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ABSTRACT

In the characterization of hydrocarbon reservoir, most of methodologies used in
rock physics or seismic reflection are based on the physical properties analysis of
rocks which are associated to anomalous effects in seismic sections. These
anomalies are, many often, associated to indicators of fluids (oil, gas and/or water)
in the hydrocarbon reservoir. In this work, we perform a study in order to
characterize a hydrocarbon reservoir at north Viking Graben region, in the North
Sea. In addition to the seismic data, well-logs from two locations (wells A e B) were
also used in our analysis. However, in our data set analysis, beyond to perform
AVO analysis, V/Vs versus impedance (I,) and V,/Vs - @ we applied the trend
angle methodology and well-logs data set analysis as well as Gassmann fluid
substitution. Through AVO analysis in the re-processing of Viking Graben seismic
data set, where found three anomalous zones with a high potential for the
presence of fluids (gas/oil). Thus using templates of rock-physics and the analysis
by attributes (trend angle) to classifying the fluids and determinate the possibility of
gas-sand that are present at wells A and B.

Keywords: Rock-physics templates. Impedance. Petro-physics. AVO analysis,
Seismic Velocities.



RESUMO

Na caracterizacdo de reservatorios de hidrocarbonetos, grande parte das
metodologias usadas em fisica de rochas ou sismica de reflexdo sdo baseados na
analise das propriedades fisicas de rochas, que no caso da sismica, estdo
associados a efeitos an6malos em secdes sismicas. Essas anomalias séo, a
maior parte do tempo, associadas aos indicadores de fluidos (petréleo, gas e
agua) no reservatorio de hidrocarboneto. Neste trabalho, realizamos um estudo
sistematico de caracterizacao de reservatorio de hidrocarboneto no campo Viking
Graben do Mar do Norte. Além do dado sismico, dados de dois pocos (pocos A e
B) também foram utilizados na nossa analise. No entanto, em nossa analise, além
de realizarmos analises de AVO, V,/V, versus impedéancia (I,) e Vp/Vs - ® foi
aplicada a metodologia do angulo de tendéncia e uma analise de substituicdo de
fluidos usando o modelo Gassmann também foi realizada nos dois pocos. Através
da andlise de AVO no dado sismico 2D do campo Viking Graben, foram
encontrados trés zonas de anomalias cujo 0s aspectos indicam possiveis locais
com a presenca de fluidos (gas/o6leo) (isto é confirmado pelo dado de poco). Além
disso, usando modelos de fisica de rochas e analise do angulo de tendéncia, em
alguma regido ao longo do pocos A e B, mostraram-se a possibilidade da
presenca de gas de areia.

Palavras-Chave: Templates de fisica de rochas. Impedancia acustica.
Petrofisica. Analises AVO. Velocidades sismicas.
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1 INTRODUCTION

Recently, estimates show that around 60% of oil and gas reservoirs in the
Earth's sub-surface are contained in in unconventional reservoirs like carbonate
and/or shales rocks (WEIWEI, 2011). However, it is important to note that the
increase in efficiency in the exploitation of oil reservoirs (for any type of rock) is a
direct consequence of better knowledge of the physical and petrophysical properties
that favor or disfavor the fluid flow, distribution of oil saturation and the type of
medium (isotropic or anisotropic), or which is present in this fluid. It is known that
seismic velocities and elastic parameters (shear moduli and bulk modulus) depends
on the overburden, confining and pore pressures and petrophysical parameters of
the medium (micro/macro porosity, permeability etc.). Understanding these
dependencies is important step for reliable interpretation and inversion of a seismic
data with (ClZ; SHAPIRO, 2007).

There are several methods for the study of static and dynamic properties of
fluids in reservoirs and most of these studies focused on the integration of
information originating from plugins data, well, seismic and knowledge of the
depositional related to the reservoir system. However, the biggest challenge is the
characterization of fluid presence in reservoirs are variables such as oil or water
saturation which the response of fluid saturations can shows different values from
scales of laboratory data, well-logs and seismic data. In the oil industry, many
situations requires the detailed behavior of fluids in the reservoir (KHAN;
JACOBSON, 2008). For this reason the use of indirect methods such as seismic
reflection and rock physics are preponderant to characterize rock fluids in a reservoir
(KHAN; JACOBSON, 2008). Both seismic and rock physics are most commonly used
to investigate the influence of rock properties in the elastic wave propagation.

The seismic reflection through subsurface imaging can detect geological
structures favorable for hydrocarbon deposits, as this technique (seismic reflection) is
based on mechanical waves that travels through the subsurface (Kallivokas et al.,
2013). This method is related directly to the variations in physical properties present
in the reservoir of hydrocarbon (contrast difference between layers). Using analysis
such as AVO technique (Amplitude Versus Offset) it is possible to detect possible

candidates to hydrocarbon reservoir from seismic section. This detectability is
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verified after the well drilling. This stage of hydrocarbon prospecting, allows us to find
reservoirs in other scales and with higher resolution. In this case, the integration of
different geophysical data (well-logs, seismic data and plugs) provides the
information from micro to reservoir scales. Analysis petrophysical of well logs data as
well laboratory samples characterization provide information with more details of
spatial distribution of fluids in the reservoir.

A hydrocarbon reservoir can have different type fluids in different levels and in
different depth. A manner to characterize the fluids contained in a reservoir is through
() ultrasonic and petrophysical measurements of plugins, (ii) using different types of
well-log data and from (iii) seismic data. In practice, the characterization is complex
and requires the development and analysis of multidisciplinary areas. The selection
of techniqgues and procedures depends mainly on the type and quality of the
information to be handled (TYSON, 2007).

1.1 Motivation

The rock-physics establishes a link between the elastic properties and the
reservoir properties such as porosity, water saturation and clay content (DVORKIN;
MAVKO, 2013). Due to the feature of seismic signals and his behavior are directly
governed by these elastic parameters, rock physics template and the seismic
attributes provides a methodology to infer the geology and the structure of the
reservoir, as well as the anomalous zones, both qualitatively and quantitatively. In
this way, the rock-physics workflows which are related with the elastic properties of
the reservoir is necessary to provide with accurate data to infer a feasible lithology.
For this goal, it is necessary to perform a mathematical treatment of the empirical
formulas, which are closely related to the work of rock physics analysis (BORUAH,
2010).

Rock physics and the seismic attributes analysis and interpretation have
emerged as tools for help geophysicists to characterize reservoir properties related to
seismic elastic parameters. In addition, rock-physics models have been presented as
a ratio of sedimentology and matrix rock for changes in elastic properties (MADIBA,
MCMECHAN, 2003). Through the application of this technique in seismic data, rock
physics templates (AVSETH; VEGGELAND, 2014) can be used to determine

geological tendencies (in the reservoir) as well as the influence of different elastic
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parameters in seismic sections or in well-logs data. The importance to relate the
reservoir parameters with seismic parameters, is the main interest for the purpose of
assessing reservoir quality and economic viability of oil exploitation (BORUAH,
2010).

1.2 Objectives and Disposition of the Chapters in the Dissertation

The main goal of this work is to revisit and extend reservoir characterization
analysis performed by Madiba and McMechan (2003) in the 2D North Viking Graben
seismic data set provided by ExxonMobil.

For this study we used the same seismic section and some well-logs used by
Madiba and McMechan (2003) in their analysis. As it made in Madiba and McMechan
(2003), information from seismic sections and interval velocity models was used to
create numeric models in order to identify anomalous zones which could contain
hydrocarbon, the processing and interpretation of the well logs was realized
previously, after was made a reservoir characterization by seismic attributes, for
which it was necessary the seismic section calibrated with well logs.

Here, in this work, beyond to perform AVO analysis, Vp/ V; versus impedance
(Ip), Vp ! Vs - ¢ we used the trend angle methodology developed by Avseth and

Veggeland (2014) to delineate top and base of reservoir as well as identify regions
with different types of pore fluid. The application of the trend angle method in the
present data set is the main remark of this work. In summary, this method evaluates
the basic elastic properties of the medium (rock matrix) and their interaction with
external elements (liquids of different properties), which identifies the method used in
the distribution patterns of external elements through response together.

The numerical modeling of well data is one of the most accurate methods for
calibrating seismic data, in addition to facilitating the classification of fluids present
using different methods and techniques. Due to problems like bad calibration and
mishandling of the tool, that can be present in the acquisition of well data, usually
what is done is a filtering and reconstruction of logs, by empirical formulation, for the
improvement or replacement of one or more logs. Having understood the need to
know the distribution of the fluid in the reservoir characterization, we consider
necessary to model the response of the seismic attributes in a media with different

fluids in the rock theories. Gassmann classical model was used in order to relate the
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elastic properties of partially saturated rocks with fluid properties of rock matrix and
the fluid was used (GASSMANN, 1951).

This dissertation, includes the introductory chapter, three main chapters and
two appendix. Chapter 2 presents a review of some concepts of the theory of seismic
processing emphasizing the velocity analysis in the creation of a velocity model and
seismic migration (depth and time). This chapter also describes the methods and
methodologies used in this work. In other words, we discuss about the types of some
seismic attributes and rock-physics templates to well-logs data (trend angle, AVO
analysis, etc.). The chapter 3, describes the sequence of steps followed for seismic
re-processing as well as the preparation of well logs in the 2D North Viking Graben
seismic data. The chapter 4 presents the results and the implication of each
technique and templates applied to the interpretation and seismic data
characterization coupled with well-logs data analysis. Finally, the chapter 5 presents
the conclusions about our analysis and interpretation. The appendix A shows
comments about the geology of the Viking Graben field. This appendix presents the
geological concepts of the graben. The appendix B presents the mathematical
formalism of the Gassmann's model for fluid substitution, as well as, and the steps to

apply it on real data.
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2 THEORETICAL FRAMEWORK

2.1 Standard Seismic Processing

Seismic signals are the result of convolution of the wave signal generated by
source with successive reflection coefficients from subsurface interfaces. In this way,
the convolution can be thought as the process in which the input waveform (wavelet)
is changed along the propagation's pathway by the reflection coefficient of the earth.
The modification of the phase signal and amplitude magnitude is proportional to the
sign and the magnitude of the reflection coefficient. The wavelet is reversed when
there is a velocity value inversion, i.e., negative reflection coefficient. Beyond that,
the reflected amplitude is directly proportional to the reflection coefficient magnitude.
Thus, as a result of the convolution, the incoming signal's imprint brings information
about the subsurface.

