sediments re-work them from the surface down (e.g., Thistle,
1981). When the following storm event occurs, it is deposited as the overlying bed that
buries the communities of organisms that had been homogenizing the underlying surface
sediments. Bioturbation is then initiated at the top of this later sediment package. Where
beds are completely laminated it suggests that, a) there was insufficient time between
storm events to allow re-working of the upper laminae near the sediment-water interface,
or b) homogenized, re-worked bed tops were eroded away by later storm events and were
not preserved (Mac Quaker and Howell, 1999).
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Laminated lithofacies (#1-3) contain the bulk: of the samples that exhibit the
highest Toe values encountered in the studied succession. This suggests that where
laminae were not disturbed by burrowing organisms and organic matter was not
decomposed, there was enhanced preservation of Toe within these laminated sediments
relative to other lithofacies. Observed variability in the thicknesses of laminated and
homogenized fabrics from bed to bed reflect variations in sedimentation rate and the
subsequent recurrence frequency of bed emplacement (Bentley and Nittrouer, 2003).
Organic matter preservation is enhanced when the rate of sedimentation (i.e. the
frequency of storm events) is greater than the rate of organic matter decay by organisms.
Additionally, the fact that the laminated intervals are relatively thin and that there is
evidence of bioturbation of surface sediments suggest that anoxia was not persistent
throughout the deposition of these organic-rich sediments. Small burrow mottles with
diameters :s: 100 !lm are visible, suggesting that relatively small infauna were re-working
the sediments. The relatively small size of these infauna and lack of evidence of a large
diverse infaunal community imply that pore water conditions were dysoxic rather than
fully oxic (Wignall, 1991; Byers, 1974). Dysoxic conditions and a relative reduction in
oxygen concentrations are implied by the small infauna interpreted to re-work the
sediments. Relatively fast sedimentation rates produced by high storm frequency is more
likely a controlling factor in preserving these organic-rich sediments as opposed to
persistent anoxia.
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4.5 Stacking Patterns and Sequence Stratigraphic Applications
This study incorporates both discrete data taken from sample sites throughout the
core and continuous data throughout the succession (i.e. core photographs, wireline log
data). This means that in addition to the variety of data obtained from core samples (i.e.
XRD, TOC, SEM, optical microscopy), obvious changes in lithofacies and distinct stratal
surfaces can be observed throughout the succession from continuous data sources,
allowing for discrete samples to be integrated into a known stratigraphic framework. This
integration of discrete and continuous data enables the scale of the mudstone variability to
be linked to the scale of the resolution of the wireline tools. The systematic bed variability
observed on the mm to cm-scale can be scaled up to systematic stacking patterns. These
m-scale stacking patterns, comprised of fining and coarsening-upward rock trends, can be
related to correlative wireline trends that are also present on the m-scale. How each of the
previously described stacked successions are interpreted to fit into a sequence
stratigraphic framework is discussed here.
Observed stacking patterns exhibit systematic variations in grain size,
composition, and texture. For instance, Stacked Succession I exhibits a progressive
decrease in grain size, an overall increase in carbonate and decrease in clay, and a shift
from continuous to discontinuous laminated fabrics. Compositional, textural, and grainsize trends observed on the m-scale in these stacked successions reflect the systematic
variability of bed-sets on the mm-scale that are contained within these sedimentary
packages. The following discussion describes how Stacked Successions I, II, and III
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exhibit progressive compositional and textural changes that are interpreted to represent
component parts of stacked parasequences that overall retrograde or prograde. These
parasequences (stacked successions of thin beds with no significant erosional surfaces)
represent the gradual infill of accommodation that had been made available after an event
that rapidly created accommodation. The sampled inflection point between overall
retrograding and prograding packages Stacked Successions I and II, respectively, are
marked by shell pavements and concretion-rich intervals. These cemented horizons are
interpreted to represent key stratal surfaces marking the transition from increased
accommodation to decreased accommodation.
Core photos and wireline log data shows that observed stacked successions
defmed by systematic lithofacies changes can be correlated from well A to well B.
Stacked Successions II and III cored in both wells show the same facies progression and
correlative wireline log trends. For example, Stacked Succession III in both wells contain
laminated, silt-bearing, clay-rich mudstones at the base, laminated, sand and silt-bearing,
clay-rich mudstones in the middle, and laminated, sand,silt, clay, and coccolith-bearing
mudstones at the top. In both wells Stacked Succession III is associated with an overall
coarsening-upward trend and a progressive increase in coccolith, quartz, and re-worked
carbonate abundances. In both wells this stacked succession correlates to a progressive
decrease in gamma-ray, increase in resistivity, increase in density, decrease in neutron
porosity, and decrease in sonic values. In light of these observations and given that
Stacked Succession II sampled in both wells exhibits the same degree of rock trend and
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wireline correlation, the stacked successions between wells A and B are considered to
exhibit good lateral continuity.

4.5.1 Transgressive systems tract
Transitioning from the base to the top of this proposed retrograding package is
characterized by (Fig. 55):
a) a decrease in clay. SEM and petrographic analyses show that the laminated, siltbearing, clay-rich mudstone (Lithofacies #1) encountered at the base of this succession is
enriched in clay relative to the pelleted, silt and clay-bearing mudstones (Lithofacies #7)
sampled in the middle and upper portions of this trend.
b) a decrease in quartz grain size. The clay-rich facies at the base of the stacked
succession contains medium sand, very-fine sand, and silt-sized quartz grains dispersed
throughout the sample and sand and silt-rich laminae dominantly composed of calcite,
quartz, and pyrite. The coccolith-rich facies encountered towards the top of the package
exhibits slightly lower quartz concentrations and contains dominantly silt-sized quartz
grains; sand-sized quartz grains are rare.
c) a shift in framework carbonate. The framework carbonate grains observed in
the clay-rich facies at the base of this package are rounded, sand and silt-sized grains that
appear to be reworked shell debris. Fecal pellets are rare and coccoliths are very minor
abundance. Towards the top of the package, however, there is a dramatic increase in fecal
pellets, coccolith abundance, and a decrease in the proportion of re-worked, silt and sand-
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Figure 55 (previous page). Observed stacked successions and cemented intervals can be placed into a
sequence stratigraphic framework. Solid arrows show sampled intervals and dashed arrows show the
inferred extent of the systems tract. Abbreviations are: TST- Transgressive system tract, MFS - Maximum
flooding surface, HST - Highstand systems tract. Stacked Successions are labelled I-III. Blue circles show
nodular concretions observable in core.

