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Background
The objectives for this underground storage tank (UST) imaging investigation are:
1) To assess the feasibility of using acoustic methods in UST wastes. If
shown to be feasible, develop and assess imaging strategies.
2) To assess the validity of using chemical simulants for the development
of acoustic methods and equipment.
Surrogates-General
The original chemical processes that generated the wastes that now exist in the
tanks at Hanford are generally known well enough that surrogate materials can
be created. Although the chemical nature of these substances is known it is not
obvious that some of the mechanical properties, such as velocity, faithfully
represent the mechanical properties of the real wastes. None-the-less given no
other starting point one should measure the mechanical properties of some
surrogates as a planning step before any data acquisition program is undertaken
in the Hanford tanks.
Here it is the velocity and attenuation of the elastic waves in the surrogates that
interest us. Laboratory methods for measuring these velocities on small samples
are well established in the geophysical community. The Earth Resources

1

Laboratory (ERL) has a laboratory capable of making elastic wave
measurements on simple and complex samples.
The Surrogates Used in This Study
Salt Cake
Ames Laboratory at the University of Iowa made the BY-104 simulant, as noted
in Appendix A, based on a WHC recipe and shipped the salt cake samples to
ERL. The main recipe, whose principal component is sodium nitrate, is given in
the appendix along with the six intermediate stages of drying that resulted in six
different dry, solid surrogates.
Aqueous Solutions
It was recognized that the wastes observed in various tanks are not all solid, dry
wastes therefore an attempt was made to "liquefy" the surrogates. A portion of
four of the surrogates (#3, #4A, #5, and #6) were ground up into fine powder and
water was added. Two cases were tried, the first where an amount of water
equal to 30% of the sample weight and another where the amount of water was
equal to 50% of the sample weight. The compressional wave velocities were
measured for each of these eight "solutions".
Sludge
Prof. Dennis Shelly of Texas Tech University provided us with a surrogate that is
much closer in consistency to sludge. The compressional wave velocity and
attenuation of these sludge surrogates was then measured in ERL lab. The
appendix contains the recipe used by Prof. Shelly to make this simulant.
Laboratory Measurement System
Figure 1 shows a diagram for the system used to make the lab measurements of
the surrogates. The top of the sample was planned smooth so that the receiver
transducer could be attached. A pulse generator excited the compressional or
shear wave transducer on the bottom of the can or beaker and the elastic wave
passing through the sample was received by the transducer on the top of the
sample. The received waveforms were displayed on an oscilloscope and
recorded by a computer. The travel time was determined by picking the first
arrival of the elastic wave. There is a time delay for the system and it includes
the electric time delay of the transducer, the acoustic time delay of the
transducer, and the time for the elastic wave to travel through the bottom of the
container.
The elastic transducers are made by the Parametrics Co. (V103, compressional
wave transducer, V153, shear wave transducer) They are 0.5 inches in diameter
with 1 MHz. center frequency and can be used as both source and receiver. A
special coupler, a shear wave coupler (SWC) was used for coupling the shear
wave transducer to the sample

2

Procedure
Solids
The tnickness of the sample was measured along with the system time delay and
the travel time of the compressional or shear wave. The velocity was then
computed from these values.
The attenuation in a surrogate was measured by recording the amplitude of two
different compressional wave arrivals after they have propagated over two
different thicknesses. The attenuation factor, a, was calculated from
a ^(A^)/(!_!-L )
2

A term common in studies of attenuation, the quality factor Qp is calculated as
follows:
Qp = pf /a Vp
where f is the frequency and Vp is the compressional wave velocity. We
measured the amplitudes A and A , and computed the attenuation coefficient,
only on samples #4A and #5.
1

2

Solutions and Sludge
Measurements of the solutions of ground up salt cake in water and the sludge
were conducted by placing the compressional wave transducers in the fluid
samples. To measure the distance between the source and receiver the fluid
was replaced with water and a travel time observation was noted.
Results
Salt Cake Surrogates and Aqueous Solutions of the Salt Cake Surrogates
The compressional (Vp) and shear wave velocities (Vs) and the compressional
wave attenuation (Qp) of selected salt cake surrogates are given here.
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BY-104from Ames Laboratory
Sample

Dry
Sample
Vp (m/sec)
' (ft/sec)

Dry
Sample
Vs (m/sec)
(ft/sec)

