T=-3637

9212170138 21005
PDR_ WAST

- WM-11 PDR

COMPUTER AND PHYSICAL VSP MODELING
OF YUCCA MOUNTAIN, NEVADA

A

by
David A. Cunningham

2.%2.1..23

K...c 9



T-3637

. A thesis submitted to the Faculty and the Board of

Trustees of the Colorado School of Mines in partial

fulfillment of the requirements for the degree of Master of

Science (Geophysics).

Golden, Colorado
Date 9EE

Golden, Colorado

pate 4/7/7¢

signed: Shurd A Connnbom

David A. Cunningham

Approved:
Dr. A T
Thesis Advisor

W22

Dr. Phillip omig, Head,
Department © eophysics

ii



T=3637
ABSTRACT

The U. S. Geological Survey 1is currently characterizing
Yucca Mountain in southern Nevada as a potential storage
site for high-level radicactive waste. Vertical éeismic
Profiling will be conducted as one phase of the investiga-
tions. 1In order to better understand the results of these
surveys, & preliminary meodeling stud§ was conduct;d to simu-
late VSPs at Yucca Mountain.

Both computer and physical modeling studies were per-
formed to study the imaging of key subsurface horizons at
Yucca Mountain. Data sets were generated to illustrate the
effects of source offset and topography on the quality of
the VSP record, as recorded at two different receiver bore-
holes. All modeling was conducted on two-dimensional models
simulating the cross section of Yucca Mountain between the
two receiver boreholes, USW UZ-6 and UE2S UZ-9.

The modeling experiments provided insight into how the
vital subsurface horizons, such as high-angle fault planes,
will appear on the VSP records at various source offsets.
The horizons surrounding the potential repository unit and
the high-angle faults were best imaged on VSP records with
source offsets within 4000 feet of borehole USW UZ-6.

The data sets also showed that special care must be
taken during the processing of the records, so that the key
iii
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horizons can best be enhanéed. In particular, it is
necessary to be cautiocus during the separaticq of the up-
going and downgoing wavefields on the VSP record. The
modeling experiments showed that-reflections‘frcm fault
planes can have upgoing, downgoing, or near-vertical slopes
on the record. A median filter of sufficiently high fold
must be used to separate wavefields so that the fault plane
reflections are not damaged when removing direct arrivals
from the record. A muting step may be necessary to improve
the median filtering process. It is also necessary. to
recognize the slopes of the fault plane reflections when
applying FK filters to the records, seo that the events are

not damaged during filtering.
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Chapter 1
INTRODUCTION

1.1 Yucca Mountain as a Potential Repository Site

By the end of the century, there will exist approxi-
mately 50,000 metric tons of highly radiocactive spent ura-
nium fuel stored in water pcols at the 106 licensed nuclear
power plants in the United States (Monastersky, 1988). At
the end of 1987, Congress amended the Nuclear Waste Policy
Act of 1983, abandoning the simultaneous characterization
of three possible lccatiops for the subsurface burial of
the high-level waste. Congress authorized the U.S. De-
partment of Energy (DOE) to work with the U.S. Geological
survey (USGS) and other national and private laboratories in
the study of Yucca Mountain in southern Nevada, which is
considered to be the most promising potential waste storage
site (Monastersky, 1988).

Yucca Mountain consists of a gently-dipping sequence of
fine-grained ash-flow tuffs, which are mostly welded and
fractured. Some of the ash-flow and air-fall tuffs are non-
welded and sparsely fractured, however. The tuffs which
comprise and surround the location of the proposed radio-
active waste repository are unsaturated. The water taﬁle
ranges from 1650 to 2450 feet below the sloping surface of

Yucca Mountain. This places the water table approximately
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750 feet below the proposed repository level. The fact that
the repository level at Yucca Mountain is above the water
table was one of the considerations leading to the selection
of Yucca Mountain for the.site charac;erization study.
Several studies are planned by the USGS to characterize
flow processes in the unsaturated zone at Yucca Mountain.
One of these studies, fhe characterization of percolation in
the unsaturated zone-surface based borehole investigations,
has two primary objectives. The first ocbjective is the
definition of the multi-phase liquid and gas fluid flow
within the unsaturated zone. The second objective is the
determination of in-situ bulk permeability and bulk hydro-
logic properties of units in the unsaturated zone. The
characterization of percolation in the unsaturated zone-
surface based borehole investigations is divided into many
. areas of research. A Vertical Seismic Profiling (VSP) in-
vestigation will be conducted at Yucca Mountain under this

program.

1.2 Vertical Seismic Profiling at Yucca Mountain

Figure 1.1 shows a map of Yucca Mountain and the loca-
tion of the test site in southern Nevada. Vertical Seismic
AProfiling will be conducted in boreholes at the USW UZ-6 and
the UE25 UZ-9 sites. Hydrologic properties such as fracture
permeability, poresity, and bulk permeability will be
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Figure 1.1. Map of southern Nevada showing the location of
Yucca Mountain with proposed and existing boreholes. The
proposed initial line of vertical seismic profiling will
occur between boreholes at the USW UZ-6 and UE2S UZ-9
sites (from Muller and Kibler, 1985).
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correlated to reflectivity and acoustic velocity. Zero-
offset VSP data will be utilized to make these correlations.

The VSP surveys will use three-component geophones per-
manently cemented into boreholes at the UZ-6 and UZ-9 sites.
The geophones will be placed at 100 depth levels in the
boreholes, with a receiver spacing of approximately 20 feet.
The'use of three-component sources and receivers will allow
the study of acoustic phenomena which can be associated with.
permeability zones. These phenomena include acoustic bire-
fringence, scattering, and converted wave reflections.

Since the receivers will be permanently emplaced in the
borehole, VSP surveys will be taken from multiple offsets
and along multiple azimuths. Profiles which produce inter-
esting results can be repeated at a later date with the geo-
phones at identical locations with identical mechanical
coupling to the earth. Profiles which produce poor data can
also be repeated with varying parameters in an attempt to

improve the quality of the data.

1.3 Yucca Mountain Geology

The proposed initial line of Vertical Seismic Profiling
at Yucca Mountain, shown on Figure 1.1, is between borehcles
UZ-6 and UZ-9. A cross section along this line was created
based on USGS Open File Report 84-494, é Preliminary Geo-

c )0} e_Cou evad Geologic
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Sections by Robert Scott and Jerry Bonk. The cross éection
is shown in Figure 1.2. The volcanic units of Yucca Moun-
tﬁin have been divided into ten layers in this cross sec-
tion, using divisions consistent with Scott and Bonk. Units
whose abbreviations end witﬁ "w" are considered to be welded
tuffs, while units whose abbreviations begin with "n" are .
considered non-welded tuffs. The numbering scheme of the
non-welded unité is introduced in this thesis to help dif-
‘ferentiate between events on the data sets created by the
computer and physical modeling experiments. This numbering
scheme is not consistent with Scott and Bonk, who did not
assign specific names to the non-welded units on their cross
sections.

The lithology of the volcanic units along the cross sec-

tion in Figure 1.2 are briefly summarized in Table 1.1.
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identification purposes. The faults are assumed to dip to the west at 75
degrees (based on Scott & Bonk, 1984).

LESE~L



e Geolo Summa of the Volcanic s

Unit Deseription
Tpew Tiva Canyon Member, Paintbrush Tuff. This

member consists of six units, which range
from moderately to densely welded. The
uppermost layer is a quartz-latitic Caprock
Zone which is welded. Underlying the cap-
rock is the Upper Lithophysal Zone which is
noderately welded, devitrified, and rhyo-
litic. Lithophysae are abundant. A Clink-
stone layer underlies the Upper Lithophysal
Zone. The Clinkstone is moderately-welded,
devitrified, rhyolitic, and contains numer-
ous concoidal fractures. The Lower Litho-
physal Zone underlies the Clinkstone. This
unit is moderately to densely welded, devit-
rified, and rhyolitic. Lithophysae are
abundant. A Hackly Zone underlies the Lower
Lithophysal Zone. This unit is densely
welded, devitrified, rhyolitic, and con-
tains hackly fracture surfaces. The Hackly
Zone overlies the Columnar Zone, which is
non-welded to densely-welded and rhyolitic.
Fractures in the Tiva Canyon are primarily
within the units and near the faults. Hor-
izontal partings exist between some of the
units. The units of the Tiva Canyon have
been generalized into one unit, Tpew, in
this ‘thesis.

nl . Shardy Base. This is an informal name given
: to the non-welded unit between the Tiva
Canyon and Topopah Spring Members of the
Paintbrush Tuff. This unit consists of
vitric pumice clasts and glass shards. The
Shardy Base is an ash-fall tuff and is very
porous.

Tptw Topopah Spring Member, Paintbrush Tuff. This
unit consists of a non-welded to partially-
welded top vitrophyre which grades downward
into 1000 feet of moderately-welded to
densely-welded tuff which contains abundant

(Continued)
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o) uved
Unit Description
Tptw punice fragments. This densely-welded unit

is underlain by a glassy vitrophyric layer
which grades downward into a less-welded.
unit. There are three lithophysal zones
. between the upper and lower vitrophyres.
The zone between the lowermost litho-
physal zone and the basal vitrophyre con-
tains few or no lithophysal cavities. This
zone is being considered by the DOE as the
potential host rock for emplacement of the
nuclear waste. This unit is a devitrified,
densely-welded and highly fractured tuff.
The VSP activity at Yucca Mountain will
attempt to delineate the permeability zones
within this unit.

n2 Calico Hills Tuff. This is an informal name
' given to the tuff beds that occupy the
stratigraphic position between the Paint-
brush Tuff and the Crater Flat tuff. This
unit consists of non-welded ash-flow tuffs
and isolated ash-fall tuffs. The unit is -
rhyolitic and zeolitized.

Tcbhw Bullfrog Member, Crater Flat Tuff. This unit
is a2 moderately-welded to densely-welded,
devitrified tuff. The contact with the
Calico Hills Tuff is somewhat gradational.
This unit shows large variations in the
degree of welding, but induration increases
significantly with depth.

n3 This unit occupies the stratigraphic interval
between the Bullfrog and Tram Members of  the
Crater Flat Tuff. It is a reworked, ash-
fall tuff which contains numerous zeolitic
pumice clasts. The pumice clasts, along
.with clinoptilolite and mordenite constitute
30% of the rock.

(Continued)
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Tram Member, Crater Flat Tuff. This unit is.
partially-welded to moderately-welded. The
unit has a high content of lithic fragments.

This unit occupies the stratigraphic interval
between the Tram Member of the Crater Flat
Tuff and the Lithic Ridge Tuff. This unit
is a non-welded, quartz-latitic ash-flow
tufft.

Lithic Ridge Tuff. This unit is moderately-
welded and vitric in some instances. The
unit contains a small percentage of lithic
fragments and phenocrysts.

This unit occupies the stratigraphic interval
below the Lithic Ridge Tuff. The unit is a
non=-welded, quartz-latitic, ash-flow tuff.

Carr, W. J., F. M. Byers, Jr., and P. P. Orklid.
1984. Stratigraphic and volcano-tectonic rela-
tions of Crater Flat Tuff and some older volcan-
ic units, Nye County, Nevada: U. S. Geological
Survey Open~File Report 84-114.

Spengler, R. W. and M. P. Chornack. 1984. Strat-
igraphic and structural characteristics of vol-
canic rocks in core hole USW G-4, Yucca Moun-
tain, Nye County, Nevada: U. S. Geological
Survey Open=File Report 84-789.
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The cross section "shows that the volcanic units dip to
the east at approximafely 7 degrees at the crest of Yucca
Mountain. The layers are assumed to be cut by nine high-
angle (75 degrees) normal faults which dip to the west.
These faults may or may not sole intovcne major fault at
depth, but their representation in this cross section is
consistent with the cross sections of Scott and Bonk. Dis-
placement across these faults is assumed to range from 30 to
120 feet in this cross section. Approximately 6700 feet
from the west edge of the cross section is a single high-
angle normal fault dipping to the east. This fault forms
the west boundary of a small graben.

1.4 Purpose of Thesis Work _

The VSP experiments conducted at Yucca Mountain will
produce an enormous amount of data. Since the geophones
will be permanently emplaced in the receiver boreholes, a
complete VSP record will be ohtaine& in a matter of minutes.
In order to make the most efficient use of the VSP receivers
and the data that they will provide, we decided to conduct
modeling experiments in a laboratory. The modeling experi-
ments were designed to test how well subsurface horizons at
Yucca Mountain will be imaged by VSP surveys. Of particular
importance is the determination of advantages and disadvan-

tages of various source positions on the sloping surface
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.of Yucca Mountain. Certain source offsets will provide good
reflections from key horizons, such as fault planes, while
other source offsets will not provide good reflectiofis. The
creation of synthetic data sets will provide a useful refer-
ence guide to aid in the interpretation of the field
records, as well.

Software that will aid in the processing of the field
data is being developed and tested before the actual field
data are acquired. Tests of some of the programs wefe per-
formed on the model data sets. The processing of the model
data sets alsc provided valuable information that can be
used later to improve the processing of the field data.

Two types of modeling experiments were performed in this
thesis. The first type of modeling was done on a VAX 8600
computer. A computer modei of the cross section in Figure
1.2 was used to generate 22 synthetic VSP data sets. Re-
ceivers were user-specified in boreholes UZ-6 and UZ-9. The
advantages of the computer model were numerous. The model-
ing could be done using appropriate seismic velocities and
densities. The interpretation of these synthetic data sets
could be done exactly, in contrast to the physical model
data sets, since the horizon producing a given reflection
could be uniquely tracked ?own. Fault planes could be
designated as reflecting or non-reflecting surfaces. One

disadvantage of the computer models was the cost. A
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complete ray tracing through the computer model ran from one
to eight hours of CPU time on the VAX for each computer
generated data set.

The second type of modeling was done on physical models
of Yucca Mountain. 'The laboratory equipment used to gener-
ate the VSP data sets with the physical models will be dis-
cussed in Chapter 3. The advantages of the physical model-
ing experiments were also numerous. Since the data from
Yucca Mountain will not be in the pristine condition of the
computer model data, the testing of the processing software
is best accomplished using data of moderate quality. Cou-
pling of the source and receivers at Yucca Mountain will not
be perfectly constant and this may produce anomalies on the
data. This is also true for the physical modeling experi-
ments. The disadvantage of the physical modeling was that
obtaining the laboratory equipment necessary to do a thor-

ough job of modeling was very expensive, initially.
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Chapter 2
COMPUTER VSP MODELING

2.1 Introduction

The cross section in Figure 1.2 was digitized as a model
containing 269 separate horizons. Each horizon is a line
segment defined by its beginning and ending poeints. The
sole excéption is the surface topography, which was defined
by thirty points from left to right. The horizon definition
module of the AIMS modeling package, SUBSRF, fits a third
order polynomial to the interval between adjacent points on
the horizon. 1In this way the surface topography was defined
continuously across the model.

Each horizon is assigned a horizon number, a pressure
wave velbcity, and a density. The velocity and density
extend from the horizon down to the top of the next under-
lying horizon. Subsurface horizons in AIMS must be care-
fully numbered such that a hiqher-nuﬁbered horizon does not'
overlap a lower-numbered horizon. Due to the complexity of
this model, several numbering schemes for the horizons were
tested until an appropriate system was found.

As noted above, in order to conduct a VSP modeling
experiment with AIMS it is necessary to define interval
velocities for each of the units in the model. In addition
to the interval velocities, inserting a density for each
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unit allows AIMS to calculate appropriate reflection coeffi-
cients at each boundary.

Interval velocities were calculated by examining sohic
logs from ten boreholes and velocity surveys from. two addi-
'tional boreholes in the vicinity of Yucca Mountain (Muller
and Kibler, 1985). Sonic legs were obtained from boreholes:
USW WT#2, USW WT#7, USW WT#10, USW WT#ll, UE-25 WT#12, UE-2S
WT#17, USW G-1, USW G-2, USW G-3, and USW P-1. Velocity
surveys were ocbtained for boreholes USW UZ-€6 and USW G-3.
The locations of these boreholes can be seen on Figure 1.1.
The boreholes are of various depths and only USW G-3 pene-
trates every unit in the model cross section. Therefore,
most of the sonic logs provided velocities for only four or
five of the volcanic units. Table 2.1 shows interval veloc-
ity values calculated from the logs for each of the units.
Where the borehole did not penetrate a unit, or the velocity
estimate could not be made from the log, a dash appears in

the table.
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Table 2.1 Velocity Information used to Derive Interval

elo s e Compute odels eet/Second
SONIC LOGS

Unit WT=2 WT=7 WT=10 WT=11 WT=12 WT=17 G=1

p—

Tpcw 8,800 8,200 9,000 9,840 7,216 7,216 -
nl €,200 6,527 7,000 6,560 7,000 5,800 -

Tptw 11,550 10,700 12,136 10,000 10,500 10,500 -
n2 8,200 9,800 - 10,500 - 8,500 10,200

Tcbw 13,120 ~-- - - ~-- 12,500 12,904
ns - - - - - - -
SONIC LOGS YEL. SURVEYS AVERAGE ROUNDED
unit G=2  G=3  P=1l  UZ=6 _ G=3 '
Tpcw - 11,024 - 8,800 7,073 8,685 8,700
nl - 6,173 - 5,494 6,525 6,448 6,400
Tptw - 11,818 - 9,917 9,673 10,755 10,800

n2 10,279 7,408 10,957 8,612 8,441 9,289 2,300
Tchw 12,413 12,876 13,648 - 12,516 12,854 "12,900

n3 11,264 - 12,073 --_ 10,015 11,089 11,100
Tctw 12,248 - 12,926 - 12,933 12,711 12,700
n4 11,592 - - - 11,482 11,701 11,700
Tlrw - - - . - 13,086 13,086 13,100
ns - - - - 12,536 12,536 12,500

Source: Values calculated from Muller, D. C. and J. E.
Kibler. 1985. Preliminary analysis of geo-
physical logs from the WT series of drill holes,
Yucca Mountain, Nye County, Nevada: U. S.
Geological Survey Open-File Report 86-46.
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The values in Table 2.1 were averaged and rounded to the
nearest hundred. The rounded values, also shown in Table
2.1, were used as the interval velocities for the model
horizons in every synthetic data set created by AIMS in this
chapter.

Density values for the units were calculated from core
sample measurements from boreholes USW GU-3/G-3 and USW G-4
(Anderson, 1984). Two density values were examined, the
natural bulk density (NBD) of the core sample and the sat-
urated bulk density (SBD) of the core sample. Several sam-
ples were tested for each volcanic unit, so the values in
Table 2.2 show the average NBD and the average SBD for a
given unit in each borehole. Density values from each bore-
hole were averaged to produce a single density value for
each horizon in the model.

The static water table at USW UZ-6 is roughly 2000 to
2200 feet below the surface. For units below n2, the Caiico
Hills Tuff, the saturated bulk density values were used to
calculate a density for the model layers which are below
the static water table. Units above Tcbw, the Bullfrog
Member, were given density values calculated from NBD fig-
ures. This provided a means for incorporating the effect of
the water table into the model without specifically desig-
nating the water table as a real horizon with reflectivity.

Oonce the model had been defined by AIMS, the file



T-3637

17

containing the model was left unchanged for the duration of

the modeling experiments.

e Values ce v ts
BOREHOLE USW GU=3/G-3 BOREHOLE USW G=4
Unit NED SED NED SED ___MODEL VALUE
Tptw 2.36 2.37 2.38 2.40 2.37
nl 1.66 1.80 - 1.68 1.66
Tpew 2.31  2.32 2.30  2.34 2.30
n2 1.84 1.88 1.88 1.88 1.88
==-STATIC WATER TABLE~~

Tchbw 2.36 2.39 2.24 2.25 2.32
n3 2.09 2.12 2.03 2.03 2.07
Tetw 2.22 2.24 2.29 2.31 2.27
n4 2.21 2.21 - - 2.21
Tlrw 2.22 2.23 - - 2.23
ns 2.26 2.26 - - 2.26

Source: The density values were calculated from Anderson,

Lennart A.

1984.

USGS Open-File Report 84-552.
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The AIMS module VSPRAY is used to trace rays for a VSP
'configuration. Three items of information are needed for
this module to generate the raypaths. The first necessary
parameter is the location and deviation of the borehole con-
taining receivers. For the data sets in this phase of the
modeling, the boreholes were defined at two locations. The
first section of computer modeling took place with the bore-
hole defined 626 feet f:ém the west edge of the model. This
is the location of borehole USW UZ-6. The borehole was de-
fined in the model to be 2000 feet deep, with a surface ele-
vation of 4920 feet above sea level. The borehole was de-
fined to be perfectly vertical, although AIMS allows the
user to define a deviated borehole as well.- The second
borehole used in the computer modeling was defined 8500 feet
east of USW UZ-6. This is the proposed location of borehole
- UE25 UZ-9. This borehole was alsoc defined to be 2000 feet
deep and perfectly vertical. The surface elevation at UE2S
UZ-% is 3800 feet above sea level.

The second item of information necessary for VSPRAY is
the location of the receivers. For every synthetic VSP cre-
ated, the number of receivers was set at 100 with a receiver
spacing of 20 feet. The shallowest receiver location was
defined at 20 feet below the datum. The deepest receiver
location was defined at 2000 feet below the datum. These

parameters were selected to emulate the expected parameters _
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of the field survey that will be carried out later.

The third item of informaéion is the location of the
source on the surface; The source locations used for gener-
ating the synthétic VSPs were selected at multiples of 1000
feet from the receiving boreholes. |

During the running of VSFRAY, rays are traced from the
source, through the model, and into the receiving bofehole.
Travel times are calculated for each ray, as wéll as ampli-
tude loss due to inelastic attenuation, reflection and
transmission, and geometric divergence. For downgoing ray-
paths, successive rays are traced at increasing angles from
the vertical at the location of the seismic source. When a
pair of rays are found to intersect the borehole both above
and below a given receiver location, the module searches for
an intermediate angle which allows the ray to intersect the
borehole at the receiver location, within a small margin of
error. The trécing scheme for upgoing reflections is simi-
lar, but rays are first traced from the source to the re-
flecting horizon. The angle of reflection is determined
from geometric optics and the ray tracing continues until an
intersection with the borehole is found or is determined to
be impossible.

The ray trace information is sorted into trace sequen-
tial order by the AIMS module RPSORT. Synthetic seismic
traces are then generated by the module SPGENR. Parameters
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such as sample interval, trace length, and amplitude loss
mechanisms are specified in this module. For the data sets
used in this modeling, 2 4 millisecond sample interval was
used with a trace length of 2.5 seconds. fhe effect of
spreading losses was excluded from all data sets, as were
the effects of inelastic attenuation. For data sets in
which reflections from the fault planes.were desired, the
effect of the reflection coefficient had to be excluded.
Since the densities and p-wave velocities were identical
across most of the fault planes in the model, these hori-
zons would not normally produce a reflection on a seismic
data set. Excluding the effect of the reflection coeffi-
cient allowed AIMS to produce events on the VSP records.
The synthetic traces were generated by SPGENR. "Spike-
sections," were then convolved with a wavelet in the module
WAVLET. For most of the data sets, a zero-phase Butterworth
bandpass wavelet was used. The low-pass half amplitude
point was 10 hz and the high-pass half amplitude point was
100 hz. Roll-off slope on both ends of the wavelet was 12
db/cctave. The frequency content was selected as a con-
servative estimate of the possible frequency range of the
data to be recorded at Yucca Mountain. All spike-sections
were written to magnetic tape so that alternate wavelets
could be convolved with the traces at a later date, if

desired. 1In this way, new synthetic traces could be
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generated without having to run the computer-intensive ray
tracing module again.

The synéhetic traces were then converted into SEGY for-
mat by the AIMS module RFMT. These traces were written to
magnetic tape and transferred to the GOULD 9750. The VSEIS
VSP processing package, created by SPECTRUM GEOPHYSICAL SER-
VICES, resides on the GOULD. All additional preocessing of
the synthetic data was accomplished using VSEIS.

2.2 Zero-offset VSP
Figure 2.1 shows zero-offset VSP raypaths generated by
AIMS for borehole USW UZ-6. The borehcle has a surface ele-

vation of 4920 feet and extends down 2000 feet, into the

Calico Hills Tuff. The level of the.static water table is
several hundred feet below the bottom of the borehole.

The ray trace diagram in Figure 2.1 shows raypaths which
intersect the borehole at every fifteenth receiver location.
By selecting every fifteenth receiver for ray pleotting, it
is possible to discern individual raypaths. Plotting every
raypath that intersects the borehocle creates a confusing
diagram. From Figqure 2.1, it is observed that the sub-
surface horizons are being imaged updip from the borehole.
Since the horizons are dipping to the east, this result was
expected. In fact, the model was designed with the UZ-6
borehole 626 feet east of the left boundary of the model so
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that the updip reflections could be generated during the
zero-offset VSP. '

For each of the synthetic VSPs generated for the UZ-6
borehole, the high-angle faults were treated as both reflec-
ting and non-reflecting interfaces. Since the faults have
only small offsets, the geclogic units on each side of the
faults are usually the same, except at the very top and very
bottom of each unit. Near the top and bottom of a given
unit, different units will be faulted against one another,
and reflections can be generated due to velocity and density
contrasts across the fault. 1In most cases, however, AIMS
sees the fault planes as boundaries which have the same ve-
locity and the same density on both sides of the boundary.

A ray is reflected off of the boundary and back to the bore-
hole during the ray tracing, but a reflection coefficient of
.zZero is assigned to the event and it can not be seen on the
synthetic VSP. At Yucca Mountain, it is possible that the
fault planes serve as conduits for groundwater and that min-
eralization has occurred aleong the fault (Chornack, 1988.

~ Interview with author, 4 May). This could cause the reflec-
tion of seismic energy from the fault planeé. Brecciated
zZones may also exist along the faults (Chornack, 1988. 1In-
terview with author, 4 May) and this may cause the reflec-
tion of seismic energy. The imaging of the high-angle
faults is a major goal of the VSP experiments at Yucca
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Mountain, so the computer modeling was carried out té ac-
comodate the presence or absence of fault plane reflections.

In order to generate reflections from the fault planes
with AIMS, it is necessary to eliminate the effect of the
reflection coefficient during the creation of the spike sec-
tion in the module SPGENR. This will create a fault plane
reflection on the synthetic VSP, but it will also give all
other reflections on the VSP the same polarity and similar
amplitudes. This destroys the effect of the density infor-
mation contained in the model, but seeing the locations of
the fault planes is a reasonable trade-off for the loss of
the amplitude information.

On Figure 2.1, the raypaths can be seen reflecting off
the high-angle fault planes, primarily within the Tptw (Top-
opah Spring) and the n2 (Caliceo Hills) Tuffs. For ease of
identification, the fault planes have been numbered one
through nine. This numbering scheme is used throughout the
remaining models in this paper. Fault planes 2 and 3 repre-
sent the Ghost Dance Fault. This fault is thought to be a
major fault farther to the north, but it has split into two
branches at the location of the model cross section.