sized, rounded calcite grains. Framework calcite grains become progressively fmergrained towards the top of this stacked succession.
d) a shift in matrix composition. The clay-rich facies at the base of this
transgressive package exhibits a clay-dominated, carbonate-poor matrix composition. The
carbonate-rich facies in the middle and upper portions of this package exhibit a matrix
composition rich in coccoliths and poor in clay. This shows that as this stacked succession
was being deposited there was progressive dilution of detrital clay-sized, clay minerals
by very fme-grained production-derived carbonate detritus.
e) the appearance of nodular concretions. The top of this stacked succession is
marked by a nodular carbonate concretion. The implied break in sedimentation required
to precipitate these concretions signifies the extent of increasing accommodation before
the next flooding event or transgressive pulse.
f) changes in sedimentary fabric and texture. The clay-rich facies at the base of

this stacked succession exhibits continuous, parallel lamination and normally graded beds
with sharp bed bases. Lamination is defined by the parallel alignment of elongated sand
and silt-sized quartz grains and re-worked carbonate grains. The clay-poor facies in the
middle and upper portions of this stacked succession lack continuous, parallel lamination
and inclined, sand and silt-rich laminae.
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These observations suggest that as deposition of this stacked succession
progressed and accommodation increased, there was increased distance from the source
of clastic components. This is shown by the progressive decrease in clastic (quartz and
clay) and re-worked carbonate grains and the increased proportion of components derived
from production-dominated processes towards the top of the stacked succession. The fact
that coarser grains and evidence for advective transport processes (sharp bases, sand and
silt-rich laminae) are found at the base of this package suggest that there was a shift from
relatively higher energy to relatively lower conditions as deposition progressed. The
retrogressive character of this parasequence is marked by early deposition being
dominated by clastic components in a relatively higher energy environment closer to a
clastic source which later became diluted by production-derived materials as
accommodation progressively increased, the clastic source became farther away, and the
energy of the depositional environment decreased. This interval is considered to
progressively retrograde. For these reasons, Stacked Succession I is interpreted to be a
parasequence-set deposited during a transgressive systems tract (TST).
A transgressive systems tract has been inferred at the base of well B in the interval
that was not cored. This inference is based upon similar wireline log trends that can be
observed in the gamma-ray, resistivity, sonic, density, and neutron porosity logs between
the two wells. The consistency in wireline trends between the log suites of the two wells
and implied similarity in rock properties suggests that the rock trends observed in the
lower portion of well A are also likely present in the lower portion of well B.
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4.5.2 Maximum flooding surface
The break in sedimentation associated with maximum flooding implies that there
was sufficient time for volumes of solutes formed by bacterial metabolic processes to be
delivered to the precipitation sites (i.e. uncompacted sediment pore spaces) of cemented
intervals and nodular concretions. This break in sedimentation is likely coincident with
condensed sections representing relatively long periods of time in relatively thin
sedimentary thicknesses. The shell pavement sampled in well A is associated with the
highest density and diversity of fauna in the studied succession, in particular nectonic
fauna (i.e. belemnites), a common feature associated with condensed sections and
maximum flooding events (Loutit et aI., 1988; Van Wagoner et aI., 1988). Shell
pavements tend to form under conditions where the clastic dilution of carbonate
components is reduced, and this shell pavement is interpreted to form shortly after the
maximum flooding event during a period of increased accommodation availability. This
shell pavement is also positioned near the inflection point between Stacked Successions I
and II. This inflection point marks a major shift in lithofacies and separates packages with
different grain size, compositional, and depositional trends. Underlying Stacked
Succession I is marked by a decrease in clay, increase in carbonate (in particular,
coccoliths), a decrease in grain size, and a progressive lack of continuous lamination.
Stacked Succession II is marked by a progressive increase in clay and grain size, and a
decrease in carbonate. Given the shell pavement's location near this inflection point in
rock trends and its proximity to the concretion-rich interval, the sampled shell pavement
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is interpreted to be a condensed section associated with maximum flooding conditions.
The maximum flooding surface separating the underlying transgressive systems tract and
overlying highstand systems tract is interpreted to comprise the concretion-rich interval
(facies #4) and the shell pavement (facies #6) observed in the middle of the studied
succession (Fig. 55).