30% Water

50% Water

Vp (m/sec)
(ft/sec)

Vp (m/sec)
(ft/sec)

Qp

1/neper
#1

2,330
7,640

1,360
4,462

#3

1,990
6,530

1,100
3,610

#4

1,890
6,200

1,150
3,770

#4A

2,220
7,280

#5
#6

2,060
6,760

1,710
5,610

1,330
4,360

2,140
7,020

1,890
6,200

3.4

2,120
6,960

1,300
4,265

2,180
7,150

1,890
6,200

1.7

1,830
6,000

940
3,080

1,970
6,460

1,750
5,740

Sludge Surrogate
The velocities and attenuation for the sludge simulant are given here along with
the values for water for comparison purposes:
Immature BY-104 (Sludge) from Texas Tech University
Sample

frequency

Vp (m/sec)
(ft/sec)

alpha
(neper/m)
(neper/ft.)

Qp (1/neper)

Water

500,000 Hz

1,480
4,860

4.2
1.3

300

Sludge

500,000 Hz.

1,760
5,770

120
37

7.5

Seismic Measurements Inside Tank 114-TX
The above values for velocity and attenuation were used as guidelines during the
preparations for field work inside one of the waste tanks at Hanford. As
mentioned above it was recognized that there will be variations in seismic
velocities and attenuation values from tank to tank as well as from the surrogates
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to the real waste materials therefore the parameters from these surrogates were
not used for any precise planning.
The Tank
The tank selected by Westinghouse Hanford Co. personnel for this test was 114TX, a stabilized, single shell LIST in the 200 West Tank Farm area. The tank
characteristics are:
Total capacity
Total waste volume
Total liquid (included in total waste volume)
Salt cake depth
Interstitial liquid depth

750,000 gal.
535,000 gal.
15,000 gal.
16.8 ft.
6.26 ft.

The holes for this survey are:
Two fiber glass cased liquid observation wells (LOWs)
Four inch, O. D.
Separation 30 ft.
Each filled with water to a depth of 12 ft. for this survey
Geometry
The assumption that the bottom six feet of the salt cake would have liquid in the
pores was central to the planning of the survey. It was expected that the
coupling of the fiberglass casing to the wastes would be poor in the upper, dry
waste and excellent in the lower region. Since the coupling of the LOW to the
waste is a critical issue in the use of acoustic methods in the tanks we planned
for half of the survey to be conducted in the dry waste region and half in the
lower, moist wastes. Time and funding, mandated that the survey be completed
in one day therefore a 24 X 24 data acquisition plan was designed (Figure 3).
With a level spacing of 0.5 feet this plan allowed us to survey the lower 11.5 feet
of the 17 feet of material in the tank. Since this was a feasibility study it was not
intended that we examine the entire column of waste.
The LOWs were 30 ft. apart therefore the survey was not ideal for tomographic
purposes. In order to achieve reasonable horizontal resolution it is necessary
that the survey be "square" in shape or better yet a "tall rectangle". This means
that the height of the survey should be at least equal to the distance between the
boreholes or greater. In this study we were interested only in the fundamental
questions about acoustic propagation in real waste materials not issues of
imaging.
Acoustic Source
The source was constructed of six (6) piezoelectric, cylindrical bender crystals
each two inches long and 2.5 inches in diameter (OD). This made the completed
source, with end caps and wireline feed-through, eighteen inches long. The
amplifier driving the source was flat in output, 1,500 watts, from 40 Hz to 40,000
Hz. The source could be operated in a pulsed manner or swept. A polynomial
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waveform synthesizer generated a 0.7 second sweep from 300 Hz to 3,000 Hz.
and sixteen sweeps were stacked to yield one record.
Acoustic Receivers
Three hydrophones placed two feet apart on a single wireline were used as
receivers. They had an outside diameter of 1 7/8 inch. The response of the
hydrophones is given in Figure 4.
Recorder
A Geometries R-12 recording system was used. The sampling rate selected for
this survey was 16,000 samples per second per channel. The uncorrelated
sweeps were stacked on this system.
In-Field Processing
A Macintosh Power Mac 7100 was used for in-field quality control. Using Parallel
Geosciences Seismic software we were able to examine the data in the field. In
particular the cross correlation was performed here.

