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HIGH RESOLUTION SEISMIC SURVEY OF THE RAWLINS,
WYOMING UNDERGROUND COAL GASIFICATION AREA

By

2

Alv Dan Youngberg!, Ernest Berkman?, Arnold S. Orange?

ASTRACT

In October 1982 a high resolution seismic survey was conducted at
the Gulf Research and Development Company's underground coal gasifica-
tion test site near Rawlins, Wyoming. The objectives of the survey were
to utilize high resolution seismic technology to locate and characterize
two underground coal burn zones. Seismic data acquisition and processing
parameters were specifically designed to emphasize reflections at the
shallow depths of interest. A three-dimensional grid of data was obtain-
ed over the Rawlins burn zones. Processing included time varying filters,
trace composition, and two-dimensional areal stacking of the data in
order to identify burn zone anomalies. An anomaly was discernable
resulting from the rubble-coilapse cavity asscciated with the burn zone
which was studied in detail at the Rawlins 1 and 2 test sites.

INTRODUCTION

In October 1982 a detailed three-dimensional (3-D) high resol-~
ution seismic survey was conducted at the Gulf Research and Development
Company's underground coal gasification field site near Rawlins, Wyoming.
The objective of the seismic survey was to utilize high resolution
seismic technology to investigate, locate, and characterize two under-
ground coal gasification burn zones (Rawlins 1 and 2) created in an
underground coal gasification project.

1t was recognized that the specific problems addressed by this
survey presented a considerable challenge to the geophysicist. The coal
seams of interest outciopped in the area and were steeply dipping (55-70
degrees). The shallow depth of inves'igation, extreme dip, plus the
resolution required 1{ the information was to be of practical use,
dictated a carefully plarned and executed project.

The approach proposed was to apply state-of-the-art explora-~
tion seismic technology to the problem. A three phase program was
planned and executed: high resolution data acquisition; reference to
seismic models and synthetic seismograms from a similar geologic and
physical situation; and a data processing approach designed to provide

Ilaramie Znergy Technology Center, Laramie, Wyoming
2Emerald Z2xploration “onsultants, Inc., Austin, Texas




maximum resolution at the depths of interest. An interpretation scheme
was applied to these three phases where throngh iteration between pre-
liminary interpretation, processing, and modeling, the goals of the
project could be best met.

This report is concerned primarily with presenting and dis-
cnssing the seismic data obtained. Prior to presenting the results,
sections are included which summarize the geology of the area and des-
cribe field vperations and data processing.

II. LOCATION AND REGIONAL GEOLOGY

The study site as shown on Figure 1 is located 8 miles
(12.9 km) west of the town ot Rawlins, Wyoming in the southeastern
quarter of section 11, T21N, R89W. Topography at the site is gently
rolling grassland with over 6 ft. (2 meters) of soil on the surface.

The site is located on the western flank of the Rawlins Uplift
which separates the Hanna Basin from the Great Divide Basin. The extreme
dip seen at the test site is the result of Laramide tectonic movement
which caused the Rawiins Uplift. The data indicates that some relatively
small scale folds or warps are present which tends to complicate the
seismic interpretation. Formation dips decrease gradually with depth
and are anticipated to be approximately 45 degrees at a depth of 1500 ft.
(457 meters).

The Rawlins test site area contains surface outcropping beds
of the Tertiary (Paleocene) Fort Union Formation, and the Cretaceous
Medicine Bow, Lewis Shale, and Mesaverde Formations. The Fort Union
Formation contains the coals of interest in its middle member which is
approximately 1000 ft. (305 meters) thick. This member is composed of
alternating sanrdstones, silty sandstones, and both gray and carboni-
ferous shales. The three major coal seams of interest, from top to
bottom are the Wally, G, and I, with thicknesses of approximately 7, 20,
and 15 ft. (2.1, 6.1, and 4.6 meters) respectively. The gasification
tests and main concern of the seismic survey involve the G seam. There
are thin coal stringers (bencnes) above and below the G coal seam separ-
ated by shale partings. The lower member of the Fort Union Formation is
approximately 1500 ft. (457 meters) thick and contains coarse grained
sandstones and conglomerate with a highly calcareous coarse grained
matrix. Although many beds are laterally consistent, others have signif-
icant lateral variations in thickness and lithology which tends to
complicate the seismic interpretation.

The Medicine Bow Formation, which unconformably underlies the
Fort Union Formation, consists of a thick section (approximately 4500 ft.
(1372 meters)) of alternating beds of sandstone (medium to fine grained),
silty sandstone, shale {occasionally carboniferous), and coals. Of most
concern for the seismic study, the top 1600 ft. (488 meters) consists of
ma:nly shale beds. This zone is recognizable in the seismic data as a
zone containing virtually no reflections immediately below the zone of
interest.
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FIGURE 1. Location map of the Rawlins UCG site.




