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ABSTRACT OF THE THESIS

Quantitative Seismic Attribute Analysis Using Artificial
Neural Networks and Seismic Stratigraphic
Interpretation of Lower to Middle Miocene Sediments
Offshore New Jersey
by SARP KARAKAYA

Thesis Director:
Dr. Gregory Mountain

This study comprises two parts intended to improve understanding of the lower
and middle Miocene depositional history of the New Jersey continental shelf. The first,
lower Miocene-based part, aims to determine lateral variations in lithofacies between
holes drilled by IODP Expedition 313 using seismic attributes and artificial neural
networks. The second provides detailed seismic sequence stratigraphy of mid-Miocene
successions.
Neural networks are used in the first part to search for a relationship between
seismic attributes and gamma log measurements of the lower Miocene section. Using
this relationship, the networks generate 'pseudo gamma logs' that predict lateral changes
in lithofacies based on accompanying changes in seismic attributes. A successful test of
the technique is demonstrated using 3D seismic data and 6 closely-spaced gamma ray
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logs from the Denver Basin. A similar application to lower Miocene successions offshore
NJ is unsuccessful, most likely due to an insufficient number of wells, complexity of
lithofacies variations between wells up to 12 km apart, and/or an incorrect selection of
attributes.
In the second part, candidate sequence boundaries are identified in a grid of highresolution, densely spaced profiles. In addition to a more detailed history than derived
from prior studies, this part reveals previously unreported records of sediment erosion
and possible global climate influence on the middle Miocene stratigraphic evolution
offshore New Jersey. Eleven candidate sequence boundaries, three not documented by
previous studies, are identified. System tract positions of each sequence are determined,
while only one transgressive system tract and no lowstand fans are observed. Age
estimates based on published studies show that the 11 mid Miocene sequences reported
here span the interval between ~11.8-12.9 Ma, suggesting an average interval between
each of 100 kyr. Clinoform rollovers prograded SE during the development of the oldest
sequence of the study area beginning at a time that coincides with a major shift in !18O
towards heavier values (represented by Mi4) and at about the time of the permanent East
Antarctic ice sheet development. Grain size distribution of the prograding clinoforms is
predicted by extrapolating IODP Expedition 313’s lithostratigraphic analysis of lower
Miocene succession.
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1 CHAPTER I - Quantitative Seismic Attribute

Analysis of Lower Miocene Sediments Offshore New
Jersey Using Artificial Neural Networks
1.1 Abstract
Seismic attributes are any of several types of numerical values derived from
seismic reflection traces that can yield information about a wide range of physical
properties of the subsurface. This study aims to find a relationship between gamma log
measurements in a well and seismic attributes of a profile through that same well. If
found, using this relationship, the networks will generate 'pseudo gamma logs' elsewhere.
Using the basic geologic information revealed by conventional gamma logs, an attempt
will be made to trace lateral changes in lithofacies inferred from “pseudo gamma ray
logs” derived from lateral changes in seismic attributes.
Artificial neural networks are computer programs that can recognize patterns,
trends, and non-linear relationships from complex and/or noisy data. They are used in this
study to search for a non-linear relationship that may exist between gamma logs and
seismic attributes.
The SMT Kingdom – RSA module is used for seismic attribute generation.
Selected attributes and gamma log data are imported to MATLAB for further processing
that included a) converting depths of log values to traveltimes, b) filtering, and c)
resampling so that attribute and gamma values could be compared. After these calibration
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processes a supervised feed-forward multilayer Levenberg-Marquardt back-propagation
neural network is applied to find the relationship.
A 3D seismic data volume with 6 accompanying gamma ray logs from the
Denver-Julesburg Basin is used to test the ability of a neural network in locating a
meaningful relationship between seismic attributes and gamma log data. With
satisfactory results reached in this basin, the same approach is used on 2D profile data
and 3 cored and logged holes offshore New Jersey.
The Denver Basin case study succeeds in predicting gamma log character in wells
~2 km apart where facies variations and stratal geometry varied little. By contrast, the
technique does not produce reasonable pseudo-well logs offshore NJ. The failure is
likely due to an insufficient number of wells, complexity of lithofacies variations
between wells that were up to 12 km apart, and/or an incorrect selection of attributes with
which to search for a link between attributes and gamma log character.
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1.2 Objectives
Geoscientists have been trying to develop an effective technique to determine the
physical properties of the subsurface using seismic data. Seismic attributes are promising
tools in these studies, although they are often most reliably applied to cases where both
log and seismic data are of especially high quality and some aspect of 'ground-truth' is
available either as downhole log or core data.
The primary objective of this part of the thesis is to find a relationship between
some measurable quantities in 2D multi-channel seismic (MCS) reflection data (seismic
attributes) and an assortment of other quantities measured or derived from available logs
(specifically total gamma ray logs). Once the relationship is acquired, the aim is to
generate pseudo-well logs from 2D reflection data in the areas where there are no
corehole measurements. It is hoped that reliable conclusions concerning lithology,
sedimentary facies and geologic history can then be drawn from this dense grid of
pseudo-well logs.
In this project, the ability of artificial neural networks to extract non-linear
relationships from data was used to search for correlations between seismic attributes and
log-based physical properties. Considering that this is a data-dependent approach and the
relationship may vary from one geologic basin to another, two different data sets were
used. The first is a 3D seismic data volume with 6 accompanying gamma ray logs from a
hydrocarbon-producing region ~160 km northeast of Denver, Colorado along the eastern
flank of the Denver-Julesburg Basin; this was considered a demonstration of concept and
verifiable 'test case' where the power of the approach could be evaluated. The second data
set is based on a 2D seismic profile and three logged coreholes completed by the
!
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!

%!

Integrated Ocean Drilling Program's Expedition 313 on the continental shelf 45 km
offshore New Jersey.
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1.3 Background
1.3.1

Gamma Ray Logs
Seismic reflection data, either on land or over water, images buried stratal

geometry without samples with which to determine age, composition, or environment of
deposition. Wells can be drilled and cores recovered to get this information, but they are
costly and time consuming. A compromise is often made to lower sensors into a
borehole and send remotely measured information back up an electric cable to where it is
recorded and later analyzed. One of the most common types of these 'log' measurements
exploits the natural gamma radiation of typical basin sediments. This tool records
gamma radiation emitted passively by the rock or sediment lining the walls of a borehole.
In general, elevated levels of gamma radiation are associated with either clay-rich
formations or glauconite, and low levels typically indicate sand-rich intervals.
The gamma ray spectrum can be divided into the energy levels contributed by
isotopes of the 3 major rock-forming elements potassium, thorium, and uranium. Postprocessing of gamma log data can identify the individual contributions of these three and,
with that information, distinguish certain types of clays, feldspar, mica, glauconite and
uranium (Figure 1.1). Even when taken as a single measurement, or "Total Gamma Ray"
(TGR) without distinguishing the contributions of these three elements, basic changes in
clay vs. sand content can be identified and used to establish fundamental aspects of local
depositional history.
TGR data were used in this study at boreholes crossed by multichannel seismic
(MCS) reflection profiles to search for a relationship between TGR logs and seismic data.
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If one were found, features of a 'pseudo TGR log' could be predicted wherever there was
seismic data. By applying standard interpretation techniques developed from actual
gamma log data (e.g., Ellis and Singer, 2010), sedimentologic properties at each pseudolog location could then be inferred without additional coring, increasing the spatial
distribution of knowledge (admittedly limited) of the subsurface.
1.3.2

Seismic Attributes
Chen and Sidney (1997) defined seismic attributes as “specific measurements of

geometric, kinematic, dynamic or statistical features derived from seismic data”. In a
similar fashion, Taner (2001) defined seismic attributes as “all the information obtained
from seismic data, either by direct measurements or by logical or experience based
reasoning”.
Since the first appearance in the 1970’s of the application of seismic attributes to
geologic/geophysical investigations, the number of attributes has increased along with
improvements in computer technology (Barnes, 2001; Chopra and Marfurt, 2005) and an
increase in the number of specialists employing this type of analysis. The fundamental
information in seismic data are time, amplitude, frequency, and attenuation, and all of the
attributes are derived from these basic parameters; consequently, most of the attributes do
not give independent information and instead duplicate each other to some degree
(Brown, 1996; Brown, 2001; Barnes, 2001; Barnes, 2007). Barnes (2007) emphasized
that some compound attributes might be unstable, unreliable and that even some of the
new attributes are nothing but mathematical quantities that have no geological or
geophysical meaning. Nonetheless, seismic attributes potentially can provide structural,
stratigraphic and lithological information about the target field (Taner, 2001). To better
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understand the applications of the attributes and to be able to select the most functional
ones for the problem at hand, researchers have come up with many different
classifications, summarized as follows.
Taner et al. (1994) divided seismic attributes into two general classes: geometrical
and physical. Geometrical attributes are computed from reflection configurations and
continuity between adjacent seismic traces. Their recognition is designed to improve the
visibility of the geometrical characteristics of seismic events such as unconformities,
faults, dips, etc. (Taner et al., 1994). Consequently, geometrical attributes are used in
structural and stratigraphic interpretations (Taner et al., 1994; Taner, 2001). Physical
attributes are generated from single traces and related to the physical parameters of the
earth. These are used in lithologic prediction and reservoir characterization (Taner et al.,
1994). In applying these to the interpretation of multichannel seismic reflection data,
physical attributes are subdivided into pre-stack and post-stack categories. Both the preand post-stack attributes have instantaneous and wavelet subclasses. Instantaneous
attributes are generated sample by sample and show the change of the calculated attribute
through time (down a seismic trace) and space (between adjacent traces); wavelet
attributes indicate the characteristics of wavelets (finite and continuous time-series
functions that comprise reflected seismic energy) and their amplitude spectra.
Brown (1996, 2001) divided seismic attributes into four main classes based on the
fundamental information of seismic data: 1) time, 2) amplitude, 3) frequency and 4)
attenuation (Figure 1.2). These four classes are further divided into two subclasses
derived from multichannel reflection data: 1) Pre-stack (the attributes derived from
amplitude variations with offset measurements) and 2) Post-stack (the attributes derived
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from stacked and migrated data) (Brown, 2001). Brown’s time-derived attributes
provide structural information, whereas amplitude-derived and frequency-derived
attributes keep information about stratigraphy and reservoir properties (Brown, 1996,
2001). Even though it is not yet proven, Brown believes that attenuation-derived
attributes have information about permeability (Brown, 1996).
Barnes (1997) introduced a third classification scheme, arguing that none of the
classifications just described show either the genetic relationship of the attributes or the
application environments of the attributes. He built his classification on the idea that all
the attributes are derived from the basic complex trace attributes (amplitude and phase),
and his work shows the relationship of the attributes with each other and the seismic data
(Figure 1.3) (Barnes, 1997). Barnes’ classification distinguishes attributes that are
especially useful when calculated from seismic data that has been depth migrated from
those derived from data that has been time migrated. Depth migrated data more nearly
places all reflectors in their true spatial locations and is preferred as a basis for attributes
that reveal geometric features among buried reflectors. Physical attributes based on
single traces, according to Barnes (1997), can be accurately calculated from time
migrated data, a less costly and hence more commonly used processing step.
Furthermore, Barnes (1997) notes that if the attribute is computed at a point, it is in the
group of 'instantaneous attributes'; if the attribute is computed within a window then it
falls in the 'local attributes' group (Barnes, 1997).
Chen and Sidney (1997) presented another organization that reorganized the
already available seismic attributes into two groups that favors the detection of one
characteristic or another. Their first classification is based on wave kinematics / dynamics
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which consist of eight classes: 1) amplitude, 2) waveshape, 3) frequency, 4) attenuation,
5) phase, 6) correlation, 7) energy and 8) ratios (Figure 1.4a). The second classification of
Chen and Sidney (1997) is based on geologic reservoir features and where they are most
useful, which are: 1) bright and dim spots, 2) unconformity, trap/fault block ridges, 3) oiland gas-bearing anomalies, 4) thin layer reservoirs, 5) stratigraphic discontinuities, 6)
clastic vs. limestone reservoirs, 7) structural discontinuities, and 8) lithologic pinch outs
(Figure 1.4b).
Liner et al. (2004) developed two main classes of seismic attributes: 1) general
attributes and 2) special attributes. General attributes have strong explanations in
mathematics or in physics and are based on physical characteristics of the data tied to
lithology or geology; consequently, they are universally valid (Liner et al., 2004). On the
other hand, special attributes are not necessarily consistent from one basin to the next;
these attributes are meaningful only when they are correlated to a geologic or reservoir
productivity feature (Liner et al., 2004; Chopra and Marfurt, 2005). Most of the special
attributes are mathematical products of general attributes (Chopra and Marfurt, 2005).
Even though the special attributes have local validity, they have the same meaning within
the same reservoir (Liner et al., 2004).
Chopra and Marfurt (2005) modified Liner et al. (2004)’s classification and they
added one more class called “composite attributes”. These attributes have two types: 1)
the ones that display more than one attribute at the same time and 2) the ones that are
used as a combination in linear/nonlinear classification tools such as geostatistics, neural
networks, etc.
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Artificial Neural Networks

1.3.3

Artificial neural networks are physical cellular computing systems inspired by the
neural structure of the brain, which are made up of a large number of simple processing
and highly interconnected elements (Nelson and Illingworth, 1991; Zurada, 1992; Nigrin,
1993; Krenker et al., 2011; Priddy and Keller, 2005). According to Haykin (1994), these
computer simulations of living nervous systems are similar to the brain in two aspects: 1)
the networks “learn” the knowledge as the brain does and 2) the weights between the
interneuron connections store the knowledge similar to the way that knowledge is stored
in similar connections in the brain.
Artificial neural networks can learn and extract the patterns, trends, and nonlinear relationships in complicated, inaccurate and noisy data (Stergiou and Siganos,
online ). This property makes them useful in many different fields including aerospace
and automotive engineering, banking, manufacturing, medical imagery, robotics,
geosciences etc. for various purposes encompassing classification/pattern recognition,
clustering, speech synthesis and recognition, function approximation, image compression,
prediction and forecasting, nonlinear system modeling etc. (Hassoun, 1995; Hagan et al.,
1996).
The artificial neuron, a simple mathematical function, is the basic building
block/processing unit of every artificial neural network (Figure 1.5A) (Hassoun, 1995;
Krenker et al. 2011).
The working principle of an artificial neuron is simple:
- Input (p) is multiplied by a scalar weight (w)
- Multiplied input (p) and bias (b) are summed by the sum function (!)
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- The summed intermediate output (net input, n) goes through a transfer
function ( f ) that produces the scalar neuron output (a).
The transfer function produces the neuron output by following particular

input/output relations. This function can be any linear or non-linear mathematical
function based on the purpose of the network (Krenker et al. 2011).
Multiple inputs (p) can go into an artificial neuron together. In this case all the
inputs are multiplied by different weights (weight matrix, W) individually and the
multiplied inputs are added in what is termed the 'summer', and this produces a single
output (net input, n) (Figure 1.5B).
A single neuron is not able to solve complex, real life problems; it's the combination
of two or more artificial neurons (Krenker et al. 2011) that enables such outcomes to
approximate increasingly complex arrangements. The combination of the neurons creates
an artificial neural network. All of the neurons, regardless of the number (S), in an
artificial neural network work at the same time in a platform called a “layer”. The layer
consists of the weight matrix (W), the summers (!), the bias vector (b) (the bias is an
extra variable and makes the network stronger but can be omitted), the transfer function
boxes (f) and the output vector (a) (Figure 1.6A) (Hagan et al., 1996).
In one layer of multiple input artificial neural networks, all the inputs are multiplied
by different weights and go to each neuron separately. Once the multiplied input reaches
any of the neurons in the layer, it goes through the same processes as if it were a single
neuron. Each neuron’s transform function can be different from that of the others in the
system. Since there are more than one artificial neurons in the network, there will be

!

!

!

"#!

multiple outputs. Extra layers can be added to the design to have a more powerful
artificial neural network (Figure 1.6B).
In multi-layer artificial neural networks, the outputs of each layer act like inputs to
the next layer. The neuron numbers of the layers are independent; the quantities of the
neurons depend on the designer’s preference. The number of outputs of the network is
equal to the number of the neurons in the last layer of the system. The last layer is
referred to as the "output layer" and the layers between inputs and output layer are called
"hidden layers" (Nelson and Illingworth, 1991). Even though hidden layers can be
examined, they are referred to as elements of a “black box” just because they are not
visible and they do not have contact with the external environment (Nelson and
Illingworth, 1991).
Accompanying the growth of computer technology, the number and variety of
artificial neural networks are increasing rapidly (Sarle, 1997). This huge selection of the
networks is classified based on its applications, learning methods and connection types
(Table 1.1). Brief descriptions of each class are given below.
The first application, "Pattern Recognition and Classification", organizes inputs
into a set of categories, and in a 'supervisory' manner learns from a training set of inputoutput pairs and adjusts its weights by examining the error between its outputs and the
desired outputs. Once the 'learning' aspect of minimizing errors during training is
completed, this type of application does not rely on feed-back; activity flows only in one
direction from input to output (MATLAB tutorial). For example this type of a network
can classify a tumor as benign or malignant with the information of uniformity of cell
size, clump thickness, mitosis.
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"Clustering" is an application that strives to group input data based on similarity

of features recognized by neural network functions. In this case the neural network is not
provided with a training set of input-output pairs. Instead, these 'unsupervised' networks
have adaptation rules that allow the network to adjust its weights to find the features that
organize the input data into groups. This is achieved through a considerable amount of
feedback analysis designed to optimize the final product within pre-defined tolerances.
This network type can do market segmentation by grouping people according to their
buying patterns.
"Function Fitting and Approximation" applications develop maps between a data
set of numeric inputs and a set of numeric targets. These networks are not provided with
the desired output, although the computed outputs are labeled as 'correct' or 'incorrect'.
The network adjusts its weights by examining the correct and incorrect input-output
pairs. Estimating engine emission levels based on measurements of fuel consumption and
speed can be accomplished with this type of network. This network type was selected for
the present study to estimate gamma ray log values based on seismic attribute values.
Finally, "Dynamic Modeling and Prediction" applications use past values of one
or more time series to predict future outcomes. As an example of its applications, an
engineer can predict the impending failure of a jet engine using this type of a network.
Preliminary examination in this study revealed no obvious linear relationship
between seismic attributes and total gamma ray well log data. However, some seismic
attributes have been related to lithologic and bedding characteristics. Since artificial
neural networks are excellent for solving non-linear problems, they were chosen to search
for any non-linear relationship between seismic attributes and the total gamma ray
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response of continental shelf sediments drilled and logged during IODP Expedition 313
offshore New Jersey.
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1.4 Methods
1.4.1

Seismic Attribute Generation
The Rock Solid Attributes (RSA) module of Seismic Micro Technologies (SMT)

_ Kingdom software was used to generate attributes for this project. RSA generates 54
attributes from multichannel seismic reflection data (either 2D or 3D) and collects these
attributes under four classes: 1) Geometric, 2) Instantaneous, 3) Wavelet and 4) Spectral
Decomposition.
RSA provides projected use of seismic attributes for different interpretation
purposes. There are 3 Geometric, 9 Instantaneous, and 6 Wavelet attributes that are
suggested for lithology prediction (Table 1.2). Since this study focuses on the changes of
attributes with depth (in response to different lithologies), only the Geometric and
Instantaneous attributes were used in this project.
Definitions of the selected attributes are given below (Taner, 2001; Chen and
Sidney, 1997, Rock Solid Attributes manual).
1.4.1.1

•

Geometric Attributes
Chaotic Reflection: This attribute is computed by a similar attribute (that checks
the lateral continuity between traces over a running time window) and its variance
(the difference between smoothed similarity and its local value). It shows chaotic
bedding zones between organized geologic events.