Operations
The LOWs were filled with water to a depth of twelve feet, to provide the coupling
for the source and receivers to the casing. Experience has shown that the
survey proceeds more rapidly if the source, not a receiver, is moved most often
during cross well data acquisition. Moving the receivers generates noise in that
particular well. After a short period of time the noise dies away but time is
wasted waiting for that decay. Therefore it is most expedient to fix the receivers
and move the source over its twenty four levels then move the receivers a small
increment, 0.5 feet in this survey, and repeat the motion of the source.
Permanent marks painted on each of the cables at 0.5 foot intervals made it easy
to accurately repeat the operation.
Data
Figures 5, 6, and 7 display the data in receiver gather format. A receiver gather
is a plot of the waveforms seen at one receiver for all positions of the source.
Remember that the wells are thirty feet apart while the height of the survey is
only 11.5 feet. Therefore all of the ray paths are essentially the same length and
the resulting travel times are similar.
Interpretation
A receiver gather is a plot of data from all source positions as seen from a single
receiver (hydrophone in this case) position. Now since the sources are thirty feet
away from any given hydrophone and range over only 11.5 feet it is clear that the
source-to-hydrophone distances are all nearly identical. Therefore very little
travel time variations are to be expected in the data.
Tube Waves
The strong waves that are obvious late in the records (times greater than 0.006
sec.) are all tube waves of various kinds. These waves propagate up and down
the water filled LOWs (see for example Cheng and Toksoz, 1982). Tube waves
are easily generated in the source LOW every time the source is fired and they
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are generated at a later time in the receiver LOW by several different means. A
rigorous examination of the tube waves here is beyond the scope of this
feasibility study but it is important to note that if one wishes to use reflected
acoustic energy for imaging inside a tank they will have to be addressed.
Travel Times
Ahead of the tube waves at a time of approximately 0.0025 to 0.003 seconds is a
low frequency, weak arrival that persists over all of the receiver gathers. This is
the first arriving compressional wave. One hydrophone (bottom through 1.5 ft.,
and 6.0 ft. through 7.5 ft.) was noisier than the other two therefore the signal to
noise ratio is poorer on those traces. Some variation in the travel time is seen for
the gathers around 2.0 ft. to 3.5 ft. and the event seems to split into two events in
that region. Indeed forward modeling (Figure 8) indicates that this double arrival
is produced by the direct arrival and a reflection from the bottom of the tank. If
the signal to noise ratio were better we might see this double arrival at other
levels in the data.
This acoustic wave data is too poor to make rigorous statements about the travel
times. However, for this purposes of this feasibility study one can say that a
travel time of approximately 0.003 seconds was observed between the two
LOWs. At the bottom of the survey one could argue that head waves (energy
critically refracted along the concrete) through the concrete could give a false
travel time, therefore those gathers have been ignored in the above statement.
All of the upper gathers (hydrophones at 10.0 ft. through 11.5 ft.) yield a travel
time of approximately 0.003 seconds and they are probably not contaminated by
head waves.
The time of 0.003 seconds represents a velocity of approximately 10,000 ft./sec.
or approximately 3,000 m/sec for the wastes between these two LOWs. This
velocity is faster than any observed in our laboratory measurements or the
measurements of other investigators.
Frequency Spectra
Figure 9 is the spectrum of trace 22 from the upper most receiver gather (11.5
ft.). The energy peak at 900 Hz is probably associated with the strong tube
waves present there. However if we assume that the double arrival is the correct
representation for the first arriving acoustic wave then a simple measurement of
the period of those waves also yields a frequency of approximately 900 Hz. The
double arrivals seen in the 11.0 ft. gather were used to estimate the frequency of
the first arrival.
Imaging Possibilities
This feasibility study has taught us the approximate velocity for wastes in tank
114-TX and given us an estimate for the frequency band of interest for the first
arriving acoustic waves. We knew at the outset that tomographic imaging could
not be used here due to the survey geometry--too little aperture on each side
compared to the distance between the LOWs. However a survey geometry ideal
for tomographic imaging can be achieved in any tank with any depth of wastes by
properly placing the source and receiver holes.
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In addition cross well reflection can be used in the future in all of the above
survey geometries along with tomography. Cross well reflection can also be
used in those cases, such as tank 114-TX, where tomographic work is
