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ABSTRACT 

A comprehensive program to use tomographi Inthods to map the potential repository volume 
was initiated in December of 1997. The Vppz, 'was staged into different phases. An initial phase 
used P- and S-wave vibrators o - - and YMP-6 for seismic sources and 3-component 
geophones in the ESF at 39 o determine feasibility of tomography and a second phase in 
which a full scale exl erge as performed. In the full scale work, P-wave vibrators were used 
along the ridge o !t. (approximately 5 km line at 30 meter spacing) and 448 vertical and 
horizontal geophorles were placed along approximately 3 km of the main drift at 15 meter space
ing. Over 40,000 ray paths were collected and apw~zed for P-wave energy to tomographically 
image the potential repository horizon and, itt . From modeling we determined that the first 
arrival P-waves were mainly propaa i , Tptpmn. Tomographic inversion of the data 
revealed a strong correlation with fra 'ýNapping results along the ESF. The velocity tomogra
phy results were then converted to fracture density tomograms. The results show the location and 
distribution of fractures over a large area of the potential repository level.  

1. INTRODUCTION 

The primary role of geophysical studies at Yucca Mountain has been the measurement and imag
ing of physical rock properties. Properties such as density, conductivity, bulk and shear moduli are 
used to estimate other geologic properties such as stratigraphy, structure, saturation, fracturing and 
permeability. Although bore-holes and tunnels in the ESF (Exploratory Study Facility) will allow 
direct examination of physical properties, there is a need to detect and characterize subsurface fea
tures away from and between these access points. Boreholes and tunnels to date have given us a 
very small window into the entire repository volume. In addition, the lateral variability and hetero
geneity in the Topopah formation makes it difficult to extrapolaWetween observation points. For 
example, the intensely fractured zone encountered in t q;lts~not predicted. It is necessary to 
know the location of significant faults and fra i!A,Vperched water and variation in lithology 
and rock type to properly design ap-erformance of the potential repository. It will 
also be necessary to unde activities may affect the integrity and stability of the 
ESF and potential locatioft'the repository tunnels. Such questions as the extent of the disturbed 
zone, rock stability as a function of heating, and the mechanical effect of strong ground motion on 
the subsurface facilities need seismic data in order to be addressed.  

The above issues were recognized and included in the planning documents such as the Pre-title II 
design studies. Test package 91-5 included much of the work described as part of the "Seismic 
tomography/vertical seismic profiling at the ESF" package. Not until the current ESF was com
pleted, however, was there an opportunity to carry out the concept of the plans and collect data.  

Also considered in the planning of this work were the results of the previous surface geophysical 
work carried out from 1994 through 1996 and reported in the Geophysical Synthesis effort (Majer 
et al, 1996, pp. 11-25). A general conclusion of this work was that the mountain as a whole was 
difficult to characterize from the surface due to topography variation, surface noise, near surface
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Full Scale Tomographic Seismic Imaging of the Potential Repository Horizon.

weathering and lithology, as well as a variety of other access issues. By gaining access to the sub
surface in the potential repository horizon we believed that one could increase the resolution as 
well as ground truth the results by directly observing such properties as lithology, fracture and fault 
patterns and relate these properties to the seismic results.  

In order to meet a subset of the above le ••ogram to use seismic methods to image the poten
tial repository horizon was i le1nU[er of 1997. Both passive and active methods were 
considered using E. f im p ng and other "ground truth" methods to calibrate and confirm 
the seismic I•t•Os Stff ground truthing is an important component in understanding the seis
mic response"Pedded tuffs. The scale of applications considered varied from the meter size (i.e., 
damage zone investigation) up to the repository scale (imaging the volume between the ESF/ 
crossdrift and the surface). The program as originally planned was a phased approach that would 
progress as the feasibility of the methods was .stablished and the mining of the crossdrift pro
gressed, as well as carrying out tOfthe cios.drift was finished.  

In addition, in May of 1 asked to extend imaging beyond the original planned exper
iment to the south and us existing surface reflection data on Line YMP-5 to estimate the thickness 
and depth of the basal vitrophyre of the Topopah unit south of the potential repository region. In 
response to this we undertook a reprocessing of surface seisml• line YMP-5 which is discussed in 
Section 10 of this report, and extended the tomo ,alivs ssed in Section 7.  

QUALITY ASSU IpýýOTUS 

All of the data used in this report is qualified. The tomography data was acquired by LBNL under 
technical implementing procedures YMP-LBNL-TIP ELM-i.ORO. Initial seismic data display was 
done with the seismic software package ProMAX. ProMAX is currently not qualified within the 
LBNL QA program, however, ProMAX processing included only sorting and displaying of data to 
allow identification of arrival times and amplitudes. The resulting tomographic time and ampli
tude data, along with source and receiver locations, is considered the acquired tomography data 
(DTN:LB980930123112.001) and it is qualified. Prototype experiments and data acquisition are 
documented in scientific notebook YMP-LBNL-ELM-1.10 and subnotebooks.  

Because the geometry of the tomography survey was unique (both within and outside of YMP), 
modeling and analysis software was used which has not been used in YMP before. The modeling 
results and the software to locate the rays are not qualified. Future work should include qualifica
tion of the software. The following software was used in this report.  

Software Description Q-Status 

ProMAXv7.0: Simple plotting and sorting: Non-Q 

Focus3Dv4.1: General seismic processing: Q 

GXIIv2.4.1; RAY2D: Ray Tracing: Non-Q
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FM2Dv1.0: Wave Equation Modeling:

ONESTATv 1.0: Static Correction: 

CARTv1.0: Tomographic Inversion: 

GMTv3.0; Grapher; Surfer: Data bisplay:

EarthVisionv4.0.2: Data Display:

The programs Focus3Dv4. 1, and Earth Vision are qualified. The programs CART, and ONESTAT 
are qualified by the receipt date of this report. The pr g~ms ProMAXv7.0, GXII, GMT, Grapher 
and Surfer are not qualified because they only pei ýq a display.  

The data and results in Section 10 "Repr of Line YMP-5" used qualified data and qualified 
software (Focus3Dv4.1) for the repro g (Figure 19). The results of the midpoint estimation 
for reflection processing of surf, N t ?nel data (Figure 23) used GXII and is not qualified.  

3. PURPOSE OF THE TEST 

At the start of this activity there were a wi _ Tf needs to be filled.  

(1.) Apply seismic methods to provide a means for broadly detecting Pthacterizing the fol
lowing features within the potential repository vicinity: subsurface and fracture networks, 
lithologic features, and zones of perched water. There is also&M•tical need to extrapolate the 
observed fracture patterns and lithology to the surroundi !•.]lbns and between bore-holes and 
underground workings as well as select and define s ,-ithologic, and fracture domains with 
similar properties within the ESF. As stated aboe tpotential repository volume has few bore
holes penetrating the horizon. If one coul the properties of the entire volume reliably 
between the direct observation points then va•ble information could be gained to prediction geo
mechanical and hydrologic properties in this volume.  

(2.) Use seismic imaging to provide a means to "look ahead" of underground workings to detect 
features described in (1.). If seismic methods were successful then one could have reliable means 
to map rock properties ahead of the tunneling so that accurate estimates could be made of time and 
costs of excavation. This would be valuable in the repository construction phase.  

(3.) Characterize and quantify the damage associated with tunneling activities as a function of 
space and time through high resolution seismic imaging. If reliable engineered barriers are to be 
constructed, the extent of the damage zone around the tunnels must be estimated for proper design 
of these barriers.  

(4.) Use passive seismic monitoring to predict ground motion in the underground workings from 
near-by seismic events. Reliable detailed seismic velocities are needed for accurate ground motion
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Full Scale Tomographic Seismic Imaging of the Potential Repository Horizon

predictions. Passive monitoring of near-by seismicity using a large array of sensors would greatly 
increase the amount of data (P and S wave ) available for ground motion predictions.  

(5.) Calibrate and relate the seismic characteristics of the host rock to the fracture patterns and 
lithology observed directly in the underground workings. Past geophysical work from the surface 
could be more closely tied to,•ock characteristics if more accurate velocity and attenuation models 
were obtained. A good example is the high resolution seismic lines over the potential repository. If 
more information could be derived from these data with improved velocity estimates this would 
improve our understanding of the subsurface.  

(6.) Provide baseline measurements for performance confirmation and post closure studies. As 
more and more of the horizon is mined stress ch ';may significantly affect broad rock proper
ties. A reliable, repeatable baseline survey m '•0Zluable in thý future to prove that significant 
changes have not occurred, as well as de eroad heat effects over the entire repository vol
ume before closure. ' , " 

4. DESCRIPTION OF P Q IAL TESTS 

Originally three general seismic methods were c 3%ered to meet the above needs.  