Figure 2.2 is the raw synthetic data set generated
with the zero-offset source and 100 receivers in borehole
UZ-6. The receivers are spaced at 20 foot intervals. The

depth annotat;ons represent depth, in feet, below the zero
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foot horizontal datum at the top of the model. Time is
annotated in seconds and increases to the right. All re-
flected events are shown with positive amplitude. The down-
going first arrivals are seen to have negative amplitude on
the data set. |

The reflections from boundaries between geologic units
are identified on Figure 2.2. The n2 reflection (a) repre-
sents the upgeing reflection generated by the boundary be-
tween Tptw and n2, for example. The reflections from the
seven deepest unit boundaries are clearly seen on this data
set. Horizons which intersect the borehole produce reflec-
tions which merge with the direct arrival on the VSP at the
depth level of the intersection.' The n2 reflection can be
seen to merge with the direct arrival at 1480 feet below
datum in Figqure 2.2

An interesting feature of this data set is that reflec-
tions from horizons nl and Tptw do not appear on this data
set or on the ray trace diagram in Figure 2.1. Physically,
there does not appear to be a reason why these horizons
wouldn’t produce reflected events on the seismic record.
The aperture of ray tracing from the source is restricted to
86 degrees from the vertical in the AIMS ray tracing algo-
rithm. Due to this restriction, computer generated raypaths
at this source offset can not reflect off nl or Tptw and

intersect the borehole so that reflected events can appear
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on the synthetic data set.

In order to positively identify the remaining events on
the data set in Figure 2.2, additional ray tracings were
performed using selected horizons in the model. Figure 2.3
shows the zero-cffset profile with only fault planes within
Tptw designated as reflectors. Other horizons in the model
still affect the path of the rays. This is clearly seen by
the refraction that takes place early in the path of the
rays as they enter and exit nl. nl is a low-veloéity, non-
welded tuff sandwiched by the higher-velocity, welded tuffs
of Tpcw and Tptw. Once again, this ray diagram shows only
rays which converge at everyAfitteenth receiver location in
the borehole in order to make thé diagram easier to compre-
hend.

Figure 2.4 is the VSP data set obtained from the preced-
ing ray tracing. It is not surprising that the high-angle
fault planes produce near-vertical reflections on the syn-
thetic data set. Eight of the nine fault planes have pro-
duced reflections, with only fault plane 9 not producing an
event on the data set. Apparently, rays reflecting off of
fault élane 9% are refracted in sﬁch a way that none of the
rays intersect borehole receivers. The near-vertical ap-
pearance of the fault plane reflections on the synthetic
data set and the spacing of the events (particularly the re-
flections from fault planes 4 and 5) make the identification
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of the fault plane reflections obvious on this and on fol-
lowing data sets.

Continuing with the identification of events on the data
set in Figure 2.2, a ray tracing was performed using only
fault planes within n2 as reflecting interfaces. Figure 2.5
shows a complete diagram of every ray which reflects off of
a fault within n2 and arrives at UZ-6. The synthetic data
set created by this ray tracing is shown in Figure 2.6.
Identifying fault plane fefiecticns from faults below the
level of Tptw will be quite difficult. The depth of the
borehole and the high angle of the fault planes suggest
that only segments of the fault planes contained within
Tpew, nl, and Tptw will be identifiable and important on
the remaining data sets. There is not an obvious pattern
that can be used to identify all of the small events which
are produced from the fault planes within n2.

One additional horizon produced an event on the data set
in Figure 2;2. A small segment cf.fault plane 1, where the
top of n3 is offset by 50 feet, produced a large reflection
on the data set in Figure 2.2. Figqure 2.7 shows a partial
ray tracing (every 15th receiver) with only the small seg-
ment of fault plane 1 designated as a reflecting horizon.
The pattern of velocity changes in the model produces an in-
teresting set of refractions in the upgoing and downgoing

segments of the raypaths as they travel down from the source
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Figure 2.6. Synthetic VSP record created by the ray tracing
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nizeable pattern, as did the fault reflections in Figure
204.



YUCCA MOUNTAIN MODEL

B e SRy
e s s U U T A
IS
Do
bl - -'-—-—}f
L
‘““’"""S""E"":';'"’ I/ 1__'.5__- e

Figure 2.7.
of fault plane 1 as a reflecting horizon.
ary allows this reflection to reach many receiver locations.

Raypath diagram for zero-offiset VSP, using only a small segment
Refraction at the Tcbw/n2 bound-

LESE~-T

£e



T=-3637 ' ' 34

and back up to the borehole. The synthetic data set created
by this ray tracing is shown in Figure 2.8. This event is
hard to discern from the reflections from fault plane 2 and
from horizon Tlrw (£) on the data set in Figure 2.2.

On a VSP data set, it is the reflected energy (upgeing)
which is of primary interest for imaging the subsurface.
Quite often the direct arrivals (downgeing) do not provide
any useful information and are removed from the data set.
One of two methods is generally used to separate the up-
going and downgoing wavefields. The first is the applica-
tion of an FK filter to the data set. When plotted in FK
space, selected events can be eliminated using either pie-
slice or trapezoidal vei;é;;y fiiters. This method was
found to work better for removing residual downgoing energy
than for separating wavefields. The second and preferred
method of separating the upgoing and downgoing energy is the
use of the median filter.

The median filter works by preserving events which lie
along lines of equal time in a VSP data set. For example, a
S=-fold median filter works by finding the median value of
the first sample from each of the first five traces in the
data set. This median value becomes the first sample value
for a brand-new trace one. Next, the second sample value
from each of the first five traces is analyzed and a second

median value is determined. This value becomes the second
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Figure 2.8. Synthetic VSP record created by the ray tracing
in Figure 2.7. This event interferes with the Tlrw and
fault plane 2 reflections on the data set in Figure 2.2.
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sample value for the brand-new trace one. The process con-
tinues until the end of the trace is reached. The window
then shifts to traces two through six, and another new trace
two is created in the same manner. The filtering continues
until an entire new datz set has been created.

The median filter preserves events which lie along lines
of equal time since each of the five samples will have
roughly the same value. Events which do not lie along lines
of equal time will tend to be canceled during the filtering.

In order to use the median filter to separate the up-
going and downgoing wavefields, it is necessary to have the
direct arrivals aligned .along a line of egqual time. As seen
in Figure 2.2, the firsé-;;;ivai; clearly do not lie along a
line of equal time. The VSP processing package VSEIS,
residing on the GOULD 9750 at the Colorado School of Mines,
was used for all data processing in this thesis. VSEIS con-
tains a processing module named GTIM, which allows a user to
interactively pick times of events from individual traces.
By picking the first arrival time from each trace in the
data set, it is possible to shift each of the traces so that
the first arrivals lie along a line of equal time. Figure
2.9 shows the data set shifted such that the direct arrivals
lie along the 0.1 second time line. The reflected events
have a pronounced slope and do not line up along lines of

equal time.
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with the direct arrivals aligned at 0.1l second in prepara-

tion for spatial median filtering.
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The effectiveness of the spatial median filter is in-
creased by scaling the events aligned along the 0.1 second
time line so that the amplitudes of the aligned events are
consistent from trace to trace. Figure 2.10 shows a data
set created by applying a 7-fold median filter to the data
set in Figure 2.9. The first arrivals clearly have been
preserved along the 0.1 second time line. Unfortunately,
this data set also contains a fair amount of reflected ener-
gy in addition to the first arrivals. 1In order to cbtain
the upgoing wavefield, it is necessary to subtract the out-
put from the median filter from the original shifted data
set. In this way, all é?ents preserved by the median filter
(such as direct arrivals)';;e r;;oved from the original data
set. Since.the output from the median filter preserved more
than just the first arrivals, subtracting the output from
the original data set would cause a loss of valuable signal.

The reflections from Tctw and n4 are very close together
on Figure 2.9, as are the refiections from Tlrw and né. The
median filter operates because the upgoing reflections have
a pronounced slope and do not lie along lines of equal time.
Since the reflections from these horizons are close togeth-
er, the cancellation of the dipping events during filtering
is not as effective agd, unfortunately, a portion of the two

reflections is preserved as one event on the median filter

output. More unfortunate is the observation that portions
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Figure 2.10. Synthetic VSP record for zero-offset source
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is subtracted from the original record, any energy present
(other than the direct arrival) will cause a loss of sig-
nal quality.
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of the-fault plane reflections were also preserved by the
filter; These reflections are particularly vulnerable,
since their slopes fall in between the slope of the direct
arrivals and the slope of the other refleptions. The fault
plane reflections are already weak, and losing additiocnal
information during median filtering could hamper interpreta-
tien.

In order to combat the loss of fault plane energy from
the data, a higher fold median'filter is necessary. As the
fold of the median filter increases, only events which are
very carefully aligned are preserved. Figure 2.11 shows the
output from a 9-fold median filter. Once again, the direct
arrival has been preseréééygery‘;ell. The amount of reflec-
ted energy has been significantly reduced compared teo the
output of the 7-fold median filter in Figure 2.10. Still, a
small amount of. upgoing energy exists in this data set,
energy that would be lost if this data set were subtracted
from the original data set to obtain the upgoing wavefield.

Figure 2.12 shows the output from an ll-fold median f£il-
ter. This data set contains very little information, other
than the first arrivals aligned along the 0.1 second time
line. Only 2 small amount of the Tlrw/nS reflections was
preserved by the median filter. The ll-fold filter was sel-
ected as satisfactory for the separation of the upgeing and
downgoing wavefields.
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Figure 2.11. Synthetic VSP record for zero-offset source,
after applying a 9-fold median filter. The direct arriv-
als have been preserved along the 0.1 second time line.
Energy from reflected events can still be seen on this
record. .
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Figure 2.12. Synthetic VSP record for zero-offset source
after applying an 11-fold median filter. Very little en-
ergy appears on this record, other than the direct arriv-
als. An ll-fold filter was chosen as adequate for sepa-
rating the wavefields.
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Figure 2.13 shows theloriqinal data set shifted back to

its proper timg base after subtracting the output of the 11~
fold median filter. The strong first arrivals have lost
most of their amplitude, and the data set contains primarily
reflected information. Reflected events have survived the
wavefield separation with only minor losses.

Since the identification of fault plane reflections is a
major goal of the VSP experiments at Yucca Mountain, it is
suggested here that great care be taken to choose the proper
median filter fold when separating wavefields. The near-
vertical slope of the fault plane reflections on the VSP
records requires that the median filter be of sufficiently
high fold. A median fii;;;-fol&-of 11 is used throughout
the rest of this paper, except where a éifferent filter fold
has been specified.

It is entirely possible that the fault planes at Yucca
Mountain will not act as reflecting horizon; which can be
imaged by a vertical seismic profile. The ray tracing for
the zerc-cffset VSP at UZ-6 was repeated with the exclusion
of the zero reflection coefficient fault segments as reflec-
ting horizons. 1In addition to removing these fault plane
segments from the ray tracing, the program card which con-
trols the effect of the reflection coefficient was turned on
in the AIMS module SPGENR. This allowed the effects of den-

sity contrasts between horizons to be incorporated into the
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Figure 2.13. Synthetic VSP record for zerco-offset source
after removing the direct arrivals. Reflections are seen
from n2(a), Tcbw(b), n3(c), Tctw(d), n4(e), Tlrw(f),
ns(g), and from fault planes 1 through 8.
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model. Figure 2.14 shows a ray trace diagram, excluding the
Zero reflection coefficient fault ﬁlanes. Only the small
segment of fault plane 1 which has different units across
the fault plane was included during this ray tracing.

The synthetic data set created by the preceding ray

tracing is shown in Figure 2.15. The direct arrival domi-
nates the data set, with only a hint of the upgoing energy
appearing on the traces. To overcome the low amplitudes of
the reflections, an AGC (automatic gain control) was applied
to the data set. The data set, after applying the AGC, ap-
pears in Figure 2.16. The reflected events in Figure 2.16
are much more prominent -than those in Figure 2.1S.
| Since the traces aré.gzgled.;y the highest amplitude
event on the trace, the direct arrivals still dominate. The
first arrivals were aligned along the 0.1 second time line
and removed from the data set with an 1i-fold median filter.
The upgoing wavefield is shown in Figure 2.17. The effect
of the reflection coefficient gives this data set a decided-
ly different appearance from the data set in Figure 2.13.
In Figure 2.17, reflections have their polarities represen-
ted properly, instead of every event having a positive amp-
litude. Reflections from the tops of welded units are seen
ag peaks on this data set. Reflections from the tops of

non-welded units are seen as troughs.

An important boundary to identify on the VSP records
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Figure 2.15. Syntheﬁic VSP record generated by the ray

tracing in Figqure
nates the record.

2.14. The first arrival trough domi-
Upgeing reflections are very faint.
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Figure 2.16. Synthetic VSP record for zero-offset source
after applying AGC. The upgoing reflections are now vis-
ible. Welded tuffs are represented by peaks. Non-welded
tuffs are represented by troughs.



T-3637 ‘ | : 49 -

Time (8)
- NOOTNHN OO NO == NMNMTNOM~COOODQO =N W
FEFFSSFSFFFF LI 8 0 0 8 8 0P F TIPS
- A v —
™ = 3
- = ¥
— ‘,: ,‘3 ~
D fey oy ~ ~  —
[r4 = - —t -
W a4 [Ta]
[-] r -y
~ —
‘L -
-
- 2
-
- o - ™
= 3
& [ : ["-]
;.§ >
- =
[ °
&
== : J
= S
o B = :
& = =]
- —
£ =
-]
£ ]
- NPT O~ON Q"'N("'IQLD(DP@WQ N e\
FEFPFSFFFSF L8 e 8 8 8 0 08B LFFET

Figure 2.17. Synthetic VSP record for zero-offset source
after removing the direct arrivals. Reflections are seen
from n2(a), Tcbw(b), n3(c), Tctw(d), n4(e), Tlrw(f), and
nS(g). A small seqment of fault plane 1 is visible to the
left of the Tlrw reflection.
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from Yucca Mountain will be the interface between Tptw and
n2 (a). This interface répresents the bottom of the poten-
tial waste repository unit at Yucca Mountain. On the data
set in Figure 2.17, this boundary produces a weak reflec-
tion. The velocity and density contrasts across the horizon
produce a reflection cocefficient of -0.173, which is one of
the smaller reflection coefficients contained in this mo-
del. By tailoring the AGC window to suit this problem, the
amplitude of this important reflection could be increased if
the event was so small that the reflection could not be
Clearly seen.

Since the Tram Member of the Crater Flat Tuff (Tctw) is
thin, the source waveleé-;;;ld A;ed.to contain 150 hz for
events (d) and (e) to appear separately. A gap can be seen
between the top (b) and bottom (c) of the Bullfrog Tuff and
the top (£) and bottom (g) of the Lithic Ridge Tuff. In-
creasing the fregquency content of the source wavelet would
increase the resolution of all boundaries in this model.

Te increase the frequency content, the sampling interval
would have to be changed from 4 ms to 2 ms, however.

The reflection from the small segment of fault plane 1
is easy to identify as the trough arriving slightly before
the Tlrw peak on the data set.
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2.3 1000~foot source offset VSP

The VSP activity at Yucca Mountain wili consist of
multiple offsets along several azimuths. The modeling in
* this thesis is performed only along the line between bore-
holes USW UZ-6 and UE25 UZ-9. Figure 2.18 shows the raypath
diagram for a source 1000 feet east of borehole UZ-6. The
rays which intersect every fifteenth receiver location are
shown. Reflections off horizons nl ané Tptw can be seen,
unlike the zero-dffset'ray tracing:(Fiqure 2.1) where AIMS
was unable to overcome the aperture problem and produce the

reflected raypaths. Reflected raypaths are not seen from
| horizons Tlrw and n5. This is partially due to the afore~
mentioned aperture probié&l-and-;o the fact that only ray-
paths for every fifteenth receiver location are included in
this diagram. A few reflected rays actually do bounce off
these two horizons and intersect the borehole.

All nine of the vertical faults are producing reflected
rays in Figure 2.18. Small segments of the fault planes
within Tcbw produce many reflections which are refracted
strongly as tﬁey leave Tcbw and enter n2.

Figure 2.19 is the synthetic data set pfoduced by the
preceding ray tracing. The strong direct arrival appears as
the initial trough on the entire data set. The trough does
not appear on every trace, however. The trough is not seen

until the nineteenth trace in the data set. This is due
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Figure 2.19. Synthetic VSP record generated by the ray
tracing in Figure 2.18. The direct arrival trough is
seen on traces 19 through 28 and traces 34 through 100.
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to ﬁhe decrease in the source elevation with respect to
the surface elevation of the borehole. The AIMS ray tracipg
algorithm makes a distinction between upgoing and downgoing
raypaths. For this reason, first arrival raypaths cannot
travel to a receiver higher than the elevation of the
source. The second gap in the string of first arrival
troughs occurs between traces 28.£nd 33. This gap results
from a critical refraction of the direct arrival at the Tptw
horizon. Refraction at this interface prevents rays from
intersecting the borehole throughout this 120 foot interwval.

The downgoing trouch was removed from the data set with
" a median filter. In order to keep the data set as unal-
tered as possible, the.é;;;;s wé;e broken into groups before
filtering. Only groups which contained the first érrival
trough were filtered. Traces 19 through 28 were isolated
and filtered with a 7-fold median filter. Traces 34 through
100 were filtered with an l1l-fold median filter. The resul-
ting traces were recombined with the unfiltered traces to
produce a data set with the.first arrivals removed. This
data set is shown in Figure 2.20. This technique of filter-
ing only traces containing the first arrival was employed
throughout this thesis.

The upgoing wavefield in Figure 2.20 shows reflections

from each of the nine unit boundaries. Reflected events

from nl (a) and Tptw (b) are apparent on this data set,

T I D
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Figure 2.20. Synthetic VSP record for 1000-foot source off-
set with the direct arrivals removed. Reflections are
seen from nl(a), Tptw(b), n2(c), Tcbw(d), n3(e), Tctw(f),
né(g), Tlrw(h), n5(i), and from fault planes 1 through ¢.
The faults are identified by their near-vertical slopes.
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unlike the zero-offset traces. The events fréom Tlrw (h)

and nS (i) are recorded only by the highest receivers in the
borehole. As seen previously, this is due to the restricted
aperture of the AIMS seismic source. Physically, there does
noct appear to be a reason why the two horizons would not
produce a reflection at most of the receiver locations.

The reflecﬁions from the nine vertical fault segments
within Tptw are easily identified on this data set. The
spacing of the reflections and their near-vertical slopes
are a consistent indicator on every data set that the fault
planes are the source of these events. Small segments of
fault planes 2 and 4 within Tcbw produce events at many
receiver locations on th.e 'd;ta s;t. Segments of the fault
planes within n2 produce scattered events on the lower
traces in the data set. These events are much more dif-
ficult to identify, although fault planes 8 and ¢ within n2
produce very coherent events on traces 77 through 4.

The ray traciné for the 1000-foot source offset was re-
peated with the zerc reflection coefficient fault planes
turned off. Once again, segments of fault planes which pos-
sessed non-zerc reflection coefficients were left to produce
reflections. Figure 2.21 shows the raypath diagram for this
model. In addition to the reflections coming from the gent-
ly dipping unit boundaries near the borehole, three small

segments of fault planes are producing reflections. It is
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possible that othér fault segments produce reflections as
well, since this diagram shows only rays that intersect
évery fifteenth receiver location in the borehole.

Figure 2.22 shows the synthetic data set created byAthe
preceding ray tracing after an AGC had béen applied. The
technique of splitting the data set into sections contain-
ing the first arrival trough and median filtering each sec-
tion separately was applied,.as was done for the data set in
Figure 2.19. After the traces were recombined, the data
set minus the direct arrivals is displ#yed in Figqure 2.23.
As seen in Figure 2.17, the non-welded tuffs produce a
trough while welded tuffs produce a peak. The thickness of
the units controls the i;éz;preg;r's ability to distinguish
between reflections from the top and bottom. An identifi-
able spacing occurs between the top of nl (a) and the top of
Tptw (b). The same is true for Tcbw (d) and n3 (e). The
peak-trough pair that represents the top (f) and bottom (g)
of Tctw once again shows destructive interference. Using a
finer sampling interval and increasing the bandwidth of the
source wavelet woculd alleviate much of the interference.

The fault plane reflections from within Tcbw are seen as
large troughs (j) on this data set from trace 36 to trace
100. Since the reflected rays are refracted at the top of
Tcbw, the rays bend upward. The result is an event which
has a slope similar to the slope of the unit boundary
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Figure 2.23. Synthetic VSP record for 1000-foot source off-
set after removing the direct arrivals. Reflections are
seen from nil(a), Tptw(b), n2(c), Tcbw(d), n3(e), Tctw(f),
né4(g), Tlrw(h), and n5(i). Fault plane reflections from
within Tcbw (j) are seen as large troughs on traces 36
through 100. Event (k) is a reflection from fault plane 4.
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reflections on the same data set. This is a contrast to the
near-vertical slope of fault plane reflections seen earlier
in this thesis.

The segment of fault plane ¢ at the top of n2 (see Fig-
ure 2.21) produces an event which can be' seen on Figure
2.23. The trough (k) directly below the Tlrw peak was gen-
erated by this fault segnment.

2.4 2000~foot source offset VSP

Figure 2.24 is a ray trace diagram for a source offset
of 2000 feet east of borehole USW UZ-6. Reflections from
the seven lowest unit boundaries are clearly visible. Since
only rays which interseé;';;ery-%ifteenth borehole receiver
are shown, no rays are seen reflecting off the two high-
est horizons (nl and Tptw) in the section. The nine
near-vertical fault planes produce a reflection from the
Tptw segment of each fault. Isolated reflections can be
seen to originate along the n2 segment of'fault plane 6.

The synthgtic data set created by the preceding ray
tracing is shown in Figure 2.25. The strong first arrival
is represented by the trough on traces 45 through 100. 1In
addition to the aperture problem, refraction occurs as the
downgoing raypaths enter and exit nll Both factors contrib-

ute to the absence of direct arrivals on traces 1 through

44. The absence of the direct arrivals on the computer
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generated data does not imply that direct arrivals will not
be seen on the field data. It only indicates that this ray
tracing program has some medeling limitations.

The direct arrival is a good indicator of velocity
change in the subsurface. The slope of the direct arrival
is constant until the first break merges with the n2 re-
flection at 1480 feet. Below the 1480 foot level, the slope
of the direct arrival decreases. This indicates that n2 has
a lower velccity than Tptw, which is known to be true.

The direct arrival on traces 45 through 100 was re-
moved by median filtering. The data set after median fil-
tering is shown in Figure 2.26. Strong-reflections are
seen from all nine of th; e'c;:L‘:f u;its, including n1 (a)
and Tptw (b) which did not show reflecting raypaths on Fig-
ure 2.24. The reflections from nl and Tptw appear only on
traces 4 through 12. The raypath diagram shows rays which
converge at receiver locaéions 1 and 16.

Reflections from all nine fault plane segments within
Tptw can be identified. The reflection from fault plane 2
is obscured by the Tctw (f) and né (g) reflections between
traces 24 and 40, but it is visible on traces 69 through 79.
A few isclated events from lower fault plane segments can be
seen below the nS5 reflection (i) on traces 82 through ¢8.

The ray tracing for the source 2000 feet east of UZ-6
was repeated with the zero reflection cocefficient fault
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Figure 2.26. Synthetic VSP record for 2000-foot source off-
set after applying the median filter. Reflections are
seen from nl(a) and Tptw(b), although they were not seen
on Figure 2.24. Reflections are seen frem n2(c), Tcbw(d),
ni(e), Tetw(f), n4(g), Tlrw(h), and n5(i). The nine near-
vertical fault plane reflections are labeled 1 through ¢S.
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planes excluded. Figure 2.27 shows the raypath diagram foi
the model. A small segment of fault plane 4 at the top of
n2 provides a reflected ray which intersects the borehole
at receiver location 46. If any other fault plane segment
is being imaged, it is not visible on this diagram.

Figure 2.28 shows the synthetic data set created by the
preceding ray tracing after an AGC has been applied to the
traces. The strong first arrival trough was suppressed on
the data set by applying an 1ll-fold median filter to traces
45 through 100. The upgoing wavefield appears in Figure
2.29. Ali nine unit boundaries are identifiable, with the
welded tuffs appearing as peaks and the non-welded tuffs
appearing as troughs. ih:';ops.;nd the bottoms of each of
the volcanic units are still identifiable. As seen with the
data sets from zero and 1000-foot offsets, however, the top
(£) and bottom (g) of the Tram Member (Tctw) interfere de-
structively. The resulting peak-trough pair appears as a
low amplitude event on many of the traces.

The pair pf trough sets (4) to the left of the Tlrw re-
flection (h) represents energy from the small segment of
fault plane 4 that was pointed out in Figure 2.27. The po-
sition of the reflecting segment of the fault plane would be
very difficult to ascertain from this data set alone, with-
out the computer generated raypath diagram to consult. The

same is true for the set of troughs to the right of the ns
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Figure 2.29. Synthetic VSP record for 2000-foot source off-
set after removing the direct arrivals. Reflections are
seen from nl(a), Tptw(b), n2(c), Tcbw(d), n3i(e), Tctw(f),
né(g), Tlrw(h), and n5(i). Reflections from a small seg-
ment of fault plane 4 appear to the left of the Tlrw
event.
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reflection (i) on traces 94 through 98. The troughs are
reflections from a fault plane, but without a raypath to
consult on Figure 2.27, it is impossible to positively iden-
tify the source of the reflection. .

2.5 3000-foot source offset VSP

The source was next positioned 3000 feet to the east of
borehole UZ-6. From the raypath diagram in Figure 2.30, it
appears that no rays are reflecting off of nl and Tptw and
intersecting the borehole due to the aperture problem. The
seven lowest unit boundaries provide reflections, however.
As the source moves away from the borehole to the east, the
reflecting segments of é;;.;nit.;oundaries continue to move
downdip gwﬁy from the borehcle. For the zero-offset source
in Figure 2.1, the reflecting segments of the unit bound-
aries were updip to the west of the borehole. The reflec-
ting segments of Tlrw and nS are now at least 1000 feet
downdip to the east of the borehocle. The importance of
multiple offsets in VSP work lies in the observation that
. different portions of reflectors are imaged for each source
leccation. EHence, more information about the subsurface can
be obtained with multiple offsets.

The nine fault plane segments within Tptw all show rays
reflecting and intersecting the borehole. Also, the high-

est segment of fault plane 1 (within Tpcw) is seen to be a
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reflecting horizon. This is the first occurrence of a fault
plane ségment above Tptw providing reflecting raypaths.

The synthetic data set c?eated'by the preceding ray
tracing is shown in Figure 2.31. The first arrival is
not seen until trace 55. Again, this is due to the aper-
ture of the AIMS ray tracing algorithm and refraction of the
downgoing rays as they enter and exit horizon ni. Aalso, the
topography suggests that a downgoing first arrival would be
physically shielded from a receiver high’in the borehole,
even if the AIMS aperture were wider.

The first arrival troughs were removed from the data set
by median filtering traces 55 through 100. The resulting
upgoing wavefield is sh;;;lzn Figure 2.32. The seven lowest
unit boundaries are identifiable. As expected, horizons nl
and Tptw did not produce reflections for this offset.

All nine of the fault plane segments within Tptw pro-
duced identifiable reflections on the data set, with the ex-
ception of fault plane 2. This reflection is obscured by
the Tcbw (b) and n3 (¢) reflections. It appears that the
amplitude of the fault plane reflections was diminished by
median filtering in the trace range S5 through 73. This
prcblém was addressed earlier in the paper, but it appears
that even an ll-fold median filter may be insufficient on

some data sets.