inappropriate. To do that one must work to remove the tube waves and that
problem is being attacked currently in the hydrocarbon industry in the name of
single well imaging.
However, we can examine the benefits of tomographic imaging of the wastes
now by means of numerical modeling. First we hypothesize a structure,
stratigraphy, for wastes in a tank. Then we compute the seismic wave
propagation that would occur in those wastes for sources and receivers in a
given geometry. The resulting waveforms, ("synthetics") can then be used as
input to a tomographic imaging algorithm. In this study we choose to use a nonlinear, travel time tomography algorithm (Matarese, 1993) that requires only the
arrival time of the first arriving energy. However, other more powerful imaging
algorithms exist such as those that require the amplitude of the first arriving
energy (Thompson, 1994) as well as its travel time.
Model
The model chosen for this numerical exercise is given in Figure 10 with its color
representation given Figure 11 This is a realistic model given our knowledge of
the velocities of some surrogates and our rough estimates of the velocities in
tank 114-TX . In this model the wastes fill a tank to a depth of thirty feet and the
holes are also thirty feet apart.
Numerical Modeling
A finite difference technique was chosen here as the numerical technique for
computation of the acoustic wave field. This technique was chosen here
because it is mathematically dissimilar to the technique, ray tracing, that is
central to tomographic imaging algorithms. In this manner we avoid the criticism,
justified, of inverting a wave field with the same method that was used to
generate the wave field. Figure 12 displays an example of the output of the finite
difference algorithm for a source at a depth of seventeen feet.
Imaging
The entire suite of 4,761 travel times (69 sources and 69 receivers) were then
used as input to Matarese's non-linear travel time algorithm. Figure 13 is the
image of the wastes achieved with a run time of one half hour on a massively
parallel computer (nCUBE using 64 nodes). The artifacts due to poor ray
coverage in the corners of the image are evident here. These artifacts along with
the features seen in the low velocity water layer are due to the geometry of cross
well methods and are not the fault of the fundamental technique.
Cross Well Logging and Cross Well Reflection
When the geometry of the holes and waste depth is not optimum for tomographic
imaging one can still obtain some information about the waste from cross well
logging and cross well reflection methods. These techniques, as their name
implies, use appropriate subsets of a full tomographic data set. In the case of
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cross well logging one uses data from sources and receivers that are at the same
depth. Although it is recognized that the acoustic energy did not propagate
"straight across" from source to receiver one does get a crude estimate of the
velocity of the intervening waste material. The data collected in this feasibility
study is essentially cross well logging data. Care must be taken in cross well
logging work to'recognize known arrivals of little interest, such as head waves
through the concrete, in this case.
In the case of cross well reflection one uses the reflections such as those seen in
Figure 8 instead of the direct arrivals. Given the velocities of the materials the
data sections themselves can be reorganized (migrated) to represent the
interfaces just as is done in surface reflection work.
Summary
This investigation examined the velocity of surrogates, both salt cake and sludge
surrogates. In addition we collected seismic cross well data in a real tank (114TX) on the Hanford Reservation. Lastly, drawing on the knowledge of the
simulants and the estimates of the velocities of the waste in tank 114-TX we
generated a hypothetical model of waste in a tank and showed that non-linear
travel time tomographic imaging would faithfully image that stratigraphy.
Conclusions
The primary conclusions to be drawn from this feasibility study are the following:
Seismic cross well tomographic techniques can be used between holes
(LOWs, core holes, etc.) inside Hanford waste tanks
The frequency of the first arriving acoustic wave is approximately 1
kilohertz
The salt cake in tank 114-TX has a higher velocity than any of the
surrogates we measured in the laboratory.
Future Work
Future work should focus on the following topics:
Increase the power of the source (longer sweeps, stack more sweeps,
more crystals etc).
Perform a second, more extensive survey in tank 114-TX
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Appendix A
Salt Cake Surrogate
The salt cake surrogate was provided by Ames Laboratory
The simulant created was modeled after the modified saltcake simulant 104-BY,
originally reproduced by Ted Hohl at Westinghouse Hanford Company. The
recipe that we used is shown in Table 1.
Table 1:
104-BY Modified Simulant Recipe
Compound
sodium nitrate
sodium aluminate
sodium hydroxide
sodium metasilicate
ferric nitrate
sodium phosphate
calcium nitrate
magnesium nitrate
manganese (II) nitrate
water

