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ABSTRACT

The Florence field in the Canon City graben,

Colorado, is the second oldest oil field in the United
States (Mallory, 1977). 0Oil is found in fractured zones
within the Pierre Formation. A seven mile compressional
(P)- and horizontal shear (SH)-wave seismic survey was
analyzed to investigate the possibility of detecting
fractured zones in the Pierre Formation.

The SH-wave reprocessed preserved amplitude section
shows an amplitude increase throughout the Pierre and
along the Niobrara horizon within the Florence field's
limits. Zones which show an amplitude increase result
from SH-wave velocities being lower in fractured intervals.
Section above Niobrara Formation may be fractured through-
out, not just in specific production intervals. Specific
production intervals are evidence of open fractures.

VS/Vp ratios decrease within areas of preferential
fracturing. Both P- and SH-wave amplitudes increase in
fractured zones, causing the AS/Ap ratio to show a slight in-
crease in zones with fracturing. SH-wave velocity information
is more definitive than P-wave velocity information of
fractured areas. Northeastern end of both seismic lines
indicates an area of fractures and a structural flexure
which warrants this area for future exploration.
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INTRODUCTION

Compressional (P) and horizontal shear (SH) wave
seismic surveys were conducted by CGG in the Florence
field area of Coloradeo in 1978 (Figure 1l). The Florence
field is located in the central part of the Canon City
graben. The field's main producing zone is related to
fracturing within the Lower Pierre Formation, Late
Cretaceous age (Figure 2). The first well to recover
oil in the area was drilled by A.M. Cassidy in 1862,
along Fourmile creek, 9 miles north of Florence, which only
found oil in the strata near the surface. It was nct until
1876, that A.M. Cassidy and Isaac Canfield struck oil,
which marked the first production in Florence Field.
Since this time, over 600 wells have been drilled with
cumulative production from the Florence-Canon City
Field in exgess of 15 million barrels (PI,; 19B3):
Currently the Florence-Canon City field has production

from approximately 34 oil wells and one gas well.

Previous Work

With our knowledge today, the seismic reflection
response is mainly attributed to three factors:

bulk density, attenuation, and velocity. Several
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Figure 2: Stratigraphic column in study area. Section from
Brehm-Anderson #1 Scheel, NE SW sec 27, T19S,
R69WI(Amstrat, 1963).
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properties which influence the above three factors arse;
porosity, mineral composition, overburden pressure, forma-
tion pressure, temperature, micro-cracks (fractures),
fregquency, and age. Aﬁ understanding of how these
properties influence the seismic character visible on

the P- and SH-wave sections, possibly will aid in the

delineation of fractured systems.

Density
Although this paper concentrates on velocity varia-
tions, it is important to mention several properties of
a rock's density. Statistical distributions of P- and
S-wave velocities versus density show when the wvelocities
increase so do the densities (Nafe and Drake, 1957).
Experimentally, Gregory (1976) showed that as
porosity increases the bulk density linearly decreases;
however, with an increase in fluid saturation the bulk

density linearly increases.

Attenuation (Q)
Another factor that will be mentioned in this report
is attenuation. Attenuation is important in elastic

wave propagation. Solid and viscous friction losses
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are the two most commonly documented attenuation
mechanisms. The primary solid friction loss mechanism
is documented in low permeability rocks (Gregory,

1977). ©Unlike solid friction, viscous losses caused

by the relative motion between pore fluid and solid
material in porous and permeable rocks can be calculated
from theory (Biot, 1956).

Attenuation in highly consclidated rocks is lower
than in poorly cemented or unconsolidated rocks. An
increase in attenuation usually occurs with the addition
of pore fluids and/or a decrease in fluid viscosity. These
results imply the Pierre Formation's fracture zones should
exhibit an increase in attenuation.

Since the S-wave decrement exceeds the P-wave
decrement by a factor usually larger than two, S-wave
amplitudes should decrease more rapidly than P-wave
amplitudes.

Increasing the static pressure on the frame of a
rock feducés Q for the P-wave but Q for the S-wave 1is
not affected (Gregory, 1977). Therefore, because fractures
release pressures stored within rocks, producing intervals

Within the Pierre Formation should exhibit larger P-wave
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amplitude attenuations than non-fractured intervals.

However, for a change in pressure, S-waves will show

no change through fractured or non-fractured zones.
Although attenuation was not heavily studied in

this report, measurable differences between P- and

S-wave attenuations should be measurable when the signal

to noise ratio is high.

