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ABSTRACT

My thesis focuses on building and implementing a workflow for velocity ratio -
Vp/Vs volume estimation. This research emphasizes the use of both pure shear and
converted wave data for Vp/Vs estimation through traveltime calculations resulting in
interval Vp/Vs and the impedance inversion of seismic reflectivity introducing high
resolution Vp/Vs.

Impedance inversion and Vp/Vs estimations provide valuable information for
improved reservoir characterization. The stack of producing sandstones and their general
trend in the investigated reservoir is described and modeled by the high resolution
velocity ratio volumes. The presented methodology produces robust outcomes, as
seismic derived Vp/Vs is well correlated with log derived Vp/Vs.

Vp-Vs velocity ratio is a determinant of reservoir rock quality in the tight gas
sandstone environment. The presence of gas lowers the velocity ratio below 1.6. My
estimates of Vp/Vs from multicomponent seismic data confirm this result. Analysis of
obtained Vp/Vs volumes in combination with the results from other independent studies
performed on the field data reveal a good agreement between reservoir rock quality and

velocity ratio values.
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CHAPTER 1

INTRODUCTION

The research is conducted within the Reservoir Characterization Project (RCP) at
Colorado School of Mines. The aim of the project is to develop and apply multi-
component, time-lapse seismology techniques and to integrate them with other
geological, geophysical and petroleum engineering disciplines for improved reservoir
recovery.

Phases X and Xl of the project include study of the tight gas sandstone and
coalbed reservoir of Rulison field, which is a part of the Piceance basin located in
Western Colorado (Figure 1.1). The unconventional gas bearing reservoir requires a
special approach to help unlock gas in place in the Piceance basin (Johnson et.al. 1987).
Characterization of the reservoir by means of seismically derived Vp/Vs is potentially

one of these approaches and the purpose of this thesis is to test its application.

1.1 Characterization And Production Challenges

Unconventional gas is a great potential hydrocarbon resource. Along with
discovered and developed conventional reservoirs, more attention is now being drawn to
unconventional gas from tight sandstone reservoirs. The discovery and production of
sandstone bodies containing producible gas is the main goal for operating companies in
the Rocky Mountain Region. The gas-rich play at Rulison field, located in the western
part of Colorado, involves discontinuous sandstones. These bodies would require a
significant number of wells to be drilled, which is not economically and environmentally
beneficial. Sweet spots or areas of higher reservoir quality need to be identified to

optimally position wells. The characterization of a tight gas sandstone reservoir is a



challenge and all available techniques, methods and data resources in conjunction with a
multidisciplinary approach are needed to understand and assess the full potential of the
gas accumulation at Rulison field.

The study area exhibits very complex geology, creating a highly heterogeneous
reservoir environment. The reservoir consists of a mixture of sandstone, shale and shaly
sandstones. Unlike conventional reservoirs, the tight gas sandstones (defined because of
low porosity and permeability), bear no free water. The water is concentrated above the
reservoir and an unusual aspect of the reservoir is a continuous gas column with no free
water over an interval of up to 2000 feet.

Traditionally, this type of the reservoir is developed and produced by hydraulic
fracturing the production interval. The gas flow is naturally maintained by pressure. To
increase the gas flow from in-situ depositions to the producing well and consequently to
the surface, specifically mixed fluid is pumped into the reservoir interval at high pressure.
This causes fractures to open and increase the permeability of the rocks.

The production from unconventional gas reservoirs, such as Rulison field
becomes very costly and challenging. Because of the reservoir heterogeneity, the
approach chosen in the industry is to complete multiwells with dense spacing hoping that
gas bearing sandbodies can be penetrated and produced. An often encountered problem
is establishing the sandbodies’ connectivity from well to well even at 10 acre (660 ft)
spacing. Another problem is determining what intervals are flowing and which are not as
these wells are depleted over the production interval.

Unconventional tight gas exploration and exploitation generally ignores seismic
application as a characterization tool for this type of reservoirs. The reason is low
reflectivity of conventionally acquired compressional wave data, especially in the gas
saturated section. Acquisition of 9-C seismic surveys and dipole sonic logs by RCP
within the area of study are changing the landscape of seismic applications to tight gas.

Multicomponent seismic brings the opportunity to analyze P-wave and S-wave

type velocity. In combination, these parameters provide better characterization tool, than
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Figure 1.1 Piceance basin location (courtesy: TICORA, 2002).

each single of them. The studies conducted by researchers at different time emphasize
the fact that velocity ratio of compressional and shear wave velocity — Vp/Vs can be used

for rock quality determination.

1.2 Previous Studies Of The Vp/Vs Application
Many studies were conducted to understand the relationship between Vp/Vs and

reservoir parameters. This subchapter summarizes the analytical framework of these
studies.

Multicomponent seismic data are necessary for improved reservoir
characterization and monitoring. Tatham and McCormack (1991) indicted that virtually
any change in the structure or composition of a solid will induce change in the

propagation characteristics of elastic waves. Considerable work has been done in



laboratories to understand the dependence of elastic properties on lithology. Anderson
and Liberman (1996) measured elastic moduli and velocities in typical rock-forming
minerals. Pickett (1963) determined unique Vp/Vs values for clean, well-consolidated
sandstones, dolomites and limestones and constructed the diagram where each lithology
type concentrates within its own Vp/Vs line. Later, a group of researchers including
Nations (1974), Kithas (1976), Benzing (1978), extended the Pickett diagram with the
results from well logs. Typical sedimentary rocks were studied by Domenico (1984).
His measurements revealed ranges of VVp/Vs for such rocks, as water-saturated sandstone,
calcareous sandstone, limestone and dolomite. Vp/Vs values of unconsolidated marine
shales, about 2.6, estimated by Hamilton (1979) were recently updated with consolidated
shale Vp/Vs, extracted from seismic data. Various values for different samples of shales
are reported by a number of researchers. For example, the Grayson shale has an
estimated Vp/Vs of 2.43 and above (Geyer and Martner, 1969), the Pierre shale ranges
from 2.7 for low (McDonal et al. 1958) and 2.93 for high (Krishnamurthi and
Balakrishna 1953). Tatham and McCormack (1991) explain that shale cores suffer
irreversible changes in being transferred from the borehole to the laboratory that cannot
be corrected by restoring the sample to the original in-situ conditions. So, the core
measurements have such disadvantages as uncertainties in the precise composition,
volume and condition of the sample being measured.

P-waves and S-waves are very sensitive to porosity variations. Some early
empirical relationships between velocity and porosity for very soft, unconsolidated,
marine sediments were derived by Wood (1949) and verified by Hamilton (1972).
Equations proposed by Pickett (1963) were analyzed by Domenico (1984). The samples
of clastic silicate rocks, studied by Castagna et al. (1985), provided an empirical
relationship, which also includes clay content.

Pore fluid content versus Vp and Vs, and Vp/Vs was widely covered in the
literature. Domenico (1976) concluded that P-wave and S-wave velocities are relatively

insensitive to mixtures of gas and liquid pore fluids up to liquid saturation level of about



90 percent. At this point, his graph demonstrated a rapid increase of compressional wave
velocity, while shear wave velocity stayed almost unchanged.

Variations in pore shape affect Vp and Vs. This theory was described by Toksdz
et al. (1976). One can apply the model, built by Toksdz, for Vp/Vs prediction in rocks
with various aspect ratios of pores (Tatham and McCormack 1991).

Pore shape can play a significant role in anisotropy. Anisotropic environment has
a significant effect on the wave propagation. For instance, entering anisotropic medium,
a S-wave splits into fast and slow propagating shear waves. P-wave velocity also differs
with the direction, along or across the fractures. To compute velocities of those elastic
waves, a method was developed by Crampin (1978). An experiment was conducted on a
solid sample with small concentration of parallel cracks. The elastic anisotropy for
Chelmsford granite, Chicopee shale, and Berea sandstone was laboratory measured (Lo et
al., 1986). P-wave and S-wave anisotropy exhibited different behavior while differential
pressure was changed in each of these rocks.

Tatham and McCormack (1991) showed differential pressure, depth of burial, and
consolidation as a function of velocity ratio. These relationships were established based
on core samples of limestone and sandstone. The results confirmed fundamental
morphological differences in carbonate and clastic pores.

Increasing temperature with depth changes Vp and Vs. This topic was covered by
Timur (1977), who concluded that for a large set of sedimentary rocks, average decrease
for P-wave velocity was 1.7 and for S-wave — 0.9 percent for a 100° C rise in
temperature. For oil-saturated sandstones, however, velocity decrease of about 35 % was
recorded for both types of waves as temperature increased for a 100° C (Tosaya et al.
1984).

The recent research by Rojas (2005) conducted at Rulison field confirmed the
importance of the velocity ratio - Vp/Vs parameter for the reservoir characterization. Her
work is directly related to the current research in that it quantifies Vp/Vs variations due to

changes in pressure, lithology and pore fluid in tight gas sandstones. Tight sandstones



will typically have a VVp/Vs lower than 1.7, while shales will have Vp/Vs higher than 1.7.

Typically, the presence of gas-saturated sandstones lowers the Vp/Vs to 1.6 and below.
The overpressured zones can affect velocity ratio and decrease Vp/Vs values to as low as
1.4. Thus, Vp/Vs is an important geophysical parameter for tight gas reservoir
characterization at Rulison field. Promising results from Rojas (2005) laboratory

measurements motivated the presented work.

1.3 Research Objectives

This research is focused on developing a methodology for Vp/Vs velocity ratio
estimation from multicomponent seismic traveltimes and amplitudes and its application
to reservoir characterization and prospect delineation in the tight gas reservoir at Rulison
field. 1 develop a technique to output a small sampled Vp/Vs volume over the reservoir
interval at Rulison field. The volume helps to foster and develop cooperation between
geologists, geophysicists, petrophysicists and engineers.

The main study objectives include:

a) Use multicomponent seismic data for developing a workflow for Vp/Vs
estimation with an improved vertical resolution in contrast to traveltime
estimations. | involve a detailed analysis and testing of the results from each of
the applied methods and steps. Thus, this work may serve as guidance for the
future application of the workflow in a tight gas sandstone environment.

b) Analyze the difference of output Vp/Vs while applying PP-S11 and PP-PS1
combinations. This procedure enhances the interpretability and reliability of the
results.

C) Convert the Vp/Vs values to reservoir parameters through the tie with rock
physics laboratory measurements of the cores. Lithology, fluid content and
pressure conditions influence the propagation characteristics of compressional and
shear waves. The Vp-Vs velocity ratio is an input component for 3D reservoir

modeling and characterization.



I show that estimated Vp/Vs volumes are tied back to the well log data. This fact
provides us with confidence in the results and confirms the applicability of the used

methodology in the area of investigation.

1.4 Thesis Outline
The thesis research is explained in six chapters. The first chapter provides an

introduction to the area of investigation, geological settings and background information.
The methodology applied and workflow for Vp/Vs estimation from multicomponent
seismic data is provided in Chapter 2. Described is the seismic interpretation as the
beginning of the process. Modeling of multicomponent subsurface recordings, wavelet
extraction, well tie, picking horizons on seismic data and proper time domain calibration
are the main procedures for interval Vp/Vs calculation. The applied model-based
inversion for impedance is explained in chapter 3 and the results of P- and S-impedance
are demonstrated. The methodology for Vp/Vs derivation from seismic amplitudes is
presented in chapter 4. Chapter 5 covers interpretation of the Vp/Vs results and their
applicability for the tight gas reservoir characterization. Chapter 6 summarizes the
conclusions deduced from the research, and indicates the possibilities for future work in

this area.

1.5 Geological Setting Of The Piceance Basin

The Piceance basin occupies about 4,000 mi? and is bounded on the west by the Douglas
Creek arch, on the north by the Axial fold belt, on the east by the White River uplift and
on the southwest by the Uncompahgre uplift (Figure 1.2). Figure 1.2 illustrates the
location of the main gas fields within the basin. Most gas production in the Piceance
basin is from discontinuous fluvial sands of the Williams Fork Formation of the upper
Cretaceous Mesaverde Group (McFall et. al. 1986). The sandstones and shales were
deposited in a series of regressive marine and nonmarine environments (McFall et. al.