Weight %
81.8
7.5
1.7
1.5
1.0
0.7
0.4
0.2
0.2
approx. 5

Ted Hohl also used sodium aluminate solution and manganese (II) nitrate
solution to supply the trace quantities of these chemicals shown in Table 1.
Since the acquisition of these solutions was not possible within our limited time
frame, and since concentrations are quite small we started without them. Using
some numbers given to us by Ted Hohl we figured that approximately 0.472kg
of sodium nitrate was used per liter of final solution. We planned on mixing
approximately 4 liters of solution. Ignoring sodium alumininate and manganese
(II) nitrate the amount of each substance used is listed in Table 2.
Table 2:
Amount of Compounds in Solution
Compound
sodium nitrate
sodium hydroxide
sodium metasilicate
ferric nitrate
sodium phosphate
calcium nitrate
magnesium nitrate

Amount, g
1887
39.2
34.6
23
16.1
09.2
04.6

All the compounds were then mixed into a 4L container with water and stirred.
The mixture was rust colored and was mostly liquid with just small amounts of
solids mixed in. The solution settled into two distinct layers. The first layer was
clear and took up about 4/5 of the 4L beaker. The remaining 1/5 was a cloudy
rust colored substance on the bottom of the container. The solution was then
stirred again to get an even distribution and then poured into an approximately
32 oz. can. From there the can was placed in a 150°C oven. The liquid began
evaporating and white crystals began forming on the inside of the can. The
crystals were periodically scraped off the inside of the can and mixed back into
the solution. The simulant finally reached a point where it became fairly thick
and it no longer formed the white crystals on the side of the can. At about this
point the simulant was separating into a solid white layer on top and a light
brown layer underneath. It then started to harden and a white powdery top
formed. The entire drying time took approximately 58 hours. This sample was
labeled #1.
Since the first attempt at drying the simulant appeared to be successful we
started two more batches. We also started another two in which we poured off
the clear liquid forming on the top into separate containers hoping to speed up
drying time. The liquid that came off the top in those two attempts was also put
into the oven to be dried. The clear liquid began forming white crystals on the
insides of the cans, it also formed crystals in the solution itself that looked liked
crushed ice in water. The samples that had the clear liquid poured off do not
seem to harden as quickly as the original sample, #1. They all finally dried and
all formed a white powdery top.
Below is a list of what the 6 samples we sent you are.
#1.
#3.

#4.
#4A.
#5.
#6.

The original first sample that was dried.
Just the solid that settled to the bottom with just a trace of the clear
liquid on top. This sample was tried to see if a larger concentration
of the solids on the bottom could be made.
The clear liquid that was poured off the top of sample #3.
The clear liquid that was poured off of sample #6.
The same as #1 except in a glass beaker so that the layering that
occurs could be observed.
The same as #3 except also in a glass beaker to observed layering.

All the samples that have been made were made to come as close as possible
to the simulant at Hanford by Ted Hohl. None of the samples have had any
testing done by anyone at Iowa State. If you need any more saltcake simulant
we have approximately enough solution to make about 300ml of the final
simulant. We also can mix up more solution if necessary. The type of container
that you prefer would also be helpful, we weren't sure if the simulant would be
easier to remove from the glass beaker or the can so we made both. Please get

back to either of us by e-mail or by calling 515-294-7338 if you have any
questions.

Appendix B
Immature Salt Cake Surrogate
(Sludge Surrogate)
The sludge surrogate was provided by Prof. Dennis Shelly of Texas
Technology University in Lubbock, Texas.
Method for the Preparation of Westinghouse-Hanford BY-104 SST
Immature Saltcake.
This method is based on the information provided by S. Eberlein on 8/12/93.
See references 1 and 2 for background information. The 1-2 months of heating
at 250 C was determined unnecessary when considering that saltcake would
likely be slurred prior to optical rheometry testing. Elimination of this
heating/curing step greatly simplifies the procedure. The following describes a
homogeneous precipitation method for the preparation of the BY-104 SST
saltcake. Several batches have been prepared with this method. Contact the
author if there are any questions.
Apparatus
Heating jacket for 3 L flask
Stirrer/mixer allowing continuous adjustment of speed and monitoring of
torque
Balance (top loading)
Glassware
3 L boiling flask or round bottom flask
two 1 L beakers
10 ml transfer pipette
Chemicals
Sodium nitrate (1008.2g)
Aluminum nitrate nonahydrate (594.9g)
Iron (III) nitrate nonahydrate (28.4g)
Calcium nitrate tetrahydrate (9.67g)
Sodium metasilicate pentahydrate (43.9g)
Magnesium nitrate hexahydrate (6.97g)
Manganese (II) nitrate hexahydrate (7.13g or 14.26g of 50% solution)
Sodium phosphate, tribasic dodecahydrate (26.1 g)
Sodium hydroxide pellets (262.1 g)
Distilled water