4.5.3 Highstand systems tract
Transitioning from the base to the top of this proposed prograding package is
characterized by (Fig.55):
a) an increase in clay concentrations. The pelleted, silt and clay-bearing,
coccolith-rich mudstones (Lithofacies #7) encountered at the base of the succession in
well B contains very low clay concentrations. In contrast, the overlying laminated, sand,
silt, clay, and coccolith-bearing clay-rich mudstones (Lithofacies #3), the laminated, siltbearing, clay-rich mudstones (Lithofacies #1), and the laminated, sand and silt-bearing,
clay-rich mudstones (Lithofacies #2) encountered in the middle and upper portions ofthe
stacked succession are relatively enriched in clay.
b) an increase in the proportion and grain size of quartz. Lithofacies #1-3 in the
middle and upper portions of the stacked succession contain higher quartz abundances
and higher proportions of sand-sized relative to the underlying pelleted and coccolith-rich
lithofacies (#7). The coarsest quartz grains are concentrated in Lithofacies #2 as opposed
to the top of the stacked succession, suggesting that this initial stage of coarse-grained
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clastic components being fluxed back into the system was episodic in the early stages of
highstand conditions.
c) a shift in framework carbonate components and grain size. The lithofacies at the
base of this stacked succession contains framework carbonate dominated by fecal pellets
and contains low abundances of rounded calcite grains. Sand-size carbonate grains are
rare at the base of this stacked succession. Lithofacies #1-3 in the middle and upper
portions of the stacked succession exhibit very low fecal pellet concentrations and
framework carbonate that is dominantly comprised of silt and sand-sized, rounded, reworked carbonate grains.
d) a shift in matrix composition. Lithofacies at the base of this stacked succession
(#3,7) exhibit matrix compositions dominated by clay-sized carbonate components,
particularly coccoliths. In the middle and towards the top of the stacked succession,
matrix composition is dominantly composed of clay-sized clay-minerals with very minor
coccolith abundances. This suggests that as this stacked succession was being deposited
there was progressive dilution of very fine-grained production-derived carbonate
components by detrital clay-sized, clay minerals. The fine-grained detritus available to
form the matrix component of the rock was becoming progressively more detritaldominated as opposed to production-derived.
e) changes in sedimentary fabrics and textures. Lithofacies #7 encountered at the
base of this stacked succession is not laminated and was not observed to contain parallel
or inclined sand and silt-rich laminae. Lithofacies #1-3 encountered in the middle and
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upper portions of this succession, however, contain normally graded beds with sharp
bases, sand and silt-rich laminae parallel to bedding, pyrite-rich laminae, and inclined,
sand and silt-rich laminae that downlap onto underlying bedding planes. Unlike the base
of this stacked succession, the middle and upper portions show evidence of advective
transport mechanisms and deposition of sand and silt-sized ripples. This suggests that
energy conditions increased as the deposition of this stacked succession progressed.
These observations suggest that as the deposition of this stacked succession
proceeded, the supply of clastic components was being re-supplied to the system as
accommodation availability decreased. The sediment available to infill accommodation
shifted from being production-derived material under relatively clastic-starved conditions
as seen during the transgressive systems tract and maximum flooding surface, towards
more clastic-dominated components that began to dilute those derived from productionrelated processes. Stacked Succession II represents the early stages of highstand
deposition where relatively lower energy conditions dominated by pelagic settling
processes transitioned to relatively higher energy conditions where advective transport
mechanisms assumed a more prominent role.
Stacked Succession III is interpreted to represent continued deposition under
conditions where the clastic supply reached its maximum extent observed within the
studied succession. The deposition of this stacked succession began after the initial pulses
of infilling available accommodation (Stacked Succession II) and represents a progressive
increase in the supply of clastic components and energy conditions. The increase in
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clastic components is shown from the base to the middle of the package by increasing
clay concentrations, and is then assumed by a dramatic increase in the concentrations of
quartz and the proportion of sand-sized grains towards the top of the stacked succession.
The matrix composition of the lower and middle portions of the stacked succession are
clay-dominated (Lithofacies #1-2). The top of the succession contains Lithofacies #3 with
a carbonate-dominated matrix in addition to high abundances of sand-sized quartz and reworked calcite grains. This upper portion of the stacked succession is interpreted to
represent deposition under conditions where this is a considerable flux of coarse-grained
clastic material in combination with high levels of productivity in the photic zone. All
facies in this stacked succession are laminated, contain sand and silt-rich laminae, and
evidence of ripple deposition. This suggests that throughout the deposition of this stacked
succession higher energy conditions prevailed relative to the lower energy conditions
observed at the very bottom of the highstand and transgressive systems tracts.

4.5.4 Sequence stratigraphic summary

The transgressive systems tract was likely deposited during relatively low energy
conditions where production-derived materials dominated the sediments and suspension
settling processes prevailed. As accommodation progressively increased, the source of
clastic components became progressively more distal and production-derived materials
diluted the relative proportion of clastic components.
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In contrast, the highstand systems tract represents deposition under relatively
higher energy conditions where advective transport mechanisms operated in addition to
suspension settling processes. Progressive decrease in accommodation meant that the
proximity to the clastic source gradually increased. Higher fluxes of clastic components
increased the proportion of clays and quartz relative to production-derived carbonate. The
latest stages of the highstand were deposited during times of relatively high clastic supply
and productivity in the photic zone.

4.6 Stacking Patterns and Wireline Log Integration

Lithological stacking patterns are consistent with wireline trends observed in the
gamma-ray, resistivity, neutron porosity, sonic, and density logs:

4.6.1 Gamma-ray log
In mixed siliciclastic and production-dominated successions composed of
sandstones, carbonates, and mudstones, gamma-ray trends are conventionally interpreted
as representing "coarsening upwards" (progressively decreasing gamma-ray) or "fIningupwards" (progressively increasing gamma-ray) stacking patterns (Nicols, 2009; Rider,
1990; Emery and Bertram, 1996). In this studied succession, the gamma-ray log exhibits
overall increasing and decreasing trends that can be related to systematic variations
observed in Stacked Successions I-III. These gamma-ray trends are described relative to
changes in composition, texture, and grain size observed in correlative rock trends.
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Stacked Succession I interpreted as a component part of the transgressive systems
tract exhibits an overall fIning-upwards trend characterized by a decrease in the
proportion of sand-sized quartz grains and a dramatic increase in the abundance of
relatively fme-grained carbonate components (in particular, coccoliths). These
compositional and grain size trends correlate to an overall decrease in gamma-ray. This
suggests that the gamma-ray log is responding to the progressive enrichment in carbonate
and depletion in clay, as carbonate contains less radioactive material relative to clays.
Conventionally, transgressive packages are associated with an overall increase in gammaray values because an inferred increase in clay is associated with a decrease in grain size
(Nicols, 2009), however, this assumption does not apply to this stacked succession. The
overall decrease in gamma-ray values observed in these transgressive parasequence-sets
is interpreted to be related to the progressive enrichment in carbonate and depletion in
clastic components caused by furthering distance from the clastic source and a
progressive increase in accommodation. The observed decrease in gamma-ray values
associated with Stacked Succession I does not represent a coarsening-upwards sequence
created by decreased accommodation and an enrichment in sand-sized components
resulting from progressive proximity to a clastic-source, as would have been the likely
interpretation if the gamma-ray had been examined in isolation (i.e. without incorporating
any rock data). It appears that in this instance, the gamma-ray log is responding more to
the overall shift in composition, from higher gamma-ray material to lower gamma-ray
material, as opposed to a decrease in grain size.