1986, Johnson 1989). Figure 1.3 is a stratigraphic section and the reservoir interval



within the Mesaverde Group. The Mesaverde Group is underlain by the marine Mancos
shale and overlain by the lower Tertiary Age Fort Union and Wasatch Formations,
consisting of fluvial sandstones and shales. Completions are in the Mesaverde interval,
which covers about 7,225 square miles and ranges in thickness from about 2,000 feet on
the west to about 6,500 feet on the east side of the basin (Johnson 1989).

1.5.1 Piceance Mesaverde Williams Play

The tight gas Piceance Mesaverde Williams Fork Formation consists of low-
permeability sandstones, with trapped gas in a typical continuous-type basin-center gas
accumulation, containing gas downdip and water updip. This play is horizontally
bounded by mapping the thermal maturity of sandstone reservoirs in the Upper
Cretaceous Williams Fork, whose thickness ranges from about 1,500 ft to 4,500 ft
(Johnson et al. 1987). The fluvial sandstone reservoirs vary greatly in thickness and
lateral extent. Individual point bar deposits in the lower Williams Fork are typically less
than 15 ft and commonly have lateral extents of 500-1000 ft. Thicker, more laterally
continuous sandstones, can reach a thickness of over 100 ft and are probably the result of
amalgamation (Lorenz et. al 1985, Cole and Cumella 2003). Johnson et al. (1987)
mentioned that thermal maturity of the Mesaverde group is not only a major control on
gas generation but also a major factor in determining reservoir quality.

Low permeability and overpressure creates a reservoir system saturated with gas
rather than water (Reinecke et al. 1991). Scheevel and Cumella (2005) explain that
overpressuring resulted in pervasive natural fracturing. Figure 1.4 sketches the gas
migration vertically through the fracture system evolved in the lower part of the Williams
Fork. The continuous gas saturated interval is overlain by a transition zone containing
both gas- and water-bearing sandstones (Figure 1.4). These sandstones commonly have
better porosity and permeability than those in the continuously gas-saturated interval
(Scheevel and Cumella 2005).



1.5.2 Petroleum System Of The Piceance Basin

The source rocks for the Williams Fork Formation are interbedded gas-prone
shales, mudstones, siltstones, and coals (Johnson and Roberts 2003). Spencer (1989)
claims that the gas was generated and migrated into the reservoirs in Tertiary time. Both
stratigraphic and diagenetic trapping mechanisms occur in the formation. With
knowledge of the source, reservoir, seal and overburden rocks, and the processes of trap
formation and the generation-migration-accumulation of petroleum, one can characterize
the petroleum system. A petroleum system can be defined then as a natural system that
includes source rock and all related geologic elements and processes that are essential if a
hydrocarbon accumulation is to exist (Magoon and Dow 1994). Figure 1.5 illustrates the

petroleum system chart for the Piceance basin.

1.5.3 Tectonic Evolution Of The Piceance Basin

The study of the structural and tectonic evolution of the Piceance basin indicates
that basement faulting, resulting from tectonics during the Precambrian, Pennsylvanian
and the Laramide and younger events have shaped the development of major fault
systems. Figure 1.6 depicts the tectonic history of the area. Kuuskraa et al. (1997)
indicate that a reactivated paleohorst and SW-NE directed regional shortening produced
the dominant regional deformation and structures in the southeastern basin, including the
Rulison Anticline. The basin has experienced WNW and EW compression from
Holocene to present.

Given the structural and depositional history of the basin, the vertical overburden
stress appears to be similar in magnitude to the maximum horizontal compressive stress.

As a result, fracturing has occurred perpendicular to both the least and the intermediate

stress orientations, creating a mix of N30 W, N60°E and N70°-80°W sub-vertical fracture
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abstracts/extended/yurewicz/images/fig01.htm).

trends, as shown in Figure 1.7.
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1.6 _The Study Area: Rulison Field
Now that the complex geology of the Piceance basin is explained | will

concentrate on the area of interest, Rulison field, shown in red in Figure 1.2. According
to Kuuskraa et al. (1997) the Williams Fork lenticular sand formation in the Rulison field
area holds a high concentration of gas in place, estimated at 160 Bcf per square mile in
the sand plus another 40 Bcf per square mile in the Cameo coals. The distribution and
connectivity of the fluvial tight-gas sandstones significantly impact reservoir productivity
and ultimate recovery. The highly discontinuous nature of these sandstone bodies is the
primary justification for 10-acre well density. This tight drilling density is necessary to
intersect the relatively isolated fluvial sand bodies.

The main reservoir interval includes low permeability fluvial sandstones, shales,
and coal. Heterogeneity of these fluvial deposits include large scale stratigraphic
variability associated with vertical stacking patterns and structural heterogeneities
associated with faults that exhibit lateral and reverse offsets. Within the various types of
fluvial sandstones, internal heterogeneities caused by fractures and lateral accretionary

bedding are also significant (Vargas et al. 2006).

1.6.1 Production History

Piceance basin gas production began in the 1950’s, sourced from the main gas
fields concentrated mostly in southern portion of the basin including Rulison, Parachute,
Grand Valley, Mamm Creek, and Sulphur Creek fields (U.S. Geological Survey Digital
Data Series 69-B, 2005).

Rulison field experienced high growth in production during the last several years.
As Hemborg (2000) indicated, average annual gas production per well during 1980
through 1989 was 32 million cubic feet (MMcft), and the averaged climbed to 84 MMcft
from 1995 to 1999. This is graphically presented in Figure 1.8, annual production
volumes and well counts from the Rulison field from 1970 to 1998.
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Figure 1.4 Schematic cross section illustrating gas migration model for the Mesaverde in

the Piceance Basin (courtesy: Scheevel and Cumella 2005).
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The most recent data were obtained from COGIS (Colorado Oil and Gas
Conservation Commission).  Figure 1.9 indicates that production has improved
significantly since 2000. At that year, the average production was 608 MMCF and by the
end of 2005 it reached the point of 45290 MMCF.

1.7 Seismic And Well Log Data Set

The research | concentrate on involves delineation of the lithology component of

the reservoir using fully processed and stacked 3D seismic volumes including
compressional, pure shear rotated for fast S11 and converted rotated for fast PS1 wave
data. The RCP multicomponent seismic data | used were acquired in 2004 with the
parameters summarized in Table 1.1 and the area of investigation is shown in Figure
1.10. The survey covered an area of 7260 X 8250 ft. General processing flows of P-,
pure S-, and converted PS-wave data are outlined in Tables 1.2, 1.3 and 1.4. The
importance of selecting the proper data processing programs, parameters, and sequences
of processes to produce multicomponent seismic stacked sections for joint interpretations
cannot be overemphasized (Tatham and McCormack 1991). The data were processed in
a 4-D manner together with the 2003 datasets to enhance the repeatability and to extract
time-lapse information. Information from wells is utilized to obtain, test and verify the
results of processing. Geometrical spreading correction was applied to all volumes.
Surface consistent amplitude equalization was used to preserve the amplitudes. After the
trim statics, amplitude equalization was aimed to visually enhance the amplitudes.
Poststack migration was followed by another amplitude equalization procedure. The last
two equalizations were not to preserve the actual amplitudes.

As a result of a 10-acre infill drilling program by Williams Exploration Company,
the study region within the survey has good well coverage with over 80 wells within the
2.15 mi‘area. Gamma ray logs are used to simulate the distribution of sand bodies in the

reservoir.
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Figure 1.8 Rulison Field annual production volumes for Wasatch Formation and
Mesaverde Group reservoirs and annual well counts for the same reservoirs from 1969 to
the end of 1998. (From Hemborg, 2000)
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Figure 1.9 Rulison field annual production volumes and annual well counts from 2000 to
the end of 2005 (the data used are from COGIS).
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Sources Receivers
Mertz 18, IVI TRI-AX, VIBPRO 3X 1/0 VectorSeis
electronics 15 s for P-source
5-120 Hz (P) and 5-50 Hz (S) 16 s for S-source
6 sweeps over 10 s 330 feet line spacing
660 feet line spacing 110 feet group spacing
110 feet source spacing 66 groups per line
75 sources per line 26 lines
12 lines Static patch, all live
708 source points

Table 1.1 Acquisition parameters for 2003 and 2004 seismic data (acquired by Solid
State).

Velocity information is extracted form the well logs, registered within the RCP
study area, and outlined in Figure 1.10. The controlling well, RWF 332-21, where a
cross-dipole sonic log was run, is located in the southeast part of the survey. P- and S-
wave data from this wellbore are used for the well tie involving correlation with the
seismic and simple impedance model building. A blind test of the results from the study
is performed on the data from a new drilled well RWF 441-20. This well contains P- and

S-wave borehole velocity measurements registered by the cross-dipole sonic log tool.
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Figure 1.10 Location of RCP’s 4D 9C survey area and some wells involved in the
research (courtesy: Williams Oil Company).



Tilt correction for Vectorseis phone applied in Field

Demultiplex/Geometry/First Break Picks

Refraction Tomography Statics

Manual Trace Edits/Amplitude Recovery — T2

Surface Consistent Amplitude Equalization and Deconvolution

Velocity Analysis (Preliminary)

Surface Consistent Statics (Preliminary)

Velocity Analysis (Final)

Surface Consistent Statics (Final)

First Break Mutes

Trim Statics

Amplitude Equalization — Mean Scaling

Stack

Noise Attenuation (FXY Deconvolution)

Migration — Kirchhoff

Filter — 5/10-100/110 hz 0-1600 ms, 5/10-80/95 hz 1600-2800 ms

Amplitude Equalization — Mean Scaling

Table 1.2 P-P data processing flow (processed by Veritas Geoservices).
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Tilt correction for Vectorseis phone applied in Field

Demultiplex/Geometry(asymptotic binning)

Manual Trace Edits/Amplitude Recovery — T2

Surface Consistent Amplitude Equalization

Rotate inline and Crossline Horizontal components using shot and receiver

coordinates

Deconvolution (Surface consistent)

Velocity Analysis (Preliminary)

Horizon based station drift and long wavelength statics applied

Surface Consistent Statics (Preliminary)

Noise attenuation (Radon transform)

Velocity Analysis (Final)

Surface Consistent Statics (Final)

First Break Mutes

Trim Statics

Amplitude Equalization — Mean Scaling

Depth variant binning and stack

Migration — Kirchhoff

Filter — 4/8-50/60 hz 0-2400 ms, 4/8-35/50 hz 2400-4000 ms

Amplitude Equalization — Mean Scaling

Table 1.3 P-S data processing flow (processed by Veritas Geoservices).
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Demultiplex

Geometry

Manual Trace Edits

Polarity Correction — Shot and Receiver

Amplitude Recovery — T2

Surface Consistent Amplitude Equalization

Alford Rotation — N45W

Surface Consistent Deconvolution

Source/Receiver Statics — From P-S Data

CDP Gather

Velocity Analysis (Preliminary)

Noise Attenuation — Radon Transform

Surface Consistent Statics (Preliminary)

Velocity Analysis

First Break Mutes

Trim Statics

Amplitude Equalization — Mean Scaling

Stack

Noise Attenuation (Fxy Deconvolution)

Migration — Kirchhoff

Filter — 4/8-30/40 Hz 0-3000 MS, 4/8-25/35 Hz 3000-6000 MS

Amplitude Equalization — Mean Scaling

Table 1.4 S-S data processing flow (processed by Veritas Geoservices).
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1.8 Seismic Data Quality

Figures 1.11 — 1.13 show migrated record sections for compressional wave, shear
wave and converted wave data. Stacked data are less vulnerable to noise presence. The
data are presented in their original time scale, which is the time that was spent by each
wave type to pass through the same interval. The UMV-shale and Cameo-coal horizons
bound the main reservoir interval. They can be easily recognized on seismic by the
strong reflectors. The events are horizontally stratified in general. The time structures of
both of the reservoir bounding events in Figures 1.14 and 1.15 demonstrate slightly updip
structure in the south-west direction. UMV to Cameo isochron maps from
multicomponent data presented in Figure 1.16 show similar trends. Seismic parameters,
traveltime and amplitude are involved in the process of Vp-Vs velocity ratio estimations.
RMS amplitude maps are generated from compressional wave data at the top, bottom and
middle of the interval of interest (Figure 1.17). Low amplitudes appear on the edges of
the survey due to low fold and inadequate aperture imaging.