Procedure
1. Add the sodium nitrate to 500 ml_ of water in a 1 L beaker. Stir vigorously.
After obtaining a reasonably stable suspension, transfer this to a 3 L boiling
flask and mount in a heating jacket. Adjust the temperature to near boiling.
2. Add the next 5 ingredients to 300 mL of water, with constant stirring. When
the sodium nitrate solution has warmed to near boiling (40 on rheostat), add this
solution carefully to the heated flask.
3. Add the sodium hydroxide to 300 mL of water. Stir continuously. When
nearly dissolved add sodium phosphate. Sonicate, if necessary, to promote
dissolution. Dissolution is not complete with this material. Stir periodically and
wash the sides of the beaker with distilled water.
4. Stir the reddish-brown liquid in the 3 mL flask, at 250 rpm and near boiling
(40 on rheostat), for at least 24 hr.
5. Begin to add the sodium phosphate/sodium hydroxide liquor in 10 to 15 mL
increments, again with continuous stirring. Do not add more than 100 mL in 24
hr. Increase temperature to just above boiling point (45 on rheostat). Replace
any lost water to keep the flask at the 2 L volume mark and the mixer's torque at
21.oz.in.@250 rpm. Momentarily increase the stirring rate, as necessary, to
achieve a free-flowing fluid.
6. When all the sodium phosphate/sodium hydroxide liquor has been added
increase the temperature (50 on rheostat) and stirring rate (350 rpm) to maintain
a homogeneous fluid. Add 500 mL of water to the remaining undissolved basic
solids and add this slurry as in step 5 above. Liberally add water to keep the
reacting fluids as homogeneous as possible. Note the formation of white scale
deposits on the inside of the boiling flask. When this happens add more water
to achieve the maximum liquid volume, -3 L. Frequently inspect the mixture
and add water as necessary to prevent further precipitation.
7. When the remainder of the basic solution has been added increase the
stirring rate to 400 rpm and frequently inspect the suspension for deposits. After
the volume is reduced to 2.5 L, disconnect and remove the stirrer. With the flask
still in the heating mantle, swirl the contents and attempt to dislodge the
deposits using the stirrer rod. Pour the brown suspension into a 3 or 4 L beaker
and place on hot plate. Set the temperature to medium (position 5). Replace
the stirrer and set to 400 rpm. Carefully monitor the liquid volume and the
formation of scale deposits. When the suspension volume has been reduced to
about 1 L and the mixer's torque has reached 30 oz.in.@400 rpm, stop the
mixer and transfer the suspension to storage containers.
8. The final suspension is stable at room temperature if stored in a polyethylene
jar, tightly capped. Small samples have been removed, ground in a mortar and
pestle and distributed for analysis. Care should be exercised when working
with the caustic material. Despite the presence of nitrates, the final suspension
does not present any safety hazard.
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Figure 1. A diagram of the lab apparatus used to measure P and S velocities of samples.
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Figure 2. A plan view of the Hanford tank which was entered for the acoustic cross-well
data aquisition. The liquid observation wells, 9A and 12A, are 30 feet apart.
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Figure 3. The cross-well survey geometry and information assumed before the data
collection in tank 114-TX. A total of 24 sources and 24 receivers were used, giving
an aperature of 11.5 feet.
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Figure 4. The amplitude response of the hydrophones used in the acoustic cross-well
data aquisition.

Receiver Gathers
Hydrophone at 4.5 ft.

U Hydrophone at 4.0 ft.

Hydrophone at 3.5 ft.

Hydrophone at 3.0 ft.

Hydrophone at 2.5 ft.

Hydrophone at 2.0 ft.

Hydrophone at 1.5 ft.

Hydrophone at 1.0 ft.

Hydrophone at 0.5 ft.