Mathematically, a convolution is an operator (symbolized by “*") which
transforms two functions r and w (in our case, respectively, the reflection coefficient
and wavelet) in a third function s (recorded signal). The mathematical expression that

represents the convolutional model of the earth is (in time domain),

s(t) = rt)*w(t)+ n(t), (2.1)

where r(t), w(t) and n(t) are the seismic reflection coefficient, the source seismic

wavelet and the noise. In frequency domain we have,

S(z) =R(@)W(@)+ N(@). (2.2)

Figure 2.1 shows the illustration of convolutional model of the earth. The
seismic signal is related to the source-wavelet and reflection coefficient of the earth.
Beyond that, there are environment noise that are present in all seismic traces.

Mathematically, the acoustic reflection coefficient from zero-offset case is given by
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szp1 - VPlpl
Vpop1 + Vpipr

R(®=0)= (2.3)
where the indices 1 and 2 in the velocity and density mean the elastic properties in
the medium 1 (above to the interface) and the medium 2 (bellow to the interface).
After obtaining the seismic records in the field (signals and noises), the next
step lies on the seismic and signal processing through specific programs on
computers with sufficient capacity. A fundamental mathematical tool for this purpose,
is the Fourier Transform (Fourier, 1824), which changes the seismic traces from the
time domain (which are values of amplitude in time domain) to the frequency domain

(which are values of amplitude in frequency domain).

Figure 2.1: lllustration of the convolutional model of seismic trace.
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reflectivity * wavelet + noise = seismic

Source: seismic amplitude and interpreter’s Handbook (Simm; M. Bacon, 2014)

The transformation is done by approximating the shape of the trace with an
integration of a series of harmonic functions (sines and cosines) or Fourier Series of
variables amplitude, and then passing to the calculation and representation of the
frequency spectrum (also expressible as an integration, but now differential

frequency).
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The seismic processing involves the election and subsequent application of
the appropriate parameters and algorithms applied to the seismic data in the field
(raw data) in order to obtain quality seismic sections. The fundamental goal of all
multi-signal process is isolate, in the records, the reflections from the other seismic
events that overlap them (ambient noise, ground roll, airwave, etc.). Currently, due to
the large increase in the data volume (more instrumental capacity) and the
development of new algorithms (more computing power), mastering processing
techniques is the mainstay of geophysical prospecting.

Another decisive factor in the seismic reflection processing is the need to
preserve the frequency range, by optimal filtering the seismic data and the selection
of speeds that enhance the horizons and anomalies, since most of the geological
structures are almost at the limit of detectability and seismic applying filters to
suppress non-events to reflections (coherent and incoherent noise) often fall in the
same frequency range, so any reduction in this range results in less definition of the
seismic section. It is also a provision that any algorithm used during processing must
preserve as much as possible the original reflections, so that its application does not
create "artifacts" that can be considered as spurious reflections. Indeed, the whole
object of seismic data processing is to manage seismic data recorded in the field into
a coherent cross-section of significant geological horizons in the earth's sub-surface.
In this work, we make the use of the final product of seismic processing following by

the usage and analysis of well-log data set.

2.1.1 Usual Seismic Processing Work

It is well known that seismic processing can be made based on different
workflows with different ways. A basic seismic processing can be presented as

follows:

e Geometry Correction
e Trace Edition
e Statics Corrections

e Deconvolution
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e Gathers Analysis
¢ NMO Correction
e Velocity Analysis
e Stacking
e Migration

The sequence above were adopted in our seismic processing to acquire a
suitable velocity model (in time and depth domains) as well as a migrated section
(also, in time and depth domain). In the next chapter we will make a reference to the
seismic steps process performed in this work. More information about seismic

processing workflows are available in vols. 1 and 2 of Yilmaz (1987).

2.2 Well Log Data

Well-loggings, also known as borehole loggings, is the practice of making a
detailed record (a well-log) of the geologic formations penetrated by a borehole. The
log may be related either by visual inspection of samples brought to the surface
(geological plugins) or by the measurements of petrophysical parameters made by
instruments lowered into the hole (geophysical logs). The oil and gas industry uses
wireline logging to obtain a continuous record of the formation's rock properties.
Wireline logging can be defined as the acquisition and analysis of geophysical data
performed as a function of well bore depth, together with the provision of related
services (BOLT, 2012).

Wireline logging is performed by lowering a logging tool - or a string of one or
more instruments - located on the end of a wireline into an oil well (or borehole) and
recording petrophysical properties using a variety of sensors. Logging tools
developed over the years measure the natural gamma-ray, electrical, acoustic,
stimulated radioactive responses, electromagnetic, nuclear magnetic resonance,
pressure and other properties of the rocks and their contained fluids.

The measured cable depth can be derived from a number of different
measurements, but is usually either recorded based on a calibrated wheel counter or
(more accurately) using magnetic marks which provide calibrated increments of cable
length. The measurements must then be corrected for elastic stretch and

temperature. There are many types of wireline logs and they can be categorized
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either by their function or by the technology that they use. "Open hole logs" are run
before the oil or gas well is lined with pipe or cased. "Cased hole logs" are run after
the well is lined with casing or production pipe. Wireline logs can be divided into
broad categories based on the physical properties of rocks.

Depending on the type of measurement there are different types of well log:

e Resistive Logs:

- Induction

- Induction Double
- Double Laterolog
- Microspherical

- Microimages Resistive Training
e Radioactive Logs:

- Compensated Neutron

- Compensated Lithodensity
- Gamma Ray Spectroscopy
- Natural Gamma Ray

e Acoustic Logs:

- Porosity Sonic
- Dipole Sound Images
- Ultrasonic Images

- Sonic Logs (Vp and Vs)

Because the well data obtained from ExxonMobil only exhibited some logs, we
analyzed the following well-data: induction (water saturation), natural gamma ray
(shale volume), density, sonic porosity and sonic logs (Vp and Vs). For a better
interpretation of well data, it is sometimes necessary to filter the data for
environments with low S/N ratio. In other occasions it was necessary to reconstruct
the records. For example, S-wave velocity recording is a problem in seismic
processing. However, most of techniques used in reservoir characterization uses
seismic attributes that needs information of S-wave velocity (Vs). In this way it is
important to find ways that from P-wave velocity we are capable to acquire S-wave
velocity. For this task, there are many ways to obtain S-wave velocity from P-wave



25

velocity using empirical formulations.

In this work, we used many techniques and empirical equations from rock-
physics for the analysis of the data set, one of these techniques come from the
Castagna' equations (CASTAGNA et al., 1985), with which the new well log of the S-
wave velocity was created, which relating the P wave velocity changes through linear

and nonlinear relationships

ys@® = 22130 (2.4)
1.16
and
Vs® = —0.1236Vp? + 1.6126Vp — 2.3057, (2.5)

where, V, are the P-wave velocity. Here, it is worthy to say, that the well-logs
available in Viking Graben data sets, both of them has S-wave velocity available. We
are invoking the Castagna' equations (CASTAGNA et al., 1985) only to estimate S-
wave velocity in regions where we do not have these information.

Other parameter used in our analysis is the porosity. The well-log porosity was
not available in the Viking Graben data sets. Usually, because the calculation of
porosity is performed by indirect methods, adjustments are needed for best results,
which can avoid errors in the interpretation. In this work, the sonic porosity was
estimated by the Wyllie's equation (GREGORY et al., 1958), (in equation 2.6)

Alog _Amatriz
= p__"P C 2.6
(psonlc - fluid  matriz | =f’ (2.6)
Ap —Ap

where Cj, Ay, A,"2 AU and ¢, are the compaction factor (fractional), sonic
log read in zone of interest (usec/ft. or usec/m), sonic log read in 100% matrix rock
(useclft. or usec/m), sonic log read in 100% water (usec /ft. or usec /m) and porosity
from sonic log (corrected for compaction if needed) respectively. The values used for
this study were obtained empirically, which are: Cr=1.3, A, = 50 psec /m, A, =
238 usec /m.

Although in both well-logs we have the availability of the density log. In the
case of seismic, where the properties of the well are extrapolated for regions far to

the well, it is necessary to estimate the density for the entire seismic section region.
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One possibility of doing this, would be through empirical relations between density
and velocity. One of the empirical relationships more known and used routinely in the
case of seismic processing, is the empirical Gardner's equation (GARDNER et al.,
1974), in which mathematically, the density as function of the P-wave velocity is
given by,

p = a%ﬁ, (2.7)
where a = 0.23 and B = 0.25 for velocity in ft./s and a. = 0.31 and = 0.25 for velocity

m/s.

2.3 Rock Physics Attributes

In reflection seismic, a seismic attribute is a quantity extracted or derived from
seismic data that can be analyzed in order to enhance information that might be
more subtle in a traditional seismic image. Consequently, this can leading to a better
geological or geophysical interpretation of the data. Examples of seismic attributes
can include travel time, amplitude, phase, frequency content and/or combination of
these attributes. In most exploration and reservoir seismic surveys, the main
objectives are, firstly, the correctly imaging of structures in time and depth and,
second, the correctly characterization of the amplitudes of the reflections. Assuming
that the amplitudes are accurately rendered, a host of additional features can be
derived and used in interpretation. Collectively, these features are referred as
seismic attributes (YOUNG; LOPICCOLO, 2005).

Beyond those one, other attributes commonly used include: coherence,
azimuth, dip, instantaneous amplitude, response amplitude, response phase,
instantaneous bandwidth, AVO, and spectral decomposition. A seismic attribute that
can indicate the presence or absence of hydrocarbons is known as a direct
hydrocarbon indicator (SHERIFF, 2002). Attributes can be obtained from typical post-
stack seismic data volumes, and these are the most common types. On the other
hand, additional information can be obtained from attributes of the individual seismic
traces prior to stacking, in a pre-stack analysis. The most common of these is the
variation of amplitude with offset (or amplitude versus offset also called by AVO),
which is often used as an indicator of fluid type. The interpretation of any attribute is

non-unique and calibration to well data is required to minimize the ambiguities
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present. (DEY-SARKAR; SVATEK, 1993)

2.3.1 Rock-Physics Template

The conventional seismic interpretation and amplitude versus offset (AVO)
inversion workflows provide an important information for hydrocarbon explorationists.
Extending this workflow to quantitatively assess potential rock fabric and grain micro-
structure, they provides new opportunity to improve reservoir characterization
studies. Rock physics is intrinsically linked from sedimentology properties to seismic
attributes. In general, this is performed through the implicit and explicit assumptions
about grain and matrix relationships that are used to describe the material. The
conventional applications of such models are primarily related to clastics sequences
in which rock fabric and texture are related to grain size and sorting and have
compressional and shear velocity expressions. Avseth et al. (2005) proposed a
technique they called the rock physics template (RPT), based on the theory by
Dvorkin and Brevik (1999), in which the fluid and mineralogical content of a reservoir
could be estimated on a crossplot of Vp/Vgratio.