Displayed in Figures 1.18 and 1.19 are pure mode fold maps for PP and SS
surface registered data. As observed, the survey fold using 50°x 50’ bin size is 225 at all
offsets for the compressional data, and up to 65 at 4000 ft maximum offset for the shear
wave data. Therefore, the actual Vp/Vs area that can be interpreted from two data set
combinations, PP-S11 and PP-PS1 is concentrated towards the middle of the survey.
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Figure 1.11 Time section of compressional wave data. Presented is inline 18. The main
reservoir interval of interest in this study is between the UMV and Cameo.
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Figure 1.12 Time section of fast shear wave data. Presented is inline 18. Notice the
difference in reflectivity in the main reservoir interval between the P- and S- wave data.
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Figure 1.14 Time structure of the top of the reservoir, UMV-shale horizon. The horizon
was picked on: a) compressional wave data; b) converted wave data; c) shear wave data.
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Figure 1.15 Time structure of the bottom of the reservoir, CAMEO-coal horizon. The
horizon was picked on: a) compressional wave data; b) converted wave data; c) shear

wave data.
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Figure 1.16 Isochron between the top and the bottom of the reservoir. The difference
was estimated on: a) compressional wave data; b) converted wave data; ¢) shear wave
data.
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Figure 1.17 Signal RMS amplitude maps estimated from PP wave data within the
window size of 10 ms. The data displayed: a) UMV horizon; b) Cameo horizon; c)
Middle of the reservoir at 1000 ms in PP time.
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Figure 1.18 P-wave fold for all offset, RCP 2003 survey (Jansen, 2005).

Figure 1.19 Usable S-wave fold with 4,000 ft maximum offset, RCP 2003 survey
(Jansen 2005).
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CHAPTER 2

METHODOLOGY FOR TRAVELTIME-BASED Vp/Vs ESTIMATION

2.1 Chapter Introduction

I demonstrate a workflow for interval Vp/Vs estimation from traveltime of
seismic data. This chapter covers synthetics modeling, well and seismic data correlation
in time domain, wavelet extraction and depth-to-time curve generation. The interval

Vp/Vs estimates from two way travel time conclude this chapter.

2.2 Workflow For Interval Vp/Vs Estimation
Described in this section are the procedures taken to obtain an interval Vp/Vs.

Multicomponent seismic data, including compressional, fast shear S11 and fast converted
shear PS1 are used in the workflow for interval Vp/Vs estimation (Figure 2.1). The
starting point is the well tie process involving three steps: modeling of synthetic
seismograms, wavelet extraction and correlation. Synthetic traces are the function of
reflectivity, calculated from velocity and density logs, and a wavelet. Through iterative
steps, | improve the shape of the wavelet, until satisfying results (large correlation
coefficient between synthetic and actual seismic traces, constant-phase waveform of the
wavelet) are obtained. Since log and seismic data have different vertical scale (logs are
registered in depth, while seismic is in time), the log tie to seismic is also a procedure of
depth-to time curve generation. If this curve is estimated for each of the wave modes, the
vertical rescaling becomes available. More exact time domain conversion can be
performed after identifying reflection interfaces. In the next step of the workflow I
complete the structural interpretation of the main horizons on each time section. To

correspond all three seismic volumes in the same time domain, the depth equivalent
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seismic reflectors (the reflectors that correspond to the same depositional events) are

needed to be matched and calibrated. This enables vertical time rescaling of the events

and interval Vp/Vs estimation from both data sets in combination PP-SS and PP-PS.
Generalizing the described workflow, | estimate two important parameters —

seismic wavelet and depth equivalent horizons.

2.3 Well Correlation To Multicomponent Seismic Data

The presented workflow involves modeling of PP, PS and SS data and generation
of synthetic seismograms from sonic and density logs. An essential part of this procedure
is to identify main horizons and to find the wavelet, which refers to a relatively short,
digitized transient waveform. The seismic wavelet is the link between seismic data
(traces) on which interpretations are based and the geology (reflection coefficients) that is
being interpreted (Henry 1997). The seismic wavelet can change both laterally and
spatially in the subsurface for a number of reasons: near surface effects, frequency-
dependent absorption etc. | make the assumption that the wavelets | derive for each of
the wave modes are time and space invariant within the interval of interest because of the
relatively small area of focus.

The procedure of extracting the wavelet and generating synthetic seismograms is
based on the convolutional model, where reflectivity is convolved with some bandlimited
wavelet and some noise is added. It can be written as:

T =W *R + N | (2.1)
where:
T — seismic trace,
W - source wavelet,
R — reflection coefficient,

N — random noise.
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It is assumed that the noise is random and uncorrelated with the signal. Obviously, to
extract the wavelet, a wavelet must be known. The initial wavelet is statistically
generated by the program (Hampson & Russell). This initial guess is a zero-phase
wavelet with the amplitude spectrum derived from the seismic data. After synthetic
traces are generated, they are compared with the actual seismic traces. Correlation of two
traces updates the synthetics. Since reflectivity, calculated from the well logs stays
constant, the only parameter that changes is the wavelet. Then, the new wavelet is
applied and synthetics are recalculated. Thus, the wavelet extraction is an iterative
process.

With the extracted ideal wavelet, a zero-phase synthetic seismogram can be
derived and compared with the actual seismic data. This procedure is important for

identifying seismic reflectors by correlating them to the well data.

2.3.1 Well Tie Of PP Seismic Data

The main bounding horizon events (top UMV shale and Cameo coal) can easily

be distinguished on conventional P-wave time section by stronger amplitudes (see
Chapter 1 Figure 1.11). Figure 2.2 illustrates log data from well RWF 332-21 (see well
location in Chapter 1 Figure 1.10) and the seismic data near the wellbore. With the well
tie software (Hampson & Russell) capability of vertical stretching and squeezing logs, |
update depth-to-time curve and perform an overall correlation with the seismic data. The
tops of UMV and Cameo are correlated with the interpreted earlier horizons
UMV _PP 04 and Cameo PP_04 (see Chapter 1), representing the same stratigraphic
units. The blue trace within the Figure 2.2a is a synthetic trace calculated using the sonic
and density logs and an extracted wavelet. After selecting and matching corresponding
events on the synthetic and composite traces (red trace), which are the average of well
neighbored seismic traces, two more horizons are picked MSVRD_PP 04 and
Coal_D_PP_04, representing the top of Williams Fork Formation and top of lles

Formation. The shown on Figure 2.2b the extracted P-P constant phase wavelet has the
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Figure 2.2 Well tie to the PP seismic data. a) The portion of the time section is
correlated with the P-wave well log by matching the events on composite trace (red
curve) and synthetic trace (blue curve); b) The extracted wavelet with a constant phase in
the time domain; c) Frequency domain of the wavelet; d) Cross correlation plot
demonstrating a zero-phase symmetric waveform at zero time with correlation coefficient
of about 0.70.
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following parameters:

wavelet length = 200 ms,

taper Length = 25 ms,

sample Rate = 2 ms.
The bandwidth of the wavelet is from 10 to 75 Hz (Figure 2.2c). A cross correlation plot
on Figure 2.2d demonstrates a symmetric shape with a peak at about zero time. The

correlation coefficient is 0.70 for the main reservoir interval.

2.3.2 Well Tie Of SS Seismic data

I apply the same procedure of well log correlation to pure shear wave data (Figure

2.3) resulting in generation of an extracted wavelet with a bandwidth from 5 to 25 Hz.
The results of cross correlation plot show the correlation coefficient for S-wave data of

0.73 for the main reservoir interval.

2.3.3 Well Tie Of PS Seismic Data

Pure mode PP and SS data can be correlated with either P-wave or S-wave

components of a dipole sonic log applying the zero-phase synthetic. In the case of a PS-
wave to obtain a synthetic response of converted wave data, a range of offsets, similar to
those used during the data processing, must be stacked. According to the geophysicists
from Veritas (personal discussion), who were involved in the processing of the Rulison
data, the maximum offset used is 10905 feet (3324 m). W.ith this information the
algorithm implemented in ProMC package of Hampson and Russell software creates PS
offset synthetic seismogram with the range of offsets from 1636 to 9900 ft. After some
iteration, | obtain a 0.75 correlation coefficient for the main reservoir interval between

log and seismic data (Figure 2.4).
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demonstrating a zero-phase symmetric waveform at zero time with correlation coefficient
of about 0.73.
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Figure 2.4 Well tie to the PS seismic data.
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a) The portion of the time section is

correlated with the S-wave well log by matching the events on composite trace (red
curve) and synthetic trace of stacked offset range (blue curve); b) The extracted wavelet
with a constant phase in the time domain; ¢) Frequency domain of the wavelet; d) Cross
correlation plot demonstrating a zero-phase symmetric waveform at zero time with
correlation coefficient of 0.75.
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2.4 Interval VVp/Vs Estimation

By tying the well logs to the seismic, | create a depth-to-time curve, which
specifies the transformation factor between time and depth scales for all three seismic
wave types, PP, SS and PS. This also enables me to perform time domain conversion,
which is based on the P- and S-wave velocity logs from well RWF 332-21 tied to seismic
in different time modes.

When the consistent reflectors conforming to UMV and Cameo events are picked
on multicomponent seismic surveys, it is possible to estimate interval Vp/Vs from the

traveltime of the corresponding horizons. Basically,

Vv 2At,, — At
], 2
L °S 1pp,Ps PP
v At
V—P} E Ati , 2.3)
L " S dpp,ss PP
where:
Ve - velocity ratio estimated from PP- and PS-wave data,
_VS dpP,PS
Ve - velocity ratio estimated from PP- and SS-wave data,
_VS JdpPP,ss

Atps — two-way travel time difference between two events in PS time,
Atpp — two-way travel time difference between two events in PP time,

Atss — two-way travel time difference between two events in SS time.

Thus, interval Vp/Vs can be estimated if either converted wave (eq. 2.2) or pure
shear wave data (2.3) are available. Nine-component seismic data used allow me to
obtain Vp/Vs results from two data sets — PP-S11 and PP-PS1. The investigation of the
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interval Vp/Vs maps is presented in Chapter 5.

The depth equivalent horizons are defined as the horizons that if in depth overlay
each other. The seismic data are in time scale. Figure 2.5 represents the seismic volumes
in the same PP time domain after well log correlation has been done and interval Vp/Vs
has been estimated. Ideally, when the right domain conversion is applied, the depth
equivalent horizons must match each other. This is demonstrated in Figure 2.5.

The correct interval Vp/Vs estimation depends on correctly picked horizons on all
seismic volumes included in the calculation of traveltime difference. If the interpretation
has correctly identified depth-equivalent reflectors, the calculated Vp/Vs values will
represent interval Vp/Vs over a vertical seismic portion independently of any a priori
velocity information. There is always a likelihood that time horizons may be picked
incorrectly. To avoid some misinterpretations and miscalculations of Vp/Vs, it is
meaningful to pick strong continuous reflectors on the whole survey and to use dipole
logs for assistance.

The reservoir interval is about 2,000 ft in thickness. An interval Vp/Vs estimated
between UMV-shale and Cameo-coal is over 2,000 ft. The workflow explained earlier in
this chapter is designated to estimate Vp/Vs that would provide more detailed

information within the reservoir interval.

2.5 Summary
The workflow of the current research is described. The log and multicomponent

seismic data correlation is critical to the process of Vp/Vs determination.

Interval Vp/Vs is calculated from the traveltime registration at corresponding time
horizons from multicomponent seismic data. Two combinations of data sets are used for
this purpose — PP-S11 and PP-PS1. The obtained data are further investigated for general
Vp/Vs distribution and correlation with additional information in Chapter 5.
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Figure 2.5 Seismic time sections in PP time domain : a) Compressional wave data; b)
Shear wave data; c) Converted wave data. With the right VVp/Vs all the picked horizons

must be lined up.
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CHAPTER 3

METHODOLOGY FOR SEISMIC IMPEDANCE INVERSION OF
MULTICOMPONENT SEISMIC DATA

3.1 Chapter Introduction

Unlike the procedure of interval Vp/Vs estimation introduced in the previous
chapter, which is based on traveltime measurements, here | use a different approach
based on seismic amplitude inversion for impedance. The chapter covers main principles
of the developed workflow and applied inversion algorithm. The outputs from inversion
are the P-impedance volume and two S-impedance volumes estimated from SS and PS

data. The quality control of the results proves the accuracy of the impedance volumes.