Velocity

This study is concerned with changes in P- and SH-
wave velocities and how these chanzes could help indicate
fractured intervals.

S-waves travel in the earth with a velocity that

depends on the modulus of rigidity and density;

_ 5
vy = (/o) .
¥t Velocity in m/s.
u : Rigidity (shear) modulus in N/m2
p : Density in kg/m3.

As these S-waves pass through a medium, that medium

will undergo a torsional deformation.




T-3087 7

S-waves are subdivided into two types, SV-wave and
SH-wave. If the particle motion is parallel to the
wave's plane of incidence, then the wave is designated
as a SH-wave. However, a wave whose particle motion is
perpendicular to the plane of incidence, is designated
as a SV-wave.

An SV-wave incident on a boundary will generate
both SV- and P-reflections and refractions. Since SV-
and P-waves travel at different velocities and conversion
from one to both types occurs at every boundary (Cherry
and Waters, 1968), the resulting record could be very
complex. Unlike SV-waves, SH-waves 1in parallel layered
beds are reflected and refracted as only SH-waves.

A source for SH-waves 1is any force system that does
not have a spherical symmetry in a homogeneous medium.
The force system used to produce both P- and SH-waves
for this project was Primacord.

Like the S-wave, the P-wave propagates with a
velocity that depends on rigidity and density; however,

the P-wave velocity also is dependent on incompressibility;
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Vo= (e+dn/3)/0) 7
k: Incompressibility (bulk) modulus in N/mz.

p: Ridigity (shear) modulus in N/m2

p: Density in kg/m3.

As a P-wave passes through a medium, that medium will
undergo volume variations.

A shear (S-wave) wave is a disturbance which moves
through an infinite medium, such that the point's dis-
placement is parallel to the wavefront, unlike the
compressional (P-wave) wave's point displacement, which
is perpendicular to the wavefront. Velocities of the
two wave types are different and are controlled by the
density and two different medium elastic moduli; bulk and
shear moduli (Cherry and Waters, 1968). For most rocks
the moduli effects for gas and crude-oil saturations are

similar to those for gas and water.

Bulk Modulus (Incompressibility)
Compaction, which causes a sediment volume reduction

has less effect on increasing rigidity, than on increasing

the bulk modulus (Walsh, 1965), therefore compaction

should increase P-wave velocities more than S—wave
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velocities. Further, Walsh shows the bulk modulus is
strongly affected by the presence of a few long cracks
and that the bulk modulus of a material with cracks is
less than the originalrsolid material. When density
increases, so must the bulk modulus since an increase

in density has been shown to increase both P- and S-wave
velocities.

Dynamic measurements of rocks show the bulk modulus
varies with porosity, pressure, temperature, and fluid
saturation. Usually, the bulk modulus increases as liquid
saturation increases. Replacing pore liguids with gas
reduces the rock's bulk modulus and the effect is enhanced
by decreasing pressure. Bulk modulus will also decrease
as porosity increases. If pressure decreases and both
porosity and gas content increase, then significant re-
ductions in the bulk modulus occur. A reduction in the
bulk modulus occurs when temperature increases.

Lowest values for bulk modulus are obtained for
high porosity rocks containing large amounts of gas.
Generally an increase in confining pressure causes the
bulk modulus to increase. Low pressure rocks exhibit a
noticeable change in the bulk modulus when water saturation
is replaced by gas. Medium porosity rocks show a definite

change in the bulk modulus for an addition of gas to a

water saturated rock.
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Shear Modulus (Rigidity)

Rigidity links particles to each other and therefore
affects both P- and S-waves. When cementation fills the
pores with solid material, the filled pores increase
the rocks rigidity, which should cause the P- and S-wave
velocities to increase. Where cementation is not
important, as with recent sediments, clays, or shales,
lower S-wave velocities should be expected. Because of
evidence which shows that as density increases so do
both the P- and S-wave velocities, the rigidity modulus
must therefore increase.

Jointing and fracturing should cause a considerable
decrease of the macroscopic rigidity modulus. Fracturing
causes a decrease in both the rigidity and bulk moduli,
with theory showing changes in the rigidity modulus having
a larger affect on S-waves than P-waves.

The rigidity modulus decreases with either a tempera-
ture or porosity increase. Replacing pore liquids with
gas reduces the rock's shear modulus and the effect is
enhanced by decreasing pressure. Low and medium porosity
rocks at constant pressure with an increase in fluid
saturation exhibit a minimal effect on the rigidity

modulus, which is probably a result of the changes in