In this method, they compute a theoretical template consisting of values of
Vp/Vs ratio versus acoustic impedance-Al (Al=velocity vs density) and compare this
template to results derived from both well logs and the inversion of pre-stack seismic
data. The RPT involves computing the Vp/Vsratio and P-wave impedance of various
rock types based on their mineralogy, porosity, fluid type, pressure and grain
contacts. Avseth et al. (2005) shows that we can interpret the various clusters on a
rock physics template in terms of their mineralogy, fluid content, cementation,
pressure and clay content. Figure 2.2 shows an example of crossplot between Vp/Vg
ratio and P-wave impedance (or acoustic impedance) from well log data. The Vp
(sonic) and p (density) logs were measured and the Vs (dipole sonic) log was
computed using the Gardner relationship (GARDNER et al., 1974) mud-rock line over
the shales and wet sands and the Gassmann equations (GASSMANN, 1951) in the
gas sands.

Figure 2.3 shows the relationship of Vp/Vg ratio as function of caustic
impedance. The points related to three depth intervals are represented by colors
blue, black and red.
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Figure 2.2: Graph relating variation of the Poisson's ratio and the change in acoustic impedance where
the type of fluid in relation to the variation of the porosity, density and depth, the data were classified,
filtered and placed in a RPT (Al vs Vp/Vs) for better viewing behavior and classification of elastic
parameters (Data from the well-7 of the Oseberg oil field in North Sea).
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2.3.2 Trend angle

Rock physics has emerged as a tool for geophysicists to characterize reservoir
properties as they belong to seismic elastic parameters. In addition, rock physics
models have been presented that relate sedimentology and rock fabric to changes in
elastic properties. In this paper we have implemented the seismic attribute called by
trend angle (AVSETH; VEGGELAND, 2014). The trend angle is a new technique of
rock physics that quantifies the angle trend among neighboring data points in a rock
physics. On the other hand this method quantifies the interaction of the elastic
properties of the fluids with reservoir properties, based on the type of material found
by variations in the medium velocities. This attribute is shown conceptually in Figure

2.4 and mathematically at equation bellow,
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Figure 2.3: Graphic interpretation of the example of Figure 2.2 where the type of possible fluids
contained is deferent regions from log depends of the degree of porosity, density and depth (data from
the well-7 of the Oseberg oil field in North Sea).
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AAI
a = arctan [Tp], (2.8)
a(32)

where AAI are variations in acoustic impedances of two adjacent formations, A(Vp/Vs)
are variations in the P-wave velocity and S-wave velocity ratio of the same two
adjacent formations and is the attribute value. The minimum and maximum values
are between the values of -90 to +90 degrees.

In addition, the units of Al should be in kilometers per second times grams per
cubic centimeter to avoid extreme fluctuations between the limits for any point.
Alternatively, one could found a trend angle from eigenvector analysis. The concept
of the trend angle is similar to the AVO attribute defined by Regueiro and Gonzalez
(1995) or the polarization angle defined by Castagna et al. (1985). However, this
approach is more easily performed by the relationship between the attribute and
changes in rocks-physics properties, because the analysis is performed in the

domain Al-versus-Vp/Vs.
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Figure 2.4: lllustration of trend angle's definition applied to the elastic parameters, wherein the fluid
content variation is shown relative to the porosity and physical parameters variation.
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For this work, an example was provide to show the value of this attribute on
three synthetic data (see Figure 2.5). We simulated three anomalous points in a
range of field data as a function of reducing porosity. The first point (red point) have
high porosity and the next points have a low porosity (black and blue points,
decreasing toward zero). The p-wave velocity was taken from a real well log and the
s-wave velocity was estimated from Castagna's relationship (CASTAGNA et al.,
1985), the density from the seismic section was also estimated from the Gardner's
relationship (GARDNER et al., 1974). At these two points, we introduce oil into the
pore space, using Gassmann theory (GASSMANN, 1951). These data points will
create a fluid trend relative to the neighboring data points. We have also introduced
extra cement at one data point. This effect cause a movement toward the oil model
as Vp/Vs is reduced drastically.

We also plot the data points as a function of depth, where we include the

estimated trend angle as a separate log. Here we see that both the oil sands we
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simulated are easily detected with the trend angle attribute, including the deeper
point. Furthermore, the cement event shows up with a different trend angle, which is

closer to the wet-background trend.

Figure 2.5: Example of trend angle applied to the crossplot of the acoustic impedance versus the
change of velocity P and S, where we can determine variations in the anomalous data presented
(colored dots), inserted in the base data (Data from the well-7 of the Oseberg oil field in North Sea).
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Next we test this attribute on real data (see Figure 2.6). The first step was to
select the most suitable location for the test. For this example, it was elected a well
with similar characteristics with the wells in the study area, which was the North Sea
area.

As shown in the register of gamma ray log of the well-chosen (see Figure 2.7),
there are four geological events of progradation and aggradation to the well-marked.
Due to the characteristics presented in the log, the portion from 3000 meters up to
4000 meters of depth is ideal for testing the attribute as shown in the Figure 2.6. In
the Figure 2.6 we have displayed the Al and Vp/Vs logs along the well trace, where
we find a positive value at a depth of approximately 3480 meters, indicating an area
with high probability of containing hydrocarbon. Also, the area from 3200-3300

meters presents positive values indicating probable areas containing hydrocarbon.
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However, making the comparison with the logs of Al and Vp/Vs, it is noted that these
positive values are more related to areas of fracturing, which has the effect of false
positives, an effect that can also be noted along trend log angle (Figure 2.6 c). To
confirm the results of the attribute trend angle, templates of rock-physics were used,
where data of Al versus Vp/Vs were plotted (see Figure 2.2). You can see three
trends, which indicate the presence of three types of fluids in the area (water, oil and
gas). This would confirm the results of the application of the attribute trend angle (see
Figure 2.3).

2.3.3 AVO Theory

The AVO (amplitude variation with offset) technique assesses variations in
seismic reflection amplitude with changes in distance between shot-points (source
locations) and receivers. AVO analysis allows geophysicists to better assess
reservoir rock properties, including porosity, density, lithology and fluid content.
Around 1919, Knott and Zoeppritz developed a theoretical work necessary for AVO
theory (ZOEPPRITZ, 1919).

Given the P-wave and S-wave velocities as well as the density of the two half
medium, they developed equations for plane-wave reflection amplitudes as a function
of incident angle. Bortfeld (1961) simplified Zoeppritz (1919)'s equations, making it
easier to understand how amplitude reflection depends on incident angle and
physical parameters. Koefoed (1955) described the relationship of AVO to change in
Poisson's ratio across a boundary. Other approximation of exact Zoeppritz equation
is the Koefoed (1955)'s approximation.

The Koefoed (1955) approximation are the basis of AVO interpretation
nowadays. The AVO analysis is widely used in hydrocarbon detection, lithology
identification, and fluid parameter analysis, due to the fact that seismic amplitudes at
layer boundaries are affected by the variations of the physical properties just above
and below the boundaries. AVO analysis in theory and practice is becoming

increasingly attractive.
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Figure 2.6: Graphic example of trend angle applied to real data, where the target areas were
determined. These areas have a high probability of containing hydrocarbon, (a) acoustic impedance
plot versus depth (b) ratio of P and S velocities and (c) trend angle depending on the depth (Data from
the well-7 of the Oseberg oil field in North Sea).
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The main advantage of AVO analysis is to obtain subsurface rock properties
using conventional surface seismic data. These rock properties can then assist in
determining lithology, fluid saturated, and porosity. It has been shown through
solution of the Knott energy equations (KNOTT, 1899) o that the energy reflected
from an elastic boundary varies with the angle of incidence of the incident wave
(MUSKAT; MERES, 1940).
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Figure 2.7: Gamma ray log showing the geological events and variations in the clay content, which
can be inferred as target areas (data from the well-7 of the Oseberg oil field in North Sea).
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This behavior was studied further by Koefoed (1955). As mentioned before,
the AVO analysis has a simple and important goal: determine the density, P-wave
velocity, and S-wave velocity of the earth (Poisson's ratio) and then infer the lithology
and fluid content from these parameters. However, there are two difficult problems:
the first one is, the unambiguously of some parameters and the second one relies on
the inference of lithology from the physical parameters.

When seismic waves travel into the earth and encounter layer boundaries with
velocity and density contrasts, the energy of the incident wave is partitioned at each
boundary. Specifically, part of the incident energy associated with a compressional
source is mode converted to a shear wave (after the critical angle), then both the
compressional and shear wave energy are partly reflected from the boundary and
partly are transmitted through each of these layer boundaries. The fraction of the
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incident energy that is reflected depends upon the angle of incidence. Analysis of
reflection amplitudes as a function of incidence angle can sometimes be used to
detect lateral changes in elastic properties of reservoir rocks, such as the change in
Poisson’'s ratio. This may then suggest a change in the ratio of P- wave velocity to S-
wave velocity, which can imply in a change in fluid saturation within the reservoir
rocks.

Starting with the motion's equation (second Newton's law) and Hooke's law,
one can derive and solve the wave equations for plane-wave approximation in
isotropic media. Then, using the equations of continuity for the vertical and tangential
components of stress and strain at a layer boundary, plane wave solutions and
Snell's law that relates propagation angles to wave velocities, one obtains the
equation for computing the amplitudes of the reflected and transmitted P- and S-
wave. Due to the complexity of the Zoeppritz (1919)'s equations, many authors
developed approaches to these equations:

. The Bortfeld Approximation (BORTFELD, 1961),
. The Aki, Richards and Frasier Approximation (AKI; RICHARDS, 1980),
o Shuey's Approximation (SHUEY, 1985),

_ il 02 Aa 20 _ cin?
Rg =R, + [RpAO + (1_0)2] sin®6 + — [tan“0 — sin“0], (2.9)
Where
+ 1-2 2
o1+0 -20 ra
o= %,Aa =0, +0,,4=B—-2(1+B)—,B= Ze.ap (210
a p

e The Smith and Gidlow Approximation (SMITH; GIDLOW, 1987),

There are numerous expressions for the linear approximation of Zoeppritz
(1919)'s equations, each with different emphasis. While Bortfeld (1961) emphasized
the fluid and rigidity terms which provided insight when interpreting fluid-substitution
problems, Aki and Richard's equation (AKI; RICHARDS, 1980) emphasized the
contribution of variations in the P- and S- wave velocities and density. (SHUEY,
1985) after take into account the contributions of Koefoed (1955) and uses the

amplitude dependence on Poisson's ratio, reached a simplified equation related to
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Aki and Richards equation (AKI; RICHARDS, 1980) in terms of Poisson's ratio. One
of the Shuey's (SHUEY, 1985) main contributions is that he identified how various
rock properties can be associated with near, mid, and far angle ranges. The AVO
response equations expressed above (in equation 2.9) can be simplified further and
written as follows for angles of incidence lower than 30 degrees. The angular
dependence of P-wave reflection coefficients is now expressed in terms of two
parameters, the AVO intercept (A), the AVO gradient (B) and the angle of phase (C).