•

Parallel Bedding Indicator: This attribute is the standard deviation of
instantaneous dips computed over the average dip computation window. Its value
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is computed as the variance of dips of maximum similarity; small variance means
parallel bedding.
•

Shale Indicator: This attribute shows shale zones within clastic deposits. It is a
combination of instantaneous frequency (for thin bed detection), parallel bedding
indicator, and similarity and its variance (for lateral continuity detection).

1.4.1.2

•

Instantaneous Attributes
Acceleration of Phase: This is the time derivative of instantaneous frequency. It
highlights local jumps in frequency and it is linked with elastic properties of the
beds.

•

Dominant Frequency: This is the dominant frequency of the windowed sample.
Change in spatially stable dominant frequency is caused by local changes in
lithology and pore fluid.

•

Envelope Second Derivative: The second derivative of the trace envelope gives a
measure of sharpness of the envelope peak and indicates sharp changes in
lithology.

•

Imaginary Part: The real part is the actual seismic trace. The Hilbert transform of
the real part creates a mathematically calculated function called the imaginary
part. When both parts are added in a vector sense the result is a helical trace called
the complex seismic trace.

•

Instantaneous Frequency: Instantaneous frequency is the derivative of the phase
in time and it provides an estimate of seismic attenuation. Low frequencies
indicate hydrocarbons, fractured zones, or sand-rich beds. High frequencies
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indicate sharp interfaces or shale-rich beds. Negative frequencies are associated
with thin beds.
•

Instantaneous Frequency Envelope Weighted: This is a smoothed version of
instantaneous frequency. It is less influenced by short wavelengths and less
sensitive to abrupt variations of the signal than is instantaneous frequency.
Changes in the propagating wavelet characteristics due to thick beds or massive
sand bodies can be observed with this attribute.

•

Relative Acoustic Impedance: This attribute is computed by continuous
integration of the original complex seismic trace and followed by low-pass
filtering. It shows band limited, apparent acoustic impedance contrast.

•

Thin Bed Indicator: This attribute is determined by the difference between
instantaneous and time averaged frequencies. It shows the interface zones in
phase. Negative values of this attribute show closely arriving reflections.

•

Trace Envelope: This attribute is computed as the modulus of the complex trace.
It is the total instantaneous energy of the complex trace regardless of the phase
and it represents the reflectivity.

1.4.1.3

Training Input Selection
Selecting useful attributes was an important starting point of this study. This

section describes why particular attributes were chosen before they were provided to the
neural network.
All the attributes and corresponding gamma ray log values were cross-plotted and
no linear relationship was found (Figure 1.11 and Figure 1.36), which suggests that a
neural network approach could be essential if some more complicated relationship
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between seismic attributes and log response is going to be found. However, the attribute
selection for this type of a study is not well established. As Banch and Michelena (2000)
stated, the relationship between attributes and the geologic record changes from one basin
to the next, and the optimum set for a given basin should be found empirically.
As it was mentioned in “Seismic Attribute Generation” section, SMT – RSA can
generate 54 different attributes. It is possible that more input data (the attributes in this
case) might reveal more hidden non-linear relationship between input – output pairs;
however, as indicated by Kalkomey (1997), increasing the number of inputs increases the
chance of finding a spurious correlation, i.e., one that has true statistical merit but in fact
is an entirely random and meaningless association that in all likelihood could not be
repeated. To avoid this problem, 12 attributes (3 Geometric, 9 Instantaneous) (Table 1.3)
were selected, which are suggested by SMT for the studies that focus on lithologic
prediction. Wavelet attributes were not used because by definition they are “the
instantaneous attributes computed at the maximum points of the trace envelope” (Taner,
2003) and their blocky nature is not good for a sample-by-sample examination type of a
study. The original seismic trace itself was also used as another attribute. Three different
approaches were followed to find the most effective attribute set to use.
The first approach was to use all the attributes together before eliminating some
of them from the input set. The second approach was to remove one attribute from any
pair of attributes that showed a clear linear relationship to each other. This decreased the
number of attributes and consequently decreased the chance of getting a spurious
correlation (Kalkomey, 1997). To do this, all the attribute values were cross-plotted
(Figure 1.11 and Figure 1.36) and if the correlation coefficient between any two attributes

!

!

!

"*!

was higher than 0.60 then one of those attributes was eliminated. The last approach was
to try all of the combinations between the attributes individually as an input set. The
network system was modified to create new attribute sets with every possible
combination of the attributes.
1.4.2

Artificial Neural Network Design
An artificial neural network can learn the desired/unknown function that relates

one times series to another in a non-linear manner by automatically adjusting its
connection weights and biases. Once this relationship is 'learned', the network can
generate the appropriate output/target from a given input (Hassoun, 1995; Blais and
Mertz, 2001; Dorrington and Link, 2004).
‘Supervised feed-forward multilayer Levenberg-Marquardt backpropagation’
neural network is used in this study to find the desired function between the seismic
attributes and the total gamma well logs. As with all supervised neural networks, this
project provided the network with three separate data sets: 1) a training set, 2) a
validation set, and 3) a test set.
Training (Learning) Set: This set is given to the network during the learning
phase. The network adapts itself to these input-output pairs and adjusts its weights until
the desired performance error (the error between the computed and the desired function)
is reached. The performance error can be set by the user before the training starts.
Validation Set: This set is also given to the network during the learning phase but
the network does not use it to adjust its weights. The validation set is used to minimize
the overfitting (when the network starts to memorize the data instead of learning it). The
network increases the accuracy of the fitting over the training set by adjusting its weights
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and checking the responses of the validation set at the same time. If the accuracy over
the training data set increases, but the accuracy over the validation data set stays the same
or decreases, the network activity halts to prevent overfitting in a circumstance called
early stopping. It is important that the validation set should be representative of all points
in the training set.
Test Set: This set is given to the network after the learning phase. The test set is
used to determine the network’s ability to predict new data.
The Neural Network Toolbox of MATLAB was used in this study. This toolbox
provides several training algorithms (Table 1.4).
During several experiments explained in the MATLAB - Neural Network
Toolbox Tutorial, it was determined that the Levenberg-Marquardt (trainlm) is the fastest
of these algorithms for function approximation problems, especially if the accuracy is
important. The Toolbox provides various transfer functions to use for different purposes
(Table 1.5). The parameters in Table 1.6 were set for the Levenberg-Marquardt (trainlm)
in this study.
For function fitting / approximation problems, Hagan et al. (1996) suggests using
the hyperbolic tangent sigmoid (tansig) transfer function for the hidden layers and a
linear (purelin) transfer function for the output layer.
The user can set the number of layers within the network and the number of
neurons in the layers and then try this network and verify if it works properly or not.
Unfortunately there is no absolute rule to choosing these numbers, and this leads to the
problem that a considerable amount of time can be consumed allowing the network to run
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to completion only to discover these numbers were set incorrectly at the start, and the
training must begin all over again.
The neural network was designed in this study to allow the user to try different
values for both the number of layers and neurons in each run. The modifications are
described below:
1) Number of layers - The network was designed so that the user could set the
maximum number of layers (excluding the first hidden layer and the output layer) before
the training started.
For Example:
Maximum number of layers: 2
All possible network designs:
INPUT > 1st Hidden Layer > Output Layer > OUTPUT
INPUT > 1st Hidden Layer > 2nd Hidden Layer > Output Layer > OUTPUT
INPUT > 1st Hidden Layer > 2nd Hidden Layer > 3rd Hidden Layer > Output Layer > OUTPUT

As Hagan et al. (1996) mentioned, the most effective networks use 2 or 3 layers
for any degree of complex nonlinear relationship between the input - output pairs.
Considering this rule, the maximum number of the layers was set to 2 in this study.
2) Number of neurons – The network is designed so that it counts the number of
inputs and automatically assigns that many neurons to the first hidden layer and assigns
only one neuron to the output layer. Different neuron numbers can be assigned for the
other hidden layers by the user. After the user sets the maximum number of layers and
the neuron numbers, the system creates different networks.
For Example:
Input number: 5
Neuron number: 2, 3
Maximum number of layers: 2
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All possible network designs:
INPUT (5) > 1st Hidden Layer (5) > Output Layer (1) > OUTPUT
INPUT (5) > 1st Hidden Layer (5) > 2nd Hidden Layer (2) > Output Layer (1) > OUTPUT
INPUT (5) > 1st Hidden Layer (5) > 2nd Hidden Layer (3) > Output Layer (1) > OUTPUT
INPUT (5) > 1st Hidden Layer (5) > 2nd Hidden Layer (2) > 3rd Hidden Layer (2) > Output
Layer (1) > OUTPUT
INPUT (5) > 1st Hidden Layer (5) > 2nd Hidden Layer (3) > 3rd Hidden Layer (3) > Output
Layer (1) > OUTPUT
INPUT (5) > 1st Hidden Layer (5) > 2nd Hidden Layer (2) > 3rd Hidden Layer (3) > Output
Layer (1) > OUTPUT
INPUT (5) > 1st Hidden Layer (5) > 2nd Hidden Layer (3) > 3rd Hidden Layer (2) > Output
Layer (1) > OUTPUT

In this study, the neuron number in the first layer was determined based on the
number of the inputs. It is known that more neurons are better for more complex
problems; but if there are more than enough neurons then it causes memorization. A rule
of thumb (Hagan et al., 1996) is to determine the input number and assign the same
number of neurons to the first layer. In this study, the network was designed to try 5
different neuron numbers each time. These numbers were determined based on this rule:
[(# of inputs - 2), (# of inputs - 1), (# of inputs), (# of inputs +1), (# of inputs + 2)]
Once the user sets all the parameters, all possible networks can start training in
sequence. Other than ‘early stopping’ there are other criteria that automatically halt the
network (Table 1.7). The initial weights of the networks are assigned by MATLAB’s
‘init’ command and during the training the network adjusts these weights until it stops
It is recommended that the training set be sent through the neural network several
times. The reason is that it is possible for the network to fail because of one of the other
stopping criteria before it reaches the minimum performance error. By starting the
network several times, the user lets the network try the same configuration more than
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once, which gives different outputs every time. The user can specify how many times to
reinitiate each network; in this study the number of trial attempts was set at 25.
After all the networks are trained and tested, the performance errors are compared
and the network with the lowest performance error (Mean Square Error or MSE) is
chosen.
1.4.3

Workflow
The workflow from seismic data to pseudo-well logs is summarized below.

Details of the input data are explained in subsequent sections concerning 'Case Studies'
,-./0.1!2334.563-!7-8-423.98!
:;34213.98!9<!/-./0.1!2334.563-/!<490!/-./0.1!=232!
>2?.5423.98!9<!@-??!?97/!28=!/-./0.1!2334.563-/!
A9402?.B23.98!9<!/-./0.1!2334.563-/!
A-642?!8-3@94C!342.8.87!D!E/-6=9!@-??!?97!7-8-423.98!!

Seismic attribute generation: As described previously, selected seismic attributes
were generated using Seismic Micro Technologies (SMT) _ Kingdom software’s Rock
Solid Attributes (RSA) module applied to a 3D seismic data set (Case 1) and a single 2D
seismic line (Case 2).
Extraction of seismic attributes: The RSA module generates seismic attribute
values along an entire seismic profile, but only those attributes generated from the 1 or 2
traces closest to the wells in the study area were extracted for input in the neural network
procedure.
Calibration of well logs and seismic attributes: Log data gaps of any origin
(because no measurement had been taken, or clearly erroneous value had been removed
in previous editing, etc.) were preserved, and their log values were recorded as 'NaN'.
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Using the appropriate acoustic velocity of the buried sediment, the depth location of all
log values, measured or not, were converted from depth to two-way travel time. The two
Case Study data sets had different depth-time relationships. Each well in the Sooner data
set had its own table of seismic travel times paired to unique depths in the well. There
was only a single such table derived for seismic-core correlations at all 3 wells in the
Expedition 313 data set (Mountain, Proust, McInroy et al., 2010). The conversion of all
log depths to seismic travel time in this study was based on these tables of time-depth
pairs at 1 msec increments with corresponding depths in meters below seafloor shown in
these tables. MATLAB was used to apply a cubic spline interpolation to depths in each
table to locate the corresponding traveltime of each corresponding gamma log value, all
of which had been recorded at 10 to 20 cm (0.1 to 0.2 m) intervals below seafloor.
However, this resulted in log data converted to time at intervals that varied from roughly
0.1 to 0.25 msec (the range depending on the variation in subsurface acoustic velocity).
Consequently, to enable the neural network to search for non-linear relationships
between the attribute and log data, one or both had to be resampled in time to place them
in a common time series, i.e., so they were sampled at identical traveltimes. Well logs
were downsampled to the seismic attribute’s sample rate; to prevent aliasing, trapezoid
low pass filters were applied to the well logs before downsampling. Once both data
types had a common sampling interval, the fact that start and end times of well logs and
the seismic attribute values are not necessarily the same had to be addressed. Hence
values before the maximum start times and beyond the minimum end times were
removed from the appropriate data sets to arrive at well logs and seismic attribute files of
equal length and sampling.
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Normalization of seismic attributes: Extracted and calibrated seismic attribute

values were normalized so that the change in one attribute would not outweigh the
change in another and all would contribute to the output prediction equally.
Neural network training & pseudo-well log generation: Extracted seismic
attribute values were assigned as inputs and well log values were assigned as outputs.
The data were divided into three parts: a training set, a validation set and a test set. A
supervised feed-forward multilayer network was trained by the MATLAB LevenbergMarquardt backpropagation algorithm and the best networks were chosen. The chosen
network was used for different locations and pseudo-well logs were created.
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1.5 Case Studies
1.5.1
1.5.1.1

Case 1 – The Sooner Unit
Geological Background
Denver basin is an asymmetric Laramide-age structural basin, which extends

across parts of Colorado, Nebraska, and Wyoming (Martin, 1965; Higley et al., 1995)
(Figure 1.7). Orogenic and epeirogenic uplift, tilting, erosion and sedimentation have all
contributed to the present configuration of the Denver Basin (Martin, 1965).
Present basin shape initiated with the transgression of Early Cretaceous seas from
the north and south, which obscured the Jurassic-Cretaceous boundary (Martin, 1965).
The following marine regression developed a complex delta system with one delta from
east and another from southwest; a similar system grew during a second cycle of
transgression and regression (Martin, 1965). The northern and southern seas merged with
a major transgression in the Late Cretaceous that created the Western Interior Seaway
across the downwarping basin (Martin, 1965; Montgomery, 1997). During the Laramide
tectonic activity (Late Cretaceous – early Tertiary), Front Range foreland basement
uplifted and Denver Basin took its present configuration (Montgomery, 1997).
This case study is based on seismic and well log data from a ~2 sq km area
located 160 km northeast of Denver, Colorado along the gently dipping eastern flank of
the Denver Basin (Figure 1.8). All information examined here is from the Upper
Cretaceous Sooner Unit, which is mainly composed of fluvial point bars and shallow
water tidal bars. The most important sedimentary deposit in this unit is an Upper
Cretaceous producing reservoir called the D Sandstone. A seaward-widening estuary
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developed and D Sandstone deposited as the shoreline prograded seaward. This sandstone
reservoir has lower, middle and upper portions that lie between two shale units
(Montgomery, 1997).
1.5.1.2
1.5.1.2.1

Data
Seismic Data
To better understand the D Sand reservoir of the Sooner Unit , a 20 km2 3D MCS

survey was collected in 1992 as a part of U.S. Department of Energy and Diversified
Operating Corporation reservoir management project. The source was created with four
LRS -315FC vibrators (200 ft spacing); 25 receiver lines (800 ft spacing) were oriented
East – West and 25 source lines (600 ft spacing) were oriented North – South in order to
record 732 Vertical Seismic Profiles (VSP) and create the 3D data volume with 0.002 sec
sample rate.
The processing steps of the Sooner 3D data were:
1. SEG-D recording, 4 sec record length, 2 msec processed sample rate
2. Geometry Assignment
3. Deconvolution
4. Spectral Whitening: 10 – 129 Hz
5. NMO and First Break Suppression
6. Stack
7. Migration 90% of Velocities
8. Filter 10 – 100 Hz 0.0 sec, 10 – 100 Hz 1.6 sec, 10 – 60 Hz 4.0 sec
9. FX Deconvolution
10. Spectral Whitening 10 - 100 Hz
1.5.1.2.2

Well Log Data
Although there are 63 wells within the Sooner Unit 3D seismic data area, only 4

of these wells (w3, w4, w5 and w6; Figure 1.9) have relatively complete gamma logs. In
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addition to these 4 wells, 2 more wells (w1 and w2) with shorter gamma logs were used
for neural network applications. More wells could have been used but it would have been
inconsistent to the aim of this project, which is to generate pseudo-well logs from seismic
attributes when there are only a few well logs available. The measurement depths are
provided in meters in SMT, however to be consistent with the attribute measurements,
subsurface locations were converted to time in seconds (the depth – time conversion is
explained in the ‘Workflow’ section.)
The measured subsurface intervals of these wells are all different from each other.
The meaningful measurements in w1 and w2 start around 1.43 sec and end around 1.47
sec. Even though the measurements are longer in w3, w4, w5 and w6, the useful
measurements start around 1.3 sec and end around 1.48 sec. These 6 wells all are located
within a radius of ~2 km (Figure 1.9). Due to the short distance between wells and
undisturbed parallel bedding in the sandstone units examined in this study, lithologies
and consequently gamma log trends of these wells are very similar.
A type log for the Sooner unit shows that the D sandstone interval exists between
black, organic, unburrowed, marine Huntsman shale and dark, organic marine Graneros
shale; both are interpreted to be regional transgressive shales (Montgomery, 1997). These
units overlie a widespread fluvial-deltaic deposit called the J Sandstone whose top is the
boundary between Lower and the Upper Cretaceous deposits (Montgomery, 1997)
(Figure 1.10)

!

!