(1.) Cross-hole, cross-drift, drift to bore-h rto drift tomograimaging.  

These techniques will be grouped together and can be described in al as tomographic imag
ing work. In these tests a seismic source is used to send energy •ultiple seismic receiver posi
tions in the above geometry. The source and receivers ar~ d repeatedly to give multiple 
seismic ray coverage from different angles in order to raphically map a given volume of 
rock (Peterson, 1986, pp. 5-22). The resolution of niques depends upon the geometry of 
the survey (hole spacing, spacing of the source receivers and the frequency content of the 
seismic signals). The anticipated geometry of, rveys in the ESF could range from the scale of 
a few meters for mapping the tunnel damage zo ae (resolution of a few centimeters), to several hun
dred meters for imaging between the drifts (resolution of several meters), to up to kilometers for 
imaging the horizon as a whole (resolution of 10's of meters). Most of the tests were anticipated to 
be done after a section of tunnel has been mined out so not as to interfere with mining activities, 
however, if "look ahead" studies were to be carried out to image in front of the mining activities 
this would involve some halting of mining activities while the survey is being carried out.  

The results of the seismic data collection from the crosshole tests would be used for tomographic 
imaging at several different scales; meter size, 1 O's of meters, 100's of meters, and up to kilometers 
between source and receivers. The meter size tests (such as between two boreholes drilled into the 
drift wall at 90 degrees to the strike of the drift) could be used to infer the damage zone associated 
with the tunneling and mining activities. The variation of seismic properties (velocity and ampli
tude of P and S waves) as a function of distance from the drift wall would be studied at various 
locations along the ramps where significant fracturing, and lithologic changes are encountered.  
Therefore these tests were not envisioned to be at equal spacing. The next larger scale surveys
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were to be carried out to extrapolate and map fracture zones and other lithologic features away 
from the tunnel walls. These surveys were to be run between slightly larger bore-hole spacings 
(and tunnel to bore-hole, tunnel to tunnel) than for the damage zone studies. The spacing of the 
bore-holes would depend upon the feature being mapped but typical spacing of the bore-holes was 
to be on the order of 50 to several hundred meters apart. The 100's of meter to kilometer scale tests 
would be carried out between the4unnels and the surface to map the location and characteristics of 
the features in and around the erbplacement drifts that may affect the entire potential repository 
integrity and ground water travel time. It was also considered to use the Tunnel Boring Machine 
(TBM) and or explosives from mining activities as seismic sources.  

(2.) Surface to bore-hole or Vertical Seismic Profiling (VSPj(although the bore-holes may not 
always be vertical). .e-yk/"\ ,) 

VSP involves recording seig e gy hiuftiple positions in a bore-hole from a single seismic 
source at the surface. Sometimes multiple positions are used for the seismic sources, out and 
around the bore-hole. In some cases the coverage may approach tomographic density. VSP was 
considered to be used in exploratory bore-holes drilled from the surface to depth in front of and 
prior to the excavation of the exploratory ramps and shafts. VSP is relatively quick and can be per
formed on a non-interference basis. The resolution oAfdhe VSP techniques is up to an order of mag
nitude less than the subsurface tomgg igiiegA methods at the same scale because of the 
near surface highly seismic attenuatl 'a . Therefore the resolution is expected to be on the 
order of 10's of meters for a VSP in eJ~veral hundred meter depth bore-hole from the surface.  

(3.) Passive seismic monitoring in the underground workings to monitor ground motion associated 
with nearby seismic sources, man made and natural. X T 
Within the ESF the placement of the e e 14Au -me, subsurface workings provides an 
unique opportunity to monitor", on due to nearby seismic events. The concept was to 
use the phones emplaced for thtactive imaging to listen for discrete seismic events. Before the Lit
tle Skull Mt. (LSM) earthquake sequence it was assumed that regional mine blasts or testing at the 
Nevada Test Site (NTS) would provide the seismic energy. However, due to reduced mining and 
testing at NTS the most logical sources to use during the active imaging (the only time the entire 
array of geophones was recorded) was the seismicity from the LSM events.  

5. SELECTION OF PROTOTYPE TESTS 

In order to optimize and select the most effective test methods, an initial phase of investigation 
and prototype testing was carried out from January through April of 1998. Budget and time con
straints prevented use and application of all of the above methods. Also, some of the crosshole 
tests described above required multiple horizontal boreholes from 10 to several hundred meters 
deep. Due to budget and drilling constraints this was not possible. Tests using boreholes were con
sidered initially because optimal signal to noise and favorable geometry would be assured if a 
source could be placed in boreholes at the repository horizon. Proposed for use were SD-7, SD-6, 
and H-5, i.e. boreholes in a location such that the source-receiver ray path geometry would cross
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Full Scale Tomographic Seismic Imaging of the Potential Repository Horizon

the potential repository volume if geophones were placed in the ESF and crossdrift. Due to access 
problems and conflicts with other activities in the boreholes, as well as a need to have cemented 
casing in the sections of the boreholes being used as source boreholes, this approach was not used.  
In addition, the seismic tests were part of the crossdrift program to directly access the potential 
repository volume, thus we focused on using the ESF and crossdrift as access points rather than 
boreholes. This work was to Ie tightly coupled with and driven by crossdrift mining and results, 
however, as the crossdrift was delayed the focus changed to using the ESF only. Last but not least, 
we considered electrical methods for imaging. Although the electrical methods had shown prom
ise, the resolution had been low. In addition, the methods had never been tried in a geometry such 
as this, the large amount of electrical noise and metal in the drifts, and the lack of instrumentation 
at the large scale (there were several seismic contractors who could provide hundreds of channels 
of data, but none could provide the same scale of eleatrieVTI asurements) made the use of electri
cal methods difficult in the allotted tiO 

Therefore, we focused oIAQ the ESF and crossdrift as the measurements points. The general 
concept was to place receivers in the ESF at regular distances to record seismic energy from the 
surface and crossdrift. The original sequence was to first image from the surface into the ESF, pre
dict the geology in the cross drift area, use the mapping information in the crossdrift to calibrate 
the seismic results, then refine and improve the image by performing tunnel to tunnel imaging 
between the crossdrift and the ESF. Multjp•,•soi•e locations along lines on the surface and the 
crossdrift would mimic a crossb hhwl Tetry, thus providing data which one could process in 
a tomographic manner. Before w'2l 0Tlroceed with a full scale imaging program, however, there 
were several unanswered questions that had to be addressed. These questions centered around the 
effect on seismic wave propagation of the layering and heterogeneity within the strata that was 
observed in the surface geophysics program.:We knew that we would nly have access at the sur
face on existing roads and drill pads. This restricted the :M 1 4pthe volume that could be 
imaged. The most critical issue was the r¥ [eift~signal that could be transmitted 
between the surface and the EJFfe ,t relatively good arrivals we would not proceed 
with the program. Also, even get first arrival information, could we determine the path on 
which these data were travelling? This was crucial to determine the location of the image. Because 
of these concerns, an ambitious prototype program of field measurements and modeling was 
undertaken to determine the feasibility of full scale repository imaging.  

6. PROTOTYPE FIELD EXPERIMENTS AND MODELING 

Two series of field tests were performed in the winter and spring of 1998. Before placing hun
dreds of geophones in the ESF we wanted to determine energy content and frequency range of sig
nals generated on the surface. To do so we placed 5 three component geophones at the 3900 meter 
distance in the ESF. From previous experience at NTS G-tunnel we knew that how and where we 
placed the phones was crucial. Coupling as well as tunnel diffraction would all effect the data.  
Therefore, we tried several different methods of emplacing the phones. Some phones were placed 
in shallow vertical bore holes (approximately 6 inches deep) and secured with an approved epoxy 
and others with grout. Also a small horizontal shelf was chipped out on which a three component 
geophone could be grouted and epoxied. Another was just placed on the ground and weighted
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down with sand bags. The objective was to determine the best and the most cost effective method 

of emplacement. These 5 phones were placed on the West side of the ESF, near the bottom of the 

drift, next to the tracks. In addition to these emplacements, three shallow (1/2, 1, and 2 meter), hor

izontal, boreholes were drilled into the East side of the drift, also for emplacing geophones. Three 

component phones were grouted in the end of these holes. These phones in the horizontal bore

hole were emplaced to record signals from explosive sources placed in shallow horizontal bore

holes drilled in the south face of the North Ramp to test how much energy would be necessary to 

do cross tunnel imaging over the repository volume. The results of these tests will be described 

later. After the geophones were emplaced at the 3900 meter distance in the ESF the prototype test

ing began. The logistics of recording sensors in a 4 km tunnel from sources up to 5 km away on 

the surface were difficult, but within the ability of modem seismic systems. The signals from the 

geophones were digitized using the LBNL 15 channel borehole digitizer (1 ms) which is designed 
to work on a 4 km borehole logging cable. The )•V•r4itted on a set of dedicated 

phone lines out to the surface whe reX0V4'df ec1ls'!rMing on Exile Hill. We chose 

to have the recording system outsll e tunnel because in a full scale test we would not have 
access to the ESF. Although it was seismically quiet at 3900, fan and mining noise would interfere 
with the seismic data in other parts of the ESF, therefore, in a full scale test the fans and mining 
would be stopped, leaving no access to the subsurface during this time. The electricity in the tunnel 

could not be shut off due to other tests being run. We therefore had to determine if we could trans

mit seismic signals out of ESF reliably throug hleJ Aical noise. In addition, we had to be in 
radio contact with the surface sources. o s made itbnecessary to place the recording 

electronics on the surface. - JUPL.CAý 

After the geophones and recording system were put in place, we then used the LBNL vibroseis 
trucks to create seismic energy at the surface. In the first series of tests only P-wave (vertical vibra

tion) vibroseis trucks were used. Three trucks were used along two previous surface seismic lines, 