The Lewis Shale and Mesaverde Formations, although outcropping
in the area, are sufficiently deep in the section to be of no concern to
the seismic survey.

p = W -

e

ITI. RAWLINS 1 AND 2 UNDERGROUND COAL GASIFICATION TESTS

The coal gasification method utilized at the Rawlins Test 1
and 2 sites consisted of the in-situ burning of the coal through use of
air, oxygen and steam injection, and gas production wells. The burn
initiated at the injection well, and the flame front precgressed toward
the production wells. As the coal burned, a cavity was formed which was
enlarged as the overlying rocks fractured and collapsed. In steeply
dipping beds, as the coal is consumed new coal falling from the top
tends to fill in the void space. This concept is supported by drill
hole data, and no subsidence has been noted on the surface.

b P B s

The burn cavity at Rawlins Test 1 was thought to presently
contain a small water-filled void at the top, rubble from the collapse
of overlying rocks, "slag or clinker”" at the base, and a zone of '"char"
at the edges of the burn zone. Figure 2 generally depicts this zone of
interest. The burn cavity at Rawlins Test No. 2 was thought to presently
contain a small air void at the top, and a similar configuration beneath.
It should be noted that although corehole HFEM 2-9 at Rawlins Test 2
encountered 28 ft. (8.5 meters) of air void, most coreholes did not
encounter any air void. From the standpoint of the seismic interpreta-
tion this presented a serious problem, because the presence of an air
void generates a strong reflection which has been found in the past to
be very useful in characterizing the post-burn configuration.

On the subsequent maps various drill holes of interest are
shown; the identification code is as follows:

H < water monitoring

W instrument well

CH core hole

E - exploration

HFEM high frequency electromagnetic monitor
EXT extensometer

T = thermocouple

Viw = wvertical injection well
SIW slant injection well
VLW = vertical link well

PGW product gas well

The seismic survey correlated with drill holes listed below. Other
drill holes have been added from various support material.

Rawlins Test No. 1

H-16
H-17
H-18
T=1
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FIGURE 2. Burn zone configuration for Rawlins UCG Test No. 1.




Rawlins Test No. 2

H-21
EXT-2-3
HFEM-2-10
HFEM-2-8
EXT-2~1
HFEM-2-2
HFEM-2-1
HFEM-2-7
VLW-2-3
CH-232
VLW-2-2
EXT-2-2
H-20
H-22
H-1Y

It showid be kept in mind that the various maps show the surface loca-
tion of the drill holes, all of which have up-dip bottom hole locations
due to the extreme dip.

Iv. FIELD PROCEDURES

A. Introduction

The following is a very brief explauation ¢’ the seismic
method as used in exploration. The fundamental principal 9f seismology
is that when an acoustic (seismic) wave is propagating through the earth
and the acoustic¢ properties of the earth materials change, then the
interface between the differing materials will act as a partial reflect-
ing surface (Dobrin (1976), Telford (1976), Waters (1978)). The ampli-

tude of the reflection is proportional te the change in acoustic proper-
ties. Since many of the interfaces between geologic formations involve
changes in rock properties, if an acoustic wave can be launched into the
earth, the resulting reflections from the interfaces cau be utilized to
locate and identify the units involved. Further, if a series of such
reflections is observed along the surface, then changes in the travel
time of the wave to the reflecting horizon and back car be used to map
changes in depth to the horizon. Thus, an abrupt lateral change in
physical properties can be detected as a change in the reflection wave-
form.

The application of the above simple concept to practice is
cor slex, involving many sophisticated steps developed over the years.
Ins .ruments have been developed with large dynamic range that have the
capability of recording signals (reflections) that are both extremely
weak and extremely strong. The sensors themselves (geophones) are
small, electrically stable, and capable of sensing the minute motions of
the earth's surface caused by the arriving reflections while being
rugged for field use. The use of geophone and source arrays (patterns)
improve the signal-to-noise ratio, while a variety of sources are avail-
able to handle different surface and subsurface conditions.




Current practice is to record ecach shot (or, more precisely,
the reflections from each shot) on several channels (termed “traces'")
simultaneously, with the sensors for these traces usually placed in a
linear array on the ground. Each trace in turn may be made up of
several geophones connected together and arranged on the ground so as to
improve the signal-to-noise ratio. Each trace is digitized and recorded
on tape separately for later computer processing.

The Rawlins survey was performed and the data processed using
the Common Depth Point (CDP) method, which is summarized as follows:
Figure 3 is a sketch of a unilateral 4 channe] seismic survey. Shot
number 1 is fired with the shot at SP1 and the geopnones at positions 2
through 5 as shown. A through D are the subsurface reflection points
from a reflective surface, using the ray path relationship that the

angle of incidence equals the angle of reflaction. For shot number 2
the whole array is moved one pusition, shooting at SP2 ard rece.ving at
positions 3 through 6. Subsurface reflection points are seen to be C

through F. Shots 3 and 4 follow in the same fashion. [t is seen that
each subsurface point is sampled with two shots ("C" aud "D" with
shots 1 and 2, "E" and "F" with shots 2 an< , etc.), hence this is
called "Two Fold". In CDP processing, the iata from shots tha: reflect
off of "common depth points" are added together, or "stacked".