!
1.5.1.3

#*!
Data Preparation
Supervised neural networks are provided with input – output pairs during their

training phase. In this study, the neural network used seismic attributes as the inputs and
gamma logs as the outputs.
The raw versions of these inputs and outputs are not calibrated to each other and
they are not ready to be provided to the neural network. To become input – output pairs,
they need to be prepared and tied to one another sample by sample. The processing
required to prepare these input – output pairs of the Sooner 3D data are described below
1.5.1.3.1

Input – Seismic Attributes
As described in the “Background – Seismic Attributes” section, 9 Instantaneous

and 3 Geometric attributes were used for this case study (Table 1.3). These attributes
were generated using the SMT Kingdom – RSA module for 3 sec (two way travel time)
of the 3D seismic data provided in the Sooner demo set.
The closest trace to the each of the 6 wells used in this study was determined; then
single trace quantitative values of each attribute were extracted as text files from these
selected traces together with their corresponding depth values in time. The sample rate of
these attribute – depth pairs was the same as the data itself: 0.002sec
After extracting the seismic attribute traces, the following processes were done in
MATLAB.
The extracted seismic attribute values extended from 0 to 3 sec two-way time,
longer than the intervals measured by the downhole gamma logs. As mentioned in section
“Well Log Data” the useful gamma log interval is 1.43 - 1.48 sec in w1 and w2 and is 1.3
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- 1.48 sec in w3, w4, w5 and w6. The start and end times of the attribute files were
cropped to equal the lengths of their matching gamma logs.
To increase the input number of attribute data values to those of the much more
densely sampled log data and make the neural network search for common patterns
possible, the attribute values were upsampled using a ‘cubic spline interpolation’ method
provided by MATLAB. The new sampling interval can be set by the user in the
MATLAB script. In this case study, the attribute values were upsampled from .002 sec to
0.001sec
The amplitudes of all resampled attribute values were normalized to a standard
range of 0 to 1 and were then ready to be matched with their output pairs.
In summary, the preparation processes of the seismic attributes was:
1. Generate the seismic attributes
2. Extract the quantitative values of the attributes
3. Match the start and end times of the attributes with the logs
4. Upsample of the attribute values
5. Normalize the seismic attribute value

1.5.1.3.2

Output – Gamma Logs
The gamma measurements and their corresponding depths in meters were

extracted from the Sooner project set and then imported to MATLAB for further
processing. To create the input – output pairs for the neural network, the first step is to
match the subsurface location of the seismic attribute values to those of the gamma logs.
Since the latter were extracted in depth (meters), they had to be converted to time
(seconds) using the individual depth – time charts of each well. The conversion was done
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using a ‘cubic spline interpolation’ method described previously in the "Workflow"
section.
After the depth to time conversion, the sample interval of the converted log values
were not the same. To have evenly distributed samples, the highest sampling rate was
determined and then again using a ‘cubic spline interpolation’ method the log values
were upsampled to this sampling rate. To match the sampling rates of the logs and the
seismic attributes, more frequently sampled logs were downsampled to the same
sampling rate with the seismic attributes (0.001 sec). Before downsampling, the logs
were filtered by a trapezoid low pass filter (0, 10, 125, 225) to prevent aliasing. Finally,
the logs were matched with the seismic attribute values based on their depths.
In summary, the preparation processes of the logs was:
1. Extract the logs
2. Depth – time conversion
3. Upsample to the highest sampling rate
4. Filter
5. Downsample to the seismic attributes’ sampling rate
1.5.1.4

Results
Up to this section the methodology and the available data used to generate

pseudo-gamma logs from seismic data have been described. In this section the results of
the Sooner Unit case study will be shown. The networks were started 100s of times; due
to the nature of the networks, the results were completely different from each other as
described in the section ‘Artificial Neural Network Design’ In this section only the best
network results based on the least MSE (mean square error) value between the original
log and the predicted log will be presented.
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The fact that all the attributes cross-plotted against corresponding log values

revealed no linear relationship suggested a neural network might yet identify a useful
relationship that could be exploited. The test well (w5) was used to show the cross-plots
of the attributes and corresponding log values (Figure 1.11).
As mentioned in “Training Input Selection” section three different approaches
were followed to find the correct attribute set to use during this case study.

•

The first approach: Use all the attributes together before eliminating some of
them from the input set
Training Set = Input – output pairs of w3 and w4
Validation Set = Input – output pairs of w5
Test Sets = Input – output pairs of w1, w2 and w6
Input Number = 13
Tried Neuron numbers = 11, 12, 13, 14, 15
Tried Layer Numbers = 1, 2, 3

Results
Selected Neural Network = 3 hidden layers (neuron numbers 11, 13, 11) +
1 Output layer (Figure 1.12)
Training MSE = 0.00974 (Figure 1.13)
Validation MSE = 0.001257 (Figure 1.14)

Test
w1 – MSE= 0.0305(Figure 1.15)
w2 – MSE= 0.0331 (Figure 1.16)
w6 – MSE= 0.027 (Figure 1.17)

•

The second approach: Eliminate the attributes with linear relationship
Remaining attributes are 1, 2, 3, 4, 5, 7, 12
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Training Set = Input – output pairs of w3 and w4
Validation Set = Input – output pairs of w5
Test Sets = Input – output pairs of w1, w2 and w6
Input Number = 7
Tried Neuron numbers = 5, 6, 7, 8, 9
Tried Layer Numbers = 1, 2, 3

Results
Selected Neural Network = 3 hidden layers (neuron numbers 7, 7, 8) + 1
Output layer (Figure 1.18)
Training MSE = 0.0036335 (Figure 1.19)
Validation MSE = 0.009575 (Figure 1.20)

Test
w1 – MSE= 0.02526 (Figure 1.21)
w2 – MSE= 0.0314 (Figure 1.22)
w6 – MSE= 0.02529 (Figure 1.23)

•

The third approach: try all of the combinations of the attributes individually as an
input set
Training Set = Input – output pairs of w3 and w4
Validation Set = Input – output pairs of w5
Test Sets = Input – output pairs of w1, w2 and w6
Input Number = Varies if the every new attribute combination set

For this approach the neuron numbers are modified in a different way; this time
considering the complexity of the different attribute combinations, one more neuron
number was added to the system
Neuron numbers = (# of inputs - 2), (# of inputs - 1), (# of inputs), (# of inputs
+1), (# of inputs + 2), (# of inputs + 3).
Layer Numbers = 1, 2, 3
Results
Selected attributes = 1, 2, 3, 4, 5, 7, 8, 10
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Selected Neural Network = 3 hidden layers (neuron numbers 8, 6, 11) + 1

Output layer (Figure 24)
Training MSE = 0.00063158 (Figure 1.25)
Validation MSE = 0.0085851 (Figure 1.26)

Test
w1 – MSE= 0.015072 (Figure 1.27)
w2 – MSE= 0.0032984 (Figure 1.28)
w6 – MSE= 0.0091928 (Figure 1.29)
1.5.1.5

Conclusion
In this case study three approaches were followed to select the input seismic

attribute sets and the networks were trained with those sets. Every approach yielded
different results as listed in the previous section. Each experiment initiated 25 times and
the final network was selected based on the least prediction error value (MSE). The final
network of each approach tested on 3 wells.
The test results of the first approach are not usable for any kind of interpretations.
The predicted gamma logs for the test wells do not follow the trend of the original
gamma logs.
In the second approach the test predictions pick the peak in w1 and w2 logs but
the rest of the predicted log do not match the original one. The test result of w6 follows
the general trend of the log but has extra peaks and trough. In respect to geological
interpretation, these peaks and trough have crucial importance so the result is not
valuable. The other important point is that the network fails in two wells and made a
better job in the third one, this shows that the network memorized the data instead of
learning it and is not able to make predictions for different locations.
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The test results of the third approach are the best. The predicted logs follow the

general trend of the original ones in each well unlike the other approaches. The predicted
logs do not have extra peaks or trough and also pick the important ones of the original
log.
The networks generated in the first and the second approaches are not usable for
the purpose of lithology predictions. On the other hand, the third approach generated a
better network that can be used for lithology prediction, with caution.

1.5.2
1.5.2.1

Case 2 – Expedition 313
Geological Background
Baltimore Canyon Trough (BCT; Figure 1.30), lying beneath the modern

continental shelf and slope (~200,000 km2), is located between 350 N - 400 N (North
Carolina to New Jersey) and 720 W - 770 W (Poag, 1985,1978). The BCT has thicker synrift and post-rift sedimentary deposits than any other major Mesozoic rift basins along the
Atlantic margin (Grow and Sheridan, 1988; Grow et al., 1988; Poag, 1978)
Dominant processes affecting the BCT during the rifting were primarily tectonic
uplift in the Triassic, followed by subsidence and extension that continued into Early
Jurassic (Withjack and Schlische, 1998); then the control switched to post-rift processes
such as thermal subsidence, sediment loading, lithospheric flexure, compaction, and
global sea-level changes (Steckler and Watts, 1978; Reynolds et al., 1991).
In general, the BCT consists of a pre-Triassic metamorphic basement, Triassaic
and Lower Jurassaic syn-rift and Jurassaic to Recent post-rift sedimentary rocks
separated by a “post-rift unconformity”, and the largest volcanic intrusion of the Atlantic
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margin called the Great Stone Dome (Figure 1.31) (Poag, 1979; Grow et al., 1988; Poag
and Valentine, 1988; Withjack et al.,1998).
Global climatic changes increased the sediment influx to the BCT remarkably in
the Neogene, particularly in the middle Miocene; as a consequence of this extreme
sediment influx, prograding, well developed clinoforms dominated the BCT (Poag, 1985;
Poag and Valentine, 1988; Steckler et al., 1999).
This case study focuses on Miocene prograding delta lobes that advanced across a
wide, ramp-like Paleogene carbonate shelf. These deposits created a shallower and flatter
shelf while depositing thick (100-400 m) and steep (up to 4° on their seaward foresets)
clinoforms (Steckler et al., 1999).
A thin (few 10s of m at most) Pleistocene veneer of sandy and silty clay covers
the inner and middle shelf, which thickens to several hundred meters at the shelf edge
(Poag and Valentine, 1988)
1.5.2.2
1.5.2.2.1

Data
Seismic Data
R/V Oceanus cruise 270 (Oc270) was conducted in 1995 in support of

STRATAFORM and the Ocean Drilling Program's Mid-Atlantic Transit (MAT) project
as a high-resolution 2D seismic survey of Neogene-Recent sediments across the modern
mid- to outer shelf and slope of New Jersey (Austin and Mountain, 1995; Figure 1.32).
The purpose was to collect high-resolution reflection images down to ~1000 m below the
seafloor and to detect the presence of shallow gas accumulation around drill sites
proposed for drilling by the Integrated Ocean Drilling Program (IODP) (Austin and
Mountain, 1995; Mountain et al., 2007; Monteverde et al., 2008).
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Oc270 used a single generator injector (45/105 cu in) airgun towed at 2 m depth

with a ship speed of roughly 4.9 kn over the ground and fired roughly every 12.5 m while
towing a 48-channel, 600 m streamer at 2 or 4 m depths (Monteverde et al., 2008).
Roughly 1 sec two way travel time of usable acoustic images with 5 m vertical resolution
was recorded with 0.0005 sec sample rate. Oc270 line 529 was used in this section of the
research project (Figure 1.32).
The processing steps of the Oc270 data are (Marine Geoscience Data System):
1. Bandpass Filter
2. CDP Sort
3. Velocity Analysis
4. Normal Moveout
5. Offset Mute
6. CDP stack
7. F/K Migration
8. Spherical Divergence Correction
9. Mute
10. Normal Moveout and stack
11. Weiner f-K filtering
12. Deconvolution
13. Stolt migration
1.5.2.2.2

Well Log Data
Downhole measurements from IODP Expedition 313 wells M0027A, M0028A

and M0029A were used in this study. The University of Montpellier (Laboratoire de
Géosciences-Montpellier; France) provided offshore downhole logging operations for
Expedition 313.
Spectral gamma ray logs in Hole M0027A
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In hole M0027A, due to silt/clay with high mica content and the occurrence of

glauconitic sands, the K component of the signal is high and dominated TGR trends
(Figure 1.33). The combination of high U and high K caused the highest TGR values
located around 500 m below sea floor (WSF).
Spectral gamma ray logs in Hole M0028A
In hole M0028A, alternating coarse-grained sands with clay-rich layers caused
relatively similar TGR, K, Th, and U trends in general (Figure 1.34). In shallower
sections above 200 m total counts are mostly low. The log values correspond to changes
of lithology throughout the hole.
Spectral gamma ray logs in Hole M0029A
TGR measurements show high variability in the shallower parts of hole M0029A;
TGR values across sandy intervals average ~40 cps, whereas TGR values in clay units
rise above 100 cps. (Figure 1.35) Except for several low values and two peaks
corresponding to increased Th, TGR va remailuesn around 170 cps between 350 and 600
m.
1.5.2.3

Data Preparation
Expedition 313 data were used as input – output pairs for the neural network

applications in this case study. The seismic attributes generated from Oc270 line 529
were used as the inputs and the gamma log measurements of the wells M0027A,
M0028A and M0029A were used as outputs. Both input and output values were
processed and tied to each other before they were provided to the neural network. The
processing steps of input – output pairs of Expedition 313 data are described below.
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Input – Seismic Attributes

1.5.2.3.1

Oc270 line 529 is a 2 sec (two way travel time) seismic profile with 0.0005sec
sample rate. 9 Instantaneous, 6 Wavelet and 3 Geometric attributes were generated using
the SMT Kingdom – RSA module. Since the highest sampling rate that can be used in
RSA module is 0.002 sec, Oc270 line 529 was resampled to 0.002 sec using SMT
Kingdom software before the generation of the attributes. The interval between 0.3 – 0.7
where the geologic interest of Expedition 313 was highest was used in subsequent
analysis.
Instead of 1 trace per well (as was used in the Sooner case study), the 2 closest
traces were selected per well to extract the quantitative values of the line 529 seismic
attributes. The sampling interval of the extracted attributes was set at 0.002 sec. The
extracted seismic attribute values were then imported to MATLAB. The average of 2
extracted traces was taken for every attribute to reduce the effect of noise in the data
unrelated to the calculated attribute. The averaged attributes were resampled to 0.001 sec
using the ‘cubic spline interpolation’ method to increase the input-output pairs and match
the sampling of the logs. The values of all resampled attributes were normalized to the
range 0 to 1 to ensure equal contribution from all the attributes. After this last step, the
seismic attribute values were tied to the corresponding log values.
The preparation processes of the seismic attributes can be listed as:
1. Generate seismic attributes
2. Extract quantitative values from the seismic data
3. Average the quantitative values of the attributes of the 2 traces
4. Resample the attribute values

5. Normalize the seismic attribute values
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Output – Gamma Logs
The gamma log measurements were taken from IODP Expedition 313 drill sites

(M0027A, M0028A and M0029A). These logs and their depth-time charts were imported
to MATLAB for processing.
The depths of the gamma log values were in meters below seafloor. Missing data
values were recorded as 'NaN', and replaced by the values calculated using cubic spline
interpolation of the adjacent data values. Depths were then converted to the time domain
The depth-time conversion resulted in unevenly sampled log values. To have a uniform
sample interval, the highest sampling rate was determined and the log data was resampled
to that value using a cubic spline interpolation provided in MATLAB. A trapezoid low
pass filter (0, 10, 65, 125) was applied to the results to prevent aliasing. The gamma logs
were resampled to 0.001 sec to match the attributes values. Finally, the start and the end
times of both the logs and the attributes were matched and extra values removed.
The preparation processes of the logs can be listed as:
1. Remove the NaN values
2. Convert from depth to time
3. Upsample to the highest sampling rate
4. Filter
5. Downsample to the seismic attributes’ sampling rate
1.5.2.4

Results
In addition to the same three approaches followed to find the practical attribute set

in the Sooner Unit case study, the most effective attribute set of that study was also used
for Expedition 313 neural networks.
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Before providing the data to the neural networks, the log values and the attributes

were cross-plotted. As expected, none of the attributes had a linear relationship with the
logs (Figure 1.36).
The log characteristics of Exp 313 wells played an important role in the training
set selection. The idea of the training is to introduce all the variability of the region to the
network. Since the main purpose of the study is to generate pseudo-well logs where there
is no well data, one of wells was not used for the training; as a test, any predictive
relationship derived from training against the other two attribute-log pairings would be
applied to the attributes of the third well and a gamma log would be 'predicted'. It would
then be compared to the actual log and the similarities appraised.
The gamma log of M0027A was selected to be the test set and the measurements
from M0028A and M0029A were used for the training set and the validation set.
M0029A’s gamma log does not represent the lithology changes in the region as well as
M0028A; thus, it was used as the validation set.
Results of the neural networks were as follows.
•

The most effective attribute set of the Sooner Unit case study
Training Set = Input – output pairs of M0028A well
Validation Set = Input – output pairs of M0029A well
Test Sets = Input – output pairs of M0027A well
Selected attributes = A1, A2, A3, A4, A5, A7, A8, A10
Tried Neuron numbers = 7, 8, 9, 10, 11
Tried Layer Numbers = 1, 2, 3

Results
Selected Neural Network = 3 hidden layers (neuron numbers 8, 9, 9) + 1
Output layer (Figure 1.37)
Training MSE = 0.012682 (Figure 1.38)
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Validation MSE = 0.008944 (Figure 1.39)

Test MSE= 0.027291(Figure 1.40)
•

The first approach: Use all the attributes together before eliminating some of
them from the input set
Training Set = Input – output pairs of M0028A well
Validation Set = Input – output pairs of M0029A well
Test Sets = Input – output pairs of M0027A well
Input Number = 13 (All the attributes)
Tried Neuron numbers = 11, 12, 13, 14, 15
Tried Layer Numbers = 1, 2, 3

Results
Selected Neural Network = 3 hidden layers (neuron numbers 13, 14, 13) +
1 Output layer (Figure 1.41)
Training MSE = 0.010719 (Figure 1.42)
Validation MSE = 0.012225 (Figure 1.43)

Test MSE = 0.032513(Figure 44)

•

The second approach: Eliminate the attributes with linear relationship
Training Set = Input – output pairs of M0028A well
Validation Set = Input – output pairs of M0029A well
Test Sets = Input – output pairs of M0027A well
Selected Attributes = A1, A2, A3, A4, A5, A6, A7, A10, A12, A13
Tried Neuron numbers = 8, 9, 10, 11, 12
Tried Layer Numbers = 1, 2, 3

Results
Selected Neural Network = 3 hidden layers (neuron numbers 10, 9, 10) +
1 Output layer (Figure 1.45)
Training MSE = 0.010015 (Figure 1.46)
Validation MSE = 0.01417 (Figure 1.47)

Test MSE= 0.034673(Figure 1.48)
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•

The third approach: try all of the combinations between the attributes
individually as an input set
Training Set = Input – output pairs of M0028A well
Validation Set = Input – output pairs of M0029A well
Test Sets = Input – output pairs of M0027A well
Selected Attibutes = A1, A2, A3, A5, A7, A10, A12
Tried Neuron numbers = 5, 6, 7, 8, 9
Tried Layer Numbers = 1, 2, 3

Results
Selected Neural Network = 3 hidden layers (neuron numbers 7, 10, 10) +
1 Output layer (Figure 1.49)
Training MSE = 0.0053447 (Figure 1.50)
Validation MSE = 0.0065423 (Figure 1.51)

Test MSE= 0.032025(Figure 1.52)
1.5.2.5

Conclusion
In this case study, in addition to the three approaches conducted in the Sooner