181

Stacked Succession II interpreted to represent the initial stages of highstand
deposition correlates to an overall increase in gamma-ray values. The base of this
highstand systems tract captures the shift from rocks being deposited in a productiondominated, reduced clastic environment to rocks being deposited progressively closer to
a clastic source which dilutes the relative proportion of production-derived components.
This transition is characterized by a decrease in the proportion of fine-grained carbonate
(i.e. coccoliths) and an increase in the proportion of clastic-derived components (i.e.
clay). It is this compositional progression from gamma-ray poor rock components
(carbonate) to increasingly gamma-ray rich rock components (clays) that creates the
overall trend of increasing gamma-ray values. The proportion of sand-sized quartz grains
peaks in the middle of this trend and associated with relatively intermediate gamma-ray
values, suggesting that grain-size is not governing the response of the gamma-ray log
over this interval. The gamma-ray trend associated with this stacked succession represents
how gamma-ray trends cannot always be relied upon to infer the depositional conditions
under which the rocks were formed. Conventionally, a progressive increase in gamma-ray
values would be associated with a transgressive parasequence-set, as the trends of
increasing proportions of clay minerals and decreasing grain size are typically associated
with retrograding packages (Nicols, 2009). In this study, an overall increase in gammaray values correlates to a stacked succession that was deposited during highstand
conditions whereby the sediment available to infill accommodation became progressively
more clastic-dominated,and specifically clay mineral dominated, as a result of decreased
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accommodation and increasing proximity to a clastic source and decreased inputs from
carbonate production.
Stacked Succession III interpreted to represent component parts of a highstand
systems tract is marked by a progressive increase in the proportion of carbonate relative
to clay and an increase in the grain size of both clastic (e.g., quartz) and re-worked
carbonate components. This lithological trend is associated with a progressive decrease in
gamma-ray values. The overall decrease in gamma-ray values is interpreted to be caused
by the relative increase in the proportion of carbonate (i.e. a progressive increase in the
proportion of relatively lower gamma-ray materials). This carbonate is mainly comprised
of clay-sized coccoliths and sand and silt-sized re-worked carbonate grains.
Conventionally, an overall decrease in gamma-ray values would likely be interpreted to
signify a regressive, coarsening-upwards package deposited during a highstand systems
tract. This means that in this instance, the conventional interpretation of the gamma-ray
trend associated with Stacked Succession III would align with the depositional trend
observed in this study. Similar to conventional expectations, this stacked succession does
in fact represent an increasing flux of coarse-grained clastic components in combination
with an increase in carbonate components derived from photic zone productivity, likely
related to decreasing accommodation and an increase in energy conditions impacting
deposition.
In all observed stacking patterns, the gamma-ray log responded systematically to
changes in composition and shifts in the proportion of lower gamma-ray materials (e.g.,
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carbonates) relative to higher gamma-ray materials (e.g., clays). The gamma-ray log does
not respond consistently to progressive changes in grain size, suggesting that in this
mudstone succession the gamma-ray log cannot be used to confidently identify finingupward or coarsening-upward cycles. The traditional conclusion that a progressive
decrease or increase in gamma-ray values throughout a stacked succession represent
highstand and transgressive systems tracts, respectively, is not reliable in this succession
because rock components of the same mineralogy at similar portions of stacked
successions (i.e. top or base) can have significantly different depositional implications
(e.g., re-worked, rounded shell framework debris deposited under higher energy
conditions and dense accumulations of fine-grained matrix coccoliths deposited under
lower energy conditions). In this studied succession, the gamma-ray log does not appear
to respond exclusively to grain size, rather, the bulk composition of the rock seems to
exert a more significant influence. Diagenetic carbonate fractures distributed throughout
the whole succession do not appear to exert a systematic influence on the gamma-ray log.

4.6.2 Resistivity log
Resistivity values exhibit overall increasing trends in Stacked Successions I and
III. This progressive resistivity increase is associated with a gradual increase in carbonate
and decrease in clay. Stacked Succession I is a fining-upward trend and Stacked
Succession III is a coarsening-upward trend. In contrast, Stacked Succession II is
characterized by an overall decrease in resistivity and a progressive increase in clay and
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decrease in carbonate. Nodular concretions containing the highest carbonate
concentrations in the succession are associated with localized, high resistivity spikes.
Relatively clay-rich Lithofacies #1-2 exhibit low resistivity values compared to
carbonate-rich lithofacies (e.g., #5).
Shallow and deep resistivity vs. density cross-plots demonstrate how an overall
decrease in resistivity is associated with a progressive increase in clay and decrease in
carbonate concentrations (Fig. 52). A deep resistivity - Toe cross-plot shows that the
moderate and high clay lithofacies facies (#1-3) exhibiting relatively low resistivity
values are also the facies that are more typically enriched in Toe (Fig.56). Despite the
fact that organic matter is less conductive than clay minerals, the TOe-rich samples
appear to be relatively more conductive than the rest of the succession. Excluding the
shell pavement and concretions, the relatively organic-rich lithofacies (#1-3) contain
higher pyrite concentrations than the relatively carbonate-rich lithofacies (#5 and #7).
Pyrite concentrations of Lithofacies #1-3 range 1.6 to 7.6 % and average 4.43%,
compared to Lithofacies #5 and #7 which contain pyrite abundances ranging 1.6 to 5.8%
and averaging 3.3 %. This slight enrichment of pyrite in the clay-rich samples associated
with relatively higher TOe values means that the conductive character of pyrite (e.g.,
Rider, 2002) may be acting in tandem with the relatively high resistivity of organic
matter. This may explain why the relatively organic-rich samples observed in Lithofacies
#1-3 appear to be conductive; their pyrite concentrations may be sufficient enough to
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Figure 56. A deep resistivity- Toe cross-plot suggests that more resistive facies contain less TOe than
more conductive facies. Organic matter is resistive relative to clays, however, the relatively moderate to
high pyrite concentrations of the organic-rich facies means that the conductive character of the pyrite may
be acting in tandem with the more resistive organic matter contents in these lithofacies (#1-3). This may
explain why the relatively organic-rich facies appear to be conductive relative to facies with less organic
matter.
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increase their conductivity relative to samples in carbonate-rich lithofacies #5 and #7, yet
the density contribution of this excess pyrite may not be sufficient enough to outweigh the
relatively low density of these samples resulting from high clay concentrations and
relatively low carbonate.
The resistivity log appears to be responding to compositional changes, particularly
variations in the proportion of carbonate relative to clay. Carbonate is more resistive to an
electrical current than clay minerals, as clays contain considerable amounts of conductive
bound water. Systematic variations in the proportions of clastic and production-derived
components throughout stacked succession correlate to resistivity trends that are
consistent with these compositional variations.