3.2 Frequency Bandwidth Of The Seismic Data
Before considering the basic steps of the inversion algorithm, I need to specify the

frequency bandwidth of the multicomponent seismic data. This step is not indicated in
the workflow and might be skipped if applied on different data sets. However, for the
purpose of investigation | introduce the following procedure. The presented study shows
that P-wave data have the broadest range of frequencies among multicomponent data
used. To make the bandwidth of all three, PP, S11 and PS1 seismic data comparable, |
apply a bandpass filter 0,0,50,60 to the compressional wave data to cut the high
frequency content (Figure 3.1). Transformed to different time domains, filtered P-wave
data display similar frequency bandwidth to those of the originally registered PS and SS
time reflections. The comparisons on Figure 3.2 demonstrate the frequency spectra of the
PS and SS signals and comparable frequency range of filtered P-wave data in different

time domains (PS and SS). Here and in all subsequent computations | use the high
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frequency filtered P-wave data. This brings all the data to the point when the bandwidth
does not differ much from one data set to the other and, therefore, the output Vp/Vs is not

influenced by the high frequency content of either one of the input seismic.

3.3 Workflow For Impedance Derived Vp/Vs Estimation

Figure 3.3 captures the main process steps and outputs from these processes for
the velocity ratio derivation from seismic amplitudes. | accomplish the impedance
inversion through model based inversion algorithm for each input data in the original
time domain utilizing the extracted wavelet. The software package, Hampson and
Russell, including STRATA and ProMC is used for this purpose. The outputs are P-
impedance volume from PP-wave data and two S-impedance volumes from SS- and PS-
wave data. This creates two data sets for Vp/Vs estimation, PP-SS and PP-PS. The time
rescaling of the inversion results to the equal time domain followed by the ratio of P- and
S-impedance volumes exhibit a high resolution VVp/Vs attribute volume. The final step
involves depth conversion of the estimated Vp/Vs volumes.

Assumptions involved in the workflow include:

. The extracted wavelet for each wave mode is assumed to be constant in time and
space over the reservoir interval;

. The vertical time rescaling of multicomponent seismic data correctly positions
picked horizons and intermediate events in different time domains.

. The rotation during the data processing recovered fast shear wave information
from both pure S11 and converted PS1 seismic reflection data to handle a fixed
single orientation of fast shear in the subsurface.

The current work meets all the mentioned above assumptions. The small area of
the investigation justifies the first assumption. The time domain transformation is
performed within a large vertical section, but as demonstrated later, the correctly picked
time horizons contribute to the appropriate positioning of the registered on

multicomponent seismic data events in different time domains. The constant angle
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45

chosen for Alford rotation is N45W. The results from converted wave and VSP data
agree with this. Shown in Figure 3.4 is a regional stress map comparing the Rulison
result to publicly available data, usually obtained from borehole breakouts. A similar
direction of stress is observed at Rulison as determined from the fast shear direction
computed through the Alford rotation algorithm.

More detailed information for each of the workflow steps is provided in the later
chapters. This chapter covers interval Vp/Vs extraction from PP-S11 and PP-PS1

seismic data.

3.4 Model-Based Inversion Technique

The inversion | use is model-based, the algorithm in software program STRATA,
designed by Hampson & Russell. The algorithm is built to iteratively update an
impedance model to match synthetically produced traces with original seismic ones.

Impedance is a medium property and reflection coefficient is an interface
property. Both these parameters can be calculated from borehole registered data.
Seismic provides bandlimited estimations of impedance. Naturally, low frequency
information can be obtained from other sources, such as well logs, and added to seismic
estimations (Russell 1988). The basic principle of the applied inversion is to create an
impedance model from well log data. The model is defined as a series of layers with
variable velocity, density, and thickness. Synthetic seismograms based upon this initial
model are computed and compared with the actual seismic data. Under the constrains of
manually adjusted parameters (average block size, number of iterations, prewhitening,
scaler adjustment factor etc.), the model is iteratively updated to obtain the best match
with the observed seismic in a least square sense. Figure 3.5 illustrates the basic
elements of the model-based inversion.

| test different approaches to model-based inversion to identify the inversion
parameters that produces the best results for impedance estimations from the seismic data

used. The tests and analysis of the inversion results confirm that final results are more
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Figure 3.4 Regional stress map (www.world-stress-map.org). Rulison result of N45W
rotation agrees with the stress map obtained from borehole breakouts.

robust if the inversion algorithm is applied to the whole interval from the seismic datum
to the bottom limit of the target interval. The existence of the log information just within
the interval of interest validates the results.

The inversion technique is an iterative modeling scheme, which can be thought of
as a geology-based deconvolution since the full reflectivity is extracted (Russell 1988).

Any inversion algorithm, ideally, would produce the same impedance results
within the seismic bandwidth as any other inversion techniques. As in any other
inversion schemes, the problem of non-uniqueness outside of the seismic bandwidth is

present here. A good match can be achieved between modeled and real data but it does
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not guarantee the correct impedance volume. Therefore, the inversion process of adding
low frequency content to the impedance results is constrained by input data from dipole
sonic logs.

Single mode compressional P- wave data are the input for P-impedance
estimations. Pure shear S-wave and converted PS-wave data are input for S-impedance
volumes computation. | perform a thorough analysis of the resultant impedance traces at
the well location and their visual and numerical correlation with well log data. This
procedure helps to evaluate the algorithm parameters that would provide the most

comprehensive and correct estimation of both P- and S-wave impedances.

3.5 Compressional And Shear Wave Data Inversion

The small area of investigation and horizontal subsurface structure ratifies
utilization of a single well. | generate the initial earth model by extrapolating the data
from well, RWF 332-21 where compressional and shear wave velocity information was
registered in the interval of interest from a dipole sonic log. The extrapolation is
constrained by the seismic horizons. The P-wave acoustic impedance model is shown in
Figure 3.6. The model is color coded for representation of temporal impedance changes.
The values are constant laterally. Figure 3.7 shows the model for S-impedance created
from fast S- wave borehole registered velocity. The impedance log, shown as a black
curve on the Figures 3.6 and 3.7, is calculated by multiplying velocities from the dipole
sonic log and density log.

After the background models are created, | analyze the seismic data in order to
adjust parameters for the inversion process. The results of inversion analysis are also
valuable for quality control of inverted data, therefore, this can be considered as a QC
analysis of the inversion results. Since seismic data are band-limited, log data containing
broader bandwidth must be filtered down to the seismic frequency content to validate the
correlation. This procedure does not affect the results of inversion because the operator

passes the initial model just to estimate the misfit between seismic and synthetics.
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Figure 3.6 P-wave acoustic impedance model within the interval from Mesaverde to
Cameo-coal. The black curve is P-impedance estimated from velocity and density logs
and filtered to the seismic frequency bandwidth.
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the seismic frequency bandwidth.
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The QC analysis of impedance results from inversion can be seen in Figure 3.8.
The program perturbs the black curve in Figure 3.8 representing the impedance model
trace at the well location until a good match between seismic and synthetic traces is
achieved. The analysis compares the result of inversion represented by the red curve and
log data shown with the blue curve. Thus, after the parameters optimization for P- and S-
wave data in the original time domain, | estimate the correlation coefficient for
compressional and shear wave data to be about 0.80 and 0.70 respectively. Several zones
can be identified where the inversion function produces considerable errors (indicated by
arrows in Figure 3.8). This mismatch may be due to the caving that occurs in the coal
zones in the upper and lower part of the reservoir and its influence on the sonic log. The
other important observation can be made below 1150 ms at figure 3.8a and below 2330
ms at figure 3.8b. This is the coal zone, which produces much lower acoustic impedance
than in the section above. Therefore, if the interest arises for the coal interval, it has to be
considered and inverted separately from the sand reservoir interval (with inversion
parameters adjusted for this specific zone).

Two impedance volumes presented on figures 3.9 and 3.10 are the outcomes from
amplitude inversion of stacked and migrated compressional and shear wave seismic data
respectively. The inserted curves are log derived P- and S-impedances. The general
correspondence of seismic and log signals can be observed on both sections.
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Figure 3.9 P-wave impedance result after applying model based inversion algorithm to
the seismic data. Inserted curve is high frequency cut P-impedance calculated from the
well logs.
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well logs.
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3.6 Converted Wave Data Inversion Trough Pseudo S-Impedance Estimation

To simplify the task of S-impedance estimation from poststack PS data, | assume
that the medium is isotropic. This assumption is reasonable because the anisotropy
parameters estimated by Franco (2006) within the reservoir at Rulison field indicate the
presence of a weakly anisotropic environment.

Stacked PS amplitudes are not directly related to P- or S-impedance. In this

section, | introduce the quantity proportional to PS reflectivity, pseudo shear S -
impedance. To retrieve this information from the stacked PS amplitudes, I apply model
based inversion, following the procedures demonstrated and explained earlier in the
chapter. The algorithm requires an input low frequency impedance model, which is
usually generated from velocity and density logs. However, PS velocity needed for
model creation cannot be registered by a sonic tool. Valenciano and Michelena (2000)
express the reason for not using poststack PS data to estimate changes in medium
properties, stating that “we have not been able to find a model for PS stacked data that
has the simplicity of the convolutional model we assume to model PP stacked data”. The
initial model has no contribution to the inversion results within the seismic bandwidth.
Nevertheless, adding low frequency to the resultant impedance, the model also applies
some constraints for the inversion algorithm. To be able to minimize these constraints
and verify results a model must be applicable in the time domain of the input seismic and
reflect vertical impedance variations that can be updated by matching the seismic
amplitudes.

The idea of poststack converted wave data inversion based on convolutional a
model for S-impedance volume was proposed by Valenciano and Michelena (2000).

Instead of estimating PS velocity, they suggest to recalculate density values so that the
product of estimated pseudo density o and shear wave velocity is pseudo §-impedance.

To determine the pseudo density p, the following equation can be utilized:
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where

A

£ - pseudo density,
£ - original density,
Vp — P-wave velocity,

Vs — S-wave velocity.

Complete derivation of equation 3.3 is presented in Appendix A.

The purpose of this application in the presented work is to create an impedance
model. Using as an input, registered in the well, density log and dipole sonic log
velocities, | calculate pseudo density through equation 3.3. Figure 3.11 demonstrates the
difference between real (red curve) and newly obtained pseudo (blue curve) density logs.
The pseudo density log reveals similar magnitude but lowered absolute numbers than the
real log. This also can be observed on the crossplot, where the regression line has a

gradient of 1.0, and histogram of the density values (Figure 3.12). Analyzing these
results, it is possible to estimate the corrections needed for the product of inversion - S-
impedance to turn the values to the actual S-impedance.

To build the model, the log data, S-wave velocity and pseudo density p, must be
multiplied and extrapolated. A section of the estimated impedance model is shown in

Figure 3.13. The inversion algorithm produces a pseudo §-impedance volume. The
output results are inverted PS seismic amplitudes and added from the impedance model
low frequency component.

Tying the inversion results back to the well, | estimate the correlation coefficient

within the interval of interest to be about 0.73 (Figure 3.15). Figure 3.15 compares in



55

*Dren=sity pE=euacdo P=-Impedance_ p=auacdo
1.5 [ ) = SOo0 CTEy=J*Cg = 29000
T T T T 1

Time=
Cm= FMormalized Bulk Den=sity FP=-lmpedancese_ corr

1.5 asoc = SO00  (frsi1slafie 29000

1100

1200

1500

1400

1 S00

1500

1700

1 S00

1300

| —
2000 —

Figure 3.11 Calculated pseudo density log. The blue curve representing pseudo density
has lower values than those of the red curve, tool registered and normalized bulk density.
The pseudo impedance results, as a product of pseudo density and S-wave velocity have
lower values than normal impedance as well.

PS time domain the S-impedance section (inversion estimation from pure shear wave

data) and pseudo S -impedance section (inversion estimation from converted wave data).
The time rescaling of SS data is possible after a depth-to time curve has been estimated
both for SS and PS time domains. The image on the right illustrates lower amplitudes,

which could be expected from low values of the estimated pseudo density.
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Figure 3.12 The crossplot and histogram of pseudo and normal density logs.
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Figure 3.13 Pseudo S -impedance model estimated from pseudo density o and S-wave
velocity log data.

3.6.1 Corrections For Pseudo S-Impedance From Differential Modeling

The impedance results estimated from log data provide the method for pseudo S-
impedance volume calibration. The product of density and shear wave velocity logs

reveal S-impedance, while multiplication of pseudo density and shear wave velocity logs
results in §-impedance (see Figure 3.11). Differential modeling here is determined as an
extrapolation of the time variant difference between these two impedance values.