The highest segment of fault plane 1 (within Tpcw)
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Figure 2.32. Synthetic VSP record for 3000-foot source off-
set after removing the direct arrivals. Raflections are
seen from n2(a), Tcbw(b), n3(c), Tetw(d), n4a(e), Tlrw(f),
and nS(g). Reflections from the fault planes 1 and 3
through 9 are identifiable. The raflection from fault
2 interferes with events (b) and (c). Fault planes 1, 8,
and 9 produce additional events on the shallow traces.
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produced a-strong dqwngcing event on the data set. The
event (1) can be seen along the 0.5 second time line in the
trace range 4 to 40.

Two other events appear on this data set that have not
been seen §revioﬁsly. The upgoing events lie far to the
right of the n5 reflection on traces 4 through 33. The
events are reflections off fault planes 8 and ¢ which are
" refracted by the nl unit aleng the path from the source.

An additibnai fault plane reflection from fault plane 1 also
appears on this data set. This result shows that a fault
plane reflection can have a slight upgoing slope, similar to
the slope . of a reflection from one of the unit boundaries.
The fault plane reflecti;;';an éiso have a near-vertical
slope as has been the case with most of the fault plane re-
flections seen up to this point.

As the source moves closer to the fault planes, the data
sets become more complicated. The fault plane reflections
become superimposed on the unit boundary reflections with
the source 3000 feet from the borehole. For the zero-offset
data set (Fiqure 2.2), only the reflections from fault
planes 1 and 2 interfered with the Tlrw and nS reflections.
Since the modeling in this thesis is being done with a zero
phase wavelet on a noise-free trace, it is possible to iden-

tify each of the reflections on the 3000-foot cffset data

set even though interference occurs. The interference could
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cause considerable interpretation difficulties on noigy
field data, however.

The ray tracing was repeated for the source offset of
3000 feet, excluding the zero reflection coefficient fault
planes. The raypath diagram is shown in Figqure 2.33. It is
interesting that not a single segment of any fault plane
produced a reflection. Although the raypath diagram shows
only rays which intersect at every fifteenth receiver loca-
tion, the synthetic traces generated by this rﬁy tracing
confirm that no fault segment produced a reflection.

The synthetic data set generated by the preceding ray
tracing after applying an AGC is shown in Figure 2.34. The
first arrival trough wa;.;;;preé;ed by an 1ll-fold median
filter. The resulting upgoing wavefield is shown in Figure
2.35. The seven reflections are easy to identify without
the fault plane reflections in the data set. The Tctw peak
(d) and the n4 trough (e) interfere destructively and
produce’a small event. The gap between the Tlrw peak (f)
and the n5 trough (g) has narrowed as source offset has
increased. 'Ihterference has caused a noticeable decrease in
amplitude of the n5 trough on this data set compared to the
amplitude of the nS trough on the zero-offset data set.
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Figure 2.35. Synthetic VSP record for 3000-foot source off-
set with the direct arrivals removed. Reflections from
n2(a), Tcbw(b), nid(ec), Tctw(d), né4(e), Tirw(f), and ns(qg)
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2.6 4000-foot source offset VSP

with the soﬁrce offset 4000 feet to the east of UZ-6,
fault plane 1 is to the west of the source and can no longer
be imaged. Figure 2.36 shows a.raypath diagram for the 4000
foot offset model. The seven lowest unit boundaries in the
section provide reflections at this offset, as do fault
planes 3 through 9 within Tptw. A segment of fault plane 8
within n2 also provides a reflected ray which converges at
the borehole.

The Shardy Base (nl) provides an interesting refraction
pattern on. this diagram that has not been seen on previous
models. Rays traveling through Tpcw are refracted strongly
downward upon entering Alfm~Thi§-creates multiple downgoing
arrivals. The set of first arrivals enters the ground at a
steep angle and is refracted sideways through the higher
. velocity units in the section. The other set of downgoing
raypaths travels nearly horizontal to the surface, before
being refracted downward.

The synthetic data set created by the preceding ray
tracing is shown in Figqure 2.37. The first arrival trough
can be seen cn traces 64 through 100. This arrival repre-
sents the rays which entered the ground at a steep angle and
were refracted sideways. Two other downgoing arrivals ap-
pear on this data set. Between the 0.5 and 0.6 second time
lines, a strong peak occurs on traces 5 through 42 (3) with
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Figure 2.37. Synthetic VSP record generated by the ray
tracing in Figure 2.36. The direct arrival trough appears
on traces 64 through 100. Event (3) is a fault plane re-
flection from fault plane 3 which is refracted downward at
nl. Event (4) is a fault plane reflection from fault
plane 4, near the top of Tptw.
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additional peaks on traces 44, 45, 48, and S2. This event
represents a fault plane reflection which travels through
Tpcw and is refracted downward by nl. This event arrives
after the reflection from n2, due to higher velocities

. along the the hz reflection’s travel path. The remaining
downgoing event occurs on traces 72 through 100 between the
0.8 and 0.9 second time lines (4). This peak is a reflec-
tion off fault plane 4, near the top of Tptw.

The first arrival was removed by median filtering. The
resulting upgeing wgvefield is shown in Figure 2.38. The
downgoing reflection from fault plane 4 was partially de-
stroyed by the median filtering, since its slope was very
similar to the slope ofj;gz-firgé arrival trough. The other
downgoing fault plane reflection was left in the data set by
choice. The slope of this event is very similar to the
slope of the nl reflection (a) on the shallow receivers, and
filtering out the downgoing event would have destroyed the
nl reflection. . ' '

Each of the nine unit boundaries can be identified on
at least a portion of the traces. On the deep traces, the
Tcbw (d) and n3 (e) reflections merge into one peak. The
same is true for the Tctw (f) and n4 (g) reflections.

The fault plane reflections from within Tptw have become
considérably more difficult to identify on this data set.
Reflections from fault planes 3, 6, 7, 8, and ¢ can be
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Figure 2.38. Synthetic VSP record for 4000-foot source off-
set, after removing the direct arrivals. Reflections are
seen from nl(a), Tptw(b), n2(¢c), Tcbw(d), n3(e), Tctw(f),
nd(g), Tlrw(h), and n5(i). Reflections can also be seen
from fault planes 3 through $.
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identified on certain traces, Sut reflections from fault
planes 4 and S are not easily picked. These reflections
can be seen on traces S0 through 60 to the right of the
n3 reflection at 0.55 second. Isolated reflections from
various fault planes can be seen between 1.0 and 1.1
seconds on traces 70 through 100.

The ray tracing was repeated for the source offset of
4000 feet, excluding the zero reflection coeffic;ent fault
planes. Figure 2.39 is a raypath diagram for this model.
Reflections can be followed from all nine layers. A segment
of fault plane 3 at the top of nl acts as the only fault
reflector in the model. The synthetic data set created from
the preceding ray traciﬂ%tkgftef-AGC) is shown in Figure
2.40.

The first arrival trough was removed by median filter-
ing. The resulting data set is shown in Figure 2.41. The
trough representing the reflection from nl (a) is quite
prominent on traceé 4 through 22, as is the peak from Tptw
(b). A reason for the prominence of the nl trough is that
the reflection from n2 (¢) constructively interferes with
the nl reflection on the shallower traces. The higher
velocity of the lower horizons causes the n2 reflections to
arrive at roughly the same time as the nl reflections, which

travel a shorter distance through a lower velocity medium.
Oon the shallower traces, the Tcbw (d) peak and the n3
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Figure 2.40. Synthetic VSP record generated by the ray
tracing in Figure 2.39, after applying AGC. The direct
arrival trough is seen on traces 64 through 100.
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Figure 2.41. Synthetic VSP record for 4000-foot source off-
set after removing the direct arrivals. Reflections can
be identified from ni(a), Tptw(b), n2(c), Tcbw(d), n3(e),
Tetw(f), n4(g), Tlrw(h), and nS(i).



T=-3637 : 89

trough (e) can be identified as separate events, although
éestructiye interference is occurring. On the deepest
traces, however, the two events have merged into a single
peak. I&entifying the n3 reflection is impossible. The
Tlrw reflection (h) and the ns reflection (i) show a similar
pattern, but an identifiable hint of the n5 trough doces ex-
ist on the deeper traces.

Destructive interference is most apparent on the Tctw
(£) and n4 (g) reflections. Only a faint hint of a peak-
trough pair can be seen on Figure 2.41. This event could
easily be cbscured if the traces weren’t free from noise.

The reflection from the n2 segment of fault plane 3 is
seen as a trough on traé;;.; thf;ugh 42 and traces 44, 45,
48, and 52 between 0.5 and 0.6 second (3). As noted on
Figure 2.38, a fault plane reflection can have a downgoing
slope. Earlier, fault plane reflections with near-vertical
and upgoing slopes were identified. This observation may

have important ramifications when the field data from Yucca
Mountain is collected, processed, and interpreted.

2.7 S000~-foot source offset VSP

The sixth synthetic data set was created by moving the
source 5000 feet to the east of borehole UZ-6. Five of the
nine near-vertical faults lie to the west of the source and

can not be imaged by reflecting raypaths. ?igure 2.42 shous
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a raypath diagram for the 5000 foot offset model. The seven
lowest unit boundaries are imaged in this diagram. As noted
earlier, the reflective portions of the gently dipping hori-
zons continue to move farther downdip to the east as the
source offset increases. Horizons nl and Tptw do not ap-
pear to be imaged in this diagram, although only rays which
intersect at every fifteenth receiver are shown.

Rays which reflect off fault planes 6, 7, 8, and $
within Tptw are seen in this diagram. Also, the highest
segment of fault plane 6 (within Tpcw) provides many reflec-
ted rays which intersect borehole UZ-6.

The synthetic data ‘set generated by the preceding ray
tracing is shown in Figure 2.43. The first arrival can be
seen as the trough which appears (with two gaps) on traces
70 throuch 100. The direct arrival also can be seen on
traces 24 through 27 to the right of the n2 reflection.

A slightly different technique of median filtering was
used to remove the first arrival in this data set. First
arrival times were picked to align the first breaks at 0.1
second for traces 70 through 100. The first arrival does
not appear on traces 76, 89, 90, and 91 so estimates of the
arrival time (if a first break existed) were made and the
traces were shifted accordingly. An ll-fold median filter
was used to preserve the first arrivals 6n traces 70 through

100. Then traces 76, 89, 90, and 91 were muted on the data
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Figure 2.43. Synthetic VSP record generated by the ray
tracing in Figure 2.42. The direct arrival trough appears
on traces 24 through 27 at 0.59 second and again on traces
70 through 100. )
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set output by the median filter. The d#ta set containing
the first arrivals and the four muted traces was subtracted
from the original data set. This effectively removed the
first arrivals from the original data without altering the
traces on which the first arrivals did not appear. This
data set appears in Figure 2.44.

The reflections from fault planes 6, 7, 8, and 9 within
Tptw are easily identified as the faint events with near-
vertical slopes. Fortunately, the fault plane reflections
are spaced such that no interference with the other reflec-
tions occurs.

The highest segments of fault plane 6 produce a reflec-
tion which can be seen ;;13-675 second on traces 4 through
41 as a strong peak. This event arrives later than the re-
flection from the lower portion of the same fault plane due
to the higher velocities at depth.

Reflections from seven of the nine unit boundaries are
identifiable (excluding nl and Tptw) on the shallow traces.
On the deeper traces, Tcbw (b) and n3 (¢) merge into one
peak, as do Tctw (d) and n4 (e).

The ray tracing for the 5000-foot offset was repeated
with the zerc reflection coefficient fault segments excluded
from the modeling. The raypath diagram for this model is
shown in Figure 2.4S. Rays can be seen reflecting off the

seven lowest unit boundaries in the section, but not from
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Figqure 2.44. Synthetic VSP record for 5000-foot source off-
set after removing the direct arrivals. Reflections can
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Tlrw(f) and nS(g). Reflections from fault planes €
throuch ¢ can also be identified.
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any small segment of the high-angle fault planes. The data
set from this ray tracing, after applying an AGé, is shown
in Figure 2.46. The strong first arrival trough was removed
in the same manner as described for the 5000~-foot offset
data set that contained fault plane reflections.

The data set with the first arrivals removed is shown in
Figure 2.47. The n2 (a) reflection is of moderate amplitude
and is easily identified. The Tcbw (b) and n3 (¢) reflec-
tions interfere such that the n3 trough is almost completely
obscured on traces 43 through 100. It is possible to dis-
tinguish the Tcbw peak from the n3 trough on the shallower
traces, however.

The Tctw (d) and n4.};;-re£i;ctions interfere destruc-
tively again, resulting in a very small event on the data
set. Interference of the Tlrw peak (£f) and the n5 trough
(g) decreases the amplitude of both of these events as well.
It is difficult to distinguish the top of Tlrw from the top
of n5, but it is slightly more diétinct than the situation
for Tctw and p4.

The data sets for the source cffset of 5000 feet begin
to show that the interpretation of the records will be in-
creasingly difficult with increased offset. Reflections are
beginning to interfere, and the identification of major

events is becoming less obvious.
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Figure 2.46. Synthetic VSP record generated by the ray
tracing in Figure 2.45, after applying AGC. The first
arrival trough appears on traces 24 through 27 and again
on traces 70 through 100.
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Figure 2.47. Synthetic VSP record for 5000~foot source off-
set after removing the direct arrivals. Reflections can
be identified from n2(a), Tcbw(b), n3(c), Tctw(d), né(e),
Tlrw(£f), and n5(qg).
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2.8 6000-foot source offset VSP

The raypath diagrgm for a seismic source 6000 feet east
of borehole USW UZ=-6 is shown in Figure 2.48. dnly fault
planes 7, 8, and 9 lie to the east of the source and have a
chance of being imaged. From the diagram, it is apparent
that many rays are indeed being reflected off the fault
planes and intersecting the borehole.

For the first time, rays are reflecting off horizons
on upthrown fault blocks. On the diagram, rays can be seen
reflecting off horizons n3, n4, and n5 on at least one up-
thrown fault block.

The synthetic data set generated by the preceding ray
tracing is shown in Figé;;';.49;.-rnterestingly, only four
traces contain the first arrival trough. Traces 81 through
84 show the trough at 0.5%0 second. The source is located
on the east side of a stream channel, and this seems to have
had an effect on AIMS’ ability to trace a downgoing ray from
the source to UZ-6. The aforementioned aperture problems
also may have helped limit the appearances of the direct ar-
rival. In any event, a 3=fold median filter was used on the
four traces containing the direct arrivals to separate the
upgoing and downgoing wavefields.

The data set after removing the direct arrivals is shown
in Figure 2.50. It is possible to identify five of the sev-
en unit boundaries individually. The n2 (a) reflection
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Figure 2.50. Synthetic VSP record for 6000-foot source off-
set after removing the direct arrivals. Reflections can
be identified from n2(a), Tcbw(b), n3(c), Tctw and n4(d),
Tlrw(e), and nS(f). Fault plane reflections from & and ¢
can be identified in two separate locations.
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is distinct, as it Qas on most'of the previous data sets.
The Tcbw (b) and n3 (c).reflections can be seen as separate
peaks on traces ¢ through 22. Lower in the borehole, only
one peak is seen until trace 5S4, where two peaks can be seen
down to trace 100. The Tlrw (e) and n5 (f) reflections can
be identified as distinctly separate events on traces 19
through 41, between 0.9 and 1.0 second.

The Tctw and né reflections can not be identified
uniquely, other than the hint of two peaks seen on traces
16, 17, and 18. On all cther traces, only one peak (d) can
be seen for the two events.

Reflections from fault planes 8 and 9 can be seen as the
near-vertical events at'B!éEo and o 930 second on traces 24
through 50. The reflection from the highest segment of
fault plane 7 (within Tpcw) appears as the peak which lies
along the 0.8 second time line on traces 4 through 40 and on
traces 43, 44, 47, and 50. This event is difficult to iden-
tify due to interference with the Tctw and n4 reflections.

A reflection from the highest segment of fault plane 8 can
be geen on traces 4 through 32 at 1.05 seconds. Finally, a
segmeﬂt of fault plane 9 within the Shardy Base (nl) pro-
duces a reflection on traces 46 through 56 at 1.450 seconds.
The gap in the n5 (£) reflection between traces 43 and

52 is due to offset across fault plane 1. The nS events on

traces 4 through 42 are events reflecting off the downthrown
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block. The nS refleqtion on traces 52 through 70 are
events reflecting off the upthrown fault block. Gaps in
the n3 and n4 reflections are not obvious on this data set,
making it diffi;ult to distinguish separate n3 and n4
reflections from the upthrown and downthrown blocks.

The ray tracing was repeated for a source ;ffset of 6000
feet, excluding the zerc reflection coefficient fault
planes. The raypath diagram from this ray tracing appears
in Figure 2.51. No segment of any fault plane appears to be
generating reflections. The synthetic data set created by
this ray tracing is shown in Figure 2.52. As in the previ-
ous data set, the four traces containing the first arrivals
were median filtered. fazyapgoihg wavefield appears in
Figure 2.53.

The n2 reflection (a) appears as a strong, consistent
trough which is easily identified. A strong peak (b) occurs
from Tcbw, but the underlying n3 trough is completely ob-
scured. The Tctw peak and the n4 trough interfere destruc-
tively and the result is a small peak (¢c) on most traces.

At trace 76, the small peak changes pelarity and becomes a
small trough. Selective ray tracing experiments showed that
this indicates a change in fault block. The string of small
peaks on traces 4 through 75 were generated on the down-

thrown block from Tctw. The troughs on traces 76 through

100 (d) are n4 reflections from the upthrown fault block.
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Figqure 2.52. Synthetic VSP record generated by the ray
tracing in Figure 2.51, after applying AGC. The direct
arrival trough appears on traces 81 through 84.
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set after removing the direct arrivals. Reflections can
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~ The Tlrw and nS reflections are very weak on this data
set. It is possible to identify the Tlrw peak (e) and the
nS trough (£f) on selected traces high in the borehole.

2.9 7000-foot source offset VSP

With the source offset 7000 feet to the east of UZ-§,
the seismic source is located at the center of a dry stream
bed. The model does not contain any alluvium, so coupling
of the computer source to the ground is probably consider-
ably better than an actual source would have at the same lo~
cation at Yucca Mountain.

Only fault planes 8 and 9 lie to the east of the source
for a 7000 foot offset.'f;a;ure;i.s4 shows a raypath diagram
for the model. Fault planes 8 and ¢ are seeh to generate
reflections. As for the model with a 6000 foot offset,
reflections are generated by horizons '‘on both the upthrown
and downthrown sides of fault planes. As seen on the dia-
gram, horizons n2 and n5 produce reflections from multiple
fault blocks.

The synthetic data set created by’ the preceding ray
tracing is shown in Figure 2.55. The AIMS ray tracing algo-
rithm was only able to find a single downgoing direct arriv-
al which intersected borehole UZ-6. The solitary direct
arrival trough appears on trace 88 and 0.695 second. In a

real physical situation, it is difficult to imagine that a
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Figure 2.55. Synthetic VSP record generated by the ray
tracing in Figure 2.54. The direct arrival trough appears
only on trace 88, at 0.695 second.
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direct arrival would only be able to intersect one of the
one hundred geophones in the borehole. It is possible that
the orientation of the fault blocks near the source makes it
impossible fqr the direct arrivals to reach the borehole in
this model. The single first arrival trough was muted out
of the data set. The upgoing wavefield appears in Figure
2.56. .

The reflections in Figure 2.56 have become difficult
to interpret. The peak wvhich arrives at 0.925 second on
traces 4 through €0 is a reflection from the highest seg-
ments of fault plane 8. The peak which arrives at 1.0 sec-
ond on traces 4 through 70 is a reflection from the highest
4segments‘of fault plane.;T‘- )

The reflection from n2 (a) is easy to identify as the
peak between 0.7 and 0.8 second on traces 7 through 32.

The remaining reflections required additional ray tracings
with selected horizons in order to identify the events.

The event on traces 46 through 100 between 0.7 and 0.8
second (¢) is_a reflection from n3. The event on traces 22
through 58 and on traces 64 through 70 near 0.8 second (b)
are reflections from tﬁo sections of Tcbw. The évents on
traces 64 through 70 come from the downthrown block west of
fault plane 1. The events on traces 22 through S8 come from
both the upthrown and downthrown blocks. It is difficult to

-

discern the break between the upthrown block events and the
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Figure 2.56.
set after removing the direct arrival.

identified from n2(a), Tcbw(b), n3(c), Tctw(d), né(e),

Tlrw(f), and n5(qg).
and S

can be identified at two locations.

112

Synthetic VSP record for 7000-foot source off-
Reflections can be

Fault plane reflections from faults 8
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downthrown block events.

The peaks on traces 30 through 41 at 0.850 second (d)
are reflections from Tctw. The peaks on traces 45 through
50 (e) are reflections from n4.

The remaining events are reflections from Tlrw (£f) and
nS (g). Since the reflections are coming from both upthrown
and downthrown fault blocks, gaps appear in the events. The
source of these events is seen more clearly on the next data
sets. '

Figure 2.57 is a raypath diagram for a 7000-foct source
offset with the zero reflection coefficient fault planes ex-
cluded. No reflections are generated from any segment of
fault plane 8 or 9. Thé';§;thetic data set created by this
ray tracing is shown in Figure 2.58. The single first ar-
rival on trace 88 was muted. The upgoing wavefield is shown
in Figqure 2.59.

The identification of the events is slightly easier in
this data'set since events have ﬁheir proper polarities.

The n2 trough (a) between 0.7 and 0.8 second is easily
identified once again. The strong peaks (b) at 0.8 second
aré from Tcbw. The string of troughs on traces 46 through
100 (¢) come from n3. Referring to the raypath diagram

in Figure 2.57, it is seen that the reflections from n3
travel a great distance through Tcbw, which has a high ve-
locity. The result is a unit, Tcbw, whose bottom reflection
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Figure 2.57. Raypath diagram for 7000-foot source offset VSP, excluding re-
flections from zero reflection coefficient fault planes.

LESE=T

P11




T=3637 115

Time (o)
- NMeTHUOCTONMD . NMTNECORTOO=NMTY
FTHFIFSESFSFSF L8 0000080800008 FF0
. = = )
[~
S =
- — ™
. <
G =
m|m
Ac - §
&
- 3 —
&
s o @
s e
P — ﬁ
E
e —— S
=
[—1 a— t -
-] -—Ij =
e —
] 2
-}
S o
- NV <O NQC = NMTLOCTINO =NMSTWN
FPEEFFFFSFF LI T 0 8 8 S 8 0 PP T FFF

Figure 2.58. Synthetic VSP record generated by the ray
tracing in Figure 2.57, after applying AGC. The sole
first arrival trough appears on trace 88 at 0.695 second.
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Figure 2.59. Synthetic VSP record for 7000-foot source off-
set after removing the direct arrival. Reflections can be
identified from n2(a), Tcbw(b), n3(c), Tetw(d), nd(e),
Tlrw(f), and nS(g). Polarity reversals are critical for
identifying these events.
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arrives before its top reflection on the deeper traces.

The small string of events on traces 30 through 41 at
0.85 second (d) come from Tctw. The string of troughs on
traces 45 through 50 (e) are generated from n4.

The reflections from Tlrw (£f) and n5 (g) are seen be-
tween 1.0 and 1.1 seconds on the shallow traces. On the
deeper traces, these reflection are fragmented. The peaks
on traces 69 through 76 at 0.95 second (f) are generated
from Tlrw on the downthrown block west of fault plane 1.
The troughs on traces 83 through 100 at 0.925 second (g)
are reflections from nS on the same fault block.

- - .
2.10 8000-foot source offset VSP .

The final modeling experiment for the UZ-6 borehole was
conducted using a source offset of 8000 feet to the east of
the borehole. All nine of the high-angle fault planes lie
to the west of the source, and can not be imaged by the re-
flection of seismic rays. Figure 2.60 is a raypath diagram
for this model. Several of the rays have very complicated
paths, such as the reflections from Tcbw and the reflec-
tions from the n3 horizons on fault blocks 5000 feet from
the borehole. The synthetic data set generated by this ray
tracing is shown in Figure 2.61.

The first arrival trough is seen at 0.790 second on

traces 76 through 93. This event was removed by median

e ey —— © 4 e e



Figure 2.60. Raypath diagram for 8000-foot source offset VSP. Reflectjons
from horizons on upthrown fault blocks can be seen. Since no fault planes
are imaged, this diagram shows the raypaths for both data sets generated at
this offset. :
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filtering. The resulting ﬁpgoinq wavefield is shown in
Figure 2.62.

In order to identify the events in Figure 2.62, it was
necessary to repeat the 8000-foot offset ray tracing using
only one or two reflecting horizons at a time. The reflec-
tion from n2 (a) is fairly easy to identify at 0.8 second.
The reflection from n3 on traces 30 through 100 (b) comes
from the fault block west of fault plane 1. The peaks on
traces 4 through 23 (b) also come from n3, but from fault
blocks 5000 feet to the east of UZ-6.

The peaks between 0.9 and 1.0 second on traces 4 through
27 (c) are reflected events from Tptw. Due to the lower
velocities along the tr;;:i-pathé for these events, the
events arrive later than reflections from deeper horizons.
The peaks on traces 14 through 22 at 0.920 second (d) are
reflections from nl. These events reflect at a very low
angle off the downthrown fault block west of fault plane
1 .

Reflections from Tctw (e) appear in three segments.
Several peaks at 0.950 second between events (b) and (c) on
traces 4 through 15 are reflections from Tctw on the fault
block between fault planes 2 and 3. On traces 48 through 70
at 0.9 second are reflections from Tctw on the fault block

between fault planes 1 and 2. Finally, the peaks on traces
94 through 100 at 0.850 second are Tctw reflections from



T-3637 121

Time (s)

o
& " -]
[~
" ~
(-]
w
# m
[
~ -
<
- [=]
:@ .4
5 w
: g
° L4
o o
s
2 3 R
x A
o -]
2
g &
o
a. —ad o (-}
= » [hen =
- NN ST NVOFNODNO=NNMLTNOFODNO—~NMTW
FIFSSSFSSFFL L L L0000 FFIFIFLF

Figure 2.62. Synthetic VSP record for 8000-foot source off-
set after removing the direct arrivals. Reflections can
be identified from n2(a), n3(b), Tptw(c), nl(d), Tctw(e),
Tcbw(f), n4(g), Tlrw(h), and n5(i). Interpretation of
this record required repeated ray tracings using only
selected horizons.



T=3637 122

the fault block west of fault plane 1.

Reflections from Tcbw (f) interfere with reflections
from Tctw on traces 64 through S0 at 0.875 second. As seen
with the 7000-foot offset data sets, reflections from deeper
horizons can arrive before or at the same time as reflec~-
tions from shallower horizons.

The reflections from né¢ (g) appear as the peaks on
traces 90 through 94 at 0.9 second. Another small set of
peaks from this horizon is hidden by the Tctw peaks at
0.850 second.