4.6.3 Density log
In Stacked Succession I of the transgressive systems tract, a progressive increase
in carbonate and decrease in clay is associated with an overall increase in density.
Nodular concretions are associated with localized, increased spikes in resistivity relative
to the surrounding material; these cemented features are composed dominantly of
carbonate with varying proportions of pyrite and contain very little clay.
Stacked Successions II and III observed within the highstand systems tract also
display density trends related to varying proportions of carbonate and clay. Stacked
Succession II at the base of the highstand systems tract characterized by a decrease in
carbonate and increase is clay is associated with a progressive decrease in density.
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Stacked Succession III in the upper portion of the highstand systems tract remains
relatively clay-rich, but exhibits an increase in carbonate towards the top as re-worked
carbonate grains progressively become more abundant and increased productivity in the
photic zone delivered a flux of coccoliths to the system. This carbonate trend is associated
with a slight increase in density towards the top of this stacked succession where
relatively carbonate-rich Lithofacies #3 is developed. It is important to note that this
increase in density is slight, and that the highstand systems tract containing relatively
organic-rich Lithofacies #1-3 is less dense than the carbonate-facies contained within the
transgressive systems tract. The density-TOC cross-plot demonstrates that relatively clayrich lithofacies associated with high TOC are less dense than carbonate-dominated
lithofacies generally containing lower TOC (Fig.57).
Density log trends associated with stacking pattern variations appear to be related
to changes in composition. Carbonate is relatively more dense than clay, and it is the
varying proportion of these two components that likely cause relative increases in density
(increasing the proportion of carbonate at the expense of clay) or relative decreases in
density (increasing the proportion of clay relative to carbonate). Despite the relatively
more clay-rich Lithofacies #1-3 exhibiting moderate to high pyrite concentrations relative
to the carbonate-rich facies, it appears that the anticipated density increase associated
with this slight increase in pyrite is small relative to the higher densities associated with
significantly higher carbonate and lower clay concentrations observed in the carbonaterich, clay-poor and cemented facies.
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Figure 57. Density-TOe cross-plot shows that increasing TOe and clay concentrations relative to the
proportion of carbonate is associated with a progressive decrease in density.
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4.6.4 Neutron porosity log
The neutron porosity log responds to variations in hydrogen throughout the
succession. Materials in this succession relatively enriched in hydrogen include clays
and organic matter, while carbonate is depleted in hydrogen relative to these materials.
The transgressive systems tract associated with low to moderate neutron porosity values
is dominated by facies containing relatively high carbonate and low clay concentrations
(Lithofacies # 5, #7), while the highstand systems tract associated with moderate to high
neutron porosity values is dominated by lithofacies with moderate to high clay
concentrations and relatively high TOe values (Lithofacies #1-3). Higher neutron
porosity values associated with the highstand systems tract are likely caused by the
increased abundances of hydrogen related to higher clay, higher TOe, and lower
carbonate concentrations relative to the transgressive systems tract. Low neutron porosity
spikes associated with nodular concretions result from their carbonate-dominated,
relatively hydrogen deficient composition. The relative decrease in neutron porosity
observed at the top at Stacked Succession III is in response to the development of a
carbonate-dominated matrix during high-productivity and an increase in the proportion of
re-worked carbonate grains (Lithofacies #3). This facies, however, still contains moderate
clay concentrations and is not associated with neutron porosity values as low as those
encountered in the transgressive systems tract.
In light of these observations, increasing and decreasing neutron porosity trends
associated with Stacked Successions I-III are consistent with variations in the proportions
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of relatively hydrogen-poor carbonate and relatively hydrogen-rich TOC and clay
minerals.

4.6.5 Sonic log
Carbonate concretions with the highest proportion of matrix carbonate (i.e.
carbonate cement) exhibit the lowest sonic values, which translates to the fastest two-way
travel times encountered in the succession. The progressive decrease in carbonate and
increase in clay observed in matrix compositions throughout the facies is associated with
an overall increase in sonic values, or an overall decrease in two way travel time (Fig.
58). Matrix compositions ranging from highest clay and lowest carbonate to lowest clay
and highest carbonate are:
a) Clay dominated matrix with minor carbonate (Lithofacies # 1-2)
b) Clay dominated matrix in addition to surrounding carbonate cement
(Lithofacies #6 - shell pavement)
c) Carbonate dominated matrix with relatively moderate clay (Lithofacies #3)
d) Carbonate dominated matrix with relatively minor clay (Lithofacies #5, #7)
e) Carbonate cement dominated matrix (Lithofacies #4 - concretions)
Figure 58 illustrates how the compressional (DTCO) and shear wave (DTSM)
sonic logs appear to broadly discriminate between matrix compositions; the shear wave
(DTSM) log appears to be slightly more effective. Sounds waves are likely to travel
relatively faster through denser materials (i.e. carbonate-dominated) relative to less dense

191

Neutron porosity vs. DTSM
0.25
0.20

v/v

0.15
0.10
0.05

o
100.00

130.00

160.00

190.00

220.00

250.00

~s/ft

Neutron porosity vs. DTCO
0.25
0.20

anomalous sample 27

0.15

v/v
0.10
0.05

o
50.00

65.00

80.00

95.00

110.00

~s/ft

Clay-dominated matrix (Lithofacies #1-2)