Consider the two shots that reflect c¢itf of common depth
point "G", shot at 3, geophone at 6 and shot at 4, geophone avL 5. The
ray path 3-G-6 is much longer than ray path 64-G6-5. This path-length
difference forms the basis for seismic velocity determination which is
the major strength of the CDP method.

The field procedures for the Rawlins project will be reviewed
in detail in the following paragraphs,

B. Instruments®

The instruments used were Texas I[nstruments DFS-V. Sampling
rate was 1 ms to allow data analysis to a frequency of 250 Hz. Filter
settings were 27 Hz low cut and 256 Hz high cut, with an 18db/octave
slope outside the filter bandpass. One second of data was rccorded for
each shot. Geophones used were Mark Products MP-L-28E with a nominal
40 Hz low frequency rolloff point.

(G5 Survey Parameters

1t was mentioned in the introduction to this report that the
Rawlins seismic project was unusual trom the exploration geophysics
standpoint in the shallow depth and extreme dip of the target, and the
unknown nature of the seismic response of the burn zaene. The survey
field parameters were designed with these considerations in mind and
departed somewhat from normal exploration seismic practice in the
attempt to define the burn zone.

*Use of specifié'equipmcnt does not constitute a recommendation by DOE.
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FIGURE 3. Simplified sketch of seismic geometry.




Figure 4 is a plan view of the geophone-shot hole geometry
over the burn. For this three-dimensional (3-D) grid, the numbered
lines each consist of 36 short, 12 ftL (3.7 meter) geophone arrays spaced
20 ft (6.1 meters) apart. The lettered lines ronsist of 46 shot points,
also spaced 20 ft (6.1 meters) apart. As the charges on each lettered
line were shot in turn the reflections were recorded on the two geophone
lines flarking tLhe shot line. Thus, shots on line A were recorded on
lines 1 and 2, shots on line B were recorded on lines 2 and 3, etc.
Note that geophone lines 2 through 8 were used twice, once each for the
shots on either side of the lines. The system utilized was to shoot at
sequential shot points as required for 24 fold 1nto a stationary 24
trace cable; then move the cable and repeat. This required some addi-
tioral shots on each line but allowed for rapid completion of the field
work by minimizing cable and geophone movement. Data for the appro-
priate recording sequences was utilized in processing each line, as will
be discussed under [ata Processing, section V, of this report. Note
also that the reflection (CDP) points lay along subsurface lines midway
hetween the shot and receiver lines (see Figure 5).

The burn area line geomelry accomplished two things. First,
it provided a high density of areal data in the burn zone, the zone with
the most unknewns. Second, the array of data allowed great flexibility
in the subsequent processing ef ort.

The 20 ft (6.2 meter) trace spacing was selected to give a
close subsucface CDP reflection point spacing [10 ft (3.05 meter)] while
still remaining cost-effective. The geophone array (6 phones) over
12 ft (3.7 meters) was selected as a compromise between the desire for a
long array for noise reduction (by cancelling waves traveling along the
surface) and the desire for a short array to provide maximum resolution.

The survey parameters usced for the data acquisition are tabu-
lated below:

Number of geophones per trace

Geophone array 12 {t  (3.7m) centered
on SP

Trace spacing 20 ft (6.1m)

First trace (offset) 20 [t (6.1m)
Shot spacing 20 ft (6.1m)
Fald (Fold for this project

will Dbe discussed in
detail below.)
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Shot size 6 to 18 units of Deta-
prime* (plastic explo-
sive, unit weight
.04 lbs (18 gms))

Shot depth 6 ft (1.8m)

The fold, the sum of the number of shots at each subsurface
reflection point, is the key parameter in CDP shooting, as <escribed
above. For these lines the fold was variable, reaching full fold over
much of the line as indicated on Figure 5. Note that full fold was
extended by placing shot points beyond the limits of the geophone grid
(Figure 4). The fold was then further increased through use of computer
manipulation and making vse of the two-dimensional array of data obtain-
ed over the grid described earlier. The computer enhancement of the
fold will be discussed fully in section V, Data Processing.

D. Source Parameters

Initial visual examination of thne prospect site indicated that
shallow 6-10 ft. (1.8-3.1 meter) Detaprime plastic explosive shots
installed using a lightweight auger would be applicable to the surface
conditions. Tests were performed in the field at the start of the data
acquisition to determine optimum charse size. The charge needed to have
sufficient energy to give adequate reflections, but not be so strong so
as to result in shot-generated noise that would interfere with observa-
tions of the reflectious. The shot size determined in the fielu was
9 units of Detaprime. The shot consisted of a standard cap with the
plastic explosive wrapped around the cap. As the work progressed the
charge size was modified as required.

Shot Line Charge Size (units of Detaprime)

18
18
18

TommoCcoxT >

E. Field Operations

The Rawlins high resolution seismic survey was performed on
October 10-12, 1982. No problems in the field were encountered, and
field operations proceeded rapidly and uneventfully.

*Use of specific equipment does not constitute a recommendation by DOE.