YMP-5 and YMP-6 (Majer et al., 1996, pp. 21-22 . T$e-1c AFx th seismic reflection 

and gravity data along them as w INl6m as used because it was close 
to the repository horizon elevatior(tore close to horizontal imaging of the potential reposi
tory volume), and YMP-5 was chosen asithe only other North-South access road west of the ESF 
and to derive information above the volume. Figure 1 shows the location of the source points and 
receiver used in the prototype tests. A cross section of the geometry is shown in Figure 2. As can 
be seen the sources along YMP-6 shoot across the Solitario Canyon Fault. Figure 3 shows the data 
recorded at 3900 from Line YMP-5 (Yucca Ridge) and from Line YMP-6 (Solitario Canyon). As 

can be seen the data from line 5 is much better than line 6 (mainly seen as better signal-to-noise 
ratio of the first arrivals). Due to the nature of the geometry of the survey we then tried LBNL's S
wave (horizontal vibration) vibroseis sources in Solitario Canyon. Our reasoning being that 

because we had nearly horizontal propagation, the radiation pattern of a vertical source would give 
less P-wave energy than a horizontal source, i.e., in this geometry an S-wave vibrator may give us 
better P-wave energy. However, this was not the case in the acquired test data, therefore we stayed 
with the P-wave vibrators. This is an example of how the heterogeneous nature of the subsurface 

requires experimental testing to validate or invalidate expectations based on simplified models.  

The results of the prototype field tests led us to the conclusion that adequate energy could be 
obtained over large distances, but only on line YMP-5 was the signal-to-noise sufficient. Other

Revision 000 
-7-7Revision OOC



Full Scale Tomographic Seismic Imaging of the Potential Repository Horizon 

source locations, such as YMP-6 could be used if more time was allocated for repeated stacking of 
sources, but this would increase costs and tunnel shut-down time.  

The next step was to determine if we could tell where the energy from YMP-5 was travelling and if 
we could use it to image the repository volume. To do so we undertook an extensive modeling 
effort using a full elastic 2D finite difference modeling code (FM2D) developed at LBNL as part 
of programs outside the Yucca Mt. Project. This code is in the process of being qualified.  

The first step was to obtain a 2D velocity model. This was done by using data from the VSP col
lected at UZ-16 (Majer et al 1996, pp. 26-33) and projecting the velocities for the lithologic units 
onto a 2D cross-section of the 3D site scale geologic model (Clayton 1998, entire report). Figure 4 
shows this initial velocity model. Figure 6 shows both the observed data (6a) and the initial syn
thetic data (6b). Although the layered model shows a fairly good waveform match to the observed 
data, the arrival times do not match well. Therefore, the velo=' v model (not geologic structure) 
was adjusted to better match the aamil tI WTVrqMt •EJions, we arrived at an acceptable 
match, shown in Figure 6c. d replze~vr• i¶'odeled seismograms in Figures 6b and 6c is 
dramatic and shows the imp c o-velocity structure. Figure 5 shows the final velocity model for 
our cross section. The final model was a combination of adjusting the near surface velocity and 
having an exponential gradient in the layers rather than constant velocity. Once a model was 
obtained which matched the main arrivals of the prototype data, a more accurate representation of 
the entire wavefield (all the ESF sensors for one source) could be generated. A computed wavefield 
is shown in Figure 7. This time lap s, pq1ws theJocation of the wave fronts at various 
times. This model clearly showed 1.q] t arrival energ" was travelling almost straight down 
from the ridge then travelling hoiW y' in the potential repository horizon. For imaging of the 
repository horizon this was about the best case possible, since it would provide data through a 
large part of the potential repository volume, imaging the:desired area with a 2D geometry. We 
believe the initial vertical propagation is due to strong near surface velocity gradients while the 
later horizontal propagation is due to the relatively high velocit• Dy-Le middle nonlithophysal 
zone. One limiting factor observed in ther: e V ID" Vaielength of the first arrival 
(about 150 m) which means vlw h upper lithophysal and lower lithophysal 
horizons as well as the mid(lehnnlithophysal. This is an important point to remember for the 
interpretations discussed later.  

At one time it was suggested that the TBM could be used as a source for seismic energy. In order 
to test this concept we recorded data during the limited time the TBM was operating (it was mostly 
down during the prototype testing). Even with sensors as close as a few hundred meters, no usable 
seismic energy was recorded. We attributed it to the soft formation that the TBM was in and the 
high efficiency of the TBM (most the energy was going into rock breakage rather than seismic 
energy). Also the signal to noise ratio was poor due to the large amount of noise associated with 
the conveyor belt on the TBM, which served as a line source rather than a point source. If one was 
to use the TBM as a source then one must know the source signal for "zero" time and for source 
deconvolution. It appeared very difficult to do so in this case. However, because the TBM was 
behind schedule, we did not pursue the TBM as a source any further. There was one last proto
type test performed. This was the explosive source tests in the North Ramp. If future surveys 
expected successful imaging to be carried out from the crossdrift to the ESF then we had to be able 
to have an energy source(s) that could be used in the crossdrift and be powerful enough to go the
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distance. Explosives were the first choice tried. However, we were under the restriction that only 
limited amounts could be used, and no breakouts were allowed. It was required to direct the explo
sive energy into seismic energy rather than rock breakage. Because of the shallow holes provided 
(few meters), we were restricted to relatively small charges (I to 2 pounds). After an initial attempt 
where the explosion holes were not properly sealed (the energy shot out the holes rather than into 
the rock) we did get off one good test. The shot hole was at 2010 and the receiver was at 3900.  
Over this distance a minimal amount of energy was recorded from the small charges. The tests 
were stopped at this point in order to focus on the surface to ESF tests. If crossdrift to ESF tests are 
to be done more source tests need to be carried out. Explosives could be used if larger charges are 
used, but due to the restriction on organic sources this is not desired. Possible sources are minivi
brators and/or weight drops in the Crossdrift, nitrogen powered air guns in shallow holes instead of 
explosions, or if available, non organic explosive sources. Also there are many borehole seismic 
sources being used for crosswell seismic imaging in the o6lavi ', s hallow (2 to 3 meter) bore
holes could be used as source points r tAspN fo i44tv i the effort was stopped at that 
point. NO'Q & rw'' 

7. FINAL SURVEY DESIGN AND EXECUTION 

After completing the prototype testin M41•hat vibroseis sources on Yucca Ridge and sen
sors grouted in shallow holes c good data quality at costs within budgetary con
straints. In addition to cost con snft'srs, we needed a shutdown of tunnel activities which only 
happens at prescheduled times, and typically only for two days (over a weekend). Thus we 
planned a survey which could be completed in two days of acquisition. Among the factors affected 
by this time constraint were the number of source locations and the number of sweeps per source 
location. The prototype data had showed that 30m source spac Vwi, nimum to see coherent 
waveforms between source locations. Rkl/hgher fixed cost per station 
(including hole drilling, sensor j1g. M.•'ct), ut since all the sensors could be recorded 
simultaneously with a modem seismic recording system, there was no extra acquisition time 
needed for- extra sensors. Therefore we decided to improve the spatial sampling by using closer 
sensor spacing - 15 m. This spacing also gave us better resolution at the tunnel where we would 
have "ground truth". In a concession to cost efficiency, we decided to use two component sensors 
rather that 3 component sensors. The prototype experiment and modeling had indicated that sig
nificant energy would be in the horizontal plane, but mostly normal to the strike of the tunnel. We 
therefore fabricated two-component (2-c) sensors (vertical and horizontal) and aligned the hori
zontal normal to the tunnel axis (East-West). We originally designed 170 2-c sensors, but interest 
and additional funding for a southern extension added 54 2-c sensors for a total of 224 sensors 
(448 geophones). The sensors were emplaced in the tunnel from 2680 to 5970 m. The planned 
source locations (including the southern extension) covered over 5000 m along Yucca Ridge at 30 
m spacing. Figure 8 shows the final survey geometry in plane view.  