This mathematical relation is expressed by

R,= A+ BC, 2.11)

where A represents the normal incidence P-wave reflectivity or intercept term, B is
the gradient term containing the AVO effects and C is a constant related with the
squared of the angle of phase (MCGREGOR, 2007).

It should now be apparent that amplitudes for any event across a seismic
gather can be plotted against incidence angle as shown in the Figure 2.8. This allows
the intercept amplitude to be computed for any event in the gather and the
computation of the zero-offset or intercept stack. This is more representative of the
compressional impedance than the full stack in which the amplitude variation with
offset are simply averaged out. This, in essence, is why the AVO analysis and the
AVO interpretation have become key processes. The stacking process was designed
to average out amplitude variations caused by changes in Poisson's ratio (which can

be directly related to the P- and S- velocities) and in density.

2.3.3.1 AVO classification

The original AVO classification scheme proposed by Rutherford and Williams
(1989) was limited to gas sands underlying shale which exhibit a subset of the range

of possibilities now recognized (see Figure 2.9a):

o Class | - high impedance sands - are mature sand that have been
exposed to moderate to high compaction (RUTHERFORD; WILLIAMS, 1989).
Seismically, reflection amplitudes decrease with offset and may result in a polarity

reversal if sufficient offsets are recorded.



37

Figure 2.8: Example of the theory of AVO applied to synthetic data. This illustration shows the change
in amplitude with the variation of the incidence angle of the wave in the reflector, (a) synthetic
seismogram and (b) plot of magnitude of amplitudes as function of incidence angle.
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e Class Il - near zero impedance contrast sands - possess near-zero

impedance contrast between the sand and encasing materials and are moderately
compacted sands (RUTHERFORD; WILLIAMS, 1989). This type of gas sand has
very low amplitude reflections at near offsets and significantly higher amplitude
reflections at far offsets. This offset-dependent seismic response is opposite from
\normal" seismic response, therefore processing flows designed for average earth
materials are rarely effective in detecting the unique characteristics of class 2 gas

reservoirs.

e Class llb - classification Il b is a special type of classification I, because the
gas-sand content contained in this class, it can have low amplitude and an intercept
with a negative sign (RUTHERFORD; WILLIAMS, 1989). The polarity change, from
the classification 11 to llb is usually not detectable, because it occurs at a near offset

where the signal is below the noise level.
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e Class Ill - low impedance sands - class of gas sands has lower impedance
than the encasing medium and is usually unconsolidated (RUTHERFORD;
WILLIAMS, 1989). Seismically, reflections appear at offset ranges and without
polarity changes. In some cases, deeper layers are not imaged due to limited or no
transmission of energy through the base of the confining layer.

e Class IV - lower impedance gas sands - A class IV AVO response has a
trough that dims with offset (CASTAGNA et al., 1998). In fact, for this class the
introduction of gas causes its reflection coefficient to become more positive with
increasing offset, yet decrease in magnitude with increasing offset.

Figure 2.9 shows a scheme of AVO classification and the plane-wave
reflection coefficients for the gas sand classification (CASTAGNA et al., 1998). In
other words, the relation of gradient versus intercepts is directly related to changes in
rock properties, such as changes in lithology and fluid (MCGREGOR, 2007). The
gradient section shows areas where AVO anomalies are present as high amplitude
events. In the absence of a gradient, the section is quiescent. The gradient section
led directly to the interpretation methods commonly used in the industry where the
gradient section functions as a screening tool. Gathers are examined in those areas
high graded from the gradient section analysis. The traditional workflow is then to
analyze the events on the gathers by trying to match the response with model
gathers.
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Figure 2.9: Graphical definition of AVO classification in AVO analysis chart. In a general words, this
graphics are showing the classification of the fluids by varying physical properties: (a) plane-wave
reflection coefficients at the top from Rutherford and Williams (1989) classification of gas sand. Class
IV sands have a negative normal-incidence reflection coefficient, but decrease in amplitude magnitude
with offset (from Castagna et al. (1998)) and (b) AVO classification scheme for identifying the
maghnitude and class of a seismic reflection. The polarity convention in this display denotes a decrease

in acoustic impedance by a peak.
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3 METHODOLOGY

As mentioned before, in this work, we conducted a reservoir characterization
analysis on the exploration field North Sea region. More specifically, we performed a
reservoir analysis in the Viking Graben seismic and well logs data set. The sequence
of processing steps performed in this study, is described in the following section. We
used several flowcharts to shows the mains stages carried out in our analysis. Figure
3.1 shows the general flowchart used in this work. It shows the seismic processing
stages as well as the well-log processing stages. Beyond that, it shows that there is a

moment where both are combined.

3.1 Processing Sequence of the Seismic Data

e PROCESSING OF SEISMIC DATA: in this stage (after performs the data
extension revision) the seismic data were loaded and the seismic processing were
made using the “ProMax 2D" software.

¢ PROCESSING SEQUENCE (SEISMIC DATA) (see Figure 3.2)

e Data Loading: to start at this stage, the seismic data acquired in the field
are loaded in ProMax 2D program.

e Geometry Setting and Correction: at this stage, the field data, like latitude,
longitude, altitude, label, shot-point number, etc. were loaded.

e Editing Data Loaded: at this stage the seismic data was revised (corrupted
traces) and cut at 3000 ms (original size 6000 ms), because the subsequent section
the S/N ratio was very low.

e Velocities Analysis: at this stage of the processing sequence was a
complete review of the frequencies present in the seismic data, and the predominant
frequency was determined, which is able to make a process for increasing the S/N
ratio, it was also created the velocity model (table of velocities) used for the time-
depth conversion and in the stage of migration (YILMAZ, 1987).

e Multiple Filtering: at this stage applied a filter to remove horizons that were
repeated in seismic data, due to the arrangement of the geological sequences

(horizons), this was done to improve the S/N ratio.
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¢ NMO (normal moveout) Correction and Stacking: at this stage, the NMO
correction to the seismic data was made using the velocity model obtained earlier.
Also we this velocity model to perform stacking operation.

e Migration: at this last of conventional seismic processing, we use the
velocity model (obtained above). This stage is important because in this moment the
reflectors are positioned at correct location (if velocity model are nearly to the true
one) and cross-talk events are removed. Beyond that, this migration provides good
handling of steep dips, up to 90 degrees (YILMAZ, 1987).

e AVO analysis: in this stage the AVO attributes were acquired (intercept and
gradient). Using this attributes we construct the AVO maps. The AVO analysis to
seismic section was performed for the location of the target areas in the section.

e Data Exportation: in this this stage we prepare and export all tables
(seismic migrated section and AVO attributes) then be used in other software, e.g.,
“‘MatLab”. In the “MatLab” software we carry out the analysis and integration of the

seismic data with the well-logs data.

3.2 Processing Sequence of the Well-Log Data

¢ PROCESSING OF WELL DATA: in this stage the well data were loaded and
codes for filtering and processing was created in MATLAB software.

¢ PROCESSING SEQUENCE (WELL DATA) (see Figure 3.3)

1. Data loading: we start this stage loading the well data related to the two
wells, which are located in the target zone.

2. Review, Filtering and Removal of Bad Data: in the second stage, was
made a full revision and filtering of well-logs in order to eliminate the bad data. For
example long sections with gaps or very large anomalous data, were revised to
increase the S/N ratio in the data well. This was performed, because some well logs
contain errors along to the data. In some logs, it was necessary to create new well
logs based on empirical equations.

3. Creation of m-File: in the third stage, was created the m-files for
compilation, filtering and creation, by mathematical formulation, of new logs (density,

velocity, porosity, etc.).
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4. Processing New Tables and Logs (density, porosity, velocity, etc.): in
the fourth stage, was made a compilation, filtered and creation of new logs, from the
well data, to perform the analysis and interpretation of well-log data.

5. Well-Logs Characterization: at the fifth stage, after generation,
compilation and filtering the well-logs, the characterization of them was performed
(acoustic impedance, Poisson ratio, etc.).

Figure 3.1: Workflow chart applied to the seismic and well-logs data processing.
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6. ldentification and Delimitation of Anomalous Zones: in the sixth stage,
the extraction of the seismic attributes was performed, and the results was shown in
logs and rock-physics templates.

7. Analysis of Anomalous Zones Finally: in the seventh stage, a different
analysis of well-logs by deferent techniques were performed, for determining the
rock-physics property changes of the wave.

Figure 3.2: Basic seismic processing step performed in our seismic data.
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e PROCESSING THE RESULTS: the processing results will be used to
correlates the seismic data with the new well logs. This will be used to generate
synthetic seismograms and create new maps of physical properties.

e ANALYZING THE RESULTS (see Figure 3.4): in the final stage the analysis
and interpretation (seismic section and well data), of the maps and records of the

physical properties obtained from the anomalous zones it will be performed.

Figure 3.3: This workflow chart shows all stages performed in the well-log data processing.
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Figure 3.4: This workflow chart shows the point in our analysis that information from seismic section
and well-logs are combined to provide an interpretation about this reservoir.
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4 RESULTS

4.1 Location

The Viking Graben is a north-south trending linear trough straddling the
boundary between the Norwegian and UK sectors of the northern North Sea (see
location in Figure 4.1). The east Shetland platform, with Tertiary strata resting directly
on Devonian redbeds, lies to the west of the graben, to the east is the Vestland Arch,
a narrow fault-bounded ridge (GLENNIE, 1982).