DATA PROCESSING

This section of the report will discuss the processing of the
seismic data and will include discussion explaining the reasoning behind
the choices of processing parameters (Claerbout (1976), McQuillan
(1979), Robinson and Treitel (1980)). It is important to note that the
development of the processing sequence was an integral part of the
interpretation. Each processing step was tested in sequence, and inter-
mediate results were examined carefully with the goals of the processing
in mind, in this case the maximum resolution of the geologic horizons at
the depths of interest.

Each steuv of the processing sequence will be discussed in
detail. The processing sequence listed below is found as part of the
title block on the furnished data sections. The title block also con-
tains the field parameters and certain bookkeeping and plotting notes.

Processing Sequence

Step (1) - "Demux". This is a bookkeeping" step. The data
are recorded in the field in a complex format with all 48 channels mixed
(or multiplexed) on the digital tape. The "Demux" step demultiple.ses
the data, arranging the data within the computer memory on a trace by
trace basis, ready for further manipulation.

Step (2) - CDP Gather. The CDP technique has been described
earlier and summarized in Figure 3. The "CDP Gather'" step takes, or
gathers, all of the source - geophone pairs that relate to a CDP point
and stores them together in preparation for further processing. As
noted in the field procedure section, the recording sequence necessi-
tated great care at this stage to gather appropriate source - geophone
pairs. The field format is trace sequential single fold and is a
"gather" where all of the traces for an individual shot are displayed
separately, arranged in the same sequence as they were arranged on the
ground. Editing is included in this step to allow removal of noisy or
defective traces from the "CDP Gather".

The concept of datum is illustrated on Figure 6. The data
must be adjusted for surface elevation changes along the section so that
the geometric configuration of reflecting horizons will be portrayed
accurately and not influenced by surface elevation changes. The 3-D
grid was corrected to a single stage flat datum (6900 ft, 2103 meters)
since elevations in the local area were essentially flat. Each trace is
corrected or adjusted by a time equal to the difference in shot and
geophone elevation above or below the datum. The '"time = distance/
velocity" formula is used to determine the correction, with the velocity
chosen from a knowledge of the velocity of the near surface rocks or
through empirical testing. 1n this case a velocity of 5000 ft per sec
(1524 meters per sec) was used based on information obtained using the
seismic data itself. On the sections, O time is at 6900 ft (2103
meters).
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FIGURE 6. Datum correction




Step (3) -~ Gain Recovery. A g gain'" function was applied,
which compensates for the energy loss as a function of distance (time)
of the seismic wave as it propagates into the earth and back from the
reflector. This energy loss is termed "spreading loss" since the energy
in the spherical wave front is "spread" as the radius of the sphere
increases. This loss is an exponential furction; testing in this area
indicated a value of 1.4 for n.

Step (4) - Filter. In this step a bandpass filter is applied
to the data to enhance the reflections of interest by filtering out
noise that is outside the frequency band that contains the majority of
the reflection signal. The earth itself acus as a filter, with the
lower frequencies penetrating further, for shallow reflections higher
frequencies are present in the seismic data than for deeper reflections.
Since high resolution at all depths was a requirement for this project,
then it was desired Lo utilize the highest frequencies possible at each
depth. The same record was subjected to a variety of bandpass filters,
and the results analyzed. The results indicated that a '"time variant"
(TV) filter should be applied, as follows:

80-160 Hz
50-100 Hz

From .000 to .400 sec, bandpass
.240 to .600 sec, bandpass

The explosive detonation initjally creates a sharp acoustic
energy ''spike" which propagates through the earth as described earlier.
The filtering effect of the earth has the effect of broadening the short
pulse into a lengthy, complex waveform. A processing step attempts to
recreate the original sharp "spike" for each reflector by operating on
the signal with the inverse of an assumed earth filter in a process
called deconvolution. In practice the deconvolution operator, or in-
verse filte- function, is chosen on the basis of experience and upon
tests performed on the data and applied at this stage of the processing.

Numerous tests were performed on this data. The testing involved the
use of different operators and the sequence of applications, primarily
whether before or after filter application. The deconvolution testing
was performed on lines A-2 and H-9. Deconvolution testing was performed

with second zero crossing, first zero crossing and spiking cperators.
No significant improvement could be detected with the application of
deconvolution, therefore it was not applied.

Step (5) - Trace Composition (3 trace - common offset distance).
It was recognized almost immediately that the reflections from the depth
of interest were relatively weak, and that subtle variations in signal
character would be difficult to discern. The concept utilized was that
*he reflections add linearly while the noise, being more random, parti-
ally cancels, thus increasing the signal-to-noise ratio. In order to
improve the signal-to-noise ratio, three traces from three adjacent
shots where the offset distance was equal were composited as shown

diagramatically in lFigure 7, As seen on Figure 7, one result of the
mixing is that instead of a CDP there is a "Common Depth Area'" of 40 ft
(12.2 meters) 1if the bed were flat. 1In the case of extreme dip the

typical stacking sequence which assumes flat bedding encounters the same
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problem of CDP areas instead of CDP points. Figure 8 demonstrates this
effec. which is caused by the fact that the angles of incidence and
reflection must be equal. In the case of the Rawlins data where extreme
dip is encountered, the CDP spreading effect of dip is countered by that
of trace composition, which essentially corrects for the effect of dip
in a qualitative sense. The trace composition essential!ly increased the
fold from 24 fold to 72 fold in the center of the purn lines (Figure 5
shows the actual fold).