Unit case, one more approach was followed to identify the input seismic attribute sets. In
this new approach, the attribute set of the most acceptable network of the Sooner Unit
case was used. The final networks are selected based on the least MSEs in the each
approach.
The test results are evaluated according to the aim of this study, which is to
generate pseudo-well logs to make lithology predictions; to do so the predicted logs
should definitely match the peaks and the trough of the original log.
The most practical attributes of the Sooner case did not work for this case study.
The predicted logs do not even match the trend of the original one.
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In the first approach, although the training result seems better than the previous

experiment the network couldn’t generate a functional prediction at all.
The result of the second approach is not usable. The predicted log does not match
any part of the original log.
The third approach did not yield a good result either. The prediction and the
original log are vastly different from each other.
In this case study, none of the test results are better than the others. The system
couldn’t create a network that can predict gamma logs regardless of the input attribute
set.
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1.6 Comparison of the Case Studies
The Sooner Unit and the Expedition 313 case studies provide a good opportunity
to observe the quantitative seismic attribute analysis on different data sets. This section
explains the main differences of the data sets and the results of the conducted neural
network experiments.
1) The most dramatic difference is the distribution of the wells in the two study
areas. The Sooner wells average 500 m spacings; whereas the Expedition 313 wells lie
~10 km from each other. When the distance between the training wells and the testing
wells increases, the predictive ability of the network decreases.
2) The well number used in training is different between the two case studies. The
network in the Sooner study benefited from 2 different well locations in the training
phase thereby increasing its prediction capabilities. The Expedition 313 study used only 1
well for training.
3) The geological settings of the case studies are also very different. The
lithologies and consequently the gamma log trends of the Sooner wells are very similar
due to undisturbed parallel bedding in this area. By contrast, the Expedition 313 area has
a more complex and locally variable depositional history with aggressively prograding,
well-developed clinoforms and facies variations in both space and time within the data
considered in this study. This complexity and the lithologic distribution resulted in
different gamma responses in the 3 Expedition 313 wells. In theory, all possible
variations of the data should be provided to the network during the training phase so that
the network can generate a similar response to the original one when provided with new
data. If the network is asked to generate a response to an untaught variation, that response
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is not reliable. It is clear that the training gamma logs of the Sooner Unit introduced all
lithologic responses to the network, whereas the complex geology of the Expedition 313
made it difficult for a single gamma log to represent all lithologic variations in the region.
Despite obvious contrasts between the two Case Study data sets (Table 1.8), the
same network generator was used in both. The type of the network, the training
algorithm, the parameters of the algorithm and the attributes used as inputs were the same
for both cases. The same approaches were followed for determining the parameters of
the network such as the layer and the neuron numbers.
The Sooner Unit results are better than the results based on the Expedition 313
data. (Table 1.9)
When the generated gamma responses were examined in geological perspective,
the best log prediction in the Sooner Unit study (Figure 1.23) matches the important
peaks and troughs with minor mistakes or shifts. The neural network approach would aid
a researcher make meaningful lithological interpretations with some caution.
On the other hand, none of the Expedition 313 predictions are good enough for
geological interpretation purposes.
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1.7 Discussion and Future Work
Seismic attribute analysis is a data dependent study where data acquisition, data
processing, data quality and data density play an important role in the outcome of the
analysis. The attributes developed in one basin are not reliable parameters for every other
basin (reference). As presented above the same set of the attributes that works for one
basin, proved useless in the other.
In this study, the first set of attributes was selected based on their most common
geological uses in the Sooner case study. Apparently, these attributes were not the
effective ones for the Expedition 313 study. To improve the results of the Expedition 313
study there is not much one can do with the attributes used in this thesis because all
different attribute combinations were provided to the network generator. The only thing
could be to change the attributes from the beginning.
Similar to the seismic attribute analysis, the success of the neural networks also
relies on the data quality and density. If a researcher doesn’t have an adequate data set for
training of the network, other parameters do not make any difference. As mentioned
above, pseudo-well log generation for the Expedition 313 case study seems more difficult
compared to the Sooner Unit case with available data. One of the alternatives to improve
the chances of getting better results from the Expedition 313 area, would be to drill more
wells between existing ones, which would have been inconsistent with the aim of this
project.
Even though the data is the most important factor, the neural network can be
improved with some changes. Different training and validation sets would yield different

!

!

!

%)!

responses. Also, the training algorithm and even the type of the network can change the
results.
To sum up, the reasons that may have contributed to the unsatisfactory results of
the Expedition 313 case study can be listed in two categories:
1) Data related possible reasons
Complicated geology of offshore New Jersey
Wrong set of seismic attributes
Large distance between the available wells
Not enough samples for the training set to teach the regional variations in
lithology
Wrong strategy in selecting the training and the validation set
2) Possible neural network reasons could have been the incorrect choice of the
Neural network.
Training algorithm.
Performance error calculation style (MSE)

One of the purposes of using two different datasets was to test the efficiency of
the network generation system for this kind of a study. The results of the Sooner Unit
area proved that the system works properly and is able to generate required neural
networks for pseudo-well log prediction problems. Considering this fact, among the
reasons listed above, the data related ones are more likely to be the ones responsible for
the failure of the Expedition 313 networks.

!

!

!

%*!

1.8 Conclusions
This study investigated the use of seismic attributes to aid lithologic predictions
and facies model analysis of the continental shelf offshore New Jersey. Neural networks
were used to search for a non-linear relationship that may exist between downhole
gamma logs and seismic attributes that would allow construction of pseudo-well logs
where no drill holes exist. To test the ability of neural networks to develop the
relationship between seismic attributes and gamma logs, a 3D seismic data volume and 6
accompanying gamma ray logs from the Denver-Julesburg Basin were used. Once
satisfactory results were reached, an identical approach was used on 2D seismic profile
and three logged coreholes on the continental shelf offshore New Jersey.
Although test results were satisfactory for geological interpretations in the
Denver-Julesburg Basin, the offshore New Jersey results were inconclusive, and no
geological interpretation could be made based on the pseudo-log that were generated.
This study suggests that the neural network approach for quantitative seismic
attribute analysis is a strong tool in seismic analysis. However it should be used with
caution due to its data dependency and the conclusion that the most effective attribute set
of one region might not have any value in another region.
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1.9 Figures
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Figure 1.1 Schematic illustration of Gamma Ray Log responses for varying lithologies (Rider,
2002)
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Geophysics in the new millennium

FIG. 1. Seismic attributes derived from or related to the basic seismic information of time, amplitude, frequency, and attenuation.
The window can be a constant time interval, a constant interval hung from one horizon, or the interval between two horizons.

Figure 1.2 Brown (1996, 2001)'s seismic attribute classification
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Figure 1.3 Barnes (1997)'s genetic attribute classification
FIG. 1. Genetic classification chart of the complex seismic trace attributes. The first branch divides the seismic data into
categories of nonmigrated and migrated, and is followed by secondary branches for the four main attribute classes. The chart
shows amplitude and phase as members of all four main classes to clarify relationships, but there is no difference between
these amplitudes or phases. Frequency and bandwidth calculated on time migrated data are the only attributes listed that
require a conversion velocity for their calculation; these are italicized. Vector attributes are in boldface and are followed by
their components. Local attributes are given for the 1-D and depth attribute classes only. Dashed lines indicate where
amplitude contributes to local attributes. Migrated depth attributes are the most suitable for geological interpretations while
the other attributes are more suitable for geophysical studies.
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Figure 1.5 Architecture of (A)single-input neuron and (B) multi-input neuron (Hagan et al.,
1996)
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Figure 1.6 (A) Layer of S neurons and (B) Multilayer artificial neural network (Hagan et al.,
1996)
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Figure 1.9 The Sooner Unit data set well locations (See Figure 1.7 for the map of Denver Basin Sooner Unit)
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Figure 1. 10 Regional stratigraphic units of the Sooner Unit modified from Hemborg, 1993 in
Montgomery, 1997)
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Figure 1.11 The correlation matrix of the attributes and corresponding log values of the test well
(w5)
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Figure 1.12 Selected neural network architecture of Sooner Unit case study - the first approach

Figure 1.13 Training results of Sooner Unit case study - the first approach. MSE value is written
at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line = Well
log data (see text), blue line = Prediction of the neural network.

Figure 1.14 Validation results of Sooner Unit case study - the first approach. MSE value is
written at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line
= Well log data (see text), blue line = Prediction of the neural network.
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Figure 1.15 Test (w1) results of Sooner Unit case study - the first approach. MSE value is written
at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line = Well
log data (see text), blue line = Prediction of the neural network.

Figure 1.16 Test (w2) results of Sooner Unit case study - the first approach. MSE value is written
at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line = Well
log data (see text), blue line = Prediction of the neural network

Figure 1.17 Test (w6) results of Sooner Unit case study - the first approach. MSE value is written
at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line = Well
log data (see text), blue line = Prediction of the neural network
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Figure 1.18 Selected neural network architecture of Sooner Unit case study - the second
approach

Figure 1.19 Training results of Sooner Unit case study - the second approach. MSE value is
written at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line
= Well log data (see text), blue line = Prediction of the neural network

Figure 1.20 Validation results of Sooner Unit case study - the second approach. MSE value is
written at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line
= Well log data (see text), blue line = Prediction of the neural network
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Figure 1.21 Test (w1) results of Sooner Unit case study - the second approach. MSE value is
written at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line
= Well log data (see text), blue line = Prediction of the neural network

Figure 1.22 Test (w2) results of Sooner Unit case study - the second approach. MSE value is
written at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line
= Well log data (see text), blue line = Prediction of the neural network

Figure 1.23 Test (w6) results of Sooner Unit case study - the second approach. MSE value is
written at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line
= Well log data (see text), blue line = Prediction of the neural network
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Figure 1.24 Selected neural network architecture of Sooner Unit case study - the third approach

Figure 1.25 Training results of Sooner Unit case study - the third approach. MSE value is written
at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line = Well
log data (see text), blue line = Prediction of the neural network

Figure 1.26 Validation results of Sooner Unit case study - the third approach. MSE value is
written at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line
= Well log data (see text), blue line = Prediction of the neural network
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Figure 1.27 Test (w1) results of Sooner Unit case study - the third approach. MSE value is
written at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line
= Well log data (see text), blue line = Prediction of the neural network

Figure 1.28 Test (w2) results of Sooner Unit case study - the third approach. MSE value is
written at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line
= Well log data (see text), blue line = Prediction of the neural network

Figure 1.29 Test (w3) results of Sooner Unit case study - the third approach. MSE value is
written at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line
= Well log data (see text), blue line = Prediction of the neural network
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Figure 1.30 Location of the major basins and tectonic elements of the Atlantic margins of North
America (Miall et al., 2008)
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Figure 1.31 Schematic cross-section through Baltimore Canyon Trough, illustrating the primary
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structural elements of the basin (Grow and Sheridan, 1988)
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Figure 1.32 Expedition 313 Case study location map
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Figure 1.33 M0027A gamma log measurements
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Figure 1.34 M0028A gamma log measurements
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Figure 1.35 M0029A gamma log measurements
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Figure 1.36 The correlation matrix of the attributes and corresponding log values of the test well
(M0027A)
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Figure 1.37 Selected neural network architecture of Expedition 313 case study – the most
effective attribute set of the Sooner Unit case study
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Figure 1.38 Training results of Expedition 313 case study – the most effective attribute set of the
Sooner Unit case study. MSE value is written at top of the figure. Y-axis = Normalized log value,
X-axis = Sample number. Green line = Well log data (see text), blue line = Prediction of the
neural network

Figure 1.39 Validation results of Expedition 313 case study – the most effective attribute set of
the Sooner Unit case study. MSE value is written at top of the figure. Y-axis = Normalized log
value, X-axis = Sample number. Green line = Well log data (see text), blue line = Prediction of
the neural network
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Figure 1. 40 Test results of Expedition 313 case study – the most effective attribute set of the
Sooner Unit case study. MSE value is written at top of the figure. Y-axis = Normalized log value,
X-axis = Sample number. Green line = Well log data (see text), blue line = Prediction of the
neural network
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Figure 1. 41 Selected neural network architecture of Expedition 313 case study – the first
approach
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Figure 1.42 Training results of Expedition 313 case study - the first approach MSE value is
written at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line
= Well log data (see text), blue line = Prediction of the neural network

Figure 1.42 Validation results of Expedition 313 case study - the first approach. MSE value is
written at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line
= Well log data (see text), blue line = Prediction of the neural network
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Figure 1.43 Test results of Expedition 313 case study - the first approach. MSE value is written
at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line = Well
log data (see text), blue line = Prediction of the neural network
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Figure 1.44 Selected neural network architecture of Expedition 313 case study – the second
approach

Figure 1.45 Training results of Expedition 313 case study - the second approach. MSE value is
written at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line
= Well log data (see text), blue line = Prediction of the neural network

Figure 1.46 Validation results of Expedition 313 case study - the second approach. MSE value is
written at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line
= Well log data (see text), blue line = Prediction of the neural network
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Figure 1.47 Test results of Expedition 313 case study - the second approach. MSE value is
written at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line
= Well log data (see text), blue line = Prediction of the neural network
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Figure 1.48 Selected neural network architecture of Expedition 313 case study – the third
approach

Figure 1.49 Training results of Expedition 313 case study - the third approach. MSE value is
written at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line
= Well log data (see text), blue line = Prediction of the neural network

Figure 1.50 Validation results of Expedition 313 case study - the third approach. MSE value is
written at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line
= Well log data (see text), blue line = Prediction of the neural network
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Figure 1.51 Test results of Expedition 313 case study - the third approach. MSE value is written
at top of the figure. Y-axis = Normalized log value, X-axis = Sample number. Green line = Well
log data (see text), blue line = Prediction of the neural network
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1.10 Tables

Applications

Learning Methods Connection Types

Pattern Recognition and Classification Supervised
Clustering
Unsupervised
Function Fitting and Approximation
Reinforcement
Dynamic Modelling and Prediction
Table 1.1 Artificial neural network classification
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Static (feed-forward)
Dynamic (feed-back)
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Table 1.2 Generalized usage of seismic attributes ( online, www.seismicmicro.com)
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Acceleration of Phase (A2)
Dominant Frequency (A3)
Envelope Second Derivative (A4)
Imaginary Part (A5)
Instantaneous Frequency (A6)
Instantaneous Frequency Envelope Weighted (A7)
Relative Acoustic Impedance (A8)
Thin Bed Indicator (A9)
Trace Envelope (A10)
Chaotic Reflection (A11)
Parallel Bedding Indicator (A12)
Shale Indicator (A13)

Table 1.3 Seismic attributes used in this thesis

!"#$%&' !()$#*+,'
!"
trainlm !"#"$%"&'()*&+,*&-.
#$%
trainbfg /01234,*56(7"8.9$
&'
trainrp :"56;6"$.3/*<=>&9>*'*.69$
()%
trainscg 2<*;"-3?9$@,'*."31&*-6"$.
)%#
traincgb ?9$@,'*."31&*-6"$.386.A3B98";;C/"*;"3:"5.*&.5
)%$
traincgf 0;".<A"&(B98";;3?9$@,'*."31&*-6"$.
)%'
traincgp B9;*=(:6%6D&"3?9$@,'*."31&*-6"$.
*((
trainoss E$"32.">32"<*$.
%+,
traingdx F*&6*%;"3!"*&$6$'3:*."3/*<=>&9>*'*.69$
Table 1.4 Several training algorithms in MATLAB Neural Network Toolbox
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Name

Hard Limit

Symmetrical Hard Limit

Input/Output Relation
a = 0

n<0

a = 1

n!0

a = –1

n<0

a = +1

n!0

Linear

Saturating Linear

Symmetric Saturating
Linear

a = 0

n<0
0"n"1
n>1

a = –1

n < –1
–1 " n " 1
n>1

1
a = --------------–n
1+e

Hyperbolic Tangent
Sigmoid

e –e
a = ----------------n
–n
e +e

Competitive

hardlims

purelin

a = n
a = 1

a = n
a = 1

n

a = 0
a = n

MATLAB

Function
hardlim

a = n

Log-Sigmoid

Positive Linear

Icon

satlin

satlins

logsig

–n

tansig

n<0
0"n

a = 1

neuron with max n

a = 0

all other neurons

poslin

C

compet

"#$%&!'()!"*#+,-&*!./+0123+,
Table 1.5 Transfer functions (MATLAB
Neural Network Toolbox Tutorial)
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net.trainParam.epochs
net.trainParam.goal
net.trainParam.max_fail
net.trainParam.mem_reduc
net.trainParam.min_grad
net.trainParam.mu
net.trainParam.mu_dec
net.trainParam.mu_inc
net.trainParam.mu_max
net.trainParam.show
net.trainParam.showCommandLine
net.trainParam.showWindow
net.trainParam.time

trainlm Parameters
100
Maximum number of epochs to train
0
Performance goal
5
Maximum validation failures
1
Factor to use for memory/speed tradeoff
1.00E-10 Minimum performance gradient
0.001 Initial mu
0.1
mu decrease factor
10
mu increase factor
1.00E+10 Maximum mu
25
Epochs between displays ( NaN for no displays)
0
Generate command-line output
1
Show training GUI
inf
Maximum time to train in seconds

Table 1.6 'trainlm' parameters used in this thesis

Parameter Stopping Criteria
min_grad
max_fail
time
goal
epochs

Minimum Gradient Magnitude
Maximum Number of Validation Increases
Maximum Training Time
Minimum Performance Value
Maximum Number of Training Epochs (Iterations)

Table 1.7 List of stopping criteria for a neural network (MATLAB Neural Network Toolbox
tutorial)
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The Sooner Unit
Expedition 313
Number of training wells
2
1
Distance between the wells
~500m
~10km
Geological setting
Undisturbed parallel bedding Prograding, well developed clinoforms

Table 1.8 The main differences between the case Study Data sets

!"#$%$
!"#$%&&'(%)*
+,-$%&&'(%)* .'-$%&&'(%)* /*0$1((,0'$%##'234#0"
!"#$%&'(
0.032513
0.034673
0.032025
0.027291
&'()*++,(-).,/0
!"#$%&&'(%)*
+,-$%&&'(%)* .'-$%&&'(%)*
!"#$%&'(
0.027
0.02529
0.0091928

Table 1.9 Results of the case studies
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2 CHAPTER II - Seismic Stratigraphic

Interpretation of Middle Miocene Sediments
Offshore New Jersey
2.1 Abstract
The continental shelf offshore New Jersey is a classic location of prograding
clinoform stratigraphy that has evolved under the influence of the interplay of several
variables. These include changes in relative sea level, thermo flexural subsidence, plus
sediment supply, compaction and loading. In this study, seismic profiles of higher
quality and denser spacing than used in previous studies are analyzed to trace welldeveloped middle Miocene sequences across the middle shelf. In addition to a more
detailed history than derived from prior studies, this reveals a record of previously
unreported sediment erosion and possible global climate influence on stratigraphic
evolution.
Candidate sequence boundaries are identified by seismic reflector termination
geometries in high-resolution MCS profiles and traced across the grid area. Eleven
candidate sequence boundaries, three of which (m4.05, m3.4 and m2.8) were not
documented by previous studies, are identified. System tract positions of each sequence
are also documented. Results compared to the existing sequence stratigraphic model
developed by workers at ExxonMobil reveal two differences: no/little transgressive
system tract and no lowstand fans are observed within the study area.
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Age estimates taken from published studies show that the 11 middle Miocene

sequences reported here span the interval between ~11.8-12.9 Ma, suggesting an average
interval between each of 100 kyr. Clinoform rollovers prograded SE during the
development of the sequences identified in the study area, beginning at a time that
coincides with a major shift in "18O towards higher values (represented by Mi4) and
about at the time of development of the permanent East Antarctic ice sheet.
Grain size distribution of the prograding clinoforms is predicted by extrapolating
Integrated Ocean Drilling Program Expedition 313’s lithostratigraphic analysis of lower
Miocene successions. The grain size model and reflector terminations suggest that the
lowstand system tracts are composed of mostly fine-grained sediments while coarse
grained sediments dominate the highstand system tracts; the gradual change to finegrained sediment through the distal parts of the highstand clinoforms is also observed.
Glauconite deposits are located generally at the toe of the highstand system tracts.
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2.2 Objectives
The Baltimore Canyon Trough (BCT) lies on the modern continental shelf and
slope of the North American Atlantic margin. Highly prograded Neogene stratigraphic
succession of the BCT formed well-developed clinoforms over the seaward-dipping
Eocene carbonate ramp of the earlier shelf. Many authors are interested in these Neogene
depositional successions in terms of sequence stratigraphy because of its relatively
complete sequences, its well-developed stratal geometry, and its mostly unfaulted simple
tectonic setting. The aim of this study is to improve existing seismic sequence
stratigraphic interpretations within the study area and to create a more detailed sequence
stratigraphic framework for middle Miocene deposits of offshore New Jersey.
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2.3 Background
2.3.1

