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CHAPTER 1
INTRODUCTION

In March of 1986 the Salton Sea Scientific Drilling Project (SSSDP) completed drilling @Kor-
nia State Well 2-14 to a depth of 10,500 feet. This deep well was drilled by the Department Of
Energy (DOE) as part of the Geothermal Technology Development program with scientific studies in
the well funded by the Basic Energy Sciences office of DOE, the National Science Foundation and the
U.S. Geological Survey. The well is located near the Salton Sea Geothermal Field in southern Cali-
fomia. As part of the SSSDP, a vertical seismic profile (VSP) was conducted by the Lawrence Berke-
ley Laboratory’s Earth Science D.ivision. The processing and analysis of the Salton Sea VSP data is

the basis of this thesis.

The objective of acquiring the VSP was to study the seismic wave propagation properties of the
area near the well. There are several goals within this objective. The first goal is to use standard
VSP analysis to obtain velocity models and search for reflective horiéons within, and possibly
beneath, the Salton Sea well. Another goal is the seismic detection of fracture zones surrounding the
well including any indications of geothermal reservoirs. Also designed into the VSP is use of the
shear wave sources to detect and analyze in-situ seismic anisotropy, if any, in rock surrounding the
SSSDP. Finally, the SSSDP VSP data are used to test new particle motion analysis and display tech-

niques for detecting fracturing and estimating the orientation of the fractures.

The usefulness of the VS? surveys has been well documented .in the last decade; at least four
books on VSP have been published and a number of new articles appear in the literature every year.
It is assumed that thé reader is somewhat familiar with VSP data, including the presence of upgoing
and downgoing waves, tube waves, and the identification of reflector depth. For reference on these
points any of several good review articles are available including Oristaglio, 1985 and Kennett, 1980.
The application of VSP to anisotropy studies and fracturé- detection is more recent and is gaining in
use. A 1987 meeﬁng of the SEG included such titles as "Seismic Detection of Subsurface Fractures"

' ( Becker and Perelberg, 1987) and "Estimate of Shear Wave Anisbtropy Using Multicomponent



Seismic Data" (Corrigan, e.t.al., 1987). Both of these papers, among others published in recent
months, are looking at the use of VSP to study fracture-induced anisotropy. The VSP performed at
the SSSDP provides a fairly complete data set taken in an area whose seismic propagation properties
and fracture properties are not well understood. This paper is an attempt to apply current analysis
techniques to understand an unusual geologic setting, rather than a proof of the techniques in an area

whose seismic properties are known.

In order to understand any geophysical data, geologic information is necessary. For this reason,
the thesis will begin with a summary of the geology of the Salton Trough region and the Salton Sea
Geothermal Field (SSGF). The information available from the SSSDP will also be summarized,
although much has not yet been published. After the geologic summary, the design of the VSP will
be discussed, including acquisition equipment and procedures. The data processing procedures and
software used will be discussed as a separate section. Processing procedures will also be described at
various times in the thesis where more specialized procedures are used. Data analysis makes up the
bulk of the thesis and it is divided into a number of sections detailing the basic VSP interpretation,
the anisotropy analysis and the fracture detection and orientation analysis. A combined interpretation
of the results, with probable geologic causes for observed events, is presented as a separate section
from the data analysis. Finally, a summary of results for each of the goals stated above will be given.
The reader should note that a large volume of data were collected and various display methods were
used (from the standard wiggle-trace to three-component hodographs). Much of these data are left in
the appendices with important or representative figures giveﬁ in the body of the thesis. Also given in

the appendices are listings of FORTRAN programs developed in conjunction with the thesis work.



CHAPTER 2
GEOLOGY

1. REGIONAL SETTING

The regionai setting of the Salton Sea Geothermal Field (SSGF) is one of complex tectonic
interactions. Figure 1 shows the location of the Salton Trough, a long, narrow depression extending
northwest from the Gulf of California in Northem Mexico tb the Coachella Valley region in Southern
California. The Salton Trough is a transitional zone on the boundary between the North American
plate and the Pacific plate. The transition is from the transform faulting of the San Andreas fault sys-
tem to the rifting associated with the East Pacific Rise. Both of these tectonic forces are currently
active within the Salton Trough, but it is small spreading centers with their associated upwellings of
mantle material which appear to be providing the geothermal heat source. The strike-slip faulting of

the San Andreas system interacts with the rifting to create a complicated geologic province.

As an actively growing rift Qalley, the Salton Trough is subject to high rates of subsidence and
sedimentation. The process of sedimentation has been ongoing since the Salton Trough first began
developing in late Miocene or early Pliocene time (Crowell and Sylvester, 1979). Gravity and seismic
refraction studies indicate the Trough contains over 6 km of sediments (Frith 1978, Randal 1974).
This sedimentation has been dominated by the Colorado River, which enters i;l the center of the
trough near Yuma, California. The Colorado River forms a delta which developed westward in mid-
Pleistocene time (Younker, et al, 1982). The delta has alternated flow northward and southward,
separating the Imperial Valley to the north and the Mexicali Valley to 'me south. :Soumem flow,
which is the curreht direction, discharges into the Gulf of California while northern flow discharges
into the Imperial Valley and can orily escape by evaporation. The current Salton Sea is one of many

historic inland seas within the northen end of the Salton Trough.



Figure 1. Location of Salton Trough. Surrounding crystalline mountain ranges
are stippled. Dotted lines denote approximate boundaries of East and West
Mesas of Imperial Valley. From Sharp, 1982. ‘



2. SALTON SEA GEOTHERMAL FIELD

The Salton Sea geothermal field is situated south of the Salton Sea in one of the young pull-
apart zones within the Salton Trough. The Salton Sea was formed between 1905 and 1907 when the
Colorado River overflowed controlling levees and flowed north into the Salton Basin. The Salton Sea

maintains its level because irrigation runoff from the Imperial Valley approximately matches the eva-

poration losses. Figure 2 shows the location of the SSGF as well as other geothermal fields within the

Salton Trough. As an active rifu'ng zone, the trough is an area of high regional heat flow. More than
a dozen geothermal anomalies have been found in the Salton Trough, with the SSGF being one of the
hottest. The SSGF is also one of the few geothermal areas of the trough showing surface manifesta-

tions of heat flow such as hot springs and fumaroles.

Drilling in the area of the SSGF began in 1927 when three wells were drilled to a maximum
depth of 1473 .feet (Lande and Elders, ed., 1979)_. These wells produced carbon dioxide commercially
from shallow sands as part of the Imperial Carbon Dioxide field until production ended in 1954. The
first geothermal production was from the Sinclair #1 well drilled as an oil prospect to 4725 feet in
1957. By 1964, ten more geothermal wells were drilled in the immediate vicinity, beginning with the
Sportsman #1 (see Figure 3). All these well produced from hot water reservoirs with steam and brine
mixed at the wellhead. The:-brine is highly mineralized with some wells having 300,000 ppm total

dissolved solids.

The sediments of the SSGF are considered a complete sequence dating from early Pliocene.
While most of the sediments are detritus from the Colorado river, some erosional runoff is seen from
the Chocolate Mountains on the east and the Peninsular ranges to the west. The deltaic deposits are
interbedded sands, clays, silts and pebble conglomerates (Elders, ed 1979). These deposits are inter-
mixed with lake sediments. The sedimentary section at the SSGF has been exiensively altered by the
hydrothermal process associated with the geoxhermai resource. Thermal springs at the surface provide
evidence that, in cemain locations, hot brines have penetrated the entire sedimentary column

(Younker, et al 1982). Temperatures up 10 365 degrees centigrade have been recorded in the



‘geothermal wells of the SSGF.

The lateral structure of the SSGF is controlled by en echelon faulting with associated earth-
quake swarms (see Figure 3 for major fault locations). Studies of well information have defined three
general depth zones, shown in Figure 4, which characterize the geothermal field (Randal, 1974,
Younker, .et. al.,, 1982). At shallow depths there is a low permeability cap rock of variable thickness
(750 to 2000 feet). The cap rock is composed of evaporite deposits with anhydrite and carbonate
grains dominating. This surface zone serves as an impermeable layer to fluids and as an insulator
against heat flow. Below the cap rock is the reservoir rock section. Younker et. al describe the tran-
sition from cap rock to reservoir rock as a "boundary between marine sediments (reservoir rock) depo-
sited in the Gulf of California and lacustrine sediments (cap rock) deposited in the Salton Trough after
it was isolated from the southemn portion of the basin in the mid-Pleistocene”. The porosity and per-
meability of the reservoir rock is generally assumed to include secondary and fracture induced com-
ponents (Younker et. al. 1982, Muffler and White 1969). The porosity measured in five geothermal
wells within the ﬁeld was seen to decrease with depth from 25% to 5% over the 2000’ to 6000’ range

(Younker et. al. 1982).

Below the reservoir rock is a zone of major hydrothermal alteration, the altered reservoir rock. ‘
Within this zone the porosity and permeability decrease with depth. The transition from reservoir
rock to altered res;:rvoir rock is marked by a gradual loss of calcite and a corresponding increase of
pore-filling epidote as an alteration product which can evolve into large crystals. These msiﬁom
mark the general structure of the SSGF. The structure is fairly well defined by well information
within the center of the field. Near the edges of the field, the transitions between cap rock, reservoir
rock and altered reservoir rock become more vague. Since the SSSDP is outside of previous drilling
on the fringe of the field, a close correlation with these transitions was not expected. Figure 3 shows

the location of the SSSDP with respect to other wells in the field.

Geophysical studies have been performed in the SSGF dating back to an early magnetic survey

by Kelley and Soske in 1936. The results of these geophysical studies are well summarized by



Younker et al, 1982, who state the following:

(1) The field is associated with a local gravity high, probably resulting from intrusion of

dike material, or of hydrothermal alteration of sediment, or both (Bichler et al., 1964).

(2) The field is associated with a magnetic anomaly that probably reflects the presence of

igneous material near the surface (Griscom and Muffler, 1971; Kelley and Soske, 1936).

(3) A resistivity anomaly probably reflects the boundary of the saline brine. The conduc-
tance of the sedimentary sequence is greatest in the area of the drilled field, but a broad
area of high conductance extends along the axis of the valley (Meidav et al,, 1976;

Kasameyer, 1976).

(4) Seismic refraction data reveal the presence of high-velocity material within 1 km of

the surface (Frith, 1978).

(5) Numerous earthquakes indicate that the area is tectonically active (Schnapp and Fuis,

1977).

(6) Interpretations of resistivity surveys, seismic refraction data, earthquake locations, and
ground magnetic surveys are suggestive of the existence of several steeply dipping faults
within the field (Muffier and White, 1968: Babcock, 1971; Meidav and Furgerson, 1972;

Towse, 1975; Gilpin and Lee, 1978; Frith, 1978).
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3. SSSDP CORES AND GEOPHYSICAL WELL LOGS

The SSSDP VSP was performed after the well had been drilled té total depth. The preliminary
results of mud logging, core analysis and well logs are therefore available for consultation. Figure §
shows the stratigraphic column as interpreted from mud logging and core analysis. As expected, the
well penetrated 10,500 feet of sediments consisting of sandstones, claystones, siltstones and some
conglomerates. Igneous intrusives were first identified at 9500 feet. Figure 5 also shows where cores
were taken and what hydrothermal alteration was noticed. Indications of alteration were actually
observed in all the core sections taken, with the shallowest core (1553 feet) being described as
"indurated mudstone”. Major epidote alteration begins around 4500 feet. Zones of high porosity and
permeability were easily identified by loss of drilling fluid circulation while drilling. These zones are

identified in Table 1 (from Paillet ed, 1986).

The geophysical well logging included dual induction, natural gamma, spectral gamma, compen-
sated neutron formation density, caliper, sonic, full waveform sonic and temperature. The quality of
the logs obtained was generally poor with a number of logs being severly compromised by various
problems including temperatures up to 300 degrees C, numerous zones of fluid loss, hole damage
from cement plugs and mud coagulation and repeated trips in and out of the well. The sonic logs,
which would normally be used in conjunction with the VSP velocity information, had serious prob-
lems wiu; repeatability and cycle skipping and are therefore not incorporated with the VSP data.
Recent studies comparing velocities derived from the full waveform sonic log with VSP derived velo-
cities for 1500° of the well do show good agreement (Cheng, C.H., 1987 personal communication).
FMer analyéig_ and processing of the sonic logs may lead to useful results if a detailed velocity
' profile is required. For reflection seismology, the velocity information provided by the VSP should be
sufficient. Use of density logs with velocity information can provide measures of the elastic constants

of the material surrounding the well.
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TABLE 1 - LOST CIRCULATION ZONES (FROM PAILLET, 1988)

{ft, feet; bbi/h, barrels per hour; bbl, barrelsl

Date Depth (ft) Fluid-loss Remarks
(bbl/h)
11/11-12/85 3,107-3,200 -15 Only zone of fluid loss above
6,100 €t
12/22/85 6,119-6,133 <30 to -100 Mineralized zone with epidote
fracture fill
12/28-30-85 6,227 Conducted first flow test
1/5-15/86 6,637-6,889 Total 6,637 fr: added additives to
drilling mud
6,771 fc: sat cement plug
6,850 fr: set second cement plug
6,889 ft: injected cement under
pressure, regained circulation
1/16/86 7,030-7,090 -85 Added additives to drilling mud
1/27-29/86 8,095-8,160 Total Well flowing at depch of 8,126 ftr; added
’ combination of drilling—mud additives
and cement; regained circulation
2/1-3/86 8,580-8,800 Totel Well flowing.at depth of 8,580 ft;
plugged with combination of drilling-
sud additives and cement
2/4-5/86 8,800-8,920 ~-100 Losing fluid, yet drilling with
returns; well flowed while
tripping
2/5/86 8,948-9,020 Total Plugged with combination of drilling-
mud additives and cement
2/1/86 9,098 Total Plugged with combination of drilling~-
mud edditives and cement
2/10/86 9,254 Total Well flowing, gained 400 bbl
2/11/86 9,450 Total Plugged with combination of drilling-
mud additives and cement
2/19-21/86 9,450 Cemented hole up to depth of
6,000 ft in four stages
3/9/86 10,450~ -200 Plugged with combination of drilling-
10,460 mud additives and cument by
private contractor
31/9/86 10,673 Drilled without returns to total
depth of 10,564 ft
3/11/86 10,564 Conducted second flow cest
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CHAPTER 3
SURVEY DESIGN AND DATA ACQUISITION

The design of the Salton Sea VSP was based on the objective of studying the seismic wave pro-
pagation properties at the well site. The limiting factors were, as usual, time and money. A well is
not under control when a VSP is being conducted and any open hole is in danger of being lost until
circulation of drilling fluid resumes. The VSP survey can be stopped to allow circulation to be
restored, but this is time consuming and therefore expensive. It was decided to limit the VSP to
about 40 hours of data acquisition. This time limitation allowed two source locations, a near offset at
300’ and a far offset at 2300’. The VSP was also ﬁmitéd by high temperatures and unstable open
hole conditions. These factors led to the decision to restrict the survey to the cased section of the
well above 5750 feet To obtain complete seismic information, both a P-wave source and a shear-
wave source were used. The P-wave and shear-wave sources were Vibroseis (a trademark of

CONOCO Inc.).

The goal of obtaining information about anisotropy and fracturing inferred from anisotropy led
to the use of two orthogonal polarizations of shear waves. Two polarizations of shear waves were
obtained with one vibrator by rotating it 90 degrees. The sources are labeled differently at the two

“offsets because of the nature of their expected particle motion (see Figure 6).

The sources labeled SH, and SV are both generated by having the shear vibrator pad move
radially toward and away from the well. The term SH, is used at the near offset and the term SV is
used at the far offset This terminology is derived from the geometry of the transverse panicle
motion expected for the first arrival in an isotropic media. The source labeled SV at the far-offset
gives an SV type of particle motion (i.e. transverse to the ray path in a vertical plahe) because the
raypath is not vertical. In other words, since the wave propagation vector of the SV source has a hor-
izontal component, there is a vertical component of particle motion for the propagating shear wave,

The source labeled SH, at the near-offset has a vertical raypath (and vertical wave propagation
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vector), which means the particle motion is in the horizomal plane. The two near-offset shear sources

then are SH sources polarized 90 degrees apart, labeled SH, and SH,.

The term SH, is used at both offsets for the source generated by having the shear vibrator pad
move transverse to the radial direction. This source motion, in an isotropic material, gives a wave
with particle motion transverse to the raypath in the horizontal plane. Figure 6 shows the direction of

particle motion expected for each source in an isotropic medium.

The SH, and SH, source motions are the same as those labeled SH and SV, respectively, in
surface reflection work. It should be noted that this standard terminology of SH and SV shear waves
is strictly valid only for transversely isotropic material with horizontal layering, otherwise the two
wave types are not separable. Since the VSP data shows the surrounding material is not transversely
isotropic, the simple model of separate SV and SH propagation does not hold. The actual shear-wave
first arrivals will be seen to have a comp!ex three-dimensional particle motion. The terms SH and SV
will be taken to mean that part of the shear-wave particle motion in the horizontal plane or ou; of the

plane, respectively.

The desire to study the three dimensional nature of the seismic wave field required the use of a
three-component borchole geophone. A hydraulic wall-locking mechanism was used for maximum
coupling with the well and the surrounding formations. The borehole tool was provided by Seismo-

graph Service Corporation.

The vibrator source sweep was an 8 to 55 Hz upsweep, sixteen seconds long. The choice of
sweep was govemed' by time limitations, the desire to have as broad a sweep as possible while putting
maximum energy in the more easily Lranémiu.ed lower frequencies, and a desire to avoid 60 Hz noise.
This 8-55 Hz sweep is also a standard surface seismic sweep which allows the VSP to be integrated
with future reflection studies. The P-wave vibrator used for this survey was a Failing Y600 BD with
7.5 tons of output force and the Shear wave vibrator was a Mertz model 13 with 15 tons of output
force. The vibrators were provided by Lawrence Berkeley Laboratory and the wireline service was

provided by the USGS. The data were recorded on a Texas Instruments DFS-IV 24-channel seismic
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data acquisition system. Only four channels were actually used, one for the source sweep and three
for the borehole geophone’s three components. The data were recorded uncorrelated at a two mil-

lisecond sample rate with a four second listening time following the 16 sec. sweep.

The choice of offsets was limited by the time available. A near-offset source was necessary to
obtain accurate velocity information from vertical wave propagation. The near-offset data are in 50
foot depth intervals. While multiple far offsets were hoped for, only one far-offset data set was
acquired because of timé limitations and tool failure. 75-foot depth intervals were used at the far-
offset, giving less spatial sampling, but using less time. The near offset location was 300 feet from
the well, and the far offset was 2300 feet from the well, both on approximately the same azimuth of
S45E. Figure 7 shows a schematic of the offsets and a list of the depths surveyed. The offsets’
azimuths correspond with the trend of the Salton Trough meaning the shear wave polarizations were

approximately parallel and perpendicular to the axis of the trough.

The acquisition procedure was designed for the most efficient use of the available time. The
survey was begun at the bottom of the interval to be logged. This is done because the depth measure-
ment is more accurate when the wireline is pulling a tool up the well instead of lowering it down.
Starting at depth also reduces the impact of high temperatures since the tool is in the hottest part of
the well first and as the well, which was cooled for the survey, begins to heat up, the tool is raised to
cooler depths. After the tool is locked in place at a given depth, the wireline is slacked to prevent the
resonance of a taught wireline. The downhole amplifier, which gives about 60dB of gain, is then
tumed on, providing amplification for the analog geophone output before the signal is sent over the
wireline. The sources are alternated with one polarization of shear first, then the P source, then the
other polarization of the shear source. By alternating the sources, the shear wave vibrator could be
turned while the P wave vibrator is running its sweeps or while the tool is being moved up to the next
level.‘ Each source had three 1o ten sweeps stacked per level, depending on signal-to-noise ratio and

on the time available.
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‘The VSP was hampen;,d by severe noise problems at the near-offset. - The noise problem was
worst between 2500’ and 4000’ and was worse on the horizontal components of the geophone than on
the vertical. Possible causes of the noise will be discused in the velocity analysis section. High tem-
peratures in the-well stopped an effort to extend the survey to 7100° for the far offset when the tool

failed after two levels (7100’ and 7000’) were recorded with the P source.
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Figure 6. Diagram 6f expected particle motion for borehole geometry.
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CHAPTER 4
DATA PROCESSING

1. EDITING AND SORTING OF DATA

The goal of the editing and sorting process is to produce sections of each geophone component
from each of the sources with the best signal to noise ratio possible. The editing and sorting was per-
formed with Digicon’s Interactive Seismic COmputer (DISCO) software. This software package is
organized into subroutine modules which can be used in any order. Some further processing and
display was performed with specially written FORTRAN routines which will be identified when they
are discussed. All processing was done on a VAX 11/780 computer at the Center for Computational

Seismology at the Lawrence Berkeley Laboratory.

The first step of processing was to demultiplex the data and extract the four desired channels
from the 24 channels of data and 4 auxiliary channels which were recorded. This was done with
DISCO’s 'DEMUX’ routine. The next step was to edit noise out of the uncorrelated recordings. A
major noise problem was spikes caused by movement of the borehole geophone while recording. | If
spikes are left in the data, the correlation process will produce noise at the correlation frequencies
across the entire correlated output trace. Ideally, these spikes would be manually edited out with the
minimum amount of trace removed. However, the large number of traces to be edited (over 2400
16-second traces) encouraged the development of an automated editing process from various subrou-
tines available in the DISCO package. After experimenting with various arrangements, final editing

was done with the following software:

(1) An eight pole Butterworth bandpass filter (DISCO’s "FILTER’ module) with 3 dB points at 8
and 55 Hz to match the sweep; This removed any noise outside the spectrum of interest.

(2) DISCO’s 'SPIKEDT' routine which looks for noise bursts or spikes in the following manner:
Two consecutive windows of user specified length are passed through the data, if the ratio of

signal level in the leading window to signal level in the trailing window exceeds a user
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_ specified value, then the leading window is zeroed. The windows are moved one sample ata
time for the whole trace. This routine was used with 300 millisecond windows and a detection

ratio of four.

(3) A second run of the 8 1o 55 Hz Butterworth filter to remove discontinuities caused by the

zeroed section of data, and prevent the associated correlation noise.

After this automatic editing, each trace was correlated with a source sweep recorded with every
shot. Each correlated trace was visually inspected and either chosen for use in the stacked records or

removed from further processing. At this point a few levels were found to have no usable data.

The sorting of the data was done by giving each trace a separate header value for source type
and depth. The geophone components were automatically assigned a channel number by the demulti-
plexing software. The_ data were then sorted into groups with the same source and geophone com-
ponent, in order of increasing depth. Once the data traces were sorted in this manner they could be
stacked, with all traces having the same source, geophone component, and depth stacked together. At
this point the final stacked secu'or;s of the original data were available, but full interpretation could

not yet begin. A remaining obstacle was the random orientation of the geophone compohénts.

2. ROTATION OF BOkEHOLE GEOPHONE COMPONENTS

The data, as recorded in the field, consist of three components of ground motion recorded at
each level in the well. These components are oriented orthogonally with one aligned on the tool's
axis. When set vertically in a well, the tool has one vertical component and two horizontal com-
ponents. The orientation of the horizontal components relative to an arbitrary frame of reference is,
unfortunately, not known. There are three main reasons for the lack of orientation. The primary
problem is the fact that a borehole geophone rotates around its axis on the wireline cable which sup-
ports it. This rowation, which occurs while the geophone is moved bethen levels, causes the horizon-
tal phones to be randomly oriented at each level. A second cause of‘ variation in geophone orientation

is the deviation of the well itself, which rarely is vertical. Well deviation can cause a systematic
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variation in the orientation éf all three components as the toollis moved up the well. For wells with
significant deviation, a deviation survey is usually run. This survey, if available, can be used to
correct the geophone tilt. Thirdly, orientation error is caused by local variations in an uncased well.
A severe washout can cause a tilt up to 10 or 15 degrees, depending on how the phone is locked to
the wall. This survey was performed in an essentially undeviated, cased section of the well. How-
ever, until alllborehole geophonés are equipped with an orientation device, such as a gyroscope, the

lack of known orientation will remain a source of uncertainty in interpretation.

There are various mathematical methods of determining the orientation of a three component
geophone at each depth. In general, these methods depend on the assumption that the first arrival is a
P-wave, which exhibits linear particle motion. The orientation of the three geophone components
with respect to this particle motion can, in theory, be precisely determined. New data can be gen-
erated by projecting the particle motion onto any orthogonal coordinate system. This projection or
‘rotation’ of coordinates can be defined by two angles termed phi (¢) and theta (6), and shown in Fig-
ure 8. Phi is the angle down from vertical and theta is the angle counter-clockwise around the verti-
cal axis which is positive upwards. Once these two angles are known, ‘the recorded data can be
mathematically ‘rotated’ to recreate the signal which would have been recorded by geophones at any

given orientation.