Step (6) - Velocity Analysis aud Step (7) - "NMO". Consider
the simple "CDP Gather" ard resulting data display shown in Figure 9.
Clearly, although both shots reflect off of the same point on the reflec-
tor, the ray path length from SP! to Rl is considerably longer than the
path length from SP2 to R2. This resuits in the time from shot to when
the reflection is received t_ fron shot 1 being greater than the time t
from shot 2. 1If the refl2ctions can be assumed as coming from the same
point, then since the difference in time can be measured and the diifer-
ence in path length determined geometrically, the average wave velocity
of the rocks to the roflector can be estimated using the 'velocity x
time = distance" relationship. Since the seismic veloc'ily varies as a
function of depth (usually increasing) the average velocity varies as a
function of time into the section. This variation is determined through
a elocity analysis and the results are tabulated below:

Time Velocity
(sec) (ft./sec.)  (m/sec.)

. 000 5000 1524
.050 6200 1890
.100 7600 2318
.150 8300 2683
.200 9300 2987
-300 10500 3201
.400 11000 3353
.500 11500 3506
.600 12000 3658

The "NMO" or normal moveout, correction (Step 7) is applied as
an adjustment to each component trace of the "CDP Gather'", such that
identical reflections occur at identical times on each trace (_ee
Figure 9). This is required for a following step so that when the
constituent traces of the "CDP Gather" are added, or "stacked", the
reflections will add properly.

Step (8) - Mute. When a shot i1s fired, the first signals to
reach each geophone are ground roll (waves propagated along the surface
like ripples on a pond) and "first breaks", refracted energy from the
most shallow high velocity interface. These "noise'" signals mask reflec-
tions arriving at the same time. If the coinponent traces of the "CDP
Gather"” are going to be added (stacked), then it is undesirable ro add
in this noise if present. Thus, the noisy, initial fraction of a second
of each trace is removed, or muted. Since the tarther traces receive
the noise at a time later than the near traces, the mute applied to each
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trace is a function of the location
noise content of the signal.

relative to the shot as well as the

Step (9) - Automatic Statics. In this step, which occurs
immediately before qtucklng, or summing of the traces in the CDP Gather,
a surface coneigtent residual =tatics correction is applied to ensure
that the reilections on all traces are properly aligned and will sum for

maximum benefit. Based on cross correlation of adjacent traces in the
CDP Gather, reflections are corrected to line up so as to give maximum
signal enhancement. This is called a statics correction since it is

assumed that the misalignment (which 1s being corrected) is due Lo miuor
variations in the thickness and/or velocity of the near surface low
velocity layer

Step (10) - Stack. Stacking is the step of adding together
the traces that make up the CDP Gather, to make oune composite trace. 1If
the static (datum) and dynamic (NMO) corrections have been applied
correctly, the reflections will occur at the same time on each consti-
tuent and will be in phase and adl numerically, while the noise will be
of a random nature and will tend to cancel. The "fold" refers to the
number of individual traces which have beer added to yield the composite
trace; 12 traces to make 12 fold, 6 traces to make 6 fold, etc.

Step (11) - Equalization. It was found that the "T" gain"
function (described in Step (3)) wrs i1nadequate to fully cope with the
range of reflecticn strength over the short acoustic ray path distances
involved. To further equalize trace amplitudes, amplitudes within a
constant size "time window" were nurmalized. To some extent this com-
pensates for the poor dynamic range of the plotting metho.d .nd the human
eye. A disadvantage is that some of the subtle natural variations in
signal amplitude are reduced 1n the amplitude smoothing process.

Step (12) - Trace Composite for 3-D Areal Analysis. In addi-

tion to the trace ‘omposlt)on, non-standard CDP Stacking was employed on
the burn area. Referring to the plan view, Figure 5, the three-dimen-
sional grid was divided into "boxes", 20 ft (6.1 meters), 40 ft (12.2
meters), and 80 ft (24.4 meters) square. Then, all of the CDP's within
each box were stacked along reflection continuity. To accomplish this
the reflection from the G seam was essentially flattened at 0.200 sec,
stacked, and then returned to its true position. The resultant fold,
including the three trace mix, is shown on Figures 11, 12, and 13. 1t
should be noted that the fold shown on Figures 11, 12, and 13 represents

the total number of traces utilized. The total number of traces util-
ized includes, because of the trace composition step, some duplicate
shot -receiver paths. This had Lhe eftect of weighting the various
"hoxes" toward the center of the area.