Filtered to the seismic frequency range modeled difference | add to pseudo §-impedance

volume generated from the PS-wave data inversion. The output is a corrected pseudo S-
impedance, which demonstrates a good correspondence with the S-impedance derived
from SS-wave data (Figure 3.16).
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Figure 3.14 Inversion analysis of PS data, where pseudo S-impedance is modeled
through the pseudo density estimation. Correlation coefficient, estimated within
Mesaverde — Cameo interval is about 0.73.

I conduct some quantitative analysis two resultant shear impedance volumes. The
S-impedance amplitudes from SS- and PS-wave data within the interval of interest are
plotted against each other in Figure 3.17. The derived equation for the least square
regression line is Y=1.42X-9328. Figures 3.18a and 3.18b display the histogram plots for
S-impedance estimations from SS- and PS-wave data respectively. Normal distribution
curve has similar shape for both data sets amplitudes. Mean and deviation calculations
show close numbers Figure 3.18c is both histograms plotted within the same coordinate
system. This explicitly demonstrates the similarity between S-impedance results.
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Figure 3.15 Comparison of S-impedance (left) generated from SS amplitudes and pseudo
S-impedance (right) generated from PS amplitudes. The amplitudes are lower on the
right image, which could be expected from lower pseudo density values.

The further test for modeled S-impedance is a plot of original shear impedance
log and a composite trace from the corrected result. This QC result is displayed in Figure
3.19, where the left image shows the inversion result, shifted from the initial position,
before, and right image after the corrections have been applied. The curve on the right
image is within the appropriate framework.
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Figure 3.17 The crossplot of impedance values after the differential modeling corrections
have been applied. The X axis is represented by S-impedance amplitudes from PS-wave
data, the Y axis is represented by S-impedance amplitudes from SS-wave data. The slope
of the regression line is Y=1.42X-9328.

3.7_Summary
Model based is an inversion algorithm | apply to the seismic data to convert

seismic amplitudes into the impedance values. The procedure has broad application for
pure mode seismic data but generally has not been applied to mode converted wave P-S
data. To compute shear impedance volume from PS data, | introduce the quantity —

pseudo density o. The product of the log derived pseudo density and shear velocity is

pseudo §-impedance, the parameter proportional to the converted PS-wave reflectivity
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Figure 3.18 The histograms of S-impedance amplitudes. a) S-impedance generated from
SS-wave data. The mean value is 20724 and deviation number is 1796. b) S-impedance
generated from PS-wave data. The mean value 209405 and deviation number 1673 are
very close to the ones above. c¢) Both SS-wave (blue curve) and PS-wave (red curve)
generated impedance data.
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Figure 3.19 QC of the corrected pseudo impedance volume. Left screen shows the
correlation between original shear impedance log (blue curve) and synthetically
generated impedance volume (red curve). The right screen displays the noticeable
improvement in correlation that is obtained after the applied corrections.

data. Extrapolation of the computed pseudo S -impedance creates an impedance model,
which serves as an input for the model-based inversion algorithm. With this approach, |
invert PS-wave seismic amplitudes for the §-impedance values. The estimated

corrections then, calibrate the pseudo values for the actual S-impedance results.
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CHAPTER 4

METHODOLOGY FOR Vp/Vs ESTIMATION FROM IMPEDANCE INVERTED
DATA

4.1 Chapter Introduction

I show in this chapter the method to estimate Vp/Vs, which is defined as high
resolution Vp/Vs. The input data include P-impedance and two S-impedance volumes
generated in the previous chapter. | obtain and analyze for robustness two high
resolution Vp/Vs volumes. The computation is followed by the correlation tests of the
resultant velocity ratio volumes and well log data.

4.2 High Resolution Vp/Vs Volume
This chapter concentrates on the work that is done on multicomponent seismic

data at Rulison field in an attempt to generate a “high” resolution VVp/Vs volume. High
resolution Vp/Vs is an appropriate term if the properties are sensitive to temporal and
spatial changes. According to Rojas (2005) we should delineate low Vp/Vs zones as
potential gas charged intervals and target them for future drilling in the area of study.
The nature of the reservoir demands high resolution Vp/Vs measurements in order to
properly target them.

4.2.1 Seismic Inversion As A Tool For High Resolution VVp/Vs Estimation

P-impedance and S-impedance are presented by equations (4.1) and (4.2)
respectively.

Ly =pVp, (4.1)
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Z, =pVs, (4.2)
where:
Zp — P-wave impedance,
Zs — S-wave impedance,
Vp - P-wave velocity,

Vs — S-wave velocity,
p — density.
The ratio of impedance volumes at particular depths intervals will result in the ratio of

velocities and the influence of density will be eliminated:

VIVg=2Z,1Z,. (4.3)

To verify the results they must be compared with well logs and must be calibrated
to increase the reliability and interpretability. The impedance volumes generated and
tested for quality control from compressional PP, pure shear S11 and converted shear PS1
seismic data create two data sets for Vp/Vs estimation — PP-S11 and PP-PS1. Presented
herein are the results of two Vp/Vs volumes calculation, their description and correlation
with log derived Vp/Vs.

4.3 Vp/Vs Volume Calculation
The math, involved in this process, requires both P- and S-impedance volumes to

have equal vertical scale. It can be either depth or any of the three time domains, PP, SS
or PS. | process the amplitude inversion of the seismic traces in their original time
domains. To convert the resultant impedance volumes to depth, at least two velocity
volumes are required, P-wave and S-wave velocity, which can be calculated along with
the impedance inversion estimation from the Gardner’s equation (for more details see

depth conversion in Chapter 5). However, the reason for not using depth as a common
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scale is inaccuracy of these velocity volumes and, consequently, mispositioning of the
time seismic events in the depth domain. Hence, | estimate high resolution Vp/Vs in the
time domain. To switch between different time domains, the only information needed is
depth-to-time curve, generated from the multicomponent seismic well tie.

I conclude that time domain transformation before the inversion does not produce
as robust results as if the transformation is performed on impedance inverted volumes.
This can be explained by the fact that resampling of the seismic traces requires the
extraction of a new wavelet. Since the rescaling of the time axes does not contain any
information and preserves the actual amplitudes, the inversion algorithm, based on the
trace convolutional model, encounters the problem of an inaccurate wavelet.

High resolution Vp/Vs is the velocity ratio that can be defined at every time
sample. At the point when the seismic amplitudes are recalculated for the impedance, the
simple ratio of the obtained volumes (described by equation 4.3) will reveal more
detailed results of Vp/Vs. Figure 4.1 compares a part of seismic section colored with
Vp/Vs values interpolated from the well log data (Figure 4.1a) and Vp/Vs estimated from
the ratio of P-impedance volume and S-impedance volume estimated from pure shear
wave data and converted to PP time volume (Figure 4.1b). The right figure reveals a
more detailed Vp/Vs image and better correspondence with the original, before inversion
seismic wiggle traces, confirming the contribution of the actual time reflection data to the
estimation of Vp/Vs.

The quality and resolution of the newly obtained Vp/Vs is limited to the quality
and resolution of the input seismic data. The vertical resolution is proportional to the
seismic wavelength, which can be estimated by the ratio of velocity and frequency. The
amplitude spectrum computed in the middle of the reservoir reveals the dominant
frequency at about 35 Hz for P-wave and about 20 Hz for S-wave. The velocities within
this interval | approximate from the P- and S-impedance results (to generate the velocity
volumes, | use the relationship between velocity and density estimated through the

Gardner’s equation), 13,610 ft/s and 8900 ft/s respectively. Thus, the wavelength of
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compressional wave data estimated in PP time is 390 ft, while the wavelength of fast
shear wave data estimated in SS time is 445 ft. The common estimate of vertical
resolution is a quarter of the dominant wavelength. Therefore, the vertical resolution of
the impedance inverted and calculated Vp/Vs volume is approximately as low as one
fourth of the seismic wavelength or 100 ft.

Spatial resolution is very often associated with the Fresnel zone, the area that
returns half of the energy from the reflector. | perform no procedure to increase lateral
resolution of the resultant VVp/Vs. Therefore, the radius of the Fresnel zone can be

calculated in terms of dominant frequency

LS
T (4.4)

where:

r - Fresnel zone width,

v - velocity at various depth,
t - vertical time,

f - dominant frequency.

Assuming the same parameters as for vertical resolution estimation, the numbers |
calculate for spatial resolution or first Fresnel zone radii are about 575 ft for P-wave data
and 600 ft for S-wave data, which are close to the wavelengths estimations. It can be
explained by the fact that migration of seismic data tends to collapse diffractions and
decrease the size of the Fresnel zone. Hence the fully migrated input seismic data have
an improved lateral resolution, which is commensurable to the wavelength. Frequency is
inversely proportional to wavelength, so an increase in dominant frequency will result in
resolution enhancement. The dominant frequency of a stacked section from a given area

is governed by the physical properties of the subsurface, processing quality and recording
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parameters (Yilmaz 2001). The last two can enhance the high-frequency level of the
signal and produce high-quality seismic data.

Vp/Vs estimations reveal similar results. Shown in Figure 4.2 is a comparison
between Vp/Vs results estimated from PP-S11 and PP-PS1. The sections are shown in
PP time. The zones of abnormally low Vp/Vs (below 1.5) are colored in red. Upon
closer examination of seismic Vp/Vs represented by black curves and log Vp/Vs, red
curve, | infer that the shapes of two resultant velocity ratio curves (not the actual
amplitudes) match each other with the exception of some zones (Figure 4.3). Notice that
the lower portion of the reservoir contains some misfit between two signals in Figure
4.3a, as it is predicted by inversion analysis (see Figure 3.6 in Chapter 3). In Figure 4.3b
the Vp/Vs traces from PP-PS1 combination match the log Vp/Vs even in the lower part
of the reservoir, close to Cameo level.

| estimate the correlation coefficient between seismic and log signals within two
intervals, between UMV and Cameo, and in the middle of the reservoir section. Figure
4.4 images PP-S11 derived Vp/Vs trace at well RWF 332-21 location (red curve) and log
derived Vp/Vs (blue curve). The correlation coefficient estimated for the UMV - Cameo
interval is about 0.50. The misfits in the upper (close to UMV) and lower (close to
Cameo) portions of the reservoir, as observed in Figure 4.3a, reduce the correlation
between two signals. In the middle portion of the reservoir, the correlation coefficient is
about 0.77. Therefore, more reliable results can be expected within this interval.

Figure 4.5 reveals the correlation coefficient for Vp/Vs derived from PP-PS1 data
set. The interval covering vertical section between UMV and Cameo is well correlated
with log derived Vp/Vs. The coefficient is about 0.70. The correlation coefficient for the
middle portion is about the same, 0.67.

The major Vp/Vs computational errors are controlled by the inversion technique
and the depth-to-time curve applied. The first contributes to the impedance values
estimation, the second adjusts vertically rescaled traces in different time domain.
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4.4 Quality Test At A Distant Well
Prior to this point, | have been analyzing all the errors at one well location, which

is involved in the process of Vp/Vs calculation. To demonstrate the robustness of the
results, seismic derived velocity ratio must be compared to some independent data, which
are not involved in the process of Vp/Vs extraction. Such data appeared to be velocity
information obtained from well RWF 441-20, which is about 4500 ft (1.5 km) away from
the well RWF 332-21 (see Figure 1.11 in chapter 1). The dipole sonic log was run in this
well in 2006 providing some additional material to support this study. Figure 4.6
demonstrates the near well Vp/Vs traces extracted from compressional and converted
wave data shown in black and log derived Vp/Vs shown in red. A poor correlation can
be observed in under UMV portion of the reservoir. The well log data do not exhibit
much variation. As it is described in chapter 1, the upper part of the reservoir contains
some water mixed with gas in the porous media. This may affect sonic shear wave
velocity and disturb the image of velocity ratio. The deeper portion of the reservoir, from
the level approximately corresponding to the top of gas to the top of Cameo, reveals
much better correlation between two data sets.

| evaluate the correlation coefficient for UMV — Cameo interval and for the
middle portion of the reservoir (Figure 4.7). In the first case the coefficient is 0.40,
showing poor overall correlation. In the second, the coefficient reaches 0.62. Hence, the
Vp-Vs velocity ratio validates more pronounced results in tight sandstones filled with gas
(middle reservoir) rather than mixture of water and gas (upper portion of the reservoir).
This conclusion is useful for the discrimination of pore fluids content in this particular

and similar environment.
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Figure 4.6 Comparison of Vp/Vs traces from PP-PS1 data set and Vp/Vs log from dipole
sonic run in well RWF 441-20.