Bottom Hydrophone

Time (seconds)

010

Figure 5. Acoustic data presented in "receiver gather" format. The position of each
hydrophone is indicated. Associated with each hydrophone position are 24 traces
representing the 24 positions occupied by the source in the opposite LOW. The strong
diagonal events seen after approximately 0.005 seconds are tube waves propagating in
the receiver LOW. The direct acoustic wave is the weak, low frequency, vertical event
seen at approximately 0.003 seconds on all hydrophones for ail source positions.
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Figure 6. Acoustic data presented in "receiver gather" format. The position of each
hydrophone is indicated. Associated with each hydrophone position are 24 traces
representing the 24 positions occupied by the source in the opposite LOW. The strong,
diagonal, events seen after approximately 0.005 seconds are tube waves propagating in
the receiver LOW. The direct acoustic wave is the weak, low frequency, vertical event
seen at approximately 0.003 seconds on all hydrophones for all source positions. Note
ihat for the hydrophone positions at 8.0, 8.5, 9.0, 9.5 feet the direct arrival appears to
be split into two, parallel arrivals. Compare these with the similar events seen in
Figure 8.
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Figure 7. Acoustic data presented in "receiver gather" format.. The position of each
hydrophone is indicated. Associated with each hydrophone position are 24 traces
representing the 24 positions occupied by the source in the opposite LOW. The strong,
diagonal events seen after approximately 0.005 seconds are tube waves propagating in
the receiver LOW. The direct acoustic wave is the weak, low frequency, vertical event
seen at approximately 0.003 seconds on all hydrophones for all source positions. Note
that for the hydrophone position at 11.0 feet the direct arrival appears to be split into
two, parallel arrivals. Compare these with the similar events seen in Figure 8.
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Figure 8. Synthetic seismograms derived for a two layer (salt cake over a liquid) model
of wastes with a ray tracing algorithm. The purpose of this figure is to show that under
certain conditions, such as the interface shown here, the first acoustic arrival can, in
fact, be two closely spaced arrivals as seen in the data in Figures 6 and 7.
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Figure 9. The amplitude spectrum of a trace where +'""9 source and the receiver were
at the top of the survey, at a separation of 30 feet.

WASTE MODEL #1 for NUMERICAL IMAGING EXPERIMENTS

30 ft

RECEIVER
#68
0.0 ft
4.0 ft

- •

AIR
^ S O U R C E #68
l i i i i i i i i i i L

'SALT CAKE

8,000 ft/sec

I IIIIIIII HEt

5,000 ft/sec
LIQUID
20.0 ft
5,000 ft/sec
to
1,200 ft/sec
28.0 ft
RECEIVER #1
34.0 ft

1,200 ft/sec
SOURCE #1
11,000 ft/sec

Figure 10. Model parameters used for the forward model, which was then inverted for the
tomographic image.
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Figure 11. A Hanford tank 1-D velocity model. The top layer is a
salt cake (8,000 ft/sec) over a fluid layer (5,000 ft/sec). Below that
is a gradient layer (5,000 to 1,200 ft/sec) connecting the fluid to the
low velocity sludge layer (1,200 ft/sec). Beneath the sludge layer
is the bottom of the tank with the fast velocity of cement (11,000
ft/sec).
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Figure 12. A "map" of first-arrival traveitime from a source at a depth of
17 feet in the right-hand well. The bands in this image show contours
corresponding to the position of the first-arrival "wavefront" at various
times. Contours are most closely spaced in low-velocity regions. A
head wave can be clearly seen propagating from the salt cake in the
upper left-hand corner.
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Figure 13. The tomographic image computed from synthetic ray trace data
using the model shown in Figure 10. The forward model had 68 receivers
placed at half foot intervals along the left vertical edge of the model; and 68
sources at half foot intervals along the right side of the model. The inversion
process was a non-linear, ray trace based, travel time inversion. Comparing
this tomographic image with the model (Figure 11), it can be seen that the
center region between the sources and receivers gives the best results.
Artifacts can be seen near the edges close to the sources and receivers.
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Figure 13. The tomographic image computed from synthetic ray
trace data using the model shown in Figure 10. The forward
model had 68 receivers placed at half foot intervals along the left
vertical edge of the model; and 68 sources at half foot intervals
along the right side of the model. The inversion process was a
non-linear, ray trace based, travel time inversion. Comparing this
tomographic image with the model (Figure 11), it can be seen that
the center region between the sources and receivers gives the
best results. Artifacts can be seen near the edges close to the
sources and receivers.