A few words are in order at this point concerning the migra-
t.ion" of seismic data. Seismic data are presented as sections where the
reflections or stacked reflections are shown beneath each trace as if
the reflected energy was actually coming from a tlat reflector directly
below the point. In the case of dipping reflectors, as illustrated in
Figure 8 and again in Figure 15, this will not be the case. Snell's
law, which requires that the angles of incidence and reflection be
equal, when applied to a dipping reflector has the effect of moving the

20




reflection point updip, away from the point directly below the midpoint
between shot and receiver. This effect is particularly significant when
the ray path is in the order of seconds, since a lengthening of the
assumed vertical ray results in a lengthening of the offset due to dip.
Thus when such reflections are plotted as if they did occur beneath the
midpoint they will be in error. Computer processing approaches are
available which "migrate', or move, the data to the correct position.
Migration programs, however, have assumptions inherent in the mathemat-
ical approximations involved which limit their application to shallow
dips, on the order of 30 degrees or less. Thus, the niigration programs
available are not applicable to the Rawlins data with dips well 1in
excess of 45 degrees. The net =2ffect is that, while the various reflec-
tors at the Rawlins site may be detected and identified, placing them at
their true depth through migration has not been attempted in the pro-
cessing sequence.

The above is a brief summary of the processing procedure
applied to the seismic data. 1In the course of the Rawlins high resolu-
tion seismic survey each processing step was analyzed, tested and
checked to ensure that the resulting final section was the most accurate
representation of the subsurface. The processing sequence, in parti-
cular the trace composition and areal CDP stacking, while ncn-standard,
consisted of proven steps which when applied to the Rawlins data re-
sulted in positive 1dentification of the burn zone.

The data as displayed on the final record section was plotted
so as to focus on the arec of interest. The vertical scale is 20 in
(50.8 cm) per sec, a considerable expansion over the conventional explor-
ation section. The horizontal scale is 10 traces per in (15.25 cm),
which is equivalent to 100 ft along the line per in (12.0 meters along
the line per cm). For the displays where data within the various
"boxes'" were stacked, traces were repeated to yield to same horizontal
scale as for the unsummed case. All seismic sections are presented in
the Appendix. It should be noted that the numbering sequences for the
processed lines is different than the numbering sequence for the field
operations.

VI. RESULTS

The results are presented in two stages. First, the theoret-
ical considerations which formed the basis for the interpretation are
reviewed. Then, the interpretation of the burn area is presented with
discussion referenced to the observed data.

A. Theoretical Considerations

The object here was, through the analysis of data obtained in
related areas, to determine the range of anticipated results. These
considerations aided in designing the field paramete.s, and supplied
information with which the field resuits were compared in order to
identify and characterize the reflections observed.

The problem facing the interpreter in the course of the
Rawlins seismic survey was the absence of a complete sonic log from the
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Rawlins gasification area. This meant that there was no way to estab-
lish a one-for-one correlation between the geologic stratigraphy and the
observed reflections.

To alleviate this problem, nmodels and synthetic seismograms
constructed for a previous seismic survey concerning the Hanna, Wyoming
UCG area (Youngberg 1982) were utilized. It is felt that the similarity
of the geologic environment allows for the use of this data. Modifica-
tions relating to the Rawlins project will be discussed below. The
velocity and density logs utilized are shown in Figure 10. The reflec-
tivity series, or plot of reflection coefficient versus time, was com-
puted from the velocity and density data. The principal is that at an
interface between two materials of different velocity and density
(acoustic impedance), the acoustic wave will be partially reflected and
partially transmitted. The synthetic seismogram is created by con-
volving a pulse representing the source wave with the reflectivity
coefficient series. This process has been found to yield an accurate
representation of the actual seismic wave-real earth interaction pheno-
mena. The pulse shape used was the Ricker wavelet, a standard acoustic
pulse shape, which has been found to be typical of explosive sources of
the type uscd here.

The pertinent seismic character changes will be discussed in
the following sections. The calculated models are felt to be accurate
enough to aid in the interpretation of the Rawlins data with the follow-
ing qualifications kept in mind:

(1) The identification of ths Rawlins G seam seismic reflec-
tion character was based upon the seismic data itself. It was antici-
pated that the data obtained for the 80 ft (24.4 meters) composite boxes
would provide the most unambiguous signature for the coal reflection.

(2) The effect of burning and caving resulting in a rubble-
filled cavity tends to reduce the seismic retlection amplitude. The
loss of amplitude is a subtle effect and difficult to discern in the
seismic data (Figure 10, case i2).

(3) The air filled void will produce a strong reflection if
present, and sufficiently thick. The maedels of Figure 10, cases 14
and 21, show 6 and 12 ft voids detectable (for the case presented) by a
strong reflection amplitude. The water filled vcid should also be
detectable, on the same basis, but somewhat weaker. However, based upon
corehole evidence the air or water filled voids associated with the
Rawlins 1 and 2 burn are not extensive. Therefore, the strong reflec-
tion anomaly associated with a void as seen in Figure 10 would also not
be anticipated to be extensive.