4.5 High Resolution Vp/Vs Failure As A Time Rescaling Tool

I want to concentrate some attention to the problem of time rescaling using high

resolution Vp/Vs values. | include this discussion because the reader may consider
amplitude derived velocity ratio equal to traveltime derived in terms of its applicability. |
feel obligated to inform that the estimations of VVp/Vs values | present in this chapter are
not suitable for time domain conversion of seismic data.

As explained in chapter 2, the method for traveltime recalculation into different
time domain is based on depth-to-time curves extracted from well logs leading to
horizons picking and interval Vp/Vs volume estimations. Thus, the calculated interval
Vp/Vs has the property of a rescaling factor for the vertical time domain. Certainly, the
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domain conversion can be performed only for a bulk volume of seismic data equal to a
volume of applied interval Vp/Vs. Hence, the seismic volume is resampled to different
domain.

Impedance derived Vp/Vs changes both laterally and vertically. This property
brings more of the sample by sample recalculation of the time scale. False of one Vp/Vs
value will cause summed traces horizontal distortion. This incorrect value will also
propagate errors trough the computation of new timing. If more than one Vp/Vs values
are erroneous, which is more realistic, then the whole seismic image can become
deformed after time domain conversion.

To prove my theory, I show the time domain rescaling of compressional wave
data to SS time domain (Figure 4.8). Notice, that traces on the right image, where | apply
impedance derived Vp/Vs for rescaling, are more distorted than those on the left image,
where | use more convenient interval Vp/Vs. The mispositioning of the events is more
obvious because the horizons on the right image do not overlay the seismic wiggle traces.
In contrast, interval Vp/Vs on the left image places the originally interpreted P-wave
traces in correct vertical SS time positions by stretching the bulk volume of the specified

interval.

4.6 _Summary
The ratio of P- and S- impedance volumes estimated from compressional PP, pure

shear S11 and converted shear PS1 seismic data is used to create Vp/Vs volume, with the
resolution controlled by the resolution of the input seismic data. Two separate data sets
are PP-S11 and PP-PS1. Examination of the results of Vp/Vs for quality control shows a
good correlation with well log data in the middle part of the reservoir.

The estimated high resolution Vp/Vs is not applicable for time domain conversion

of seismic data.
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CHAPTER 5

ANALYSIS AND INTERPRETATION OF Vp/Vs RESULTS

5.1 Chapter Introduction

This chapter contains discussion and interpretation of the obtained Vp/Vs results.
I investigate interval VVp/Vs by mapping the average values within the UMV - Cameo
interval and comparing them with EUR and net sand thickness data. Three dimensional
representation broadens the scope of the high resolution Vp/Vs. The stratigraphic
interpretation of the high resolution Vp/Vs volumes and analysis of the Vp/Vs depth
slices reveal zones of gas charged overpressured sandstone stacks.

5.2 Interval Vp/Vs Interpretation

Two maps of interval Vp/Vs results generated from PP-S11 and PP-PS1 data
combinations are shown in Figure 5.1. The range of Vp/Vs values is from 1.46 to 2.05.
Estimated percent difference between the two maps and a histogram of percent difference
values are presented in Figure 5.2. Even though the range of values is large, most of the
significant differences occur on the edge of the survey where the data are not reliable.
The histogram confirms that most of the data are concentrated between +5 percent of
difference. This can be expected because the fold decreases from the center of the survey
to the edges (see Chapter 1 Figures 1.18 and 1.19). Thus, the data on the edges are less
reliable and to compare, we need to look in outline on Figure 5.2.

The interval Vp/Vs, cannot be used for the complete lithology interpretation and
characterization of the reservoir because of the thin heterogeneous nature of the reservoir
units. Instead, the analysis of these results can help an interpreter to recognize the

general trend of Vp/Vs.
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The laterally distributed Vp/Vs values interpretation of travel time estimated
velocity ratio is limited to the whole reservoir interval. This allows us to look at some
average properties within this interval and correlate Vp/Vs with maps of estimated
ultimate recovery (EUR) and net sand thickness estimated from gamma ray and density-
porosity logs. This additional external information assists in conclusions about Vp/Vs
trend and its correlation with EUR and net sand thickness and assessments from interval
Vp/Vs values.

The two Vp/Vs maps are overlaid with EUR maps as shown in Figure 5.3. The
EUR is represented by the bubbles with different colors. The area in the center of the
survey showing higher values for Vp/Vs comprises several high EUR wells, up to 10
BCF. The actual correlation between low Vp/Vs and high EUR wells is not obvious.

Figure 5.4 represents the net sand thickness map from Williams Oil Company
through the simultaneous interpretation of gamma ray, density and porosity logs (Figure
5.4a). The yellow color corresponds to the thicker net sand interval. The Vp/Vs map on
the right image (Figure 5.4b) represents the average Vp/Vs values produced from
compressional and shear wave data within the same interval of about 2,000 ft. According
to the sand thickness map, higher net sand occurs in the western and southern portions of
the survey. This correlates well with areas of low Vp/Vs on the right image. Even
though the sand thickness decreases to the north, low Vp/Vs zones still are present. The

EUR data also confirm higher productivity in these zones (Figure 5.3).

5.3 Impedance Derived Vp/Vs Interpretation

Now I shall consider the high resolution Vp/Vs derived from impedance results as
a characterization tool. As one of the main goals of the research, | investigate possible
applications of impedance derived velocity ratio for reservoir interpretation enhanced by

other independent data.
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The slices were generated within the reservoir UMV —

Cameo interval. The areas of thick net sand sections are correlated with the areas of low

Vp/Vs.
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5.3.1 Three Dimensional Representation Of The Vp/Vs Results
3-D visualization is a powerful tool for characterizing reservoirs. The availability

of 3-D interactive programs may assist in interpretation of the Vp/Vs cube. This allows
an interpreter to examine vertical sections in inline, crossline, or any arbitrary direction.
In addition, horizontal sections - time or depth slices, can be viewed and studied within
any interval.

The interpretation of the main horizons | fulfill in 2-D and display the results in 3-
D perspective (Figure 5.5). Slightly dipping events can be determined very easily and
some artifacts on the edges of the survey become more obvious. Figure 5.6 demonstrates
the same horizons colored with Vp/Vs and an inline section extracted from the Vp/Vs
cube.

I further investigate the distribution of Vp/Vs values within the reservoir
visualizing the obtained volumes in 3-D. The combined plan and vertical sections reveal
spatial and temporal changes of Vp/Vs associated with reservoir quality changes.
Derived from seismic amplitudes the VVp/Vs cube is pictured in Figure 5.7. The color bar
represents low values (1.7 and below) with reddish colors, while higher values are
colored with darker grey and black colors. As it will be discussed below, more interest
exists for low values of Vp/Vs because of their sensitivity to gas charged zones. |
highlight the zones of Vp/Vs below 1.6 by shadowing high Vp/Vs values in Figure 5.8.
This way of picturing the interval between top Mesaverde and top Cameo provides the
sense of reservoir distribution in the subsurface. To display the overpressured zones, |
dim the colors further in Figure 5.9, showing only the values below 1.5. The highlighted
zones can be interpreted as bypass pay. According to the pictured features, the average
area of the individual zones in the reservoir interval is about 30 acre (1,268,190 square
feet) and vertically the zones range from 50 to 100 ft. It is important to consider this
factor while planning a new drilling target. The histogram in Figure 5.10 discloses
Vp/Vs values distribution within the reservoir interval percent wise. Most of the values

are between 1.7 and 1.8. The reservoir contains about 45 % of VVp/Vs equaled 1.6. The
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Figure 5.5 Seismic horizons dipping slightly in the Eastern direction. The corresponding
events from top are: top of Mesaverde, top of UMV gas and top of Cameo coal.
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Figure 5.6 Seismic horizons colored with Vp/Vs values. The inserted vertical section
from the estimated Vp/Vs volume assists in distribution analysis of velocity ratio.
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Figure 5.7 Impedance derived Vp/Vs volume estimated within Mesaverde — Cameo
interval. The yellow-reddish colors represent low Vp/Vs.
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Figure 5.8 Impedance derived Vp/Vs volume estimated within Mesaverde — Cameo
interval. The low values below 1.6 are highlighted representing potential gas charged
sandstone zones.
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Figure 5.9 Impedance derived Vp/Vs volume estimated within Mesaverde — Cameo
interval. The abnormally low values below 1.5 are highlighted representing potential
overpressured gas charged zones.
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Figure 5.10 Histogram of VVp/Vs values distribution within the reservoir interval.

lower Vp/Vs values are distribute as following: 30% of Vp/Vs = 1.5 and 5% of Vp/Vs =
14.

5.3.2 Comparative Analysis Of Vp/Vs With Time-Lapse Observations

The seismic data were acquired in 2003 and 2004 and were processed to enhance
the repeatability of two surveys specifically for the observation of time-lapse changes
during a one year period of production. Time-lapse changes estimated from pure shear
wave data within this period of time were studied by Rumon (2006). SS-wave time-lapse
data enhance the understanding of reservoir connectivity, depleted intervals, and
bypassed pay. Shear waves may provide the ability to avoid depleted intervals in new
wells, and to identify bypassed pay interval penetrated by older wells (Rumon 2006).
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Examining Vp/Vs within the areas of time-lapse anomalies, we can identify the
velocity ratio sensitivity to the production and depletion of the reservoir. Depletion will
cause a drop in pore pressure. Lowering pressure is detected by increasing Vp/Vs.
Therefore, the zones of low Vp/Vs correspond to overpressured, bypassed zones.

The following demonstration is aimed to show the reciprocal relationship between
two observations. A random inline in Figure 5.11 displays two sections representing
Vp/Vs from PP-S11 (Figure 5.11a) and percent S-impedance difference (Figure 5.11b)
estimated from 2003 and 2004 fast shear wave data sets. The color key is adjusted to
represent only extreme values on both images, such as observed traces on Vp/Vs section
are corresponding to very low and very high numbers (from 1.4 to 2.1), while the time-
lapse section is displaying only the zones where the most changes took place (from -1%
to +1%). Logically, the depletion interval will cause some time lapse anomalies, that can
be observed within the small box and ellipse in Figure 5.11b. At the same time, Vp/Vs
should show higher values in the depletion zones, since pressure drop increases Vp/Vs.
The Vp/Vs values in Figure 5.11a within the same small box and ellipse are in the white
range of the color bar, showing no extreme changes. On the other hand, the area of a
large box in Figure 5.11a includes some Vp/Vs anomalies, where low values would
correspond to gas charged sandstones. The same box on the right image (Figure 5.11b)
does not exhibit any time-lapse anomalies suggesting the presence of a bypassed area.

More thorough analysis can be performed with 3-D viewing of the results. Figure
5.12 pictures inline and crossline of the time-lapse anomalies volume showing the
percent impedance difference exceeding 3%. The Vp/Vs time slice represents the values
less than 1.7 Zooming the area contoured by the dashed lines, it can be noticed that low
Vp/Vs zones correspond to zero percent difference. This analysis may justify the proper
usage of obtained Vp/Vs volumes for bypass zone identification and new production

target identification.
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Figure 5.11 Inline 50 comparing: a) Vp/Vs cross section; b) Percent S-impedance
difference between 2003 and 2004 surveys, estimated from S11 data. The sequence of
low and high Vp/Vs values constrained by a black box corresponds to the area where no
time-lapse changes are observed. The areas of normal Vp/Vs correspond more to
significant 4D difference.
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Figure 5.12 A random inline and crossline from the volume of percent impedance
difference between 2003 and 2004, and low Vp/Vs time slice. The enclosing section is
shown in the right. Time-lapse anomalies are not present in the areas of low Vp/Vs.

5.3.3 Depth Conversion
The Vp/Vs volumes presented earlier are the result of step-by-step computation.

Each step is carefully tested for the quality of the outcomes. Recognizing the errors at an
early stage of the workflow may prevent some repetition and expansion of inaccuracies
and propagation of the errors. Depth conversion serves as another test for the reliability
of results. The process is described in this section.

Geologists and engineers are used to working in depth and to create a bridge

between seismic survey and geology and engineering we need to transfer our data from
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the time to the depth domain. Velocity information from different sources may be
applied for this purpose; from seismic processing or log data. The inversion process
itself provides a velocity field for depth conversion when tied to the wells.