The 'wavefront’ coordinate system which is most often used here is shown in Figure 9. This
system has coordinates oriented in the directions that ﬁe P-wave, SH-wave and SV-wave first
arrival’s particle mot_ion would occur for an isotropic material. Since the rotation is based on the
angle at which the P-wave wavefront impinges on the geophone, and the curvature of the raypath is
not known exactly, this wavefront coordinate system is not accurately defined with respect to the sur-
face. If an assumption can be made that the vertical geophone component is truly vertical, and that
the ray§ stay in one plane, then the wavefront rotation will give an absolute orientation with respect to
the surface. For the Salton Sea well, which was cased and had deviation less than 10 degrees over

the VSP intervals, the assumption of a true vertical component seems valid.
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The method used to rotate the SSSDP data is eigenvalue analysis of the covariance matrix as’
described by Kanasewich (1981). The first step in this procedure is to pick the first P-wave arrival
wavelet at each level. This is actually a non-trivial step since the wavelet may be distorted by
signal-to-noise problems, and the particle motion is spread on 3 geophone components. As can be
seen in Figures 10a and 105, the vertical component gives good first arrivals for the near~offs;t data,
but varying wavelet character for the far-offset data. The first arrival window for each level was
picked manually with knowledge of.the source wavelet and consistent decision making. Tests with

varying windows show the method only varied five to ten degrees for any reasonable window.

Once the first arrival window has been picked, the next step is computing the covariance matrix.
The covariance matrix is formed from N samples of the three components of data within the first-

arrival window. The covariance matrix for three components, call them Z, X and Y, is

Ozz Ozx Vzy
DPxz Pxx Oxy
Qyz Prx vy
where
1 N
xl,x W‘Z‘u'l—lx) (x2;-U)
and
1 N
”\=’ﬁ2‘x.i= mean of component x,
i=l
for

N observations of component x,; i=1,23,.V.

Once this matrix is computed, the eigenvalues and their associated eigenvectors can be found.
The eigenvector of the largest eigenvalue is a vector which defines the best fit of linear particle
motion within the coordinate system of the geophone components. A coordinate rotation is then

defined by using this vector as one new coordinate (called ‘Radial’) and constraining one new



coordinate (called ‘SH’) to be perpendicular and made up of only the horizontal geophone com-
ponents. This horizontal constraint assumes the tool is vertical and the ‘horizontal’ components are
truly horizontal. Since the SSSDP well has little deviation, and the VSP was inside casing, this
assumption should be quite good. If the well was deviated, a separate deviation sﬁrvey would be
required to properly orient the components. The third new coordinate axis (called ‘SV’) is simply
orthogonal to the first two. The terms SH and SV are used because in an isotropic medium, the SH

and SV sources would give first arrivals on these components only.

This eigenvector analysis gives the two rotation angles, ¢ and 8 , shown in Figure 8. The new

data traces in the rotated coordinate system are computed by the following matrix operation.

R cos¢ cosO sind sing sin8 |{Z
SV} = |-sing cosO cos¢ sin® cosd||X
SH. 0 -sing cosO Y

The acc_uracy. of the rotation is dependent on the quality of the P-wave first arrival. At some
levels the signal-to-noise ratio was not good enough to allow a very accurate determination of the par-
ticle motion direction. A measure of the particle motion linearity, which is then also a measure of the
accuracy of rotation, is the ratio of the largest eigenvalue A, to the second largest eigenvalue A,.

Kanasewich suggested forming the rectilinearity function

F(’~|M=1-(%)

- which will be close to one when the particle motion is linear. This function served as a guide to
which levels had noise problems. For some levels with severe noise or dead traces it became neces-
sary to use a 8 angle which was an interpolation of nearby levels. In most cases the error of rotation
is probably between 5 and 10 degrees. The rotation angles computed for the near-offset P-wave

source are given in Table 2, while the far-offset P-wave rotation angles are in Table 3.

For the near-offset data, the P-wave rotation was applied to all three sources. This used the
assumption that the shear waves had essentially the same near vertical raypath as the P-waves. For

the far-offset data rotation there was a problem. The raypaths were different for P and S waves. The
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difference is clear because the shear-wave amival does not shéw a continuous increase in travel time
with increasing depth while the P-wave travel time does increase continuously with depth. This
means that the shear-wave rays, particularly for the far-offset SH, source, turned up at Some point and
arrived from below the geophone. To accurately rotate the far-offset shear wave data, another rota-

tion method was necessary.

A solution to this dilemma was suggested by the detection of very linear particle motion from
the SV source. The particle motion for the first arrival from the SV source was analyzed after the
rotation was applied, and it showed linear motién which was rotated off the new 'SV’ component by
an angle which varied with depth in a consistent manner (see Figure 11). The linear motion implied
isotropic propagation, but in that case the first arrival motion should be aligned on the SV component.
The angle between the SV component and the axis of the particle motion is interpreted as the error
between the P-wave raypath and the shear wave raypath. This error’ angle delta ( § ), is shown in
Figure 12. Delta can be found with a two dimensional. applicatic;n of the covariance matrix algorithm

1o the R and SV components, finding the eigen vector of the larger eigen value of the matrix

Der Opsv
Dsvp Psvsv

Again, the accuracy of the analysis can be inferred from a rectilinearity function. Delta is then added
to pht from the P-wave rotation and the shear wave data are rotated with this new phi angle. The
horizontal 'SH’ component is not changed since the raypath error is assumed to be in the Radial - SV

plane. The error angles and rectilinearity function values for the far-offset are shown in Table 4.

Analysis of arrivals from SH, and SV sources showed a difference in their raypaths, but no
method was known to recover this error angle. The SH, source wa§ therefore rotated with the same
angles as the SV source and these angles are given in Table 5. Fonunatély; the error between SH,
and SV raypaths should be much less than the error between P and SV sources since the error comes
from differences in the waves’ velocity gradients. The effect of the rotation is seen by comparing the

plots in Figures 13a, 13b and 13c with those in Figures 33a, 33b and 33c. These figures show the
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unrotated and rotated data, respectively, from the far-offset SV source. Note especially the difference

between vertical and radial components.
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TABLE 2 -- NEAR-OFFSET P-WAVE ROTATION ANGLES

5368

THETA

147.279
~19.796

84.538
209.909
-85.868
-91.585
-82.885
-82.878
-80.691

. =63.519

-24.881
-92.158
54.110
51.288
115.934
-139.374
15.498
8.415
-134.748
-23.407
-78.807
-09.164
130.678
134.489
44 .519
-99.973
89,409
-32.993
40.831
-92.808
-82.402
100.158
131.092
151.168
79.848
146.112
90.200
a.000
9.000
46.791
24.277
-178.143
157.883
177.621
21.830
-7.288
14,808
-107.210
-160.787

-5.0131
12.542
33.339
~90.000
64.233
83.094
134.979
56 .041
20.408
47.862
-82.128
96.297
92.462
195.428

9.908
9.993
8.961
9.930
3.994
9.9956
9.997
9.997
9.998
9.998
9.978
9.993
9.997
9.997
3.999
9.938
9.739
g.748
9.969
9.964
9.788
g.721
9.910
9.940
9.972
9.6868
9.987
9.0924
8.601
9.887
8.757
9.818
3.9089
9.999
9.998
9.959
0.994
2.000
9.999
9.998
9.999

2.997
9.942
3.928
9.989
a.988
9.504
9.988
0.981

9.971
0.949

9.972
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‘TABLE 3 — FAR-OFFSET P-WAVE ROTATION ANGLES

DEPTH (FEET)

1500
1900
1976
2060
21285
2200
2276
2360
2426
2500
2678
2860
2725
2800
2876
2950
3025
3100
3176
3260
3326
34090
3476
3660
3826
3709
3776
3850
3926
40029
4076
4150
4226
4300
4376
4450
4526
4600
4875
4750
4826
49090
4978
5060
5126
65200
6275
6369
5426
65600
6676
5860

PHI

77.098
78.278
89.206
71.454
78.687
79.827
74.773
89.584
68.098
88.896
77.180
77.499
89.418

86.892

86.463
76.975
78.982
76.588
88.226
84.517
74.117
72.433
87.139
82.494
69.161
81.511
54.916
658.338
52.965
52.730

- 48.530

48.307
48.6892

49.731

49.992
41.891
45.404
44.585
37.398
44 .970
63.079
41.781
3.288
43.262
49.532
24.918
32.724
38.776
14.342
29.084
16.568

9.000

THETA

-84.003
-77.238
-101.206
-122.580
-47.499
-41,886
-149.349
-145.779
-158.307
-118.900
-140.188
-138.849
-33.774
-186.177
-100.951
-152.222
-168.935
-175.589
-18.439
-8.166
-4.879
-9.740
-8.939
-108.726
-12.732
-15.914
-9.147
-9.831
-12.871
-16.583
-29.680
-27.724
-19.999
-31.431
-19.644
-22.343
-29.440
-29.698
-31.343
-19.141
-23.094
-14.542
-90.000
-10.219
-5.581
-32.841
7.286
2.109
28.348
4.289
22.269
2.000

9.971
9.982
8.972
9.982
9.931
0.918
9.837
0.888
9.933
9.974
9.9768
0.948
9.882
9.789
8.770
9.989
9.983
9.983
8.987
0.889
0.887
9.948
8.973
9.969
0.977
9.977
0.974
8.978
3.939
8.9356
8.984
9.960
0.877
9.932
9.841
8.977
8.976
9.993
9.938
2.963
2.796
9.978
9.838
8.899
8.973
0.808
@.9682
9.948
9.930

8.972

0.997
9.000
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Figure 11. Particle Motion of far-offset SV source data. Radial component is on
vertical axis and SV component is on horizontal axis.
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TABLE 4 — ERROR ANGLES FOR FAR-OFFSET ROTATION

DEPTH (FEET)

1500
1900
1976
2060
2126
2200
2275
2368
2425
2500
2676
2660
272%
2800
2875
296@
30256
3100
3176
3260
3326
3400
3475
3568
36256
3700
3776
3859
3926
4000
4975
4160
4225
4300
4376
4450
4526
4800
4676
4760
48256
4900
4975
65050
61256
5200
6276
5360
5426
6500

DELTA

~24.271
~-22.451
-22.223
~-21.692
-28.719
-19.378
-19.062
-19.9823
~-19.239
-19.933
-20.926
~-20.129
-20.138
~19.464
-19.4861
-19.263
-19.621
-18.831
-19.028
-19.108
-19.069
-19.058
-18.961
-18.842
-18.708
-18.580
-18.462
-18.329
-18.224
~-18.126
-18.043
-17.969
-17.866
-17.7177
-17.691
-17.603
~17.506
-17.418
-17.332
-17.238
-17.145
~-17.841
-16.973
-18.888
-16.808
-16.741
~16.869
-16.681
-18.518
-16.445

COEEEENAREE
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TABLE 5 - FAR-OFFSET SHEAR-WAVE ROTATION ANGLES

DEPTH (FEET)

1500
1900
1975
2058
2125
2200
2275
2350
2425
2500
257§
2660
2725
2800
2875
2950
3025
3180
3175
3260
3325
3420
3476
3550
3825
3700
3775
. 3850
3925
4020
4975
4150
4225
4300
4375
4450
4625
4600
4875
4750
4826
4500
4975
5050
5125
5200
5276
5360
5425
5500

PHI

101.028
92.278
91.206
93.454
96.687
89.627
93.773
89.584
87.098
88.896
97.160
97.490
89.418
86.892
85.463
96.9756
96.982
96 .568
86.2268
83.517
93.117
91.433
868.138
80.494
78.1861
88.511
73.918
74.3368
71.966
71.738
87.630
68.397
64.6892
87.731
69.992
59.891
83.404
82.586
654.396
62.970
76.979
68.781
69.286
60.262
67.632
41.918
48.724
47.776
31.342
46.084

THETA

-84.0903
-77.2386
-101.2086
-122.680
-47.499
~41.8868
-149.349
-146.779
-168.307
-118.909
-1408.188
-138.849
-33.774
-166.177
-100.961
-1562.222
-168.936
-176.689
-18.439
-8.166
-4.879
-9.740
-8.939
-18.728
-12.732
-15.914
-9.147
-9.6831
-12.871
-16.583
-29.880
-27.724
-19.999
-31.421
-19.644
-22.343
-29.440
-29.896
-31.343
-19.141
-23.094
-14.542
-99.800
-198.219
-6.6681
-32.841
7.286
2.199
28.3468
4.289
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Figure 13a. Far-offset SV source, vertical component data.
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Figure 13b. Far -offset SV source, horizontal component 1. .
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Figure 13c. Far-offset sv- source, horizontal component 2.
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3. OTHER PROCESSING PACKAGES USED

After the three components were rotated into a consistent coordinate system, more standard pro-
cessing packages could be used to aid interpretation. One important tool for VSP interpretation is
separation Qf upgoing and downgoing waves. This separation is possible because the vertical receiver
geometry gives upgoing waves and downgoing waves opposite apparent velocities across the section.
Apparent- velocity is seen as moveout or 'dip’ of an arrival on the VSP section, and events with
differing velocities such as P-waves, shear waves and tube waves will exhibit different dips. A useful
tool is some type of dip filter which will attenuate energy with a given dip anywhere on the section.
A number of different methods have been proposed and studied for dipfiltering of VSP sections. Two
DISCO modules were available for use. One was a user-written module *DIPFIL’, which is a time-
distance domain filter. The other is DISCO’S *COHERE’ module which is a frequency-wavenumber
domain filter. Tests of these two filters on the same data led to use of the DIPFIL module because of -
noise generated by COHERE. The ﬁlter was applied with a 4ms per trace slope and used a 25 Hz
center frequency. The procedure used for dipfiltering included aligning the first arrivals by time shift-
ing all the traces so their first arrival was at the same time. This means the downgoing energy would
have zero dip across the section. This improved the filtering process since it was found that the filter
works best on events with zero dip. The traces could be shifted back after filtering to preserve the
correct time relations. The traces are left aligned when estimating the depth of reflections below the

deepest level.

Other processing used standard seismic techniques such as automatic gain control (AGC),
bandpass filters ( the previously described Butterworth filter with adjustable bandwidth and rolloff),
and trace equalization for plotting. Unless stated otherwise, all plots have individual trace normaliza-
tion using the maximum amplitude on the trace. The particle motion analysis plotting routines used
in the anisotropy studies were from specially written FORTRAN codes (HODOS.FOR in Appendix 4)

used on the VAX 11/780 with a laser writer for output plots.
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 CHAPTER 5
DATA ANALYSIS

1. VELOCITY CALCULATION, NOISE PROBLEMS AND ACCURACY

The first step in analyzing the VSP data was calculation of the vertical velocity structure from
the travel time of the near-offset first arrivals. The first arrival time was picked on the first peak of
the P-wave wavelet and the first trough of the shear-wave wavelet. The shear-wave arrival was
picked differently because its ﬁough had consistently better signal-to-noise ratio than its peak. The
signal-to-noise ratio of the first arrivals determine the accuracy of the velocity measurements. The
quality of near-offset data ranges from excellent for the P-wave source to very poor for sections of
both shear sources. Many of the shear-wave arrivals were not coherent enough to pick travel times
(see Figure 14). A first arrival pick was only made at those depths where the first arrival wavelet had

a consistent character.

The P-wave travel time wa§ picked from the rotated radial component, the SH, travel time was
picked from the rotated SH component, and the SH, travel time was picked from the rotated SV com-
ponent. These components were used to measure the velocity of those arrivals having particle motion
oriented the same as the source with respect to the raypath. Because of the near vertical raypath, the
SV component of near-offset recordings is virtually in the horizontal plahe, rotated 90 degrees from
the SH component. When calculating velocities, a straight raypath assumption is used to correct the
measured depth for the extra propagation distance due to the 300" source offset. The travel time
information and average velocity calculations for P, SH, and SH, sources are shown in Tables 1-1 and
1-2 of Appendix 1. |

Interval velocities were calculated from travel times between depth levels. If the level at the
top of the interval was not pickable, the next shallowesi level with a pickable first arrival was used.
Therefore, at levels where signals were 100 noisy to pick, the interval velocity is averaged over a
larger interval. The interval depth listed is the center of the interval regardless of interval distance.

The interval velocities are listed for 100’ and 500 intervals in Tables 1-3 and 14 of Appendix 1.
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Using velocities for P and S-waves, the P/S ratio and Poisson’s ratio (6) could be computed.

Poisson’s ratio is calculated using the relation

o= %—M—Z :

= p?
where a is the P-wave velocity and B is the shear-wave velocity. Computations were made uSing
both SH, and SH, sources, although the SH, source has fewer measurements. Interval ratios were
computed with the sameA algorithm as the interval velocities. Table 1-5 and 1-6 in Appendix 1 give,
respectively, the average and interval calculations for the P/S ratios and Poisson’s ratio. The interval
P/S ratios and Poisson’s ratio calculations are given for 500-foot intervals. Figure 1-1 of Appendix 1
shows the interval Poisson’s ratios for the SH, source data. The FORTRAN program written to per-

form velocity and Poisson’s ratio calculations, VEL.FOR, is listed in Appendix 4.

Analysis of the velocity data should include consideration of the data quality and the dependa-
bility of measurements. Since the P-wave arrivals have uniformly excellent signal-to-noise ratios, the
P-wave interval velocities can be considered very precise. The error of the first break pick should be
within ¥2 ms. The shear-wave data quality is variable (see Figure 14). The SH, arrivals are good
from surface to 2550°; from 2550 to 4000° they are very poor and pnly a few arrivals were picked.
The SH, first arrivals are poor from 3050°, the shallowest level, 1o 4200°; from 4250’ to 5650° the
first arrivals are good, with only a few unpicl;able levels in this zone. Because of the lower frequency
content of the shear waves, the first arrival pick is less precise than P-wave arrivals with the same

signal-to-noise ratio. The estimated shear-wave travel time error is +5 ms.

The zone of noisy shear-wave arrivals is caused by large amplitude noise on the borehole tool's
horizontal components. In general, the horizontal geophones within a borehole tool are more suscepti-
ble to noise vibrations than the vertical component because the weight of the tool tends to wedge it
vertically in the well. Also, if the locking-arm is not fully set, the tool may allow horizontal vibra-
tions; if vertical moﬁon is allowed, the tool will tend to slide down the weﬁ. The horizontal com-
ponents of the near-offset P-wave data, which were recorded without relocking the tool, have the

same noisy zone.
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There does appear to. be other noise problems in the SSSDP well. The cement bond log shows
a deterioration in the cement bond below 2500°. A poor bond will reduce the signal-to-noise ratio for
all the data. A different cause of the noise zone is indicateﬂ by the difference in data quality between
near-offset and far-offset _data. The far-offset shear-wave first arﬁvah have better data quality at the
same depths (see Figure 15). A possible factor is a lower number of sweeps run at each depth for the
near-offset sources. There are also inciications that a tube wave created low frequency noise coin-
cident with the near-offset shear-wave first armrivals, Figure 16 shows how an event with tube wave
velocity (T4), arrives at the same time as the noise begins. Whatever its cause, the poor signal-to-

noise ratio of the near-offset shear-wave arrivals reduces the scope and accuracy of data analysis.
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Figure 16. Near-offset P source, vertical component data showing possible gen-
eration of noise from a tube wave.
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2. VELOCITY MODELING AND RAY TRACING

After computing the interval velocities for both P and § waves, a model could be developed for
use in ray tracing. It was desirable to smooth the calculated interval velocities in order to reduce the
number of velocity layers used for computation by the ray tracing software. Using the velocities from
. 100’ intervals, zones where the velocity did not show sharp discontinuities were averaged, and models
for P and S waves were developed. The S-wave model came from the SH, velocities. Figure 17a

shows the computed interval velocities at 100’ intervals and Figure 17b shows the velocity models.

The simplified velocity models were used in ray tracing software to help understand the propa-
gation of the observed arrivals. The ray tracing, shown in Figures 18a and 18b, used an algorithm
which propagated straight-rays within each constant velocity layer. The first observation is that the
near-offset data do represent vertical propagation for all but the shallowest levels. The far-offset data,
however, have strongly bent raypaths caused by the velocity variation with depth. The ray tracing for
the far-offset shear waves (Figure 18b) shows discrete changes in ray path for the shallow velocity
layers. A change in ray path is the most likely explanétion of the change in wavelet character seen at
2275° for the far-offset SH, source. The far-offset shear waves actually have a turning point and
arrive at some depths from below the geophone. This effect is seen on the rotated first arrivals for

far-offset SH, source in Figure 31a which have their earliest arrival at approximately 2800°.



48

INTERVAL VELOCITY

0.0 3.0 6.0 9.0 12.0 15.0 18.0

1 i, L 1 1 J

0’0

0°0001
L

(1334) H1d30
0°000%

P-WAVE

SH-IWAVE —>

-- 2p8l-9(8 18X --
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Figure 17b. Velocity models used for ray tracing.
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Figure 18a. P-wave ray tracing for near-offset source (top) and far-offset source

(bottom).
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3. EVENT IDENTIFICATION - REFLECTED AND TRANSMITTED ENERGY

3.1. NEAR-OFFSET P-SOURCE DATA

The first data traces to be analyzed for reflected energy were from the near-offset P-wave sur-
vey. Figures 19a, lQb and 19c shows the 3 rotated components. The SH and SV components show
shear arrivals between 1 and 2 seconds and some P energy between .25 and .75 seconds. The radial
component shows the P-wave first arrivals, but their large amplitude has left the rest of the trace unin-
terpretable because of the trace normalization used. Figure 20a shows a plot of the vertical com-
ponent of the near-offset P source with AGC. An AGC was applied to enhance the later evems’ and
the vertical component was used because P reflections should be traveling nearly vertically. The first
arrival is clearly visible as are the numerous downgoing multiples. With horizontal layering, the

downgoing muitiples will parallel the first arrivals (Baich and Lee 1984, Hardage 1985).:

Also identifiable on this section are two tube waves (labeled T1 and T2), the second of which
may be a multiple of the first. A tube wave is a low frequency, dispersive, Stoneley wave which pro-
pagates in the borehole fluid and decays exponentially away from the well (Toksoz and Stewart,
1984). The tube wave's average velocity was computed to be 4800 ft/sec, slower than P or shear
waves. The zero frequency velocity of the tube wave (Vr) is related to the fluid velocity (o) and
fluid density (p;), and the surrounding rock’s shear velocity (B2 and density (p,) by the following

relation (Hardage, 1985):

-
Vr = 'Lz"' 912
af p2 B3

Tube waves can be analyzed for the information they provide through velocity, attenuation and parti-
cle motion as well as depth of generation (Toksoz and Stewart 1984, Biot 1952, Cheng and Toksoz
1981, Hardage 1985, Huang and Hunter 1981). The strength of the tube waves observed in the
SSSDP VSP indicates further analysis could be profitable, however a thorough study of the tube

waves is outside the limits of this paper.
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Other identifiable events on Figure 20a include a shear-wave arrival which seems to have an
associated reflection. There are suggestions of P-wave reflections, but they are mostly obscured by

the downgoing energy. The enhancement of upgoing reflected energy is the next step.

To emphasize the reflected energy, a dipfilter was applied which attenuated downgoing events
and therefore enhanced the upgoing events. The dipfiltered vertical component section is shown in
Figure 20b. Here the previously identified events stand out, but also seen clearly is reflected energy,
labeled event E, from below the deepest level at 5650. Event E is clearly the strongest reflection and
it is impossible to say if the later events are multiples or separate events, but a strong reflection is
likely to have associated multiples. As can be seen, the central section of the data, from 3000’ to
4000’, is apparently blank. This effect is caused by the high amplitude noise assocwted with the
shear arrival between 1250ms and 1500ms. The traces are normalized to the highest amplitude so the
earlier, lower amplitude arriQals are not clearly visible. Fortunately, the noise is dominantly low fre-
quency, so a high pass filter will reduce the noise. The highpass filtered section is shown in Figure

20c.

- An estimate can be made of the depth at which a refiection is being generated. The procedure
is 1o project the event down the section untl it intersects a first arrival (the first arrivals can be
aligned at one time, or not aligned, but the analysis is easier if they are aligned). The depth at which
the projected reflection event intersects the first arrivals is the depth of generation (Hardage, 1985). If
the reflection is from below the deepest level, this procedure assumes a coqsmnt velocity between the
deepest level and the depth of reflection generation. Figure 21 shows the results of this interpretation.
Event E has an estimated depth of generation of 7000°, the later event F is estimated at 7600°. Event
D is not a véry coherent reflection because it only appears strongly on four traces, however it does

have the moveout of a reflection and its depth of generation is estimated at 6650°.