X

o
o
o

Clay-dominated matrix in addition to carbonate cement (Lithofacies #6)
Carbonate dominated matrix with moderate clay (Lithofacies #3)
Carbonate dominated matrix with minor clay (Lithofacies # 5, 7)
Calcite cement matrix (Lithofacies #4)

192

Figure 58 (previous page). Neutron porosity vs. sonic cross-plots illustrating how the sonic log broadly
differentiates facies according to matrix composition. As matrix compositions progressively become enriched
in clay and depleted in carbonate, the sonic values increase (i.e. the two-way-travel time decreases).

materials (i.e. clay-dominated). This suggests that rocks with matrix compositions
dominated by carbonate relative to clay likely transmit sound waves faster, producing
faster two-way travel times and lower sonic values.
The anomalous samples labelled in Figure 58 represent single facies occurrences
within stacked successions dominated by a different matrix composition. It is likely that
the relatively thin interval of these facies was not thick enough for the sonic tool to
differentiate their different composition from the surrounding, dominant matrix
compositions (i.e. the facies was not developed at a sufficient vertical thickness for the
tool to resolve its sonic character). For example, the anomalous clay-dominated matrix
sample (27) situated among the carbonate-dominated, minor clay matrix samples
represents the single occurrence of this facies at the base of the transgressive systems
tract, a stacked succession that is dominated by facies exhibiting carbonate-dominated,
clay-poor matrix compositions.
This succession is composed of matrix-dominated mudstones that do not possess
conventional porosity. This suggests that the sonic tool is not likely responding to
variations in conventional porosity as traditionally assumed in more conventional
successions comprised of carbonates, sandstones, and mudstones. Evidence suggests that
the sonic tool is being influenced by the composition of the clay-sized matrix. The sound
waves travel faster through matrix compositions with higher carbonate concentrations
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relative to those that are dominated by clay, implying that in rocks with no conventional
porosity, the clay-sized matrix composition may be transmitting sound waves in a
systematic way between facies with carbonate and clay-dominated matrix compositions.
The linear trend observable on Figure 58 suggests that the neutron-sonic crossplot is effective in discriminating lithofacies matrix compositions, especially in the
neutron-DTSM plot where matrix compositions are associated almost exclusively with
specific DTSM ranges. The ability to identify lithofacies that are dominated by carbonate
vs. clay has important implications for the mechanical properties of the rock and
subsequent production potential. For example, in an unconventional shale gas play, more
dense and brittle carbonate-dominated rocks are better candidates for fracturing than more
ductile, clay-dominated rocks.
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CHAPTER FIVE: CONCLUSIONS
5.1 Conclusions
The studied Posidonia Formation is a mixed siliciclastic, production-dominated
system composed of mudstones with scattered carbonate concretions. This study was
aimed at examining the microscopic heterogeneity in these rocks and generating a
lithofacies assessment based on variations in mineralogy, texture, grain size, and rock
component variability (i.e. variable proportions of detrital and production-derived
components). This study was also aimed at investigating the depositional environment of
this succession and the transport mechanisms that likely played a role in the deposition of
these mudstones. Lithofacies and stacking pattern interpretations were then used to place
the succession into a sequence stratigraphic framework. In addition to identifYing and
describing lithofacies, a key objective was to examine whether the facies and stacking
patterns observed in core are related to trends in correlative wireline log data.
The Posidonia Fm. was chosen because it is a well-known organic-rich succession
that had a full suite of wireline logs available over the entire formation. This means that
the data used was both discrete and continuous. Complete core and wireline log suites
represent continuous data that provide the framework into which data derived from core
samples (i.e. thin sections, XRD, TOC analyses) were placed. Discrete samples sites were
deliberately chosen within a known stratigraphic and petrophysical context. This allowed
microscopic data derived from core samples to be placed into a macroscopic framework
provided by continuous core and wireline log data. This study demonstrates that the
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microscopic (mm-scale) and macroscopic (m-scale) scales can be linked between discrete
and continuous data sources, as facies observable on the mm-scale have been shown to
systematically stack into bed-sets on the m-scale. This study was also aimed at
determining whether facies identified purely from core-derived data would correlate to
trends observable from the wire line logs. The suite of wireline logs available over the
entire mudstone succession is another reason why the Posidonia Fm. was advantageous in
investigating how the wireline logs respond to systematic facies variability.
The data used in this study were derived from very two different sources, as one
provides vital rock data (i.e. core) and the other infers rock properties (i.e. wireline logs).
The approach to integrating these data was to first conduct a lithofacies assessment based
solely on core data, and then investigate whether these facies could be related to, and
identified from, the wire line log data.
The main rock components in these mudstones comprise carbonates (calcite and
dolomite), clay (illite), quartz, pyrite, and organic matter. The silt-sized rock components
comprising quartz, feldspars, and micas, along with the majority of the clay minerals in
the clay-sized fraction, are interpreted to have been ultimately derived from weathering of
the hinterland and subsequently delivered to the basin by rivers. Illite was likely derived
from the transformation of illite-smectite to illite during diagenesis, however, the
precursor clays and amorphous materials were detrital in origin. Production-derived
components comprising carbonate shell debris, re-worked carbonate grains, coccoliths,
fecal pellets, and organic matter are interpreted to have been derived from primary and
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secondary production processes operating in the photic zone. Pre-compaction, early burial
cements are nodular and non-nodular calcite concretions, clay and silt-sized framboidal
pyrite, apatite, and calcite cements. Fractures oblique and parallel to original bedding are