The Viking Graben was formed during late Permian to Triassic rifting,
extensional episodes and accompanying continued sedimentation through the
Jurassic into the early Cretaceous. Normal basin subsidence and filling became the
primary depositional mechanism by the late Cretaceous (ROBERT et al., 1992). The
stratigraphy of the reservoir rocks in this area is shown in (Appendix A). Reservoirs
occur in the Frigg, Cod, Statfjord, and Brent Formations. In the Figure 4.2 we can see
a significant unconformity occurs at the base of the Cretaceous (labeled base
Cretaceous unconformity - BCU). Jurassic syn-rift sediments are uncomfortably
overlain by Cretaceous and Tertiary basin fill (MADIBA; MCMECHAN, 2003).

Figure 4.1: Map of the Viking Graben field area.

FIELD D

Source: Jonk; Hurst; Duranti; Parnell; Mazzini and Fallick (2005), modified from (Brown, 1990).
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The objectives in the primary reservoir of the north Viking Graben presents
clastics sediments of the Jurassic syn-rift (lying below the unconformity). The strata
of the Jurassic area in the North Sea area occurs for most part, in the basins fault-
bounded, this is related to the development of the graben system. The transgressive
system has periods, in the Jurassic, of regression that provided the coarse clastic
input that forms the reservoir intervals (MADIBA; MCMECHAN, 2003).

Figure 4.2: Time migrated and interpreted seismic section of the study area, where the main
geological structures, faults, anomalies and geological faces are shown.
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The Jurassic was a period of active faulting, hydrocarbon traps are usually
fault-bounded structures, but some are associated with stratigraphic truncation at the
BCU (BROWN, 1990). The depositional environments of the Jurassic reservoirs
range from fluvial to deltaic and shallow marine. Productive sands have been
encountered in diverse local structural positions (see Figure 4.2), including the crests
of tilted fault blocks, the down-thrown side of normal faults, and arched-over salt-
induced (BROWN, 1990). A second reservoir target in the North Viking Graben is a
Paleocene deepwater clastics. The Paleocene interval is undisturbed by the rift

tectonism and dips into the basin (see Figure 4.2). Over much of the basin, the
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Paleocene section was deposited in an environment slope (and so contains
turbidities or slump sediments). Here, the sandstone reservoirs are associated with
regressive pulses and the hydrocarbon traps are usually depositional mounded

structures or stratigraphic pinch outs. (BROWN, 1990)

4.2 Seismic Data Preparation

There are two difficulties with the hydrocarbon characterization in the Viking
Graben dataset. The first one, is the complexity itself of the Viking Graben region.
The second and most important, is the discrimination of hydrocarbon-bearing sands
from shale and the separation of gas sands from water-saturated matrix. To
overcome the difficulties presented, a carefully processing and reprocessing of
seismic data were performed. The operations involved with the processing among
other things, that we have mentioned in previous chapters, constituted in
repositioning of the data in the true geometry, data filtering (because the data present
an environment with low s/n ratio) and the creation of a feasible velocity to migration.
An affordable velocity model was reached through the velocity picking every 5 CMP.
In this way, a velocity model with the best sampling rate was achieved. Figure 4.3
shows the best velocity model reached with our NMO correction (normal moveout
correction) analysis. As it showed in Figure 4.3, the velocity model created, has
variation in the velocities as expected in the area of the Graben, in the model also
can be seen that the variations in the contrast of velocities from 2000 ms to 3000 ms
have less separation, this is the result of having an environment highly fractured, due
to strong tectonic movements during the formation of the study area.

Figure 4.4 shows the result of the time migrated section. The migration was
performed using the Kirchhoff operator and the velocity model showed previously.
The red lines in Figure 4.4a show the well positions (wells A and B). As it can see,
the well A is located in the middle of the Graben with many faults, which provides a
favorable environment for structural traps, creating areas with possibility of containing
hydrocarbon. Figures 4.4b and 4.4c show the seismic traces of each well. The high
variations in the amplitude magnitude show that are impedance changes, caused by

the change in the lithology of the area.
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Figure 4.3: P-wave velocity model, used to reach the migrated seismic section. As it can be seen the
lateral and vertical anisotropy are present in the area.
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4.3 Vsand Porosity Predictions

Due to in the well log of the S-wave velocity has showed gaps, was necessary
to create a new well logs, for both wells (see Figures 4.6 and 4.7), for which the two
different types of mathematical relationships from Castagna et al. (1985) were taken,
the first is a linear relation, which the relation of Vp velocity with a Vs velocity by a
numerical constant (V(l)) (in equation 2.4), and the second is a quadratic relationship,
which relating the Vs velocity and Vp velocity by three numerical constants (V@ in
equation 2.5).

In Figure 4.5, the logs from the well A and B are shown, where it can be seen
that in the initial part that the calculated velocities and the original velocity do not
exhibit coincidence, especially in the uppermost part, this is due to compaction factor,
but in the target areas the coincidence is greater, so for to eliminate the gaps present
and increase the accuracy of the results, we was worked with the log of the S-wave

created from Castagna et al. (1985)'s relationship V (in equation 2.5).
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Figure 4.4: Time migrated section and seismic traces related to the well locations (CMP 808 and CMP
1572), where the structural variations present on the sub-surface are shown: (a) time migrated seismic
section, (b) seismic trace from well A and (c) seismic trace from well B.
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In addition to determine the target zones, it was necessary to use the following
well logs: gamma ray, porosity, P-wave velocity and S-wave velocity (depicted in
Figures 4.6 and 4.7) as well as the density, impedance and reflection coefficient logs,
which are shown in Figure 4.10 for the well A and of the well B in the Figure 4.11.
The reflection coefficient was evaluated by equation 2.5. The density and P-wave
velocity were used to calculate the impedance log and this last was used to calculate
the reflection coefficient log. The sonic porosity was estimated by Wyllie's equation
(GREGORY et al., 1958) (see equation 2.6).

Other important task using the S-wave empirical relations, was to obtain S-
wave velocity model for interval of seismic section. This was important for
implementing the analysis by attributes, in the Figure 4.12, the velocity model for the
S-wave is shown, which was obtained directly from the processing velocities (P-wave
velocity) by CASTAGNA et al. (1985) 's equation (see equation 2.5)
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Figure 4.5: Comparison between S-wave velocity logs measured and estimated by the Castagna et al.
(1985)'s equations: (a) well A and (b) well B.

Source: from author
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Figure 4.6: From well A: (a) P-wave velocity log, (b) S-wave velocities measured (med) and calculated
by the Castagna et al. (1985)'s equation 2.5, (c) poisson ratio estimated from Vs using the Castagna
et al. (1985)'s equation.
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4.4 Data Interpretation

For the interpretation of the results obtained in the re-processing of seismic
data, were applied three different methods, the angle trend, AVO analysis and RPT
analysis (Rock Physics Template). The methodology of the trend angle to the data
set was applied in order to check the anomalies found in the re-processing section,
by the other hand the methodologies of AVO analysis and the RPT analyzes were
applied in order to classify the fluid content of the anomalies found and eliminate

ambiguity results.
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Figure 4.7: From well B: (a) P-wave velocity log, (b) S-wave velocities measured (med) and calculated
by the Castagna et al. (1985)'s equation 2.5, (c) poisson ratio estimated from Vs using the Castagna
et al. (1985)'s equation.
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4.4.1 Trend Angle Analysis

In the present work, it was applied, in well logs (A and B) and seismic section,
a new attribute of rock-physics, which provides information on the interaction of fluids
with the rock matrix. This approach provides a new way of discretization of the fluid
contained in the sub-surface, which quantifies the trend angle in the data and
highlights the anomalies of the fluids, even at low values of V,/V (as can be seen in
Figures 4.13 and 4.14).
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During application of the techniques of re-processing was found an amplitude
anomaly (in CMP 600) showing a bright-spot on the impedance map at time
approximately in 2000 ms (see Figure 4.15a). In addition, the same anomalous zone
appears as an area of low amplitude on the AVO map (see Figure 4.24b), intercept
map (see Figure 4.25b) and gradient map (see Figure 4.25a). As the result the V,/V;
ratio could be used to separate between unconsolidated clastic sediments (V,/Vg >
2.0) and consolidated or gas-filled unconsolidated clastic sediments (V,/Vs < 2.0)
(GREGORY, 1977).

This anomaly could represent sands interblended with shale, because of the
impedance and V,/V, values have a gradation with sand/shale ratio (as shown in
Figure 4.22). As a validation of the results found in the maps of AVO and reflectivity
was made an analysis by attributes (trend angle), as result is shown a low Vp/Vs
ratio and a trend angle variation from -2 to 2 degrees, suggesting a gas sand
(OSTRANDER, 1984) or limestone (HILTERMAN, 2001) with the unconsolidated
gas-sand interpretation (GREGORY, 1977) being supported by the low values on the
® (as can be seen in Figure 4.22), would therefore confirm the presence of the
anomalous zone present in the CMP 600, which has high probability of contain
hydrocarbon, as is shown in Figure 4.15b, further showed that the fractured
environments have a very low influence on the trend analysis angle.

As mentioned before, in our approach we are relating the seismic attribute to
changes in rock-physics properties, because we operate in the Al-versus-V,/V
crossplot domain (see Figure 4.17a and b). Thus as it seen in Figure 4.17 while a
lower Al value and higher values in V,/V;, great will be the value of porosity. The
Figure 4.17 is a template that outlines the effect of the matrix (cement) within the
basin, gas-saturated sands are typically well separated from brine-saturated sand in
the rock-physics crossplot of V,/Vs versus Al. This effect could reduce the fluid
sensitivity, this would cause, in the model, an overlapping between brine and oil data.
As result, this can cause a well know ambiguity between poorly sorted loose sands
with hydrocarbons and well-sorted cemented sandstones saturated with water.
(AVSETH et al., 2005), however the Al will increase, so trend in a rock-physics

template will be different from a fluid trend (see Figure 4.17).
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Figure 4.8: Well logs from well A. (a) gamma ray log, (b) estimated porosity log and (c) P-wave and S-
wave velocities, where the mainly geological events are shown and the areas with better porosity rate.
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The corresponding trend angles are estimated between each point shown in

Figure 4.13 and are displayed in color. We also plot the data points as a function of

depth (as shown in Figure 4.13a) where we include the plot of trend angle as a

separate log (see Figure 4.13c). In this log two possible zones with gas-sands are

easily detectable from the matrix, because are the maximum picks in the right side. In

addition to test the effectiveness of the attribute trend angle, in the seismic section,

were applied techniques of reflectivity and AVO analysis which is shown in Figure

4.24b and Figure 4.24c, where we can confirm the anomalous zones. In Figure 4.13c

we can observe two anomalous zones (2400 and 2780 m.) which are generated by
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the possible presence of compact material (shale), which would indicate a sealing
area.