The depth of generation of the tube wave can be identified in the same manner, except it is pro-
jected up the well. The estimated depth of tube wave T1 generation is 1800°. The second tube wave,

T2, is estimated to be generated S00’ above the surface, meaning the estimate is wrong by 500" and it
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then may be generated by surface waves incident on the borehole, or it is a multiple of the first tube
wave. Another tube wave, T3, is apparently being generated by the shear wave at about 3000

although this may be a simple tube wave multiple.

Other identifiable events include a shear reflection, event G, being generated at approximately
4100°. This reflection appears to be a mode-converted P-wave. The evidence for this interpreﬁnion is .
the apparent velocity of the reflection. The estimated velocity of the reflection between 2000’ and
3000’ is 10,500 ft/sec while the measured P-wave velocity in this zone is-9.700 ft/sec and the shear
wave velocity is 6000 fysec. Allowing for error in estimating the ﬁﬂection velocity, event G appears
to be P-wave energy. Also seen on this section are P reflections generated at approximately 2900°,

4400, and 5450’, labeled R2, R3 and R4 respectively.
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3.2, NEAR-OFFSET SH, SOURCE DATA

The near-offset shear surveys were, as discussed, hampered by severe noise problems. The
traces between 2500’ and 4000’ are essentially useless. This gap in the data made the dipfiltering
process noisy. The best sections to interpret were simply high pass filtered at 25 Hz with an AGC
applied. "I'his processing is shown for all three components in Figures 22a, 22b and 22c. The SH
component data (Fig. 22a) shows two strong multiples, labeled M1 and M2 following the primary
shear event. Since these multiples are not evenly sbaced in time, they are probably being generated at
different depths, but the data are not complete enough or quiet enough to identify their source depth.
The SV component data (Fig. 22b) shows strong shear-wave arrivals and some multiples as well as
indications of tube wave energy, event T2. The implications of strong first arrivals on the SV com-
ponent will be discussed in conjunction with anisotropy detection. The radial component data (Fig.
22c) show a -P-wave event, probably generated at the surface by the vibrator. Also seen is the tube
wave event (T2) identified from the P-wave source. Weak indications of a reflector, labeled R1, can
be seen on the radial component. The depth of generation of R1 is estimated at 4100°, but accurate

determination is not possible.

3.3. NEAR-OFFSET SH, SOURCE DATA

The SH, source suffered from the same poor signal- to-noise ratio as the SH, source as can be
seen in Figures 23a, 23b and 23c which show the three components of the SH, survey. Again, the
dipfiltering process was not found to provide interpretable evems; so the secﬁdns shown are high pass
filtered at 25 Hz ( with a 6 pole Butterworth filter) and displayed with AGC applied. The first shear
arrival is good from 4150 to 5650’ on the SV and SH components (Figs. 23a and 23b). The radial
and SV compénems (Figs. 23c and 23a) show tube wave energy (event 1‘2), probably generated by
surface waves at the top of the well’s fluid column. The radial component also has converted P-wave
amivals with associated muitiples. Shear-wave multiples can be seen on the SV and radial com-

ponents, although they are not as strong as those from the SH, source.
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3.4. FAR-OFFSET P SOURCE DATA

The data traces recorded by the far-offset P source are probably the most interesting and
unusual in the survey. Figures 24a, 24b and 24c show the data from the rotated components. While
the radial component shbws good P-wave first arrivals, it is the SV component which is quite
anomalous. A number of unexpected downgoing events, including the two labeled A and B, and one
strong reflection event labeled C, dominate the first second of data on the SV component. If these
events were reflections or multiples from horizontal layers they would have appeared on the near-
offset data sets. Keeping in mind the near-offset P-wave survey, which did not show such strong
events on any component, it is clear that a simple horizontal layer model could not explain these
events. Also identifiable is a source-generated shear arrival at 1.6 seconds, identified because the far-

- offset shear sources’ first arrivals have the same travel time.

The downgoing events seen on the SV component are not simple downgoing multiples of the
P-wave since Lhéy do not parallei the downgoing first arrivals, Their apparent velocity, or moveout
across the section, would be the same as the first arrivals if they were generated by a horizontal bed.
If they were generated by a dipping bed, ti\ey would show a different moveout but they would still be
observed on the near-offset survey. It was the analysis of the apparent velocity of these events which

provided a key to understanding their generation.

The downgoing events A and B and the reflection, C, have the same moveout as the near-offset
P-wave first arrivals. This observation implies these events are vertically travelling P-waves. The
reason they are seen strongest on the SV component is explained by looking at Table 3 which has the
rotation angle ¢ for the far-offset P source. For the first 30 levels, where these events are seen, phi is
between 50 and 85 degrees. This means the radial component is close to true horizontal and the SVA
component is seeing most of the vertical particle motion. If these events are vertically travelling P-
waves, whether upgoing or downgoing, they would have a vertical particle motion. In order to best

see a vertically polarized wave, the original unrotated vertical geophone component should be used.
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'Figure 25 shows the original vertical component. Events A, B and C are still coherent even
though the direct P ray has oblique ihcidence and the first arrival is weak on many traces. The event
labeled F is more coherent here than on the SV component (Fig. 24b). Given the observations, the
best interpretation of the events labeled A, B, C, and F is that they are caused by P-wave energy.
which has been scattered near the well. The depth of generation can be estimated by looking at
events B and C which appear to be upgoing and downgoing waves from the same source. They have
opposite polarity and can be traced back to a common point in time at the 3000’ depth where they no
longer are seen on the section. The time at which they appear .is after the first arrival, implying they
were generated at some distance from the well, causing a delay before they arrived abov'e and below
the depth of generation. These events are then explained as being generated at a depth of approxi- |
mately 3000°, and at some offset from the well. Figure 26 shows a schematic of this proposed

scattering.

A likely cause of P-wave scattering, given the known geologic environment, is a localized zone
of fracturing or perhaps a vertical boundary between open fractured rock and impermeable sealed
rock. This explanation is suggested by studies of cores taken between 3012’ and 3020°. These were
found to have fractures which are "presently open and permeable” in a matrix of "chloritized and epi-
dotized crossbedded sandstone and shales” (McKibben and Andes, 1986). This depth is also the only
zone above 6000’ whig:h had fluid loss during drilling and was considered a possible flow zone. In
fact, it was thought that a reservoir might be found near this depth because of projections made from
wells in the SSGF, but the low rate of fluid loss and low permeability led to a decision to not test this

zone (Sass, 1987, personal communication).

In order to look for other reflections, the vertical component section was dipfiltered to enhance
upgoing energy. Figure 27_shows the dipfiltered vertical component. Notice that while the first
arrivals are attenuated, the downgoing scattered energy (events A and B) is still apparent. Since the
dipfiltering process removes any downgoing energy caused by interbed multiples from horizontal
reflectors - these events have the same apparent dip as the first arrivals - Lhe‘indication is again that

the downgoing energy associated with events A and B is scattered and not reflected. A reflection
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from below the data set can also be seen on the dipfiltered section. In fact three reflections can be '
identified. Figure 28 shows the estimated depth of these reflections at 6100°, 6900°, and 7900’
Again these are estimates which assume a constant velocity below the deepest level and the later
events may be multiples. The later upgoing events (after 1.1 seconds) actually appear to be primary
reflections of the scattered energy as well as multiple reflections. There is also an indication of a
reflection from approximately 2800’ labeled event D. The different moveout between events D and C

illustrates the difference between scattered and reflected energy.

In order to improve the resolution and separation of events. .the dipfiltered vertical section was
filtered with a 25 Hz high pass Butterworth filter. This filtered section, shown in Figure 29, shows the
pairs of upgoing and downgoing events centered about 2950°. Events A and A’ are the first pair
which appear to be generated very near the well. In fact, the first wavelets for 2875 and 2950° show
a reversal in polarity. The other labeled events, B, B’, F and F’, all appear to be generated between
2800 and 3100°. There are also events following the s_shear wave arrival which appear to be scattered

from the same depth zone.

To confirm the scattering model, the apparent moveout of events A and A’ was computed for
comparison with the vertical velocity. Event A has an apparent velocity of 13,000 ft/sec between
3025’ and 3925" while the vertical velocity is 11,800 ft/sec and the far-offset first arrival’s moveout is
19,200 fi/sec. These velocities show that event A is related to the vertical velocity; its faster moveout
velocity can be cxplai_ned by allowing for some horizontal offset of the scattering source. Event A’
has an apparent velocity of 9600 ft)sec between 2050 and 2950°, while the vertical velocity is 9000
fsec and the far-offset first arrival’s moveout is 29,000 ft/sec. Event A’ is apparently vertical propé—

gation and not an'imerbed multiple which would have a moveout close io the first arrivals.

The radial compon;’,nt in Figure 30a, shows good first arrivals which have an unexpected double
peak chamcter.' The expected wavelet is the same as the near-offset P source (Figure 19a). The two
deepest traces, which are check shots from 7000° and 7100°, show ihe expected wavelet without the

double peak. The double peak wavelet seen on the radial component is probably caused by a
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vertically traveling P-wave following the direct arrival close enough that their wavelets merge. At the -
7000’ depth the two eQents have either separated enough so that there is no interference, or the secon-
dary event has attenuated enough to reduce its effect. A more complete data set is necessary to
understand the change between 5650’ and 7000°. A 25 Hz high pass filter was'applied to the radial
component to increase the resolution and see if a second event was interfering with the direct arrival.
This section, Figure 30b, does indeed show a second event following the first arrival between 3175’
and 4675°. It is the low frequency components of these two events which are overlapping and caus-

ing the double peak character seen in Figure 30a.

The SH component (Figure 24c) shows some of the characteristics of the SV component but it
is more noisy. The downgoing scattered events can be seen, implying they have a horizontal com-
ponent of motion. The shear arrival at 1600ms shows a reflection, event H, whose depth of genera-

tion is estimated at 2875°, possibly the same zone which is generating the scattered energy.
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Figure 24b. Far-offset P source, SV component data.
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Figure 26. Model of scattered P-waves.
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3.5. FAR-OFFSET SH, SOURCE DATA

Figures 31a, 31b and 31c show the rotated sections for the far-offset SH, source. The shear
wave arrival can be seen on all Athree components between 1.5 and 2.0 seconds. Between 2500’ and
3500° there is very little moveout of the first arrival because the rays are turning and the anglé of
shear-wave incidence is near 90 degrees in this zone (see Table '5). The presence of a strong first
arrival on both the SH and SV components is evidence of shear wave splitting, which will be dis-
cussed with the anisotropy effects. There is a discrete change in the character and time of the first
arrival between 2200° and 2350° which is seen on the SH component (Figure 31a). This is probably
an effect of raypath since the ray tracing (Figure 18b) shows a change in ray path near this depth with

shadow zones between 2000’ and 3000°.

The wavelet changes again-at 3100° with a downgoing event emerging with different moveout
than the direct shear arrival (event A). This event shows the same apparent velocity as the scattered
P-wave energy seen for the far-offset P source. Appérently, the zone at 3000’ is scattering P waves
from incident shear waves. These scattered waves are seen more clearly on the SV component (Fig-

ure 31b), which has nearly vertical orientation.

Both the SH and SV components show downgoing multiples following the first arrivals. The
radial component shows a poor first arrival, as expected, but there is low frequency downgoing energy
below 3000" which is probably also associated with the P-wave scattering. An interesting effect is
seen on the shallow traces at about 1.3 seconds where a coherent event is arriviﬁg before the first
shear arrival. A possible interpretation is that this is also P-wave energy which has been scattered at
some distance from the well, possibly by fracture zones, and has moved out ahead of the shear wave.

Also seen on the radial component is a reflection from approximately 2500° (event J).

Deep reflection events are somewhat visible on the radial component. Inspection of the various
components shows these reflections are strongest on the original vertical component. An estimate of
the depth of reflection was made using the vertical component. Figure 32 shows an aligned dipfiltered

section of the vertical component. Estimates were made for three events at 6800°, 7500" and 8600°.



ut they are probably multiples. In fact, the 8600° could easily be a multi-

Later events can be seen, b
its strength indicates it is a separate event.

ple between the 6800" and 7500" reflectors, only
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3.6. FAR-OFFSET SV SOURCE DATA

Figures 33a, 33b and 33c show the rotated component plots for the far-offset SV source. The
first thing to notice is the strong first arrival and good signal to noise ratio on the SV component.
Also, the SV component shows the first arrival having nearly simuitaneous arrivals between 2000’ and
2500°, showing again the upturning of the ray path due to a steep velocity gradient. A possible

» reﬁect.ion can be identified on the deep traces. The SH component shows the shear wave arrival but it
is noiser with a high frequency event labeled A causing some interference; The event A may be scat-

tered P energy propagating with a horizontal component.

The radial component shows some energy with the main shear amival, and it also has two
separate events before the shear amival (labeled K and L). These events are probably scattered P-
waves generated away from the well which have moved out in front of the shear waves . An estimate
can be made of the distance from the well at which these scattered P waves were generated by using
the known P and S velocities and the travel time difference. By assuming a straight ray path one can

use the relation,

AT Vp Vs
T Ve-Vs

where
X = Distance of scatterer from well
AV = Travel time difference
Vp = P-wave average velocity

Vs = S-wave average velocity

Using this equation, the distance from the well to the scatter source was estimated at 1600’ for
event K, which would be roughly half the distance from the source to the 2000" depth receiver.
Given the oblique incidence of the raypaths at this depth, it seems reasonable to assume the scatterer

is mostly offset horizontally, and the lack of moveout of the scattered event also suggests horizontal
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offset. A separate scattered event is seen deeper on the radial component (event L). The same
analysis gives a distance to this scatterer of 1500° from the receiver at 3000°, which is probably also a

dominantly horizontal offset.

The radial component of the SV source shows a strong reflection from below the deepest geo-
phone depth. This reflection actually is stronger on the original vertical component, so this com-
ponent is used for depth estimation. Figure 34 shows an aligned, dipfiltered section of the vertical
component. Two reflector depths are estimated at 6800° and 8000°. Later upgoing events can be

seen, but these are probably multiples.
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CHAPTER 6
ANISOTROPY ANALYSIS

1. VELOCITY ANISOTROPY - NEAR-OFFSET DATA

As stated before, the near-offset shear sources are two polarizations of SH waves, labeled SH,
and SH,. With these two polarizations of SH waves, it becomes possible to look for anisotropy in the
horizontal plane, information rarely measurable in-situ. Two separate methods were used to look for
anisotropy. The first is a simple travel time measurement used to look for velocity differences
between orthogonal polarizatiqns. This was done by picking first arrival times for both sources on the .
receiver component with the same polarization as the source, and comparing those times at depths
where both were pickable. The first arrival was picked on the first trough for both sources. Figure 35
shows a plot of the travel time djfférence. The data available, from 4250° 1o 5650°, shows that SH, is
faster with an apparent trend of increasing separation between SH, and SH,. The average trgvel time
difference in this depth range is 9 msec which is approximately 0.5% velocity anisotropy. While this
is not a large amount of anisotropy, it is consistent enough over this depth interval of 1400 feet to
show the presence of an azimuthal polarization dependence of shear wave velocity in the horizontal

layers of this area.

2. VELOCITY ANISOTROPY - FAR-OFFSET DATA

The far-offset SV source generates particle motion in the vertical plane. In fact, the oblique
incidence of the raypaths indicate most of the motion is in the vertical plane. By comparing the data
from the SH, source with the SV source, any velocity difference between SH and SV polarizations
can be detected. As with the near-offset data, the first step is to look at simple travel time differences |
between SH, and SV sources. Again the travel time for each source was picked on the rotated coor-
dinate on which the wave would arrive in anAisotropic material, i.e. the SH, .was picked on the SH

component and the SV source was picked on the SV component. Figure 36 shows the travel time



difference at each depth where both sources could be picked, points are to the right of the zero line
when SH, is faster and to the left when SV is faster. The error of any one point is estimated at +S

ms.

’I‘he_ dominant feature is a trend of SV motion becoming increasingly faster than SH motion.
Another surprising feature is the crossover in travel time difference with the SV source having longer
travel times shallow and SH, source having longer travel times at depth. For the shallowest levels,
from 1500 to 2100°, the SH, source becomes increasingly faster, but at 2275° there is a discrete jump
to equal travel time. This jump corresponds to the changes m wzlwelet character, raypath and travel
time for the SH, source data. From 2275° to 3550’ the trav;l times are approximately equal with the
exception of an anomalpus zone around 3250°. In this zone the SH, motion is again faster. From
3250" to 5500’ the SV motion becomes increasingly faster than the SH, motion. The total velocity
différence of 16 ms. at 5500’ represents about 1% velocity anisotropy. As with the 0.5% horizontal
plane anisotropy seen at the near-offset, this is a small but measurable amount. The overall trend of

increasing separation between SH and SV is very evident.
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3. SHEAR-WAVE SPLITTING

It is the observation of particle motion which provides the second method of analyzing aniso-
tropy. Given the observed velocity anisotropy, shear-wave splitting should be seen on plots of the
first shear arrival’s particle motion. The use of particle motion plots to study anisotropy effects has
been well documented (Crampin 1985, Majer, et. al. l986,l etc). A three componeﬁt geophone pro-
vides the ability to look at the particle motion within any 2-D plane or in its complete 3-D motion.
Figure 37 illustrates the splitting of shear wave particle motion when a shear wave enters an anisotro-

pic region. As described by Crampin (1985):

A shear wave entering an anisotropic region necessarily splits into the two or more fixed
polarizations which can propagate in the particular ray direction. These split phases pro-
pagate with different polarizations and different velocities, and on reentering an isotropic

region the original waveform can not be reconstructed.

Figure 38 shows particle motion within the first arival wiﬁdow for all three sources from the
far offset at the 1900’ level. These plots show the three 2-D slices which describe the complete parti-
cle motion plotted on the faces of a cube whose axes are the three components. The vertical axis is
the radial component while the horizontal axes are the SH and SV components. The three plots on
the cube fac':és are Radial vs SH, Radial vs SV and SH vs SV. This means the pure shear motion, SH
vs SV, is shown on the bottom of the cube. While the SH vs SV plot is often the only one displayed
in other studies, the radial component can provide much information about the three-dimensional
nature of particle motion. It would be possible to plot the particle motion as a single three-
dimensionﬂ path, but in practice this type of plot is difficult to interpret since it is significantly depen-
dent on the angle at which it is viewed. Figure 38 is representative of the particle motion one would
expect from isotropic propagation. The P-source first arrival has mostly radial motion, the SH-source

arrival has mostly SH motion and the SV-source arrival has mostly SV motion.

The window used for these hodographs is approximately 70 milliseconds, although each arrival

has a slight.ly different window length. The points plotted are two milliseconds apart. The first three

A
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points in time are circled to provide the correct identification of first motion. The software used for |
this display was a FORTRAN program, HODOS.FOR listed in Appendix 4. Since these plots are sen-
sitive to signal-to-noise problems at any one level, their analysis should avoid individual levels which
do not show correlation with nearby levels. Very good data quality is necessary before interpreting a
single anomalous panicle‘ motion plot. The levels which were obviously distorted by noise are not
displayed.

Appendix 2 contains the particle motion plots for all the sources and all depths with sufficient
signal-to-noise ratio. A quick inspection shows the P-wave source arrivals are, as theory predicts,
confined to the radial component. It is the particle motion of the shear arrivals which contains infor- _
mation about anisotropic propagation along the raypath. The following Tables summarize the impor-
tant characteristics of the shear-wave particle motion plots displayed in Appendix 2, emphasizing both

the SH-SV plane motion and the amount of radial motion.
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MODEL OF SHEAR - WAVE SPLITTING

FASTER DIRECTION

\-—/l >

SLOWER DIRECTION

~ Figure 37. Model of shear-wave splitting in an anisotropic media. After Cram-
pin, 198S. '
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Figure 38. Three component particle motion for far-offset P, S, and SV sources
at 1900’ depth level.
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4. NEAR-OFFSET PARTICLE MOTION DESCRIPTIONS

4.1. SH, SOURCE

NEAR-OFFSET SH, SOURCE

DEPTH (FEET) | DESCRIPTION

500 The SH-SV motion is fairly linear with dominant SH orientation. A
strong radial component is seen in the Radial vs SH plane.

1000 - 2200 The first motion is SH, but the arrival then forms an ellipse rotated
approximately 45 degrees from the SH axis.

2300 - 2500 The first motion is generally SH, but the dominant direction is SV
with the motion more circular at 2450° and 2500°. Very little radial
motion is observed.

2550 - 4000 These traces are too noisy to use particle motion analysis.

4050 - 4350 The motion is elliptical in the SV-SH plane with a dominant SH
direction and no radial motion.

4400 - 4700 The SV and SH motion begins to be out of phase with each other
and the amount of SV motion at each level decreases until at 4700’
there is linear SH particle motion.

4800 - 5450 The shear motion is again elliptical with a dominant SH motion and
little radial motion.

5450 - 5650 The SH and SV motions are about equal, though they are out of
phase giving odd shapes. There is some radial motion at these levels
and the first motion is always SH.
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4.2. NEAR-OFFSET SH, SOURCE

NEAR-OFFSET SH, SOURCE
DEPTH (FEET) DESCRIPTION
3050 - 4200 These traces are too noisy for particle motion analysis.

14250 - 4350 The first motion is in the SV direction. At 4250" the SH motion is
as large as the SV motion. The amount of SH motion decreases to a
minimum at 4350°.

4400 - 4550 The SH motion increases to give circular polarization at 4550’ with
some radial energy.

4600 - 4800 The motion is split into two orthogonal polarizations, both rotated
approximately 45 degrees from the SH and SV axis.

4850 - 5200 The two polarizations are approximately aligned with the SH and SV
axis,

5350 - 5650 1 The motion takes on a figure 8 pattern with dominant polarization
which rotates from aligned on SH to aligned on SV.
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5. FAR-OFFSET PARTICLE MOTION DESCRIPTIONS

5.1. SH, SOURCE

FAR-OFFSET SH, SOURCE

DEPTH (FEET) | DESCRIPTION

1500 The main arrival has very linear SH motion. Late in the arrival there
is more elliptical motion.

1900 - 2200 Very linear SH motion with little radial motion.

2350 - 2875 The motion develops a significant SV component of motion. SH
dominant elliptical motion continues to 2875° with radial motion at
2725” and 2800°. '

2950 - 3100 The motion is nearly circular with all three components nearly equal
in amplitude.

3175 - 3500 The radial motion decreases and the ellipse becomes more linear in
the shear plane, with an SH direction.

3550 - 3775 The shear motion ellipse broadens as more SV motion is seen.

3925 - 4225 The first motion is SH, but the wavelet takes on SV and radial
motion, and then returns to SH motion.

4300 - 4675 There is no radial motion, and the motion is elliptical with SV orien-
tation.

4750 - 5275 The motion is still elliptical, but the direction of the orientation is
rotated about 45 degrees from the axis and more radial motion is
seen, '

5350 - 5425 The shear motion is roughly a figure 8 aligned mainly with SH and
with the latter part having large radial motion.

5575 - 5650 The shear motion is mainly aligned on the SH axis with strong SV
and radial components.
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5.2. FAR-OFFSET SV SOURCE

FAR-OFFSET SV SOURCE

DEPTH (FEET) DESCRIPTION

1500 - 2050 The shear motion is a fairly linear ellipse dominant SV motion.

2125 - 2500 The ellipse begins to rotate off of the SV axis and develop into two
polarizations which are about 45 degrees apart. The later polariza-
tion has some radial motion.

2500 - 2800 These levels are too noisy for particle motion analysis.

2800 - 5500 The shear motion for all these depths is mostly linear SV motion.
There is significant radial motion around 3025°, 4525’ and between
4900’ and 5050°.

106



107

CHAPTER 7

INTERPRETATION OF ANISOTROPY ANALYSIS
AND EVENT IDENTIFICATIONS

"The interpretation of the various observations made with the VSP data is somewhat difficult
because seismic data interpretation needs good geologic control, especially with the more experimen-
tal techniques such as particlé motion analysis. Currently, only preliminary findings about the SSSDP
are available. The available geologic information is shown in Figure 5 which has the fractional pafts
of sandstone, siltstone and claystone with the amount of alteration from sulfides, anhydrite, chlorite
and epidote. Gaps such as the one from 6700’ to 6900’ are due to lost circulation which prevented
mud logging and core samples. The interpretation of the seismic data will attempt to link the aniso-
tropy analysis and the event identification. Among the factors which may affect the VSP data are the
local sualigfaphy, fracturing with or without fluid, and regional tectonic stress. Particular attention is
paid to indications of fracture zones since this is one of the goals of the VSP. The interpretation

separates the discussion of the horizontal plane anisotropy data from the SV vs SH, anisotropy data.

1. HORIZONTAL PLANE ANISOTROPY - NEAR-OFFSET DATA

As discussed previously, the near-offset shear wave data represent a horizontal plane anisotropy
experiment. Figure 39 shows a summary of the near-offset anisotropy data. Unfortunately, the data
are incomplete since the SH, source has no shallow data. The left column of Figure 39 shows the
velocity information, the center and right hand columns shows the generalized particle motion descrip-

tion for first arrivals from the SH, source and SH, source, respectively.