likely related to deep burial processes; and associated deep burial cements are calcite
fracture fill and euhedral, silt and sand-sized pyrite grains. The relative proportion of the
detrital, production, and early burial-derived components varies systematically throughout
the studied succession. This variability is interpreted to signifY both changes in detrital
input and fluctuations in photic zone productivity. This study demonstrates that mudstone
heterogeneity is not governed solely by changes in productivity, but is also significantly
impacted by variations in the supply of detrital components to the system.
Seven lithofacies have been identified in the studied succession. The main criteria
used to discriminate facies were the dominant framework and matrix compositions, the
relative proportion of production and detrital-derived components, sediment fabrics (e.g.,
continuous lamination, homogenized laminae), sedimentary features ( e.g., erosional
surfaces, ripples ), and grain size and shape. The seven identified lithofacies are: 1)
laminated, silt-bearing, clay-rich mudstones; 2) laminated, sand and silt-bearing, clay-rich
mudstones; 3) laminated, sand, silt, clay, and coccolith-bearing mudstones; 4) nodular and
non-nodular carbonate concretions; 5) thin-bedded, bivalve and fecal pellet-bearing, clayrich mudstones; 6) a shell pavement; and 7) pelleted, silt and clay-bearing, coccolith-rich
mudstones. These lithofacies can be broadly categorized into five groups: productiondominated facies (#5, 7), detrital-dominated facies (#1-2), a mixed production and
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detrital dominated facies (#3), cemented facies (#4), and a combination clay, carbonate,
and cement-bearing facies (#6).
Lamina-sets on the mm-scale appear either to be completely laminated, exhibit
almost an entirely homogenized fabric, or contain laminated sediments at the bottom and
homogenized sediments at the top. Intervals composed of lamina-sets bounded by sharp
boundaries are interpreted to be beds separated by discrete bedding planes. Bed bases are
interpreted to be erosional surfaces deposited under high energy conditions associated
with the initial stages of storm activity. Homogenized sections likely represent the reworking of surface sediments by organisms disturbing the sediment as it was being
burrowed. Partial burrowing of the sediment suggests that there was sufficient time
between storm events to allow organisms to colonize sediments from the surface down.
The following storm event would have buried these underlying organisms, and given
sufficient time, new colonies would resume working the surface sediments of the newly
deposited bed. In instances where beds do not contain homogenized sections, it likely
means that there was insufficient time between storm events for organisms to colonize the
sediments, or, the homogenized upper lamina had been eroded by a later storm event. For
these reasons, beds on the mm-scale composed of lamina-sets are interpreted to represent
discrete depositional events related to storm frequency.
Colonization of sediments by aerobic organisms oxidizes the organic matter
contained with the re-worked lamina. It has been observed in the studied succession that
lithofacies containing beds with preserved lamina (#1-3) contain the bulk of the highest
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measured TOe contents. The presence of some bioturbation suggests that relatively fast
sedimentation rates contributed significantly to the enhanced preservation of organic
matter, as high storm recurrence frequency and relatively fast bed deposition meant that
organisms did not have sufficient time to homogenize laminae and oxidize organic matter
throughout an individual bed. Evidence of re-working such as burrow mottling and the
gradual transition from laminated to homogenized layers suggest that anoxia was not
persistent throughout the deposition of these rocks. Instead, it is more likely that
sedimentation rates were a factor related to the preservation of organic matter in these
rocks. This suggests that persistent anoxia may not always be required to preserve organic
matter in fme-grained sedimentary rocks.
Ripples, erosional surfaces, sand-rich lamina, and considerable grain size
variability ranging clay to sand-sized grains suggest that these rocks were deposited under
higher energy conditions than traditionally assumed for mudstones. The presence of these
sedimentary textures demonstrate that advective currents were likely operating along the
seafloor and acted as an important transport mechanism in addition to gravity-driven and
suspension settling processes.
Beds on the mm-scale have been observed to be systematically organized into
stacking patterns on the m-scale. These stacked successions are characterized by changes
in sediment fabric (e.g. laminated and homogenized fabrics), variations in relative
component proportions (e.g., progressive transition from clay mineral-rich, carbonatepoor facies to clay mineral- poor, carbonate-rich facies), and systematic changes in grain
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size (i.e. coarsening and fining-upwards trends). For example, Stacked Succession I is
characterized by a progressive decrease in detrital rock components (clay and quartz), a
decrease in re-worked carbonate grains, and a dramatic increase in the proportion of
production-derived components (coccoliths and fecal pellets). This stacked succession
displays an overall fining-upwards trend characterized by sand, silt, and clay-sized grains
at the base and dominantly silt and clay-sized grains towards the top ofthe package.
Sediment fabrics shift from laminated at the base to a discontinuous, pelleted fabric in the
middle and towards the top. Facies containing ripples and erosional surfaces were
encountered at the base of the stacked succession, and none of these features were
observed in samples taken from the middle or top of this trend.
These compositional and textural observations demonstrate how systematic
mineralogical, fabric and grain size variations within a stacked succession on the m-scale
can be observed from samples on the microscopic (mm) scale. The ability to link the mmscale to the m-scale is significant because it means that trends and facies changes
observed from discrete samples can be incorporated into the continuous, m-scale
framework derived from the core record and comprehensive wireline log suite. Any
useful assessment must incorporate core data- it is the direct source for vital rock property
information. The ability to link rock data on the mm-scale to wireline log data used to
infer rock properties on the m-scale means that these two types of data can be
successfully integrated. This data integration increases the confidence of the overall