B. Interpretation

The processed seismic sections with interpretation added are
presented in the Appendix and will be referred to in this discussion by
line number. 1t should be recalled in viewing this data that the fold
decreased toward the edges of each section as shown in Figures 11,
12 and 13.
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As mentioned 1n the geologic section (section [I), the steep
dips and possible non-uniformity of dip is a severely complicating
factor. A structure map on the top of the "G" seam (Figure 14) was
prepared to help identify the G seam on the seismic sections. Well data
as indicated controlled the structural contouring which was converted
from the depth data to seismic wave travel time using the velocity
function derived from the seismic data 1tself (see data processing).
Once the G seam was identified on the individual CDP lines, trace compo-
sition along reflection continuity tollowed. The result of this trace
composition was the obsgervation of the G seam seismic reflection charac-
ter as a double-peaked event with a prononnced low between the two
peaks. The character is clearly seen at the north end of individual
line GH, and on all of the BO tt (24.4 meters) box lines away from the
immediate vicinity of the burn zone. 1t must be noted that even at this
high fold the reflection character 1s not consistent. 1t is felt that
this inconsistency relates both to the data quality and to the complica-
tions discussed previously 1n the geolopic setting and stressed above.
All the individual CDP lines show a strong interference pattern gener-
ated by surface noise, with line Fé a typical example. This line also
demonstrates the effects of migration (Figure 15), the phenomenon where
the reflection from a dipping retlector comes from updip rather than
from beneath the array. This phenomenon was to some extent corrected
for in the processing, as far as correctly stacking the data, by using
the three trace composition. Processing tests to further remove this
effect were attempted on line F6 between the mapped top of G seam and
the reflection from the G seam. It is felt that the disruyption to the
seismic character as well as the reflection from any air void should
appear directly under the mapped location, since the top of the cavity
is pictured as essentially flat (see Figure 2). Note should be made
that the extreme dip causes the objective target size to be reduced due
to the fact that observations are taken along the surface, rather than
parallel to the bedding.

ft should be emphasized that in interpreting the character-
istics and location of the burn zone the changes 1o amplitude of the two
signal peaks associated with the G seam, as well as those reflections
which appear immediately above the coal, have been utilized. 1In most
cases the effect is seen on both peaks but in many cases it 1s only
discernable on one peak (see line B for examples of both). The 1ndivi-
dual CDP lines are clearly the most subjective as far as discernable
waveform character 1s concerned.  All lines in the appendix have been
annotated to show the location of significant buru-related anomalies.

Once the reflection characteristics of the unburned coal were
determined using the 80 ft (24.4 meter) boxes (and crosschecked with the
lower fold data), and the range of characteristics of the burn zone
determined through the model studies, the 1nterpretation proceeded as
follows: First the data for the coarsest grid, the 80 ft (24.4 meter)
boxes (all data from a surface "box" 80 ft (24.5 meters) on a side
stacked into one composite trace, as described in the section concerning
data processing), were examined and an anomaly identified. This anomaly
occurred at the location of the known burn and was well correlated with
that expected from a rubble-filled burn cavity. The 80 ft (24.4 meters)
boxes containing the anomaly are shown in Figure l6. Once the character
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of the anomaly was identified on the 8D ft (24.4 meters) box composite
data, a similar ancmaly was observed on the 40 tt (12.4% meters) box and
20 ft (6.1 wmeters) box data and, with ditficulty, in the individual
seismic lines. The burn outline for the &40 ft (12.2 meters) and 20 ft
(6.1 meters) boxes as shown on Figures 17 and i8 should be viewed as a
progressive refinement of that of the B0 ft (24.4 meters) boxes, with
the outline of the burn as dentified on the individval lines,
Figure 19, the most detailed.

Note that the Burn 1 cavity was not observed 1n the 80 ft
(24.4 meter) box composite data but could be identified on that for the
smaller boxes. This 18 1aterpreted as an indication of the small volume
of this burn, which when averaged with data outside the burn but waithin
the 80 ft (24.4 meter) box, resulted in a composite reflection that was
indistinguishable from that without the bhurn, One problem of the inter-
pretation has been carried through to the (inal maps. That 1s the fact
that minor changes 1n seismic wavelorm amplitude and character not
related to the burn can be misconstrued. Note for the Rawlins Test 1
the area around H-16 and H-17 (Figure 20) were initially interpreted as
burn related; however, i1t 15 pot known why a seismic anomaly was obser-
ved at this location because from well and drill hole information 1t is
known that the reactor cavity is not located within that area. [t is
suspected that gas leaked out of the test area and 1s trapped in a
porous sand lense. In this regard i1t should be noted that seismic
amplitude variations were just studied in detairl to detect gas accumula-
tions in porous rock.