Finally, the reflections from Tlrw (h) and nS (i) ap~
pear between 1.0 and 1.1 seconds. The Tlrw peaks on traces
33 through S3 at 1.05 sé::;;s aré reflections from the fault
block between fault planes 2 and 3. The peaks on traces 74
through 100 are reflections from Tlrw on.the fault block be-
tween fault planes 1 and 2. The third set of Tlrw reflec-
tions appears at 1.04 seconds on traces 8% through %9 (h).
These events are generated from the fault block wesﬁ of
fault plane 1. Two segments of nS reflections can be ident-
ified. The peaks on traces 53 through 58 (i) at 1.04 sec-
onds come from the nS5 horizon on the fault block between
fault planes 1 and 2. The n5 peaks on traces 80 through 100
(1) are reflected from the fault block west of fault plane
1.

The ray tracing for the 8000 foot source offset was
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repeated excluding fault plane reflections. Since no fault
plaries provide reflections, the raypath diagram in Figure
2.60 is also the raypath diagram for this model. The data
set generated by this ray tracing is shown in Figure 2.63.

Since fault planes wére excluded, the program card con-
trolling reflection coefficients was turned on, giving the
events proper amplitudes and polarities. Although no re-
flections apbear in Figure 2.61 that do not appear in Figure
2.63, the polarities of the events give this data set a much
different appearance. The direct arrival troughs on traces
76 through ¢3 were removed by median filtering.

The upgoing wavefield appears in Figure 2.64. The n2
trough (a) appears on tfgg;; 39 Ehrough‘75 at 0.8 second.
The n3 trough (b) is seen on traces 30 through 100.

The other reflections require close comparison with Fig-
ure-2.62 in order to determine their sources. A set of
peaks on traces 4 through 20 at 0.98 second (¢) can be iden-‘
tified as reflections from Tptw. The peaks marked (d) cor-
respond to two segmenﬁs of reflections from Tctw. Peaks on
traces 48 through 70 come from the fault block between fault
planes 1 and 2. Peaks on traces 94 through 100 come from
the fault block west of fault plane 1.

Reflections from Tcbw (e) are indistinguishable from
Tctw reflections, but appear on traces €4 through S0 at
0.875 seccnd. .This was determined by selective ray tracing
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Figure 2.63. Synthetic VSP record generated by the ray
tracing in Figure 2.60, including the effect of the re-
flection coefficient. The direct arrival appears on
traces 76 through ¢93.
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Figure 2.64. Synthetic VSP record for 8000-foot source off-
set after removing the direct arrivals. Reflections can
be identified from n2(a), n3(b), Tptw(c), Tctw(d), Tcbw
(e), Tlrw(f), and n5(g). The event labeled (h) results
from the interference of nl, Tptw, n3, and Tctw reflec-
tions. Selective ray tracings were performed to aid in
the identification of the events.
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on Tcbw horizons. The three segments of Tlrw reflections
are denoted by (f). The events on traces 33 through 53 are
reflections from the fault block between fault planes 2 and
3. The peaks on traces 74 through 100 are reflections from
the fault block petween fault planes 1 and 2. The peaks on
traces 8% through 99 at 1.05 seconds are from the fault
block west'of fault plane 1. The troughs from nS (g) can be
seen at two locations. On traces 53 through 58 are reflec-
tions from the fault block between fault planes 1 and 2.

The troughs on traces 88 through 100 were generated from the
fault block west of fault plane 1.

The remaining event on this data set is denoted (h).
This set of peaks appeafzeaa traées 4 through 27 at 0.950
second.. The events are a result of the interference of
several reflections. Comprising these events are reflec-

tions from nil, Tptw, n3, and Tctw. None of these reflec-

tions can be identified uniquely on this data set.

2.11 UE25 UZ-9: Zeroc offset VSP

The computer model created for the previous modeling ex-
periments is not restricted to a single borehole location.
It is possible to move the borehole anywhere on the model.
It is also possible to define a non-vertical trajectory for
the borehole, if desired. For the following modeling exper-
iments, a vertical borehole extending 2000 feet below the
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surface was defined at the right boundary of the model.

This corresponds to the proposed location of the UE25 UZ-$
borehole at Yucca Mountain. As was the case for all model
studies using the UZ-6 borehole, the UZ-$ borehole data sets
all contain 100 traces spaced 20 feet apart.

Figure 2.65 shows a zero-offset ray tracing for the UZ-9
borehocle. The raypaths plotted intersect every fifteenth
receiver location in the borehocle. Rays can be seen reflec-
ting off six of the nine unit boundaries. HKorizons n4,
Tlrw, and n5 do not appear to be sending reflectiops back to
the borehole, although this diagram does not show every ray
which converges at UZ-9.

Since AIMS can only ;:E;gnizé the top of a subsurface
horizon (unless multiple reflections are desired), there is
no way for any of the nine near-vertical faults to be imaged
at the UZ-% borehole for any offset. AIMS horizons are de-
fined by points whose x-coordinates must increase from left
to right. Primary reflections can be generated only from
the top side of a horizon using AIMS, not the bottom side.

Figure 2.66 shows the synthetic data set created by the
preceding ray tracing, after applying an AGC. The first ar-
rival trough appears only on traces 1 through 28. The di-
rect arrivals don’t appear on lower traces due to refraction
at the nl horizon. The downgoing ray can not pass straight

through nl, it must refract to the left (west).  After the
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Figure 2.66. Synthetic VSP record generated by the ray
tracing in Figure 2.65, after applying AGC. The direct
arrival appears on traces 1 through 28.



T=3637 . 130

refraction occurs, there is no chance of the ray ever in-
tersecting the borehole. For a direct arrival to occur on
the deeper traces, the model would have to be extended to
the east slightly.

The first arrival trough was removed by applying an 11-
fold median filter to traces 1 through 28. The resulting
upgoing wavefield is shown in Figure 2.67. Reflections from
seven of the nine unit boundaries can be positively identi-
fied. The nl horizon produces a strong trough on traces 2
through 28. The strong peak on traces 1 through 34 corre-
sponds to Tptw.

The other five reflected eﬁents have a more interesting
character. The events lzgi-continuity from trace to trace.
Identification, however, is not a problem. The string of
troughs which appear intermittently on traces 37 through 82
between 0.2 and 0.3 second are reflections from n2. The n3
horizon produces a string of troughs on several of the
traces between traces 37 and 71. The three remaihing re-
.flections are peaks generated by Tcbw, Tctw, and Tlrw.

The appearance of the reflection; may be related to the
source aperture problems mentioned in earlier sections of
ghis paper. Alsc, refraction at the interfaces may contrib-
ute to the odd, sparse appearance of the reflections on this

data set.
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Figure 2.67. Synthetic VSP record for zero-offset VSP after
removing the direct arrivals. Reflections can be identi-
fied from ni(a), Tptw(b), n2(c), Tcbw(d), n3(e), Tctw(f),
Tlrw(g).
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2.12 UE2S UZ-9: 1000-foot source offseﬁ VSP

The secohd experiment using the UZ-% borehole was car-
ried out with a source offset of 1000 feet to the west of
the borehole. The raypath diagram for this model is shown
in Figure 2.68. Rays which intersect every fifteenth bore-
hole receiver are shown. Reflections from all nine unit
boundaries can be seeﬁ on this diagram. In fact, some
horizons produce reflections from three fault blocks.

A gurprising feature of this diagram is that AIMS has
ignored the surface topography while tracing direct arriv-
als. A ray can be seen traveling above thg surfacé of the
mountain between the source and the shallowest receiver.
Apparently, AIMS assigns the "air" above the topography a
velocity and a density equal t§ ﬁhat of Tpcw, the shallowest
unit. Fortunately, the direct arrivals are not important to
the modeling, and this inconsistency does not affect the
character of the reflected events.

The synthetic data set generated by the preceding ray
tracing, after applying an AGC, is shown in Figqure 2.69.

The direct arrival trough can be seen on the first 70 traces
and again on traces 88 through 100. The first arrival was
remcved by breaking the traces into two groups containing
the event and applying a median filter to each group. The
results were recombined to form the data set in Figure 2.70.

All nine of the unit boundaries can be seen in Figure
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Figure 2.69. Synthetic VSP record generated by the ray
tracing in Figure 2.68, after applying AGC. The direct
arrival troughs can be seen on traces 1 through 70 and
again on traces 88 through 100.
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Figure 2.70. Synthetic VSP record for 1000-foot source off-
set after removing the direct arrivals. Reflections can
be identified from nl(a), Tptw(b), n2(c), Tcbw(d), n3(e),
Tetw(£f), né4(g), Tlrw(h), and n5(i).
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2.70. The nl trough (a) is seen at 0.18 second on traces 1
through 24. The underlying Tptw peak (5} is seen on traces
1 through 3S.

The n2 trough is denoted by (c) and appears on traces 1
throuch 81. On the shallow traces, the event is seen to be
a double trough. The reason is apparent from Figure 2.68.
Reflections are coming from both the fault block east of
fault plane 9 and the fault block betweeh fauit planes 8 and
¢. The orientation of the fault blocks produces this dou-
bling of reflected events.

The reflections from Tcbw (d) also show this effect on
the shallower traces. Lower in the hole, only reflections
from the fault block east of fault.plane 9 appear on the
traces. The same is true for the n3 reflections (e). On
the shallow traces, a double trough is seen due to reflec-
tions coming from both fault blocks. The deeper traces show
only one trough coming from the fault block east of fault
plane ¢.

Reflections from Tctw (f) and n4 (g) exhibit the same
character, other than that high in the borehole three peaks
are seen for Tctw. These peaks come from three separate
fault blocks. On the deeper traces, only one Tctw peak (f)
and one n4 (g) trough appear, and the events are easily
identified as reflections from the fault block east of fault

plane $S.
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Finally, the'reflections from Tlrw. (h) are seen as nmul-
tiple peaks on most of the traces. Reflections are coming
from three fault blocks, a2nd many arrive at the same receiv-
er locations at slightly different times. Likewise, the
.double troughs representing nS§ (i) on traces 1 thréugh 12
are created as reflections from two different fault blocks
arrive at the shallow receivers. The nS troughs (i) on
traces 82 through 99 are reflections f&om-the fault block
east of fault plane 9.

2.13 UE2S UZ~9: 2000~-foot source offset VSP
The source was positioned 2000 feet west of UZ-9 for the -
next modeling experiment. The raypath diagram for this mod-
el is shown in Figure 2.71. As seen in the model with 1000 '
foot offset (Figure 2.68), a direct arrival can be seen ig-
noring the topography and traveling a straight line path be-
tween the source and the shallowest receiver. Once again,
this flaw does not interfere with the reflected arrivals,
and no harm is done to the experiment.

Reflections can be seen from every horizon on the fault
block between fault planes 7 and 8. Most of the horizons on
the fault block between fault planes 8 and 9 also produce
reflections, as do a few of the horizons on the fault block
east of fault plane 9.

The synthetic data set created from the preceding ray
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Raypath diagram for 2000-foot source offset VSP at borehole

Figure 2.71.
UE25 UZ-9.
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tracing (after applying AGC) is shown in Figure 2.72. The
first arrival trough is visible intermittently on traces 1
through 36 between 0.2 and 0.3 second. The trough is seen
more consistently on traces 51 through 100. The gap in the
first arrivals is due to a downward refraction of rays as
they cross fault plane ¢ and enter Tptw. The first arrivals
were removed by median filtering.

The resulting upgoing wavefield is seen in Figure 2.73.
The trouéhs;on traces 1 through 15 at 0.270 second are re-
flections from nl (a) on the fault block between fault
planes 7 and 8. The peaks that occur intermittently on
traces 1 through 36 at 0.3 second (b) are from Tptw. These
events were somewhat damaged by the ll-fold median filtering
used to remove the first arrivals.

The reflection from n2 (c) appears as a very small
trough on traces 1 through 50. The troughs on traces 1
through 39 are from the fault block between fault planes 7
and 8 and from the fault block between fault planes 8 and ¢.
The double troughs on traces 40 through 44 and on trace S0
were created by n2 reflections coming from ghe fault block
between fault planes 8 and ¢ and from the fault block east
of fault plane 9.

The reflections from Tcbw (d) appear as peaks on every
trace. The events are generated from all three of the east-

. ernmost fault blocks. On traces 51 through 57 at 0.475
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Figure 2.72. Synthetic VSP record generated by the ray
tracing in Figure 2.71, after applying AGC. The direct
arrival troughs appear intermittently on traces 1 through
36, and more consistently on traces S1 through 100.
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Figure 2.73. Synt:hetic VSP record for 2000-foot source off-
set after removing the direct arrivals. Reflections can
be identified from ni(a), Tptw(b), n2(c), Tcbw(d), n3(e),
Tetw(f), n4(g), Tlrw(h), and ns(i).



T-3637 _ | 142

second, two Tcbw peaks can be- seen on each trace. The peaks
are coming from both the faulf.block between fault planes 7
and 8 and the fault block between fault planes 8 and ¢. The
trough from n3 (é) is'- seen on most traces high in the bore-
hole, but it is a weak event or non-existent on the deeper
traces. From the raypath diagram, it is seen that the east-
ernmost fault block produces very few reflections from n3.

Reflections from Tctw (f) appear as peaks. Once again,
the events are produced from tﬁree different fault blocks.
Peaks on traces 1 through 67 were generated from the fault
block between fault planes 7 and 8. The event appéars as a
double peak on traces 55 through 67, due to additional re-
flections from the fault block between fault planes & and 9.
on the deeper traces, the double peaks appear again. This
is caused by Tctw reflections from both the fault block be-
tween fault planes 8 and 9 and from the fault block east of
fault plane 9. The troughs from n4 (g) are very weak, but
can be identified on most of the traces in the data set.

The reflections from Tlrw (h) are generated primarily
from the fault block between fault planes 7 and 8. These
peaks appear on traces 18 through $9 between 0.750 and 0.3800
second. On traces 84 through 99, double and triple peaks
appear, signifying that reflections are also coming from the
fault block between fault plane 8 and 9 and from the fault
bleck east of fault élane 9. Troughs from nS (i) show the
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same pattern, with most of the reflections coming from the
fault block between fault planes 7 and 8. A few double

troughs appear on the lower traces.

2.14 UE2S UZ-9: 3000-foot source offset VSP

The final modeling experiment was conducted using a
source 3000 feet to the west of borehole UZ-9. A raypath
diagram for the model is shown in Figure 2.74. An interest-
ing feature of this diagram is-th; fact that the direct ar-
rivals are not ignoring topography for this model. No rays
are tgaveling a straight line path from the source to the
shillawest receiver due to the aperture angle of the source.

Most of the reflections in this diagram are being gener-
ated on the fault block between fault planes 7 and 8. A
smaller number of reflections are generated on fault blocks
farther to the east. The seven lowest unit boundaries are
seen to produce reflections on this diagram, but horizons nl
and Tptw do not appear to generate events.

The synthetic data set created by the preceding ray

tracing after applying an AGC appears in Figure 2.75. The

| first arrival trough can be seen on traces 50 through 100.
These events were aligned and removed from the data set by
median filtering. The resulting upgoing wavefield is shown
in Figure 2.76.

The troughs representing n2 (a) on traces 1 through 57
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Figure 2.75. Synthetic VSP record generated by the ray
tracing in Figure 2.74, after applying AGC. The first
arrival trough appears on traces 50 through 100.
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are easy to identify. The change in slope of the event at
trace 35 corresponds to the nl/Tptw boundary in the bore-

hole. Above trace 35, velocity is lower causing the change
in slope on the data. This change can be seen on the other
reflections in this data set as well. .

Reflections from Tchbw kb) appear as peaks on traces 6
through 92 between 0.50 and 0.55 sécond. The events are
coming primarily from the fault block between fault planes 7
and 8.  However, double and triple peaks can be seen on
traces 78 through ¢2, indicating reflections ccming_from the
two fault blocks farther to the east. Reflections from the
underiying n3 (¢) can be seen best on traces 1 through 18,
and on traces 38 -through 48.

Reflections from Tctw (d) are relatively weak peaks
which do not appear on all traces. Most of the reflections
were generated from the fault block between fault planes 8
and 9. The same is true for the troughs (e) representing
n4. Interference with the Tctw peaks causes both ewvents to
have low amplitudes.

The fault block between fault planes 7 and 8 producesA
most of the reflections from Tlrw (£) and nS (g). The Tlrw
peaks appear on traces S1 through 99. The troughs from ns
are seen on traces 35 through 99. A second set of peaks ap-

pears on traces 77 through $5 between 0.80 and 0.82 second.

The reflections are from Tlrw on the easternmost fault block
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in the model, and arrive later than the reflections from the

fault block between fault planes 7 and 8.

2.15 Conclusions

The computer modeling experiﬁents provided many insights
about the éuality of data that can be recorded at different
offsets at Yucca Mountain. Identifying the reflections from
unit boundaries and krcm fault planes are major objectives
of the VSP surveys.

The key horizons to be imaged at Yucca Mountain are nl,
Tptw,-and n2. These horizons are above the static water
table, and Tptw is the potential repositery unit. The abil- .
ity to positively identify the top and bottom of this unit
is a primary objective, so that additional interpretation of
faults, fractures, and permeability zones within the unit
can be made.

The computer modeling experiments show that strong,
clearly identifiable reflections from nl, Tptw, and n2 can
be seen on data sets with a source offset up to 2000 feet
from borehole USW UZ-6. The nl and Tptw reflections did not
appear on the zero-coffset data sets, but this was due to
limitations of the modeling program. These events would
certainly appear on a field record. Beyond 2000 feet, the
elevation of the source decreases to the point that reflec-

tions from nl and Tptw are difficult to identify or are



T-3637 : 149

simply absent from the data sets.

The reflection from n2 could be identified on every rec-
ord out to.a soufce offset of 8000 feet, but the interpreta-
tion becomes more difficult as source offset increases. The
spacing between the n2 reflection and the deeper events de-~
creases with each offset. On a positive note, the n2 re-
flection is the easiest event to identify on most of the
data sets in the experiment.

Reflections from deeper horizons are confusing on data
sets beyond a source offset of 4000 feet. When the polarity
of events is honored, reflections from the tops and bottoms
of the thin welded units interfere. The interference can be
constructive, such as event (b) on Figqure 2.53. The inter-
ference can also be destructive, such as event (c) on the
same data set.

A second ocbjective of the modeling was to test the imag-
ing of the fault planes by the VSP. Reflections from seg-
ments of the fault planes within Tptw are clearly identifi-
able on data sets with socurce offsets out to 3000 feet. The
events are characterized by their near-vertical sleopes, in
most instances. At a source offset of 4000 feet, the fault
plane reflections become more difficult to identify. Re-
flections from fault planes 3 through 7 interfere with
reflections from the unit boundaries. This ocﬁurs to a les-

. ser degree on data sets with smaller source offsets,.but the
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reflections are easy to identify. The four fault.planes
farthest from UZ-6 were easily identifiable on the 5000-foot
soﬁrce offset record, but overall the modeling experiments
suggest that it is unrealistic to expect that fault plane
reflections will be clearly identifiable on records with
source offsets greater than 4000 feet. Delineation of the
Ghost Dance Fault (fault planes 2 and 3) will be of primary
importance during the field surveying, and the modeling ex-
periments suggest that this pair of faults can be clearly
interpreted on records with source offsets up to 3000 feet.
This, of course, assumes that the fault planes at Yucca
Mountain will generate reflections.

The computer modeling experiments show that the reflec-
tions from fault planes do not always appear with the same
slopes. The near-vertical slopes of the fault plane reflec-
tions are consistent on most records, but Figure 2.32 shows
that a fault plane reflection can also have a slope very
similar to the slopes of the unit boundary reflections. Re-
flections from fault planes 8 and 9 are clearly seen with
slopes comparable to the reflections (a) through (g). An-
other important observation was made on Figure 2.37. Re=-
flections from fault planes 3 and 4 are seen with downgoing
slopes, similar to the slope of the direct arrivals. The
downgoing slcope presents problems when using a median filter

to remove the direct arrivals. Aligning the direct arrivals
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along a line 6f equal time will also tend to align these
fault plane reflections along a line of equal time. Apply-
ing a2 median filter will remove both events from the data
set. It is proposed here that a muting step be added to the
median filtering process. The output from the median filter
will be a data set consisting of the aligned direct arrival
and the aligned fault plane reflections. This data set
should be completely muted after the aligned direct arrival.
Subtracting the muted data set from the original data set
will remove the direct arrival from the record without harm-
ing the fault plane reflections with downgoing slopes.

The computer modeling experiments using borehole UE2S
UZ-9 also provided useful results. As with the data sets
recorded at UZ-6, the key horizons to be imaged are n1,
Tptw, and n2. These horizons could be identified on each
data set out to a source offset of 2000 feet west of UZ=-9,
The reflections from nl and Tptw were not generated on the
data set with a source offset of 3000 feet due to the limi-
tations of the scurce aperture angle in AIMS. The renain-
ing horizons in the section were visible on each data set
ocut to a source offset‘of 3000 feet, with the exception of
two horizens which did not appear on the zero-offset data
set due to the source aperture problen.

AIMS was not capable of providing fault plane reflec-
tions in these models due to the orientation of the fault
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planes and how they must be defined to be read in by AIMS.
Evidence of reflections from different fault blocks was
apparent on these data sets, however. Several of the re-
flections on data sets recorded in UZ-9 had double troughs
or double peaks caused by the interference of feflections
from the same horizon on different fault blocks. If this
phenomenon exists at Yucca Mountain, the resulting data sets
may be confusing. The problem was greatest on the data set
with a source offset of 1000 feet, and became slightly less

severe with increasing offset.
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Chapter 3
PHYSICAL VSP MODELING PART I

3.1 Introduction

The second segment of the VSP. modeling experiments con-
sisted of generating synthetic vertical seismic profiles
from a2 physical model. A laboratory was created in room B70
of the Green Center at tge Cclorado School of Mines for this
purpose, and.the lab is the permanent home of the models
used in this section.

Figqure 3.1 is a schematic of the laboratory set-up used
in thé generation of the synthetic data. The experiment fe-
volves around the physical model itself. 2As shown in the
diagram, the first model was 8.4 feet long by 4.1 feet high.
It is a 1:1000 scale model of the cross-section between
boreholes UZ-6 and UZ=-S.

The model was created from two 8.4 feet by 4.2 feet
sheets of 1/4 inch thick PLEXIGLAS G acrylic. The model
cross section was transférred to the masking on one of the
sheets, and the welded volcanic units were cut from the
sheet as continuous strips. Since none of the high-angle
faults has more than 100 feet of offset, the strips could be
cut as single pieces. Faults are manifested as the "stair-
steps" in a given strip. The proper position of the strips
was lightly scribed onto the remaining PLEXIGLAS sheet.



Sourge
-
®
2
.
o
®
[ 4
Powey
Amp
TEK 11401 COMPAQ VAX QOULD
Amp Fiter 0 A‘r
Oaclloacope 3ae aeon [ 24.1:]

Figure 3.1. Schematic diagram of the laboratory equipment used to generate the
synthetic VSP data sets from a physical model.- The shaded areas of the model
are 1/4 inch thick regions of the model. The white areas are 1/2 inch thick.
A source transducer was placed along the surface of the model. A receiver
transducer was placed along the left edge, which served as borehole USW U2-6.

LE9E~-]

»ST



T~3637 | ' . ' 155

Using an industrial acrylic cement (IPS WELD-ON 3), the
contihuous strips were attached to the l;rge sheet, téking
great care to limit the air bubbles trapped between Ehe two
layers. Overall, the seai was very good, w:;;/only minor
areas of trapped bubbles.

Once dry, the model consisted of 1/2 inch thipk PLEXI-
GLAS for the welded units in the cross section, and 1/4 inch
thick PLEXIGLAS for the non-welded units. The shaded areas
in Fiéure 3.1 identify the 1/4 inch thick aréas of this mod-
el. The model was designed so that changes in thickness
would produce seismic reflections on a VSP record. Earlier
experiments on a rectangular sheet of PLEXIGLAS showed that
reflections from the bottom of the sheet would produce re-
flected events. This model is a uniform velocity model,
since PLEXIGLAS is the only material present. Although the
horizons have identical positions to the horizons in the
computer models, the density and velocity values of the
physical model are constants and do not correlate with the
actual density and velocity values at Yucca Mountain. While
the computer model values were determined from log informa-
tion, the density for this physical model was 1.17 gm/cc for
each of the layers. The p-wave velocity of the PLEXIGLAS
was determined experimentally to be approximately 7600 feet
per second.

Two holes were drilled through the model one inch from
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the surface- topography and one inch in from the left and
right edges; Four inch long segments of threaded rod were
inserted through the holes and bolted on each side so that
1.5 inches of rod protruded from each side of the model. A
silicone rubber sealant was injected around the rods in or-
der to suppress the magnitude of reflections generated by
the metal rod where it passed through the mddél.

Using the threaded rods as hanging posts, the model was
suspended two feet above the floor from a 10 feet long by 7
feet high redwood frame. Cotton rope was passed throuch
eye-=bolts anchored into the top beam of the frame, and
looped around the ends of the threaded reds. Cotton rope
was used to suspend the model instead of braided wire in
hope that the rope would help dampen vibrations from the
room.

A scale representing horizontal distance away from the
left edge of the model (used as borehole UZ-6) was painted
along the surface topography. Another scale was painted
along the left edge of the model to represent 40 foot depth
levels in borehole UZ-6 down to 2000 feet below the surface.
Since the scale of the model is 1:1000, the depth levels
were actually 0.04 feet apart.

On Figure 3.1, it is seen that the process of generating
a synthetic VSP trgée begins with a pulse generator. A GEN-
ERAL RADIO 1340 pulse generator was used to provide square
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waves in this experiment. The pulse generator sent a sync
pulse to the oscilloscope and a pggative pulse to a GENERAL
RADIO 1233-A power amﬁlifier to increase the voltage of the
pulse. This pul#é is transferred to the source transducer,
which is positioned on the top edge of the model at some
offset from the left edge of the model. For the work in
this thesis, all transducers used were products of PANAME=-
TRICS of Waltham, Massachusetts. For this physical model,-a
PANAMETRICS V101 transducer was used as a source. This
transducer vibrates longitudinally to the surface it rests
upon in response to the output from the power amplifier.
This transducer is analogous to a p-wave seismic source.
Tﬁe V101l transducer is 1 inch in diameter, and has a center
frequency of 500,000 hertz. .

The source transducer is coupled to the surface topog-
raphy of the model using a processed honey couplant pro-
duced by PANAMETRICS. Seismic waves travel through the two
diﬁensional model and are received by another V101 trans-
ducer on the the left edge of the model, which represents a
borehole geophone at a specific depth level in borehole
UZ-6. The receiver transducer is suspended from a string
and coupled to the PLEXIGLAS using the honey couplant.

It is seen on Fiqure 3.1 that the output from the re-
ceiver is passed through a HEWLETT PACKARD 4S50A amplifier,
which provides a gain of 40 db. An unfortunate problem



T=3637 158

occurred at this point in the acquisition. Output from the
receiver has very low amplitude and requires amplificagion.
The HP amplifier, however, was a very old unit which intro-
duced a large amount of 60 hz noise to the waveform. In or-
der to remove the 60 hz noise, it was necessary to pass the
signal through a bandpass filter. The only available unit
was a KROHN-EITE 330M bandpass filter, which had an upper
bandlimit of 20,000 hz. Signal bandwidth was set at 200~
20,000 hz td remove the 60 hz noise. Unfortunately, a2 great
deal of useful signal was lost due to the upper bandlimit.