Figure 4.9: Well logs from well B. (a) estimated porosity log and (b) P-wave and S-wave velocities,
where mainly the porosity events are shown and the areas with better velocity ratio.
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As we can see in the figure 4.18, the primary fluid contained in the well B is
the brine, so you can also see a small area with a potential of hydrocarbon content

(Figure 4.18a), but this phenomenon is due to the high rate of porosity caused by
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highly fractured environment (as shown in Figure 4.18b).

Figure 4.10: From (a) density log and P-wave log shown in Figure 4.6, the (b) acoustic impedance log
was calculated and (c) the coefficient reflection log were estimated for well A.
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In order to classify the behavior of the P- and S- velocities, an analysis of
velocities is done by crossplotting the velocities of the possible target areas (Andrew;
Bezdan, 2001), which shows three areas with high possibility to contain gas-sand
(see Figure 4.16a) for the well A, in the A and C areas you can see the presence of
gas sand in between 1600-1800 and 2600-2800 meters, this phenomenon is possibly
because the area has a high rate of fracture. In the Figure 4.16b, is shown the

analysis of the velocities, where we can see two anomalous zones present in the
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Paleocene and the base of Cretaceous, which are caused by the high index of

porosity of the fractured environment

Figure 4.11: From (a) density log and P-wave log shown in Figure 4.6, (b) the acoustic impedance log

was calculated and (c) the coefficient reflection log were estimated for well B.
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Castagna et al. (1985) shows that water-saturated sandstones, siltstones, and

shales fall approximately along a line in crossplot of V, versus Vs, whereas gas-

saturated sand-stones stand out as outliers to the main trend (as shown in Figure

4.16). In the present data, we make similar observations. Brine-sands and limestones

show much higher P-impedances than oil-sands and gas-sands. For the shales it is

difficult separating the oil-sands and gas-sands, since they have some overlapping

impedance values. However, gas-sands are known to have anomalous low ratios of
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VplVs. Thus, if we can relate the rate of V,/Vs and the pore-fluid content, we have a

first step to separate the lithology and pore-fluid effects (MADIBA; MCMECHAN,
2003).

Figure 4.12: S-wave velocity obtained by P-wave velocity model. This velocity model will be used to
application of the trend angle technique and the templates of rock-physics for characterizing the
reservoir.
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The subsequent mapping of the water contained in the porosity, which is
estimated as the sum of all the water components in the pore space (the volume
fractions of movable water, bound water, and water trapped in unconnected pores),
further improves discrimination between pore-fluids in the sandstone reservoirs.

To find differents anomalous zones, we estimate the ratio V,/Vs and relate
with Al (see Figure 4.17). The ratio V,/Vsis sensitive to the pore-fluid (OSTRANDER,
1984). For a fixed lithology and porosity, Vy/Vsis 10 to 20% lower for gas saturation
than for water saturation, but there is some overlap in the ratio V,/Vs between brine-
sands and oil-sands. For example, shales have higher values of V,/V; than sands.
There is a great number of low Vp/Vs anomalies which are shown in Figure 4.17,
especially in the Jurassic section below the unconformity (BCU), some of the low
V,/Vs areas could be either gas-saturated sands or water-saturated limestones
(CHACKO, 1989; HILTERMAN, 2001) indicating, that for many stages (specialty

carbonates), Vy/Vs is approximately 1.9 and relatively insensitive to porosity. In
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contrast, in rocks with lower porosity (as shown in Figure 4.17b) in which more pore-
filling minerals are present, the sensitivity to fluid is lower. However, fluid sensitivity
can decrease dramatically with the presence of contact cement. As can be seen in
Figure 4.17b is possible identify four zones, which indicate the type of fluid and the

kind of porosity present.

4.4.2 Gassmann Fluid Substitution Analysis

Another technique to validate the results obtained by the application an
analysis by attributes (trend angle) is the technique of Gassmann, which evaluates
different scenarios where is measured the interaction of the velocities (P and S) with
the density. As results, was found two areas with a high probability of containing
hydrocarbon (as shown in Figure 4.19 and Figure 4.20).

As result of application of the Gassmann technique, the P-wave velocities and
S-wave velocity are slightly different to the original, so for validate the results
previously described, an analysis by attributes (trend angle) was applied, as see in
the Figures 4.19 and 4.20, the anomalous zones previously described were found
and the emergence of new zones with high probability of containing hydrocarbon,
although these areas are more highly fractured linked to its environment (see Figure
4.21). Other geologic/reservoir configurations, is defined (see Figure 4.23a), ¢ < 0.19
and V,/Vs < 2.2 are the criteria that delineate potential reservoirs in this area, with
decreasing @ indicating a higher gas/oil ratio, and decreasing V,/V; indicating a
higher sand/shale ratio. As these criteria were locally calibrated, they appear to be
valid locally, they should not be applied to other data sets, which may exhibit
significantly different relationships. However, the overall procedure should be

generally applicable.

4.4.3 V,/Vs- ¢ Relationship

The work of Lee and Collett (2008) helped to generate crossplot of ¢ versus
Vp/Vs over the time interval of interest (1.5 to 2.8 s) to calibrate the V,/Vs - ¢

relationship at the wells (see Figure 4.22a). In general, this calibration will have to be

done separately for each sedimentological package in a geological formation.
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However, here the relationships for the Jurassic and Paleocene sections are similar
so a single calibration is sufficient as shown in crossplots of ¢ versus V,/Vs (see
Figure 4.23a). In the other hand, the porosity in shallow areas can be seen that
contain only water (GREGORY, 1977), in addition in the graph is highlighted that the
gas-sand saturation occurs in the deeper sediments, besides the ratio V,/V
increases with increasing porosity and also shown that V,/Vs could effectively be
used to separate water-saturated and gas-saturated sediments as porosity

increases.

Figure 4.13: Logs, from well A, showing the three main anomalous zones found by the trend angle
technique, which are compared with the logs of acoustic impedance and Poisson's ratio, (a) acoustic
impedance plot versus depth (b) ratio of P and S velocities and (c) trend angle depending on the
depth.
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Figure 4.14: Logs, from well B, showing the three main anomalous zones found by the trend angle
technique, which are compared with the logs of acoustic impedance and Poisson's ratio, (a) acoustic
impedance plot versus depth (b) ratio of P and S velocities and (c) trend angle depending on the

depth.
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Figure 4.15: The application of angle trend technique in the anomalous zone present in approximately
2000 ms and CMP 600, the log presented was performed by creating a pseudo-well, where were
found the physical parameters necessary for the application of the technical trend angle: (a)
impedance map and (b) trend angle log applied between CMP 500 to CMP 700.
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Figure 4.22a shown the Jurassic sand reservoirs (from 2.0 seg. to more)
correspond to V,/Vs < 2.3, higher V/V values correspond to shales (WANG, 2001),
unconsolidated water-filled sands and water-filled carbonates (CHACKO, 1989;
HILTERMAN, 2001). Comparing the Figure 4.22a and Figure 4.23a we can see that
the Jurassic reservoir sands (at V,/Vs < 2.2) all have total porosity approximate of
22% with error of 4%. Higher porosities occur in the shallower part of the section (at
higher V,/Vs as shown in Figure 4.23a), is believed to be for the environment highly
fractured.

The V,/Vs - ¢ plane still does not produce a unique interpretation in many
situations. However, the critical distinction, which is between hydrocarbon-bearing
sands and all other geologic/reservoir configurations, is defined (see Figure 4.23a).
The ¢ <0.19 and Vp/Vs < 2.2 are the criteria that delineate potential reservoirs in this
area, with decreasing ¢ indicating a higher gas/oil ratio, and decreasing Vp/Vs
indicating a higher sand/shale ratio. As these criteria were locally calibrated, they
appear to be valid locally, they should not be applied to other data sets, which may
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exhibit significantly different relationships. However, the overall procedure should be

generally applicable.

4.4.4 AVO analysis

In this study, the AVO analysis technique was applied for CMP sections of
wellbore A and B (shown in Figure 4.26 and Figure 4.28), also the AVO analysis was
applied to the seismic section in order to relate the results (see Figure 4.24),
consequently three anomalous areas were obtained, two anomalous zones near-
wellbore A, and at the last in the CMP 600 and as a result of this the anomalous
zones encountered during application of analysis by attribute (trend angle) were
confirmed.

Figure 4.30 and Figure 4.31 shows the CMP 808 and CMP 1572 (well A and
well B respectively), showing three anomalous zones A, B and C, to which was
applied an analysis of amplitude to determine the nature of the anomalies, as a result
of this the anomalies A and C are areas with high potential to contain hydrocarbon
(as shown in Figures 4.32 and Figure 4.33 for Well A, and Figures 4.35 and 4.36 for
well B), and moreover, the anomaly B is a seal area, this is estimated due to the
behavior of the amplitude. (As can be seen in Figure 4.34 for well A, and Figure 4.37
for well B).

For the Figure 4.27 and Figure 4.29 a comparison between the synthetic
seismogram, the seismic section seismogram and the Al log are shown, in order to
relate the good well tie obtained by vary the distance of the offset (ranging from 5 to
30 degrees), as a result of this we can see that the amplitudes decrease indicating
the presence of an area with different physical properties.

As shown in Figure 4.26 we can see that the AVO analysis of data from the
well A confirms the presence of hydrocarbon, due to the crossplot that shows
anomalous points belongs to the class IV of AVO classification indicating the
presence of gas sands, though also can be seen that most of the data belongs to
class Il (in classification of the AVO analysis seen in point 2.3.3.1), which indicates
the presence of formation water present. By the other hand, for the Figure 4.28 it is
possible to confirm the presence of formation's water in the well B because of the
crossplot shape, although there are some anomalies belongs to class 1V, due to the

fractured environment which generates this phenomenon called \false positive",
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therefore to confirm the results obtained from the AVO analysis in the well A, an AVO
analysis to the seismic section was performed (specifically in the area of the well A),
which confirmed the results showing that in the area near of well A there is a high

probability of containing hydrocarbon (see Figure 4.24a).