The data recording commenced early on Saturday June 20, after the night shift of miners left and 
the air fans were turned off. Two vibroseis trucks were used in a linear array at each source loca
tions (30,000 lb force each). Field testing determined the sweep parameters which were 12 sec
ond sweeps, 8 to 60 Hz, repeated 12 times at each source location. A "Varisweep" was used to
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cancel the side lobes. A total of 16 seconds was recorded giving 4 seconds of correlated output.  
All 448 geophones were recorded for every source location. Recording progressed through Sunday 
June 21 until a power supply failure in the recording system ended acquisition with 19 of the 180 
planned source stations not yet recorded. Repair of the recording system was not possible before 
the resumption of mining operations early Monday June 22. Fortunately, we had been recording 
every other source station, so 'the missing stations were interspersed with previously acquired data, 
thus the overall survey coverage area was not reduced. A total of 161 source stations were 
acquired, totalling over 71,000 seismograms. One notable observation during parameter testing 
was that recording during mining operations was impossible due to the high background noise 
(mostly from the muck conveyer belt, we believe), therefore our decision to require a tunnel shut
down was indeed necessary.  

8. DATA PROCESSING: plo 

8.1. SORTING AND FILTERING 

The data were sorted in common shot and relegver gathers. A total of 161 shots were recorded by 
224 receivers. Three reh from�ot positions located at the southern, mid

dle, and northern end of the lA\ 4 ridge are presented in Figure 9a, b, and c, respectively.  
The data are bandpass filteredit rvween 20-50 Hz, while a notch filter was applied at 60 Hz. Fur
thermore, the data were enhanced using a 500 ms AGC window. The data are displayed for a time 
window of 2 s. In Figure 9a, a weak first arrival can be seen between channels 141 and 224, arriv
ing at about 700 ms for the latter. Attenuation losses cause t plitudes to drop below noise 
level for receivers located in the middle and no I,-trtnnel. A second set of arrivals 
can be seen at later times in the ses'. r to S converted waves created at near sur
face interfaces. Figure 9Ve g ather excited in the middle of the seismic line (Source 
198). It is evident that en rgy associated with the first arriving waves can be seen throughout the 

.section', although they seem to be weaker for near zero offset traces. This phenomenon has been 
observed in surface seismic reflection studies at Yucca Mountain (Majer, et al 1996, pp. 56-59).  
Figure 9c shows the last shot gather for source position 280, at the northern end of the ridge. First 
arrivals can be seen almost throughout the whole section, which indicates that the source coupling 
to the ground at this source position is better, or that the near source subsurface is less attenuating, 
than at the southern end of the source line. The first arrival times were picked interactively for each 
shot gather. The data were then resorted to receiver gathers and checked and repicked for correct 
event identification. Event identification is an important step because a complex subsurface struc
ture (such as at Yucca Mountain) can cause the first arriving energy to be from different raypaths 
than those assumed in tomography. To better understand the wave propagation in our survey, we 
needed a 3D elastic wave equation simulation. However such programs require long compute 
times and much fine tuning. Therefore we decided to use a modification of the 2D elastic program 
use in Section 6 to give us some insight into the 3D nature of arrivals observed in the real data.
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8.2. 2D-3D MODELING THEORY

To understand the structure and main properties of the recorded dataset as well as pick the proper 
arrival in the data we used a 2D elastic program with parameter adjustments allowing a simulation 
of 3D geometry. Such a reduction is justified for the cases of 3D problems with cylindrical sym
metry where medium properties-amre laterally homogeneous and change just along the vertical 
coordinate z (i.e. horizontal layering). If we use a cylindrical coordinate system p,(p,z,, and place a 
source somewhere on Z axis then all receivers locate on a ring z=constant, p=constant, and with 
different phi are equidistant from the source. Symmetry of the problem gives the same travel times 
and other parameters of wavefields for all such sources. Therefore, if we know the wavefield for a 
vertically inhomogeneous medium for any plane containing Z axis then it is easy to expand the 
results for an arbitrary 3D configuration. The Yucca Mount , acity model Exp85, which was 
chosen for inversion for the ridge source data , fw,½ 'vertically inhomogeneous one.  
We used a 2D elastic code for non l~*scd eivers to model receivers spaced uniformly 
along a line orthogonal to the . represents the tunnel where the receivers were 
located. Therefore the correspondence between receiver location Xk in 2D model and an offset 
Yk of the receiver in 3D space is given by 

Xk-- /Xo + 

where Xo = 2905 ft is a zero offset distaq transformation allows us to make a direct com
parison of moveouts of different wava .j tgiaic and real data. It also allows us to interpret the 
wave structure of the real data. FigurP shows modeling results for a 3D extension of our 2D 
final velocity model (know as Exp85). The vertical component data in Figure 9d is best compared 
to the right side of the acquired data in Figure 9b. Wave propagation snapshots (e.g. top of Figure 
9d) was used to help identify wave types of arrivals. It was particul l(ear that the direct wave 
has rather low amplitude and is being overtaken by refli over-structures for offsets 
larger than about 2500 ft (see arrows on FigzMPi ue of this result, the larger offset travel 
times were not used in the tomogg i ' iQns using angles less than about 45 degrees.  

8.3. ZERO OFFSET ANALYSIS: 

In order to have an initial estimate of the variation in seismic wave properties across the tunnel 
length, the data were sorted in a zero offset geometry, where the sources on the ridge were 
matched with opposing receivers in the tunnel. A total of 110 traces were found to satisfy this 
geometry and cover the total length of the geophone array. The traces alined along their first arrival 
travel time are displayed in Figure 10. The first arrivals can be seen at 600 ms across the zero offset 
gather. Is is evident that there is lateral variation in the amplitudes across the tunnel. In order to 
quantify this variation, the rms values of the amplitudes associated with the first arrival were deter
mined. A time window of 80 ms (+/- 40 ms) length was applied across the first arrival and the rms 
amplitude values computed. The resulting values were corrected for geometrical spreading to 
account for losses associated with varying propagation distances. At this point the relative ampli
tudes can be compared across the tunnel length. To support this comparison, the fracture density, 
determined along the tunnel walls, is presented alongside the amplitude values in Figure 11. Both 
curves are normalized (the fracture density to 1, the rms amplitudes to 2) to separate them in the
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plot. It is evident that the correlation is good, particularly in the sections with increased fracture 
intensity were the rms amplitudes rise above their background value. This result can be explained 
by a site amplification due to a decrease in velocity and density within the fracture zone, or by a 
guiding effect of the fractures which keep the propagating waves concentrated within the fracture 
zone, and thus prevent amplitude losses due to spherical spreading of the waves. To test the first 
hypothesis a noise investigation is performed. If the increase in seismic amplitudes is due to site 
amplification, the noise should be amplified in the same way. Therefore, the rms amplitude of the 
noise is determined over a 0-500 ms time window in the zero offset seismogram section. After nor
malization of the noise amplitudes, their values are displayed in Figure 11 (upper curve). It is clear 
from this comparison, that the noise is not amplified in the same way as the seismic waves, and 
therefore, site amplification can be ruled out as an explanation for the correlation between the seis
mic amplitudes and the fracture density. It is therefore likely that the intensely fractured zone 
encountered in the tunnel is affecting the seismic amplitudes.  

8.4. RAY TRACING: .  

Numerical modeling (see s and 8.2, and Figure 7) indicates that the elastic waves propa
gate downwards at a steep angle towards the Tptpmn zone, after which they are refracted and prop
agate along this interface. To accommodate this wave propagation it was necessary to project the 
source locations from the surface onto the top of the Tptpmn layer at depth, before 2-dimensional 
tomographic imaging is possible. This is a cr 1l(cp allowing tomographic imaging of Tptpmn.  
Since the dominant wavelength (15•. •Tn" longer than the layer thickness (approx. 30m) the 
waves sample the area immediatel. .• Zr below the Tptpmn along their path to the tunnel.  
Wave equation modeling is poorly 'guited to finding specific subsurface locations where a given 
wave first refracts. For this reason we decided to use ray tracing to estimate the projected source 
locations. Additionally, we originally hoped to use a 3D ray tracer for-ulre accurate estimation of 
projected source points. However, the complex velocity m •ding the correct 3D ray 
solutions difficult in the time available. Therefore, l1jb¶Ij subsurface Tptpmn source loca
tions and associated travel time correcrW ted by 2-dimensional ray tracing based on 
the final 2-D velocity model w Lhlf •, through numerical modeling (section 6). After veri

fying the approximate projected locat4s- with the ray tracing, a geometric calculation was made 
to generate the projected locations. Our application of source statics (section 8.6) corrects for any 
residual error from the projected source location.  