Ouput from the filter was recorded by a TEKTRONIX 11401
Digitizinq Oscilloscope. The TEK11401 has the capability of
stacking up to 4096 waveforms to improve signal quality.

The stacked waveform can be displayed with 14 bits of
resolution. The scope is capable of sampling at 10 pico-
seconds per sample on a 10,240 sample waveform. For this
-md;;l, a 2 microsecond sampling interval was used.

For each receiyer location, 64 waveforms were stacked to
produce a waveform on the TEK1140l1 screen. The waveform was
then transferred to a COMPAQ 386 DESKPRO using a software
package called GURU II. The software was developed by TER-
TRONIX, and it transfers the waveform on the scope to the PC
across a GPIB cable éonnecting the two machines. The wave-
form was then stored temporarily on a high-density floppy
disk.
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After an entire set of traces had been recorded from the
model (multiple offsets, 50 traces per offset), the wave-
forms on floppy disks were transferred to the hard drive of
the COMPAQ. Using the KERMIT terminal communications soft-
ware, the waveforms were uploaded to a VAX 8600 mainframe
cemputer. This process can take up to 16 hours to complete
the uploading of 50 traces for 8 different source offsets
(400 traces). The traces were stored on the scratch disk of
the VAX 8600. | |

The uploaded traces are diskfiles which contain small
headers consisting of oscilloscope settings, followed by
strings of 5,120 integers. In order to use advanced VSP
processing software on the traces, it is necessary to con-
vert each trace into SEGY format. Kurt Ranzinger, a gradu-
ate student at CSM, has developed a series of programs which
convert the traces intoc proper format. Parameters defining
source and receiver locations are read from files by the
programs in order to insert the information into trace head-
ers for each waveform. After converting the files into SEGY
format, the data set is written to magnetic tape.

The magnetic tape containing the complete data set is
transferred to another mainframe computer, a GOULD $750,
which houses the VSEIS vertical seismic profiling software.
The SEGY traces are read in by VSEIS and treated just as if
- the data had come from a field survey.
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Eight synthetic vertical seismic profiles were fecorded
using the uniform velocity, variable thickness model. For
each of the eight source offsets (a zero-offset data set was
not recorded), 50 traces were recorded at 0.04 foot inter-
vals. When scaled by 1000, this meant recording gt 40 foot
intervals down to 2000 feet. The p;rameters in Table 3.1

were used to record all traces for this model.

a ecord ete

SAMPLE INTERVAL 2 microseconds

SAMPLES/TRACE 5120

STACKING FOLD 64

PULSE FREQUENCY 30 milliseconds

PULSE DURATION

20 microseconds

3.2 1000~foot sburce offset VSP

Filgure 3.2 shows the data set recorded with the source
transducer 1 foct (1000 feet) from the receiver borehole.
Depth incfeases down the page, and is annotated in feet be-
low the top of the borehole (left edge of the model). Just
as the distances have been scaled by 1000 fold, so have the
times. Time is shown increasing to the right, and is
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Figure 3.2. VSP data set recorded from the physical model
with a source transducer offset of 1000 feet (1 foot).
Three distinct events can be identified on the record.
The direct p-wave (&) can be seen on every trace. The
direct s-wave (b) and the surface wave (¢c) are clearly
visible. The noise spikes are caused by the plotter.
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annotated in seconds. The traces are 3.0 milliseconds long,
but appear as 3.0 seconds long due to the 1:1000 scale of
the model. The traces were chopped from 5120 samples down
to 1500 samples without the loss of any valuable signal.

Three events are seen on the figure. The initial trough
(a) is the direct p-wave. This event can be positively
ideﬁtified on every trace. The event labeled (b) is a di-
rect s-wave. Since the V101l transducers respond to motion
longitudinal to the surface, it should be expected that an
s-wave.arriving ocbliquely to the borehole will produce an
event on the trace. This also indicates that the V101
source transducer is producing some s-wave energy in addi-
tion to the p-wave energy.

The slope of this event is the key to its identifica-
tion. 1Its slope is less than that of the direct p-wave, in-
dicating a lower velocity. Also, the event is not seen on
the shallow traces. On the shallower traces, a direct ar-
rival strikes the receiver at an angle'approaching 90 de-
grees. Only p-waves would be recorded, not s-waves. The s-
waves require an oblique emergence angle to be recorded by a
longitudinal transducer.

The third event (¢) arrives considerably later in time
than the direct arrivals. This event is thought to be a
surface wave which travels along the surface topography and

down the borehole edge of the model. The event can be
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piéked due to its constant apparent velocity on every data
set. Since the apparent velocity (approximately 3700 feeg/
second) is the same for any source/receiver configuration,
the event must be traveling down the edge of the model. The
apparent velocities of events traveling through the model
change depending on the source offset. Also, although the
slope of the event is conétant, the event arrives later in
time as the source offset increases. This is consistent
with the belief that the wave is traveling along the topog-
raphy and then down the side of the model.

The three events identified on this data set are all
downgéing events which provide information about the veloc-
ity structure of the subsurface, but the events also mask
the appearance of the upgoing reflections. The events
nust be removed from the data by median filtering. The
first arrival times were picked interactively using VSEIS,
and the traces were shifted to align the first arrivals at
0.1 second. TFigure 3.3 shows the direct arrivals (a)
aligned.

An 1l1-fold median filter was used to remove the direct
arrivals from the data set. Figure 3.4 shows the data set
shifted back to its original time position after the first
arrivals had been removed. It also #ppears that the direct
s-wave was largely removed during the median filtering,

. which was an unexpected but welcome result. The surface
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Figure 3.4. VSP data set for 1000~-foot source offset after
removing the direct p-wave arrivals. A large portion of
the direct s-wave was also removed during the filtering.
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wave (a) is still quite prominent, however. It is possible
to remove this event by median filtering as well. The
arrival times for the surface waves were picked and the
events were aligned along a line of equal time.

Figqure 3.5 shows the surface wave (a) aligned aleng the
1.0 second time line. If the events were aligned at 0.1
second, as is done for direct arrivals, all information on
the traces before the surface wave arrivals would be shifted
off of the traces and lost. Aligning the events at 1.0 sec-
ond circumvents this problem. An 1ll-fold median filter was
used to remove the surface wave from the data set.

Figqure 3.6 shows the data shifted back to its original
time position after the first arrivals and surface wave had
been removed from the data. A few hints of upgoing reflec-
tions cén be seen in this figqure, but it is difficult to
make a sound interpretation. 1In order to enhance the up-
going energy, an FK filter was applied to the data. Figure
3.7.shows the FK spectrum of the data set before filtering.
Coherent downgoing energy appears in the left-hand plane.
Coherent upgoing energy appears in the right-hand plane.
Figqure 3.8 shows the FK spectrum of the data set after a
filter had been applied to remove energy in the left-hand
plane.

Figure 3.9 shows the data set tranformed back into the
time domain after the FK filter had been applied. Several
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Figure 3.5. VSP data set for 1000-foot source offset after
aligning the surface wave (a) along the 1.0 second time
line. The events are aligned and scaled in preparation
for spatial median filtering.
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Figure 3.9. VSP data set from Figure 3.6 after applying an
FK filter to remove residual downgoing energy. Several
upgoing reflections can now be identified. Event (a) is a
reflection from the shallowest thin region of the model,
nl. Event (b) is a reflection from n2, the next thin re-
gion of the model. Event (¢) is a reflection from n3, and
event (d) is a reflection from the bottom of the model.
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coherent reflections are now visible on the data set. The
event labeled (i) between 0.2 and 0.3 second on traces 1
through 12 is a2 reflection from the first thickness change
in the -physical model. Traces 12 and 13 are levels within
the nl unit of the model, and this reflection is not seeﬁ on
traces below trace 12. ‘

The model is 1/2 incﬁ thick between depth levels 14 and
35. At trace 36, the thickness changes to i/4 inch thick te
represegt the top of the n2 horizon. The event labeled (b)
is a reflection from this horizon, and can be seen on traces
17 through 3S5. It may be seen on traces 10 througﬂ 16 as
well, but it is a much weaker event. As noted earlier, re-
flections merge with direct arrival at the depth level of
the reflecting horizon.

The thickness of the model increases to 1/2 inch at a
level 0.29 feet below the level of trace 50. This corre-
sponds to the top of Tcbw. Tcbw is 0.21 feet thick from top
to bottom on the model. The model thins to 1/4 inch thick
again at the base of Tcbw to represent the top of n3.

The event labeled (¢) is a reflection from either Tcbw
or n3. The slope of the event suggests that this reflecticn
would merge with the direct arrival at the depth level of
n3. If this were indeed a reflection from Tecbw, it would
indicate that reflections can be generated from areas of

increasing model thickness (the tops of welded units) as
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well as from areas of decreasing model thickness (the tops
of non=-welded units). It is also possib}e that this event
could be a composite reflection from Tcbw and n3, since
the seismic resclution of this profile was limited. The
reflection can be seen easily on traces 3¢9 through 50. It
is also identifiable on traces 25 through 30 between 0.6
and 0.7 second. '

The next change in thickness occurs 1.08 feet below the
bottom of the borehole (trace 50). At the top of horizon
Tctw thickness increases to 1/2 inch. Tctw is a thin welded
unit and is only one inch thick from top to bottom. Al-
thougﬁ coherent upgeing events appear to the right of event
(c) on Figure 3.9, a definitive identification of a2 reflec-
tion from Tctw or n4 can not be made.

A final reflection should be expected from the bottom
edge of the model, which is 2.08 feet below the depth level
of trace S50. The event labeled (d) is interpreted as this
reflection. It is best seen on traces 34 through 46 between
0.9 and 1.1 seconds. The event is weaker but visible on
traces 14 through 32 between 1.1 and 1.3 seconds, as well as
on traces 2 through 5 near 1.4 seconds. The event was iden-
tified by projecting the slope downward to where an inter-
section with the projected slope of the direct arrival
would cccur. The result, though inexact, was consistent

with an event reflecting from the bottom of the model.
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A problem exists in the interpretation of the data set.
Figure 3.9 almost certainly contains both p-wave and p to s
converted wave reflections. Although the s}opes of the
events are different, it makes postive identification of
every event very difficult. Events which do not have a
clear identity have been left uninterpreted. Future model-
ing work with two-component receivers may.aid in the inter-
pretation of s-wave events in data sets in this thesis.

In order to test the interpretation of the data set in
Figure 3.9, an AIMS model was created to simulate the data
set recorded from the physical model. A velocity of 7600
feet/sec was inserted for every horizon in the computer
model used in Chapter 2, and a synthetic data set was cre-
ated for a source offset of 3000 feet. Thé data set appears
in Figure 3.10.

Event (a) is the reflection from nl and Tptw. The event
arrives roughly 100 milliseconds earlier than the event in-
terpreted as the nl reflection on Figure 3.9. This time
delay suggests that event (a) on Figure 3.9 is actually a

reflected s=-wave from horizon nl. The event does originate

' at the proper location for a2 reflection from nl, and the 100

millisecond delay would be consistent with the velocity for
an s-wave reflection instead of a p-wave reflection.

Event (b) is the reflection from n2, and this event cor-

.responds quite well with the event on Figure 3.9. Event (c¢)
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Figure 3.10. Synthetic AIMS data set simulating the 1000-
foot source offset data set using the uniform velocity
model. Event (a) is the reflection from nl/Tptw. The
event arrives 100 milliseconds before the nl reflection
on Figure 3.9, suggesting that the nl reflection on Figure
3.9 is an s-wave reflection. Reflections from n2(b) and
n3(c) correspond quite well (within 20 milliseconds) to

their counterparts on Figure 3.9.
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is the reflection from n3 and this event corresponds (within

20 milliseconds) of event (c) on Figure 3.9, which was in-
terpreted as a reflection from Tcbw or n3. The reasonably
close match between the computer model data and the physical
model d#ta suggests that‘the interpretation of the physical
model data set is sound.

The data set in Figure 3.9 was a very encouraging re-
éult. It showed that the laboratory setiup was capable of
generating and recording synthetic vertical seismic profiles
of interpretable quality from a complex model. The model

showed that thickness changes in a one-medium model can gen-

erate a significant amount of reflected energy.

3.3 2000-foot source offset VSP

The source transducer was moved to 2000 feet from the
borehole edge of - the model and 50 traces were recorded. The
resulting data set is shown in Figure 3.11. Again, three
distinct downgoing events can be identified on the record.
The event labeled (a) is cbviously the direct p-wave arriv-
al. The consistent trough can be seen on every trace be-
tween 0.3 and 0.4 seccn&. The character of the event
changes with depth due to attenuation.

The direct s-wave (b) is easy to identify on traces 22
through 50. As seen on the data set in Figure 3,2, the

event is not apparent on the shallow traces. This is again
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Figure 3.11. VSP data set recorded for a source transducer
offset of 2000 feet. Three major downgoing events can be
identified on this record. Event (a) is the direct
p-wave, event (b) is the direct s-wave, and event (¢) is
the surface wave. The surface wave is identified by its
characteristic constant slope from data set to data set.
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due to the fact that direct arrivals emerge at the borehole
at an angle approaching 90 degreeé on the shallow traces. A
shear wave must strike the borehole at an oblique angle to
be recorded by the V101 transducer. '

The third downgoing event is the surface wave (c¢). This
event has the same slope as the surface wave in Figure 3.2,
but it arrives later in time. On trace 50 in Figure 3.2,
the surface wave arrives 275 milliseceonds after the direct
s=-wave. On trace S0 in Figure 3.11, the surface wave ar-
rives 450 milliseconds after the direct s-wave. The surface
wave can be loosely compared to tube wave noise on a field
vsP reéérd. Both events are unwanted noise, and both travel
along the borehole wall.

The dewngcing events were removed by median filtering.
Both the direct p;wave ahd the surface wave were aligned
along lines of equal time and filtered. The direct s-wave
was largely removed while filtering out the other two down-
going events. The resulting upgoing wavefield is shown in
Figure 3.12.

As seen with the upgoing wavefield for the 1000-foot
source offset, a few hints of upgoing reflections can be
seen but it is difficult to inﬁerpret the individual events.
This data set was FK filtered in the same manner as was done
to the 1000-foot offset data set. Energy in the left-hand

plane of the FK plot was removed and the data set was
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Figure 3.12. VSP data set for 2000-foot source offset with
the direct p-wave and the surface wave removed. Upgoing
reflections are difficult to identify.
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transformed back to the time domain. The resulting data
set is shown in Pigure 3.13.

The reflection from the first thickness changé in the
model, the nl horizon, is labeled (2) on this figure. The
small peak appears on traces 1 through 12 between 0.3 and
0.4 second. The early arrival time of this event makes it
difficult to separate the event from the direct arrival.

The model thins to 1/4 inch at the boundary between Tptw
and n2. As noted earlier, this occurs at depth level 36 on
the left edge of the ﬁ;del. The reflection from this hori-
zZon is labeled (b) on the data set. The event can be iden-
tified on traces 1 through 34, although it is strongest on
traces 8 through 2S.

The event labeled (c) is the reflection from Tcbw (and/
or n3). It is best seen on traces 35 through 50. Although
identification is difficult, the peaks on traces 37 through
SO0 that arrive 150 milliseconds after the Tcbw peaks may be
reflected events from Tctw. Thi; event is labeled (4).
Since the horizon is so thin, this reflection would be a
composite reflection from Tctw and né.

A reflection from the bottom of the model is not read-
ily apparent. The event labeled (e) is the strongest
candidate, but it arrives very late for it to be the bottom
reflection. The event can be seen on most of the traces be-

tween trace 20 and trace 50.
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Figure 3.13. Data set in Figure 3.12 after applying an FK
filter to remove residual downgoing energy. Reflections
can be seen from nli(a), n2(b), Tcbw/n3(c), Tctw/n4(d), and
from the bottom of the model (e). The bottom of the model
reflection is arriving quite late in time and may be a p-s
converted reflection.
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Ags with the 1000-foot source offset data set, an AIMS
model was created in order to test the interpretation of
Figure 3.13. The synthetic data set appears in Figure 3.14.
Event (a) is the reflection from nl, which corresponds
within 20 milliseconds of the nl reflection on Figure 3.13.
Reflections from n2(b), n3(c), and Tctw/n4(d) all correspond
with their counterparts on Figure 3.13 within 20 millisec-
onds, suggesting that the interpretation of the physical
model data set is sound. Due to the cost of computer model
tests, ﬁo further computer models were run to test inter-
pretations in Chapter 3. FKnowledge gained from the modeling
on the 1000-foot and 2000-foot source offset data sets was

applied to the interpretation of the remaining data sets.

3.4 3000-foot source offéet VSP

Figure 3.15 is the data set recorded for a source offset
of 3000 feet. The direct p-wave trough (a) shows a near-
vertical slope. As source offset increases and source ele-
vation decreases, this result can be expected on later data
gsets as well.

The direct s-wave (b) can be seen intermittently on
traces 14 through 50, As source offset increases, this
event should disappear almost completely. The direct arriv-
2ls will emerge almost perpendicular to the borehole at

every depth level. The surface wave (c) is seen with its
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Figure 3.14. Synthetic AIMS data set simulating a 2000~
foot source offset record using the uniform velocity
model. Event (a) is a reflection from nl and corresponds
well with the nl reflection on Figure 3.13 (within 20 mil-
liseconds. Reflections from n2(b), n3(c), and Tctw/n4d (d)
all correspond with their counterparts on Figure 3.13
within 20 milliseconds.
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Figure 3.1S5. VSP data set recorded for 3000-foot source
offset. Three downgoing events can be identified. Event
(2) is the direct p-wave. Event (b) is the direct s-wave,
which is best seen on the deeper traces. Event (c) is the
surface wave, which has the same slope on every data set
but continues to arrive later in time,
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characteristic slope on traces 5 through 50. It continues
to arrive later in time ag source offset increases.

Times were picked to align the direct arrivals and sur-
face wave Qlcng 1lines of equal time. Both events were re-
moved by median filtering. The direct s-wave largely
disappeared during the median filtering. The resulting
upgoing wavefield is shown in Figure 3.16.

Once again, a few upgoing reflections can be seen. The
FK filtér was used to enhance the upgeing events and to
eliminate any remaining coherent downgoing energy. The data
set after FK filtering is shown in Figqure 3.17.

A faint hint of the reflection from nl (a) can be seen
on traces 4 through 11 between 0.45 and 0.55 second. The
peaks are very weak and~§ifficult to identify. |

The n2 horizon (depth level 36) provides both an identi-
fiable p-wave reflection (b) and what appears to be a p to s
converted reflection (c). Both events appear to originate
at trace 35, which identifies them as n2 reflectionﬁ. The
reflections have decidedly different slopes, however, indi-
cating different velocities.

The n3 reflection is labeled (d), and is best seen on
traces 35 through 50. The slope of this event suggests that
it is a p to s converted reflection, although this can not
be proved. The best candidate for a reflection from the
bottom of the model is event (e). It is difficult to
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Figure 3.16. VSP data set for 3000-foot source offset after
removing the direct p-wave and the surface wave. Upgoing
reflections can be seen, but are difficult to identify.
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Figure 3.17. VSP data set from Figure 3.16 after applying
an FK filter to remove residual downgoing energy. A faint
hint of the nl(a) reflection can be seen on the shallow
traces. Event (b) is a p-wave reflection from n2, while
event (c) is most likely a p to s converted reflection
from n2. Event (d) is a reflection from n3, and event (e)
may be a reflection from the bottom of the model.
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poéitively identify reflections which do not merge with the
direct arrival, however.

This data set appears to contain a wide mixture of p-
wave and s-wave reflections. Several cocherent events appear

'in this data set that have not been identified.

3.5 4000~-foot source offset VSP

Fifty traces were recorded with the source transducer
4000 feet from the borehole. The resulting data set is
shown in Figure 3.18. The direct p-wave arrival (a) is seen
on every trace. This event now has a nearly vertical slope.
There are only 15 milliseconds of time difference between
its arrival time on trace 1 and its arrival time on trace
50. The direct s-wave (P) is best seen on trages 40 through
50. As noted earlier, the s-wave must emerge at an obligue
angle to be recorded. A sufficiently oblique emergence an-
gle exists only on the deeper traces. The characteristic
slope of the surface wave (c) makes this event easy to iden-
. tify on this data set.

The direct p-wave was removed with an 1l-fold median
filter, as was the surface wave. The resulting upgoing
wavefield is shown in Figure 3.19. The n3 reflection (a)
is the only upgoing reflection which can be positively iden-
tified on this record. As with previous data sets, an FK
filter was applied to suppress remaining downgoing energy
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in the data set. Figure 3.20 shows the data set after an FK
filter was applied. |

The reflection from nl (ai is still visible on this data
set. The peaks occur on traces 3 through 10 between 0.6 and
0.75 second. This event would be impossible to identify
withoﬁt prior knowledge of its position from the previous
data sets.

The 3000 foot offset data set showed both a p-wave and a
p to s converted reflection from horizon n2. This occurs
again on this data set. Event (b) is a p-wave reflection
from n2. The event is strongest on traces 6 through 14, but
it appears to originate at trace 35, where an n2 reflection
would merge with the direct arrival. The p to s converted
retlecgion (c) also originates at trace 35. This event has
2 lesser slope than even£ (5), indicating its lower veloc-
ity.

The n3 reflection (d) is a strong event on the deeper
traces. The event labeled (e) may or may not be a reflec-
tion from né. If it is not an né reflection, it could be
an g-wave reflection from Tcbw. The event labeled (f£) has
an arrival time consistent with an event reflecting from the
bottom of the model. '

on the computer models, the reflections grew closer to-
gether as the source offset increased. Interpretation be-

came increasingly difficult. The same effect is beginning

L
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Figqure 3.20. VSP data set in Figure 3.19 after applying an
FK filter to remove residual downgeing energy. Reflec-
tions can be identified from ni(a), n3(d), n4(e), and from
the bottom of the model (£). The event labeled (b) is a
p-wave reflection from n2, and event (¢) is a p-s con-
verted reflection from n2.
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to occur on the physical model data sets.

3.6 5000-foot scurce offset VSP

The source transducer was next positioned 5000 feet from
the receiver borehole. Traces were recorded at each of the
S0 depth levels. The data set for this profile is shown in
Figure 3.21. Two of the three major downgoing events can
be identified. The direct p-wave arrival (a) is seen nearly
aligned at 0.74 second on each trace. The surface wave (b)
can also be identified later on the traces. The direct s-
wave is not cbvious on the data. It is possible that the
direct s=-wave is now arriving so nearly perpendicular toc the
borehole that the V101 transducer can not pick up the mo-
tion.

The direct p-wave and the surface wave were removed with
an 1ll-fold median filter. The resulting data set is shown
in Figure 3.22. The data were passed through an FK filter
in order to enhance the faint upgoing reflections. The data
set after applying the FK filter is shown in Figure 3.23.

The event labeled (a) appears to be a reflection from
n2. It is difficult tc positively identify, but it is cer-
tainly possible that this event is a p to s converted re-
flection from n2. The slope of the event suggests an s-
wvave, not a p-wave.

The n3 reflgction (b) is a strong event on the deeper
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Figure 3.23. VSP data set from Figure 3.22 after applying
an FK filter to remove residual downgoing energy. The
faint reflection labeled (a) is a reflection from n2, pos-
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is a strong event on the deeper traces. The event labeled
(c) is probably a reflection from the bottom of the model.
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traces. It is clearly seen on traces zs‘throuqh 50. The
slope of the event suggeéts that this is a reflected p-wave.
The final event that may be identified with reasonable ‘con-
fidence is the event labeled (c¢). This event is in the
proper position to be a p~wave reflection from the bottom of

the model. It is best seen on traces 34 through 48.

3.7 6000~foot source offset VSP

In order to keep the source spacing consistent with the
computér models, the V101l source transducer was placed 6000
feet away from the borehole edge of the model. Referring
to Figqure 2.48, it is seen that a scurce 6000 feet from
the borehecle rests on the east side of a dry stream valley.
Oon the physical model, a source transducer positioned at
this offset points away from the receiver edge of the model.
This caused a substantial decrease in the amplitude of the
recorded signal. Fifty traces were recorded for the 6000
foot source offset. The resulting data set is shown in
Figure 3.24. '

The first arrival trough (a) is difficult to see on the
shallow traces. This was completely expected, when the
source crientation is taken into account. The event is more
prominent on the deeper traces, such as on traces 24 through
£0 at 0.875 second. The surface wave (b) can be identified

on the record, but it is not as clear as it had been on

B s 2 S ah- R R IR RS
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The surface wave (b) is also difficult to see

The direct p-wave (a) is difficult to see on the
on certain traces in this record.

shallow traces, due to the orientation of the source

offset.
transducer.

Figure 3.24.
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previous data sets.

The direct p-wave and surface wave were féméved by medi-
an filtering. The resulting data set is shown in Figure
3.25. No upgoing events are obvious on this record. An FK
filter was applied to the data in order to bring out any co-
herent upgoing energy that existed on the rececrd. The data
set after filtering is shown in Figure 3.26.

Only one event on this data set is identifiable. Event
(a) is quite possibly a reflection from the bottom of the
model. The arrival time and slope of the event suggest that
this is a p to s convefted reflection.

The orientation and offset of the source transducer were
obvicusly detrimental to the quality of the traces in this
data set. No useful information about the subsurface could
be obtained from this record.

3.8 7000-foot source offset VSP

Fifty traces were recorded with the source 6850 feet
from the borehole. A stream valley appears 7000 feet from
the borehole,_gnd the one inch wide V101 source transducer
would not properly rest on the model at this point. There-
fore, the source had to be positioned on the west bank of
the small valley.

The data set recorded for this source offset appears in

-Figure 3.27. The first arrival (a) appears aligned along

S e egpaes  meme e s Rreesyemmets e s
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going events are obvious on this record.
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the 1.0 second time iiné. At this offset, the first arriv-
als actually appear earlier on the deeper traces than on the
shallower traces. The surface wave (b) is slightly more
difficult to identify on this data set than on previous da-
ta sets.

At this offset, any upgoing reflections would have
very steep slopes. This suggests that using a higher fold
median filter to separate wavefields would be in order.
Figure 3.28 shows the data after applying an 1ll-fold medi-
an filter to remove the direct p-wave. The event labeled
(a) is an upgoing reflection which is fairly coherent. A
15~fold median filter was then applied to the original data
set to remove the direct p-wave. The resulting data set is
shown in Figure 3.29. Tpe upgoing event (a) is slightly
more coherent on traces 35 through 50 than on the same
traces in Figure 3.28. Since the reflection quality was
better with the higher fold filter, the 15-fold filter was
used for both the 7000-foot and 8000~foot source offset
data sets.

The surface wave was removed with a 15-fold median fil-
ter as well, and the resulting data set is shown in Figqure
3.30. It is very difficult to identify the reflected
events. An FK filter was applied to the daga to enhance the
upgoing energy. The resulting data set is shown in Figure
3.31.
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Figure 3.28.