200

interpretation and adds more credibility to wireline log assessments because they are
validated by rock data.
Observed Stacking Successions I-III are interpreted to represent component parts
of systems tracts. For example, Stacked Succession I is interpreted to be part of a
transgressive systems tract. This stacked succession is characterized by a shift from sand,
silt, and clay-sized detrital-dominated rock components to clay and silt-sized productionderived rock components, a decrease in energy inferred from a progressive decrease in
ripple deposition and erosional surfaces, and the overall fining-upwards trend. These
characteristics imply an increasing distance from the detrital source and the progression
into lower energy conditions likely related to deepening water in response to increasing
accommodation.
In addition to systems tracts, bounding stratal surfaces have also been identified.
Above the transgressive systems tract and below the highstand systems tract is an interval
with several nodular and non-nodular calcite concretions. This concretion-rich interval at
the inflection point between two systems tracts is interpreted to be a maximum flooding
surface, deposited when there was reduced detrital input and sufficient time for solutes to
be delivered to sites of concretion precipitation.
Component parts of systems tracts and interpreted stratal surfaces identified
throughout the studied succession have been placed into a sequence stratigraphic
framework comprised of a transgressive systems tract, a maximum flooding surface, and
a highstand systems tract (Fig. 55). This illustrates how detailed lithofacies assessments
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of mudstone-dominated successions can be placed into a sequence stratigraphic
framework, and demonstrates how mineralogical and textural variations observed from
lithofacies to lithofacies can be related to changes in depositional conditions.
A correlation between trends observed in rock stacking patterns and associated
wire line log data was observed in the studied succession. Gamma-ray, resistivity, density,
neutron porosity, and sonic tool responses vary systematically with changes in bulk rock
composition. For example, Stacked Succession 1 exhibits an overall decrease in clay and
quartz, and a progressive increase in carbonate (dominantly calcite). The gamma-ray
response over this interval progressively decreases because clay minerals are conductive
relative to carbonate minerals. Dioctahedral (clay) micas contain radioactive potassium,
absorb U due to their very large surface area, and contain Th (a product of weathering),
making them considerably more radioactive than carbonate. Density measurements
increase over this interval because clays are less dense than carbonate. The neutron
porosity log decreases over this interval due to a progressive decrease in hydrogen
concentration, as clays contain more bound water (i.e. more hydroxyls) relative to
carbonate. Resistivity measurements decrease over this interval likely in response to the
increased resistivity of carbonate minerals relative to more conductive clays. The
progressive decrease in two-way-travel time in the sonic log over this interval may be
related to the matrix material infilling conventional porosity shifting from a clay-rich,
carbonate-poor composition towards a carbonate-dominated, clay-poor composition. The
ability of the progressively more carbonate-enriched, clay-depleted matrix composition to
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transmit sounds waves faster is likely related to the higher density of carbonate relative to
clay. In all instances where stacking patterns were observed and systematic
compositional variations were sampled, correlative wire line log trends appear to be
related to changes in bulk rock mineralogy. Ultimately, geological processes that operate
in different parts of the basin are actually linked, and result in individual beds stacking
into stacked successions that form stacking patterns identifiable from the wireline logs.
The gamma-ray log is commonly used to infer sequence stratigraphic packages
and depositional trends. This study suggests that conventional sequence stratigraphic
interpretations derived from the gamma-ray log cannot be solely relied upon to generate
accurate interpretations of depositional trends in mudstone-dominated successions. For
example, transgressive sediment packages are conventionally associated with a
progressive increase in gamma-ray values. This is commonly assumed to be in response
to a decrease in grain size and increase in radioactivity related to a progressive
enrichment in clay as accommodation increases, energy decreases, and the proximity to
the clastic source (i.e. coarser-grained components) decreases. In this study, however,
Stacked Succession I sampled within the transgressive systems tract displays an overall
decrease in gamma-ray response. In this instance, the fine-grained material available to
infill accommodation shifted from being dominated by detrital silt and clay-sized clay
minerals to being replaced by production-dominated, clay-sized coccoliths. This shift is
interpreted to represent the dilution of clastic, detrital components by production-derived
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carbonate in lower energy conditions as accommodation increased and proximity to the
clastic source decreased.
The variety of calcitic rock components sampled (coccoliths, rounded, sand-sized
re-worked shell debris, fecal pellets, fracture fill) are associated with very different
processes, and illustrates how wireline logs cannot describe what types of calcite it is
measuring. The different types of calcite encountered throughout the Posidonia Fm. in
this study demonstrate how inferred carbonate on wireline logs can actually represent a
variety of carbonate components related to fundamentally different processes that have
dramatically different implications from a sequence stratigraphic perspective. This
example demonstrates the importance of incorporating lithofacies descriptions into
sequence stratigraphic interpretations, and not solely depending upon wireline log data to
derive depositional trends and inferred environments of deposition. Wireline logging tools
respond indiscriminately to rock components of the same mineralogy, despite the fact that
they are related to very different processes (e.g., productivity vs. diagenesis).

5.2 Lessons Learned
This study has revealed some precautions that should be considered when
examining and interpreting mudstone-dominated successions. The most important lesson
learned over the course of this study is to always respect the scale of the rock. Seemingly
homogenous mudstones in core and on the hand-specimen scale likely exhibit
considerable compositional and textural variability on the microscopic scale. In order to
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make meaningful rock descriptions, mudstones must be examined by tools that report
data on the microscopic scale (i.e. where the rock variability exists). Otherwise,
microscopic details with considerable depositional significance are overlooked and
ignored.
Useful lithofacies assessments of mudstone-dominated successions cannot be
derived solely from data that responds indiscriminately to mineralogy (i.e. XRD and
wire line log data). The inability of some wireline logging tools, such as the gamma-ray
tool, to differentiate between rock components of the same mineralogy but varying
sources means that these types of proxy data do not provide enough information to make
reliable inferences about changing depositional and diagenetic conditions while the rock
was being deposited, despite providing reliable mineralogical data because the rocks are
so heterogeneous. This issue was also encountered in the XRD data. Some samples
representative of the laminated, silt-bearing, clay-rich facies (e.g., sample 27) contain
calcite fracture material. The XRD reports sample 27 as containing 54.0 % calcite and
16.1 % illite. This measurement is considerably misleading, as this facies contains
relatively high illite abundances (>30%) and relatively low carbonate concentrations
«20%) when observed in thin section and by SEM analysis. In fact, in all instances
where samples of this lithofacies contain calcite fracture fill, the XRD calcite
concentrations are considerably inflated and the illite abundances are underestimated.
This means that if these samples had been allocated to a lithofacies based solely upon
XRD data, they would be labeled as representing one of the carbonate-rich, illite-poor
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lithofacies (e.g., #5, 7). This demonstrates how important it is to incorporate petrographic
techniques when assessing samples containing diagenetic overprints, as XRD data does
not discriminate between the composition and abundance of the host rock relative to
diagenetic features such as fractures.
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