To estimate the projected source positions within Tptpmn, ray tracing with 0.250 increments in the 
take-off angle was performed. The new source point is at the location where the ray that first 
changes from reflection to transmission intersects the Tptpmn layer in the 2D cross section. It is 
assumed that this point is a good representation of the location were the waves change from reflec
tion to refraction and propagate along the interface. This location represents all rays from that 
source. Figure 12 shows a typical example of the raytracing result. For reasons of clarity, only an 
example subset of rays with take-off angles between 400 and 90' are presented. The velocity gradi
ent causes a strong curvature of the rays, such that only a few at steep take-off angles reach the 
interface. The crossing point of the ray that first transmits through the layer, estimates the new 
source location. The raytracing was performed for all 161 source positions to estimate the loca
tions.
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The strong velocity gradient in the shallow subsurface produced unrealistically large variations in 
the location of the ray traced source points. We believe this is because the rays represent infinite 
frequency solutions to the wave equation, whereas waves with a frequency content of about f= 15 
Hz (as in our case) sample the medium on a larger scale. It is more likely that the true source points 
at depth have less variation than estimated by our ray tracing analysis. As a consequence the new 
source points were determined by 'shifting the surface locations east by the average distance of 100 
m and finding their depth by projection onto the Tptpmn layer in the current geologic model.  

8.5. TOMOGRAPHIC IMAGING: 

The new projected source locations and the actual receiver locations in the tunnel are shown in 
Figure 13, indicated by circles and triangles, respectively. This figure represents a 2D plane 
through the Tptpmn zone with sources and receivers projected onto it. It should be noted that the 
units of the coordinate system are in meters, and that the orign located at 235191.92 m North, 
170054.02 m East, in Nevada state coordinate l l • the new location of the sources 

are more scattered than the or at l -n dge. The model consist of a 2-D plane, 
with 10m x 10m cells. Figure N46vs the ray coverage per cell for the chosen model geometry.  
The ray coverage is normalized to 1, with the maximum number of rays per cell being 551. We 
believe that the purple colored areas (below about 10% of maximum) do not have sufficient ray 
coverage to provide reliable independent parameter estimates. The best sampled area lies in the 
center of the model, with good coverage between the center and the edges of the tunnel. It should 
be noted that the streakiness of the image 1 ýtM,0•ncent•'ion of rays along line-ups of 
sources in the northern and middle sectiD@ &tj.elurce line. Th&leray coverage should be kept in 
mind, when the inversion results are beii reted. Once we determined that we had good ray 
coverage in a 2D area, we could apply an algebraic reconstruction technique to the image area (as 
described in Peterson, 1986, pp. 5-22). This algorithm (implemented with the code CART) 
assigns each pixel a height as well as an area (hence the term 2.5D). A straight ray is drawn 
between the source and receiver location and the ray length throu ixel, including the 
height component, is calculated. The percenta e, ,o•r •ion) attributed to each 
pixel for each ray in that pixel is av &[ lA'qgtfh in that pixel to give the final pixel 
value of velocity or attenuation.  

An initial P wave velocity tomogram is shown in Figure 14. It is apparent that the dominant fea
tures in the model are crossing line segments that extend from the lined-up sources in the northern 
and middle part of the source line to the edges of the receiver array. In addition strong anomalies 
can be seen along the southern end of the model, where the ray coverage is close to zero. These 
features are caused by errors in the projection of the original source positions to their new depth 
locations and associated travel times drifts (static shifts). The correction of these static errors for 
each of the new source positions became imperative to produce reliable tomographic results. A 
method to correct for the static shifts was applied, which is particularly suited for the current situ
ation, where it is difficult to determine the travel time and amplitude values for every recorded 
trace due to the poor quality of some data traces. Contrary to the source problems, the receiver 
statics should be minimal, due to their grouting to the tunnel floor and the exact determination of 
their locations. Therefore we are confident that two component static correction (source and 
receiver) is possible.
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8.6. STATIC CORRECTIONS 

As stated above, the application of a stable, previously developed tomography program to the data 
set was validated by our modeling of wave propagation for our acquisition geometry. This analysis 
showed that first arrival energy propagates nearly vertically down to the Tptpmn horizon and con
tinues laterally along that horizon. We could then extend the standard practice of near-surface (or 
near-borehole) static corikns to a correction for all of the propagation effects from our sources 
on Yucca Ridge t:TdlaAMm horizon. This is a novel, but technically justified, application of 
static correlh ' allowed the large scale imaging of the Tptpmn reported in the following 
se orN "

L €e know from VSP and surface seismic results (Majer et al 1996, pp. 52-56) that seismic veloci
ties in shallow (first few hundred meters) are very low and heterogeneous. This is usually a result 
of weathering , active tectonic history and other geologic processes. In addition, rocks on moun
tain ridges experiencewa$ lower-tonfining pressures which allows microcracks to open and low
ers velocities &A re dramatically. It is our experience that the upper parts of the subsurface 
develop st~nJi•y gradients which can be found even in strong solid rock like granite. The 
heterogeneiith the shallow subsurface also causes the coupling of seismic sources to vary along 
the source line. We therefore had to remove the ect of the low velocity heterogeneous shallow 
velocity rocks to allow further processingp a not unexpected because our initial numerical 

simulation results also suggested thVl e of very low shallow velocity values. To remove 
this effect we must correct tl limes and amplitudes (after taking their logarithm) as having 
source locations (wi t pnn) dependent on static corrections. This was done by using a 
simple least sk ssion fit to the travel time and amplitude data (LSQR method, Pevzner et 
al, 1983, ppV .1 -I•mplemented in the program ONESTATv 1.0. The present case consists of 
non uniform amount of data points for different source locations. We solved this problem by intro
ducing weighting coefficients in the minimization function. Taking a data model in the form 

uij= ci +p rij +nij 

where indexes i and j indicate sources and receivers correspondently, rij is a distance from i-th 
source to j-th receiver, and n ij is random noise.  

In the case of travel times 

uij= tij ci =ti p=l/v0 

where t ij are travel time picks, ti are source static corrections, and vo is a background velocity.  

In the case of amplitudes 

uij= ln(Aijrij) ci = lnA i  p =- (XO 

where A ij are amplitude picks, Ai are source amplitude static corrections, and ax0 is a background 
attenuation coefficient.
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We minimize the function

S = (u iJ- ci-Prij) 2 aij 
ij 

where coefficients aij have senseý of inverse dispersions of noise defined in every data point. Thus 
for missing data we take aij= 0, and for all others aij= 1. Static corrections ci as well as back
ground parameter p are assumed to be unknown. The LSQR solution of the problem has the 
form 

Y •'ui'jai'j) [elrji( i'ri'jai'j]

=rijaij uij - i ja[j rijr lj •. i,,ai'j) ij i•aij) J 

ai= 
ci= l Yk(uj--Prij)aij 

I aij j 

Note that for the case of travel times the static corrections ha Ael• se of averaging the travel 
times of propagation from the ridge (source) to the T I.' nowing the source elevations 
and the distance to the Tptpmn we can calcul ttctive velocities in the upper part as 
vef= d iti. After removing the static c io oom the data the residuals are used for tomo
graphic inversion. Figure 15 shows t4 O orrected velocity tomogram. Among the major fea
tures observed is a high velocity re ion parallel and just North of the crossdrift. The one 
disruption of this high velocity region is where a mapped surface fault trace-intersects. A broad 
low velocity region is seen near the southern end of the ESF(at abQtt2000 N), probably associ
ated with the intensely fractured zone, and a large low vel Q-omaly is in the central southern 
portion of the image area at about 231800 N. V3 

Because of the high correlation of zero offset amplitudes with fracture density (USGS, Beau in 
the tunnel (Figure 11), we believe that seismic amplitudes may be quite sensitive toi tirop
erties. We therefore attempted a tomographic inversion for amplitude using t rTnW -ciple of 
source projection to the Tptpmn horizon. The analytic solution fo e•1 tomography is 
obtained with attenuation rather than actual amplitude values, rwi ''f attenuation indicating 
lower amplitudes. The resulting amplitude tomogram is l•ui'i~gure 16.  