VSEP data set for 7000-foot source offset after

using an 11-fold median filter to remove the direct
p-wave. An event labeled (a) can be seen on traces 36

through 50.
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Since reflection quality was improved by using the higher
fold filter, a 15-fold filter was used for the 7000-foot
and 8000-foot source offset data sets.
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Figure 3.31. VSP data set from Figure 3.30 after applying
an FK filter to remove residual downgoing energy. The
event labeled (a) may be a reflection from n3, or possi-
bly a reflection from the bottom of the model. It is dif-
ficult to make a positive identification at this offset.
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The reflected event (2) may be a reflection from the
n3 horizon. At this offset, positive identification‘is
difficult. Evént (a) can be seen on traces i9 through 29
and again on traces 34 through S0. It.is also possible that
this event is a p-wave reflection from the bottom of the
model, although its arrival time is slightly early for a
bottom reflection.

3.9 8000-foot source offset VSP

The final data set recorded for the uniform velocity,
variable thickness model was taken with a source offset of
8000 feet. The fifty traces are shown in Figure 3.32. The
direct arrival (a) can be identified on every trace at 1.1S
seconds. The only other identifiable event is the surface
wa§e (b). ‘

The direct p-wave and the surface wave were removed from
the data set using a 15-fold median filter. The resulting
data set is shown in Figure 3.33. Very little upgoing ener-
gy can be seen in this diagram. An FK filter was applied to
the record to try to enhance the reflected events. The data
set after filtering is shown in Figure 3.34.

At this greﬁt offset, interpretation is difficult, even
on the computer generated data sets in the preceding chap-
ter. Only one upgoing reflection is strong enough to war-

rant an attempted interpretation. Reflection (a) may be a
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Figure 3.34. VSP data set from Figure 3.33 after applying
an FK filter to remove residual downgoing energy. The
event labeled (a) may be a reflection from n3 or a reflec-
tion from the bottom of the model. Positive identifica-
tion is difficult.
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p-wave reflection from n3. It can be seen on traces 32
through 50. It is also possible that this is a reflection
from the.bottcﬁ of the model. Positive identification is
impossible on this record.

3.10 Conclusions .

The results in Chapter 3 indicate that the system used
to generate and record synthetic VSP records functioned very
well and that it is possibleAto model VSP surveys at Yucc#
Mountain with a physical model.

A major objective at Yucca Mountain is to delineate the
repository unit. The reflections from nl, Tptw, and n2 are
the most important events 'on the records, since these hori-
zons are in the unsaturated zone. A réflection which is
identified as an nl1 reflection is seen on data sets with
source offsets as great as 4000 feet. Beyond 4000 feet, the
effect of topography keeps the nl horizon from being imaged.

The reflection from n2 can be identified on data sets
with source offsets as great as 5000 feet. Beyond 5000
feet, the event can not be identified.

The most consistent event from record to record is the
reflection from n3. It can be identified on data sets with
source offsets as great as 5000 feet, and may even be visi-
ble on the 7000-fcot and 8000-foot source offset data sets.

- Although the delineation of this horizen is not as critical
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as the delineation of horizons in the unsaturaéed zone, it
is encouraging that some of the deeper horizons are identi-
fiable on the VSP records.

The uniform velocity physical model did not contain any
fault planes which could be imaged, other than tpe small
stair-steps in the welded units. No indication of a reflec-
tion from these small segments was seen on any of the data
sets.

The quality of the data sets in Chapter 3 was very en-
couraging, since the 200-20,000 hz bandpass filter was in
the recording system. Even though a large amount of high
frequéncy signal was lost dﬁring the recording process, the
resolution of the reflections was still quite good. Many
events could clearly be identified, and the close corre-
spondence with the computer medels confirmed that the inter-
pretations were sound.

The data sets contained a large amount of upgoing shear
wave energy. These events can also provide a great deal of
information about the subsurface and will be discussed again
in Chapter 5.
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_ Chapter 4
PHYSICAL VSP MODELING PART II

. 4.1 Introduction

The physical VSP modeling in Chapter 3 was conducted
using a model composed of PLEXIGLAS. Although the thickness
of the model varied, seismic velocity was uniform through-
out. * A second modgl of the Yucca Mountain cross section be-
tween boreholes UZ-6 and UZ~-9 was created using two materi-
als with different seismic velocities.

The first material was once again 1/4 inch thick PLEXI-
GLAS G acrylic sheet. The p-wave velocity was stated earli- .
er to be 7600 feet/second. The second material used was 1l/4
inch thick LEXAN sheet, a polfbarbonate which has many ap-
plications in the bullet-proofing industry. Several fﬁctors
made LEXAN the material chosen for the model. First, the
LEXAN has a p-wave velocity of 5250 feet/second (deter-
mined experimentally). This provided a velocity contrast
with the PLEXIGLAS, but not hn extreme contrast. Second,
the material was relatively inexpensive ($150 for a 4 feet
by 8 feet sheet). Third, creating a model from two plastics
was easier than creating a model from a plastic and a metal,
for example. Aluminum sheet was considered as a possibility
fof the model, but many factors ruled against it. Cost,
weight, #nd the high p-wave velocity (approximately 20,000
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feet/second) all made aluminum a poor choice.

Figuré 4.1 shows the model created from the two materi-
als. White areas of the model were made from the higher
velocity PLEXIGLAS and represent the welded units in the
section. Shaded areas of the model were made from the lower
velocity LEXAN and represent the non-welded units. While
the first model haé uniform velocity and variable thickness,
this model had variable velocity and uniform thickness.

Creation of the model began by cutting 4 feet long
strips of the materials to represent the volcanic.pnits.

For example, the nl unit is 80 feet thick. Since the model

has a2 scale of 1:1000, a sheet of LEXAN was cut into a rect- -
angle 4 feet long and 15/16 inch wide. The PLEXIGLAS strip

representing Tptw (870 feet thick) was cut into a rectangle

4 feet long and 10 7/16 inches wide.

The seven 4 feet long strips were cemented together side
by side in segquence to form a rectangular cross section of

Yucca Mountain. An industrial acrylic cement, IPS WELD-ON

' 40, was used to hold the pieces together. Three of these

4 feet long cross sections were completed before moving
ahead in the creation of the model.

After the cement had hardened sufficiently (24 hours),
faults were cut across the rectangular sheets that repre-
sented the nine high-angle faults in the cross section. The

proper offset along each fault was calculated and the
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pieces were cemented back together using the indusérial ce-
ment. Since several of the fault blocks in the cross sec-
tion had been rotated, it was necessary to maintain proper
dip on each fault block in the model. 1Instead of cutting
the fault on the rectangular sheet and cementing the two
pleces back together again with a small offset, it was often
necessary to cut a pie-shaped section off cne of the pieces.
When the two pieces were cemented back together again, hori-
zZzons on each fault block had the proper dip. Since the
faults in this modeling experiment all have an identical dip
of 75 degrees but several of the fault blocks have different
dips, it was necessary to solve the obvious space problem by -
shaving off small sections of some of the fault blocks.

Once the entire model had hardened, the surface ﬁopog-
raphy was cut along the top of the model with a hand held
saw. Threaded rods were later inserted through the top cor-
ners of the model to serve as hanging posts. Cotton rope
was used to suspend the model from the redwood frame. Dis-
tance scales were painted along the surface and down the
borehole edge of the model to assist with the placement of
the transducers. '

This model differs from the uniform velocity model in
many ways. The mecdel in Chapter 3 had a flat bottom surface
while this model stops. at the bottom of the Tctw unit. As

previously mentioned, this model consists of two materials
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with different seismic velocities. Also, the model actually
contains fault planes (cemented together), while the‘'uniform
velocity model contained only offset horizons. The faults
in .this model may be a good representation of the faults at
Yucca Mountain. In the model, 2 thin layer of cement holds
the horizons across the fault together. In most cases, the
horizons across the faults are the same material. The sit-
uation at Yucca Mountain is similar. As noted earlier, it
is possible that mineralization has occurred along the fault
planes, and the planes may act as reflecting horizons. The
faults in the model could provide a system for testing how
well fault planes can provide reflections.

Two configurations for the recording system were used
for the variable velocity model, the second of which will be
discussed in Section 4.10. The first configuration is shown
in Figure 4.1 The segquence of components is identical to
the recording sequence in Figure 3.1 The signal begins in
the pulse generator and is passed to the power amplifier.
The power amp drives the V101 source transducer, which is
placed at various cffsets from the left edge of the model.

Another V101l transducer acts as the borehole geophone
and is coupled to the left edge of the model. Output from
the transducer is passed through a gain amplifier. At this
point, the recording system in Figure 4.1 differs from the
. system in Figure 3.1. The filter used in Chapter 3 was a
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200-20,000 hz bandpass filter which severely limited the
quality of the data. The filter in Figure 4.1 is a 50,000~
1,600,000 hz bandpass filter designed by Kurt Ranzinger.
This filter allowed the signal to be recorded without inter-
ference from the 60 hz noise and without cutting out the
high fregencies.

output from the filter is displayed by the TEK1140l1 os~
cilloscope. The waveform is transferred to the COMPAQ 386
by the GURU software package. As before, the waveforms are
then transferred to the VAX 8600 mainframe. The data are
converted to SEGY format shot records and written to mag-
netic tape. The traces are read from tape by VSEIS on the
GOULD 9750, and additional VSP processing on the records is
carried out.

The following parameters were used to record the traces

for each of the eight source offsets:

c ete

SAMPLE INTERVAL 400 nanoseconds

SAMPLES/TRACE 120

STACKING FOLD 128

PULSE FREQUENCY 30 milliseconds

PULSE DURATION 20 microseconds
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4.2 1000-foot source offset VSP

The first set of fifty tfaces was recorded for a source
offset of 1000 feet. The resulting data set is shown.in
Figure 4.2 The amplitude of the signal output from the
bandpass filter was very low and the vertical rescolution of
the oscilloscope had to be maximized during the recording of
the data. For this reason, the nocise level of the data sets
will continue to grow as source offset increases. 1In Figure
4.2, the direct p-wave (a) is seen to dominate the record.

Several features of the direct p-wave are interesting.
The p-wave travels through PLEXIGLAS to reach the receiver
transducer at depth levels 1 through 11l. The character of
the direct p-wave is very consistent on these traces. The
receiver is coupled to the LEXAN strip representing nl at
depth levels 12 and 13, however. The amplitude of the di-
rect p-wave drops off slightly at these depth levels. This
phenomenon is labeled (1) on the data set.

The receiver is coupled to PLEXIGLAS at depth levels 14
through 35, and the character of the direct p-wave is very
consistent once again. At depth level 36, the receiver is
coupled to LEXAN which represents the n2 horizon. The char-
acter of the direct p-wave is consistent on traces 36
through 50, but different from the direct p-wave on traces
14 through 35. More noticeable is the change in slope of
the direct p-wave at trace 36, labeled (2). The lower
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Figure 4.2. Data set recorded for a source offset of 1000
feet. The direct p-wave (a) dominates the data set. At
traces 12 and 13, the receiver is coupled to LEXAN and the
amplitude of the p-wave decreases noticeably (1). Also,
when the p-wave enters the n2 horizon at trace 36 (2), the
slope of the event changes dramatically indicating that it
has entered a lower velocity mediun.
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velocity of the LEXAN causes this obvious change in slope of
the direct p-wave.

This data set was median filtered to remove both the di-
rect p-wave and the direct s-wave. The median filtering
module in VSEIS can only accomodate 4000 samples per trace,
which presented a problem on this data since it contains
5120 samples per trace. By carefully aligning unwgnted
events along early time lines, it was possible to remove the
unwanted events and still preserve most of the important
reflection energy on the 4000 sample long traces output by
the median filtering module. Before shifting the filtered
record back to its proper time position, the traces had to
be padded with zZeros to extend the length of the traces back
to 5120 samples. The traces céuld then be shifted back to
their proper time position without losing events off the
trailing ends of the traces. The resulting data set is
shown in Figure 4.3.

The data appear very noisy in Figure 4.3. Me&ian £fil-
tering did not do a thorough job of removing the direct ar-
rivals. 1In order to improve the appearance of the data, a
Zero-phase, low pass filter was applied. The high-cut half
amplitude point was 100 hz with a roll-off slope of 12 db/
octave (100/12). The data set, after application of the
filter, is shown in Figure 4.4. It is still very difficult
to identify any upgoing reflections. The reflection labeled
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Figure 4.3. Data set in Figure 4.2 after removal of the
direct p-wave and the direct s-wave. The data set is very
noisy and no upgoing reflections can be identified.
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Figure 4.4. Data set in Figure 4.3 after application of a
100/12 low pass filter to remove high frequency noise.
The filter did little to improve the quality of the up-
going reflections. Only the reflection from the bottom of
the model (a) is seen.
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(a) appears to be a reflectiqn from the bottom of the model.

In order to enhance the quality of the upgoing events,
an FK filter was appiied to the data. Unfortunately, the
VSEIS module for applying an FK filter outputs a trace that
is only 2048 samples in length. Before applying the filter,
a bulk shift was applied tc the data set to remove the dead
portion of the traces before the direct p-wave arrived. 1In
this way, a larger portion of the important data is saved
during the filtering.

The FK spectrum of the data set in Fiqure 4.4 is shown
in Figure 4.5. As noted earlier, the coherent upgoing ener-
gy is plotted in the right-hand plane. Coherent downgoing
energy is plotted in the left-hand plane. Any reflections
from a fault plane would be expected to have a near-vertical
slope on the data, and would plot along the vertical axis of
the FK plot. Reflections from fault planes are an important
objective of the experiment, so the FK filter must be de-
signed to preserve the events if they exist. Figure 4.6
shows the FK filter that was'applied to the data. The £fil-
ter was chosen to pass all energy in the right-hand plane as
well as energy having a downgoing slope up to 2 milliseconds
per trace. Fault plane reflections should be passed by such
a filter. Figure 4.7 shows the FK spectrum of the data set
after application of the filter.

The data were traﬁsformed back into the time domain and
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shifted back to the proper time position. The data set ap-
pears in Figure 4.8. Several upgoing reflections can bg
identified. Event (a) is a reflection from Tptw, the
LEXAN/PLEXIGLAS contact which occurs at depth level 14.
Event (b) is a p-wave reflection from n2, the PLEXIGLAS/

_LEXAN contact at depth level 36. The event labeled (¢) is a

p to s converted reflectiocn that reflects from n2. The
merging of this event with the direct p-wave at trace 3§,
and the difference in slope from event (b), are the criteria
that were used to identify this event.

The event labeled (d) is a reflection from n3. This
event is best seen on traces 36 through 50. The event la-
beled (e) is interpreted as the reflection from the.battom
of the model.

A reflection from a fault plane would have to travel
approximately 7000 feet to reach the borehole. At the very
earliest, the event would appear as a near-vertical event
between 0.9 and 1.0 second. Due to the limitations on trace
length in the FK filtering module, it was not possible to
save any information after 0.9 second on this data set.

The interpretation of the data set in Figure 4.8 was
verified by computer modeling. The AIMS model in Chapter 2
was modified to contain seismic velocities which corre-
sponded to the PLEXIGLAS and LEXAN horizons in the physical
model. Figure 4.9 is the synthetic data set created by



T=-3637

Depth (1)

Figure 4.8.

FESESFTESE

plication of the FK filter in Figure 4.6.

reflection from Tptw.
Event (c) is a p=s reflection from n2.
The event labeled (e) is inter-

nz.

a reflection from n3.

Time (3)
N OO -=NMTWO~-OdD
é 53 Q‘J g 8 8§ 8 8 g8 8 8 8 8
ot el el et ewmi G ovni ol ol cand
n
{21 :
A -
:vA.- o, —
) ™~
n - ;
e
a8 -]
WAV
' VY
g' " % [ P -
2 'i“su\g T -
\'-'.-\'\4; § Y J - s
‘:: Wi - I 3 i :
‘ - AR I S—— : !
. | ! 4 ] i ) i | H
T ~k‘; § 1 I : H )
Y J " i . ] ] []
T I T T
A . -
z
_ NPT N~ ONMNQ -=NMM<TWOoO~TCED
ERCIERENC - B

230

Data set for 1000-foot source cffset after ap-
Event (a) is a
Event (b) is a p-p reflection from

Event (d) is

préted to be a reflection from the bottom of the model.
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Figure 4.9. Synthetic AIMS data set simulating the 1000~
foot source offset data set in Figure 4.8. Event (a) is
the reflection from Tptw. The event arrives 40 millisec-
onds before the Tptw reflection on Figure 4.8. Reflec-
tions from n2(b), n3i(c), and n4(d) all correspond well
with the reflections from these horizons on Figure 4.8.
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AIKS. Event (a) is the reflection from Tptw. This event
arrives earlier than the Tptw reflection on the physical
model data set in Figure 4.8 by about 40 milliseconds. The
cause of this delay is not clear, but it is possible that
slight differences exist between the computer cross section
and the physical cross section. This may be causing the
slight difference in arrivals times from this horizen.

Event (b) is the reflection from n2, and corresponds
quite well with the n2 reflection on the physical model data
set. The arrival time of the p-p reflection on Figure 4.8
is almost identical to the arrival time of event (b) on
Figure 4.9

Event (¢) is the reflection from n3, and the arrival
time of this event is very close to the arrival time of the
n3 (d) reflection on Figure 4.8. Event (d) is the reflec-
tion from n4 on the computer model. This corresponds to
event (e) on Figure 4.8, which is the reflection from the
bottom of the model (n4). The difference in.arrival times
of the two events is very small, on the order of 10 milli-
seconds.

The close correspondence of the computer model data set
to the physical model data set suggests that the interpreta-
tion of Figure 4.8 is sound.
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4.3 2000-foot source offset VSP

The source was placed 2000 feet from the borehole and
fifty traces were recorded. The data set for this offset
appears in Figure 4.10. Three major downgoing events can be
identified. The direct p-wave is labeled (a). As noted on
Figure ¢.2, changes can be noted in the direct p-wave. Amp-
litude of the direct p-wave on traces 12 and 13 (labeled 1)
is seen to be much less than on surrounding traces. This
corresponds to the depth levels at which the receiver is
coupled to LEXAN (nl).

Event (b) is the downgoing direct s-wave, which is best
seen on traces 36 through 100. The surface wave (¢) is dif-
ficult to identify on many of the traces.

An additional event appears on this data set that has
not been identified to this point in the thesis. Event (d)
can be seen to originate at depth level 36, where it merges
with the downgoing direct s-wave. The point of origin and
the slope of the event suggest that this is a downgoing s to
p converted wave, which is converted at the n2 boundary.

The three major downgoing events were individually
| aligned and median filtered. The resulting upgoing wave-
field is shown in Figure 4.11. A considerable number of up-
going reflections can be seen on traces 25 through 50. The
reflections, however, are from deeper horizons and do not

-merge with the direct p-wave. This makes identification
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Figure 4.10. Data set recorded for a source offset of 2000
feet. The amplitude of the direct p-wave (a) is seen to
decrease on traces 12 and 13 (1). The slope of the event
changes at trace 36 (2) as the p-wave enters n2. The
s-wave (b) and the surface wave (c) can also be identified

on the record. The event labeled (d) originates at trace
36 and appears to be an s to p converted wave.
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number of upgoing reflections can be seen on the data, but
the events can not be positively identified.

Figure 4.11.
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difficult. Shallow reflections are obscured by noise. 1In
order to remove the high fregquency noise, a 100/12 low pass
filter was applied to the data. The resulting data set is
shown in Figure 4.12.

- Using the low pass filter did little to impro?e the
quality of the shallow reflections. The reflection from the
bottom of the model (a) is the only prominent reflection
which can be identified. The other prominent event in this
data set is not even a'reflecticn. Event (b) is the down-
goeing s to p converted wave, which survived the meé}an fil-
tering. _

The traces in Figure 4.12 were shifted 250 milliseconds
toward zero time so that an FK filter could be applied to as
much ofbthe valuable information as possible. The data were
filtered with the FK filter shown in Figure 4.6 in order to
preserve both upgoing reflections and any fault plane re-
flection that might be present in the data. The resulting
data set is shown in Figqure 4.13.

The FK filter vastly improved the quality of the upgeing
wavefield. Event (a) is a reflection from Tptw. It is seen
to originate at trace 14, as expected. Reflections from n2
are more difficult to identify on this data set than on Fig-
ure 4.8. The event labeled (b) appears to be a p-wave re-
flection from this horizon, however.

Event (¢) is a reflection from n3 and is easy to
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identify on traces 23 through 50. The event labeled (d)
appears to be a reflection from Tctw or from the bottom of
the model.

A reflection from a fault plane could not be identified
on this data set. Such a reflection should appear as a
near-vertical event between 0.8 and 1.0 second, but no event
meeting this description is seen.

As for the data with an offset of 1000 feet, an AIMS
modeling experiment was conducted to test the interpreta-
tion. The synthetic data set is shown in Figure 4.14.
Event (a) is the reflection from Tptw, which corresponds
almost perfectly with the Tptw reflection on Figure 4.13.
Since this event matched on the data sets for this offset,
it is not clear why the event did not match perfectly on the
data sets for a 1000-foot source offset.

Event (b) is the reflection from n2, which corresponds
nicely with the n2 (b) reflection on Figure 4.13. Event (¢)
is the reflection from n3, which matches the n3 (c) reflec-
tion on Figure 4.13. Event (d) is the reflection from n¢,
and it also matches the physical model data quite well.
Event (d) on Figqure 4.13 is the reflection from the bottom
of the model, which corresponds to the n4 horizon.

The excellen; match between the computer and physical
model data sets suggests that the interpretation of Figure
4.13 is sound. Due to the cost of the computer modeling
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spond quite well with their counterpart reflections on

Fiqure 4.13.
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studies and the success of the experiments for the first two
source offsets, computer modeling was not performed on the

remaining data sets, except for the 4000-foot offset record.

4.4 3ooo-£oo£ source offset VSP

Figqure 4.15 shows the data set recorded for a source
offset of 3000 feet. The direct p-wave (a) dominates the
record. As seen on earlieé data sets, p-wave amplitude de-
creases when the receiver is coupled to nl at depth levels
12 and 13 (1). The change in waveform must be due to the
properties of the LEXAN sheet, or due teo the bondiﬁq between
the PLEXIGLAS and the LEXAN strips. The slope of the direct .
p-wave is seen to change at depth level 36 (2), where the
model changes from PLEXIGLAS to LEXAN.

The direct s-wave (b) is best seen on traces 36 through
S0. As seen in Chapter 3, the direct s-wave must strike the
receiver obliquely to be recorded. For that reason, the di-
rect s-wave will always be most apparent on the deeper
traces of these records. The surface wave (c) is difficult
to identify until the direct arrivals have been removed from
the data set.

Event (d) appears to be the s to p converted wave that
was first seen in Figure 4.10. The event originates on
trace 36, the level where the direct s-wave enters n2. The

event has a higher velocity within n2 than does the direct
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s-wave.

The three major downgoing events were individually
aligned and removed from the data set by median filtering.
The resulting data set is shown in Figure 4.16. This
data set does not show many identifiable reflections. At
this offset, the amplitude of the signal on the osci;lo-
scope was starting to decrease noticeably. The vertical
resolution of the oscilloscope had already been maximized
and nothing else could be done to increase the amplitude.
The noisy appearance of this data set is due to the very low
signal amplitude. This data set was filtered with a 100/12
low pass filﬁer, and the resulting data set is shown in
Figqure 4.17.

The low pass filter did little to improve the quality of
the data. The only event which is clearly identifiable is
the s to. p converted arrival (a).

The traces were shifted by 300 milliseconds toward zero
time, and the FK filter in Figure 4.6 was applied to the
data set. The traces were transformed back to the time do-
main and shifted back to their original time position. The
resulting data get is shown in Figure 4.18.

The event labeled (a) is the p-wave reflection from
Tptw. The faint peaks can be seen on traces 1 through 6.
Event (b) is an interesting set of peaks that also appears
-to originate at trace 12. The slope of the event suggests
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Figure 4.18. Data set for 3000-foot source offset after ap-
plication of the FK filter in Figure 4.6. Event (a) is
the p-p reflection from Tptw. Event (b) appears to be an
s-s reflection from Tptw. Event (c) is the p-p reflection
from n2. Event (d) is the p-s reflection from n2. The
reflection from the bottom of the model is labeled (e).
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that it is an s-s reflection from Tptw.

Horizon n2 produces two faint reflections that priginate
at trace 35. Event (c) is the p-wave reflection from the
horizon. Event (d) appears to be the p to s converted
reflection from the horizon. Both events are very faint.

Reflections from n3 are not easily identified on this
data set and can not be located on the deeper traces as had
been the case on previous data sets. Event (e) appears to
be.the reflection from the bottom of the model, and is best
seen on traces S throuch 27. As with the previous data
sets, a fault plane reflection can not be identified on this
record. '

4.5 4000-foot source offset VSP

Figure 4.19 shows the data set recorded for a source
offset of 4000_feet. Once again, the direct p-wave (a) dom-
inates the data set. The familiar amplitude loss on traces
12 and 13 (1) is seen again on this data set.

The direct s-wave (b) is seen on traces 33 through 50.
The event becomes more prominent after the direct p-wave is
removed. The same holds true for the surface wave (¢).

All three major downgoing events were individually
aligned and median filtered. The resulting data set is
shown in Figure 4.20. Once again, a 100/12 low pass filter
was applied to remove the high frequency noise from the



248

N.J WW_.W_ ww:ﬂ:. s q_m H_ﬂ-.pc,:%“ 0%
G
BIAEL ST .& ﬂw W 8 °
(R2eeeterRlisShESEELIIN) e

MU

Time (s)

T=3637

SR
v
€9
2%
19
0%
6%
8 "0
L0
e ha )
s
v
€%
2%
1%

The direct s-wave (b)

www& { M&._

/A

Py

v

Data set recorded for a source offset of 4000

The amplitude of the direct p-wave (a) is seen to

decrease at traces 12 and 13 (1).

€1

and the surface wave (¢) can also be identified.

feet.

(1) urdeg

Figure 4.19.



249

Time (s)

T=-3637

T - ITTr 1117 _ - ) ‘Y ¥
i T oz
$IEELE Er RIS I
M 3_ (11100394334} 023} p_ { e
UL 7HIS8EE
Av.v ~WﬁL A#-V
JELEELE p UL
Lhr )} 39 p) 0
) 41.' .v ﬂ-
3 kwm.vw ¥
Ry
ﬂ,ﬁw.m.. Mw T: .
{1 55<sgv<csd ]33 ; | ( i
“.“ 4"# AR L 4 4 vv. hﬁ._ 3 AA.UL.‘;
T —o%
i HHH g 5
i v "0
. €D
THIT -2%
1%
0EZ®  09¥®  08a®  nze®  nat¥  awst® pred T

(1) videg

This

Data set in Figure 4.19 after removal of the
direct p-wave, the direct s-wave, and sufrace wave.

data set is very noisy.

Figure 4.20.



T=3637 250

data. The filtered data set is shown in Figure 4.21.

The only reflection which can be identified on this re-
cord is event (a), the reflection from the bottom of the
model. This reflection can be seen primarily on traces 18
through 50. ‘ ‘

The traces were shifted by 500 milliseconds toward zero
time before applying the FK filter in Figure 4.6. The data
were transformed back into the time domain and shifted back
to proper time position. The resulting dati sét is shown in
Figure 4.22.