There is a problem with interpreting near-offset particle motion analysis. The determination of
the horizontal rotation angle theta is inaccurate for 'vertically incident waves. Therefore, the absolute
orentation of the rotated SH and SV components may vary with depth. However, sinc;e the com-
ponents are still orthogonal, non-lit_iear motion implies there is shear wave splitting. Only the absolute
orientation of the motion is unknown. For instance, the variation in ellipse orientation seen on SH,

source plots between 2000° and 2050’ in Appendix 2 for may be due to incorrect rotation, but the
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non-linear motion still indicates anisotropy.

Between the surface and 2500°, the elliptical nature of the particle motion plots shows shear-
wave splitting within the horizontal plane. The observed splitting must be caused by horizontal plane
anisotropy. A possible cause of this anisotropy is depositional alignment of mineral érains due to the
dominate Northwestern flow of sediments from the Colorado river to the Salton Sea and its predeces-
sors. Another possible cause is variation of the stress field within the Salton Trough caused by tec-

tonic forces.

Below 4000’ more information is available. The travel time information, which begins at
4250°, shows the SH,-generated wave is slower than the SH,-generated wave. The particle motion
plots for both sources show shear-wa;re splitting with two dominant polarizations of motion which
appear to change phase with each other. A change in shape is interpreted as a phase change. The
phase changes are probably due to the varying difference in travel time of each polarization. The

changes in orientation of a given shape may be the rotation error.



DEPTH

NEAR OFFSET ANISOTROPY SUMMARY

PARTICLE MOTION SUMMARY

VELOCITY
SHt SOURCE DATA  SHr SOURCE DATA
LINEAR SH
ELLIPSE ROTATED NO DATA
45 DEGREES FROM
SH AXIS
SV ORIENT 1P
NO DATA ENTED ELLIPSH
NOISY DATA
SH ORIENTED :
ELLIPSE, SV MOTION ELLIPTICAL MOTION, §
DECREASING WITH [PV-MOTION
DEPTH ECREASING WITH
SHr> SHE EPTH
ELLIPTICAL MOTION| 2 SEPARATE
WITH PHASE POLARIZATIONS
CHANGES CHANGING PHASE

Figure 39. Near-offset anisotropy data summary.
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2. SV VS SH, ANISOTROPY - FAR-OFFSET DATA

'Ihe.far-oﬂ‘set anisotropy data provide a much more complete data set. The results are outlined
in Figure 40 which gives the travel time and particle motion summaries. The shallow zone above
1500 appears to be fairly isotropic with equal travel time to 1500’ and linear particle motion for both
sources’ arrivals at 1500°. From 1900’ to 2200’ the SH,-generated waves are increasingly faster than
waves from the SV source. Between 2200" and 2500° the particle motion shows evidence of aniso-
tropy, with the first shear arrival from the' SH, source developing SV motion and the SV source first
arrival splitting into two polarimliohs. The travel time and particle motion information both indicate
a change near 2200’. Velocity increases are seen for both P and S waves near 2200° with the S velo- ’
city showing a large increase. There are indications of reflections neér 2200°, but identification was
not possible because of the lack of data between 1500° and 1900°. There does appears to be a general
transition zone around 2200°. Geologically, from 1700’ to 2100’ there is the first anhydrite alteration,
possibly marking the "cap rock” seen in the SSGF. The seismic effec;s may be related to the transi-
tion from anhydrite alteration in ‘a mostly claystone layer to an alteration free sandstone layer at
2200°. -

From 2200° to 3000 the SV - and SH,-generated arrivals have approximately equal travel time
indicating a relatively isotropic region. The SH, source first arrival gives elliptical particle motion in
this region with SV motion increasing with depth. SV motion in the SH,-generated arrival is prob-
ably due to the local high of SV velocity (seen at 2200’ in Figure 36) which causes SV motion to
move into the SH,-generated arrival. From 2500° to 2800 the poor signal-to-noise in the SV source

data prevent seeing the transition from split SV -generated arrivals to linear SV -generated arrivals.

The zone from 2900’ to 3200’ has a number of anomalous properties. At 3000’ a local high in
the SH/SV velocity ratio develops with a peak SH/SV ratio at 3250°. The SH,-generated first arrival
gives nearly circular polarization in this zone, and both sources give a large amount of radial motion.
Anomalous vertically scattered P-waves seen from the far-offset P source (Figure 27) appear to ori-

ginate from about 2900’ and indications of scattering from 3000’ are seen on the SH, source data.
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The near-offset P source data show a reflection at 2900, and there is a high P velocity zone at 3000’

to 3050’ followed by a low velocity zone at 3200’ to 3300°.

Figure 41 shows the hodographs for the SH, source’s first arrivals from 2875’ to 3175°. The
2875’ hodograph shows a narrow ellipse in the SH-SV plane with dominant SH motion. Thé amount
of Radial and SV motion increases in the hodographs at-2950° and 3025, and then decreases at 3175
leaving the motion similar to the 2875’ level. A possible interpretation of the increased radial energy
is P-wave scattering. If the radial motion within these shear wave arrivals is caused by P-wave
scattering, it would have to be caused by an inhomogeneity near the well since the higher P-wave

velocity would cause the scattered P-wave energy to separate from the shear wave arrival.

A key ﬁhding relating to this anomalous zone is that the core from 3012°’-3020’ had an "open
and permeable fracture zone " with indications that "this fracture zone presently contains a brine"
(McKibben and Andes, 1986). There is anhydrite alteration above 2900’ which may serve as an
impermeable cap, and the nuclear porosity log showed an increase in percent porosity between 2900°
and 3100’ (Paillet, 1986). The li&lology in ‘this zone is mostly sandstone from 3000’ to 3200’ with
some shale, siltstone and claystone. The anomalous seismic effects are most likely caused by a fluid.

filled fracture zone near the well,

Below 3300° the SH velocity decreases with respect to SV, and below 3500° the SH,-generated
wave has more total travel time than the SV -generated wave. The SH, source first arrival particle
motion becomes more linear from 3200° to 3500°. The effect of motion becoming more linear may
be caused by phase changes between SH and SV motion since the major axis of the ellipse moves off
the SH axis and then moves back to the SH axis as the motion becomes ﬁtore circular from 3500° to
3800°.

After-3800° the particle motion of the SH,-generated arrival develops an early SH motion and a
later SV motion. This is seen bn the hodographs from 3925’ to 4150’ in Appendix 2. A radial com-.

ponent of motion is seen developing from 4075’ to 4225°. The separation of SH and SV motion is

probably a local effect, possibly from aligned fractures which have slowed the SV motion more than
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that seen from the total travel time measurement. The observed radial motion could also result from
fracturing which causes P-wave scattering. The P-wave scattering could be caused by SV motion
since the radial motion and the SV motion occur at the same time within the first arrival. There are
reflections from the near-offset shear-wave data generated between 4100; to 4200’ (events R1 and G
on Figures 22¢ and 21). The zone from 3900’ to 4200’ is associated with large anhydrite alteration

and some epidote alteration which indicates hydrothermal activity and fracturing.

For the SH, data below 4300, radial motion stops and shear motion becomes more circular, At
4600° and 4675" the shear motion ellipse actually takes on an SV orientation as the SH motion
decreases. This effect is probably due to a local high in SV/SH velocity ratio at 4675°. At 4300

Poisson’s ratio reaches a minimum and begins increasing after decreasing continuously.

From 4800’ to 5650’ both SH and SV motion are seen on arrivals from the SH, source with the
phase changing with depth giving varying shapes from circular to ’figure 8’ motion at 5350’ and
5425°. Large radial motion at 5500’ and 5575’ may be caused by local fracturing, and the radial
motion again appears at the same time Qithin the arrival window'as SV motion. A P-wave reflection
was also seen at 5450°. The seismic effects between 4500° and 5500’ may be related to the epidote
alteration which begins at 4400° and is indicative of strong hydrothermal process. The epidote altera-
tion has a maximum of 1% at 4800°’, decreases to minimal amounts from 4200° to 4400’ and

increases to nearly 1% again from 5450’ to 5600’ and then is not detected until 6100° (see Figure 5).

One observation which may have regional implications is the consistent particle motion seen in
the SV source first arrivals. Waves generated by the SV source motion are a stable propagation mode
which only shows aniSotrohic effects in the 2100° to 2500° range. Below 2800’ the SV source data
have consistently linear SV motion in the SH-SV plane with some radial motion seen at various
depths. The nearly isotropic propagation of SV polarized waves may be a regional effect since'this
polarization is oriented along the axis of the spreading center while the SH, orientation is perpendicu-
lar to the axis. Another possible explanation is that all the anisotropy is in relatively thin horizontal

beds to which the SV. motion, with its long vertical wavelength, is not sensitive. More tests would be
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necessary to confirm either hypothesis. One such test would be conducting .another VSP with a far-
offset 90 degrees around the well from ours, giving the SV and SH, sources opposite polarization
from this survey, and then looking for linear SH or SV motion. If the SH motion is linear it would.
indicate a regibnal cause, and if the SV motion was still linear it would indicate a local bedding

cause.
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Figure 40. Far-offset anisotropy data summary.
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Figure 41. Three component particle motion from far-offset SH, source near
3000’ depth zone.
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CHAPTER 8
FRACTURE ORIENTATION USING POLARIZATION DIRECTION

In the previous section the particle motion of the first shear-wave arrival was used to analyze
anisotropy. The presence of anisotropy is inférred by any variation in the direction of motion from
the isotropic components of radial, SH and SV motion. Within the SSGF the anisotropy is probably
affected by fracturing associated with hydrothermal alteration and fluid circulation. Since the specific
orientation of any one fracture zone is unknown, a method of analyzing the VSP data to detect this
orientation was used. The direction of shear-wave polarization after passing through an aligned set of
fractures will be parallel and perpendicular to the plane of the fracture set (Crampin 1985, Majer et al.
1986). Using this information, an attempt was made to detect zones in which the first arrival particle
* motion became aligned in two directions while passing through some zone in the well. This requires

computing the particle motion orientation as a function of time within the first arrival wavelet.

The data used in the previous analysis of particle motion could not be analyzed directly because
" the coordinate system used was the wavefront system whose orientation varied as a function of depth.
What is needed to detect fracture orientation is a "borehole™ coordinate system which has the same
coordinate orientation at every depth. Such a coordinate system has components vertical (V), horizon-
tal towards the source (H1), and horizontal transverse to the source (H2) as shown in Figure 9. The
data traces were rotated into this system by the same rotation algorithm used previously. For
borehole coordinates, the original vertical component is not altered while the two horizontals are

rotated into H1 and H2 (see ROTBOR.FOR in Appendix 4 for FORTRAN code).

The data from the far-offset shear sources were rotated into borehole coordinates for orientation
analysis. Once the traces were in bomﬁoh coordiha:es. the polarization direction could be compared
from level to level. The computatibn of polarization direction as a function of time was accomplished
with a modification of the covariance matrix analysis used to find the geophone rotation. A window

of 15 samples length (30 msec) was passed through the first arrival wavelet moving 2 samples (4
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msec) at a time. Each time the window moved, the direction of polarization within the window was
computed. Because each depth had a different first arrival window length, the number of polarization
computations varied with depth. The rectilinearity function was used to estimate the degree of accu-

racy of each calculation.

The complete listing of polarization directions with their rectilinearity funcﬁon values for the
far-offset shear sources is given in Appendix 3. The angle ¢ is in degrees down from vertical, and
the angle 0 is in degrees counterclockwise from the source azimuth, which is approximately S45E.
The angle 0 is non-unique since 6 + 180 degrees is also an eigen vector solution (in other words, the

fracture orientation forms a plane not a vector).

Careful reading of the polarizatioh direction data shows a number of depths which have a
unique direction with high rectilinearity value. It may be that some or all of these are related to
localized fracture orientation, but it is also possible they are simply errors in rotation or thin bed mul-
tiple noise. There is one zone which gives some appearance of splitting the far-offset SH,-generated
arrival into distinct polarization directions over a range of depths. This zone is centered at 4000’
The data are display_ed by plonin‘g the polarization directions on a separate borehole axis system for
each level. A unit length vector is plotted for each window's polarization computation. Figure 42

shows the orientations from 3775’ to 4150 for arrivals from both the SH, and SV sources.

The arrows in Figure 42 indicate the directions of polarization which develop for the. SH, source
at 3925° and 4000°. Notations in Appendix 3 show how the wavelet switches between these two
directions of polarizations (labeled D1 and D2) at progressively earlier times within the wavelet. This
is the effect one would expect to see if one polarization direction represented a faster direction of pro-
pagation. The rectilinearity function also changes from nearly one at early times, to low values as the
direction switches and then returns to nearly one late in the arrival wavglet. This indicates two
coherent polarization directions which overlap within the wavelet. With no other evidence of a frac-

ture zone at this depth, it is difficult to sa); what this pt_)larization analysis represents. The consistent

data over a range of depths would rule out rotation error or random noise. Interbed multiplé
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interference could still be a source of error.

The polarization direction analysis provides another use. Figure 42 clearly shows the difference
between arrivals from the SH, source and the SV source. While the SH,-generated arrivals have a
varied polarization direction, the SV -generated arrivals have a very consistent direction at every depth.
This is a display of the isotropic propagation of the SV -generated waves juxtaposed with the anisotro-
pic propagation of the SH,-generated waves. Figure 43 shows polarization direction plots for shal-
lower depths. The difference between SH; and SV data is again shown. The 1500’ level in Figure 43
shows how the wavelet is polarized in an isotropic zone; the SV -generated motion is tilted because of
the incident ray angle while the SH,-generated motion is on the H2 axis which is parallel to the

source motion.
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DIRECTION OF PARTICLE MOTION POLARIZATION
30 mSEC MOVING WINDOW WITHIN THE FIRST ARRIVAL

DEPTH SV SOURCE SH_SOURCE

- 4150

- IR RNY . .

Figure 42. Direction of particle motion polarization for a 30 msec window
within the first shear arrival for far-offset sS4, and Sv sources near 4000
depth.
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DIRECTION OF PARTICLE MOTION POLARIZATION
30 mSEC MOVING WINDOW WITHIN THE FIRST ARRIVAL

DEPTH SV SOURCE SH_SOURCE

il

1500

~ IR 0752035 -

Figure 43. Direction of particle motion polarization for a 30 msec window
within the first shear arrival for far-offset s#, and SV sources.
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CHAPTER 9
CONCLUSIONS - SUMMARY

This section is a summary of data analysis results for ea;h of the stated goals of this thesis.
The areas to be summarized are standard VSP analysis, anisotropy analysis, fracture detection and
orientation analysis. At times these areas overlap and results- are found to apply to more than one
conclusion. All the results are brought together here in a summary of the seismic wave propagation

effects seen with the SSSDP VSP.

1. STANDARD VSP ANALYSIS

The standard VSP analysis includes velocity analysis and identification of events seen on vari-
ous profiles. The velocity Mysis proved adequate for the modeling and event identification analysis
used in this study. The P-wave velocities were accurate when compared to the 6ther well information
available. The S-wave velocities were sufficient for modeling although the poor data quality between
2500" and 4000’ proved a hindrance especially when analyzing the anomalous zone around 3000°.
The lack of accuracy in the near-offset @ determination may also have created some error in the first
break picks. An ermror in 8 will cause a phase shift on each of the three components. A phase shift
would cause the first trough to be at the wrong time. The consistency of the first arrival indicates this
error is small, however a change in wavelet character is seen on the last 4 traces of the shear source
sections. This change may be a rotation eﬁor. The difficulty in determining 6 from a near offset .
increases with depth as the raypath approaches vertical. The shear velocities determined from these

deepest 4 levels and from the noisy levels between 2500’ and 4000° are most likely to be inaccurate.
The identification of events was successful with all coherent events identifiable as reflections,
multiples, tube waves, or the more unusual scattered waves. There are relatively few reflectors within

the depths covered with the VSP and none were strong enough to be seen by all of the sources .
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All the VSP sections did show reflections from below the deepest VSP level. The shallowest
~and most often seen reflection is from the 6700° to 6900 zone where the lost circulation indicates a
fractured reservoir is located, The far-offset SH, and SV data have a reflection from 6800’ while the
near-offset P-source data have a reflection from 7000’ and the far-offset P-sburce data have a
reflection from 6900°. The strength and consistent appearance of this reflection indicates that the frac-
ture zone has an Aareal extent of at least a few hundred feet and that it is a relatively horizontal
feature. A steeply dipping reflector would be seen to have curved moveout across the VSP section.
Deeper reflectors were indicated on all the profiles, but their identification as reflections is not definite

and their depth of origin can not be accurately assessed.

The detection of vertically scattered P-waves from the far-offset P-source was an indicative of a
heterogeneity near 3000°. The scattered waves were the most obvious indication of the 3000’ zone
which also shows a reflection on the near-offset P-source survey and shows radial particle motion

within the shear arrival. The anomalous seismic effects of this zone indicate fracturing,

2. ANISOTROPY ANALYSIS

The analysis of travel time for orthogonal polarizations of shear sources did find anisotropic
propagation. The near-offset data, which was only useful over a limited depth range, shows aniso-
tropy within the horizontal plane., The particle motion analysis of this data was ambiguous because
the geophone component rotation is inaccurate at close offsets. However, both near-offset shear
source first arrivals show non-linear particle motion, an effect which is only dependent on having
orthogonal components which the near-offset rotation does provide. This non-linear particle motion
shows horizontal plane anison'opy exists. The lack of accurately oriented components prevented
analysis for any axis of symmetry within the horizontal plane. While the absolute orientation of the
near-offset shear wave particle motion is questionable, splitting of the wave form is occurring. The
horizontal plane anisotropy needs to be measured with an oriented geophone to obtain more informa-

“tion.
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Anisotropy seen with the far-offset data is the more standard SH vs SV propagation anisotrgpy.
The tra;/el time data shows a crossover in Qelocity structure with SH propagation faster shallow and
SV propagation faster at depth. There is also some localized structure seen in the travel time
difference plot. Most notable is the local high in SH propagation velocity from 3000’ to 3500°. This
may be related to the anomalous zone around 3060' with ray path coverage spreading the effect to

'deeper levels.

The particle motion analysis showed the SV propagation mode to be an axis of symmetry with
splitting of the SV motion only seen from 2100° to 2500°. Some zones did show significant radial
motion in the shear arrival from the SV source which may be scattering of P-wave energy within the

shear wavelet.

The SH,-generated waves showed a complicated particle motion having SH, SV and radial
motion whose relative amplitudes varied with depth. The SH,-generated particle motion is indicative
of anisotropic propagation. The amount of travel time difference between arrivals from SH, and SV

sources (up to 1%) can explain the shear wave splitting seen in the data from the SH, source.

. Given the SH, data, the lack of splitting in the SV -generated first arrival is unusual. There is
not enough separation in time to cause SH motion generated by the SV source to move out of the first
arrival. The maximum travel time difference is 15 msec while the wavelets were analyzed with win-
dows at least S0 msec long. The linearity of the motion in arrivals from the SV source does show

that the SV source motion is an axis of anisotropy symmetry.

The splitting and travel time difference measured in the horizontal plane does indicate that the
horizontal plane anisotropy needs to be included in future anisotropy studies. The SV -generated first-
arrival particle motion has a component of motion with the polarization of the SH, source. Strong
anisotropy in the horizontal plane could be misinterpreted as SV vs SH anisotropy. This is especially
true for surface reflection data using SH and SV sources because they have no horizontal plane infor-
matiori. In this survey, the horizontal plane anisotropy has half the effect of the SH-SV anisotropy

(0.5% vs 1.0%).
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3. FRACTURE DETECfION

The ﬁrst discovery of interest to fracture detection is the strong reflection from the fractured
reservoir between 6700’ and 6900’; all the sections which could be dipfiltered showed a reflection
from this zone. The strength of the reflections indicates that a surface seismic survey could track this
event and possibly delineate the reservoir. The relative strength of the shear wave reflections on the
Yertical component points out the need for three component recording. It is unfortunate that VSP data

could not be recorded through this zone to study its effects on seismic wave propagation.

The anomalous zone at 3000’ shows the effects of fracturing. It is scattering P-waves from
both P and S wave sources. The shear velocity anisotropy shows a local high just below this zone, an .
effect which indicates localized fracturing. The scattered P-wave events on the radial component of
the SV source data (events K and L on Figure 33c), could lend themselves to inversion schemes to

identify their source location with more accuracy.

The appearance of radial motion within the shear wave first arrival may also be an indication of
P-wave scattering from fractures. ' Assuming the rotation is reasonably accurate, it would take severe
anisotropy (o cause any significant shear motion along the propagation direction. The scattering of
P-energy by the shear wave seems a most likely explanation of the large amount of radial motion seen

within the shear amival at some depths.

4. FRACTURE ORIENTATION ANALYSIS

The attempt to find the orientation of some fracture zone with this data set. was limited by the
lack of a known ione within the depths surveyed. Given that limitation, the procedure of analyzing
the particle motion orientation as a function of time within the first arrival did produce some interest-
ing results. First, the display of particle motion direction proved to be a good graphic for the linearity
of the SV source first arrival motion as compared to the SH, source’s first arrival motion. Within the
SH,’s first arrival motion, one zone of split orientation was found. This zope, from approximately

3900’ to 4200°, gave the results which were expected for two polarizations of differing velocity. An
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estimate could be made of the absolute orientation of these two polarizations. No core data showed
fracturing in this zone. However, this is a zone with anhydrite d&mﬁon indicating hydrothermal
processes which could have associated fracturing outside the borehole. While no definitive conclu-
sions could be reached about fracture orientation, the anélysis technique does show enough promise to

warrant further study in a more controlled situation.
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APPENDIX 1
" VELOCITY INFORMATION
All the tables and plots in appendix 1 use the following units:
Depths - Feet
Travel Time - Seconds
Velocity - Feet per Second

Ratios - unitless
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Values Of 0.00 Indicate No Data
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TABLE 1-2 AVERAGE VELOCITY CALCULATIONS

Values Of 0.00 Indicate No Data

DEPTH P VELOCITY SHe VELOCITY  SHt VELOCLTY
508 . 6027. 2. 893.
1800, bive. o. 1089.
1600. 6624. 9. 1398.
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TABLE 1-3 100’ INTERVAL VELOCITY CALCULATIONS

1778,

Values Of 0.00 Indicate No Data
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TABLE 1-4 500 INTERVAL VELOCITY CALCULATIONS

Values Of 0.00 Indicate No Data
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'TABLE 1-5 AVERAGE VELOCITY RATIOS
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TABLE 1-6 500’ INTERVAL VELOCITY RATIOS
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Figure 1-1 Interval Poisson’s Ratio Calculated From SH, Data With 500’ Interval Spacing.
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APPENDIX 2
PARTICLE MOTION HODOGRAPHS

The hodographs in this appendix are listed by level number instead of depth. The following
tables cross-reference level number and depth for the various data sets. Table 3-1 is for all the far-
offset data, while table 3-2 is for the near-offset P and SH, source data and table 3-3 is for the near-

offset SH, source data.