The depth transformation is also an additional verification for the correctness of
the impedance inverted results. To separate velocity and density from impedance

inverted volumes, the Gardner’s formula is commonly used:

0.25
p=CcVy™ (5.1)

where C — constant that depends on the rock type.

Applying this equation, the computing program of Hampson and Russell
generates the PP and SS velocity volumes along with the acoustic and shear impedance
estimation. According to Yilmaz (2001), the velocity derived from surface registered
seismic data is the stacking velocity that produces the best trace summation. Shown in
Figure 5.13 are the seismic traces colored with P-wave (Figure 5.13a) and S-wave
(Figure 5.13b) velocity cubes. The changes occur in both vertical and horizontal
directions, which implies higher resolution of estimated velocity volume in comparison
with interval or extrapolated sonic log data.

Velocity volumes enable the sample by sample recalculation of vertical scale
from time to depth. If the transformation positions the seismic events within the same
depth interval as the well tops, then the applied velocity is usable and impedance
estimation is done successfully. The absolute values, as determined from the color key in
Figure 5.13, demonstrate the velocity for P-wave data are twice as fast as for S-wave.

To check the velocity volumes for their robustness, | convert the Vp/Vs cube
estimated from PP-S11 data set to depth through the process of flattening the top of
Mesaverde at some depth point (estimated from the well tops) and applying the velocity

results to change the time domain to depth domain of the interval below. The picked



95

- . A it
ol iiim}\\\\"‘}‘?@m‘ H"!III I = i \\N m\«m’ M(((Yi\\\\\“\\\\\\\ EEEE
iy i m‘:))“,ﬁ*})}ﬂﬂim“ | e ]“‘ .. i "” e
' Wmmm 1‘::‘:‘:g““““"““‘““““ : | = gﬁﬁé o =. :\\\ M o m:!lll
850 - / {l
| \ﬁ\\ giﬂa&iiﬁiiiiiﬁii i ...W ﬂ i -
111! m— i | 138?3 e e
,,'”M, m]inﬂﬁmﬂhmmmm!i “‘m = -
B li lllm«mm ]]]]m« ‘1‘1“""““\““‘“\‘\)‘“:]] \i« « l]]j : Eg% o i i E%E
M 111“ ‘ \\\\.\\\]\]\]\\\\]\\\\mH 'l}ﬂ‘}:::ll‘!l!\l‘l‘lﬂa“!‘ o il ror
\\\\a\w\\\ il Hlummmmlmnllllﬂﬂ I ____________________ _
= -
i i Wil il
e Hm i m]m]}]]] ‘““‘““““““‘lli I“] ]}H | oo
mﬂ““ mm::J\\\s\\ \\\\\\w\\\\\\\\‘\\\““m‘]1)]113}"'33]}]]]]1]1]]l!!‘l!lii | & i o
““““ﬁiu,,,,,f\?f W I —— =
| !:ezzzwlz - 2231 «d#ff“‘u]]]]]lill e |-
é) T
t
N

Figure 5.13 A random line of seismic wiggle traces in the middle of the survey colored
with: a) P-wave velocity generated from impedance inversion of compressional wave
data; b) S-wave velocity generated from impedance inversion of shear wave data. Both
sections are shown in PP time.
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horizons are converted by program from PP and SS time domains along with the seismic
data for visual correlation with the well tops in depth domain. The result of P-wave and
S-wave velocity application is demonstrated in Figures 5.14a and 5.14b. The depth
difference between corresponding horizons is about 100 ft. The converted from time
events are also in good agreement with the tops distinguished from the well log data.
This result suggests the appropriate usage of both velocity cubes for depth conversion

and confirms the robustness and accuracy of the inversion algorithm results.

5.3.4 The Sensitivity Of Generated Vp/Vs VVolumes To The Lithological

Components Of The Reservoir

In this section I progress with building a basic model for lithologic discrimination.
Figure 5.15 displays the map view of 73 wells involved in the process of the lithological
model development. This is the number of wells where a gamma ray tool was run, and
the registered borehole data were normalized for casing. However, total gamma ray is
not the most reliable tool for sand and shale delineation in this environment. An X-Ray
Diffraction study, performed by a service company, K/T GeoServices in four core
samples from the field, determined that quartz and plagioclase, are the most common
minerals in the rocks. Table 5.1 characterizes phyllosilicates that were found in all
samples. The phyllosilicates, or sheet silicates, are an important group of minerals that
includes the micas, chlorite, serpentine, talc, and the clay minerals. The analysis showed
that sand bodies contain a lot of illites and micas (Table 5.1), which add larger
radioactive emissions, so that registered gamma ray shows an API higher than we expect
from clean sandstones. The clay also reduces porosity so that density-porosity logs are
not able to differentiate shale from sand. Nevertheless, using the cutoff at 80 and
assuming everything below this number being the response to the sand, | can project
some of the non-continuous sand rich zones.

Close spacing of the wells gives me the possibility to use the inverse distance

power function to interpolate the gamma ray log data between nearby wells. This way |
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Figure 5.14 Vp/Vs section transformed to depth domain with: a) P-wave velocity; b) S-
wave velocity. Shown inline 18 presents a good correlation between well tops and depth
converted horizons. The same events correspond to slightly different vertical scale on
two images. It can be concluded that both velocity volumes are usable for depth
conversion.

can look at the sand bodies in a cross section view and compare it with extracted earlier
Vp/Vs. Thus, Figure 5.16 demonstrates a line from the interpolated lithological model.
The inserted curve represents the Vp/Vs ratio of the velocities obtained from the dipole

sonic log, filtered down to the seismic resolution. The image clearly demonstrates lower
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Figure 5.15 Location of the wells included in lithological model building.

Sample R-6451.5V | R-5702V | R-5719V | R-5727.1V
Mixed layer Illite-Smectite 20% 0% 17% 18%
Illite & Mica 79% 62% 69% 70%
Kaolinite 0.1% 8.1% 2.8% 2.4%
Chlorite 0% 30% 11% 9.7%

Table 5.1 Relative abundance (percentage) of phyllosilicate mineralogy from XRD
(Rojas 2005).

Vp/Vs values in the areas of sand presence. Eugenia Rojas (2005), from her extensive
work, concluded that: “Vp/Vs is sensitive to gas in this reservoir and will show a marked

decrease in its presence”. The plots shown in Figure 5.17 demonstrate the relationship

between the results from gamma ray log, which plays the role of a lithology indicator,
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Figure 5.16 The cross-section of the model built by interpolating gamma ray log results
from 73 wells. The color bar represents API values with a cutoff at 80. The black curve
is the log Vp/Vs estimated from dipole sonic log. Low Vp/Vs correspond to low gamma
and such parameters as P-, S-impedance and their ratio. The data are collected in well
RWEF 332-21 within the depth interval between UMV and Cameo and colored with depth.
For better visualization the red curves on the plots refer to a trend line of the points
of only P-impedance may lead to ambiguous conclusions, since the same impedance
value may correspond to different APl number of gamma ray, as it can be observed on
the plot (Figure 5.17a). This can be explained by the sensitivity of compressional wave
velocity to the fluid content, present in sand and shale formations. S-impedance (Figure
5.17b) reveals more distinguishable results, where impedance values stay relatively stable

ray zones.
distribution. Both impedances reveal a changing point of the trend line at 80 API.
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in the sand zone but decrease rapidly in the shale zone. The trend line on Figure 5.17c
remains straight declining towards lower values on both abscissa and ordinate axes
implying a better sensitivity of Vp/Vs to lithological content. Therefore, | can use
impedance derived Vp/Vs for the lithological description of the reservoir.

The gamma ray or lithological model is extended to the whole area of
investigation. The comparison of seismic derived Vp/Vs and the extrapolated gamma ray
model will demonstrate the match between Vp/Vs values and lithological content. A
wrong interpretation from log data, caused by logging problems, may contribute to
misfits but general trend of low Vp/Vs and sandstone distributions within the reservoir
can still be investigated. Does it imply that seismic results are more reliable than log
data? Probably not, impedance derived Vp/Vs computation involved only seismic
reflection amplitudes, but one advantage of seismic is its spatial coverage. The log data
are used as a supporting material for VVp/Vs stratigraphic interpretation. Demonstrated in
Figure 5.18 volume is represented by superimposed layers of estimated Vp/Vs. It is
beneficial to examine the volume by slicing it at smaller intervals to be able to
differentiate Vp/Vs response to the reservoir, filled with gas sandstones under
overpressure conditions. In reality, the purpose of the slicing is not the hunting for
individual thin layer sandbodies, which are below the seismic resolution, but
investigation of stacked sand bodies, which gives rise to low Vp/Vs response.

5.3.5 Data Slicing
As discussed above low Vp/Vs is a potential indicator of sand presence. The

laboratory measurements showed that tight sandstones typically have a Vp/Vs lower than
1.7, while shales have values larger than that. The presence of gas-saturated sandstones
lowers the Vp/Vs even further (Vp/Vs of 1.6 or lower) and overpressure conditions can
lower Vp/Vs even to the point below 1.5 (Rojas 2005). These numbers reflect

lithological and environmental conditions of the reservoir. With the extracted Vp/Vs
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volume, it is more feasible to study the general trend of low Vp/Vs value distribution, the
general orientation and possible connectivity within the reservoir.

Two independently registered data sets were used in the process of Vp/Vs
estimation, PP-S11 and PP-PS1. The consideration of both of these combinations adds
more confidence to the interpretation of velocity ratio volumes and conclusion about
reservoir quality. Thus, if both data sets demonstrate similar patterns of low Vp/Vs
within the same interval, one can interpret it as a bypassed zone. However, all available
data must be included to avoid some misinterpretation due to erroneous Vp/Vs results.
Referring to the depth converted Vp/Vs volumes, the reservoir interval, bounded by
UMYV at the top and Cameo at the bottom, is corresponding to the vertical scale roughly
at 5000 and 7000 ft. 1 divide this thickness of 2000 ft by smaller sections, which consist
of 100 ft. I also compute the arithmetic mean of Vp/Vs values at each section with an
area covering the whole survey and thickness of around 100 ft, which is defined by the
estimated seismic resolution (see Chapter 2). Figures 5.19 — 5.26 illustrate the Vp/Vs
slices generated at different depth intervals starting with the depth 5400 ft — top of gas
saturated reservoir (see Figure 1.4 in chapter 1 for details). Since there is no free water
within this section and gas in not a factor of change, all the observed anomalies of low
Vp/Vs (below 1.6) correspond to overpressure conditions. In addition, the lithological
model calculated from gamma ray logs was sliced within the same intervals to study the
lithological correlation with Vp/Vs maps. The usable high fold area of seismic, where
the data produce more reliable results is projected on the depth interval slices. The short
description of each of those intervals, indicating the possible target zones, is presented
below.

As presented in Figure 5.19, there is a high concentration of low Vp/Vs (1.7 and
below) on the western side indicating the gas saturation in this zone and probable

overpressure condition in the area where Vp/Vs reaches 1.4. Low Vp/Vs area on the
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Figure 5.17 The cross plots of gamma ray versus: a) P-impedance; b) S-impedance; c)
Vp/Vs. The color code is the depth interval bounded by UMV and Cameo well tops.
The red line on each plot represents the average numbers and displays the general trend

of the scattered points.
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Figure 5.18 Reservoir volume sliced in the middle and colored with Vp/Vs values. The
stacked layers form the volume. Each layer can be examined individually to provide
more detailed and accurate interpretation.

west seems to be bounded next to well Clough 19.

The slices in Figure 5.20 from 550 to 5600 ft demonstrate the concentration of
overpressure zones in the eastern part of the survey. This is a good example of
heterogeneity of the reservoir and how fast the lithological changes occur within the
vertical section. The gamma ray model reveals a similar picture of sandstone distribution
in this interval.

The slices generated within the 5600-5700 ft interval (Figure 5.21) represent very
good match with lithology in the northern and central part of the study area. The Vp/Vs
maps show low Vp/Vs distribution with a general north-south trend.
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Figure 5.22 displays a good correspondence of Vp/Vs and modeled sand-shale
distribution in the 5700 — 5800 ft interval. Notice low Vp/Vs anomalies around well
Clough 19 in the middle of the survey demonstrating a potential non-depleted interval.
The next depth interval in Figure 5.23 does not reproduce that anomaly.

The depth interval of 5900 — 6050 ft shown in Figure 5.24 exhibits a very good
coverage of low Vp/Vs within the area of interest. A concentration of sandstone deposits
can be expected in this vertical section. Some bypassed zones detected by both velocity
ratio maps are around already existing wells.