The amplitude tomograms are based on the rms amplitude values in each trace that are associated 
with the first arrival travel time. The rms amplitudes were determined over an 80 ms window cen
tered about the travel time of the first arrival in each trace. The amplitude values were corrected for 
geometrical spreading, such that spatial comparison within the model area becomes acceptable.  
To help in the interpretation of these features, the relative amplitudes adjacent to the tunnel are dis-
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played in a cross-sectional view along the tunnel axis and compared to the fracture distribution as 
presented in Figure 11. The comparison is show in Figure 17, where the tomographic amplitudes 
and velocities are plotted along with the fracture curve (USGS, Beason). Although the correlation 
is not as good as in the zero offset amplitudes, it can be seen that the amplitude maxima line up in 
the highly fractured section of the tunnel. We also see that the velocity structure appears to have 
the low frequency trends of .4he fracture intensity while the amplitudes have the high frequency 
variations. We suspect fronJ¶ i to more sensitive to local material 
property variations. Another nota le observation is t at plitude values appear to have posi
tive correlation with fractures in the south end of the ESF but they have an inverse correlation with 
fractures in the north end of the ESF. We believe this is an indication that different material prop
erties are affecting the amplitudes in different regions of the tomogram. This is not a surprising 
result since we have observed variation in material properties and localized effects which may be 
due to different fracture orientation, different saturation, perched 'water and other spatially varying 
features. In particular, our modeling Kaloffed( zfi~tal fractures shows increasing amplitudes 
for horizontally propagation waves, ID6W eTknow that aligned vertical fractures will cause 
decreasing amplitudes for horizontally propagating waves.  

9. REPROCESSING OF SURFACE SEISMIC YMP-5 

PRELIMI NARY DR 
The surface seismic reflection line along the ridge crest of ucca jfoun ain, YMP-5, was repro

cessed in an attempt to determine the thickness, depth, and continuity of the Vitric layer (Tptpv) at 
the base of the Topopah Spring Tuff (Tpt). The ridge to ESF work provided additional information 
on the velocity and with this information it was thought that an improved image could be obtained 
on YMP-5. The area of interest was the southern portion of the line, from Common Depth Point 
(CDP) locations 202 to 500, as shown in Figure 18.  

The results from the previous processing were presented in Majer et al. (1996, pp. 11-25). In that 
study, four marker reflectors were found that correlate to: the Upper Topopah vitric (Tptrv); the 
Middle-Topopah (Tptpul-Tptpmn-Tptpll); the Lower Topopah vitric (Tptpv); and the Prow Pass 
(Tcp). The upper and lower vitric zones gave the strongest reflection signal, due to the dense 
welding of the rock, producing a greater seismic velocity contrast with the rocks above and below 
these vitric zones. The geologic cross-section is shown in Figure 19a. From this figure, the total 
thickness of the Tptrvl-3 is estimated to be about 57 meters to the south and thinning to about 38 
meters to the north. All processing used the seismic processing package Focus 3D ver. 4.1, which 
is qualified.  

In the reprocessing of the line, attention was given to the frequency content of the data. A band
limited spiking deconvolution operator was tested to retrieve the highest possible bandwidth at the 
zone of interest. The best bandwidth was found to be 10-60 Hertz. The stacking velocities were 
also re-picked; however, they varied little from the original picks. The rest of the processing flow 
followed the previous flow in Majer et al. (1996, pp. 12-14), including Radon velocity filtering, 
Stolt time migration using 70% of the stacking velocities and conversion to depth using 80% of the 
stacking velocities. Since no Vertical Seismic Profiling (VSP) was available on the ridge, the rock 
velocities at depth are not known. The conversion to depth was adjusted to match the depth of the 
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Tptpv units from the geologic model, which is constrained at several wells along the ridge: H-3, 
UZ-6, and H-5. The thickness of the individual vitric units cannot be estimated from seismic data, 
since the reflection could arise from any of the the three individual vitric layers and the seismic 
wavelength (about 100 m) can not resolve the three units. However, the seismic data can address 
the question of continuity of the Tptpv reflector.  

The final migrated depth section is shown in Figure 19b. The upper vitric layer (Tptrv) does not 
appear continuous across a mapped fault at CDP 320. However, the lower vitric (Tptpv) does 
appear continuous at the southern portion of the line, from CDP's 202 to about 320. North of this 
location, the lower vitric does not appear to be as continuous, although is can be traced northward 
to about CDP 420, where is appears to be disturbed. Overall, the reprocessing of YMP-5 did obtain 
higher frequency reflections for the Tptpv vitric zone and it was found to be more continuous on 
the southern portion of the line.  

10. RESULTS AND CONCLUSIONS: 

The tomography experiment has proven to be a successful test. We demonstrated the potential of 
large scale, surface-to-tunnel, seismic tomography at Yucca Mountain with numerical modeling 
and prototype experiments. We successfully installed 224 sensors in the ESF and deployed a large 
scale acquisition system while mining operations were underway. We acquired a large volume of 
data in a short time window of mining shutdown, doing so on schedule. We developed novel tech
niques to maximize our imaging of the repository horizofi the Tptpmn. We have applied these 
techniques and produced interpretable imagek.§V&?5 square kilometers of the Tptpmn. We have 
produced images of two major seismimoý tles, velocity and attenuation. The reprocessing of 
the surface seismic line YI a increased confidence in the seismic interpretation of the conti
nuity of the vitric zone.  

The zero offset relative amplitude distribution revealed surprising results, in that the amplitudes 
are increased in regions of high fracture intensity. Having excluded a site amplification effect, one 
explanation may be that the horizontal fracture ? King-energy during propagation and con
structively interfering to cause an incrvcm. iAih'tude in a fracture zone rather than a decrease 
that one would expect through a high ly5 4 one. In order to test this theory we performed an 
initial modeling exercise which confirmed the possibility of fractures inducing this result.  
Whether this effect is more likely for subhorizontal or vertical fractures needg investigation, but 
this observation holds the promise of more accurately imaging simi •tu"e zones. At this 
point the interpretation of the tomographic images is at an ins;.t-Ih"ere is much that could 
be done with further work including incorporating oi.her MA"eil property maps based on borehole 
data and crossdrift data. At the time of wnitipg, we -hve received no information from the cross
drift, however the possibility of constrainin-gand testing the combined velocity and attenuation 
images with crossdrift results holds much promise. The combined interpretation of velocity and 
attenuation images is difficult. We believe that there are different physical process at work within 
the large area imaged. We do not expect simple agreement between velocity and attenuation, 
although both will define regions of material property variation. Properties such as saturation 
(including perched water), spatially varying velocity anisotropy, varying lithophysal content and
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varying fracture intensity and orientation can combine to create the observed heterogeneity. In the 
ESF intensely fractured zone, we have high amplitude and low velocity associated with increased 
fracturing. We have done initial modeling of horizontal fractures which may explain this com
bined result, but the modeling is not advanced enough to be used for interpretation. In other areas 
we expect fracturing to cause low amplitude (high attenuation) and low velocity. An example of 
this combination is seen just south of the crossdrift on the west side of our image.  

The images themselves could be refined and improved with further work on the time picks, source 
projection, inclusion of receiver statics, correction for anisotropy (variation in properties with 
direction) and iterative forward modeling based on tomography results. While it is possible to 
present the velocity results in a fracture density tomogram at this point, uncertainty can be reduced 
with application of know methods. Nonetheless, we feel confident that the images produced can be 
interpreted for the following: 

1) Broad regions of high velocity indicate relatively unfractured rock, such as in the blue areas of 
the velocity tomogram in the vicinity of the crossdrift. In this, as in past work, we feel that velocity 
variation within an individual formation is a good indication of fracture content.  

2) Broad regions of low velocity indicate relatively frac ,b rock, such as in the south-central 
image region and along the southern end9M D\ 

3) Subsurface faults and • .•teacture zones may be defined by linear features which trun
cate anomalies, such as the West Ghost Dance splay which appears to truncate two attenuation 
anomalies between 230900 and 231900 m and also the Sundance fault mapped as crossing the 
crossdrift which appears to truncate velocity anomalies on the East and West sides at about 233500 
m. If these observations can be corroborated with future-studies, they would represent the first 
reliable imaging of subsurface faulting.  

4) Attenuation appears to be more spilay\nable, with good correlation of zero offset ampli
tudes to the mapped fracture intensity within the ESF (Figure 11). Both high and low extremes of 
amplitudes may indicate rock property variation such as fracturing. The amplitude data have a 
wider sensitivity to rock properties in general (velocities of rocks only vary at most an order of 
magnitude whereas amplitudes can vary several orders of magnij•d j 

5) The overall nature of the Tpt Lf&eoous with fairly large velocity variation 
(over 20%). We note that the tomg ic image does include effects from the upper lithophysal 
and lower lithophysal horizons and these zone are also affecting the observed heterogeneity.  