Table 2-1 Table 2-1
Far-Offset Data, All Sources Far-Offset Data, All Sources
Level | Depth Level | Depth
1 1500 29 3925
2 1900, 30 4000
3 1975 31 4075
4 2050 32 4150
5 2125 33 4225
6 2200 34 4300
7 2275 | : 35 4375
8 2350 ' 36 4450
9 2425 ' 37 4525
10 2500 38 4600
11 2575 39 4675
12 2650 40 . 4750
13 2725 41 4825
14 2800 42 4900
15 2875 43 4975
16 2950 4“4 5050
17 3025 45 5125
18 3100 46 5200
19 3175 . 47 5275
20 3250 48 5350
21 3325 49 5425
22 3400 50 5500
23 3475 51 - 5575
24 3550 52 5650
25 3625
26 3700
27 3775
28 3850
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" Table 2-2 Table 2-2
Near-Offset P and SH, Data Near-Offset P and SH, Data
Level Depth Level Depth
1 500 T a1 3850
2 1000 42 3900
3 1500 43 3950
4 2000 44 4000
5 2050 45 | 4050
6 2100 46 4100
7 2150 47 4150
8 - 2200 : 48 4200
9 2250 49 4250
10 2300 50 4300
11 2350 51 4350
12 2400 : 52 4400
13 2450 53 4450
14 2500 54 4500
15 2550 55 4550
16 2600 56 4600
17 2650 57 4650
18 2700 58 4700
19 2750 59 4750
20 2800 60 4800
21 2850 : 61 4850
2 2900 ' 62 4900
23 2950 . 63 4950
24 3000 . 64 5000
25 3050 : 65 5050
26 3100 66 5100
27 3150 67 5150
28 3200 68 5200
29 3250 69 5250
30 3300 70 5300
31 3350 7 5350
32 3400 72 5400
33 3450 73 5450
34 3500 74 5500
35 3550 A 75 5550
36 3600 76 5600
37 3650 ‘ 17 5650
38 3700 :
39 3750
40 3800




Table 2-3

Near-Offset SH, Data

Table 2-3

Near-Offset SH, Data

Level Depth
41 5050
42 5100
43 5150
44 5200
45 5250
46 5300
47. 5350
48 5400
49 5450
50 5500
51 5550
52 5600
53 5650

=Level T_&Depth
1 3050
2 3100
3 3150
4 3200
5 3250
6 3300
7 3350
8 3400
9 3450
10 3500
11 3550
12 3600
13 3650
14 3700
15 3750
16 3800
17 3850
18 3900
19 3950
20 4000
21 4050
2 4100
23 4150
24 4200
25 4250
26 4300
27 4350
28 4400
29 4450
30 4500
31 4550
32 4600
33 4650
34 4700
35 4750
36 4800
37 4850
38 4900
39 4950
40 5000
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- FAR OFFSET P-WAVE SOURCE ]

PARTICLE MOTION AT LEVEL I PARTICLE MOTION AT LEVEL 4 i

PARTICLE MOTION AT LEVEL 2 PARTICLE MOTION AT LEVEL S

o Q
-

PARTICLE MOTION AT LEVEL 3 PARTICLE MOTION AT LEVEL 6
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FAR OFFSET P-WAVE SOURCE

PARTICLE MOTION AT LEVEL 7 PARTICLE MOTION AT LEVEL 10




142

FAR OFFSET P-WAVE SOURCE

PARTICLE MOTION AT LEVEL 13 PARTICLE MOTION AT LEVEL 16




143

FAR OFFSET P-WAVE SOURCE

PARTICLE MOTION AT LEVEL 19 PARTICLE MOTION AT LEVEL 22




143a

FAR OFFSET P-WAVE SOURCE

PARTICLE MOTION AT LEVEL 25 PARTICLE MOTION AT LEVEL 28




144




FAR OFFSET P-WAVE SOURCE

PARTICLE MOTION AT LEVEL 37

PARTICLE MOTION AT LEVEL 38

PARTICLE MOTION AT LEVEL 40

PARTICLE MOTION AT LEVEL 4!

]
-

PARTICLE MOTION AT LEVEL 42
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146

FAR OFFSET P-WAVE SOURCE

PARTICLE MOTION AT LEVEL 43 PARTICLE MOTION AT LEVEL 46




T FAR OFFSET. P-WAVE SOURCE

147

PARTICLE MOTION AT LEVEL 48 PARTICLE MOTION AT LEVEL S2




148

FAR OFFSET SV SOURCE

PARTICLE MOTICN AT LEVEL 1 PARTICLE MOTION AT LEVEL 4

PARTICLE MOTION AT LEVEL 6




FAR OFFSET SV SOURCE

PARTICLE MOTION AT LEVEL 7 PARTICLE MOTION AT LEVEL 10

e
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150

FAR OFFSET SV SOURCE

PARTICLE MOTION AT LEVEL 13 PARTICLE MOTION AT LEVEL 16




151

FAR OFFSET SV SOURCE

PARTICLE MOTION AT LEVEL 19 PARTICLE MOTION AT LEVEL 22




PARTICLE MOTION AT LEVEL 25

FAR OFFSET SV SOURCE

. PARTICLE MOTION AT LEVEL 28




153

FAR OFFSET SV SOURCE

PARTICLE MOTION AT LEVEL 31 PARTICLE MOTION AT LEVEL 34

PARTICLE MOTION AT LEVEL 32




154

FAR OFFSET SV SOURCE

PARTICLE MOTION AT LEVEL 37 PARTICLE MOTION AT LEVEL 40




155

— FAR OFFSET SV SOURCE

PARTICLE MOTION AT LEVEL 43 PARTICLE MOTION AT LEVEL 46




156

FAR OFFSET SV SOURCE

PARTICLE MOTION AT LEVEL 48




FAR OFFSET

PARTICLE MoT1ON AT Levee 1

o-
-

A0

PARTICLE MoTION AT LEVEL 2

e

A8

SHy SOURCE
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—

PARTICLE MoTiON AT LEVEL 4 \

-
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bARTICLE MOTION AT LEVEL S
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-
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o5

7
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158

_ FAR OFFSET SH; SOURCE

PARTICLE MOTION AT LEVEL 7 PARTICLE MOTION AT LEVEL 10

e

o
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FAR OFFSET SH; SOURCE

PARTICLE MOTION AT LEVEL 13 PARTICLE MOTION AT LEVEL 16




160

FAR OFFSET SH; SOURCE

PARTICLE MOTION AT LEVEL 19 PARTICLE MOTION AT LEVEL 22




161

FAR OFFSET SH; SOURCE

PARTICLE MOTION AT LEVEL 25 PARTICLE MOTION AT LEVEL 28




162

FAR OFFSET SH; SOURCE

PARTICLE MOTION AT LEVEL 31 PARTICLE MOTION AT LEVEL 24

e
-

PARTICLE MOTION AT LEVEL 35
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— FAR OFFSET SH, SOURCE

PARTICLE MOTION AT LEVEL 37 PARTICLE MOTION AT LEVEL 40'




164

FAR OFFSET SH; SOURCE

PARTICLE MOTION AT LEVEL 43 PARTICLE MOTION AT LEVEL 46

1.0

[=}

PARTICLE- MOTION AT LEVEL 4S

<




165

FAR OFFSET SH, SOURCE

PARTICLE MOTION AT LEVEL 49 PARTICLE MOTION AT LEVEL S2




(=]

- -“"

NEAR OFFSET P-WAVE SOURCE

PARTICLE MOTION HT LEVEL 1 PARTICLE MOTION AT LEVEL 4

e
-

PARTICLE MOTION AT LEVEL ©

B
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PARTICLE MOTION AT LEVEL 7

NEAR OFFSET P-WAVE SQURCE

PARTICLE MOTION AT LEVEL 10

(=}
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PARTICLE moTioN AT LEVEL 13

e
=

AD

A0

e )
5% S

i

o
PARTICLE MoT1ON AT LEVEL 15

e
-

A8

NEAR OFFSET P-WAVE SOURCE \
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pARTICLE moTioN AT LEVEL 16 \

-

A0

PARTICLE MOT!

v.0

7

‘o
pARTICLE MOT!
o

on AT Levew 17

on AT LEVEL 18

-

)




NEAR OFFSET P-WAVE SOURCE

PARTICLE MOTION AT LEVEL 19 PARTICLE MOTION AT LEVEL 22

<
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NEAR OFFSET P-WAVE SOURCE

PARTICLE MOTION AT LEVEL 25 PARTICLE MOTION AT LEVEL 28

170

]




PARTICLE MOTION AT LEVEL 31

'NEAR OFFSET P-WAVE SOURCE

PARTICLE MOTION AT LEVEL 34

[=]

171




172

NEAR OFFSET P-WAVE SOURCE ]

PARTICLE MOTION AT LEVEL 37 PARTICLE MOTION AT LEVEL 40

Q

1.0




NEAR OFFSET P-WAVE SOURCE

PARTICLE MOTION AT LEVEL 43

173

PARTICLE MOTION AT LEVEL 46




174

NEAR OFFSET P-WAVE SOURCE T

PARTICLE MOTION AT LEVEL 49 PARTICLE MOTION AT LEVEL S2




175

NEAR OFFSET P-WAVE SOURCE

PARTICLE MOTION AT LEVEL SS PARTICLE MOTION AT LEVEL S8

Q




PARTICLE MOTION AT LEVEL 61

NEAR OFFSET P-WAVE SOURCE

PARTICLE MOTION AT LEVEL 64

176




177

NEAR OFFSET P-WAVE SOURCE

PARTICLE MOTION AT LEVEL 67 PARTICLE MOTION AT LEVEL 70




178

NEAR OFFSET P-WAVE SOURCE T

PARTICLE MOTION AT LEVEL 73 PARTICLE MOTION AT LEVEL 76




179

NEAR OFFSET SH, SOURCE |

PARTICLE MOTION AT LEVEL 1 ~ PARTICLE MOTION AT LEVEL 4

PARTICLE MOTION AT LEVEL 3 PARTICLE MOTION AT LEVEL 6




180

NEAR OFFSET SH, SOURCE

PARTICLE MOTION AT LEVEL 7 PARTICLE MOTION AT LEVEL 10




181

NEAR OFFSET SH; SOURCE

PARTICLE MOTION AT LEVEL 13 PHRTICLt MOTION AT LEVEL 16

PARTICLE MOTION AT LEVEL 14 PARTICLE MOTION AT LEVEL 17

PARTICLE MOTION AT LEVEL 15




182

NEAR OFFSET SH, SOURCE

PARTICLE MOTION AT LEVEL 43 PARTICLE MOTION AT LEVEL 46




183

NEAR OFFSET SH, SOURCE

PARTICLE MOTION AT LEVEL 49 PARTICLE MOTION AT LEVEL S2

PARTICLE MOTION AT LEVEL SO
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I
NEAR OFFSET Stk SOURCE
PARTICLE MOTION AT LEVEL S5 ‘ PARTICLE MOTION AT LEVEL S8
o e
o e e b
< ° -
¢ °
% S 2% <N
7 7
o Qo
TION AT LEVEL 99

AD
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185

NEAR OFFSET SH, SOURCE

PARTICLE MOTION AT LEVEL 61 PARTICLE MOTION AT LEVEL 64

PARTICLE MOTION AT LEVEL 63




186

NEAR OFFSET SH, SOURCE

PARTICLE MOTION AT LEVEL 67 PARTICLE MOTION AT LEVEL 70

PARTICLE MOTICN AT LEVEL 68




NEAR OFFSET SH; SOURCE

PARTICLE MOTION AT LEVEL 73

187

PARTICLE MOTION AT LEVEL 76

PARTICLE MOTION AT LEVEL 77

2




188

NEAR OFFSET SH, SOURCE |

PARTICLE MOTION AT LEVEL 25 PARTICLE MOTION AT LEVEL 28




NEAR OFFSET SH, SOURCE

PARTICLE MOTION AT LEVEL 31 PARTICLE MOTION AT LEVEL 34
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190

NEAR OFFSET SH, SOURCE

PARTICLE MOTION AT LEVEL 37 PARTICLE MOTION AT LEVEL 40

-
< !




191

H, SOURCEe




192

NEAR OFFSET SH, SOURCE

PARTICLE MOTION AT LEVEL 49 PARTICLE MOTION AT LEVEL S2




The data in this appendix are listed by level number instead of depth. The following table

cross-references level number and depth for the far-offset shear sources used in the polarization

analysis.

'POLARIZATION DIRECTION -- DATA AND PLOTS

Table 3-1
Far-Offset Data
Level | Deglh

1 1500

2 1900

3 1975

4 2050

5 2125
6 2200

7 2275

8 2350

9 2425

10 2500

11 2575

12 2650

13 2725

14 2800

15 2875

16 2950

17 3025

18 3100

19 3175

20 3250

21 31325

22 3400

23 3475

24 3550

25 .3625

26 3700

27 3775

28 3850

29 3925

APPENDIX 3

Table 3-1
Far-Offset Data
Level | Degth

30 4000
31 4075

2 4150

33 4225

Kz 4300

35 4375

36 4450

37 4525

38 4600

39 4675

40 4750

41 4825

42 4900

43 4975

44 5050

45 5125

46 5200

47 5275

48 5350

49 5425

50 5500

51 5575

52 5650
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LEVEL WINDOW

S GWWWWWWLWOWWWWWW®WE NNRNNRNNRRNRODANNNRODRNRAONRRNRN 00 5 gt 00 0t gt b et gt =8 08 s =2 g b pud put

FAR OFFSET SHy SOURCE

QDDA S WA -

o ot
DO NON S N

o o o b gt
~“~anarwun

PHI

84.272
84.734
84.782
84,611
84.720
87.483
89.240
89.000
89.883
88.837
84,982
86.181
89,445
86.666
88.348
82.681
87.289

83.887
83.417
83.309
83.148

92.8686

82.6894
82.822
83.493
84 .668
a6 .088
64,070
83.608
82.626
82.037
81.978
82.068
02.084
83.099
87.5630
88,968
88.166

84,444
84,0842
84,541
94,620
84.999
86.019
86 .0658
86.399
85,4801
84.691
83.931
84. 140
84.070
84,736
84.8113
87.6587
86.048

87.888
87.429

THETA

77.929
17.979
78.376
79.982
84.268
89.876
-90.142
-92.033
a7.296
-92.3089
~91.568
-99.862

90.458

91.699
92.183
-88.706
-87.381

-102.498
-183.259
-1903.292
-183.113
~193.118

~-193.3856

-103.178
~100.960
-97.166
-96.016
~96.840
-98.262
-99.099
-99.301
-99.489
-196.214
-191.6568
-102.793
-192.0889
78.946
78.811

-98.847
-97.016
-96.719
-96.109
~94 . 906
-94.468
-93.463
-02.476
-91.728
-91.269
-91.179
-91.169
-90.943
-96.747
~-91.487
-94.368
82.069

80.997
82.302

9.909
8.979
@.989
9.979
9.978
9.989
8.983
9.992
8.984
9.968
9.966
9.964
0.929
@.787
8.5563
3.498
9.506

9.974
9.984
8.990
8.994
9.996
9.994
9.993
3.990
9.999
9.996
0.9968
9.992
9.986
a.979
9.974
2.978
9.9684
0.9580
9.931
9.946
9.9608

9.994
8.988
9.982
8.978
9.972
9.974
9.991
a.987
0.990
9.989
g.986
8.980
a.977
9.978
2.978
9.961
8.941

0.894
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LEVEL WINDOW

PR DOD® NN NNNNNNSNNNSNNNNN AOROARPPRO ANAANANNANONT L22bAabddbradra

FAR OFFSET SH; SOURCE

-

PHI

87.633
87.640
87.4056
86.982
868.920
87.611
88.369
87.968
868,793
86.673
84.193
89.119

83.0896
84.117
84 .544
84,711
84.968
86.148
88.042
89.948
88.533
89.336
89.090

72.963

" 72.396

72.372
73.068
76.638
82.162
86.013
76.300
78.722
88.412

58.803
67.3568
58.839
64.744
61.064
45.701
38.332
83.480
87.106
658.766
38.960
37.437
39.9682
41.028
42.201
43.170
45.949
54.408

46.978
58.217
81.620
69.824
67.337

THETA

81.589
80.844
81.530
83.887
86.287
85.044
83.747
83.899
86.443
87.349
87.116
82.906

78.978
77.142
77.786
78.402
78.888
79.3238
79.613
-108.739
-100.646
-99.867
79.444

79.820
78.075
78.091
77.97
77.203
78,326
-193.2656
-101.204
-99.0885
-180.364

134.608
138.893
144,261
149.848
166.343
181.667
171.106
29.331
29.488
33.6123
66.6886
71.740
80.6844
88.117
' 96.088
98.171
97.382
99.448

85.564
868.787
89.132
90.177
91.777

2.889
9.902
9.924
2.937
2.938
0.9839
8.961
0.989
9.980
2.983
9.988
3.947

9.979
9.979

9.981
2.989
8.978

- 9.988

a.986
9.979
9.974
9.978

9.952
0.947
9.949
9.926
8.888
@.821
9.798
2.873
2.966
0.976

0.920
8.930
3.874
8.783
9.738

9.732

9.229
9.428
8.574
9.538
g.689
2.810
9.822
0.804
9.0822
9.881
8.771
9.395

9.841
8.742
8.897
9.947
2.968
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LEVEL WINDOW

VOOVDVOOVVVOVOOVDOD PODD®

-

OCONONEWN -

QUG

PHI

568.292
67.548
89.111
81.495
80.204

46.319
53.182
68.169
80.612
89.248
88.238
84.212
81.366
82.463
87.548
71.084
79.412
89.621
77.0864
86.982

71.786
72.744
72.723
71.588

.71.829

77.481
81.8768
88.737
77.999
75.668
75.016
76.629
76.2698
74.666
71.739
89.994
74.0876
78.7980
73.601

75.646
74.630
73.132
72.934
76.626
91.632
83.078
83.192
81.699
90.454
80.273
88.521
79.567
75.601
85.988
54.533
54.448
68.421

THETA

93.300
93.7569
93.099
92.282
91.665

144 .824
104 .925
91.426
88.4968
99.866
92.878
94.733
96.500
96 . 9968
96.681
94.148
93.643
92.009
-107.976
-118.126

98.176
98.329
98.517
99.101
99.219
96.523
93.846
93.919
96.116
96.211
96.4564
94 .066
96.266
97.08486
99.907
101.341
97 .640
93.939
95.160

94.452
95.946
97.222
97.362
94.749
91.069
89.3408
89.220
89.760
90.271
99.314
96.148
90.7689
93.343
104.290
118.779
110.842
99.998

" FAR OFFSET SH; SOURCE

@.938
9.893
9.866
0.849
2.806

g.612
9.518
9.8086
8.701
9.887
9.961
3.968
g.898
8.789
9.712
8.899
2.673
9.528

9.386

9.813

9.997
9.998
9.998
9.993
9.969
9.914
9.937
8.966
9.961
9.930
8.899
9.879
9.877
9.870
9.829

9.719

9.683
8.6821
0.099

9.998
@.996
3.985
8.952
9.902
9.897
9.919

0.929 -

9.912
g.881
8.788
8.724
g.870
9.592
8.479
8.388
9.318
9.407
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LEVEL WINDOW

11

12
12
12
12
12
12
12
12
12
12

FAR OFFSET SH; SOURCE

-
[

QB NANSWN -

PHI
68.928

78.734
77.631
76 .308
77.206
82.238
86.521
87.828
87.806
87.273
87.918
89.318
89.839
89.879
86.449
01.441
79.8088

78.117
76.039
74.461
73.291
76.363
81.9869
86.838

. 80.647

86.341
87 .4868

89.997

86.873
87.134
88.462
47.887
16.528
37.138

77.931
73.9684
78.496
87.691
68.902
73.334
85.180
89.872

89.147

86.293
93.288
82.918
84.962
86.373
83.521
82.634
084,806

86.788
79.886
79.000
77.863
77.832

THETA

98.491

97 .909
97.766
97.754
97.378
96.394
96.196
93.730
91.815
89.862
88,992
88.974
-92.212
81.983
68 .942
62.296
47.769

87.432
84 .099
60.819
58.926
59.902
81.793
61.867
81.646
81.889
82.642
~116.533
~118.812
-117.768
~118.206
72.518
115.483
93.887

89.915
85.204
82.808
80.746
79.106
80.896
84.490
83.849
80.541
78.740
74.143
73.864
73.504
8 319
8a. 449
63.473
61.034

-97.420
-97.496
-97.548
-97.836
-98.052

0.644

0.994
0.9968
4.992
9.989
9.948
9.962
9.963
9.964
9.938
9.876
a.822
9.794
8.762
@.688
9.688
8.663

9.942
a.969
9.974
8.962
9.929
9.920
9.938
9.949
9.944
a.903
0.824
0.788
2.719
2.571
9.963
9.461
@.358

0.918
9.918
9.916
2.903
2.860
9.749
9.768
9.836
@.089
9.834
9.740
3.6843
0.6089
9.628
2.661
a.6682
9.864

9.990
9.988
9.982
9.972
0.939
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“FAR OFFSET SH; SOURCE

LEVEL wINOOW

16
15
16
16
16
16
16
16
16
16
16
16
16

ODNORLWN~

PHI

83.187
86.919
85.133
82.042
79.648
78.449
78.1856
77.003
73.667
68.949
87.324
79.997
73.844

71.088
68.432
668.431
84.418
81.178
68.866
64 .566
72.948
69.460
63.692
68.324
54.367
61.778
6§0.194
49.184
48.971
49.960

53.217,

72.463
69.031
68.815
868.354
68.416
71.143
72.873
71.407
60.249
84.701
61.314
68.167
66.23
67.256
60.848
84.4891
89.129

72.224
76.663
70. 969
73.603
76.842
77.748
78.406
73.863
71.8868

THETA

~-99.449
-97.6867
-95.028
-94.703
~-94.174
-94.975
-94 .008
-93.619
-92.584
-91.773
-92.363
-94.9029
-94.819

99.483
89.519
89.278
89.6514
88. 906
82.760
a7.006
86.931
73.738
80.9084
84.931

89.101

92.710
96.226
97.5613
100.308
101.796
97.693

83.744
81.316
79.688
79.068

78.286 -

T74.718
68.067
62.491
62.184
64 .884
86.916
87.718
87.668
67.428
68.389
89.962
76.840

76,631
73.168
73.268
74.970
75.299
73.631
708.038
87.843
84.4708

9.910
9.949
9.9867
9.962
9.930
9.9@6
0.894
9.896
g.9968
2.088
9.0868
9.0988
9.913

9.962
9.915
9.864
9.824
0.769
9.822
9.468
9.596
8.797
9.748
9.746
9.721
9.083
9.648
9.623
8.697
9.647
0.474

8.971
9.943
8.884
8.912
9.787
9.729
8.718
8.726
9.753
9.797
8.831
0.849
9.020
9.782
g.761
9.737
9.723

9.947
9.929
9.872
9.839
9.044
9.867
0.658
9.862
0.848
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* FAR OFFSET SH; SOURCE

LEVEL WwINOOW

18
18
10
18
18
18

19
19
19
19

10
11
12

‘13

PHI

79.816
89.901
89.183
69.844
73.103
77.580

89.873
64 .9094
68.128
68.948
77.423
79.816
78.044
76.981
78.320
79.223
80.034
76.586
87.811
63.639

84.717
66.288
86.322
66.271
71.603

.79.2368

78.188
716.200
73.902
76.622
79.687
78.429
72.8368
68.386

66.718
66.187
85.461
66,064
89.604
72.668
76.890
668.6594
88.140
09.918
70.842
69.992
67.946
64.983

66.928
868.193
686.391
66.290
87.134
68.739
80.082
68.0894

THETA

183.
.893
.936
741
.317
.888
.6548
.637

. 704
. 200
724
.2386
.9058
.784

.468
. 90§
.4B3
.272
.973
.138
. 009
. 760
. 740
. 786
.698
.079
.502
.719

.211
.893
.842
<234
.822
.380

179
.379
.83@
.029
.196
661
123.

.799
.604
.686
.612
.908
.624
.836
174
.704
.138
.916
.978
.237
.784

322

317

9.847
9.849
9.886
3.896
2.914
9.917

9.964
9.968
8.948
9.919
9.906
9.938
9.946
9.908
0.816
9.744

"9.746

9.734
9.846
9.5681

0.968
9.969
9.963
9.962
9.8561
9.899
9.942
9.906
8.787
9.665
9.567
0.6588
9.487
9.329

9.901
8.972
9.963
8.947
9.934
8.961
9.982
9.962
2.a76
8.704
9.783
9.7083
8.793
9.448

9.991
9.994
9.978
9.941
9.926
3.946
9.971
0.984
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- FAR OFFSET SH; SOURCE

LEVEL WINDOW

9
10
11
12
13
14
16
168

ORDNONEWN -

PHI

68.363
668.318
a8.188
88.278
48.481
868.179
66.776
72.379

74.878
74.691
74.586
74.300
71.874
87.366
68.534
87.414
68.093
66.8368
66 .861
668.366
67.296
87.481
81.901

82.7686
83.047
83.0884
66.220
665.100

'58.662

62.307
64.963
§0.004
82.820
62.894
81.0080
61.947

63.277

é8.7688
72.209
80.392

89.202
70.008
71.148
71.122
65.682
60.296
68.689
43.873
68.0848
78.832
89.27§
89.182
72.893
77.096
83.918

84.493

THETA

86.809
86.897
81.386
88.728
81.879
83.937
85.061

4.683

106.237
186.6871
102.462
1990.448
103.868
96.477
87.811
868.682
87.542
84.149
79.871
79.936
719.409
76.932
13.883

112.663
113.000
111.172
199.218
111.404
119.248
111.381
96.446
91.889
92.579
93.138
89.969
87.243
87.209
90.426
106.713
130.0990

109.192
109.671
198.613
198.6898
116.268
119.190
119.392
182.273
100.320
101.047

99.104

96.134

93.432

96.362
107.898

114.692

9.966
g.898
9.861
8.875
8.887
9.749
9.434
9.141

9.99¢@
0.994
8.968
0.880
9.844
9.996
9.945
2.982
0.942
@.887
0.860
9.8687

‘9.798

9.647
9.168

9.966
8.977
9.982
0.929
0.0808
8.763
9.028
8.871
2.902
9.910
0.989
9.888
8.080
2.848
9.739
9.4956
0.483

9.9687
8.977
0.978
a.918
8.822
9.6873
9.690
g.896
9.803
9.880
0.846
9.839
9.0837
9.764
8.571
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LEVEL WINOQW

26
268
28
28
26
26
28
26
28
26
28
28
26
26
20

OBNBN & WN -

PHI

.946
.869
.631
.838
.031
.127
.238
.017
.812
.841
.369
.031
.861
.347
. 809

.438
.364
.681
.087
.468
.877
.281
.891
.678
.949
.642
.964
.289
.481
.32
.728
. 900

. 240
.8768
.AT9
.308
.883
.887
721
170
.169
.193
.634
.896
.763
.468
. 460
.314

. 848

804

.568
.364
.338
.876
.262
.472
.181

THETA

114

113.
112,

113
121
127
119
119
1068
106

196,
106.