The reflections are becoming more difficult to identify
as source offset increases. Increasing the stacking fold
may increase the signal quality slightly and provide a
record with stronger reflections. Event (a) is a faint hint.
of the reflection from Tptw, although it is extremely weak.
The event labeled (b) is a reflection from n2. It origi-
nates at trace 35, and has the slope of a p-wave reflection.

Event (c) appears to be a reflection from n3 and is seen
as a weak event on the deeper traces. Event (d) is almost
certainly a reflection from the bottom of the model.

One event on the data set appears to be a reflection
from a fault plane. Event (e) has a very steep slope on
traces 20 through 36. The arrival time of the event is con-
sistent with the time expected for a reflection from fault
plane 3. An AIMS model was created for this offset, using
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Figure 4.22. Data set for 4000-foot source offset after ap-
plication of the FK filter in Fiqure 4.6. Reflections can
be identified from Tptw(a), n2(b), n3(c), and from the
bottom of the model (d). Event (e) has a very steep slope
and is interpreted to be a reflection from fault plane 3.
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only fault plane reflections from faults 3, 4, and 5. The
data set is shown in Figure 4.23. Event (a) is the reflec-
tion from fault plane 3, and corresponds quite well with the
arrival time of event (e) in Figure 4.22. The close match
between the two events suggests that a fault plane reflec-
tion has been recorded from the physical model. Event (b)
is the reflection from fault plane 4 and event (c) is the
reflection from fault plane 5. These events were included
so that their arrival times could be compared with the

arrival time for event (a).

4.6 5000-foot source offset VSP

The signal on the oscilloscope was very weak for a
source offset-of 5000 feet. Figure 4.24 shows the data set
recorded fdr this offset. The data are very noisy, although
the three major downgoing events can be identified. The di-
rect p-wave (a) can be seen on every trace, although it be-
comes very weak on the shallow traces.: The direct s-wave
(b) can be seen on the deeper traces. The surface wave (cC)
is visible on traces 1 through 37.

The three downgoing events were removed by median fil-
tering. The resulting noisy data set is shown in Figure
4.25. A few faint upgoing reflections can be seen on the
data. To remove the high frequency noise, a 100/12 low

pass filter was applied to the data and the result is shown
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Figure 4.23. Synthetic AIMS data set simulating the fault
plane reflections from fault planes 3(a), 4(b), and 5(c)
for a source offset of 4000 feet. Event (a) corresponds
well with the reflection from fault plane 3 (e) on Figure
4.22, suggesting that a fault plane reflection has been
recorded from the physical model.
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in Figqure 4.26. ,

Very few identifiable upgoing reflections are seen in
Figure 4.26. The traces were shifted toward zero time by
650 milliseconds and the FK filter in Figure 4.6 was ap-
plied to the data. The traces were transformed back into
thé time domain and shifted back to their proper time
position. The data set is shown in Figure 4.27.

The reflected events are still very weak. Event (a) ap-
pears to be é reflection from n2. The event labeled (b)
could be a reflection from n3, but it is not possible to
positively identify the event. Finally, the event labeled
(c) iQ almost certainly a reflection from the bottom of the
model.

No fault plane refléctions were identified on this data

set.

4.7 6000-foot source offset VSP

In order to record a 5,120 sample trace at a 400 nano-
second sample interval for this offset, it was necessary to
shift each trace by 500 milliseconds before recording. The
direct p-wave does not arrive until 0.9 second, so no infor-
mation is lost by shifting the traces.

Signal amplitude was very low at this offset, which made
for a very noisy data set. Fiqure 4.28 shows the fifty
traces which comprise this record. The direct p-wave (2) is
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‘difficult to identify on every trace, although it is consis-
‘tent on traces 14 throhgh 30.

Since the direct p-wave is so inconsistent, aligning the
event along a line of egqual time was not performed. An FK
filter was used to separate wavefields for tliis data set,
without first using the median filter. For median filtering
to be effective, accurate time picks are crucial. It is not
possible to make the accurate time picks on this data set.

The FK filter was applied to the data set after using a
100/12 low pass filter to remove the high frequency noise.
Figure 4.29 shows the data after application of the FK f£il-
ter.

The only events which can be identified- are the reflec-
tion from n2 (a) and from the bottom of the model (b). Even
this interpretation is suspect. It is possible that no up-
"going reflections can be identified for this offset.

4.8 7000-foot source offset VSP

Figure 4.30 shows the data set recorded for an offset of
6850 feet. Placing the transducer at 7000 feet was not pos-
sible for the reason mentioned in Chapter 3. A small stream
valley appears at 7000 feet, and the V101 transducer is too
‘wide to couple properly at this location.

As with the 6000-foot offset data set, these traces have
been shifted toward zero time by 500 milliseconds. The
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Figure 4.29. Data set for 6000~-foot source offset after ap-

plication of a 100/12 low pass filter and an FK filter to
remove the downgoing energy present in the data.
(2a) appears to be a reflection from n2, although this in-

terpretation is suspect.

reflection from the bottom of the model.

Event

Event (b) is interpreted as the
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seen on several of these very noisy traces.
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seconds during recording.

Figure 4.30.
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direct p-wave (aj can be clearly seen on traces 21 through
36. The event is not as obvioué on the remaining traces.
For this reason, median filtering was not used to remove the
direct p-wave. .

The data set was filtered with a 100/12 low pass filter
to remove the high frequency noise. An FK filter was then
applieﬁ to separate the upgoing and downgoing wavefields.
The resulting data set is shéwn in Figure 4.31.

The upgeing wavefield contains a few coherent events,
particularly on traces 20 through 38. The poor data quality
on the remaining traces makes identification of the events
very difficult, since no reflection can be seen merging with .
the direct arrival. No events are positively identifiable

on this record.

4.9 8000-foot source offset VSP

The final data set recorded with this configuration of
the recording sysﬁem used a source offset of 8000 feet. The
extremely noisy data set is shown in Figure 4.32. The data
quality is so poor that even the direct p-wave can not be
identified on this data set.

The data set was filtered using a 100/12 low pass filter
to remove the high frequency noise. An FK filter was then
applied to the traces to see if any upgoing energy existed
in the data set. The resulting data set is shown in Figure
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4.33.

Surprisingly, the data set in Figure 4.33 does contain a
few coherent upgoing events. The reflection labeled (a) ap-
pears to originate at trace 35, suggesting that it is a re-
flection from n2. The slope of the event suggests that it
is a p to s converted reflection, but that can not be
substantiated.

No other events can be positively identified in this
data set. '

4.10 An additional recording configuration

Tﬁe acquisition of new electronic equipment during theV
Summer of 1988 allowed the recording of additional traces
from the variable velocity model. A new pair of source and
receiver transducers was used to record two additional data
sets. PANAMETRICS V133 transducers were used as a séurce
and as a receiver. The transducers are only 1/4 inch in di-
ameter and have a center frequency of 5,000,000 hz. It is
possible to send much higher frequency signals into the
model using these transducers.

A new device for pulsing the source transducer was ac-
quired from PANAMETRICS, a PANAMETRICS 5055 pulser/receiver.
This unit was substituted for the GENERAL RADIO pulse gener-
ator and power amplifier in Figure 4.1. The PANAMETRICS |
unit was able to supply a higher voltage to the transducer
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than was the power amplifier.

The PANAMETRICS unit also served as a 40 db gain ampli-
fier for the receiver transducer. Since the HP gain ampli-
fier could now be removed from the acquisition system, the
primary source of 60 hz noise was gone. ;he.so,ooo-
1,600,000 hz bandpass filter was also removed from the
acquisition system since the 60 hz problem had been elimi-
nated. In effect, the PANAMETRICS pulser/receiver replaced
four of the boxes in Figure 4.1. oOutput from the PANAME=-
TRICS amplifier was fed directly to the digitizing oscillo-

scope and the waveforms were recorded.

4.11 1000-foot source offset VSP ‘

' Fifty traces were recorded using the small V133 trans-
ducers for a source offset of 1000 feet. Figure 4.34 shows
the recorded data set. For all of the advantages provided
by the PANAMETRICS pulser/receiver, there was also a major
disadvantage. Cross-feed into the amplifier output caused a
noise burst to appear on the output channel that was syn-
chronized with the triggering pulse. The noise burst can be
seen on Figure 4.34, aligned at zero time. The burst has a
tail (a) which lasts for 300 milliseconds (scaled down to
real time, the tail is only 300 microseconds in length).

This data set contains dozens of spikes that are dis-
tributed randomly on the traces. Actually, the spikes do
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not appear in the data. Interactive processing on graph-
ics terminals did not show the spikes, which appear only on
plots from the electrostatic plotter. In fact, the spikes
only appeared when plotting the initial data set that was
transferred to the GOULD from the VAX. The spikes disappear
after additional processing is done on the data set. There
may be a minor flaw in the programs which send the traces
from one mainframe to the other that causes these spikes on
the paper plots. Since the spikes do not actually exist on
the traces the problem is harmless.

Since the noise bursts were perfectly aligned én the
zerc second time line, it was possible to apply a median
filter to the data to remove the events. A 17-fold spatial
median filter was used for the separation. The filtered
data set appears in Figqure 4.35. Traces recorded at depth
levels 35 through 50 are very noisy compared to the remain-
der of the record. These traces were recorded with the re-
ceiver coupled to LEXAN instead of PLEXIGLAS. ‘

Figqure 4.35 shows that the noise burst was largely re-
moved by the median filtering. However, since the amplitude
of the signal was very low to begin with, removing the high
amplitude noise spike made the data appear much noisier.. 2
100/12 low pass filter was applied to the data set. The re-
sulting traces are shown in Figure 4.36.

The three major downgoing events are now clearly seen.



272

T-3637

Time (s8)

0%
6@
8
L™
99
|
A
£
2
19
0™
6“0
8 "0
L%
99
g%
v %

2%
1%

e
s
4
A Y,

P
'\

2

'i
e

M
by |
R |

¥

1l

0ZL

L}

09R ¥

(3) usdeg

azi

HIRHLL L
orkl 0891

Figure 4.3S.

Data set in Figure 4.34 after application of a

17-fold median filter to remove the noise burst.



T=3637 273

ime (s)

[l
[ Al
kf
f— A
-« ~
~ - ~
u y "“ il__
n Y
= SN N —|
z 1 -
- i
s 4 1 A0 IO Y
—"R A N
= L Ja. A
Ny G TP
=~ [T
LI N [T
. A =
- Y Y Do
» 32 e A
- .
P s
- A 3 A
[-§ Pk P A
[ g ol pum AA
a & Yo iul{ P “n-
P - ; =
P
- A g 1N A
2 | o Y
- Jd P
-
' o o 0
pedpmpehis
3 A o | g -
2 {“ X . —1 A, ! -
- s G 3 hon A e
S a1 v AL Py o T '
]'E‘::*‘:‘; — e ol _‘]' . i v |
g 1\ o ~ Ky - | A
o O ot iy L ]
™ ) S
[ g 1, N : A . 1
14 "ﬂV’ DO by AN +
Han (00 Rt DR A =
Y ¢ [
~NMTNOCONO = NMTNOSOOO
SIISIFS SIS I 999092597009
- eamul wat we v o -— - ot o
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The three major downgoing events are now clearly seen.
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face wave (c) can be identified.
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The direct p-wave (a) is a very ringy event, which is some-
what discouraging. The direct s-wave (b) is seen as a much
sharper pulse on traces ¢ through 46. The surface wave (c)
is very consistent on every trace. The slopes of all three
events. change at trace 36 as the events enter the lower ve-
locity LEXAN.

The downgoing events were aligned along lines of équal
time and removed by median filtering. Figure 4.37 shows the
data set after removing the direct p-wave. The direct
s=-wvave (a) and the surface wave (b) dominate the data set.
The median filter was not completely effective in removing
the direct p-wave, particularly'on traces 36 through S0.

Figqure 4.38 shows the data set after the removal of the
gurface wave. The median filter was considerably more ef-
fective in removing this event. Only the direct s-wave (a)
remains on the record.

The direct s-wave was also removed by median filtering.
The data set is shown in Figure 4.3%. Unfortunately, the
data are still so noisy that no upgoing reflections can be
identified. The FK spectrum of the record is shown in Fig-
ure 4.40. A filter was designed to remove all energy in the
left~hand plane. The resulting spectrum is shown in Figure
4.41.

Figure 4.42 shows the record after application of the FK
filter. The data set is strangely devoid of identifiable

© e w, mme cmsempesigw T = v, =
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Figure 4.42. Data set for a source offset of 1000 feet
after application of the FK filter. The event labeled (a)
appears to be an s-s reflection from nl. Event (b)
originates at trace 35 and is interpreted as a p-s con-
verted reflection from n2.
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upgoing_reflecticns. The event labeled (a) appears to be an
s-s reflection from nl. The p-wave reflection can not be
' identified.

Only one other upgoing reflection is seen on this data
set. Event (b) is a reflection which originates at trace
35. It appears to be a p to s converted reflection from
horizon n2.

The major obstacle to seeing more upgoing reflections is
the high amplitude of the direct p-wave residue left after
median filtering. The poor job of removing the event is
possibly due to the removal of the noise burst at the be-
ginning of the preocessing. If a portion of the direct
p-wave arrivals was lost during the median filtering of the
nocise burst, it is possible that the shape of the arrivals
changed enough to effect the median filtering of the direct
p-wave. If the arrivals are not sufficiently ceonsistent

from trace to trace, median filtering is not very effective.

4.12 2000-foot scurce offset VSP

The final VSP data set collected from the physical model
was recorded using the small transducers and a source offset
of 2000 feet. The data set appears in Figure 4.43. As seen
in the previocus data set, the noise burst appears aligned
along the zero second time line. The tail on the noise

burst (a) is seen to last 300 milliseconds on the record.
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Figure 4.43. Data set recorded for a source offset of 2000
feet using the PANAMETRICS SO0SSPR pulser/receiver. The
noise burst is aligned at zero time and the tail (a) is
seen to extend out to 0.3 second. Once again, the numer-
ous random spikes on the traces are due to the electro-
static plotter and do not actually appear in the data set.
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Also, the phantom spikes- that appeared on Figure 4.34 are
seen on this diagram. The spikes are a function of the
plotter, and do not actually exist on the traces.

A 17-fold median filter was used to remove the noise
burst from the data set. The result is shown in Figure
4.44. The noise burst was largely removed from what is now
an extremely noisy data set. A slight bow appears on the
deepest tracés between 0.0 and 0.3 second, suggesting that
the median filtering was not quite as effective on the last
traces of the data set.

A 100/12 low pass filter was applied to this datﬁ set to
remove the high frequency noise. The resulting data set is
shown in Figure 4.45. The major downgoing events are now
© clearly visibie. The direct p-wave (2) is best seen on
traces 10 through 50, although it appears on every trace.
The direct s-wave appears to split into two waves at trace
36, as was seen earlier in the chapter. Event (b) is an s
to p converted wave, while event (¢) is the direct s-wave.
The difference in slope of the two events supports this in-
terpretation. The surface wave (d) is the most consistent
event on the entire data set and is seen on every trace
except trace S0.

The major downgeing events were aligned and removed from
the data by median filtering. The resulting upgoing wave=-

field is shown in Figure 4.46. Several coherent reflections
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Figure 4.45. Data set in Figure 4.44 after application of a
100/12 low pass filter to remove the high frequency noise.
The major downgoing events can be identified. Event (a)
is the direct p-wave. Event (b) is the s to p converted
wave, which is seen to originate at trace 36. Event (¢)
is the direct s-wave. Event (d) is the surface wave.
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Several coherent reflections are seen, but they are diffi-

direct p-wave, the direct s-wave, and the surface wave.
cult to identify.

Fiqure 4.46.
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can be seen on this data set, aithough the events are dif-
ficult to identify. An FK filter was applied to thg data to
remove any remaining downgoing energy in the record. The
resulting data set is shown in Figure 4.47. '

Several upgoing reflections can now be identified.
Event (a) is the p-wave reflection from horizon ni. The
event is difficult to see through the noise, but the event
certainly exists. Event (b) is the retlect;on;from n2,
and is seen to originate at trace 35. The slope of the
event suggests that it is an upgoing p-wave.

The event labeled (c) is very distinct on traces 40
through 50. The event is interpreted to be a reflection
from n3. The event labeled (d) is interpreted to be the
reflection from the bottom of the model. Due to the limi-
tations on trace length in the FK filtering module of VSEIS,
the two strong reflections appearing later than 1.0 second
on Figqure 4.46 were removed from the record.

The quality of this data set is extremely good compared
to the data set using a 1000-foot source cffset. On that
data set, the reflected events generally arrived so soon on
the record that they vere ocbliterated by the ringy direct
p-wave. That was not a problem on this data set and the

data provided many interpretable events.
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Figure 4.47. Data set for 2000-foot source offset after ap-
plication of an FK filter to remove downgoing energy.
Event (a) is the p-p reflection from nl. Event (b) origi-
nates at trace 35 and appears to be & reflection from n2.
Event (c) is interpreted to be a reflection from n3.

Event (d) is a reflection from the bottom of the model.
No fault plane reflections can be identified.
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4.13 COnclusiéns _

The variable velocity model represented the highest de-
gree of realism of the physical modeling experiments in this
investigation. The effects of the velocity contrasts were
apparent. The slopes of the major downgoing events clearly
changed at trace 36 on most of the recorded data sets. The
change in slope was due to the events exiting the higher-
velocity PLEXIGLAS and entering the lower-velocity LEXAN.

On the data sets using the 1argé (V101) transducers, the
key subsurface horizons were delineated using several source
offsets. The Tptw horizon could be identified on data sets
with source offsets as great as 4000 feet. On the 3000-focot
source offset data set (Figure 4.18), an s-wave reflection
from this horizon was alsoc observed. |

The reflection from the n2 horizon was the most consis-
tently appearing event on the data sets. It was identified
on each data set, with the exception of the 7000-foot offset
data set. It is encouraging that the reflections from the
top and bottom of the potential repository unit (Tptw and
n2) are identifiable on so many of the data sets. Delinea-
ting the repocsitory unit remains a major goal of the VSP
experiments at Yucca Mountain.

Reflections from n3 were visible on data sets with
source offsets out to 5000 feet (the reflection was not
identifiable on the 3000-foot scurce offset data set).
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Since the reflection from the bottom of the model was so
strong, it could be seen on all data sets with source off-
sets ocut to 6000 feet. On this physical model, the bottom
of the model corresponded to the n4 horizen.

A fault plane reflection from fault plane 3 was iden-
tified on the 4000-foot source offset data set (Figure
4.22). The identification of fault planes is a major goal
of the investigations, and Figure 4.22 shows the only indi-
cation of fault plane reflections on any of the physical
medel data sets. Not seeing fault plane reflections on more
of the data sets was a disappointing aspect of the physical
modeling.

Another disappointment was the quality of the data ,
recorded with the small (V133) transducers. The 1000-foot
offset data set recorded with the V133 transducers (Figure
4.42) was of lower quality than the 1000-foot source offset
data set recorded with the V101 transducers. The quality of
the 2000-foot source offset data sets using both sets of
transducers was virtually identical,valthough the data set
recorded using the V133 transducers required more proces-
sing. It had been hoped that the higher frequency trans-
ducers would improve the resclution of the reflections, but
the noise problems associated with the PANAMETRICS pulser/
receiver were very harmful to the data sets. The acguisi-

tion of another pulser/receiver unit that does not introduce
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noise into the output channel would increase the usefulness

of the'high frequency transducers.

The data sets in Chapter 4 show once again that the
quality of VSP data at Yucca Mountain will be much higher on
data sets with source offsets within 4000 feet of borehole
UZ-6. The key reflections can be identified, and the chance
of identifying a fault plane reflection is much greater on

data sets with these source offsets.



T-3637 292

Chapter 5
CONCLUSIONS

5.1 Introduction

In order to maximize the success of the VSP surveys at
Yucca Mountain, modeling experiments were conducted to pro-
vide insight into how key subsurface horizens can best be
delineated. Computer and physical modeling experiments were
conducted along a cross section of Yucca Mountain between
boreholes at the USW UZ-6 and UE25 UZ-9 sites. This cross
section corresponds to the proposed initial line of VSP
activity at Yucca Mountain.

The tomputer modeling experiments were conducted using
the AIMS modeling package, developed by GEOQUEST. The
modeling involved the use of a 269 horizon model of the
subsurface and multiple-offset surveys at both the USW UZ-6
and UE2S UZ-9 borehole sites. These experiments incor-
porated realistic seismic velocities and unit densities into
the modeling study. |

The physical modeling experiments were conducted using
two models of Yucca Mountain created from plastics. The
first model was made solely from PLEXIGLAS G acrylic sheet.
The model was designed such that the thickness of the model
changed to represent the variocus welded and non-welded units

in the cross section. This model had a uniform velocity
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throughout, and reflections were generated from the
boundaries where model thickness changed.

The second physical model was created from PLEXIGLAS G
sheet and LEXAN polycarbonate sheet. This model was of uni-
form thickness, but the two materials possessed different
acoustic velocities. Reflections were generated from the
velocity an§ density contrasts between the two materials.

Analysis of the data sets generated by the computer and
physical modeling experiments showed that several recommen-
dations can be made regarding the placement of the se;smic
sources for the delineation of certain subsurface horizons.
The modeling study also provided data that can be used to
test processing software that is being developed for the
field VSP data from.Yucca Mountain.

§.2 Yucca Mountain Recommendations

The majority of the modeling in this thesis was per-
formed using USW UZ-6 as the receiver borehole. The results
of the computer and physical modeling experiments allow sev-
eral reccmﬁendations to be made concerning how field VSP
data can be acquired along the line between UZ-6 and UZ-$ to
maximize the chances of successfully delineating the key.
subsurface horizons.

The modeling showed that the quality of the VSP records
" will be highest when the seismic source is within 4000 feet



T=3637 ‘ 294

of borehole USW UZ-6. Quality is defined here by how well
the key porizons in the subsurface can be identified on the
VSP record. The key horizons are the unit boundaries in the
unsaturited Zone, namely the Shardy Base (nl), the Topopah
Spring Member (Tptw), and the Calico Hills Tuff (n2). The
modeling experiments showed that identification of nl and
Tptw becomes difficult when the source offset exceeds 2000
feet from UZ-6. A reflection from nl or Tptw was seen out
tc a source offset of 4000 feet on physical model data sets,
but the events were very weak.

The effect of Yucca Mountain’s topography is very dam-
aging to the imaging of nl and Tptw. The elevatiocn of the
source decreases significantly as source offset increases to

the east of UZ-6. As a result, a raypath reflecting from

 these horizons reflects at a very shallow angle. If the ray

even makes it to the borehole, the travel path of the ray
would be virtually identical to the travel path of the
direct arrival. Separating the direct arrival from the re-
flection would be extremely difficult, if not impossible.
The topography at Yucca Mountain does not significantly
damage the imaging of the horizons below Tétw, however.

The third key horizon is n2, which represents the bﬁse
of the potential repository unit. The reflection from this
horizon was readily identifiable on records with scurce off-
sets as great as 4000 feet. In fact, the modeling studies
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suggested that this horizon can be idenéified on recerds
with source offsets as great as 7000 or 8000 feet, although
interpretation of the event becomes more difficult beyond
a source offset of 4000 feet.

Reflections from horizons below the static water table
(roughly 2200 feet below the crest of Yucca Mountain) can be
identified on records with large source of:seté. The re-
flection from n3, the non-welded unit between the Bullfrog
Member and the Tram Member of the Crater Flat Tuff, is iden-
tifiable on records with source offsets as great as 7000

feet, although interpretation of the event generally becomes

more difficult when the source offset reaches 5000 feet. An

interesting feature of the events from the deeper horizons
was seen in Figure 2.59 (page 116). For an offset of 7000
feet, the reflecticn from Tcbw (the Bul;trog Member of the
Crater Flat Tuff) arrived later than the reflection from the
underlying n3 horizon. Due to the large source offset and
thé high velocity of Tcbw, a_reflectian from the bottonm bt
Tcbw reached the receiver borehcle sooner than a reflection
from the top of Tchbw. If the velccity structure at Yucca
Mountain has been accurately represented by the computer
model, this phenomenon could be seen on the field records.
Although the imaging of the horizons in the saturated
zone is not as critical to the project as the imaging of the

horizons in the unsaturated zone, the modeling experiments
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suggeét that it will'be possible to interpret the deeper re-
flections. Reflections from the deeper horizons could be
identified in many of the data sets in this thesis.

The second major goal of the field VSP surveys will be
to delineate the highe-angle faults, such as the Ghost Dance
Fault. 1If the fault planes at Yucca Mountain do generate
reflected raypaths, the computer modeling experiments have
provided valuable insight into how the taulg planes can best
be delineated.

From the computer generated data sets, it is seen that
reflections from fault planes can best be identified on data
sets with source offsets noc greater than 4000 feet to the
east of UZ-6. On data sets with offsets greater than 4000
feet, the reflections f;om the fault planes become very dif-
ficult to interpret. The fault plane reflections interfere
with reflections from the unit boundaries on the data sets
with large offsets. The data set with a source offset of
4000 feet (Figure 2.38 on page 84) shows how much interfer-
ence can take place between the fault plane reflections and

.the unit boundary reflections. '

The computer modeling experiments showed that it should
be possible to delineate the Ghest Dance Fault (fault planes
2 and 3) out to a source offset of 3000 feet. The physical
medel data set in Figure 4.22 on page 252 indicated that a
reflection from fault plane 3 could be recorded and
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identified at a source offset of 4000 feet. The reflections
are somewhat difficult to identify due to interference with-
reflections from the unit boundaries.

If the fault planes at Yucca Mountain deo provide seismic
reflections, the modeling experiments showed that it will be
the segments of the fault planes within Tptw that will pro-
vide the most interpretable events on the records. The
events will be characterized by their hear-verticgl slopes
on the VSP records.

An interesting feature of the computer modeling experi-
ments -was the observation that although the slope of a fault
plane reflection was usually near-vertical, several fault
plane reflections had slopes that were not near-vertical.
on ?1gure 2.32 (page 74), reflections from fault planes 8
and 9 have slopes similar to the upgoing slopes of the unit
boundary reflections. On Figure 2.37 (page 82), reflections
from fault planes 3 and 4 have slopes similar to the down-
going slopes of the direct arrivals.

Since delineating the high-angle fault planes is a major
goal of the experiments, special care must be taken to pre-
serve these events while processing the VSP record. The
. modeling experiments showed that the following processing
recommendations can be made:

First, since the slopes of the fault plane reflections

are usuzally near-vertical, 2 higher fold median filter is
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needed to remove the direct arrivals from a data set. Fig-
ures 2.9 through 5.12 on pages 37 throuqh 42 show that if
the fold of the median filter is not sufficiently large,
fault plane energy will be lost during the filtering. The
modeling experiments suggest a median filter fold of at -
least 11 for the small offset records. A median filter fold
of 15 or more may be necessary to separate the upgoing and
downgoing wavefields on data sets with very large source
offsets (7000+ feet).

Second, since the slope of a fault plane reflection may
be similar to that of a downgoing direct arrival, a mﬁting
step should be added to the median £iltgrinq process. After
applying a median filter to a data set with aligned direct
arrivals, the processor will have a data set containing cnly
direct arrivals and the fault plane reflections which have
similar slopes. This data set should be muted after the
direct arrivals to remove the fault plane energy. Subtrac-
ting the muted data set from the original data set will re-
move the direct arrivals without damaging the fault plane
reflections with downgoing slopes. This muting process,
used in conjunction with the high fold median filter, should
be sufficient to efficiently remove the direct arrivals from
the field records.