As shown in Figure 5.25, well RMV 68-20 in the eastern corner of the survey is
surrounded by higher values of Vp/Vs but at interval 6300 — 6400 ft (Figure 5.26) this
area can be targeted for gas.

Overall interpretation of both PP-S11 and PP-PS1, generated within the same
interval, Vp/Vs maps shows the general orientation of sand rich areas. Consequently,
Vp/Vs values from seismic can be tied to lithology components and zones of higher fluid
pressure lowering Vp/Vs. As observed through the different levels of the reservoir, a
concentration of low Vp/Vs is encountered in the western and southern parts of the
survey. This observation is also confirmed by high EUR and thick net sand in the
specified areas (see Figures 5.3 and 5.4).
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aann PR cameo

Figure 5.19 Depth interval slices generated within the 5400-5500 ft interval: a) Vp/Vs
computed from PP-S11; b) Vp/Vs computed from PP-PS1; c) interpolated gamma ray
model. The dashed ellipse outlines the seismic high fold coverage.
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Figure 5.20 Depth interval slices generated within the 5500-5600 ft interval: a) Vp/Vs
computed from PP-S11; b) Vp/Vs computed from PP-PS1; c) interpolated gamma ray
model. The dashed ellipse outlines the seismic high fold coverage.
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Figure 5.21 Depth interval slices generated within the 5600-5700 ft interval: a) Vp/Vs
computed from PP-S11; b) Vp/Vs computed from PP-PS1; c) interpolated gamma ray
model. The dashed ellipse outlines the seismic high fold coverage.
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Figure 5.22 Depth interval slices generated within the 5700-5800 ft interval: a) Vp/Vs
computed from PP-S11; b) Vp/Vs computed from PP-PS1; c) interpolated gamma ray
model. The dashed ellipse outlines the seismic high fold coverage.



109

Figure 5.23 Depth interval slices generated within the 5800-5900 ft interval: a) Vp/Vs
computed from PP-S11; b) Vp/Vs computed from PP-PS1; c) interpolated gamma ray
model. The dashed ellipse outlines the seismic high fold coverage.
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Figure 5.24 Depth interval slices generated within the 5900-6050 ft interval: a) Vp/Vs
computed from PP-S11; b) Vp/Vs computed from PP-PS1; c) interpolated gamma ray
model. The dashed ellipse outlines the seismic high fold coverage.
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Figure 5.25 Depth interval slices generated within the 6200-6300 ft interval: a) Vp/Vs
computed from PP-S11; b) Vp/Vs computed from PP-PS1; c) interpolated gamma ray
model. The dashed ellipse outlines the seismic high fold coverage.
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Figure 5.26 Depth interval slices generated within the 6300-6400 ft interval: a) Vp/Vs
computed from PP-S11; b) Vp/Vs computed from PP-PS1; c) interpolated gamma ray
model. The dashed ellipse outlines the seismic high fold coverage.
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5.3.6 Prospect Identification

The presented data in conjunction with 3-D viewing can help an interpreter
identify prospects.  Simultaneous interpretation of Vp/Vs volumes, time-lapse
observations and well log data provides confident and informative results. Gas filled
sandstones under overpressure conditions at Rulison field are responsible for abnormally
low Vp/Vs and low gamma ray. Concurrently, it is expected to see no changes on time-
lapse maps within bypassed zones.

I study the possible bypass pay around two investigated wells: RWF 332-21 and
RWF 441-20. Figure 5.27 is a snapshot of a 3-D section demonstrating Vp/Vs inline and
crossline represented by PP-S11 and PP-PS1 data combinations. The shown curve is
gamma ray log registered in well RWF 332-21. The left deviation of the curve
corresponds to the low API numbers. The time section is the percent difference in
acoustic impedance calculated between 2003 and 2004. The maximum percent shown is
3% of changes. A closer look up at the segment between these three slices is shown in
Figure 5.28. The area of interest is at vertical time of 961 ms, which is 5500 ft in depth
equivalent. It can be noticed that at this depth the well penetrates the zone where no
time-lapse anomalies are present. In Figure 5.29 is the same interval shown in terms of
generated Vp/Vs volumes. Both data sets reveal Vp/Vs values below 1.6. Considering
all these facts the conclusion can be made that the studied zone contains production
potential.

Well RWF 441-20 is located in the middle of the survey, in the high fold area. At
1050 ms of vertical time, corresponding to approximately 6228 ft, the gamma ray log
discloses low API value (Figure 5.30), permeating also the zone of low percent of
impedance difference (Figure 5.31). Excluding the horizontal section in Figure 5.32, it
also noticeable that the area is well corresponding to low Vp/Vs identified from both PP-
S11 and PP-PS1 data sets.

Demonstrated are examples of applicable combination of the obtained and

available data for bypass pay zones identification. A proper, with utilization of 3-D
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viewing software, and thorough analysis of Vp/Vs cubes with incorporation of all
available data assists in detecting and discovering new drilling targets.

5.4 Summary
This chapter is focused on the applications of the traveltime and impedance

derived Vp/Vs volumes. Both estimations fulfill a task of reservoir characterization.

It is important to study the volumetric changes of Vp/Vs properties in a 3-D
perspective. This allows me to look at the reservoir sandbodies and their connectivity.
Remembering the highly heterogeneous conditions in the reservoir, the tool of slicing the
volumes provides essential information. The research confirms the applicability of
Vp/Vs as a tool for exploration and development of tight gas sands. Good correlation is
established between sandstone rich overpressured zones, as detected from gamma ray
model, and zones with low Vp/Vs. The bypassed zones and depth intervals are detected
by means of Vp/Vs analysis and confirmed by independently estimated time-lapse
anomalies volumes.

The Vp/Vs results from both SS and PS wave reflection data verify the
interpretation results and contribute to better understanding of the complex geology at

Rulison.
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Figure 5.27 A prospect identified around well RWF 332-21 at depth 5500 ft. The
vertical sections are represented by Vp/Vs values below 1.6, where inline is PP-S11 and
crossline — PP-PS1 data sets. The horizontal section is percent impedance time-lapse
change. The curve displays gamma ray log registered in the well.
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Figure 5.28 The zoomed in segment of well RWF 332-21, showing deviation of gamma
ray curve towards lower values in the area of zero impedance change.
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Figure 5.29 Abnormally low Vp/Vs values are very well correlated with low gamma ray
from RWF 332-21 in the zone of interest.
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Figure 5.30 A prospect identified around well RWF441-20 at depth 6228 ft. The vertical
sections are represented by Vp/Vs values below 1.6, where inline is PP-S11 and crossline
— PP-PS1 data sets. The horizontal section is percent impedance time-lapse change. The

curve displays gamma ray log registered in the well.
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Figure 5.31 The zoomed in segment of well RWF 441-20, showing deviation of gamma
ray curve towards lower values in the area of zero impedance change.
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Figure 5.32 Abnormally low Vp/Vs values are very well correlated with low gamma ray
from RWF 441-20 in the zone of interest.
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Chapter 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

From the results of applied workflow and simultaneous use of multicomponent

data combinations (PP-SS and PP-PS), I draw the following conclusions:

a)

b)

The process of Vp/Vs estimation must be performed in the time domain. The
workflow for high resolution Vp/Vs estimation, | present in the research requires
two input data volumes with an equivalent vertical scale. Naturally, the depth
domain can be more attractive, since the final results must be viewed in depth.
However, my conclusion is that it is harder and involves more uncertainties to
estimate velocity volumes needed to convert seismic data from the original time
domain to depth. Basically, I suggest using the original domain of the seismic
data through the inversion steps and then depth converting the Vp/Vs cube.

The results of impedance derived Vp/Vs reveal a good correlation with log
derived data. The generated high resolution Vp/Vs can always be tied back to the
wells to assess the accuracy and quality of the results. | obtain correlation
coefficients of more than 0.60 for the middle part of the reservoir where most of

the production is concentrated.

The ramifications of my work:

1)

The integration of both pure S-wave and converted PS-wave data increases the
interpretability and reliability of Vp/Vs results. | derive this statement from
interpretation of obtained VVp/Vs volumes in Chapter 5. If two data sets reveal the
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same feature on Vp/Vs maps within the same interval a more confident deduction
can be made.

2) There is a direct correlation between Vp/Vs and reservoir quality in Rulison field.
I show the dependence of Vp/Vs results on lithology. Cleaner sandstones exhibit
lower Vp/Vs values.

3) The analysis of low Vp/Vs, time-lapse anomalies and log data enables me to
identify bypassed zones. This ramification from the main conclusions is
motivated by the results of 3-D representation of the Vp/Vs volume and its
comparison with time-lapse observations.

4) Three dimensional estimates of Vp/Vs enable me to project the potential
connectivity of the tight gas sandstones. Resultant Vp/Vs volumes viewed and

analyzed in 3-D bring more information for better well planning.

6.2 Recommendations for future research

My proposal for future work includes:

. Implementation of the workflow for Vp/Vs computation from slow pure and
converted shear wave data. The combinations of PP-S22 and PP-PS2 may be useful for
depicting changes of the reservoir properties due to fracturing.

. The characterization of the deeper reservoir portion. This study is focused on
reservoir interval above the Cameo (5700 - 7400 ft of depth) consisting of irregularly
shaped, stacked channel sandstones. Future research should cover the deeper interval
(7400 - 8000 ft), which is characterized by distributary channel sandstones and Cameo
coal layers.

. Study of the sensitivity of Vp/Vs to depletion of the reservoir during production
by means of Vp/Vs time-lapse monitoring. Production alters reservoir parameters,
specifically fluid pressure. The drop in pressure can be detected and perhaps quantified

by velocity ratio mapping.
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. Development of the geological reservoir model through the implementation of

statistical methods using Vp/Vs volume as a background model.
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APPENDIX A

PSEUDO DENSITY DERIVATION FOR STRATIGRAPHIC INVERSION OF
POSTSTACK PS CONVERTED WAVE DATA

A.l Reflectivity approximation for near offset PS data

By assuming that changes in elastic properties of rocks across the layer boundary
are small and propagation angles are within the subcritical range, Aki and Richards

(1980) approximated PS reflection coefficient as

V A AV
RPS:—2VP tanl//{A;—B VS}’ (A.T)
S S
where coefficients
Ve oL, \Y
A:1—2V—32s1n «9+2V—Scosﬁcosy/ (A.2)
P P
and
2 V
B:4V—52sin249—4v—scost900sz//. (A3)
p P

The parameters included in these formulas are:

V, - P-wave velocity,
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Vs - S-wave velocity,
p — density,
@ - incidence angle,

¥ - emergence angle.

A . : . . .
The terms 2 and AS describe the fractional change in density and shear wave velocity

P
correspondently. However, the parameters AV, and Ap must be small to validate the

approximation for PS reflectivity.

According to Snell’s law,

V
sin @ = —-siny (A4)
V, ’

incidence angle can be expressed through the corresponding emergence one. Then, for
purely isotropic media and small emergence angle, only the linear terms in siny are kept.

Thus, coefficients A and B can be rewritten as:

V
A=1+2—"2cos
V. 78 (A.5)
Vv
B=-4—2cos
V. v (A.6)

Substituting equations A.5 and A.6 into equation A.1 and performing some

arithmetic operations, the last can be written as
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V. Ap .  Ap . AV
Res = —

(A7)
2Vq P P Vs

or, assuming for small angle tany = siny,

. 1V 1\Ap AV
Rps = —2sin ——FP =+
PS WK“VS 2} - v, } (A.8)

When the traces are stacked for the same range of angles, the angle term becomes

constant and can be factored out.

1V, 1)4p AV,
RPS[stack]:_2*|:(Zf+2j P i|*ZSll’1l// (A9)

where siny is the range of angles for one CCP gather.

A.2 Pseudo density derivation

Reflection coefficient of compressional wave data for normal incidence angle can

be expressed as

A AV
R o =2{ L4 P} (A.10)

Both equations A.8 and A.10 represent similar dependence of PS- and PP-wave
reflectivity on velocity and density, but a different relationship exists with those
parameters. Pseudo density is the quantity that brings equivalent to the fractional

changes of density for PP- and PS-wave data:
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Ap —(lV_P+ lep

a2, a1
If Ap =log p, then
Yo
Ve 1
A 4Vg 2
P=p , (A.12)

where
p - pseudo density

P - original density
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