104
126
118

118
114

111.

110
110
109
112
128
125

112.

181
99
90
97
93

-87

-86

118
118
107
184

186.
133.
144,
128.
192.
-87.

-88
-87
-90

-92.
-92.

-92

104.

97.
193.
120.
12§6.
.668 -
104.

120
-93

.332
308
260
.633
.934
.199
.927
.047
.512
.828
787
384
.891
714
.178

.183
.892
968
.746
.018
.2086
.329
. 754
.961
214
.463
.198
.869
.216
. 849
.934
.120

.589
.920
.238
.617
184
389
65690
222

981
. 604
.963
.031
769
538
.628

969
.367
6549
342
807
0a7

456
.872

*. FAR OFFSET SH, SOURCE

.809
641

.726
.861

D

201



“FAR OFFSET SH; SOURCE

LEVEL WINDOW -

29
29
29
29
29
29

19
11

12 .

13
14
15

OCDNONEWN -

OB N

PHI

75.043
78.013
79.917
79.667
77.450
75.993

68.228
63.732
68.1856
63.773
31.777
27.399
27.877
14,637
43.809
61.337
61.742
68.886
68.606
69.986

85.196
71.372
52.112
23.332
25.042
28.217
19.626
20.361
265.487
33.593
40.901
56.425
66.973

65.076
65.379
77.412
57.468
10.203
12.041
12.417
21.875
27.879
30.000
39.226
67.669
81.676
61.208

72.902
83.366
16.620
14.712
12.430
24 .040
30.679
31.919
38.469

THETA

-96.319
-96.313
-94.068
~94.342
~94 .569
-95.898

192.9909
99.761
99.286
99.737

192 .488

198.492

116.981

134.612

-73.276

-76.943

~76.648

-75.637

-79.415

-81.417

98.383
96.269
102.110
129.883
137.994
148 .289
-177.448
-127.718
-123.182
-122.623
-187.887
-97.166
-97.332

113.144
197 .969
182.733
-88.806
-1665.304
171.018
~166.434
-97.014
~-84.033
-81.998
-78.261
-72.830
-71.0838
-73.117

106.27¢
191.412
-173.921
164.996
167.612
-106.877
-82.9829
-68.174
-68.018

9.478
9.566
8.712
9.873

- 9.937

9.882

0.914
9.860
9.886
9.428
9.442
9.514
9.469
9.164
9.296
9.410
9.468
9.839
8.818
2.898

8.781
9.661

+ 9.201

9.363
0.462
9.446
9.309
0.473
9.528
9.460
9.4562
0.822
8.721

9.818
8.720
9.466
9.049
8.3086
8.370
8.341
9.4356
9.576
9.679
9.483
9.5677
8.841
o0.908

9.604
9.238
0.144
9.276
9.227
9.268
9.471
9.533
0.487

1
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- FAR OFFSET SH; SOURCE

LEVEL WINDOW

33

33
33

33

34
34
34
34
34
34
34
4
34
34
34
34
34

36
35
36
s
36
36
356
s
36

38
36
k1]
36
38
k)
k1|
38
kL]

37
7
37
37
7
37
37

10

11

12
13

BUWNH ANUONIWUNT ~ORIWUNH ODNINIWNE CONONEWN

PHI

68.718
66.2386
84 .981
66.512

72.232
88.408
86.217
49.178
46.291
48.262
47.292
43.262
49.487
45.812
70.474
71.141
87.101

80.13681
48.411
41.9686
46.194
47 .444
44 .308
41.418
498.727
48.075

08.471
53.061
47.818
48.112
61.681
51.838
48.7858
46.162
48.1686

82.748
66.826
63.103
62.966
63.114
61.700

49.112

27.343
20.924
33.432
36.238
30.298
38.9180
38.773
39.327

41.402
41.541
42.068
44.318

THETA

-66.757
-66.514
-63.909
-51.481

97.129
-93.486
~-108.777
-121.012
-127.263
-121.379
~-117.498
-118.415
-1208.367
-118.987
-89.624
-87.488
-91.928

-118.836
-132.0641
-142.317
-1368.688
-131.838
~-136.9684
-146.749
-163.779
~146.0883

~-93.241
-1668.889
~114.444
~114.679
-108. 990
-188.610
-107.761
-109.441
-108.789

-111.138
-121.338
~126.843
-127.602
-1268.433
-127.239
-129.697

~-147.773
-137.333
-141.574
-147.282
-160.836
-1563.2382
-159.019

-166.328

-160.178
-149.361
-141.463
~140.497

9.496
2.764
9.919
9.914

9.596
8.481
9.3687
9.342
9.326
8.373
0.504
9.684
9.542
9.366
0.604
8.1
9.698

9.374
9.3%0
9.368
0.346
9.488
0.640
8.717
9.661
9.396

0.491
9.574
9.583
9.568
9.608
8.713
8.7687
9.700
9.620

0.562
9.686
9.696
9.618
9.682
9.743
9.746

9.431
2.531
2.618
0.089
8.700
9.731
.17
g.811

9.784
8.739
9.778
9.822
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FAR OFFSET SH, SOURCE

LEVEL WINDOW PHI THETA F
39 6 45.8190 -141.513 9.6863
39 8 46.938 ~142.347 9.877
39 7 47.272 -143,199 9.9090
39 9 48 .948 -144.968 9.9156
39 9 48 .688 -147.998 9.913
39 19 48.318 -151.771 9.892
49 1 37.521 -174.248 3.449
40 2 46.394 164 .824 9.423
49 3 665.334 138.968 9.222
49 .4 69.443 -1290.564 ' 9.330
49 5 69.376 -130.484 3.623
49 - 57.833 -136.514 ’ 89.726
40 7 68.636 -137.823 9.783
49 9 66.836 -137.038 9.7686
40 9 67.388 -134.661 8.780
49 19 67.164 -134.719 9.786
49 11 55.281 -137.865 9.738
41 1 87.227 -96.168 : 9.159
41 2 86.616 -87.637 . 9.436
41 3 80.371 -94.436 9.599
41 4 72.967 ~-104.568 8.850
41 & 63.6847 -114.4308 8.669
41 8 57.590 -120.8906 9.857
41 7 64.824 -123.532 9.060
41 8 66.140 - =124.261 9.671
41 9 §6.440 -126.138 8.721
41 10 63.194 -120.822 9.744
42 1 70.368 -128.941 9.392
42 2 77.383 ~-120.472 3.6836
42 3 72.168 -127.992 9.7886
42 4 67.097 -133.0804 ) 9.831
42 6 63.5697 -1368.378 9.028
42 e 63.299 -136.5696 9.810
42 7 856.693 -136.642 8.823
42 8 86.474 -136.288 9.868
42 9 64.0899 -136.281 g.868
43 1 765.696 -84.740 9.774
43 2 73.903 -81.686 9.877
43 3 79.139 -69.0822 9.916
43 4 87.613 -67.769 9.9086
43 5 87.418 -57.240 9.872
43 8 88.494 -66.382 9.080
43 7 47.089 -562.266 9.864
43 8 64.0873 ~48.916 9.887
44 1 74.5613 183.0897 8.749
44 2 77.041 163.0849 9.680
44 3 02.730 144,015 9.498
44 4 87.813 -563.6861 9.289
44 5 74.685 -78.868 8.176
44 4 8s8.707 -91.681 9.184
44 4 76.725 -76.367 9.181
44 8 76.667 ~-86.369 9.398
44 9 76.038 -81.664 0.488
44 10 76.083 -73.410 0.439



-FAR OFFSET SH; SOURCE

LEVEL WwINODOW

[ ol nd
OBNONBDWRN- ROV NONLWNT DNORLAWN™ DNORIAWN» BODNOAEWN -

gt put o
WO

RAREWN -

PHI

62.625
73.176
72.946
79.106
87.363
88.721
69.416
71.916
89.806
87.369

75.488
87.478
76.992
71.0836
68.176
89.024
790.6682
68.788

89.792
78.632
72.868
70.0082
72.122
76.840
75.630
T4.007

78.512
868.297
86.299
79.388
T74.724
76.460
77.138
75.779
73.296
71.880
76.921

77.848
89.283
79.789
76.112
74.261
72.947
79.973
80.949
71.136
889.2362
03.937
86 .580
87.778

868.065
83.3687
80.8268
89.399
890.3%8

THETA

~143.842
-130.296
-132.966
-138.109
-138.871

~138.738

-136.198
-134.980
-136.783
-137.397

173.749

-98.887
-1901.377
~183.463
-1987.977
-104.278
-10@.4862
-106.866

72.873
-122.459
-1208.545
-130.947
~-129.061
-128.0819
-126.273
-126.08068

99.114
90.910
-94.213
-96.898
-96.381
-97.143
-182.496
-182.834
-97.068
-06.368
-62.919

102.9356
89.073
-99.963
-1090.800
-102.041
-1198.321
-113.896
-1087.736
-86.837
-81.249
-65.166
-64.6839
-63.0088

-47.956
-45.188
-43.869
-44.837
~-44.480

XXX X NN
[
N
»

9.832

9.879
9.0846
9.582
9.308

0.729
9.613
2.594
9.6826
g.686
9.797

9.018
8.578
3.613
8.701
8.698
9.748

8.930
9.938
9.927
g.917
9.922

205



LEVEL WINOOW

FAR OFFSET SH; SOURCE

-

PHI

79.202
75.0816
73.360

86.144

84.436
83.349
83.200
83.039

89.889
83.177
78.374
75.390
74.626
74.626
72.147
87.501
63.668
81.316
808.2812

83.643
88.244
86.6826
83.5656
82.6568
81.471
78.184
76.826
76.873
77.762
80.636
02.222

THETA

-44.
~44
-42,
-26.
1856.
167.
168.
187.

123.
-69.
-688.
-69.
-67.
-67.
-69.
-81.
-88.
-57.
-66.

.981
137.
-43.
-41.
-39.
-41.
=46,
-48.
-45.
-40.
-30.
-39.

141

233
334
@81
213
438
183
991
2085

368
1868
287
569
816
65668
946
496
218
518
238

4968
526
892
767
6685

260
278
891
112
844

G080 0GR G008GE GGG Rs
PP © o s 5 6 s s s b s s e .

@

(]

P

.876
794
.763

.710

.838
.877
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207

FAR OFFSET SH; SOURCE

LEVEL 1 LEVEL 4

= o

LEVEL 2- LEVEL S

= a. . s
2 | 2

LEVEL 3




FAR OFFSET SH; SOURCE

LEVEL 7

~a,
. -~

WD 2) %5
S %5
LEVEL 8
- 2,

_

LEVEL 9

208

LEVEL 10
l..J

“
Yo ~D
el
S A N
LEVEL 11
o

21
\oa/
QF /sf:f
LEVEL 12
~ g

%




LEVEL 13

= 2.

LEVEL 14

P

LEVEL 15

~a.
-~

~ FAR OFFSET SH, SOURCE

209

LEVEL 16

LEVEL 17
o
%
\'° a/ 7
\e\\.’ 4"0
LEVEL 18




FAR OFFSET SH; SOURCE

LEVEL 19

FJQA
-

LEVEL 20

r_lom
/

LEVEL 21

rJO.Al
/

210

LEVEL 22

‘_]0.,
J

LEVEL 23

g,
/

LEVEL 24

(_‘QA
o




LEVEL 25

— g

LEVEL 26

~ o,
/

LEVEL 27

~ o,
Pt

FAR OFFSET SH, SOURCE

211

LEVEL 28

~ g

LEVEL 29

HQ,
-~

a2
\\// /'O
e 6@
LEVEL 30




212

FAR OFFSET SH; SOURCE

LEVEL 31 LEVEL 34

LEVEL 32 - LEVEL 35

LEVEL 36




213




214

FAR OFFSET SH, SOURCE

LEVEL 43 LEVEL 46

2

7 g
LEVEL 44 LEVEL 47
S P
-

\'Qoz 7/
NS
LEVEL 4S5 LEVEL 48
= o
~




215

FAR OFFSET SH, SOURCE

LEVEL 49 | LEVEL 52 -

f‘ l—]o_> HO,

LEVEL 50

s
/

LEVEL SI

o

]




 FAR OFFSET SV SOURCE

. LEVEL WINDOW

amononem P IR W NP N A N AP A N WWRLWWWWwWWw PDRNNNRNANRNRNRNNRNRNRN r o g 0t gt gl gl gt bt b b gt pd b bt b b b

OCRDNBDNEWN -

PNLWNF QONONILWN~ BOBNONEWN»

PHI

23.441
14.471
12.480
12.688
12.368
11.889
13.813
14.867
15.873
18.307
18.699
18.569
16.411
16.763
16.184
18.580
18.6885
is.3n

6.714
8.948
6.938
4.304
3.580
4.162
3.974
2.172
4.521
8.178
18.766
11.642
11.830

4.6893
2.003
1.383
1.203
1.9686
2.836
2.301
1.291
2.863
8.138

6.6568
3.120
2.386
2.3068
1.822
2.194
3.861
5.842
7.909

" 13.248

19.208
23.268
26.843
29.9096
29.660

THETA

-80.311
-67.2286
-32.824
-20.491
-36.088
-30.328
-18.688
-11.891
-18.501
-32.283
-43.6889
-39.132
-38.962
-46.6881
-89.748
-86.462
-83.069
-78.493

82.379
83.843
89.686
56.699
66.813
68.390
49.800
-2.472
-74.9098
-88.962
-92.507

-92.119"

-91.684

19.307
19.379
36.148
88.458
76.2582
81.041
99.433
161.201
-118.846
-94.487

184 .091
117.797
120.860
122.169
163.969
-138.011
-103.028
-87.611
-80.896

-168.095
~160.547
-144.161
-136.566
-130.811
-128.026

0.737
9.739
g.728
9.716
9.766
9.868
9.913
9.927
9.923
8.931
8.9¢698
9.986
9.983
9.969
9.962
9.969
9.941
8.894

9.6802
9.766
9.862
9.909
2.963
9.9683
9.990
9.977
9.971
9.980
9.991
9.990
9.9885

9.518
8.704
9.8156
2.887
9.936
9.961
9.964
9.967
9.963
9.9656

@.068
8.921
9.983
8.982
9.989
0.977
9.979
9.981
0.984

2.760
9.861
2.924
0.948
0.967
9.964
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LEVEL WINDOW

QOVOOOYVOVY VRO RDDAVBDE NNNNNNNNNNNNAN OO OVAOAONANN

FAR OFFSET SV SOURCE

7
8
9
19

PHI

30.302
31.914
33.534
32.842
29.738
26.772
21.478

38.382
38.369
37.306
37.278
38.248
37.384
356.381
34.228
34.094
34.579
34.674
33.481
32.190

§2.372
46.201
41.448
39.459
39.217
37.143
33.460
30.906
29.830
30.510
32.29@
32.364
30.298
27.238

86.114
87.946
86.333
81.111
668.448
47.279
64 .804
88.924
82.430
82.844
69.718
67.481
66.331

64.196
49.293
47 . 244
42,909
32.6868%
27.738
26.066
22.072

THETA

-126.
-122.
061

-119

-118.
-118.
-113.
~-108.

-123.
-124.
-127.
-127.
-124.
.042
-128.
-128.
-129.
-128.
-127.
~-129.
-132.

.862
-97.
-96,
-98.
-98.
-98.

-102.

-104.

.608

-192.

.401

-103,

-103.

.872

-123

-193
-193

-101

-89.
-90.
-89.
-87.
-82.
.818
-98.
~-88.
-93.
-92.
-94 .
-96.
-94.

-83

89
81

62

882
787

9468
179
802
306

693
986
534
719
142

809
870
846
462
8sé
478
604

662
931
821
834
928
624
169

996

781
209

96856
199
976
973
8as

113
sgs
291
”n
291
6§22
461

.071
84.
.401
78.
6§,
66.
.660
39.

264
872
18
862

433

8.9668
9.964
9.961
9.948
9.928
8.916
2.0998

9.866
9.924
9.941
9.923
9.917
a.938
9.952
9.958
8.968
3.9866
9.989
9.986
9.991

9.901
8.873
9.831
9.801
9.804
9.050
9.909
8.938
9.943
9.943
0.964
0.969
9.973
3.971

2.786
9.780
9.779
g.7688
2.729
9.727
8.776
9.923
3.947
8.908
9.862
9.843
9.822

" 8.717

9.732
8.728
2.718
9.8156
9.962
9.963
0.888

217



LEVEL WINOOW

19
18
19
10
19
10
10
10

FAR OFFSET SV SOURCE

'H =t b gt N
QORI NONIWN~ QOB NONAWN™ NROONOABLWNT DVNONIWN- ONOREWN-

-

NBARNS DN -

PHI

62.481
60.747
43.171
39.996
36.888
33.369
32.626
33.181

54,738
64.736
64.738
64.738
54.738
64.738
54.738
64.738

64.736
64.738
64.7368
64.738
64.736
64.736
54.7368
54.7368
64.738
64.736

.54.736

54.738

54.738
64.738
64.736
54.738
64.738
64.736
64.738
64.7368
54.736
54.736

8.490
9.548
9.421
9.962
9.163
8.339
9.0%968
11.309
14.439
16.679

81.489
67.061
898.537
69.726
85.941
81.312
79.472

THETA

94.798
86.171
71.728
68.924
49.868
43.811
37.818
30.6856

135.000
136.000
136.000
136.000
136.000
136.000
136.000
135.000

136.000
136.000
136.9%00
136.200
136.009
136.000
136.000
136.009
135.000
136.000
136.000
135.000

136.000
136.000
136.000
136.000
135.009
135.000
136.009
1365.000
136.9009
135.000

-137.148
-148.868
~154.080
-167.311
~151.739
-143.089
-142.329
-148.5082
~148.382
~145.433

-106.469
-1809.436
-99.506
-109.961
-194.158
T2.344
79.364

11

©
'S
>
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" FAR OFFSET SV SOURCE

LEVEL WwINOOW

16
16
16

18
18
18
18
18
18
18
18
18
18
16
16

- s P
N8

- g gt
N-BOBANRANEWLN -

| ol o

N WN- BDOONORIAWN> HRORANORIWN-

CODNANIWN- BO®

PHI

79.469
74.482
87.732

18.485
165.444
16.618
15.820
18.068
16.987
18.807
29.566
26.514
27.636
27.2080
28.8968

17.478
19.316
20.986
21.698
21.400
21.967
24.630
30.207
38.417
37.718
36.033
33.368

16.2060
18.028
16.627
16.386
16.711
15.163
16.329
16.971
20.194
22.844
24 .009

19.885
20.380
20.4886
206.950
21.289
20.583
18.5628
16.828
12.976
12.018

14.694
14.796
14.691
16.102
14.787
12.872
10.174

THETA

88.787
69.984
89.333

-54.030
-89.798
-79.971
-81.826
-77.829
-78.372
-81.698
-136.200
-101.8386
-119.081
-114.964
-120.069

-95.818
-103.0811
-108.136
~-1908.411
~1268.508
-187.2656
-112.481
-119.8866
-126.903
-127.382
-128.171
-127.1490

-108.1868
-108.497
-108.1238
-106.199
~-102.366
-101.702
~102.400
-1904.109
-1987.669
-110.987
-114.520

-84 .898
-84 .6668
-82.924
-61.978
-82.978
-83.761
-82.312
-66.332
-46.207
-44.019

-192.227
-191.948

-99.678
-101.189
-1904.783
~104.140

-96.840

9.784
9.840
9.882

0.939
0.937
9.920
9.894
2.878
g.874
9.872
9.851
9.799
8.762
8.760
9.809

9.069
9.802
a.a79
9.856
9.837
9.837
0.833
0.808
8.778
a.768
9.010
3.884

9.924
9.937
9.940
9.937
9.929
8.920
0.9056
9.872
0.834
0.832
9.068

2.962
9.976
9.983
9.987
9.992
8.992
2.979
3.983
9.963
9.939

9.968
9.9568
9.962
9.974
9.990
2.987

.9.976
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 FAR OFFSET SV SOURCE

LEVEL WINDOW PHI THETA F
20 8 8.149 -77.193 9.971
ri 9 7.896 -81.047 9.973
21 1 11.729 -86.421 9.968
21 2 11.707 -86.829 8.970
21 3 11.3862 -79.049 2.970
21 4 19.121 -79.2086 2.981
21 13 8.713 -84.038 9.993
21 ) 7.884 -79.490 8.992
21 7 7.466 -87.077 0.986
21 8 7.844 -66.204 9.982
21 9 7.713 ~ -60.489 2.901
21 19 7.692 -46.298 9.979
22 1 15.0086 -60.874 2.968
22 2 13.271 -68.5086 9.963
22 3 13.368 -69.336 9.9680
22 4 12.0829 -84.739 9.971
22 3 19.566 -865.944 9.983
22 8 8.171 -68.027 : 9.9868
22 7 6.889 -44.1853 2.984
22 8 8.774 -34.712 9.981
22 9 7.2786 -35.174 9.979
22 10 7.828 ~-34.407 8.979
23 1 7.079 -140.0826 9.920
23 2 6.979 -127.224 0.947
23 3 8.149 -112.971 9.961
23 4 §.817 -113.297 9.961
23 5 9.589 -129.378 . 2.940
23 6 10.204 -138.143 9.963
23 4 8.161 -137.867 T 9.967
23 8 5.388 -140.733 9.948
23 9 3.789 -162.027 9.930
23 18 4.349 -163.822 9.924
23 11 4.849 -186.629 9.937
24 1 15.949 -171.920 9.964
24 2 14.019 -162.9832 9.969
24 3 12.1268 ~168.086 2.960
24 4 12.203 -164.661 9.969
24 5 16.661 ~-163.692 9.939
24 6 18.886 -164.248 8.962
24 7 14.788 -166.461 3.968
24 8 11.802 ~168.266 3.944
24 9 9.933 -163.914 9.922
24 10 19.207 -168.419 9.908
24 11 10.847 -169.272 g.918
26 1 28.344 -172.992 9.964
28 2 27.422 -187.368 9.968
28 3 26.441 -16865.568 g.9688
25 4 27.418 -104.269 @.973
26° 5 29.0820 -162.179 0.974
28 é 29.2064 -160.689 : 9.979
28 L4 26.747 -1606.622 8.977
26 9 23.689 -182.622 - 9.968
26 9 21.182 -166.9096 " 9.9568
28 10

20.824 ~-188.694 9.944

A b



- FAR OFFSET SV SOURCE

LEVEL WINDOW

268
28
28
28
28

. oy
N re RO NOTIE WN - QBN S WN > “ROONOTNI2WLN~ RO NARNL WN - SODNORANEWN

-

s

[

[y

PHI

14.571
16.418
16.680
18.688
18.366
19.734
19.991
19.273
18.282
17.815

24.879
268.764
27.973
27.868
28.718
31.056
32.936
31.198
29.134
26.994
26.267

26.569
27.578
29.507
27.964
30.675
34.715
36.485
34.183
32.229
30.819
30.2097

18.110
19.796
22.296
23.143
23.378
20.567
34.328
36.237
38.221
36.6547

19.632
28.233
21.436
22.597
23.688
28.843
31.288
33.268
33.581
33.227
32.810

28.206
24.691

. THETA

~-184.169
-167.004
-169.391
-163.3886
-166.374
-156.694
~163.274
-171.465
-176.972
-177.166

-173.382
-168.7256
~165.197
-184.979
-181.807
-157.686
-167.207
-169.221
-162.838
-166.348
-187.299

-169.541
-162.9089
-169.602
-167.668
-151.807
-149.,167
~160, 404
-163.291
-167.890
-1608.232
-160.973

-174.0306
-189.871
-164.630
-166.333
-188.914
-169.896
-165.611
~167.648
~160.727
-183.887

-178.680
-178.696
-1688.706
-169.693
-172.324
-167.893
-161.814
-161.180
-183.369
-166.860
~189.712