In order to understand the effect of fractures on amplitude we modeled the elastic wave propaga
tion through a homogeneous media with fractures embedded in it. In most cases we have observed 
that fractured zones usually exhibit high attenuation of elastic waves. This attenuation is mainly 
caused by intensive scattering of waves on fractures which in shallow regions have multiple orien
tation directions and represent sharp discontinuities in elastic properties. The case considered here, 
however, is different. As zero offset data show, the highly fractured zones of the ESF have strong 
positive correlation with amplitude of the direct waves.
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To understand this phenomena we performed a numerical simulation of elastic wave propagation 
for the medium containing a fractured zone. The simulation was done using our elastic 2D finite 
difference code (FM2d). The model of the zone consisted of the 3000 ft x 500 ft region containing 
100 randomly spaced horizontal "fractures" . Each "fracture" was modeled by a low (50%) veloc
ity discontinuity having a width of one grid point (8 ft) and a length of 80 ft. For the considered 
wavelengths above 50 ft this is a good enough approximation for a filled fracture. A point pressure 
source was placed 2000 ft off the'region (Figure 20a). The 21 observation points with 100 ft spac
ing were on a vertical profile behind the zone. A 3D display of the wave field is shown on Figure 
20b where one can clearly observe an increase of the field's energy directly behind the fracture 
zone. An amplitude curve for the direct wave is presented on Figure 20c. As clearly seen the high 
amplitude region which corresponds to the zone has two low amplitude regions in the sides, which 
relate to trapped energy within the zone. The travel times of the wave which can be observed on 
Figure 20d vary smoothly, revealing negative time shifts. Therefore, the amplitudes of waves 
transmitted through a fracture zone are differentiated, The waveform going into the fracture zone 
in transformed into a more complicated wave) whereas traveltimes (velocity) are integrated and 
thus are smoothed. Exactly the same behavior is observed in the amplitude and traveltime tomo
grams, especially in the vicinity of the tunnel. This result s sts that the inhomogeneities on the 
tomograms can be interpreted as fracture zzo•ie; 'i.. is reasonable to conclude that the 
amplitudes would be sensitive t frtt indicated from the fracture modeling, how
ever, in a tomographic sens•,"ie Dofiad the opportunity to derive a fracture tomogram which 
includes amplitude effects. he difficulty being that as the angle of incidence of the seismic waves 
varies relative to the fracture plane the fracture may attenuate or amplify the energy (as seen in the 
modeling in Figure 20) Thus without proper correction for angle of incidence the amplitude 
images should be looked at as only a general indication of fracture location.  

In an attempt to understand the anisotrWD we derived amplitude and velocity tomograms 
with different ray angles, reasoning tIl td-0ieomograms with only low angles of incidence 
looked different from those with only high angles of incidence, then anisotropy is playing a signif
icant role. Plotted in Figure 21 a, b, c, and d are the velocity tomogram with rays of 30 degrees and 
less, 45 degrees and less, the amplitude tomograms with rays of 30 degrees an less and 45degrees 
and less, respectively. Although the tomograms in Figure 21 do in fine scale detail 
from the tomograms with all of the rays (compare t a the broad features are the 
same. In fact the tomograms with ra ,egrees are a more robust measure of the 
overall broad features than the tomr ) ih all of the rays. This is because we used a straight 
ray inversion for the tomography, ignoring -bending. If there are strong velocity gradients in the 
area (which there are) then the high angle rays across the gradients will bend and not be as well 
approximated by straight rays.  

In an attempt to quantify the fracture properties, we used a relationship between seismic velocity 
(P and S-wave), fracture density, matrix properties, and fluid saturation which was derived by Kae
lin (1998, pp. 64-80). We successfully applied this to the UZ- 16 VSP data (Majer et al, 1996, pp. 8
I1) to derive the saturation and fracture density profile, but unlike the ESF, UZ-16 had no confir
mation of large scale fracture density which was affecting seismic wave propagation within the 
wavelengths generated by the VSP. The accuracy of our results at UZ-16 demonstrated the applica
bility of the theory to the nonlithophysal and lithophysal stratigraphy. Shown in Figure 22 is a 
tomogram of the fracture density. Unlike the data from UZ- 16, there are many assumptions used to
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derive this figure. We assumed an average Poisson's ratio of 0.34 for the unfractured matrix, an 
average crack saturation of 60%, an S-wave velocity of 2150 m/s (we have not developed an S
wave tomogram or even picked the S-wave yet) and used the matrix properties of core (such as 
Poisson's ratio) from UZ-16 for the Tptpnm mineralogy. We also assumed all porosity is fracture 
porosity (total porosity in the Tptpmn is about 10%). Additionally, we assumed that the fractures 
had an average dimension ofk 1 square meter. All these values were fixed throughout the imaged 
volume. We know that thes6 properties vary throughout the imaged volume, however it is not 
within the scope of this report to include other laterally varying properties. We should note that 
with S-wave velocities (possibly pickable from our tomographic data set) and a better estimate of 
saturation and porosity (possibly from the UZ site model, or interpolated log data), a more accu
rate estimate of fracture density throughout theqi garea could be derived. The information 
from the attenuation tomogram wad e 'ave also not attempted to normalize to the 
mapped fracture density i 6e seen the results maich quite closely to the measured 
values along the ESI•o•'in confidence that seismic velocity correlated closely to fracture 
properties. Further rennements of the fracture density could be obtained by more accurate values 
of saturation, S-wave velocity and matrix properties.  

11. FUTURE WORK COO 

In order to extract the most information from the current data set future work should include 
improving and refining the current tomographic data set and exploiting t knowledge gained here 
to address the questions described in Section 3. The currenta benefit from the fo
lowing: S V . Ibeeifrmteo

l) Forward modeling for underst - mt!oship between velocity and attenuation in vari
ous settings (i.e. fractured vs. norirrared, saturated vs. dry fractures, horizontal vs. vertical frac
tures, etc). Forward modeling using the inverted tomographic velocity image would also study the 
velocity structure effect on amplitudes (such as focusing of energy by spatial velocity variations).  

2) Design and application of receiver statics 

3) Analysis for anisotropy, including spatially varying anisotropy 

4) Correction to amplitudes based on "focusing" of the velocity model (beyond straight ray 
tomography) 

5) Inclusion of S-wave data to derive more robust estimates of fracture properties, this will require 
more modeling to identify the S-wave in our data (versus converted and more complex arrivals).  
To date we have not been able to pick the S-wave over the data set due to the complexity of the 
wave field. In addition, if we correlated with the saturation properties that Rautman (Rautman and 
McKenna, 1997, pp. 87-134) has derived this also may derive a more robust estimate of fracture 
properties.
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6) Acquire cross drift to ESF data sets to have a wider band width data set in order to interpret the 
amplitude data in terms of fracture properties. A higher resolution image using subsurface sources 
as well as receivers would also greatly aid in further refinement of the fracture properties.  

Future work could utilize the permanently emplaced ESF geophones, as well as the knowledge 
gained about velocity and attenuaion variation in the Tptpmn. Because the geophones are already 
in place the following work could'be done: 

1) Collect passive seismic data to image beneath the potential repository volume as well as refine 
the P and S-wave velocity model for earthquake hazard predictions.  

2) Perform another survey similar to the one carried out w th a source line to the East of the ESF 
(possibly along seismic reflection line YMP-2, t r_-'t e south portal). This would image the 
zone to the east of the ESF, an area wh ynmore boreholes and confirming informa
tion, thus if we imaged the f e s roerly in that region, we would have much more con
fidence in our current Ir !1t'would also provide an interesting comparison between a zone 
rejected as a potential repository to one still being considered for the potential repository.  

3) Tunnel reflection studies 

Future work of the tomographic data coul 0 c 'locessing for reflected energy. In anticipation 
of this, some modeling was performet.jff le the area that could be imaged from the reflec
tion points off the lower vitric layer oAetopopah Spring Tuff (Tptpv). The modeling program 
used was GXII ver. 2.4.1, which is in the process of being qualified. This is a ray tracing program 
that has the option to export the location of reflected midpoints.  

In this modeling, a 2-D velocity model was constructe I !4 nkm~ethods described earlier 
that simulate the 3-D case (see Section 8.2 model used was similar to the Final 
Velocity Model (Figure 5), except V, ntial function could not be used in GXII that 
started from ground level. Instead, asl ow velocity of 914.41 m/s was assigned to the first layer 
(Tiva) so that the first arrival times matched the observed. The rest of the layers were 85% of the 
Original Velocity Model (Figure 4), as was the case with the Final Velocity Model.  

The midpoint reflection locations were calculated for one 2-D model, and then rotated to the 3-D 
case, as described in Section 8.2. Additional shots were added based on the shot-receiver geome
try, and the results are shown in Figure 23. This plot shows the location of the reflection points 
from the lower vitric, Tptpv. As can be seen, they form a rather narrow band between the shots and 
receivers. The band is so narrow because the fast velocities in the Tptpmn layer above it (see Fig
ure 23) tend to focus the reflected rays vertically. Thus, large areas of the Tptpv are not sampled 
by the reflections; however, smaller areas tend to be highly sampled.  