Geological Background
North America was a part of the supercontinent Pangaea until the beginning of its

break up in the Late Triassic. This break up can be summarized in two phases: rifting
(intraplate extension) and drifting (interplate separation and seafloor spreading)
(e.g.,Manspeizer and Cousminer, 1988; Withjack et. al, 1998). Rifting took place during
the Middle Triassic to Early Jurassic and resulted in development of a series of Mesozoic
rift basins along the Atlantic margin of North America. From south to north these are:
the Bahamas Platform, the Blake Plateau Trough, Carolina Trough, the Baltimore
Canyon Trough, the Georges Bank Basin and the Scotian Basin (Figure 2.1) (e.g. Schlee
et al., 1976; Withjack et. al, 1998). In general, drifting between North America and
Africa started in the late Early to early Middle Jurassic; it is important to note that the rift
– drift transition was not a synchronous event along this 7500 km margin (e.g., Schlische
et al. 2002; Withjack et. al, 1998; Klitgord et al., 1988; Manspeizer and Cousminer,
1988). Drifting began in the Middle Jurassic in the south (the Blake Plateau region) and
in the Early Cretaceous in the north (the Grand Banks region) (Table 2.1)(e.g., Schlische
et al. 2002; Withjack et. al, 1998, Klitgord et al., 1988; Srivastava and Tapscott, 1986).
Rifting and drifting stages eventually formed the central eastern passive margin of North
America.
Among the major Mesozoic rift basins along the Atlantic margin, the Baltimore
Canyon Trough (BCT) has the thickest syn-rift and post-rift sedimentary deposits (Grow
and Sheridan, 1988; Grow et al., 1988; Poag, 1978). The thick sedimentary cover can be
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explained by three main factors: 1) low flexural strength due to extensional thinning of
the lithosphere during the rifting stage, 2) high sediment supply from the Appalachian
Mountains due to regional uplift at the rift-drift transition, and 3) rapid thermal
subsidence due to cooling and contraction of the crust and upper mantle that also affected
other basins aligned on the east coast of North America (Sleep, 1971; Grow and
Sheridan, 1988).
The BCT lies between 35º N – 40º N (North Carolina to New Jersey) and 72º W 77º W and includes the modern continental shelf and slope (~200,000 km2) (Poag, 1985,
1978). A basement hinge zone marks the landward edge of the trough where there is a
sudden seaward increase in the depth to basement. The depth at the hinge zone is about 4
– 6 km on average (Grow et al., 1988). The depth to basement increases seaward to a
maximum of ~16 km near the East Coast Magnetic Anomaly (ECMA), which is a
continuous, linear positive magnetic anomaly extending from South Carolina to Nova
Scotia and centered near the shelf break in the BTC (Figure 2.2, 2.3) (Grow et al., 1988;
Alsop and Talwani, 1984). The width of the BCT (the distance between the hinge zone
and the main axis of the ECMA) varies from 60 km off Virginia to 100 km off New
Jersey (Grow et al., 1988).
There are still some uncertainties about the location of the continent – ocean
boundary. The strongest arguments are 1) the ECMA marks the landward edge of the
oceanic crust and 2) seaward dipping reflectors (SDRs) mark the boundary (SDRs are
individual or packets of reflections from volcanic flows and pyroclastic debris formed
either during the continental extension or at the beginning of seafloor spreading, and
which are now dipping seaward because of loading on weakened continental crust. This
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explanation has been confirmed by drilling at more accessible SDRs in the North
Atlantic) (Klitgord et al., 1988; Mutter, 1985; Roberts et al 1985).

As in many Atlantic-type passive continental margin basins, dominant processes
affecting the BCT during rifting were primarily tectonic uplift, subsidence and extension;
the control subsequently switched to post-rift processes such as thermal subsidence,
sediment loading, lithospheric flexure, compaction, and global sea-level changes
(Steckler and Watts, 1978; Reynolds et al., 1991).
Although there are 32 exploration wells and 2 COST wells in the BCT and it has
been the target location for academic drilling for years, no offshore wells ever sampled
the basement of the BCT; however, the basement was reached in the coastal plain and
determined to be pre-Trassic granitic and metamorphic rocks (Poag, 1978; Poag and
Valentine, 1988; Grow et al., 1988). During the rifting phase, high standing basement
blocks were eroded and the sediments deposited into grabens and half grabens beneath
the modern shelf. These Upper Triassic and Lower Jurasssic terrigenous siliciclastic
synrift sedimentary rocks, by analogy with same age deposits of Triassic grabens of
coastal plain, include reddish-brown mudstones, immature conglomerates, arkosic
sandstones, gray to black lacustrine shales, evaporites and coal lenses (Figure 2.3) (Poag,
1985; Poag and Valentine, 1988; Grow et al., 1988).
After the rifting stage, non-deposition and erosion (the entire Middle Jurassic and
most of the Upper Jurassic sections are abbreviated landward of the hinge zone) resulted
in a diachronous post-rift angular unconformity separating sub-horizontal post-rift
evaporites from more steeply dipping syn-rift strata (Figure 2.3) (Poag and Valentine,
1988; Grow et al., 1988; Withjack et al., 1998).
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During the time of transition from rifting to sea floor spreading in the Jurassic,
seawater invaded the BCT and deposited evaporites due to arid climate and restricted

water circulation (Figure 2.3) (Poag and Valentine, 1988; Grow et al., 1988). The studies
of Georges Bank basin and the eastern Canadian margin drillings plus interpretations of
multichannel seismic reflection profiles of the BCT suggest that Lower and Middle
Jurassic deposits are carbonates covered by marine and non-marine siliciclastic deposits
(Poag, 1978, 1979; Poag and Valentine, 1988; Grow et al., 1988). The progradation of a
carbonate reef started and continued throughout the Jurassic and formed a large reefal
bank system (Figure 2.3) (Poag and Valentine, 1988). In the Early Cretaceous, the reef
prograded to its maximum extent several of tens of km seaward of the modern shelf edge
(Schlee, 1981)
Siliciclastic sediments covered the Jurassic reefal bank system in Barremian time
as a result of an increase in the sediment influx and deceleration of thermal subsidence
(Figure 2.3) (Poag, 1985; Mountain et al. 2007). An increase in the deposition of
terrestrial organic matter on the continental rise and abyssal plain occurred during this
time (Poag, 1985). Terrestrial sediment prograding across the shelf, the slowing of
thermal subsidence, global climate fluctuations, and major Late Cretaceous sea level
changes all played a role in diminishing the carbonate system (Miller et al., 2011).
A high amplitude, circular (~ 20 km in diameter), positive magnetic anomaly
located 40 km landward of ECMA indicates the largest offshore magmatic event of North
America’s Atlantic margin (Figure 2.2, 2.3) (Grow et al., 1988). Since it looks like a salt
diapir but has the magnetic and gravity signature of an igneous intrusion, this feature is
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called the Great Stone Dome and it uplifted the Lower Cretaceous strata of the BCT at
about 108 Ma (Lippert, 1983; Grow et al., 1988; Poag and Valentine, 1988).
During the Maastrichtian and Paleocene, sediment supply from the Appalachian
hinterlands decreased (Poag and Sevon, 1989; Miller et al., 2011). Low rates of terrestrial
sediment deposition were associated with an increase in surface ocean productivity,
accumulation of biosiliceous sediments, a major marine transgression and development
of a wide, seaward dipping carbonate ramp in the BCT during the early Tertiary
greenhouse climate (Figure 2.3) (Poag, 1985; Poag and Valentine, 1988; Steckler et al.,
1999).
Low siliciclastic sediment influx and high pelagic carbonate deposition continued
during the warm climate of the early Eocene (Miller et al., 1997). Subsequently, the
global climate cooled, and large-scale Antarctic glaciation began in the earliest
Oligocene, and in the BCT carbonate deposition stopped once again during what has been
named the ‘siliciclastic switch’ (Owens et al., 1988; Miller et al., 1996). Regional and
global cooling of the earliest Oligocene decreased the accumulation rates until the Late
Oligocene; subaerial and submarine erosions truncated existing shelf sediments and
created submarine canyons across the slope (Mountain and Tucholke, 1985; Poag, 1985;
Poag and Valentine, 1988; Miller et al. 1997). Coarse siliciclastic sediment influx began
and sedimentation rates increased abruptly in the late Oligocene to Miocene due to
increased continental erosion, lowered base level from long term sea-level fall and
climate change (Poag, 1985; Miller et al., 1996; Steckler et al., 1999).
During the Neogene, especially in the middle Miocene, sediment influx to the
BCT increased remarkably owing to extensive erosion of the Appalachians that may have
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been caused by one or more of the following: tectonic uplift, wetter climate, and large
and rapid glacioeustatic sea-level changes (Poag, 1985; Poag and Valentine, 1988;
Steckler et al., 1999). Global climatic changes during this time contributed to organic

carbon and siliceous microfossil rich, prograding, well developed clinoforms dominating
the BCT. These prograding delta lobes created a shallower and flatter shelf while
depositing thicker and steeper clinoforms in the deeper parts of the earlier seaward
dipping ramp (Steckler et al., 1999).
More than 300 m of sandy and silty clay Pleistocene deposits accumulated in the
BCT, mostly on the outermost shelf to slope (Figure 2.3) (Poag and Valentine, 1988).
During the Plio-Pleistocene sequences, vertical repetitions of horizontal patterns are not
observed; the reason is attributed to low accommodation rates, low sediment supply and
high rates of global sea level change (Mountain et al., 2007; Miller et al., 2011). Low
sediment influx due to a low relief hinterland, extreme reworking of these sediments on a
wide shelf and low accommodation from thermal and flexural subsidence resulted in thin
and complex stratal patterns (Mountain et al., 2007; Miller et al., 2011).
This study focuses on middle Miocene sequence development in the BCT. The
thick, prograding, well developed Neogene sequences provide an opportunity to learn
about how passive margins grow when provided with a large source of sediment from the
adjacent coastline.
2.3.2

Seismic Sequence Stratigraphy
Sequence stratigraphy is the analysis of cyclic sedimentation patterns of

genetically related depositional units bounded by erosional or non-depositional surfaces
or their correlative conformity surfaces that were generated by the interplay of
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sedimentation, erosion and oscillating base level (Posamentier et al., 1988; Galloway,

1989; Van Wagoner, 1995; Embry, 2001). Applying these concepts to the interpretation
of depositional history has led to variations in terminology due in part to the types of
sediments (carbonate vs. siliciclastic), scale of observations (cms to tens of meters of
vertical resolution) and the tools of measurement (visual analysis at outcrops, wireline
logs in boreholes, seismic reflection profiles of the subsurface, etc.) Furthermore, subtle
differences in basic assumptions of the link between process and the depositional record
have led to various models of sedimentation, all of which are included in the discipline of
sequence stratigraphy. Depending on which model is used the jargon of sequence
stratigraphy changes; most of the time different names are used for the same surfaces or
deposits by many authors (Neal and Abreu, 2009). The recognition of stratal continuity or
truncation at mappable surfaces can be accomplished over a wide region using highquality seismic reflection profiles. Consequently, careful definition of various styles of
stratal geometry revealed by seismic reflections is fundamental to this type of analysis.
This section reviews the terminology of seismic sequence stratigraphy and sequence
stratigraphic models applied in this thesis.
The fundamental depositional unit in this type of analysis is a sequence. Mitchum
(1977) defines a sequence as “a relatively conformable succession of genetically related
strata bounded by unconformities or their correlative conformities”. The erosional
unconformities and their correlative conformities that enclose a single sequence form as a
response to a rapid fall in base level. If there is evidence of, or reason to believe there is
likely to be evidence of, base level fall affecting an entire shallow water depositional
system, and there is evidence of that event being accompanied by a true downward shift
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in shallow-water sedimentation, the surface recording that event is termed a sequence

boundary. All of the sediment deposited between it and the next youngest boundary is
termed a sequence. Typically these bounding surfaces have a sigmoidal shape in the
preserved record that is termed a clinoform. Ideally this surface begins in a nearshore
setting and dips gently basinward (the topset setting of the sequence) to a gradual
increase in gradient that at its maximum value marks the clinoform rollover. During
times of clinoform growth, deposition occurs all along this dipping surface, creating
clinoform foresets within the overlying sequence. Basinward of the rollover, seafloor
gradient reduces gradually and at some position the setting is referred to as the clinoform
toeset. The rollover location may or may not coincide with the true continental slope.
(For the study reported here, the entire mid-Miocene section is composed of clinoforms
deposited on what has been a continental shelf since the first several million years of
opening of the North Atlantic Ocean in the Middle Jurassic).
The vertical arrangement of facies within a sequence is particularly useful in basin
analysis, and can be tracked by seismic reflections observed within a sequence.
Accordingly, a sequence is subdivided into "system tracts" (Brown and Fisher, 1977) that
are defined as a linkage of contemporaneous depositional systems, each with a
characteristic arrangement of vertical changes in facies, collectively called "stacking
patterns".
Stacking patterns within a sequence are a product of the interplay between
sedimentation and local base level changes. Base level is “an imaginary and dynamic
equilibrium surface above which a particle cannot come to rest and below which
deposition and burial is possible” (Sloss, 1962). Fluctuation of base level creates or
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destroys the space available for sedimentation (accommodation). Base level changes can
be local, such as fan channel avulsion that at one location lead to very abrupt changes
from deposition to by-pass/sediment starvation. Other local processes can be invoked as
well. But a basin-wide base level fall affects such a large area that local processes cannot
be the sole cause; the resulting basin-wide unconformities, their correlative conformities,
and the downward shift in facies (as described previously) are the indicators of a true
sequence boundary caused by a base level fall.
Base level is controlled by various factors that are external (eustatic, tectonic,
climatic), diagenetic (sediment compaction) or environmental (wave and current energy),
and it is not directly affected by changes in sedimentation rate (Cantuneanu, 2002).
Figure 2.4 shows schematically the interplay between two of the most important factors,
eustasy and tectonism, and makes clear that even during times of eustatic fall, sufficiently
rapid tectonic subsidence will result in a localized elevation of base level.
Most workers recognize 3 types of stacking patterns within sequences: 1)
progradation (building seaward), 2) retrogradation (building landward) and 3)
aggradation (building vertically) (Figure 2.5). How and where these are arranged within a
sequence defines three important subdivisions of a complete sequence: 1) lowstand
system tract, 2) transgressive system tract, and 3) highstand system tract. Each of these
system tracts has characteristic stacking patterns and each is bounded by a specific type
of surface (Figure 2.6).
Neal and Abreu (2009) identify system tracts according to the ratio between
accommodation creation rate ("A) and sedimentation rate ("S); in other words based on
the stacking patterns (Figure 2.7):
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Lowstand system tract: Progradation to aggradation ("A/"S < 1, increasing )
Transgressive system tract: Retrogradation ("A/"S > 1)
Highstand system tract: Aggradation to progradation, degradation ("A/"S <
decreasing to negative)

System tracts are separated from each other by 3 specific surfaces (Figure 2.6).
The first is the sequence boundary, discussed previously. ExxonMobil introduced two
different types of sequence boundaries. Stream rejuvenation, fluvial incision, sedimentary
bypass of the shelf, and abrupt basinward shift of facies and coastal onlap form a ‘Type
1’ sequence boundary. A ‘Type 2’ boundary lacks evidence of subaerial erosion
associated with stream rejuvenation but still reveals a downward shift in shallow water
facies.
The second type of surface that separates systems tracts within a sequence is a
transgressive surface. This marks the first significant marine flooding in a sequence, that
is, the earliest time at which base level has risen enough to allow deposition in the topset
setting of a clinoform. This surface forms the base of the retrogradational stacking
patterns of the transgressive systems tract. A transgressive surface may merge with the
underlying sequence boundary along the topsets. Depending on the rate of sediment
supply, the transgressive surface may be separated from the overlying maximum flooding
surface (see below) by such a thin interval that they are hard or impossible to distinguish
in seismic reflection profiles.
The maximum flooding surface is the third feature that separates systems tracts.
It is a surface of deposition formed at the time the shoreline is at its maximum landward
position (maximum transgression) (Posamentier & Allen, 1999). It separates the
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transgressive and highstand systems tract. The marine shelf and basinal part of this

surface is called a “condensed section”, which is the result of slow rates (<1-10 mm/yr)
of deposition of thin and fine grained pelagic-hemipelagic sediments, starved of
terrigenous materials, deposited on the middle to outer shelf and slope (Mitchum, 1977;
Vail et al., 1984).
2.3.3

Previous Work
The BCT was starved of clastic sediments during the warm climate of the early

Eocene until the Antarctic glaciation in the earliest Oligocene; as a response to the
cooling climate, the pelagic carbonate sedimentation shut down and the accumulation
rates decreased until the Late Oligocene, then coarse siliciclastic sediment influx began,
which is referred as the ‘siliciclastic switch’ (Owens et al., 1988; Miller et al., 1996,
1997).
Progradation across the continental shelf started with high rates of siliciclastic
sediment influx in the Oligocene and accumulation increased in the Middle Miocene
approximately at the time that the permanent East Antarctic ice sheet developed (Miller
et al., 1991; Mountain et al., 1994). Poag and Sevon (1989), Pazzaglia (1993), Pazzaglia
and Brandon (1994) link the increase of the terrigenous sediment influx to continental
erosion from tectonic uplift; Miller et al. (1996) correlate the change in sediment supply
to lowered base level from long-term sea-level fall; and based on their backstripping
model, Steckler et al. (1999) claim that the increase in sediment influx was due to global
climatic change rather than tectonic activity. Post-Oligocene sequences prograded across
the margin for more than 100 km, forming well-developed clinoforms over the seawarddipping ramp of the earlier shelf (Steckler et al., 1999). Prograding Neogene deposits of
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the BCT, in particular, have been of interest to many researchers analyzing the
development and significance of depositional sequences.