-121.67§
-122.27§

2.984
9.980
9.976
0.971
a.974
0.980
0.977
0.963
@.9456
9.939

8.981
6.980
a.979
9.978
9.976
a.9684
9.994
9.989
9.979
3.944
9.931

2.981
8.973
2.971
2.987
9.969
9.974
2.988
8.977
9.940
8.897
a.801

0.981
0.989
9.962
8.946
9.938
a.928
9.968
9.983
8.988
0.927

9.9877
9.982
9.983
9.980
9.978

9.973
9.988
0.988
9.974
d.961

2.967
9.968
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LEVEL WINOOW

31
31
31
31
31
31
31
31
N
3l

32
32

o 0t et gt s o
DBNVNORNIWNT WNHERBORNEBNAWNS DBV W

PHI

24.128
26.319
24 .480
22.814
26.924
32.541
34.910
36.269
34.182
32.743

36.90582
31.318
28.586
28.382
23.596
21.347
23.492
28.149
30.908
29.588
28.4862
27.673
27 .242

39.452
36.090
33.399

'31.698

29.561
25.808
24.203
28,827
33.an
36.361
36.562
35.008
34.027

31.864
29.410
26.7684
24.037
22.893
20.999
19.587
20.794
26.0080
29.233
31.646
32.119
2.7

32.098
31.9872
29.992

- 28,971

28.202
28.307
30.067

" FAR OFFSET SV SOURCE

THETA

-124.321
-1268.409
-127.010
-128.719
-136.600
-1490.7156
-144.149
-147.332
-168.202
-161.632

~139.214
-137.226
-134.142
~-128.868
-121.688
-117.272
-122.962
-129.368
-129.679
-139.6881
-133.6879
-137.603
-139.7562

-163.801

-1561.186
~-148.390
-144.407
-138.400
-132.286
-136.971
-146.180
-1560.691
-162.263
-163.161
-153.687
~163.7986

-139.373
-130.0687
-129.069
-128.092
-126.2986
-123.334
-126.183
-137.782
~150.646
-167.472
-188.879
-1681.7990
-102.396

-147.653
~148.993
-149.968
-149.65486
-148.834
-160.598
-167.649

.964
.960
.962
.951
.933
. 947
.976
.980
.960
.960

.918
.918
917
.934
.9863
.969
.932
.932
. 9562
.968
. 946
.937
. 937

.961
.932
.917
.916
.919
.9368
.942
.928
. 948
.976
.984
.974
.966

. 9086
. 940
.9683
.978
.978
.972
.973
.973
.971
.979
.979
.978
.981

.97@
.983
. 991
.991
.988
.983
.967
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FAR OFFSET SV SOURCE"

LEVEL wINDOW PHI THETA

35 9 32.886 -165.389 0.985
35 9 34.687 -169.149 8.972
35 10 34.553 -169.138 9.973
356 11 33.59@ -187.626 a.987
36 12 32.486 ~188.308 9.960
38 13 31.142 -1686.6884 9.968
k1] 1 37.969 -148.416 3.968
38 2 38.778 ~-148.314 2.968
38 3 36.641 ~-147.809 8.978
a8 4 34.072 -148.768 3.988
a8 5 32.480 -145.390 0.992
36 8 32.143 -145.487 0.9689
38 7 33.518 ~-149.233 0.984
36 8 34.968 ~-166.069 9.9856
36 9 36.338 -168.069 @.986
38 19 36.221 ~-162.984 9.983
38 11 36.387 -183.8456 @.984
38 12 36.0865 -163.911 0.987
as 13 35.947 ~-164.401 2.988
37 1 46 .2388 -187.794 g.96@
37 2 44 .436 -1668.6568 ' 9.968
37 3 43.006 -166.146 3.974
7 4 41.023 -163.669 9.979
37 ] 39.401 -162.833 9.974
37 8 39.875 -162.838 0.968
a7 14 41.449 ~151.658 9.942
37 8 42.4456 -154.549 9.938
7 9 41.461 -168.160 -9.940
37 10 39.874 ~-1690.483 8.939
37 11 39.024 ~180.689 9.944
37 12 38.498 ~-169.984 9.966
37 13 37.289 ~169.378 a.9689
38 1 §2.324 -158.96% 9.978
a9 2 61.9903 -1568.604 9.981
a8 3 51.348 -168.2863 9.987
38 4 50.6882 -167.274 9.992
3e 5 49.924 -165.868 9.993
3o 6 49.101 -1654.962 9.991
a8 7 48.242 -156.602 9.984
38 8 48.797 ~161.844 9.979
as 9 44 .980 -166.3588 3.9084
39 19 44 .020 ~167.347 9.987
38 i1 44.137 ~-1068.727 a.99d
as 12 44.862 -168.036 9.992
39 13 46.411 ~-165.464 0

¥ 1 44.495 -167.688 o

39 2 46.194 -167.9897 - . 8

39 3 45.8083 -158.539 14

39 4 48 .345 ~-1668.068 a

39 5 48.848 -166.878 a.

39 8 46.948 -166.787 @

39 7 45.989 -169.817 g

39 8 44 . 499 ~164.0156 a.

k1) 9 43.944 ~168.329 @.987
39 19 44 .606 -168.208 9.989
39 11 46.418 -166.229 9.988



'FAR OFFSET SV SOURCE

LEVEL WINDOW PHI THETA F

39 12 46.287 -164 441 9.981
40 1 48.874 -168.0287 8.993
40 2 49.260 -167.686 9.996
40 3 49,380 ~1686.881 9.997
49 4 49.538 -168.182 9.998
49 3 49.953 -165.633 3.998
40 - 60.348 ~165.991 9.996
49 7 49.894 -188.431 9.987
40 8 47.800 -172.784 9.983
49 9 48 .876 -176.918 9.989
40 12 47.171 -176.822 9.994
49 11 48.276 -178.198 9.992
40 12 49.038 ~-176.688 9.989
49 13 49.327 -174.824 2.9684
41 1 49.907 -160.317 9.982
41 2 49.723 -169.419 g.988
41 3 49.726 -158.137 0.990
41 4 48.881 -158.443 9.994
41 ] 48.654 -166.020 9.993
41 8 49.668 -166.0262 9.992
41 7 51.276 -167.387 9.989
41 8 51.587 ~-161.687 9.984
41 9 §1.006 -168.211 0.9686
41 190 51.024 -169.174 0.991
41 11 61.732 -169.447 9.9968
41 12 62.449 ~167.972 9.989
42 1 59.891 -171.862 8.968
42 2 69.449 -170.941 0.989
42 3 58.491 -189.2387 g.988
42 4 §7.738 -168.486 0.972
42 ] 68.811 -169.6885 9.948
42 6 61.996 ~172.404 0.936
42 7 83.901 -173.824 0.948
42 8 63.782 -174.077 8.962
42 9 82.990 =-174.438 0.964
42 18 62.668 -174.930 9.968
42 1 82.261 -174.832 @8.961
42 12 81,439 -173.808 9.966
43 1 66 .6580 -990.000 8.988
43 2 656.668 -90.000 9.994
43 3 66.5900 -90.000 8.996
43 4 66.443 -990.000 9.994
43 5 69.226 -99.209 g.980
43 -] 62.299 ~-90.000 8.979
43 7 63.311 - -99.090 8.971
43 8 62.860 -90.000 9.966
43 9 61.883 ~-99.990 a.968
43 19 61.494 -990.000 @.961
43 11 81.918 -90.000 9.966
44 1 68.897 ~-169.781 9.993
44 2 66.463 -169.781 0.999
44 3 64.181 -189.781 2.970
44 4 64.389 -169.781 9.949
44 5 65.902 -169.7901 9.922
44 8 68.624 -169.701 2.911
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FAR OFFSET SV SOURCE

LEVEL wINOOW PHI THETA F

44 7 53.920 -189.781 9.892

, 44 8 48.979 -169.781 : 9.891
Pw 44 9 46.780 -1689.781 9.900
44 10 48 .506 -189.781 9.918
4 11 46.712 -169.781 9.948
4 12 44,383 -189.781 9.977
. 44 13 43.201 -189.791 2.986
45 1 65.736 -167.970 2.987
46 2 55.948 -167.132 3.992
45 3 54.266 ~-186.6881 2.993
45 4 54 .200 ~-1686.115 9.984
45 6 66.078 -166.346 9.975
45 8 65.917 ~164.548 9.970
46 7 54.896 -167.634 9.965
46 8 52.249 -176.581 9.983
45 9 50.684 177.346 9.961
46 19 59.674 175.287 9.963
46 11 60.926 176.738 9.969
46 12 §8.819 1768.360 9.973
485 13 49.969 176.788 9.970
46 1 47.963 -189.312 9.932
46 2 46,291 -113.238 9.936
40 3 44.131 -119.494 9.910
468 4 41.368 -122.212 9.832
48 1 41 .964 -118.482 8.712
46 8 48.677 ~116.268 9.678
46 7 49.9823 -122.716 9.721
48 8 44,865 ~132.644 8.729
46 9 38.386 -144.712 9.663
46 10 33.203 -1567.780 _ 9.552
48 11 32.491 -162.372 ‘ 9.489
46 12 36.207 -168.884 2.662
47 1 665.468 ~177.641 2.9688
47 2 54.459 -178.788 2.987
47 3 63.249 -178.388 d.986
47 4 §2.422 -178.744 9.978
a7 13 62.773 -174.2586 9.964
47 ] 54.004 -173.118 ' 2.956
47 7 64.187 ~-174.807 2.968
47 ] 53.111 -178.849 8.961
47 9 652.369 178.212 9.962
47 10 62.341 177.002 9.964
47 11 6§2.430 177.916 2.971
48 1 68.737 -169.386 9.971
48 2 67.406 -~168.630 9.967
49 3 65.780 -167.907 9.963
48 4 63.822 -1687.914 9.968
48 s 62.258 -166.152 0.949
- 48 8 52.439 -162.388 : 9.940
48 7 63.297 -162.066 0.947
48 8 63.009 ~164.476 2.968
49 9 52.671 -1687.296 2.963
. 49 19 62.503 -189.262 9.963
40 11 62.711 ~189.977 2.9668

»
©
-

66.613 165.183 9.997



LEVEL WINDOW

49
49
49
49
49
49
49
49
49

60
59
60
50
50
60
69
60
50
60
60

FAR OFFSET SV SOURCE

>

~RORDNBABWN~ BUOUODNRRNIWN

0

PHI

64.
S4,
64.
65.
56.
.837
54.
55.
58.

50.
50.
.921
49.
3.
.863
53.
63.
52.
62.
.048

-1

49

651

53

809
3
549
128
323

991
630
11

89e
474

5§86
17

289
172
934
9285

THETA

166.
166.
166.
188.
167.

188

187.
165.
164.

-168.
~-187.
-187.
-167.
-167.

~1686

-165.

-166
-187
-168
-189

877
585
378
189
780
.831
497
442
148

329
929
764
823
396
.238
710
.377
.700
.862
.309

000333306 VGG HAGE

.996
.991
.986
.902
.981
.981
.982
.984
.987

.998
.999
.999
. 997
.994

. 992
.993
. 992
.988
. 986
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'FAR OFFSET SV SOURCE

LEVEL 2

LEVEL . 3

~ g
=

227

LEVEL 4

r-‘a.
/

LEVEL 6

)
”
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FAR OFFSET SH; SOURCE

LEVEL 7 ~ LEVEL 10

= o

LEVEL 11
c e
'/

K
U Ay
LEVEL 3 LEVEL 12
f"’q f_la_,1
7 7
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FAR OFFSET -SV SOURCE

LEVEL 13 | LEVEL 16

HQ,
Jp

< lo
N3 s
LEVEL 14 LEVEL 17
HQ
5

LEVEL 18
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FAR OFFSET SV SOURCE

LEVEL 1S LEVEL 22

LEVEL 23

~ g

é\ 42
LEVEL 21 LEVEL 24
P
2







FAR OFFSET SV SOURCE

LEVEL 31

= g

LEVEL 32

g

LEVEL 33

~ g

232

LEVEL 34

~ g

LEVEL 35

= o

LEVEL 38

~ o




FAR OFFSET SV SOURCE

LEVEL 37

LEVEL 38

~ a,
P

N7 l_o
SN
LEVEL 39
- 2,

2313

LEVEL 40

=g

LEVEL 41

HQA
”

LEVEL 42

~ g,
2




FAR OFFSET SV SOURCE

LEVEL 43

ng

- LEVEL 44

‘-‘0.,
P

LEVEL 46

LEVEL 47

LEVEL 48

Py
7
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FAR OFFSET SV SOURCE

LEVEL 49
PR
“

.
%, N

\if) %5
AS %

LEVEL 50

~a,
”




APPENDIX 4
FORTRAN 77 PROGRAM LISTINGS
HODOS.FOR

VEL.FOR
ROTBOR.FOR
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PROGRAM HODOS

C WRITTEN BY TOM DALEY FROM IDEAS OF FRED EASTWOOD 1(2/38

CURRENT VERSION 2/4/87
Cl‘..l...l...‘..‘..‘.C“l.l.......l.“‘..“‘l....‘.l..'ll...O....."‘.l“'
THIS PROGRAM IS DESIGNED TO PLOT HODOGRAMS FROM A DATA FILE
WRITTEN FROM THE DISCO PROGRAM ' DISCOUT.” IT SHOULD HAVE
THE DATA FROM A 3 COMPONENT GEOPHONE FOR A WINDOW OF TIME.
THE DATA FILE SHOULD BE ORGANIZED SUCH THAT IT HAS. IN ORDER,
THE NUMBER OF TRACES, THE NUMBER OF SAMPLES IN THE FIRST
TRACE, THE DATA FOR THE FIRST TRACE. THE NUMBER OF SAMPLES
Ceeeesese [N THE SECOND TRACE, THE DATA FOR THE SECOND TRACE, ETC.
Coeesess [ HAVE ASSUMED THE TRACES ARE IN THE ORDER P.SV.SH.

C V80O BBRBODINESI0C0RBESE0L0E0DDSCRECITENOOUNESE0EEL000CORORRBNS080000080

REAL TRACEI(100}, TRACEZ 100), TRACES( 100), TEMP( 100),ZMTR(100,100)
REAL TRACEA{100), TRACEB(100), TRACEC{100),PLTST,KOUNT
DOUBLE PRECISION GSCALE

CHARACTER 4 FILEIN, TITLE1, TITLE2

INTEGER XTRC.YTRC,/KOUNTZ

WRITE(S, 4" WHAT FILE ARE THE TRACES INU’
READ(S.10)FILEIN
10 FORMAT(AS4)
C FILEIN=" SV¢SROT.TRC’
OPEN(UNIT =1 FILE=~FILEIN,STATUSs= " OLD* FORM=s "UNFORMATTED ')

RE‘.A.D(l)NTB.ACE
NLEVEL=NTRACE /3 t THERE ARE 8 TRACES PER LEVEL

WRITE(8, ' THERE ARE’° NLEVEL," LEVELS, HOW MANY PLOTS‘ DO YOU WANT?*

READ(S, JNPLOTS

WRITE(6,9°DO YOU WANT 2D OR 3D PLOTS? (ANSWER 2 OR 3)°
READ(S, )NDDM

IMNDIM.EQ 3)THEN

WRITE(8,9° DO YOU WANT 2-D SLICES, 3-D PLOTS, OR BOTH?
& ANSWER 13 OR ¢’
READ(S, /PLTST
C PLTST=8

WRITE(6,*)° WHICH LEVEL DO YOU WANT TO START AT’
READ(S, 9SPLT
GO TO 300

ENDIF

Cesessessessess LOOP 100 IS FOR 1D PLOTS  ¢sesevessessssssss

DO 100 l=| NPLOTS
WRITE(6, 9 WHICH TRACES DO YOU WANT TO PLOT?"

READ(1)NPOINTS

REWIND(1)
READ{(1)NTRACE

DO 110, ITR=1 NTRACE
READ(1) NPOINTS
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u?r

110

238

READ(1) (TEMP(J) .J=1,NPOINTS) IREAD A TRACE IN TEMP STORAGE
[F(ITR.EQ XTR} THEN ICHECK IF WE WANT THIS TRACE

WRITE(S. ) THERE ARE’ NPOINTS,” SAMPLES, WHICH ONES TO PLOT?’
READ(S, ISTART ISTOP

. NPTSwISTOP-ISTART+1

DO 115 JsISTART ISTOP

TRACEI(J-ISTART + 1)=TEMP(J) INPUT DATA TO PLOTTING ARRAY I

CONTINUE .
ENDIF

F(ITR.EQ YTR)THEN
DO 117 J=ISTART ISTOP
TRACE2 J-ISTART + | )= TEMP(J) \UINPUT DATA TO PLOTTING ARRAY ¢
CONTINUE

ENDIF -

CONTINUE
REWIND(1)

Cooo0s0000000000ce [/GE GSCALS TO NORMALIZE THE HODOGRAMS

080000000000 0000080280
GSCALEm 107420
MAX =0
YMAX=0
DO 120 J=1 NPTS | FIND THE MAXIMUM VALUE OF EITHER TRACE
M—MAX(XMAX.ABS(TRACEIU)))
- MAX({ YMAX.ABS{ TRACEX(J)))
cscu-anm
CONTINUE TS
DO m 1-| | NORMALIZE SO THAT MAX VALUE = i
; ug/cscu.z
} 1)/GSCALE

CCCCCCCCCCCCCCCCCCCCCCCCC MAKE A TITLE FOR PLOTS  cCcccceecceceecccececeececce

141

ENCODE(38,141, TITLEL), YTRXTR
PORMAT( 'PARTICLE MOTION - TRACES °F40,” VS " F40,'8’)

C oe0essscssssssovse CALL 8D GRAPHICS ¢*v»
C CALL NOMINS
C CALL PVTa0

CALL TALARS

gALL PAGE(80,8.0) )

ALL AREA20D(20,2.0

OCALL mw $°,100)

GCALL YN : $°.100)

CALL XNONUM

CALL YNONUM

CALL CROSS

CALL HEADIN(SREF(TITLE1),100,1 5.1)

CALL GRAF(-1.0,'SCALE’,1 0,~1.0,"SCALE" 10)

CALL MARKER(13)
CALL CURVE{TRACE2 TRACE13.1)

MARKER(4)

CALL CURVE(TRACE2 TRACEI,NPTS.1)
CALL ENDPL(0)

CONTINUE

CALL DONEPL


file:///CHECK
file:///INPUT
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GO TO 99

F000RCEBEOIERIIEIEONIEIINROEIS POOPLPCLPBRRNBNPOBSPEORPINIPIROS

Coessescessssessese  THE 300 LOOPS ARE FOR 3-D HODOGRAMS  *eesesvesesscssse

300

Qo

[eXe] 9]

381

LLAL L XL S22 14 L2 S8 0080000800000 0008008800000808400088080000808

CONTINUE
KOUNT=0
JKOUNT2=0

DO 399 JPLT=1 NPLOTS

WRITE({8,*) WHICH LEVEL DO YOU WANT TO PLOT#

READ(S. *)ILEVEL .
LEVEL=JPLT | USE THIS STATEMENT FOR MULTIPLE LEVEL PLOTS

REWIND(1)
READ(1) NTRACE

DO 390 ITRes|,NTRACE
KOUNT=~FLOAT(ITR+32)/3 | KOUNT IS THE CURRENT LEVEL
IFIKOUNT LT FLOAT(ILEVEL)) THEN
READ(1) NPOINTS _
READ(1) (TEMP(J), Jwmi NPOINTS)
ENDIF
[F(KOUNT.EQ FLOAT(ILEVEL))THEN
n§§ NPOINTS
R

(TR.ACEI(J) Juy NPOINTS)
READ(I% (TRACEZ(J) Ju== | NPOINTS)

NPOINTS

(TRACEJ(J), J=1 NPOINTS)
ENDIF
CONTINUE

IF(JPLT LT SPLT)GO TO 98 t LOOP UNTIL DESIRED FIRST LEVEL

WRITE(8,%) THERE ARE’ ,NPOINTS,” POINTS, WHICH ONES DO YOU WANT TO PLOT?Y
FIRST.LAST’
READ(S,*)ISTART,ISTOP
ISTART =1
ISTOP=NPOINTS

NPTS=(STOP-ISTART +1

DO 330 J=ISTART ISTOP
TRACE(J-ISTART +1)=TRACE
TRACE J-lSTART+l -TRACE
TRA J-ISTART +1 -TRA
CONTINUE

DO 381 J=I NPTS ! CREATE DUMMY ARRAYS FOR £2-D PROJECTION ON
TRACEA( Jym=-1t \ SIDES OF PLOT

TRACEB(J)m—1

TRACEC( )=

CONTINUE

LA LIS L A R DL L R L LR R R A A A R L L L Y Y Y Y Y Y r T YY)

c‘.....‘.‘...“...... COMPUTE SCAL’NG FACTORS FOR ’_D PLOTS 28882830038 0000

GSCALE=10°%20
XMAX =0

YMAX =0
IMAX=Q



370

DO 385 J=I NPTS

XMAX =MAX{XMAX, ABS(TRACE1(1)))
YMAX=MAX{ YMAX ABS(TRACE2 J)))
ZMAX=MAX(ZMAX, ABS( TRACEX(J)))
CONTINUE

GSCALE=MAX({XMAX YMAX ,ZMAX)
IF{GSCALE LT 10.0°*-10)GSCALE=1.0
WRITE(S,*)’ SCALING FACTOR=',GSCALE

DO 370 J=1 NPTS
TRACE(J)=TRACE1(J)/GSCALE
TRACE2(J)=TRACE2(J)/GSCALE
TRACE3(J)=TRACEJ{(}) /GSCALE
CONTINUE

\ FIND THE MAXIMUM VALUE OF
! ALL 3 TRACES

' NORMALIZE TO MAX =1.0

ceeececeeeccceeccececececececceceececcccoeececececececececcecececececccececcececeecece

cceeceececccece  SET UP 3D GRAPHICS

Cc
C

389

aoa

aoo

ceccceeceeccececeecececeecceeceeccecceeeecececce

WRITE(8.°)’ DO YOU WANT A NEW VIEW POINT FOR THE 3D PLOT? (1=YES)

READ(S,*)VUTEST
PHl=—0
THETA=20
RAD[US=13

IF(VUTEST EQ 1) THEN

WRITE(S, *)' ENTER VIEWPOINT -

READ(S, “\PH], THETA RADIUS
ENDIF

ENCODE(28.389, TITLE2) ILEVEL

PHI,THETA,RADIUS

I CREATE PLOT TITLE

FORMATY{ PARTICLE MOTION AT LEVEL' I3,'$°)

KOUNT2mKOUNT2+1
JKOUNT2m= JKOUNT2+1
[F(JKOUNT2 GT 8)THEN
JKOUNT2w=1
CALL ENDPL(0)
ENDIF
P(JKOUNT2 EQ.1)THEN
" CALL NOMINS
CALL PTKi1
CALL PVT2{0
CALL TALARS

CALL PAGE(85,110)
ENDIF

IF(JKOUNT?2 EQ.1)CALL PHYSOR(0.1,70)
JKOUNT?2 Eq.ngg.t\u. PHYSOﬁO.l.J.S)
JKOUNT?2 EQ.3)CALL PHYSOR{0.101)

IF(JKOUNT2.EQ 4)JCALL PHYSOR{4.1.7.0)
JKOUNT2 EQ.S)CALL PHYSOR(4.1.35
JKOUNT?2 EQ.8)CALL PHYSOR(4.1.01

CALL NOMINS

CALL PTK4i

CALL PAGE(8.58.5)
CALL AREA2D{(4035)
OALL VOLM3ID(50.5.0,50)

. CALL MESSAG(%REF(TITLE?),27,0.5,3 25)

CALL VUANGLPHI, THETA RADIUS)
CALL X3N 'SV .2)

CALL Y3INAME( SH’ 2)

CALL Z3NAME( RADIAL 1)

! PICK PLOTTING DEVICE
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CALL GRAF3D(-1,1,1,-1,1,1.-1,1,1) ! DRAW AXIS
CALL BOXAD
F(PLTST NE.2 0)THEN
CALL MARKER(1S)
CALL CURV3D(TRACE2, TRACE3 TRACE13,1) ! MARK FIRST 8 POINTS
CALL MARKER(186)
CALL CURV3D(TRACE2 TRACE3 TRACEL NPTS,1) ! PLOT -0 CURVE
ENDIF
IF(PLTST NE.3 0)THEN
CALL MARKER(13)
CALL CURVAD(TRACE2 TRACEJ TRACEA,31 ! MARK FIRST 8 POINTS
CALL CURVaD({TRACE2 TRACEC TRACE13,1 ! "
CALL CURV3ID{TRACEB,TRACE3 TRACEL,3,1) ! "

CALL MARKER(4)
CALL CURV3D(TRACE2 TRACE3 TRACEA NPTS 1) ! PLOT 8D PROJECTIONS
OCALL CURV3D(TRACE2 TRACEC TRACELNPTS,1) ' "

ENDIFCALL CURV3D(TRACEB, TRACEJ, TRACEINPTS. 1) ! "

CALL BGNMAT{NPTS NPTS) - ! MAKE 3-D MATRIX
CALL GETMAT(TRACES, TRACES, TRACELI NPTS,0) ' -
CALL ENDMAT(ZMTR,0) ! "
CALL SURMAT(ZMTR.I,NPTS I, NPTS,0) ! PLOT $-D SURFACE
CALL ENDPL(0)

CALL ENDGR(0) | END SUBPLOT

CONTINUE

CALL DONEPL
END -



Coe

PROGRAM VELOCITY
WRITTEN BY TOM DALEY i2/8¢ CURRENT VERSION 3/23/87

c 00080800800 808800800080000008008080C8000080300000P00080800000880R000000000000000s

THIS PROGRAM READS IN TRAVEL TIME INION FROM BOREHOLE DATA

AND COMPUTES AVERAGE VELOCITIES, INTERVAL VELOCITIES FOR ANY
INTERVAL MULTIPLE. THE RATIOS OF P;/SY AND P/SH WITH POISSON’S
RATIO ARE COMPUTED FOR AVERAGE OR INTERVAL VELOCITIES. VELOCITIES
ARE CORRECTED FOR SOURCE OFFSET WITH A STRAIGHT RAYPATH.