Third, when an FK filter is applied to the data to en-

" hance the upgoing reflections, it is necessary to remember
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the slope of the fault plane reflections. Figure 4.6 on
page 227 shows & typical FK filter which will help preserve
fault plane reflections. The filter passes all energy to
the right of the sloping line. This preserves all upgoing
energy in the right-hand plane, as well as 'all downgoing
energy with a slope no greater than 2 milliseconds/trace.
The existence of a fault plane reflection on the data set
from the variable velccity physical model with a socurce off-
set of 4000 feet (Figure 4.22 on page 252) shows.that this
filter was effective in enhancing the event.

The computer modeling experiments also showed that very
interpretable VSP records can be cbtained using UE2S5 UZ-9 as
a receiver borehocle. The key subsurface horizons could all
be imaged with a source offset as great as 2000 feet to the
west of the borehole. Horizons deeper than Tptw were all
clearly identifiable out to a source offset of 3000 feet,
and the experiments suggested that high quality records
could be recorded at even larger offsets.

Evidence of reflections from different fault blocks was
very apparent on these data sets. Quite often, an event on
the record would appear as a double peak or a double trough.
This indicated that reflections from identical horizens on
different fault blocks were reaching the receiver almost
simultanequsly. Several events were repeated on the records

for this reason, and had the appearance of "ghosts."
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AIMS was not capable of generating fault plane reflec-
tions at this borehocle due to limitations on how subsurface
horizons must be defined. However, recording fault plane
reflections at UE25 UZ-% must be considered a possibility a€

Yucca Mountain.

$.3 Future Modeling Work

The AIMS batch file used to create the c;mplex computer
model of Yucca Mountain is included in the Appendix. When
subnmitted to AIMS, this file produces a file named
"projectname.SUB" which can be used for modeling experi-
ments. This batch file and a model file named “YUCCA.SUB"
have been stored on magnetic tape, as were all synthetic
data sets shown in this thesis. The magnetic tapes are
stored in the acoustics lab at the CQlorédo School of Mines,
under the supervision of Dr. A. E. Balch.

The AIMS model can be easily modified to conduct addi-
tiocnal modeling experiments{ If additional data frﬁm Yucca
Mountain suggest that the velocity or density structure of
the model needs updating, only a few lines of the file need
to be altered. As shown in Chapter 4, the model can be mod-
ified to simulate the physical models simply by supplying
the proper veloccities. This can be a useful tool for con-
firming interpretations of physical model data sets.

Another important function of the computer model data
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gsets (as well as the physical model data sets) will be the
testing of a reverse-time migration program being developed
for this project. The program will migrate the reflections
from the VSP data sets acquired at Yuccalucuntain into their
proper spatial positions to provide data sets that can be
interpreted in the same manner as data from a reflection
seismic survey. The complex data sets generated by the
computer modeling will provide a very good test for the
final version of the program.

In the more distant future, the model can be used to
study converted waves in the subsurface at Yucca Mountain.
The most current version of the AIMS package allcws the
modeler to trace p-wave to s-wave conversions on synthetic
VSP data sets. This version of AIMS did not exist at CSM at
the time this thesis was written.

Future work in the physical model laboratory is almost
unlimited. As bgtter methods of pulsing the source trans-
ducer becocme available, the quality of the VSP data sets
will improve dramatically. The same is tfue once a better
gain amplifier is found for the receiver transducer. The
acquisition system is fundamentally sound, however, as was
shown by the quality of the physical model data sets
presented in this thesis. |

Additional modeling experiments can be performed on both
of the existing physical models. First, data sets can be
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recorded using the opposite (right) edge of the models,
which represents borehole UE2S5 UZ-9. This would enhance the
knowledge gained from the computer modeling dene using this
borehole. Second, VSP records could be recorded using
deeper receiver boreholes. The boreholeé used in this the-
sis were 2000 feet deep, but perhaps data quality would in-
crease significantly if the borehole were 3000 or 4000 feet
deep. However, drilling a borehocle which penetrated the
saturated zone at Yucca Mountain could result in the con-
tamination of the unsaturated zone. The modeling experi-
ments could show whether or not deeper receiver bereholes
would increase the data quality substantially. If a sig-
nificant increase in data quality were cbtained from deeper
receiver boreholes on the model data, any decision to actu-
ally drill deeper holes would have to weigh the benefits of
better VSP data versus the problems caused by the contamina-
tion of the unsaturated zone.

The work at Yucca Mountain wiil'rely heavily on recorded
s-wave data. The surveys will be conducted with three- '
compoenent sources and receivers. Additiocnal modeling can
be done on the physical models using PANAMETRICS V156 shear
wave transducers as sources and receivers. Since the models
are only two-dimensicnal, a two-component data set could be
simulated by recording both a p-wave trace and an s-wave
trace at each borehocle geophone location. Studying data
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sets with different sources and receivers is the next logi-

cal step in the physical moqelipg experiments.

5.4 Closing Remarks

The data presented in this thesis will help improve the
quality of the VSP experiments at Yucca Mountain and in the
long run contribute significantly to the decision concerning
the permanent emplacement of nuclear waste at Yucca Moun-
tain. The work was performed in order to provide insight
into how key subsurface horizons, such as the Shardy Base,
the Topopah Spring Member of the Paintbrush Tuff, and the
Calico Eills Tuff can best be imaged using vertical seismic
profiles at Yucca Mountain. The effects of topography and
source cffset on the delineation of the various subsurfaée
horizens have been presented in this thesis.

The thesis is designed to be a guidebook for the initial
interpretation of the hundreds of field VSP records that
will be recorded at Yucca Mountain. Before the interpreta-
tion of fractures and permeability zones on the field
records can begin, it is crucial to first positively identi-
fy the horizons that are being studied. This thesis will be
useful for that purpose.
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APPENDIX. -

BATCH FILE USED TO GENERATE THE YUCCA
MOUNTAIN COMPUTER MODEL IN AIMS

I R N RN RN R Ry
CUNNINGHAM AIMS MODEL

R N R R R R R R R R R Y
F YUCCA MOUNTAIN NEVADA
THIS CROSS SECTION RUNS BETWEEN BOREHOLES
UZ=6 AND UZ-9 IN AN EAST-WEST DIRECTION
R N R R N N R R R R R R R R RN R R

{
o

s gus Sun Qun P

o= ¢un 0 gum

XAXIS/FEET 1200,1000,1000
ZAXIS/FEET 1200,1000,1000

!{DEFINE THE SUBSURFACE MODEL

SUBSRF

INPUT/EBRIEF

TITLE ’‘YUCCA MOUNTAIN MODEL’
MODEL 600,0,9125,0,6500

! DEFINE SURFACE TOPOGRAPEHY

H1l V8700 D2.37 _

X0 2316 XS0 2229 X222 2137 X384 ZS4

X535 263 X626 275 X1028 Z173 X1545 2264
X2460 Z441 X2809 Z442 X3413 ZS15 X3747 Z465
X4262 Z542 X4652 Z631 X4970 Z691 X5269 2659
X5462 2651 XS567 Z655 XS873 Z693 X6010 Z741
X6480 2919 X6711 Z865 X6951 Z781 X7125 Z804
X7624 2988 X7982 7879 X81l72 Z904 X8529 Z1043
X9125 zZ1123

! FIRST SET OF FAULTS

H10 V8700 D2.37 X4202 2780 X4262 ZS542
H1ll V8700 D2.37 X4618 Z769 X4652 Z631
H12 V8700 D2.37 X4954 2765 X4970 Z691
H13 V8700 D2.37 XS5427 Z807 X5462 2651
E14 V8700 D2.37 X5538 2791 XSE67 2655
H1S V8700 D2.37 X5980 2864 X6010 2741
H16 V8700 D2.37 X6711 Z865 X6790.21091
H17 V8700 D2.37 X7041 Z1148 X7125 72804
H18 V8700 D2.37 X8045 21434 X8172 Z904
H19 V8700 D2.37 X841l Z1508 X8529 21043

! TOP OF SHARDY BASE (nl)

306

[P U a———
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H30 V6400 D1.66 X0 2396 X4186 2832

H31 V6400 D1.66 X4186 2832 * X4202 Z780 *
E32 V6400 D1.66 X4202 2780 X4604 Z821

H33 V6400 D1.66 X4604 2821 * X4618 Z769 *.
B34 V6400 D1.66 X4618 2769 X4940 2815

H35 V6400 D1.66 X4940 Z81S * X4954 Z765 *
H36 V6400 D1.66 X4954 Z765 X5420 28139

H37 V6400 D1.66 X5420 2839 * X5427 Z807 *
H38 V6400 D1.66 XS5427 2807 XS529 2820

H39 V6400 D1.66 XS5529 Z820 * X5538 2791 +
H40 V6400 D1.66 XS538 2791 XS5965 7918

H4l V6400 D1.66 X5965 Z918 * XS980 2864 *
H42 V6400 D1.66 XS980 2864 X6750 21091

H43 V6400 D1.66 X6790 21091 * X6B04 21126 *
H44 V6400 D1.66 X6804 21126 X7032 21174

H4S V6400 D1.66 X7032 21174 * X7042 21148 *
H46 V6400 D1.66 X7042 21148 X801l8 ZiS4l

H47 V6400 D1.66 XBO1l8 Z1541 * X804S Z1434 *
H48 V6400 D1.66 XBO4S5 Z1434 X8396 Z1563

H4S V6400 D1.66 X8396 Z1563 * X841l 21508 *
HS0 V6400 D1.66 X841l 21508 X9125 Z1701

| SECOND SET OF FAULTS

H60 V6400 D1.66 X4174 72899 X4186 Z832
HE1l V6400 D1.66 X4586 2894 X4604 2821
H62 V6400 D1.66 X4921 2902 X4940 2815
H63 V6400 D1.66 X5295 2931 XS5420 2839
HE64 V6400 D1.66 X5508 2910 X5529 Z820
H6S V6400 D1.66 X5947 2993 X5965 2918
HE6 V6400 D1.66 X6804 21126 X6849 Z1243
H67 V6400 D1.66 X7010 21275 X7032 Z1174
H68 V€400 D1.66 X801l Z1S70 X8018 Z1541
H6S V6400 D1.66 X8379 Z1640 X8396 Z1563

! TOP OF TOPOPAH SPRING MEMBER (Tptw)

H80 V10800 D2.30 X0 2490 X4157 ZSS53

H81 V10800 D2.30 X4157 2953 * X4174 2899
H82 V10800 D2.30 X4174 2899 X4573 2943
H83 V10800 D2.30 X4573 7943 * X4586 Z894
H84 V10800 D2.30 X4586 7894 X4908 Z940
H8S V10800 D2.30 X4908 2940 * X4921 Z902
H86 V10800 D2.30 X4921 Z902 XS5383 Z976
H87 V10800 D2.30 X5383 7976 * X5395 7931 *
HB8 V10800 D2.30 XS5395 Z931 XS5500 Z946

HE9 V10800 D2.30 XS5500 Z946 * XS508 Z910 *»
H90 V10800 D2.30 X5508 Z%910 XS5933 Z1039

»

»

»
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H91 V10800 D2.30 X5933 21039 * XS947 2993 *
H92 VI0800 D2.30 X5947 2993 X6849 21243

H93 V10800 D2.30 X6849 21243 * X6868 21296 *
H94 V10800 D2.30 X6868 Z1296 X€9¢7 21325

H9S V10800 D2.30 X6997 Z1325 * X7010 21275 *
H96 V10800 D2.30 X7010 21275 X7986 21669

H97 V10800 D2.30 X7986 Z2166% * X801l 21570 *
H98 V10800 D2.30 X801l Z1570 X8365 21698

H99 V10800 D2.30 X8365 Z1698 * X8379 21640 *
H100 V10800 D2.30 X8379 Z1640 X9125 21844

! TEIRD SET OF FAULTS

H110 V10800 D2.30 X3935 21829 X41S7 7953
H11ll V10800 D2.30 X4357 21822 X4573 7943
H112 V10800 D2.30 X4700 Z1828 X4908 2940
H113 V10800 D2.30 XS5168 Z1850 X5383 2976
H1l4 V10800 D2.30 X5284 721838 XS500 2946
H11lS V10800 D2.30 XS710 Z1940 XS933 Z1039
H11l6 V10800 D2.30 X6779 22179 X6946 71516 X€6997 21325
H117 V10800 D2.30 X7782 Z2489 X79686 Z1669%
H118 V10800 D2.30 X8151 Z2544 X8165 71698
H119 V10800 D2.30 X6868 Z1296 X6946 Z1516

! TOP OF CALICO EILLS (n2)

H130 V9300 D1.88 X0 21440 X3917 21894

H131 V9300 D1.88 X3917 21894 * X193S 21829 *
H132 V9300 D1.88 X3935 Z1829 X434S5 21869 :
H133 VS300 D1.88 X4345 21869 * X4357 Z1822 *
H134 V9300 D1.88 X4357 21822 X4650 21867
H135 V9300 D1.88 X4690 21867 * X4700 21828 *
H136 V9300 D1.88 X4700 21828 X5152 Z18%8
H137 V9300 D1.88 X5152 21898 * XS5168 Z1850 *
H138 V9300 Dl1.88 XS5168 21850 XS5273 21870
E139 V9300 D1.88 X5273 Z1870 * X5284 21838 +*
E140 V9300 D1.88 XS5284 71838 XS57Q00 21967
H141 V9300 D1.88 X5700 Z1967 * XS710 Z1940 *
H142 V9300 D1.88 XS5710 21940 X6769 22212
H143 V9300 D1.88 X6769 22212 * X6779 22179 *
H1l44 V9300 D1.88 X6779 22179 X7761 22574
H14S V9300 D1.88 X7761 22574 * X7782 22489 *
H146 V9300 D1.88 X7782 72489 X8128 22618
H147 V9300 D1.88 X8128 22618 * X815l 728544 *
H148 V9300 D1.88 X8151 22544 X9125 22806

! FOURTH SET OF FAULTS

- - et a s o e g e —
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H160 V9300 D1.88 X3729 22629 X3917 21894
H161 V9300 D1.88 X4162 22628 X4345 21869
H162 V9300 D1.88 X4505 22642 X4690 21867
H163 V9300 D1.88 X4962 22672 XS152 21898
H164 V9300 D1.88 X5089 Z2653 X5273 21870
H16S V9300 Dl1.88 XS510 22743 X5700 21967
BE166 V9300 D1.88 X6570 72993 X676% 22212
H167 V9300 D1.88 X7582 23298 X7761 Z2574
H168 V9300 D1.88 X7943 Z3360 X8151 22544

| TOP OF BULLFROG MEMBER, CRATER FLAT TUFF (Tcbw)

H180 V12900 D2.32 X0 22293 X3712 Z2692

H181 V12900 D2.32 X3712 22692 * X3729 22629 *
H182 V12900 D2.32 X3729 22629 X4147 22677
E183 V12900 D2.32 X4147 22677 * X4162 22628 *
H184 V12900 D2.32 X4162 22628 X4492 22682
H185 V12900 D2.32 X4492 722682 * X4505 22642 *
H186 V12900 D2.32 X4505 22642 X4945 Z2711
H187 V12900 D2.32 X4945 22711 * X4962 22672 *
H188 V12900 D2.32 X4962 22672 XS075 22690
H189 V12900 D2.32 XS07S 22690 * X5089 22653 *
H190 V12800 D2.32 XS5089 Z2653 X5498 22782
H191 V12900 D2.32 XS498 22782 * XS510 22743 *
H192 V12900 D2.32 XS510 Z2743 X6556 23026 :
H183 V12900 D2.32 X6556 23026 * X6570 722993 *
H194 V12900 D2.32 X6570 Z2993 X7555 23392
H195 V12900 D2.32 X7555 23392 * X7582 23298 *
H196 V12900 D2.32 X7582 73289 X7924 Z3418
K197 V12900 D2.32 X7924 23418 * X7943 23360 *
H198 V12900 D2.32 X7943 Z3360 X9125 23674

{ FIFTH SET OF FAULTS

H210 V12900 D2.32 X3668 22967 X3712 22692
H211 V12900 D2.32 X4103 22864 X4147 22677
H212 V12900 D2.32 X4449 Z2875 X4492 22682
H213 V12900 D2.32 X4904 Z2913 X4945 22711
H214 V12500 D2.32 XS033 Z2888 X5075 22690
H21S5 V12900 D2.32 XS5449 22975 X5498 22782
H216 V12900 D2.32 X6512 23226 X6556 23026
H217 V12900 D2.32 X7521 Z3S35 X7555 Z3392
H218 V12900 D2.32 X7879 73598 X7924 Z3418

! TOP OF INTRA BULLFROG/TRAM NONWELDED UNIT (n3)

H230 V11100 D2.07 X0 Z2510 X3649 22928
E231 V11100 D2.07 X3649 22928 * X3668 22867 *
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H232 V11100 D2:07 X3668 22867 X4087 22914
H233 V11100 D2.07 X4087 22914 * X4103 22864 *
H234 V11100 D2.07 X4103 22864 X4437 22918
H23S V11100 D2.07 X4467 Z2918 * X444S 22875 *
H236 V11100 D2.07 X4449 Z287S5 X48%92 Z2942
H237 V11100 D2.07 X4892 Z2942 * X4904 22913 *
H238 V11100 D2.07 X4904 22913 X5018 22932
H239 V11100 D2.07 XSO01l9 22932 * XSQ33 22888 *
H240 V11100 D2.07 XS033 22888 XS5438 Z301S
H241 V11100 D2.07 XS438 23015 * XS5449 22975 *
H242 V11100 D2.07 XS449 22975 X6501 23260
H243 V11100 D2.07 X6501 23260 * X6512 Z3226 *
H244 V11100 D2.07 X6512 23226 X7498 23625
H245 V11100 D2.07 X7498 Z3625 * X7521 Z3535 *
H246 V11100 D2.07 X78521 Z353S5 X7866 Z3651
H247 V11100 D2.07 X7866 Z3651 * X7879 23598 *
H248 V11100 D2.07 X7879 23598 X9125 Z3933

! SIXTH SET OF FAULTS

H260 V11100 D2.07 X3529 23417 X3649 22928
H261 V11100 D2.07 X3965 23420 X4087 22914
H262 V11100 D2.07 X4315 23428 X4437 22918
H263 V11100 D2.07 X4767 23467 X4892 22942
H264 V11100 D2.07 X4895 23442 XS5018 22932
H265 V11100 D2.07 XS5312 Z3S35 XS5438 Z301S
H266 V11100 D2.07 X6375 Z3773 X6501 23260
H267 V11100 D2.07 X7384 24093 X7498 23625
H268 V11100 D2.07 X7741 Z4145 X7866 23651

! TOP OF TRAM MEMBER, CRATER FLAT TUTF (Tctw)

H280 V12700 D2.27 X0 Z3104 X3509 2347¢%

H281 V12700 D2.27 X3S509 Z3479 * X3529 23417 *
H282 V12700 D2.27 X3529 23417 X3948 73464
H283 V12700 D2.27 X3948 Z3646 * X3965 Z3420 *
H284 V12700 D2.27 X3965 23420 X4299 723472
H285 V12700 D2.27 X4299 23472 * X431S5 Z3428 *
H286 V12700 D2.27 X4315 23428 X4753 23499
H287 V12700 D2.27 X47S83 23499 * X4767 23467 *
H288 V12700 D2.27 X4767 23467 X4886 23484
H289 V12700 D2.27 X4886 23484 * X4895 23442 *
H290 V12700 D2.27 X489S5 23442 X5300 23568
H291 V12700 D2.27 XS5300 23568 * X5312 Z3535 *
H292 V12700 D2.27 X5312 23535 X6362 23811
E293 V12700 D2.27 X6362 Z381ll * X6375 23773 *
H294 V12700 D2.27 X6375 Z3773 X7364 Z4172
H295 V12700 D2.27 X7364 Z4172 * X7384 Z4093 *
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H296 V12700 D2.27 X7384 Z4093 X7725 24209
H297 V12700 D2.27 X7725 24209 * X7741 24145 *
H298 V12700 D2.27 X7741 Z414S X9125 Z451S5

! SEVENTH SET OF FAULTS

H310 V12700 D2.27 X3508 23502 X3509 Z3479
H311l V12700 D2.27 X3943 23498 X3948 Z3464
H312 V12700 D2.27 X4297 23509 X4299 23472
H313 V12700 D2.27 X4748 Z3541 X4753 23499
H314 V12700 D2.27 X4877 23528 X4886 23484
H31S V12700 D2.27 XS252 23614 X5300 Z3568
H316 V12700 D2.27 X6351 Z3867 X6362 2381l
H317 V12700 D2.27 X7363 Z4182 X7364 74172
H318 V12700 D2.27 X7723 74231 X7725 24209

! TOP OF INTRA TRAM/LITHIC RIDGE NONWELDED UNIT (n4)

H330 V11700 D2.21 X0 23181 X3493 23852

H331 V11700 D2.21 X3493 23552 * X3508 23502 *
H332 V11700 D2.21 X3S508 23502 X392% 23547
H333 V11700 D2.21 X3929 23547 * X3943 Z3458 *
H334 V11700 D2.21 X3943 73498 X4283 73548
H33S5 V11700 D2.21 X4283 Z3S48 * X4297 23509 *
H336 V11700 D2.21 X4297 23509 X4736 23575
H337 V11700 D2.21 X4736 Z3S75 * X4748 23541 *
H338 V11700 D2.21 X4748 23541 X4865 23562
H339 V11700 D2.21 X4865 23562 * X4877 273528 +*
H340 V11700 D2.21 X4877 23528 X5279 Z3655
H341 V11700 D2.21 XS5279 Z3655 * X5292 Z3614 *
H342 V11700 D2.21 XS5292 23614 X6340 23899
H343 V11700 D2.21 X6340 23899 * X6351 23867 *
H344 V11700 D2.21 X6351 Z3867 X7340 74269
H34S V11700 D2.21 X7340 24269 * X7363 Z4182 *
H346 V11700 D2.21 X7363 24182 X7707 Z42S54
H347 V11700 D2.21 X7707 74294 * X7723 Z4231 *
E348 V11700 D2.21 X7723 24231 X912S Z4608

! EIGHTE SET OF FAULTS

H360 V11700 D2.21 X3158 24876 X3493 Z3552
H361 V11700 D2.21 X3603 24879 X3929 Z3547
H362 V11700 D2.21 X3964 Z4896 X4283 Z3548
H363 V11700 D2.21 X4405 Z4920 X4736 Z3S7S
H3€4 V11700 D2.21 X4548 Z4896 X4865 23562
H365 V11700 D2.21 X4952 Z4980 X5279 23655
H366 V11700 D2.21 X6012 ZS217 X6340 Z389¢%
H367 V11700 D2.21 X7010 ZS580 X7340 Z4269
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H368 V11700 D2.21 X7373 25628 X7707 24294
! TOP OF LITHIC RIDGE UNIT, CRATER FLAT TUFF (Tlrw)

H380 V13100 D2.23 X0 Z4574 X3139 24933

H381 V13100 D2.23 X3139 24933 * X3158 74876 *
H382 V13100 D2.23 X3158 24876 X3589 74926
H383 V13100 D2.23 X3589 Z4926 * X3603 Z487¢ *
H384 V13100 D2.23 X3603 24879 X3954 4926
H38S V13100 D2.23 X3954 Z4926 * X39E4 74896 *
H386 V13100 D2.23 X3964 Z4896 X4394 24955
H387 V13100 D2.23 X4394 Z4955 * X4405 74920 *
H388 V13100 D2.23 X440S5 24920 X4537 Z4%41
H389 V13100 D2.23 X4537 Z4941 * X4548 74896 *
H3I90 V13100 D2.23 X4548 Z4896 X4938 25024
H391 V13100 D2.23 X4938 25024 * X4952 74980 *
H392 V13100 D2.23 X4952 Z4980 X5998 Z5287
H393 V13100 D2.23 XS998 75257 * ¥X6012 75217 +*
H394 V13100 D2.23 X6012 25217 X7002 ZS6S3
H395 V13100 D2.23 X7002 Z5653 * X7010 Z5580 »*
H396 V13100 D2.23 X7010 Z5580 X7358 Z570S
H397 V13100 D2.23 X7358 25705 * X7373 75628 *
H398 V13100 D2.23 X7373 275628 X9125 26053

! NINTH SET OF FAULTS -

H410 V13100 D2.23 X3120 Z5014 X3139 Z4933
H4ll V13100 D2.23 X3569 ZS01l9 X3S89 Z4926
H412 V13100 D2.23 X3932 Z5031 X3954 24926
H413 V13100 D2.23 X4371 Z5062 X4394 Z4955
H414 V13100 D2.23 X4514 Z5039 X4537 Z4941
H41S5 V13100 D2.23 X4913 Z5128 X4938 25024
H416 V13100 D2.23 XS972 25381 X5998 25257
H417 V13100 D2.23 X6988 Z5716 X7002 Z5653
H418 V13100 D2.23 X7336 Z574S X7358 Z570S

! BASE OF LITEIC RIDGE MEMBER, CRATER FLAT TUFF (nS5)

_H430 V12500 D2.26 X0 24734 X3107 Zs5068
H431 V12500 D2.26 X3107 ZS5068 * X3120 25014 *
H432 V12500 D2.26 X3120 ZS5014 X3S554 ZS064
H433 V12500 D2.26 X3554 Z5064 * X3S69 ZS019 +
H434 V12500 D2.26 X3569 ZS5019 X3921 25064
H43S5 V12500 D2.26 X3921 25064 * X3932 75031
H436 V12500 D2.26 X3932 Z5031 X4361 25096
B437 V12500 D2.26 X4361 25094 * X4371 25062
H438 V12500 D2.26 X4371 Z5062 X4502 25083
H439 V12500 D2.26 X4502 Z5083 * X4514 25039

* »

»
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H440 V12500 D2.26 X4514 Z5039 X4900 Z5166

H441 V12500 D2.26 X4900 Z5166 * X4913 25128 %
H442 V12500 D2.26 X4913 25128 X5960 25411
H443 V12500 D2.26 X5960 25411 * XS5972 75381
H444 V12500 D2.26 X5972 ZS381 X6965 25755
H445 V12500 D2.26 X6965 25755 * X6988 25716 *
H446 V12500 D2.26 X6988 25716 X7313 25804
HE447 V12500 D2.26 X7313 7S804 * X7336 25745 *
H448 V12500 D2.236 X7336 25745 X912S5 26250

»*

! TENTH SET OF FAULTS

H460 V12500 D2.26 X2884 Z6000 X3107 25068
H461 V12500 D2.26 X3326 Z6000 X3554 25064
H462 V12500 D2.26 X3693 Z6000 X3921 Z5064
H463 V12500 D2.26 X4109 Z6000 X4361 275094
H464 V12500 D2.26 X4245 26000 X4502 25083
H465 V12500 D2.26 X4714 Z6000 X4900 ZS166
E466 V12500 D2.26 XS813 76000 X5960 ZS411
H467 V12500 D2.26 X6900 Z6000 X6965 ZS755
H468 V12500 D2.26 X7260 Z6000 X7313 25804

EOD
EQJ