4) Tunnel to Tunnel Reflection Imaging 

The subsurface access provided by the ESF and other future drifts allows the possible use of high 
resolution reflection profiling for horizons below, and possibly above, the tunnel. As a preliminary 
investigation of the potential to image below the ESF with reflection profiling, we performed wave
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equation modeling for a source and receiver in the ESF on the 2D cross section of our final veloc
ity model. This modeling is shown in Figure 24. We found a complex wavefield (as expected) 
with P-wave reflections from above and below the tunnel as well as P to S-Wave conversions. The 
horizon which seems to be best imaged (because of reflection amplitude and time separation from 
other arrivals) is the basal reflector of the Calico Hills formation (Ta). Figure 24 shows time snap
shots of the wave propagatioi as well as a synthetic seismogram for horizontal and vertical com
ponent receivers in the ESF. The reflecting energy from the base of Calico Hills would be affected 
by internal Calico Hills properties both going down and coming up, thereby increasing the sensi
tivity. If the Tptrv reflector could be resolved, then we could also define the approximate thickness 
of the Calico Hills formation.  
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NOT APPROVED

169600 170400 171200 172000

Easting (m) 

Source and receiver location for the tomography prototype testing. Source sites 
on Yucca Ridge are labeled 098 - 111. Source Sites in Solitario Canyon are 
labeled 201 - 212. The sensor location in the ESF is labeled "Receiver". The ESF 
and crossdrift tunnels are in blue and major faults are in red. Coordinate scales 
are in Nevada state plane in meters. The green line shows the cross section 
location of the geologic section (Figure 2) and the velocity model (Figure 5).  
DTN:LB980930123112,001 and Clayton, 1998.
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Geologic Cross-section Based on ISM2.0
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Figure 2 Geologic cross section used for 2D modeling. The geology comes from the 3D 
site scale model ISM2.1. Clayton, 1998.
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Figure 3 Common receiver gather data from prototype experiments. Data is from P-wave 
sor cca Ridge (top) and Solitario Canyon (bottom). There is a notable 
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Original Velocity Model 
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Final Velocity Model
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Figure 5 Final velocity model used for analysis of prototype experiment, wave equation 
modeling and ray tracing for tomography projected source location. Geology from 
Clayton, 1998.
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Search of background velocity model for Yucca Mountain 
using numerical modeling for a source at Ridge 
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Computed trace for final model
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Comparison of observed and modeled data for the prototype experiment. 6a(top) 
is the seismogram for source site 105 (on Yucca Ridge) and a sensor in the ESFo 
6b (middle) is a synthetic seismogram calculated using the starting velocity model 
shown in Figure 5. 6c (bottom) is a.,sthetic seismogram calculated using the 
final model. While the final a perfect match, it has much improved 
agreement in arrival• ' n9v;orms.  
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Seismic wave propagation for Yucca Mountain 
with vertical source on the Ridge 
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Figue 7Seqental tme naphot ofwave propagation modeling in the final velocity 
model. Note that in the 0.3 second f rame (top right) the direct P-wave has already 
reach the tunnel horizon with little lateral propagation. In the 0.4, 0.5 and 0.6 
second frames, the initial wave continues to propagate in the tunnel horizon. It is 
this observation which justifies our use of 2D tomographic imaging. Other 
attributes of this modeling are discussed in the text.
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Field Survey
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Location of sources and receivers for the full scale tomography field experiment.  
The source location are labeled SS101 to SS280, the receiver locations are 
labeled TSMSM101 to TSMSM224. The ESF and crossdrift tunnels are shown in 
blue, major faults are in red and the 2D model cross section is in green.  
Coordinate scales are in Nevada state plane in meters.  
DTN:LB980930123112.001 and Clayton, 1998.  
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Figure 9a. rQ mmon shot gathers of the z-component for Source Location 101 (x=253.0m, 
,ýq y=5246.0m, z=-31.51m) along the Yucca Mountain ridge.  
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Figure 9b. Common shot gathers of the z-component for Source Location 198 (x=295.0m, 
y=2737.0m, z=-13.03m) along the Yucca Mountain ridge.
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Mnfon shot gathers of the z-component for Source Location 280 (x=301.0m, 
.0m, z=-26.85.03m) along the Yucca Mountain ridge.
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Yucca Mountain velocity model Exp8f' 
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Figure 9d. 3D ein of source gather showing time snapshot and synthetic
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Zero offset�,� mponent) for opposing source receiver pairs. First arrivals 
are aligi Oms. (DTN:LB980930123112.001) 
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Fracture Density Along ESF w/ First Arrival Amplitudes & Noise
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Figure 11. First arrival RMS amplitude values as a function of location in the tunnel. RMS 

amplitude of first arrival (middle curve), fracture density as measured inside the 

tunnel (lower curve). RMS amplitude of 500 ms noise window (upper curve), 

fracture density as measured inside tunnel (lower curve), (USGS, Beason).  

(DTN:LB980930123112.001)
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Figure 12. Crossection through final velocity model with the source (star) in the upper left 
corner and the receiver (triangle) inside the tunnel in the middle-nonlithophysal 
zone (orange). Black lines show the seismic ray paths. The rays were shot using 
take-off angle between 40 degrees and 90 degrees. Geology from Clayton, 1998.
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Figure 13. Density of seismic ray coverage in the imaged horizon (middle-nonlithophysal 
zone), with relocated sources (circles) and receivers (triangles). Note that the 
origin of the current coordinate system is at (170054.02, 235191.92) in Nevada 
state coordinates in meters. Shown in color is the ray coverage normalized by the 
maximum number of rays in any cell (the maximum was 551). Cells with less than 
10% (55 rays) are not used in the interpretation. (DTN:LB980930123112.001)
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VELOCITY (M/S)

The final travel time inversion using source static corrections. The ESF and 
crossdrift tunnels and major faults are drawn as black lines. The coordinates are 
Nevada state plane in meters. (DTN:LB980930123112.001)
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Amplitude attenuation tomogram using source static corrections. The ESF and 

crossdrift tunnels and major faults are drawn as black lines. The coordinates are 
Nevada state plane in meters. (DTN:LB980930123112.001)
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TOMOGRAM RESULTS ALONG TUNNEL
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Comparison of velocity (top) and attenuation (middle) tomogram values at the 
ESF tunnel with fracture density mapped in the ESF tunnel (bottom). Note that a 
broad velocity low corresponds with increased fracturing and that minimums of 
attenuation correspond with peaks of fracture density, (USGS, Beason).  
(DTN:LB980930123112.001)
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Southern CDP Locations of YMP-5
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Area of interest for the reprocessing of surface seismic reflection profile YMP-5.  
The location of YMP-5 CDPs are shown in black from 202 to 502. The 
tomography source locations are SS101 to SS180; the tomography receivers are 
in blue as TSMSM121 to TSMSM224. The ESF tunnel is in orange ancrnajor 
faults are in red and nearby wells are in black. The current propos ,p4 ository 
location is in green. (DTN:LB980930123112.001) and Geol ý lV layton, 
1998.
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REPROCESSING OF YMP-5
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Figure 19 Results from reprocessing of line YMP-5 (bottom) along with the current geologic 
cross section (top). Our current interpretation of the reflectors associated with 
Tptrv and Tptpva'shown in yellow highlight on YMP-5 (bottom).
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Elastic wave propagation simulation 
for fracture zone model 
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Figure 20 Results of modeling elastic wave propagation through a set of fractures with fm2d, 
shown are the model in a., the arrival time along the zone in b., the amplitude 
values along the zone in c 4aye individual waveforms in d.  
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Full Scale Tomographic Seismic Imaging of the Potential Repository Horizon
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Easting (m)

43003900 

VELOCITY (M/S)

Velocity tomogram with only the rays of 45 degrees and less included.  

DTN:LB980930123112.001 and Clayton, 1998.
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A tomogram of the fracture density. It has not been normalized to the actual 
fracture density mapped in the ESF, but it is a broad characterization of the 
variability of fracture density in the zone mapped. Fracture density is shown in 

fractures per cubic meter. DTN:LB980930123112.001 and Clayton.
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Figure 23 Ray traced modeling results for a CM P (common mid-point)stack of the surface to 
tunnel tomography data at the Tptprv horizon. The green band of points oriented 
north-south in the center of the figure is the CMP points. This modeling indicates 
that reflection processing would give a high fold, essentially 2D reflection image of 
the Tptprv. DTN:LB980930123112.001 and Clayton (1998).
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Numerical modeling of tunnel to tunnel 
zero offset seismic experiment
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2D modeling results from tunnel to tunnel geometry. Time snapshots show 
wavefronts propagating through the medium with reflections and mode 
conversions both above and below the tunnel. Synthetic seismograms (bottom) 
for a vertical and a horizontal receiver show the relative strength of the reflections 
from the base of the Calico Hills Formation.
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