C C000S0SR0S8ENES0E0RIRS0000000000080080800000000800000000000080880080000088000000008

100

10

DIMENSION DEPTH( 100),PTT{100),SVTT{(100) SHTT{ 100). DIST(100)
DIMENSION SVRATIO(100), SHRATIO(100), VPDEPTH( 100), VSVDEP TH( 100)
REAL  VP(100),VSV(100),VSH( 100), VSHDEPTH(100), SHRDEP TH( 100)
REAL SVRDEPTH(100),SVPOIS(100),SHPOIS(100), VEL(100),VDEPTH
CHARACTER %S FILEIN

WRITE(S, " WHAT FILE IS THE DATA IN?*
READ(S,7)FILEIN

FILEIN=' VEL.DAT’

OFFSET =12500.0 .
WRITE(S, 7' WHAT IS THE SOURCE OFFSET’
READ(S, ©JOFFSET

WRITE(S, 9 "HOW MANY DEPTHS IN DATA!’

READ(S, )N

OPEN(UNIT=2FILE= VELDAT OUT’ STATUS=s"NEW")

WRITE(6.1'DO YOU WANT TRAVEL TIME, VELOCITIES OR RATIOS?,
55503 eer

OPEN(UNIT=| FILE=FILEIN STATUS="OLD")

WRITE(2,9°

IF(TEST EQ.1)THEN

WRITE(2,9 * DEPTH P TRAVEL TIME SV TRAVEL TIME
SH TRAVEL TIME .~ !

DO 10 [=IN
READ(1,5)DEPTH(1).PTT(1), SHTT{{), SVTT(l)

WRITE(2,9}DEPTH(1) PTT(1),SVTT{1),SHTT(I)
CONTINUE
ENDIY

F(TEST EQ.2.0R TEST EQ 3)THEN

WRITE(68,9°DO YOU WANT AVERAGE VELOCITY OR INTERVAL VELOCITY, 1 OR 2 ?°

READ(S, TEST?

TEST2 EQ 2)WRITE(S, ) HOW MANY INTERVALS DO YOU WANT TO AVERAGE ?°
P(TEST? EQ 2)READ(S, 9INT

IF(TEST EQ 2)WRITE(2, 9’ DEPTH P VELOCITY SV VELOCITY
SH VELOCITY -
IP(TEST EQ.3)WRITE(2, DEPTH
P/SH SH POISSON DEPTH

P/sv SV POISSON"

242
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WRITE(2, 9’
LOOP 20 COMPUTES THE AVERAGE VELOCITIES

IF(TEST2.EQ.1)THEN \ COMPUTE AVERAGE VELOCITIES

DO 20 |= N
READ(1, S)DEP DPTT(),SHTT(1).SVTT(1)
DIST(I)=mOFFSET /(COS(ATAN(DEPTH(1)/OFFSET))) ! COMPUTE STRAIGHT

v LINE DISTANCE
IF(PTT(I).NE 0JTHEN
VP(1)=DIST(1)/PTT{1) \ P VELOCITIES AND RATIOS
SVRATIO()=5VTT(I} /PTT()
SHRATIO(1)=SHTT(I) /PTT(1)
SHPOIS(1)=0.5 {SHRATIO(1) ##2-2.0) /(SHRATIO(1)**2-1 0)
ENDIF SVPOIS(I)=0.5 {1SVRATIO(1} *2-2.0) /(SVRATIO() #*2-1.0)

IF{SVTT(1).NE.O)VSV(I)=DIST(I) /svrm)
SHTT(1).NE. O)VSH(I)-DIST(I) JSHTT(I)
IF(TEST EQ.2)WRITE(2, u;g g& ,VP(1).VSV{I).VSH(I)
[F(TEST EQ3)WRI EPTH(1). SHRATIO(1), SHPOIS(1),
DEPTH(I), SVRATIO(I), SVPOI)
CONTINUE
ENDIF
IF(TEST1EQ 2)THEN

LOOP 30 COMPUTES THE STRAIGHT RAYPATH DISTANCE

DO 2 I=I N
READ(1,5)D 1).PTT().SHTT(),SVTT()
DIST(1)=eOFFSET /(COS(ATAN(DEPTH(l)/OFFSET)))
CONTINUE

LOOP 40 COMPUTES THE INTERVAL MEASUREMENTS
DO 40 I=(INT+1)N
CHECK =0
CHECK2wm0
CHECK3m=0
CHECK4m0
CHECKSm=0
VP{l)=0
VSH(I)=0
VSV(l)=0
smwrlgél;-o
SVRAT!
SHPOI lg:o
SVPOIS{I)=0
COMPUTE P INTERVAL MEASUREMENTS

[F(PTT(1).NE 0 AND PTT{!I-INT) NE.PTT{I)) THEN
IF(PTT(1HNT) EQ.0)THEN

DO 41 Ja=|(i-INT)

INT2=INT+J-1

IFPTTU-INT2) EQ0) GO TO ai

IF(CHECK EQ.1)GO TO 41

VP(1)=({DIST(I}-DIST{I-INT2)) /(PTTID-PTT(1-INT2))

\g{gg(rmn-(omm)-ouml-mm) /2 0+DEPTH(I-INT2)
-]

CONTINUE
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ELSE
VP{1)=(DIST(I}-DIST(I-INT}) / PTT(I}-PTT(I-INT))
VPDEPTH(I)=DEPTH(I-INT)+(DEPTH(I}-DEPTH(I~INT)) /2.0
ENDIF
ENDIF

COMPUTE SV INTERVAL MEASUREMENTS

IF(SVTT(l) NE.O AND SVTT(I-INT).NE SVTT(I)) THEN
IF(SVYTT(I-INT) EQ 0)THEN
DO 42 I=1(I-INT)
INT2==INT+J-1
IF§SVTT(1-INT2) EQO) GO TO 42
IF(CHECK2EQ.1) GO TO 42
VSV{1)=(DIST(I)}-DIST(1-INT2)) /(SVTT(I-SVTT{I-INT2))
VSVDEPTH(! }=e( DEPTH( (}-DEP TH(I-INT2)) /2.0+ DEPTH(I-INT2)
CHECK2=10
CONTINUE
ELSE
VSVDEPTH(1)= DEPTH(I-INT)+(DEPTH(I}-DEPTH(I-INT)) /2.0
. Nvgvu)-(msm).msr(r-m'r)) /(SVTT{I)-SVTT(I-INT))
ENDIF

COMPUTE SH INTERVAL MEASUREMENTS

IF(SKTT() NE 0 AND SHTTIL-INT) NE SHTT()) THEN
LF(SHTT{I-INT) EQ 0)THEN
DO & J=1(I-INT)
INT2=INT+1-1
IF(SHTT(I-INT2)EQ0) GO TO &
IF(CHECK3.EQ.1) GO TO 43
VSH{{)m( DIST()-DIST(I-INT2)) /(SHTT{I}-SHTT(I-INT2))
VSHDEPTH(I)=s{ DEPTH(I}-DEPTH(I-INT2)) /2.0+DEPTH(I-INT2)
CHECK3w1.0
CONTINUE
ELSE
VSHDEPTH{1)=DEPTH(I-INT)+DEPTH(I)}-DEPTH(I-INT)) /2.0
s VSH(I)-(DIST(I)—DIST(I INT)) /(SHTT(I}-SHTT(1-INT))

ENDIF
COMPUTE INTERVAL SH RATIOS

IF(PTT{1) NE 0.AND SHTT(I) NE.O)THEN
IF(PTT(I-INT) £Q 0.0R SHTT(I-INT).EQ.0)THEN

DO 44 J=1(I-INT)
INT2=INT+J-1
u'-' PTT(-INT2).EQOOR sm'ru-m'rz) EQO)GO TO 44

IF(CHECK4EQ.1)GO TO

smnqn-(snmn-surm-mmn/( PTT(I-PTT(I-INT2))
SHPOLS([)=0.5 4 SHRATIO(1) 2-2.0) /(SHRATIO(I) **2-1 0)
SHRDEPTH({ j=s{DEP TH{{-DEPTH(1-INT2}} /2.0+ DEPTH(i-INT2)
CHECK4m1.0

CONTINUE

E
SHRATIO()m{SHTT{}-SHTT{I~INT)) /(PTT(-PTT(I-INT))
IF(SHRATIO(1).NE 1 0)
SHPOIS([)m0.8 1SHRATIO(I) *2-2 0) /(SHRATIO(1) *®2-1 0)
SHRDEPTH{{)=(DEPTH(I}-DEPTH(I-INT)) , 2.0+ DEPTH(I-INT)
ENDIF
ENDIF

W]
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COMPUTE INTERVAL SV RATIOS

[F(PTT(1) NE.0.AND SVTT(l) NE.O)THEN
IF(PTT(I-INT) EQ 0 OR SVTT(I-INT) EQ 0)THEN
DO 45 J=1(I-INT)
INT2==INT+J-1
IF(PTTU-INT2) EQ.0.OR SVTT{I-INT2) EQ.0)GO TO 45
F(CHECKS EQ 1)GO TO 45
SVRATIO(I}=(SVTT(I}-SVTT(I-INT2)) /(PTT(I}-PTT{I-INT2))
SVPOIS(1)=0 § 1SVRATIO(1)*#2-2 0) /(SVRATIO(1)**2-1.0)
SVRDEPTH(1)=(DEPTH(I}-DEPTH(I-INT2)} /2.0+ DEPTH(I-INT?2)
CHECKS=10
CONTINUE
ELSE ,
SVRATIO(1)=(SVTT(I}-SVTT(-INT)) /(PTT(I)-PTT(I-INT))
IF(SVRATIO(1).NE.1.0
SVPOIS(I)=0.5 {SVRATIO(I) *2-2.0) /(SVRATIO(I) *2-1 0)
SVRDEPTH(1)=(DEPTH([}-DEPTH(I-INT)) /2.0+-DEP TH(I~INT)
ENDIF

ENDIF :
IF(TEST EQ.2)WRITE(2,3}VPDEPTH(I),VP(1),VSVDEPTH(I),
VvSV(1),VSHDEPTH(1),VSH(I)
IF(TEST EQ.3)WRITE(2,29)SHRDEPTH({1), SHRATIO(1}, SHPOIS(1),
SVRDEPTH(1) SVRATIO(1), SVPOIS(I)
IF(TEST.EQ.8)WRITE(8,3)VPDEPTH(I), VP(I), VSVDEPTH(I),
VSV(I). VSHOEPTH(I), VSH{I)
IF(TEST EQ.3)WRITE(8,39)SHRDEPTH(I), SHRATIO(I),SHPOIS(),
‘ SVRDEPTH(I),SVRATIO(1),SVPOIS(I)
CONTINUE
ENDIF
ENDIF
CLOSE(1)

WRITE(S, 9°'DO YOU WANT MORE DATA BEFORE PLOTTING? 1=YES’

READ(S, "MORE
IF(MORE EQ.1)GO TO 100

YY) P PYT Y

c....‘....... REMOVS T”s ZERO VALUSS FOR PLOTT[NG 008080800000 0008

-0~ W

1

[P=0
ISH=0
ISV=0
[RSHm0
[RSV=0
ISHP =0
ISVP=0

CALL ZERO(VP.VPDEPTH.N.INTIP)

CALL ZERO(VSH,VSHDEPTH,N INT.ISH
CALL ZERO(VSV VSVDEPTH N INT ISV
CALL ZERO(SVRATIO.SVRDEPTH N, INT IRSV)
CALL ZERO(SHRATIO SHRDEPTH.N.INT IRSH)
CALL ONE(SHPOIS N INT.ISHP)

CALL ONE(SVPOIS N INT.ISVP)

FORMAT(}{F120.F8 0))

FORMAT(F8 2.3F8 4)

FORMAT(AS4)
FORMATI(F 18 0,3F 16 3)
FORMAT{(4F 16 0)
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FORMAT(2(F15.0.2F12 3))

ceeeceeeecceceeeccececececcccecececeeeceeecceceeceecececceccceceeeccececeeeccecececcceeee
CCCCCCCCCCCCCce  CALL GRAPHICS CCCCCCCCeCeeeeeceeeceeceeeccrecececcercecececeee

99

o]

C

¢

&

C
ceece
ccecece
c

0

CONTINUE

CALL NOMINS

CALL PVT240 -
CALL PAGE(i1085)

[F(TEST EQ2)CALL YN. "INTERVAL VELOCITY (FT/SEC)$°,100)
F(TESTEQ.3)CALL YN ‘SH POISSON RATIOS’,100)

CALL YNAME('P/SH RATIOS", 100) !
CALL XNAME( DEPTH (FEET)S".100)

CALL AREA2D(8.0.60)
[F(TEST EQ 3)CALL GRAF(0.,1000.,6000 .0 0,0.05, 5)

IF(TEST EQ 2)CALL GRAF(0.,1000.,6000.,0 0,3000.0,18000 0)

CALL MARKER(2)
IF(TEST EQ.3)THEN

CALL CURVE(SVRDEPTH SVPOIS,ISVP,1)
g:lLleF CURVE(SHRDEPTH,SHPOIS,ISHP 1)

CALL CURVE(SHRDEPTH SHRATIO.IRSH,1)

CALL MARKER({)
F(TEST EQ 2)THEN
CALL CURVE(VSHDEPTH. VSH ISH.1)
CALL CURVE(VPDEPTHVP.IP1)
ENDIF

CALL ENDPL(0)
CALL DONEPL

WRITE(8,9° °,'DO YOU WANT ANOTHER PLOT OR MORE DATA? 1=PLOT AGAIN,
2=MORE DATA, 3m=THE END’

READ(S, 1COPY .

[F(COPYEQ1) GO TO »

IF{(COPY EQ2) GO TO 100

CALL DONEPL

END

SUBROUTINE ZERQ(VEL.VDEPTH,N INT.ISTEP) ZERO

THIS SUBROUTINE REMOVES VALUES OF VEL EQUAL TO ZERO
AND REORDERS VEL AND VDEPTH WITHOUT THOSE VALUES

REAL VEL(100) VDEPTH{100)
INTEGER N,INTISTEP

ISTEP=0
DO 10 [«{INT+I)N
LF(VEL{I) NE 0)THEN

ISTEP=ISTEP+1
VEL{ISTEP)= VEL{])
VDEPTH(ISTEP)=VDEPTH(I)
ENDIF
CONTINUE
RETURN

END
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...ZERO

SUBROUTINE ONE(VEL,N.INT ISTEP) ONE

THIS SUBROUTINE REMOVES VALUES OF VEL EQUAL TO ONE OR ZERO
AND REORDERS VEL WITHOUT THOSE VALUES

REAL VEL{100)
INTEGER N.INTISTEP

ISTEP=0
DO 20 Im{INT+i)N
IF(VEL{{} NE.1 AND VEL(l).NE.O)THEN
ISTEP=ISTEP+1
VEL(ISTEP)=VEL(I)
ENDIF
CONTINUE
RETURN
END
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PROGRAM ROTBOR

Originally written by Fred Esstwood, modifications by Tom Daley
C880008000000000800000000004080000080080000080808002000008008000080
thie program computes tAe rotation of randomiy

oriented tAree component freces into ¢

dorehole coordinete system
SOPPEPQOB0E080IC00BSE0IN0R00800000008080800800000800000000080000

charscter filein 84 filecut "84, EIGEN %4
real®4 crose(3,3),traces(1000),traceh )( 1000),craceh2( 1000)
real 4 tampz( 1000),cemph i( 1000),tamph( 1000)

open input file

type 140.flen

formay’ nput flenamem’ 3)

accept 145 filen

format{s)

open{unit==? filemfilein statusss “old* form=unformatted )

c open oniput fils
¢

240
248

[

B B

0o ao

4

type 240 fleout

formay(® output filename= ' a)

accept 245, Aleout

format(s)

apen{unitm3 fleg=filecut, nuu— aew’ CARRIAGECONTROL- LIST")

WRITE(S,9° EICEN VALUE FILE NAME= °
§,145)EIGEN .
OPEN(UNIT =4 FILE=EIQGEN STATUS= 'NEW')

read(2) atrace -

type 250,ntrace

formay "~ headers say ntraces 1)
write(3.260) atrace

format(’ hesders sy atracess’,)

solve agstem

do 1000 i=1 atrace/3 ‘1 read in data traces

2; assmp

(traced(j),j=1,n0amp)
2) nsamp
2 (umhl(;);-ln-mp)
2) nsamp

read(2) (umhz(j)j-l nsamp)

¢ calculate sere lag anto snd crose correlstions

[

call docrom(traces traces,nsamp croml,1))

call docross(traceh}, tracehl asamp,croma 2,2)
call docrom(traceh2,traceh?. wmp crom(3,3)
call 1~ coa(traces,tracehi i - .:ves{1.2))
eall dteaces tracab: a1 3))
call {iracehl, tracs: - =(2,3))
crom wen(1,2)

cres 1,3{
cre. .a2,3
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¢ normalise cross correlation mains

<

8

0600

(]

55 8

factsmcross(1,1)
do 600 j=t{3
do 500 k=3
IF(FACTEQ00) THEN
CROSS(J.K)==0.001
GO TO 500
ENDIF
croast) k)=ecrose() k) /fact
contlaue
continue

calculate polsmzation

eall polar{croes,phitheta etiip)

phi=0.0 ! SET PHI=0 FOR BOREHOLE COORDINATES

type 800,i,phitheta,eilip

format(” 11, " phime’f° theta="[{,*

weita(3,900) i,phi theta,ellip
format(1X12,5X,18.3,(8.3,10x,18.3)

continue

CLOSE{(2)
CLOSE(3)
CLOSE(4)

slop
end

subroutine polar(cross,phs,theta,silip)

real %4 cros(3,3), uinvar(3),cudic3),crooy 3),evecy{3)
pi = J3.1415026

call calcinv(cross, xinvar)

cubig(1
cubt
cubs

)
3

i

= —xipvar(3) -
= iavar(3)
= -xinvar(l)

call nubu:(cubu: croot)
call sortaigvai(croot)

ga»:E HEQE

bo 0 Jl=1,3
WRITE(4, 9 CROOT(H)
CONTINUE

call doevect(crass, evect)
\f (ovect(1).18.0.0) thea

endif

evecyl) = —evecy(l)
avecy2) = -evecy?2)
svect(3) = -evecy(3)

ellip=".1)

polar
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IF TRACES HAVE BEEN EDITED SET
THETA = 0

PHI =0

ELLIP = 0

IF (EVECT{2)EQ. 0)GO TO 8
GO TO 11
IF(EVECT(3)EQ. 0) GO TO 10

thets == 1800 * atan2(evect(3), eve;:b(’z)) /P
phi = 1800 * aoxevec{l) / xmag(evect)) / pi
elip = 10 - crooy2) / crooyt)

retuen

THETA = 0.

PHI =0

ELLIP = 0

RETURN

end

subroutine calcinv({matriz, avar)

real®d matrix(3,3)inver(3)
wvar(l) = matrix(l, 1) + matrix(2, 2) + matrixg(3, 3)

inver(2)m=0.0
do 200 1=s).3
do 100 j=13 A
1avar(2)=invar(2)+0 S {matnix(i, i) * mawnx(j, ;) -
oatnx(i, j) ¢ mawx(i, 1))
econtinue
contloue

lavar(3) = det{matnix)

return
end
fusction det(s)

real ™ o3,3)

terml = o2, 2) * a3, 3) - o2, 3) * &3, 2
term3 = 2.1033,3-33.1{-:2,3£
term3 = o2, 1) ¢ &3, 2) - (3, 1) * &2, 3

det == o], 1) * terml - ofl, 2) ® term2 + &1, 3) * term3
resuras

end

subroutine rcudic (s,x)

reald o(3).x(3)
P13 1415926

P = «2) - (a3) ‘a(-'!) / 3.0)
q = (20 ¢ a3)*3 / 270) - (a(z) *a3) /30 + al)
delta == 270 * q°2 + 40 * p*13
\f (deita gt. 0.0) then
type 100

format(* this cubic has two complex roots, and one real root’)

cles
phi = atan2{-sqry(-delta / 270) . q)

...polar

calcinv

det

rcubic
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00

initialise

iflphi.lt.0.0) phu=phi+pi

amp = 20 ¢ sqrt{-p / 3.0)
T ox{)) = amp ® cosipht / 30} - A3I) / 30
x(2) = -amp * cos((pr - ph) / 30) - a3) / 30
1(3) = -amp * cos{(pi + phi) / 3.0) - a3) / 30
endif

return
end
subroutine sorteigval (a)

real® a3)
do 200 1wm=12
do 100 jm=1,2
ifla(j) 1t.a{j+1)) call swapacalar(a()).a(j+1))
continue
coantinue
return

end
subroutine swapscsiar (s, b)

tamp = »
e =D

b = temp
return
end

subroutine doevect (s,evect)

real M o(3.3)evect(3)
intager 4 ndex(3)

indeses

b

index(3)m=3

u;u’ columns snd rowe of needed)

It (o(1,1) «q. 0.0) call swap(l, 2, &, index)
call calcaigenvects, evect, iflag)
if (flag gt 0) thea

call swap(2, 3, a, :adex)

call calceigenvect(s, evect, :flag)
endlf

sascramble wigenvector

call unscramble{evect, 1adex)
retura

end

subroutine swap (k, 1|, a, index)

real® 2(3)3)
integer %4 ndex{d)

swap colemas

do 200 1==13
temp = ai, k)
ay, k) = a(l 1)

...rcudse

sortetgval

swapscalar

doevect

swap
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200

<

¢ swap rows

¢

300
¢

a(i, 1) = temp
continue
do 300 =13
temp = alk, 1)
ak, 1) = Yl )

’ L i) = temp
continue

¢ spdate indezes

¢

¢ imitialise
c

100
¢

¢
¢ cealewlate
c

300
400
c

<

[

| = ndex(k)
index(k) = 1ndex(})
tadex(l) am

return
end
subroutine calceigenvect (. af, iflag)

realny qs,a),u(a),oqa),anvm.(a,a)
ilag = 0
sinverse

do 100 (=13

do 50 ;=13
sinverse(i,))m0.0

. coatinue

continue

savene(l, i) = 10 1, 1)
do 500 nas),?2

¢ = a(n + 1, I)
6 = ai, 0 + 1)
eaj) = ealj) +

s and of

eaf = 00

do 400 ;mlp
o)) = 00
al(j) = 00
) = o, 0 + 1}
do 300 (min
continue

continue

¢ + 1) = -1
esfa + 1) = -1p

if (a It..2)|=a(n+l,n+l)

¢ check for divide by 2¢ro

[

it (abe(g - eat) 1t 0.005} then

lag = g
resurn
endif

e * anverse(i, )
alj) = a)) + g » anverse), 1)
ool = el + o ¢ dnverse(t, ;) * fj
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8" &%

100

1000

..calceigenvect

z = 1.0 /(g - eal)
anverse(i j)=0.0
do 450 1=1,a+]
do 425 j==ln+l
anverse(i, j) = aaverse(i, j) + z * al(i) * ea())
continue
cantiaue

continue

raturn

end .

subroutine unscramble (vect, index) unscramble

real®4 vect(3) vtemp(3)
integer *4 ndex(3)
do 100 =13
vtemp(index{i)) = vect{i)
coatinue
do 200 t=i3
vecy(i)mevtemp(i)
continue
return
end

funcslos xmag (vect) . Izmag
real ™ vecy(3)

temp == 00
do 100 i={3
temp = tamp + vect(s) * vect(s)
continue
imag = sqrftemp)
retura
end
subroutine docrom(tracel,trace? asamp,cross) docross

real ™t tracel{nsamp), trace’®{nsamp)

cromse=0.0

do 1000 i==] asamp
crossmmcross-+trace (i) Arace(i)

continue

return

end
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