Greenlee and Moore (1988) and Greenlee et al. (1992) identified early Miocene to
recent sequences using seismic reflection terminations and log-based stratigraphic
concepts using commercial data acquired and processed in the mid-1970's; they
determined 8 sequence boundaries and only lowstand and highstand system tracts were
found within these sequences. According to their interpretations, no transgresive system
tracts have been preserved (Figure 2.8). Using commercial boreholes, they also estimated
the ages of the boundaries with 1-2m.y. resolution (Table 2.2).
Mountain et al. (1994) used newer generation, slightly higher resolution seismic
data acquired by the R/V Ewing in 1990 to trace the surfaces reported by Greenlee et al.
(1992) to several drill sites drilled by ODP Leg 150 on the continental slope. In addition
they developed a new labeling system that placed previously reported surfaces in a single
alphanumeric heirarchy. Later Miller et al. (1996) combined ages of Leg 150 offshore
surfaces, onshore sequences and the Haq et al. (1987) curve with the global " 18O curve
to propose a glacioeustatic imprint on these sequences (Figure 2.9).
Poulsen et al. (1998) reinterpreted the middle Miocene sequences using the same
Ew9009 profiles of earlier workers, reverting to color designations for their key seismic
surfaces. Their mapped reflectors generally correlate with those of Greenlee et al. (1992),
but there are several dissimilarities due to the spatial density, resolution and interpretation
differences of the two seismic data sets (Figure 2.10).
Poulsen et al. (1998) reconstructed the BCT’s Miocene depositional history using
stratigraphic relations, sequences and system tract thicknesses, shelf break positions, and
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structure and isochrom maps. One of their conclusions is that the BCT was dominated by
delta migration and progradation during the middle to late Miocene.
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2.4 Data
2.4.1

Seismic Lines
For this study 18 seismic lines from three different cruises were analyzed: 1) R/V

Maurice Ewing 9009 (ew9009), 2) R/V Oceanus 270 (oc270) and 3) R/V Cape Hatteras
0698 (ch0698) (Figure 2.11).
Cruise ew9009 was conducted in 1990 to search for potential Ocean Drilling
Program (ODP) drillsites by collecting the first moderately high-resolution MCS grid of
research-based profiles across the NJ margin. Deep penetration, low-frequency (a 6airgun source that provided acoustic energy in the 20-80 Hz range), 15 m vertical
resolution, 60-fold multichannel seismic profiles were acquired. This seismic data
focused on imaging Paleogene and Neogene stratigraphy in the modern mid to outer shelf
and slope, and it was used to plan for and ultimately aid the interpretation of sites drilled
on ODP Leg 150. In this study described here, four ew9009 dip lines (1002, 1028, 1030,
1005) and four ew9009 strike lines (1023, 1008, 1012, 1013) were interpreted (Figure
2.11).
Cruises oc270 and ch0698 were conducted in 1995 and 1998, respectively, in
support of STRATAFORM and the Ocean Drilling Program's Mid-Atlantic Transit
project. The goal was to ensure there were no shallow gas accumulations at locations
proposed for drilling by the ODP. Both cruises used a single generator injector (45/105
cu in) airgun (generating nearly bubble-free signals in the 20-140 Hz range) towed at 2 m
depth with a ship speed of roughly 4.9 kn over the ground and fired roughly every 12.5 m
while towing a 48-channel, 600 m streamer at 2 or 4 m depths. Vertical resolution of
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roughly 5m with usable acoustic imaging to approximately 1.3 sec of two-way traveltime
was recorded. Trace lengths were 2 sec; sample rate was 1 msec on oc270 and 0.5 msec
on ch0698
The processing steps of the Oc270 and CH0698 data were:
1. Bandpass Filter
2. CDP Sort
3. Velocity Analysis
4. Normal Moveout
5. Offset Mute
6. CDP stack
7. F/K Migration
8. Spherical Divergence Correction
9. Mute
10. Normal Moveout and stack
11. Weiner f-K filtering
12. Deconvolution
13. Post-stack Stolt migration

In this project three dip lines (139, 247 and 629) and two strike lines (42 and 44)
from oc270, plus two dip lines (21 and 32) and two strike lines (2 and 926) from ch0698
were analyzed (Figure 2.11).

2.4.2

Well Data
Three sites were selected in 2005 as targets to explore the geologic records of

global and local sea-level changes (including the records of several complete Icehouse
sea-level cycles) in Oligocene-Miocene aged sediments accumulated along the eastern
offshore North America (Figure 2.11) (Mountain et al., 2010). Integrated Ocean Drilling
Program (IODP) Expedition 313 drilled a well at each of these sites under contract to the
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European Consortium for Ocean Research Drilling (ECORD) Science Operator (ESO) in
2009 (Mountain et al., 2010). The goals of Expedition 313 were to:
•

compare Oligocene – Miocene Icehouse sea level changes with the global "18O
glacio-eustatic proxy;

•

understand the mechanisms of eustatic sea-level changes;

•

assess the ties between lithofacies successions, depositional environments and
eustatic sea level fluctuations;

•

compare the results with similar studies of siliciclastic systems at continental
margins around the world.
The exact locations, water depths, total hole lengths and recovered total core

lengths of each well are listed in Table 2.3. The topmost 100 m of the first hole,
M0027A, consisted of unconsolidated coarse-grained sediments that led to very slow,
difficult coring, and forced the decision to take only occasional cores between 98 and 192
mbsf. Anticipating the same difficult coring at Site M0028A, no cores were attempted
until 220 mbsf, and at M0029A only spot cores were attempted until 282 mbsf. Below
these sub-bottom depths, however, to their total penetrations between 661 and 767 mbsf,
the three drilled holes were continuously cored with roughly 80% recovery. A suite of
wireline logs was acquired as well. In general, recovered cores were Late Eocene to Late
Pleistocene sands and gravels of depositional environments that ranged from coastal plain
(paleosol) to shoreface to offshore marine of roughly 100-200 m paleowater depths.
Discontinuous, irregular reflectors are common in the upper 300 msecs and correspond to
the sand-rich section that was difficult to core in the top few hundred meters of each hole.
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Expedition 313 sedimentologists divided the sediments at all three sites into eight
lithostratigraphic units (Figures 2.12-2.14); the entire, poorly sampled and seismically
indistinct section above roughly 250 m was a single, poorly documented unit. The
interpretations showed that two depositional conditions existed in the region and affected
all sediments below this top unit: 1) a mixed wave- to river-dominated shelf that resulted
in well-sorted silt and sand accumulation in offshore to shoreface environments, and 2)
clinoform degradation when interbeded poorly sorted silts, debris flow and turbidite
sands with toe-of-slope silt and silty clays were deposited. Both in situ and reworked
glauconite were found in top-set and toe-set strata.
Seismic expressions of lower Miocene sequences sampled by Expedition 313 are
significantly similar to middle Miocene sequence development. Thus, grain size
measurements of IODP Expedition 313 wells M0028A and M0029A are used as analogy
to create a grain size distribution model for middle Miocene sequences.
.
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2.5 Methods
2.5.1

Seismic Sequence Stratigraphic Interpretation
Seismic sequence stratigraphic interpretation on a seismic line starts with

recognition of the significant surfaces. Stratal terminations are used for documenting
system tracts, the important surfaces, and sequence boundaries. There are 5 termination
types (Figure 2.15; Cantuneanu, 2002):
Truncation: Termination against overlying erosional surface (Suggestive of a
sequence boundary).
Erosional : Irregular discontinuous surface (Suggestive of a sequence boundary).
Toplap: Termination of inclined strata against an overlying lower angle surface
(Suggestive of a sequence boundary).
Onlap: Termination of low-angle strata against a steeper surface (Suggestive of a
sequence boundary).
Downlap: Termination of inclined strata against lower angle surface (Suggestive
of a sequence boundary and maximum flooding surface).
Offlap: The progressive offshore shift of the updip terminations (Suggestive of
the seaward movement of the shoreline in response to relative sea-level lowering, also
known as ‘forced regression’)
In this study, geological interpretation software Seismic Micro Technologies
(SMT) – Kingdom (64-bit 2D/3DPak) was used in a workstation (HP xw6600 Windows
2008 R2 server with 4GB of ram and dual quadcore Intel Xeon E5420 processors and 1
TB of storage on a RAID 5 array). 2D/3DPak provides two important tools for the

!

!

! ""$!

!
interpretation: 1)‘base map’ where the seismic lines are placed according to their

coordinates and let the user see the intersections of them in map view , and 2) ‘vertical
display window’ in which seismic profiles are displayed and geological events can be
traced. Tracing the important surfaces starts with determination of the reflection
terminations on a profile that is believed to be a good representative of the geological
events in the grid area. Once the surface is traced on that line, intersecting seismic lines
are used to loop the surface around the grid area. A valid interpretation of a geologic
surface must tie to the same surface on an intersecting line. Tying the seismic lines
creates a 3D picture of the geological events and the ‘base map’ shows the exact location
of the important features (such as erosion, rollover etc.).
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2.6 Results
2.6.1

Seismic Stratigraphic Analysis
The important surfaces in offshore New Jersey middle Miocene seismic data were

identified based on geometry of seismic reflector terminations (erosional truncation,
toplap, offlap, downlap and onlap) defined in the “Seismic Sequence Stratigraphy”
section of this thesis.
As a result of the seismic stratigraphic analysis over a grid composed of 9 dip
lines and 9 strike lines, 19 candidate surfaces (11 sequence boundaries, 7 maximum
flooding surfaces and 1 transgressive surface) were identified (Figure 2.16).
2.6.1.1

Important Surfaces
Initially Oc270 line 629, which is simply Oc270 lines 129, 229, 329, 429 and 529

all joined into a single, re-named profile, was used as the main seismic line to identify the
surfaces; then each surface was loop-correlated around the grid of lines used in this study.
During the looping, more surfaces were identified with no clear reflection terminations
on Oc270 line 629 and carried to this line.
•

m4.1
‘m4.1’ is the oldest candidate sequence boundary of this study carried to this

region from Expedition 313 interpretations. The reflection is continuous on line 629 with
clear toplaps, onlaps and downlaps. (Figure 2.16)
•

m4.1 MFS
This is a fairly continuous, strong reflection. ‘m4.1 MFS’ is almost parallel to the

surfaces onlapping on to it. The onlaps are identified from Oc270 line line 629. It starts
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from ‘m4.1’ and merges with the candidate sequence boundary above it (m4.05) (Figures
Figure 2.16, 2.17).
•

m4.05
This candidate sequence boundary is hardly identifiable on Oc270 line 629 but the

erosion on m4.05 and downlaps of the internal reflections can be identified on Oc270 line
139 (Figure 2.18). It is also eroded and internal reflections toplap to this surface on lines
Ew9009 line 1023 and Ch0698 line 032. (Figures 2.17, 2.19). After the looping, the
surface carried to Oc270 line 629 and reflection terminations on this surface were
identified. Although there is no clear evidence for the continuation of this surface on
Oc270 line 629, it was interpreted as a clinoform based on the internal reflections. The
inclined part of ‘m4.05’ on Oc270 line 629 is illustrated as a dashed line to emphasize the
uncertainty.
•

m4.05 MFS
This surface was traced solely based on the change in the dipping angle of hardly

visible internal reflections and expected maximum flooding surface location of a
clinoform shaped sequence boundary on this study area. Thus, it is shown as a dashed
line on Oc270 line 629 (Figure 2.16).
•

m4
‘m4’ is a continuous, strong clinoform-shaped reflection with obvious onlaps and

downlaps. It is easily identifiable on Oc270 line 629. (Figure 2.16)
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•

m4 MFS
No reflection terminations were identified for this surface. It's identification is

based on the expected location of such a surface between sequence boundaries m4
(below) and m3.8 (above) (Figure 2.16).
•

m3.8
This continuous, strong reflection merges with ‘m4’ landward. Although no

reflection terminations were identified on Oc270 line 629, there are toplaps, onlaps and
downlaps to this surface on Oc270 line 139. (Figures 2.16, 2.18)
•

m3.8 MFS
This surface is weak discontinuous reflection almost parallel to the internal

reflections downlaping on to it. It shows a setting similar to ‘m4.1 MFS’(Figure 2.16).
•

m3.6
This surface is variable, generally continuous and strong reflection with clear

onlaps on Oc270 line 629 (Figure 2.16).
•

m3.4
This surface was initially identified on Oc270 line 247 by strong onlaps and

downlaps and carried to Oc270 line 629. Onlaps to this surface were recognized and
marked on Oc270 line 629 too. It merges with ‘m3.6’ right before the clinoform rollover
on the seaward side (Figure 2.16, 2.20).
•

m3
This continuous strong reflection occur on the basinward side of the rollover;

reflections are weak and discontinuous on the landward side. Clear onlaps and downlaps
are identified on Oc270 line 629 (Figure 2.16).

!

!

! ""(!

!
•

m3 MFS
This surface is a weak discontinuous reflection with no clear terminations; it is

traced as dashed line to show its uncertainity (Figure 2.16).
•

m2.8
This surface is a strong continuous reflection with recognizable onlaps and

downlaps on Oc270 line 629 (Figure 2.16).
•

m2.8 MFS
This surface has variable continuity and reflection of some parts and

discontinuous weak on some others. A series of downlap reflections were identified on
Oc270 line 629 (Figure 2.16).
•

m2.4
This surface is a moderately strong and continuous surface with erosional parts. It

has clear downlaps and recognizable onlaps identified on Oc270 line 629 (Figure 2.16,
2.21).
•

m2.4 MFS
This surface is a strong continuous surface with clear downlaps identified on

Oc270 line 629 (Figure 2.16).
•

m2
This surface is a strong continuous reflection with eroded parts on Oc270 line 629

(10150 – 10700 cdp) (Figure 2.16).
•

m2 TS
This surface is a weak wavy reflection on top of an incised valley fill (Figure

2.16).
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•

m1
This is the youngest candidate sequence boundary of the study area. It has strong

continuous reflection with downlaps on Oc270 line 629 (Figure 2.16).
2.6.1.2

Sequences
Sequences in this study are named after their lower seismic sequence boundaries.

Reflection termination geometries were used to identify the system tracts of each
sequence; uncertainty in determining the flooding surfaces or geometry of the sequence
boundaries is indicated by dashed lines in accompanying figures to identify the less
certain parts of the interpretation.
•

Sequence m4.1
The oldest sequence of the study area comes into prominence by having the

greatest progradation relative to the other middle Miocene sequences off New Jersey.
Lowstand deposits of this sequence accumulated almost parallel to the underlying
sequence boundary. The internal reflections of this system tract are disturbed in the very
distal part (near cdp 10700 on Figure 2.22). Since this disturbed area is not seen in other
parallel lines and it is directly beneath the subsequent sequence’s rollover and shows a
similar geometry with it, these irregular reflectors are not considered real events but
instead are probably the result of acoustic multiples. The youngest onlapping reflectors of
the lowstand are overlain by a downlapping surface covering the entire lowstand system
tract. The transgressive system tract was not recognized in the sequence, and this absence
is either because of insufficient seismic resolution or the transgressive system tract was
deposited landward of the study area. The maximum flooding surface (m4.1 MFS) lies
beneath the distal part of the aggressively prograding clinoforms that deposited nearly

!

!

! ""*!

!
parallel to the lowstand sediments, which makes it difficult to determine the oldest
downlaping surface. Internal reflectors in the highstand system tract are dominated by
strong multiples of overlying horizontal reflectors. Although the multiples are very

strong, the sigmoidal geometry of the prograding clinoforms can be distinguished (near
cdp 10300 on Figure 2.22). Complex lobe switching of the prograding highstand
sediments is clearly illustrated on Ew9009 line 1023 (Figure 2.23). The reflector
termination geometries show 3 different directions of progradation. Even though the
youngest lobe filling the space between the previous two lobes (the yellow colored area
in Figure 2.23) seems like an incised valley deposit because of its reflector terminations,
careful examination of the surfaces shows that there is no erosional surface below these
three deposits. Furthermore, the tops of all three lobes have been affected by the same
erosional surface. This erosional surface can be traced on Ch0698 line 032 (Figure 2.19).
Obvious truncations of the highstand deposits suggest a sequence boundary (m4.05) that
can be traced to Oc270 line 629 by looping. The sequence boundary follows an odd path
which in dip direction results in an unusual ~10 km wide lower elevation starting from
almost 6 km landward of the estimated rollover position. The cause of this feature
remains unsolved with available data. An important point to take into consideration while
studying this feature is that the present geometry differs from its original depositional
settings due to subsidence, compaction and sediment loading.
•

Sequence m4.05
Progradation of the clinoforms continue with an aggradational pattern. The

strongest multiples of Ew270 line 629 are observed in this sequence (Figure 2.24).
Because of its erosional characteristics and observed downlaps and toplaps on the lower
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bounding surface, it is considered as a sequence boundary (Figure 2.17, 2.19), although
the rollover of the surface is not clear. The rollover position was determined by the
change in the dipping angle of weak internal reflections. The position of the maximum
flooding surface was also determined by the internal reflection geometries without any
noticeable downlap terminations. No evidence for a transgressive system tract was found.
Downlapping reflections were observed in the topset of the sequence; thus, this section
was considered as highstand system tract with a prograding pattern. The upper sequence
boundary is a clinoform-shaped strong reflection with some erosional parts in the very
proximal locations (e.g., cdp ~70000 on Figure 2.24).
•

Sequence m4
Sequence boundary m4 displays an especially well-formed and clearly imaged

clinoform shape (Figure 2.25). The stacking pattern of the overlying deposits within
sequence m4 is more aggradational than progradational according to the rollover position
of the upper sequence boundary, even though the lowstand deposits go into basinward
direction. The lowstand system tract deposits onlap the sequence boundary on the
inclined clinoform surface and downlap on the distal section. Easily observed onlaps end
right about at the rollover position, thereby determining the upper limit of the lowstand
system tract. A transgressive system tract was not observed. Downlap terminations
landward of the rollover suggesting a maximum flooding surface position but the location
of this surface above the lowstand system tract is not clear. The maximum flooding
surface was extended basinward from the uppermost onlap on the lower sequence
boundary parallel to the lowstand system tract’s internal reflections (Figure 2.25).
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Sequence m3.8

This sequence progrades more than it aggrades. The lower sequence boundary a
more subdued convex upwards shape than the typical clinoforms on Oc270 line 629
(Figure 2.26). By contrast, sequence boundary m3.8 reveals a strong convex shape on
Oc270 line 139 (Figure 2.20). The onlaps of the lowstand system tract can not be
detected on Oc270 line 629, though there are multiples that can be misinterpreted as
onlaps. The real onlaps are seen on Oc270 line 139 (Figure 2.18, cdp ~4200). Several
downlap terminations were determined along the lower sequence boundary above the
rollover. One of these downlaping reflections does not terminate on the topset of the
sequence but it passes the rollover and terminates on another surface (see cdp ~11000 in
Figure 2.26). Following reflectors above this one shows similar geometry with the ones
downlaping on to m4.1 MFS and discussed previously. Thus, these reflectors are
interpreted as distal parts of prograding clinoforms and the oldest surface that these
terminate against (and which was able to pass the rollover), is defined as the maximum
flooding surface of this sequence. The prograding clinoform pattern of the highstand
system tract abruptly changes its stacking pattern after one traceable surface (Figure
2.27). The same surface shows intense erosional features all along Oc270 strike line 044
(Figure 2.28). These erosional structures could be confused with valley incisions;
however, close examination shows that they appear right at the rollover position of the
surface (Figure 2.27). Moreover, the same surface lies smoothly in between the sequence
boundaries on Ew9009 strike line 1023 about 10km landward of Oc270 strike line 044.
Since incised valleys are expected to show erosion on the same surface landward of the
determined position of the valley, this feature was not interpreted as an incised valley
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system; instead, considering the position of the erosion, it was inferred as a gravitational
failure of aggressively prograding clinoforms of the highstand system tract. During this
failure, considerable volumes of sediment should have been transported seaward, but
there is no seismic evidence for these deposits. Apparently they spread out without
accumulating sufficient thickness to be detected with available seismic coverage and/or
vertical resolution. Although seismic patterns are different in the highstand system after
this surface, progradation continued. The overlying sequence boundary (m3.8) was
determined on Oc270 line 139 and carried to Oc270 line 629.
•

Sequence m3.6
The lower boundary of this sequence is a clinoform-shaped strong reflection with

onlap and downlap terminations onto it (Figure 2.29). This sequence boundary is the
steepest boundary in the entire study area, which gives an opportunity to the following
sequences to grow within a region of high accommodation. The lowstand system tract
can easily be recognized in the sequence but the other system tracts are not preserved,
they might be preserved outside the grid (Figure 2.29). Lack of a transgressive system
tract is common for middle Miocene sequences of off New Jersey (Greenlee et al., 1992;
Monteverde et al., 2008); but missing highstand system tract is not usually the case. This
could be explained by one or both of the following: relative sea level never rose high
enough to accumulate thick highstand deposits, or erosion during the subsequent fall in
baselevel and formation of the overlying sequence boundary removed it by erosion.
•