Figure 4.16: Chart showing the comparison between different velocities calculated and measured
velocities (in situ), showing three anomalous areas with a high probability of containing gas sand: (a)
for well A and (b) for well B.
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Figure 4.17: From well A: (a) template that shows the behavior of the physical properties compared to
the elastic properties, where the type of fluid present is classified and (b) template relating the acoustic
impedance with the content of porosity, where we can determine the type of environment present
related to each depth level.
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Figure 4.18: From well B: (a) template that shows the behavior of the physical properties, into the well
B, with the elastic properties and (b) template, showing relating between the acoustic impedance with

the porosity.
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Figure 4.24 a, show the AVO analysis from the seismic section shows the

increase in the P and S velocities within Poisson's ratio, in other words the presence

of hydrocarbon is confirmed, due to the crossplot form, that shows anomalous points

belongs to the class IV, indicating the presence of gas sands. This also confirms the

presence of formation water or brine. Figure 4.24b, show the map of the AVO
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analysis from the seismic section depicted in Figure 4.4. This analysis was performed
using the PROMAX software. The color contrasts are related to the AVO anomalies,
in other words, these different colors mean different lithologies and environments. In
the area concerning to the Jurassic era (interval between 2000 ms and 3000 ms), it
can be seen a highly fractured environment, especially in the vicinity of the well B,
where we can see the influence of the Graben was more higher. In the Figure 4.24c,
shows the impedance map, which shows the variation in lithology by varying the
density, and also shows the diversity of environments present as result of this we can
observed the presence of low densities into of the Jurassic zone, which is caused by
the fractured environment due to the presence of the graben.

The Figure 4.25, shows the maps of AVO attributes, applied in the seismic
section, where the presence of fractures is displayed in regions of the Paleocene and
Cretaceous, and the presence of anomalies in the Jurassic region is confirmed,
indicating the presence of areas of potential hydrocarbon reservoirs, however as
could be determined by applying the technique of angle trend in the well B, the
anomalous zones are produced by fracture, unlike anomalous zones in the well A
and CMP 600, which are confirmed that are produced by the presence of
hydrocarbon (gas-sand).

From Figure 4.32 to Figure 4.36 the trends of amplitudes made to anomalies
A, B and C are shown, with which one can infer the classes to which they belong and
above all try to find the types of fluids present, as a result of this, in Figure 4.32 and
Figure 4.34 can be seen that the amplitude is increasing with increasing offset, so it
is very likely what the fluid present is gas, by the other hand in Figure 4.33 shows
that decrease the amplitude, suggesting a material with very strong impedance
contrast indicating, like a seal. Also can be seen from the graphic that exist a phase
shift thus can be inferred that the fluid contained in the formation can be brine.

Figures 4.35 and 4.36 shows the results of the analysis of amplitude applied to
the formations with stronger reflectivity for the well B, as result of this it is inferred
that these formations present a seal behavior, without much fracture. In the Figure
4.37 shows as an AVO crossplot, where an increasing trend of the amplitude is
shown, which would indicate the presence of different fluid of brine, but however on
the AVO map from the seismic section (see Figure 4.24) no anomalous zone is
shown, as the result of this it can be inferred that this effect called \false positive" is

due to fractured environment of the well B.



69

Figure 4.19: Gassmann methodology applied to anomalous zone A (Figure 4.13) shown in the trend
angle, where we can see the variation of modulus K at different percentages of saturation: (a) log
showing the variation of the bulk modulus, (b) record, where we can see the variation in the P-wave
velocity with the saturation change and (c) record showing that there is not variation in the S-wave
velocity, generated by the saturation changes.
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Figure 4.20: Gassmann theory applied to anomalous zone B in the target section shown in the Figure
4.13, where we can see inter-bedded areas containing high porosity zones and low porosity zones: (a)
bulk modulus K, (b) record showing the change of the P-wave velocity with the saturation change and
(c) record of the S-wave velocity without change by saturation.
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Figure 4.21: Example of trend angle for well A, in case of saturated medium estimated by Gassmann

methodology.
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Figure 4.22: Plot showing the variation of Vp/Vg ratio versus porosity for different depth intervals: (a)
information is for well A and (b) information from well B.
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Figure 4.23: Empirical relationship Vp/Vs versus ¢. This relationship of porosity and Vp/Vs ratio and
type of fluid content are showed for different depth interval: (a) well A and (b) well B.
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Figure 4.24: (a) AVO analysis from the seismic section, where we can confirm the presence of a fluid
with a high potential for gas due to variations position in their physical properties, (b) map of seismic
AVO attribute related to seismic section depicted in Figure 4.4. It can be note that anomalous zones
are related to areas with high rate of fracturing, (c) reflectivity map showing the anomalous zones
present in the CMP 600 as well as anomalous areas close to the well A. We also can see the fractured
zones. All results were obtained by PROMAX software.
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Figure 4.25: (a) Seismic gradient map we can see the anomalous zones is present in the CMP 600
and in the area near the well A, (b) intercept seismic map derived from the application of the AVO
technique to seismic section, (c) map of gradient x intercept attribute related to seismic section
depicted in Figure 4.4. It can be noted that anomalous zones are related to areas with high rate of
fracturing.
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Figure 4.26: AVO analysis from well A, showing the trend of the data, which can infer the presence of
gas sand classification of the fluids contained in the well A.
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Figure 4.27: Comparison between synthetic seismogram and real seismograms from well A. The
geological events are shown (BCU and event 1 and event 2 are cretaceous limits), using the near-
angles stack for wavelet estimation (a) real seismogram, (b) synthetic seismogram and (c) acoustic
impedance log.
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Figure 4.28: AVO analysis applied to the well data B, where the presence of the fluids is mostly water

formation, such analysis is inferred from the trend of the data.
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Figure 4.29: Comparisons between the synthetic seismogram and the seismogram from seismic
section for well B, (a) real seismogram, (b) synthetic seismogram and (c) acoustic impedance log.
Although there are some polarity inversion between the synthetic and real seismic data, most of

section are well correlated.
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Figure 4.30: CMP 808 in variable density color -graph that displays the anomalies found with the
technigue of trend angle: (A) anomaly-1, (B) anomaly-2 - seal and (C) anomaly-3.
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Figure 4.31: CMP 1572 in variable density color - graph that displays the anomalies found with the
technique of trend angle (A) anomaly-1, (B) anomaly - 2 - seal and (C) anomaly-3.
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Figure 4.32: Graph that displays the amplitude behavior and their tendency present in the anomaly A -

well A.
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Figure 4.33: Graph showing the trend in amplitude behavior and the presence of a type of seal at the
anomaly B - well A.
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Figure 4.34: Graph showing the trend in amplitude behavior in the anomaly C - well A.
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Figure 4.35: Graph that displays the amplitude behavior and their tendency present in the anomaly A -

well B.
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Figure 4.36: Graph showing the trend in amplitude behavior and the presence of a type of seal at the
anomaly B - well B.
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Figure 4.37: Graph showing the trend in amplitude behavior in the anomaly C - well B.
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5 CONCLUSIONS

The main objective of this study was to find the optimal workflow for the
identification and classification of anomalous zones present in the seismic data,
because of that three different techniques (angle trend, AVO analysis and RPT
analysis) were used. The AVO analysis was applied mainly for determining amplitude
anomalies present for the results of the re-processing of seismic data. The
methodology of the trend angle was the main methodology used to classify
anomalies in the results of AVO analysis and was also used for the determination of
the origin of anomalies (anomalies generated by the presence of hydrocarbon or
generated by fractured environment). At finally the RPT analysis methodology was
used to classify the fluid content present in the results of the application of angle
trend.

The application of techniques of AVO analysis, RPT analysis and trend angle
were performed for the entire seismic section of the Viking Graben area, allowing
highlight anomalous zones present, as shown in the CMP 600, which by results this
work has a high probability of containing hydrocarbon. The anomalies found between
wells A and B which could prove their origin (caused by faults or hydrocarbon
content), anomalous zones found in the area near the wells A and B area are
confirmed in the forefront in the study of Madiba and McMechan (2003).

In general, from interpretation and results obtained from trend angle and AVO
techniques demonstrate that the potential is high for the presence of hydrocarbon in
the seismic section from Viking Graben area which has different amplitude
anomalies, of which anomalies near the wells A and B and the present in the CMP
600 were tested and classified by application of AVO analysis, and trend analysis
angle RPT.

The main technigue used to determine the amplitude anomalies on seismic
data was the AVO analysis, which could determine variations in the P-wave velocity
while passing through different environments (solids, fluids and fractured). The
application of AVO analysis allowed us to observe different areas, in the seismic
section, contain high hydrocarbon potential, but due to highly fractured environment,

most of the bright spots are generated by the presence of fractures which are called
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false positives.

In the application of the RPT analysis (Rock-physics template) and trend angle
techniques, the results showed a way to discretize, to some degree, the presence of
fluid detected in the wells A and B, using templates of rock-physics and attributes
analysis (in this case the trend angle), which it have a high probability to contain gas
sand. Additionally, it was shown that the methods used: (a) trend angle and (b) rock
physics template can be discretized in some degree the type of fluid present in the
reservoir. Beyond that, as mentioned before, the results obtained by applying the
trend angle methodology in real well-logs data, resulted in three very remarkable
anomalies, two of which indicate the presence of areas most likely to contain fluids
economically profitable (oil and gas). The remaining anomaly indicate the presence
of a material that does the work of seal and due the amplitude behavior suggest a
very compact material.

In the application of the AVO and RPT analysis techniques and methodology
of trend angle, we can see the need to have an environment with high s/n ratio in
order to try to eliminate the ambiguity of the results is also necessary to make good
seismic data processing, which preserve and keep the amplitudes as close to the
field amplitudes acquired.

How suggestions for future work, we highlight the implementation of the
technique of inversion of seismic data combining rock physics (MAVKO et al., 2008),
to calculate the data matrix implemented in the methodology trend angle, which
would be an advantage for the characterization of the area.

With this study was possible to better understand the characteristics of the
data and techniques to apply for reservoir characterization, identifying key steps to
get the best possible results. The present study is the first step in developing an
inversion of seismic data for improved reservoir characterization, which would be
closest to the geological environment model. Because the methodologies used have
a high sensitivity to the data, any optimization performed in later works this will be of

great importance, as it will help in improving the method which is the main objective.
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A GEOLOGY

The geology of the North Sea describes the geological features such as
channels, trenches, and ridges today and the geological history, plate tectonics, and
geological events that created them.