As noted earlier, no strong amplitude retlections which could
e related to an air or water filled void were found. This placed a
strong reliance on adentifving the subtle changes in the character of
the data resulting from the rubble-filled void. The character changes,
a loss in signal amplitude as discussed above, were difficult to see in
the data, and required the trace composition and areal (box) summation

for confirmation. A qualitative evaluation of the validity of the
interpretation is difficult to make. [t should be pointed out, however,
that following the procedures set forth above, the interpretation is
confirmed through the comparison 1n Figure 20, where the detailed seis-

mic interpretation has been sheown in cenjunction with the initial pro-
jected outlines of the burn and an interpreted shape from other geophys-
ical data which 1s in the public domain (Gulf Research and Development
Company, 1982). The gross form of the burn outline is similar for all
sources. Because of the areal data density and internal consistency of
the seismic data, it is believed that the burn shape from this data is
the most accurate.
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V1. CONCLUSITONS

The interpretation of the seismic data obtained at the Rawlins
test site has led to the following conclusions:

1. The seismic survey detected an anomaly in the vicinity of
the rubble filled cavity at both Rawlins test sites |
and 2. These anomalies did not correlate in ali areas
where the rubble filled cavity was located according to
well and core hole information. The reason for this lack
of correlation in some areas is not known and can only be
conjectured.

The water filled void at the Rawlins 1 test site and the
air ftilled void at the Rawlins 2 test site were not
detected with any strong amplitude reflections. The
reason for this c¢an be any one or combination of the
several complicating factors discussed.

Steep and possible non-unitermity of dip has a severe
detrimental effect on the seismic data and 1ts evalua-
tion. Processing and interpretation procedures attempted
may not have fully corrected for this problem. A compu-
ter processing approach needs to be developed that will
adequately correct for dip in excess of 30 degrees.

Sonic logs should be run in future site characterization
studies. These logs will establish a one-for-oune corre-
lation between the geologic stratigraphy and the observed
reflections. Such correlations would make it easier to
detect anomalies during the interpretation stage.
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GLOSSARY OF TERMs

Bandpass Filter: A filter, either electronic or digital, Lhat rejects
signals with a frequency content outside chosen limits.

Common Depth Point (CDP): The subsurface point common to two or more
source-geuphone pairs, computed using the principals of ray optics
(angle of incidence equals angle of reflflection).

Common Depth Pecint (CDP) Format: A data display where traces with the
same theoretical subsurface reflection point are displayed together.
Each trace usually represents a different shot.

Datum: The elevation used as a relerence is displaying th seismic data.

Field Format: A data display (usually Trace Sequential Signal Fold)
where the trace and scurce location on the displayed record are
identical to the locations on the ground.

Fold: In common depth peoint (CDP) seismology, the number of source-
geophone traces stacked to yield the resultant CDP trace.

Geophone: A device which when placed on the surface of the ground
yields a voltage in response to minute ground motions. Usually
equipped with a spike which is inserted into the ground to ensure
coupling of the geophone to the earth motion.

High Resolution Seismic Survey: A seismic survey where the field and
protessing parameters (source-geophone array geomelry, source
design, acoustic frequency band of interest, instrument and digital
filtering, etc.)} are chogen to allow resolution of the .oosurface
reflections from beds that are closer to the surface, and closer
together, than normaliy considered in exploration seismology.

Migration: Migration lransforms seismic sections, representing complex
wave-fields, into sections which display subsurface reflecrors and
scattering features at their proper locations with the earth.

Multiplex: The mixing of lwo or more signals onto a single channel for
transmission or storage purposes. Yor znaysis the signals must be
separated into their original form, or "demultiplexed".

Noise: Any signals other than those desired. For example, in explora-
tion seismology, the shot induces acoustic waves that travel hori-
zontally aleng the surface and interfere with the reflected vaves
from the subsurface, and are hence '"noise'. An example of natural
noise 1is that caused by the motion of the geophones iunduced by
wind.

Operator: In data processing, any mathematical function applied to the
data to achieve the desired results.




€hot: Term used for the seismic source, usually explosive in nature.

Shot Hole: When explosive source is used, the hole in which the explo-
sive is placed.

Sonic Log: Measurements made in a drilled well or corehole of the
acoustic properties of the earth as a function of depth.

Stack (n): The summation of individual traces to yield a composite
trace. The fundamental principal of stacking is that, if performed
correctly, desired reflection signals will add linearly while

"noise" signals will tend to cancel. 1f "n" traces are stacked,
the signal-to-noise ratio improvement for random noise improves by
a factor of n. For non-random noise the effect is more complex.

Stack (v): To add signals (traces) to improve the signal-to-noise ratio
or, in the case of common depth point (CDP) processing.

Static Correction: A correction applied to seismic data which adjus's
for souvrce and geophone su.rfac:® elevation changes relative to a
datum an! for velocity variations at the surface due to weathering,
soil thickness, etc.

Synthetic Seismogram: A modeling technique where, utilizing a computer,
a source waveform is assumed and subsurface reflection coefficients
are calculated from sonic and density log :nformation, the resultant
reflections aie displayed in the same format that actual seismic
signals are displayed.

Trace: The received signal from a specific point on the surface. May
be from one geophone or several geophones connected together. The
term is sometimes used to refer to the geophone array itself.

Trace Sequential Single Fold: A seismic data display where 1) the
traces are plotted in the same sequence that they occupied on the
ground, and 2) only one source-geophone signal is included.

Uphole Survey: The successive detonation of a series of charges at

varying depths in a shothole in order to determine the velocities
of the near-surface formation, the weathering thickness, and (some~
times) the variations of record gquality with shot depth.
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