Sequence m3.4
This sequence is very similar to sequence m3.6. Their configurations are so

similar that sequence m3.4 was interpreted as a parasequence of sequence m3.6 until this
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surface was traced on Oc270 line 247 (Figure 2.20). The lower sequence boundary m3.4
has only onlaps on Oc270 line 629 (Figure 2.29) and no clinoform rollover of this
sequence boundary is seen on Oc270 line 629. In fact, none of the m3.4 sequence occurs
landward of the m3.6 rollover along Oc270 line 629. If traced only on this one profile,
m3.4 could be interpreted as a lobe switching surface and not a sequence boundary,
However, the same basal surface has clear downlaps and onlaps with sigmoidal clinoform
shape on Oc270 line 247 (Figure 2.20). Even though only lowstand system tract can be
recognized on Oc270 line 629, the highstand system tract is identifiable with downlaping
maximum flooding surface on Oc270 line 247 (Figure 2.20).
•

Sequence m3
The lower sequence boundary m3 is one of the most recognizable sequence

boundaries in the study area with obvious onlaps and downlaps (Figure 2.30). The
lowstand system tract built up to the rollover position and the shallowest onlap
termination was determined to be the highest point of this system tract (Figure 2.30). As
observed in sequence m3.8, one of the downlapping surfaces passes the rollover without
terminating on the sequence boundary but this time the position of this reflection’s
seaward termination point is not clear. Therefore, the maximum flooding surface was
determined according to the highest position of the lowstand system tract and traced on
the best traceable surface with uncertainty; thus, it is illustrated with a dashed line on
Figure 2.30. Similar to the other sequences the transgressive system tract was not
recognized. The upper sequence boundary has toplaps of prograding highstand system
tract.
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•

Sequence m2.8
The lower sequence boundary has clear onlaps and downlaps with an unusual

almost two rollover geometry (Figure 2.31). The reasons of this odd configuration are
related to the deformation of the sequences in time due to compaction and sediment
loading and/or erosion at the toe of the clinoform at approximately the time of the MFS.
The lowstand system tract of this sequence has a progradational pattern. There is no
seismic evidence for the transgressive system tract. The position of the maximum
flooding surface is easy to identify due to the high amplitude of downlapping reflectors
on this surface. The highstand system tract clearly has a progradational pattern.
•

Sequence m2.4
The lower sequence boundary m2.4 has 3 different reflector terminations (onlap,

downlap and toplap) and also an erosional surface (Figure 2.32). Strong multiples
dominate the basinward side of the lowstand system tract on Oc270 line 629 (Figure
2.32) but the downlaps of the internal reflectors can be identified. Although reflectors
become unclear in the landward side of the lowstand, making it difficult to see the onlap
terminations on Oc270 line 629, the onlaps can be easily identified on Ew9009 line 1003
(Figure 2.21, 2.33). The biggest difference of this lowstand system tract from the other
sequences is its strong progradational pattern, which perfectly fits Neil and Abreu
(2009)’s lowstand system tract definition (Figure 2.33). The lowstand deposits thicken in
the basinward direction. No transgressive system tract was recognized similar to the rest
of the sequences in the study area. The upper limit of the lowstand system tract was
determined by the highest noticeable onlap termination. The maximum flooding surface
of the sequence has obvious downlaps which makes it easy to recognize. Although
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highstand reflectors downlaps on the the maximum flooding surface, the data of the distal
part of this system tract is too unclear to be able to see any pattern.
•

Sequence m2
The rollover of the lower and the upper sequence boundaries are located seaward

of the study area. The lowstand system tract of this sequence was not analyzed in this
study. The most important feature recognized in this sequence is the incised valley,(cdp
10150 – 10700, Figure 2.34) identified by terminations on the walls of the valley, and a
highly eroded basal surface. Although the resolution of the crossing Ew9009 line 1023 is
not high enough to show the internal terminations in the valley, enclosing reflectors show
a depression consistent with the presence of a feature at the limits of acoustic resolution.
The overlying surface of this incised valley fill is the only transgressive surface of this
study area (Figure 2.34). The highstand system tract of sequence m2 covers the entire
region examined in this study.
The rollover position map of the sequences (Figure 2.35) shows that all of the
sequences in the study area advanced in a south-east direction with time. All lowstand
system tracts were composed of lowstand wedges; no lowstand fans (distinguished by
Greenlee et al., 1992) were recognized in this study. Transgressive surfaces are very rare;
only one was clearly distinguished (within sequence m2). The transgressive system tracts
are thought to be below the resolution of the seismic data used in this work or deposited
landward of the study area. The highstand system tracts comprise aggressively
prograding clinoform shaped sedimentary deposits. Even though reflector geometry is
difficult to resolve in the topsets of sequences, most of the downlaping terminations of

!

!

! "#'!

!
the internal reflectors were recognized and all of the topsets were interpreted as the
highstand system tracts.
2.6.2

Estimated ages of the Sequence Boundaries
Candidate sequence boundaries m1, m2, m2.4, m3, m3.6, m3.8, m4 were directly

compared to the equivalent surfaces of Poulsen et al. (1998) (Black, Brown, Gray, Red,
Green, Light blue and Purple in the order given; Table 2.4) on Ew9009 line 1003.
Although there are several dissimilarities, the majority of the surfaces correlate within an
acceptable error. The differences between the picked surfaces were analyzed. It was
understood that the reasons behind these dissimilarities are the seismic resolution
difference, strong multiple surfaces on Ew9009 line 1003 and simple interpretation
differences.
ODP Proceedings Leg 150 initial report provides Greenlee et al.’s (1992) picks on
Ew9009 line 1005. The surfaces m1, m2, m3 and m4 are the equivalent surfaces of this
study and Greenlee et al.’s (1992) Tuscan, Yellow-2, Blue and Pink-2 interpretations,
respectively, with slight differences (Table 2.4).
Browning et al. (submitted) provide the following broad ages: 11.8-11.4 Ma for
sequence m1, 12.0-11.8 for sequence m2, 12.4-12.0 for sequence m3, 12.6-12.4 for
sequence m4, and 12.9-12.6Ma for sequence m4.1 (Table 2.4). Age resolution is ±0.25
Myr (Browning et al., in submitted) and the age estimates are relative and the given
precision is based on assuming uniform and continuous sedimentation rates at Site
M0029A. Nevertheless, surfaces in this study tied to drilling at Site M0029A suggest
that the 10 sequence boundaries from m4.1 to m2 (Table 2.4) were deposited in ~ 1-1.1

!

!

! "#(!

!
Myr (11.8-12.9 Ma), and thus may have been paced by the ~100 kyrr Milankovitch
cycle.
An important point to note is that the depth of sequence m3 on M0029A is

different in this study and in Expedition 313 reports (Figure 2.30B). The age estimation
of m3 was done by magnetostratigraphy and biostratigraphy at slope sites 903 and 904
(Figure 2.11). Therefore, 0.016 sec downward shift does not make any difference in the
estimated age of the surface.
2.6.3

Grain Size distribution Predictions
Integrated Ocean Drilling Program (IODP) Expedition 313 drilled at three

locations (M0027A, M0028A and M0029A) in 45–67 km offshore in the New Jersey
continental shelf off the east coast of the United States to analyze the connection between
relative sea level changes and variable sediment supply of early to middle Miocene
growth of the New Jersey margin. The information about the lithology of the wells are
taken from (Mountain et al., 2010; Miller et al., submitted). The lithostratigraphic
analysis of the cores from holes M0027A, M0028A and M0029A shows that well-sorted
silt and sand of mixed storm and river dominated shelf deposited in offshore to shoreface
environments, and poorly sorted coarse grained debrites and turbidites with interbedded
silt and silty clays were deposited at intrashelf clinoform rollover, clinoform slope, and
toe of slope settings. The scarcity of a clay-size component in silt-rich sediment was
observed in cores at every site, of all ages. Both in situ and reworked glauconite was
found at top set and toe set strata. Since the similarities between the development of early
to middle Miocene sequences and middle to Miocene sequences are remarkable, the
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lithological findings of Expedition 313 are used as a proxy for the grain size distribution
prediction of this study area.
The grain size values provided by Miller et al. (submitted) are correlated between
M0028A and M0029A according to the sequence boundary tracings of both Monteverde
et al. (2008), Expedition 313 scientists and Miller et al. (submitted) (Figure 2.36). These
two wells were chosen for drilling by Expedition 313 because the thick sequence
geometries are clearly developed at these locations and within reach of drilling from a
jack-up platform.
Lithostratigraphy from analysis of Expedition 313 (Mountain et al., 2010) was
used to link the grain size distribution to the observed system tracts. The correlation
(Figure 2.36) shows that the lowstand system tracts are composed of mostly fine grained
sediments. The prograding clinoforms of the highstand system tracts are dominated by
coarse grained sediments, but gradual change to finer grain sediment in the seaward
direction is also observed. Glauconite deposits are located generally at the toe of the
highstand system tracts. Using this information, predictions of grain size distribution
along Oc270 line 629 is illustrated on Figure 2.37.
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2.7 Discussion
A seaward dipping Eocene carbonate ramp beneath the NJ shelf has been reported
previously (Poag, 1985; Poag and Valentine, 1988). It is covered by a series of
prograding sequences with well developed clinoforms (Figure 2.16). Sequence
progradation started with the “siliciclastic switch” as a response to Antarctic glaciation in
the earliest Oligocene (Miller et al., 1996).
Progradation of lower Miocene deposits are documented by Monteverde et al.
(2008) and Mountain et al. (2010); this study shows that the progradation continued
through the middle Miocene and probably extended to younger and shallower strata.
Among all of the sequences evaluated in these studies, the progradation of the sequence
m4.1 is dramatically different than the others, suggesting an abrupt and large increase in
sediment supply at roughly 12.6 – 12.9 Ma
Estimated ages of the sequence boundaries of m4.1 (12.6 – 12.9) and m4 (12.4 12.6 Ma) show that development of sequence m4.1 coincides with a major shift in "18O
towards higher values (represented by Mi4; Miller et al., 1991) and about the time of the
permanent Antarctic ice sheet development (Shackleton and Kennett, 1975; Miller et al.,
1991). This information supports Steckler et al.’s (1995, 1999) idea of considering
climate as a major influence of sediment supply and development of Miocene sequences
at the New Jersey margin.
Offshore New Jersey Middle Miocene sequences are different than the classic
sequence model in two aspects. The most noticeable difference is the lack of
transgressive system tracts. Even if there are very thin transgressive system tracts in the
area, almost all of them are under the resolution of the seismic lines and if present at all
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are thinner than those in ExxonMobil’s model. The other difference is the lack of
lowstand fans in the sequences of this study. Although fans younger than the middle
Miocene interval analyzed in this thesis have been reported by Greenlee et al. (1992)

(Figure 2.8), no lowstand fans were observed in this study. Furthermore, the only incised
valley identified in this study cuts into the sequence boundary m2, and might be the
topset impression of lowstand fans that Greenlee et al. (1992) reported at the toeset
location of the same sequence.
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2.8 Conclusions
The Baltimore Canyon Trough is located along the central eastern passive margin
of North America and includes the modern continental shelf and slope (~200,000 k).
Dominant processes currently affecting this basin are post-rift processes such as thermal
subsidence, sediment loading, lithospheric flexure, compaction, and global sea-level
changes.
Well-developed clinoforms of Neogene stratigraphic succession started to
prograde over the seaward-dipping Eocene carbonate ramp of the earlier shelf after the
‘siliciclastic switch’ as a response to earliest Oligocene glaciation.
In this study, middle Miocene sequence succession of offshore New Jersey was
analyzed using the seismic sequence stratigraphic approach. In total, 18 seismic lines
from R/V Maurice Ewing cruise 9009, R/V Oceanus cruise 270 and R/V Cape Hatteras
cruise 0698 were used in the interpretations.
Identification and characterization of the stratigraphic sequences were done based
on analysis of the geometries of reflector terminations in a way that was originally
developed by the ExxonMobil and modified by subsequent researchers.
Eleven sequence boundaries were identified in the study area. Three of these
sequences (m4.05, m3.4 and m2.8) were not documented in previous studies. All of the
observed middle Miocene prograding sequences consist of lowstand and highstand
system tracts. The only transgressive surface of the evaluated sequences is determined in
sequence m2 over an incised valley deposit. In the other sequences, transgressive system
tracts are either below the resolution of the seismic data or were deposited landward of
the study area.
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Age estimates of the sequence boundaries showed that the time between the oldest
and the youngest boundaries is ~1 myr, suggesting an average interval between each of
100 kyr. Time estimations also showed that the greatest progradation of the area
(sequence m4.1) coincides with a major shift in "18O towards heavier values (represented
by Mi4) and about the time of the permanent East Antarctic ice sheet development.
Considering the similarities between lower and middle Miocene sequence
developments, the results of the lithostratigraphic analysis of lower Miocene succession,
conducted by the IODP Expedition 313 research team, were used as a proxy for grain size
distribution of middle Miocene sequences examined in this study. This correlation
strongly suggests that the lowstand system tracts are composed of mostly fine grained
sediments. Coarse grained sediments dominate the highstand system tracts’ prograding
clinoforms but the gradual change to fine grain deposits through the distal parts of the
clinoforms is also observed. Glauconite deposits are presumed to be located generally at
the toe of the highstand system tracts.
The evolution and preservation of middle Miocene sequences inferred from this
study offshore New Jersey differ from ExxonMobil’s sequence model in 2 main aspects:
1) there are very few to no transgressive system tracts in offshore New Jersey sequences,
and 2) no lowstand fan was found in offshore New Jersey
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2.9 Figures
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Figure 2.1 Figure 2.1 Location of the major basins and tectonic elements of the Atlantic margins
of North America (Miall et al., 2008)
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Figure 2.2 Map view of Baltimore Canyon Trough (Grown et al., 1988)
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Figure 2.3 Schematic cross-section through Baltimore Canyon Trough, illustrating the primary
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structural elements of the basin (Grow and Sheridan, 1988)
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Figure 2.4 Scenarios of relative sea level rise & fall. For simplicity base level is equated with the
sea level by neglecting the energy of waves and currents (Catuneanu, 2002)
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Figure 2.5 Parasequence - stacking patterns (adapted from Van Wagoner et al. 1990)
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Figure 2.6 Basin margin stratal hierarchy and sequence expression (Abreu e al., 2010)
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Figure 2.7 Neal and Abreu (2009) system tract identification based on ratio of change in
accommodation to change in sedimentation rate. Each corresponds to a system tract as noted at
left
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Downloaded from gsabulletin.gsapubs.org on 15 November 2009

Figure 2.8 Greenlee et al. (1992)’s seismic sequence stratigraphic interpretation of offshore New
Jersey
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Figure 2.9 Correlation of Leg 150 offshore sequences, onshore sequences and the Haq et al.
(1987) curve (Miller et al., 1996) showing seismic sequence boundaries on the shelf according to
Greenlee et al. (1992) (colors) and the corresponding names according to Mountain et al. (1994)
(alphanumeric)
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Figure 2.10 Poulsen et al. (1998)'s seismic sequence stratigraphic interpretation of the offshore
Figure 3. Dip-parallel seismic line 1003 between strike-parallel lines 1009–1013 (see Fig. 1B for location). (A) Uninterpreted profile; (B) interpreted profile. Sequence boundaries appear in white. Sequence boundaries reveal characteristic clinoform geometries in dip section. TWT—twoway traveltime. SSTVD—subsea true vertical depth.

New Jersey middle Miocene deposits on dip parallel Ew9009 line 1003
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Figure 2.11 The New Jersey continental margin showing R/V Maurice Ewing cruise 9009, R/V
Oceanus cruise 270, R/V Cape Hatteras cruose 0698 seismic line locations, IODP Expedition 313
well sites (M0027a, M0028A and M0029A), offshore ODP site 904 and (enlarged at the upper
right) the grid area of this study (Modified from Mountain et al., 2010)
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Figure 2.12 Summary of lithostratigraphic units, IODP Expedition 313 Hole M0027A (Mountain
et al., 2010)
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Figure 2.13 Summary of lithostratigraphic units, IODP Expedition 313 Hole M0028A (Mountain
et al., 2010)
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Figure 2.14 Summary of lithostratigraphic units, IODP Expedition 313 Hole M0029A (Mountain
et al., 2010)
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Figure 2.15 Reflector termination geometries with examples from Oc270 line 629 modified from
Catuneanu (2002), plain and illustrated with terminations highlighted with red arrows
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Figure 2.16 Oc270 line 629, uniterpreted (A) with sequence boundaries + maximum flooding
surfaces (B), and system tracts as defined in the text (C)
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Figure 2.16 Oc270 line 629, uniterpreted (A) with sequence boundaries + maximum flooding
surfaces (B), and system tracts as defined in the text (C)
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Figure 2.16 Oc270 line 629, uniterpreted (A) with sequence boundaries + maximum flooding
surfaces (B), and system tracts as defined in the text (C). Sequence boundaries and system tracts
are colored coded (Legend is on the upper right). Map is on the lower left. The red line on the
map shows the location of the seismic line
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Figure 2.17 Intersection of Oc270 line 629 and Ew9009 line 1003, uniterpreted (A) with
sequence boundaries + maximum flooding surfaces (B)
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Figure 2.17 Intersection of Oc270 line 629 and Ew9009 line 1003, uniterpreted (A) with
sequence boundaries + maximum flooding surfaces (B)
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Figure 2.18 Oc270 line 139, uniterpreted (A) with sequence boundaries (B)
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Figure 2.18 Oc270 line 139, uniterpreted (A) with sequence boundaries (B)
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Figure 2.19 Intersection of Oc270 line 629 and Ch0698 line 032, uniterpreted (A) with sequence
boundaries + maximum flooding surfaces (B)

!

!

! "&'!

!
B)

Figure 2.19 Intersection of Oc270 line 629 and Ch0698 line 032, uniterpreted (A) with sequence
boundaries + maximum flooding surfaces (B)

!

!

! "&(!

!

A)

!

Figure 2.20 Oc270 line 247, uniterpreted (A) with sequence boundaries + maximum flooding
surfaces (B)
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Figure 2.20 Oc270 line 247, uniterpreted (A) with sequence boundaries + maximum flooding
surfaces (B)
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Figure 2.21 Ew9009 line 1003, uniterpreted (A) with sequence boundaries (B)
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Figure 2.21 Ew9009 line 1003, uniterpreted (A) and interpreted (B)
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Figure 2.22 Sequence m4.1 on Oc270 line 629. Sequence boundaries and system tracts are
colored coded (Legend is on the upper right). Map is on the lower left. The red line on the map
shows the location of the seismic line
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Figure 2.23 Lobe switching geometry of the prograding highstand system tract of sequence m4.1
on Ew9009 line 1023. The map view of the grid area is at the upper left. The lobe flow directions
are shown at the upper middle. The flow directions on the map view are at the upper right.
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Figure 2.24 Sequence m4.05 on Oc270 line 629. Sequence boundaries and system tracts are
colored coded (Legend is on the upper right). Map is on the lower left. The red line on the map
shows the location of the seismic line

!

!

! "'%!

!