The basement of the North Sea was formed in an intraplate setting during the
Pre-Cambrian. Rigid blocks were overlaid with various depositions, sands and salts.
These rigid blocks were transformed to a metamorphic base due to tectonic
processes such as continental collisions which cause horizontal pressure, friction and
distortion in the Caledonian plate cycle as well as the Variscan plate cycle. The
blocks were also subjected to metamorphic evolution during the Triassic and Jurassic
periods when the rock was heated up by the intrusion of hot molten rock called
magma from the Earth's interior (GLENNIE; UNDERHILL, 1998). The total petroleum
system and corresponding assessment unit coincide with the extent of oil and gas
accumulations and thermally mature, organic matter-rich marine shales of late
Jurassic and earliest Cretaceous age in and adjacent to the Viking Graben of the
northern North Sea.

The Caledonian (lapetus) plate cycle saw the formation of the lapetus suture
during the Caledonian orogeny. The lapetus suture was a major weakness creating a
volcanic fault in the central North Sea during the later Jurassic period. The lapetus
Ocean was replaced with a suture line and mountain range when Laurentia, Baltica
and Avalonia continents collided. This collision formed Laurussia (GLENNIE;
UNDERHILL, 1998). Triassic and Jurassic volcanic rifting and graben fault systems
created highs and lows in the North Sea area. This was followed by late Mesozoic
and Cenozoic subsidence creating the intracratonic sedimentary basin of the North
Sea. This era experienced higher sea levels because of sea floor spreading, cooler
lithosphere temperatures. Plate tectonics and continental orogenies combined to
create the continents and the North Sea as we know them today. The final events
aecting the North Sea coastline features and submarine topography occurred in the
Cenozoic era.

The subsurface of the North Sea area is dominated by grabens: the north-west
south east oriented Lower Rhine Graben under the southern North Sea and the
Netherlands, RITSEMA et al. (1982) the north-south oriented North Sea Central
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Graben that begins north of the Dutch coast and ends in the region east of Scotland,
and the “VIKING GRABEN” along the south-east Norwegian coast (RITSEMA et al.,

1982).

The Horn Graben is a smaller graben east of the Central Graben and in front
of the Danish coast (ARVID; LARSEN, 2000; RITSEMA et al., 1982). Another smaller
structure is known as the Terschelling Graben which borders the Central Graben in

the West, just north of the Netherlands. A larger graben is found in the subsurface

below the Skagerrak, this north-south structure is called the Bamble-Oslo Graben.
TREWIN (2002) speak that the Viking Graben is separated from the Faeroe Shetland

Basin below the Atlantic by the Shetland Platform, the two structures join in the area

north-east of the Shetland Islands (see Figure A.1).

Figure A.1: Map of the Viking Graben area.
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Source: Jonk; Hurst; Duranti; Parnell; Mazzini and Fallick (2005), modified from (Brown, 1990)

Virtually all significant oil and gas accumulations in the northern North Sea are

believed to have been generated within certain fine grained, organic-carbon-rich

marine strata of late Jurassic and earliest Cretaceous age (SPENCER et al., 1993).

These Kimmeridgian shales accumulated in oxygen-starved rift basins and may

locally attain thickness of 3000 m.
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Figure A.2: Schematic representation of a horst and grabens succession.
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Source: R. Jonk, A. Hurst, D. Duranti, J. Parnell, A. Mazzini, and A. E. Fallick (2005)

The actual source rocks are black shales that display high radioactivity and
have total organic carbon (TOC) contents of 2 to 15 percent or more and average
about 5 percent TOC. The typical kerogen types within the hot shales are mixtures of
organic matter commonly described as type Il kerogen reflecting a mixture of
planktonic marine algae and degraded terrigenous humic organic matter (ABBOTTS,
1991).

Burial of Viking Graben source rocks has been more or less continuous from
the time of deposition until the present day. Some source rocks achieved thermal
maturity with respect to oil and gas generation as early as late Cretaceous time and
continuing to the present day in some areas. Thus newly generated oil and gas has
been available to traps almost continuously during post-early Cretaceous Viking
Graben history (PEGRUM; SPENCER, 1991). At various places within the Viking
Graben, oil and gas migration has occurred laterally, stratigraphically downward, and
vertically upward into and through permeable rocks and fractures of pre-rift, syn-rift,
and post-rift age.
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Figure A.3: Comparison between stratigraphic column for northern North Sea reservoir rocks
(afterPars-ley, 1990) and gamma ray log from the well A in the Viking Graben field.
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Significant reservoir rocks include Triassic rocks and outstanding lower to
middle Jurassic sandstone reservoirs, including those of the Brent Group, deposited
prior to latest Jurassic rifting (BROWN, 1990). Submarine fan complexes containing
excellent sandstone reservoirs formed contemporaneously with Late Jurassic rifting.
Also, upper Jurassic sandstone reservoirs of the Troll Field reservoir are hundreds of

meters thick, with porosity in excess of 30 percent. Submarine fan and channel
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sandstones of Paleocene age also constitute significant reservoirs in the Viking
Graben.

Largest accumulations occur within fault blocks formed during rifting.
Stratigraphically entrapped hydrocarbons occur abundantly in submarine channel
and fan complex sandstones deposited during and subsequent to rifting (PEGRUM,;
SPENCER, 1991). Extra-rift sandstones of the Troll Delta also stratigraphically entrap
hydrocarbons. Fine-grained marine mudstones of Tertiary age generally blanket and
deeply bury most traps in the Viking Graben and provide a generally effective
regional seal in addition to that provided by stratigraphic lithology heterogeneities
Spencer et al. (1993).
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B GASSMANN'S THEORY

There are several theories that compare the elastic properties of dry and
saturated rocks. These models have mainly been explained by pore-elastic theories
or effective medium theories. The Gassmann's model which is commonly used in
petroleum rock physics is suitable for rocks with spherical and interconnected pores
at low frequencies.

To extract fluid types or saturations from seismic, crosswell, or borehole sonic
data, we need a procedure to model fluid effects on rock velocity and density.
Numerous techniques have been developed. However, Gassmann's equations are
by far the most widely used relations to calculate seismic velocity changes because
of different fluid saturations in reservoirs. The importance of this grows as seismic
data are increasingly used for reservoir monitoring.

According to Smith et al. (2003) the fluids substitutions are an important part of
any seismic attribute work, because provided to the interpreter with a valuable tool
for modeling various scenarios of fluid, which could explain the anomaly amplitude
variation with offset (AVO). Gregory et al. (1958) and Wyllie et al. (1956) proposed an
empirical relation-ship to model the velocity and porosity, which was subsequently
extended by Raymer et al. (1980). However, the work of Gassmann (1951) are the
most used as these relate the bulk modulus of a rock and pore, structure and the
properties of fluids.

Gassmann's formulation is straightforward, and the simple input parameters
typically can be directly measured from logs or assumed based on rock type. This is
a prime reason for its importance in geophysical techniqgues such as time-lapse
reservoir monitoring and direct hydrocarbon indicators (DHI) such as amplitude bright
spots" and amplitude vs. offset (AVO).

The Gassmann equation is the most common way of performing a fluid

substitution model from one known parameter.

B.1 Gassmann's Equations

-1

Kfl - a + Kgas
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4
Kary = o [W? =32, ®2)
Kdr'y)2
[<1_Kmin Kar
Ksar = Kdry 0o ol Kgi .y, (B.3)
K_fl+Kmin] -
= (B.4)
G
Vs = /E' (B.5)

where K is the bulk modulus of the fluid, Sw is the saturation of the fluid, Kw is the
bulk modulus of the fluid, Kgas is the bulk modulus of the gas, Kary is the bulk modulus
of the dry rock, p is the density, Vp and Vs are the P-wave and S-wave velocities, Ksat
is the bulk modulus of saturation, Kmin is the bulk modulus of the matrix, ® is the

fraction of the porosity and the G is the shear modulus.

Numerous assumptions are involved in the derivation of Gassmann's equation:

e Porous material is isotropic, elastic, monomineralic, and homogeneous,

e Pore space is well connected and in pressure equilibrium (zero frequency
limit),

e Medium is a closed system with no pore fluid movement across boundaries;

e No chemical interaction between fluids and rock frame (shear modulus

remains constant).

Many of these assumptions may not be valid for hydrocarbon reservoirs, and
they depend on rock and fluid properties and in-situ conditions. For example, most
rocks are anisotropic to some degree. The work of Brown and Korringa (2005)
provides an explicit form for an anisotropic fluid substitution. In seismic applications,
it is normally assumed that Gassmann's equation works best for seismic data at
frequencies less than 100 Hz (MAVKO et al., 1995). Recently published laboratory

data (BATZLE et al., 2006) show that acoustic waves may be dispersive in rocks
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within the typical seismic band, invalidating assumption 2. In such cases, seismic
frequencies may still be too high for application of Gassmann's equation. Pore
pressures may not have enough time to reach equilibrium. The rock remains

unrelaxed or only partially relaxed.

B.2 Gassmann's Procedure

Given an initial set of velocities and densities (Vp1, Vg1, p1) corresponding to a

rock with an initial set of fluids, you can compute the velocities and densities of the
rock with another set of fluid. Often these velocities are measured from well logs, but

might also come from a theoretical model.

1. Step 1: extract the dynamic bulk and shear moduli from V;, Vsiand p 4,

sat (( 1)2 - S (Vsl)z)» (B.6)

tsar = p(Vs1)?. (B.7)

2. Step 2: apply Gassmann's relation, of the following form, to transform the
saturated bulk modulus,
2 1
Kot Kf1uia _ Ko Kfiuia
Kmin_K.s?at @(Kmln_K?luld) Kmin_Ks:'lat Q)(Kmm_K}luld)

,  (B.8)

Rearranging for Ksat

Kmin
Kéae = - - - = (B.9)
Kl Kfwia | Kfuid
1 ! 2
Kmin— Ksat Q(Kmin_Kfluid) Q)(Kmin_Kfluid)

+1

where K, and K2, are the rock bulk moduli saturated with fluid 1 and fluid 2, and

KYuig @and K2, ;4 are the bulk moduli of the fluids themselves.

3. Step 3: leave the shear modulus unchanged (rigidity is independent of fluid
type),
2 .1
Wsat = W sat. (B.10)
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4. Step 4: correct the bulk density for the change in fluid,

p2 = p1+ ¢ (P*fid - P iuid)- (B.11)

5. Step 5: recomputed the fluid substituted velocities,

(B.12)

Ve, = [=sat (B.13)

No model can be recommended as the best model for a given rock or
reservoir formation in advance. Microstructure is one of the main factors that control
the elastic properties of the rocks, so before any choice of model, the rock
microstructure must be studied in detail. Gassmann's model has several underlying

assumptions that restrict the model's universal use.