Figure 2.25 Sequence m4 on Oc270 line 629. Sequence boundaries and system tracts are colored
coded (Legend is on the upper right). Map is on the lower left. The red line on the map shows the
location of the seismic line
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Figure 2.26 Sequence m3.8 on Oc270 line 629. Sequence boundaries and system tracts are
colored coded (Legend is on the upper right). Map is on the lower left. The red line on the map
shows the location of the seismic line
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Figure 2.27 The failure surface on Oc270 line 629, uniterpreted (A) and interpreted (B) (blue line
is the failure surface and the red dashed line is the crossing location of Oc270 line 044)
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Figure 2.27 The failure surface on Oc270 line 629, uniterpreted (A) and interpreted (B) (blue line
is the failure surface and the red dashed line is the crossing location of Oc270 line 044)
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Figure 2.28 The failure surface on Oc270 line 044, uniterpreted (A), interpreted (B), intersection
with Oc270 line 629 (C) (blue line is the failure surface)
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Figure 2.28 The failure surface on Oc270 line 044, uniterpreted (A), interpreted (B), intersection
with Oc270 line 629 (C) (blue line is the failure surface)
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Figure 2.28 The failure surface on Oc270 line 044, uniterpreted (A), interpreted (B), intersection
with Oc270 line 629 (C) (blue line is the failure surface)
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Figure 2.29 Sequence m3.6 on Oc270 line 629. Sequence boundaries and system tracts are
colored coded (Legend is on the upper right). Map is on the lower left. The red line on the map
shows the location of the seismic line
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Figure 2.30 (A) Sequence m3 on Oc270 line 629 and (B) The downward (0.016 sec) shift of the
sequence boundary m3 at M0029A on Oc270 line 629. The blue line shows the location of the
tracing on Expedition 313 reports and the red line shows the new location of the sequence
boundary m3. Sequence boundaries and system tracts are colored coded (Legend is on the upper
right). Map is on the lower left. The red line on the map shows the location of the seismic line
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Figure 2.30 (A) Sequence m3 on Oc270 line 629 and (B) The downward (0.016 sec) shift of the
sequence boundary m3 at M0029A on Oc270 line 629. The blue line shows the location of the
tracing on Expedition 313 reports and the red line shows the new location of the sequence
boundary m3.
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Figure 2.31 Sequence m2.8 on Oc270 line 629. Sequence boundaries and system tracts are
colored coded (Legend is on the upper right). Map is on the lower left. The red line on the map
shows the location of the seismic line
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Figure 2.32 Sequence m2.4 on Oc270 line 629. Sequence boundaries and system tracts are
colored coded (Legend is on the upper right). Map is on the lower left. The red line on the map
shows the location of the seismic line
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Figure 2.33 The lowstand system tract of sequence m2.4 on Ew9009 line 1003, uniterpreted (A)
and interpreted with Neil and Abreu (2009)’s model for lowstand system tracts (B)
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Figure 2.33 The lowstand system tract of sequence m2.4 on Ew9009 line 1003, uniterpreted (A)
and interpreted with Neil and Abreu (2009)’s model for lowstand system tracts (B)
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Figure 2.34 Sequence m2 on Oc270 line 629. Sequence boundaries and system tracts are colored
coded (Legend is on the upper right). Map is on the lower left. The red line on the map shows the
location of the seismic line
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Figure 2.35 The sequence boundaries’ rollover positions on the grid area. Names of the sequence
boundaries are listed in the legend
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Figure 2.36 Grain size distribution on Oc270 line 529
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Figure 2.37 Grain size distribution model for Oc270 line 629
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2.10 Tables

Stage
Drifting in the north (The Grand Banks
region)
Drifting in the south (The Blake Plateau
region)
Rifting

Time
Early Cretaceous to present
Middle Jurassic to present
Middle to Late Triassic to Early Jurassic (ca.
230 – 190 Ma)

Table 2.1 Generalized summary of rifting and drifting stages of central eastern North America
and Africa (Grow and Sheridan, 1988; Withjack et al., 1998)
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Downloaded from gsabulletin.gsapubs.org on 15 November 2009

Table 2.2 Greenle et al. (1992)’s age estimations for interpreted sequence boundaries
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Hole 28A). In this case, narrower diameter (96-mm) HQ pipe
and extended-nose rotary drilling continued to total depth
through the center of the fixed PHD pipe. As anticipated in pre-expedition planning, to maximize operational
time in the intervals of highest expedition priorities, we
chose to spot core the top ~180–220 mbsf at each site (Fig. 3).
Five types of wireline electric and imaging logs plus a Vertical
Seismic Profile (VSP) were collected in segments at each
site (Table 2, Fig. 4).

Atlantic City where offshore operations mobilized under
contract to Drilling, Observation and Sampling of the Earth’s
Continental Crust (DOSECC). Operations began 45 km
offshore on 30 April 2009 and continued until the return and
demobilization at Atlantic City on 19 July 2009 (Table 1).
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At each site conductor pipe was run 12–25 m into the
seabed to stabilize the top of the hole and provide re-entry
into the seabed for subsequent operations. Various biodegradable drilling fluids were used to condition the hole, cool
the drill bit, and lift cuttings to perforations in the casing
in the water column from which they settled out onto the
seabed. Drilling and coring were conducted with
114.3-mm-diameter PHD drill pipe and top drive assembly
commonly used in onshore mining operations. Hydraulic
piston and extended-nose rotary coring similar to operations
on the JOIDES Resolution were employed, but it was drilling
with the extended, rotating coring “Alien” bit developed by
DOSECC that proved most successful. Although the drill

The onboard complement typically comprised the following personnel: 10 Kayd crew, 7–9 DOSECC drillers, 13–15
ESO staff, and 4–5 expedition science party members. Basic
core curation, through-liner descriptions, measurements of
ephemeral properties on un-split cores using the Multi-Sensor
Core Logger (MSCL), and sampling at liner boundaries were
conducted around the clock for the duration of offshore operations (Table 2).
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Table 1. Expedition 313 Operations Summary (mbsl: meters below sea-level; mbsf: meters below seafloor)
Latitude
(N)

Longitude
(W)

Water
Depth
(mbsl)

No.
Cores

M0027A

39 ° 38.046067 '

73 ° 37.301460'

34

224

M0028A

39 ° 33.942790'

73 °29.834810 '

35

171

M0029A

39 ° 31.170500 '

73 °24.792500 '

36

Hole

Totals

Total
Hole
Drilled
(mbsf)

Total
Core
Attempted
(m)

Total
Core
Recovered
(m)

631.01

547.01

471.59

86.21

74.74

22

668.66

476.97

385.5

80.82

57.65

28.7

Total
Core
Recovered
(%)

Total
Hole
Recovered
(%)

Time
on Site
(days)

217

754.55

609.44

454.31

74.55

60.04

26.3

612

2054.22

1633.42

1311.4

80.29

63.77

77
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Table 2.3 Detailed information about IODP Expedition 313 wells M0027A, M0028A and
M0029A
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This study
m1
m2
m2.4
m2.8
m3
m3.4
m3.6
m3.8
m4
m4.05
m4.1

Poulsen et al. (1998)
Black
Brown
Gray
N.M.
Red
N.M.
Green
Light blue
Purple
N.M.
N.M.

Greenlee et al. (1992)
Tuscan (m1)
Yellow-2(m2)
N.M.
N.M.
Blue(m3)
N.M.
N.M.
N.M.
Pink-2 (m4)
N.M.
N.M.

Estimated age (Ma) of sequence boundaries from Browning et al.
~ 11.8 - 11.4 (by site 904 biostratigraphy)
12 - 11.8 (by site 904 paleomagnetism)
N.A.
N.A.
12.4 - 12 (by site 904 paleomagnetism)
N.A.
N.A.
N.A.
12.6 - 12.4 (by superposition)
N.A.
12.9 - 12.6 (extrapolation of sedimentation rates at site M29

Table 2.4 Estimated ages of the sequence boundaries. (Pale red colored sequence boundaries are
identified by all studies, pale blue ones are identified by this study and Poulsen et al. (1998), pale
yellow ones are identified by just this study and the pale green one is carried from Expedition 313
area) N.M. = Not Mentioned, N.A. = Not Available

!

!

! ")'!

!

2.11 References
Alsop, L.E., and Talwani, M., 1984, The east coast magnetic anomaly: Science, v. 226,
p. 1189-1191
Browning, J.V. Miller, K.G., Sugarman, P.J., Kominz, M.A., McLaughlin, P.P., and
Kulpecz, A.A., 2008, A 100 million year record of sequences, sedimentary facies
and sea-level change from Ocean Drilling Program onshore coreholes, U.S. MidAtlantic coastal plain, Basin Research
Catuneau, O., 2006, Principles of sequence stratigraphy, Elsevier, New York, 375 p.
Greenlee, S.M., Moore, T.C., 1988, Recognition and interpretation of depositional
sequences and calculations of sea level changes from stratigraphic data-offshore
New Jersey and Alabama Tertiary, An Integrated Approach, Society of Economic
Paleontologists and Mineralogists, Special Publication (Eds. Wilgus, C.K.,
Hastings, B.S., Kendall, C.G.St.C., Posamentier, H.W., Ross, C.A., Van
Wagoner, J.C., Sea Level Changes), v. 42, p. 329-353.
Greenlee, S.M., Devlin, W.J., Miller, K.G., Mountain, G.S., and Flemings, P.B., 1992,
Integrated sequence stratigraphy of Neogene deposits, New Jersey continental
shelf and slope: comparison with the Exxon model, Geological Society of
America Bulletin, v. 104, p. 1403-1411.
Grow, J.A. and Sheridan, R.E., 1988, U.S. Atlantic continental margin; a typical
Atlantic-type or passive continental margin, The Geology of North America,
v. I-2, The Atlantic Continental Margin (Eds. R.E. Sheridan and J.A. Grow), p.
1-8.
Grow, J.A., Klitgord, K.D., and Schlee, J.S., 1988, Structure and evolution of
Baltimore Canyon Trough, The Geology of North America, v. I-2, The
Atlantic Continental Margin (Eds. R.E. Sheridan and J.A. Grow), p. 269-290.
Klitgord, K.D., Hutchinson, D.R., and Schouten, H., 1988, Atlantic continental margin:
structural and tectonic framework, The Geology of North America, The Atlantic
Continental Margin, US. (Eds. Sheridan, R.E., and Grow, J.A.), Geological
Society of America, v. 1-2, p. 19-56.
Lippert, R.H., 1983, The "Great Stone Dome" - A Compaction Structure, Studies in
Geology 15, Volume 1: Seismic Expression of Structural Styles: A Picture and
Work Atlas (Ed. A.W. Bally), AAPG, p. 1.3-1 to 1.3-4.
Manspeizer, W., and Cousminer, H. L., 1988, Late Triassic–Early Jurassic synrift basins
of the U.S. Atlantic margin, in R. E. Sheridan and J. A. Grow, eds., The geology

!

!

! ")(!

!

of North America,v. I-2, the Atlantic continental margin, U.S.: Geological Society
of America, p. 197–216
Miller, K.G., Wright, J.D. and Fairbanks, R.G., 1991, Unlocking the Ice House:
Oligocene–Miocene oxygen isotopes, eustasy, and margin erosion, Journal of
Geophysical Research, v. 96, p. 6829–6848.
Miller, K.G., Liu, C., Browning, J.V., Pekar, S.F., Sugarman, P.J., Van Fossen, M.C.,
Mullikin, L., Queen, D., Feigenson, M.D., Aubry, M.-P., Burckle, L.D., Powars,
D., and Heibel, T., 1996, Cape May site report, Proceedings of the Ocean Drilling
Program, Initial Reports, Leg 150X (supplement): College Station, TX
Miller, K.G., 1997, Coastal plain drilling and the New Jersey Sea-level Transect,
Proceedings of the Ocean Drilling Program, Initial Reports, Leg 150X
(supplement): College Station, TX, Ocean Drilling Program, p.3-12.
Miller, K.G., Mountain, G.S., Wright, J.D., and Browning, J.V., 2011, A 180million-year record of sea level and ice volume variations from continental
margin and deep-sea isotopic records: Oceanography, v. 24, p. 40-53,
doi:10.5670/oceanog.2011.26.
Miller, K.G., Browning, J.V., Mountain, G.S., Bassetti, M-A., Monteverde, D., Inwood,
J., Lofi, J., and Proust, J.-N., submitted to Geosphere Aug. 2012, Sequence
boundaries are impedance contrasts: Core- seismic integration of lower Miocene
sequences, New Jersey shallow shelf (IODP Exp. 313)
Monteverde, D., Mountain, G. and Miller, K, 2008, Early Miocene sequence
development across the New Jersey margin, Basin Research, v.20, p. 249-267.
Mountain, G.S., Tucholke, B.E., 1985. Mesozoic and Cenozoic geology of the U.S.
Atlantic continental slope and rise. In: Poag, C.W. (Ed.), Geologic Evolution of
the United States Atlantic Margin. Nostrand Reinhold, New York, pp. 293–341.
Mountain, G.S., Miller, K.G., Blum, P., et al., 1994, Proceedings of the Ocean Drilling
Program, Initial Reports, Leg 150X: College Station, TX, Ocean Drilling
Program, 885 p.
Mountain, G.S., Burger, R.L., Delius, H., Fulthorpe, C.S., Austin, J.A., Goldberg, D.S.,
Steckler, M.S., McHugh, C.M., Miller, K.G., Monteverde, D.H., Orange, D.L. and
Pratson, L.F., 2007, The Long-Term Stratigraphic Record on Continental Margins The long-term record, Continental Margin Sedimentation: From Sediment
Transport to Sequence Stratigraphy (Eds. Nittrouer, C.A., Austin, J.A., Jr., Field,
M.E., Kravitz, J.H., Syvitski, J.P.M., Wiberg, P.L.), IAS Spec. Publ. No. 37,
Blackwell Publishing Ltd, Oxford, p. 381-458.

!

!

! "))!

!
Mountain, G., Proust, J.-N., McInroy, D., Cotterill, C., and the Expedition 313
Scientists, 2010, Proc. IODP, 313: Tokyo (Integrated Ocean Drilling Program
Management International, Inc.). doi:10.2204/ iodp.proc.313.
Mutter, J. C., 1985, Seaward dipping reflectors and the continent-ocean boundary at
passive continental margins, Tectonophysics, Volume 114, Issues 1–4, , Pages
117-131, ISSN 0040-1951, 10.1016/0040-1951(85)90009-5.
Neal, J., Abreu, V., 2009, Sequence stratigraphy hierarchy and the accommodation
succession method, Geology, 37;779-782.

Owens, J.P., Bybell, L.M., Paulachok, G., Ager, T.A., Sugarman, P.J., Gonzalez, V.M.,
1988. Stratigraphy of the Tertiary sediments in a 945 foot (288 m) corehole near
May’s Landing in the southeastern New Jersey Coastal Plain, U.S. Geol. Surv. Prof.
Pap. 1484, 39 pp.
Pazzaglia, F.J., 1993, Stratigraphy, petrography and correlation of late Cenozoic middle
Atlantic Coastal Plain deposits: Implications for late-stage passive-margin
geologic evolution, Geological Society of America, Bulletin, v. 105, p. 16171634.
Pazzaglia, F.J., Brandon, M.T., 1994. Macrogeomorphic evolution of the post-Triassic
Appalachian mountains determined by deconvolution of the offshore basin
sedimentary record. Basin Res., v. 8, p. 255-278.
Poag, C.W., 1978, Stratigraphy of the Atlantic continental shelf and slope of the United
States. Ann. Rev. Earth Planet. Sci., v. 6, p. 251-280.
Poag, C. W., 1979, Stratigraphy and Depositional Environments of Baltimore
Canyon Trough, Bull. Am. Assoc. Pet. Geol. 63, 1452–1466
Poag, C.W., 1985, Depositional history and stratigraphic reference section for the central
Baltimore Canyon Trough, Geologic evolution of the United States Atlantic
margin, New York, Van Nostrind Reinhold, (Ed. Poag, C.W.), p. 217-263
Poag, C.W., and Valentine, P.C., 1988, Mesozoic and Cenozoic stratigraphy of the
United States Atlantic continental shelf and slope, in Sheridan, R. E., and Grow, J.
A., eds., The Atlantic Continental Margin, U.S.: Boulder, Colorado,
Geological Society of America, Geology of North America, v. I-2, p. 67-85.
Poag, C.W., and Sevon, W.D., 1989, A record of Appalachian denudation in postrift
Mesozoic and Cenozoic sedimentary deposits of the US middle Atlantic
continental margin, Geomorphology, v. 2, p. 119-157.
Poulsen, C. J., Flemings, P.B., Robinson, R.A.J., and Metzger, J.M., 1998, Threedimensional stratigraphic evolution of the Miocene Baltimore Canyon region:

!

!

! ")*!

!
implications for ecstasy and the systems tract model, GSA Bulletin, v. 110, p.
1105-1122.

Reynolds, D.J., M.S. Steckler and B.J. Coakley, 1991, The role of the sediment load in
sequence stratigraphy: the influence of flexural isostasy and compaction, J.
Geophys. Res., v. 96, p. 6931-6949.
Roberts, D.G., A.C. Morton, and J. Backman, 1985, Late Paleocene-Early Eocene
volcanic events in the morthern North Atlantic Ocean, Init. Repts. DSDP, 81:
Washington (U.S. Govt Printing
Office) (Eds. Roberts, D. G., Schnitker, D.,
et al.), p. 9113-923.
Schlee, J., Behrendt, J.C, Grow, J.A., Robb, J.M., Mattick, R.E., Taylor, P.T., and
Lawson, B.J., 1976. Regional framework off northeastern United States, Am.
Assoc. Petrol. Geol. Bull., v. 60, p. 926-951.
Schlee, J.S. (1981) Seismic stratigraphy of the Baltimore Canyon Trough. Bull. Am.
Assoc. Petrol. Geol., 65, 26–53.
Schlische, R.W., Withjack, M.O., Eisenstadt, G., 2002, An experimental study of the
secondary deformation produced by oblique-slip normal faulting, AAPG Bulletin
Volume 86, Issue 5, Pages 885 – 906
Shackleton, N. J., and Kennett, J. P., 1975. Paleotemperature history of the Cenozoic
and the initiation of Antarctic glaciation: Oxygen and carbon isotope analyses in
DSDP Sites 277, 279 and 281.
Sleep, N.H., Thermal effects of the formation of Atlantic continental margins by
continental breakup, Goephys. J. Roy. Astron. Soc., 24, 325-350, 1971
Srivastava, S.P., Tapscott, C.R., 1986, Plate kinematics of the north Atlantic, P.R. Vogt,
B.E. Tucholke (Eds.), The Geology of North America, vol. MGeological Society
of America, Boulder, Colorado, USA , pp. 379–404
Steckler, M.S., Watts, A.B., 1978. Subsidence of the Atlantic-type continental margins
off New York, Earth and Planetary Science Letters, v. 41, p. 1-13.
Steckler, M.S., Seranne, M., Lavier, L., 1995, From carbonate ramps to clastic
progradation: morphology and stratigraphy of continental margins during
Tertiary global change, EOS, 76, p. S188
Steckler, M.S., Mountain, G.S., Miller, K.G., and Christie-Blick, N., 1999,
Reconstruction of Tertiary progradation and clinoform development on the New
Jersey passive margin by 2-D backstripping, Marine Geology, v. 154, p. 399-420.

!

!

! "*+!

!

Withjack, M. O., R. W. Schlische and P. E. Olsen, 1998, Diachronous Rifting, Drifting,
and Inversion on the Passive Margin of Central Eastern North America: An
Analog for Other Passive Margins, AAPG Bulletin, v. 82, No. 5A, p. 817-835.
!

!

!

