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

BY 
1 2 2 

Alv Dan Youngberg , Ernest Berkman , Arnold Orange 

ABSTRACT 

In November 1980 a high resolution seismic survey was conducted at the 
Department of Energy, Laramie Energy Technology Center's underground coal 
gasification test site near Hanna, Wyoming. The objectives of the survey were 
to determine the feasibility of utilizing high resolution siesmic technology 
to locate and characterize underground coal burn zones and to identify shallow 
geologic faults at the test site. Seismic data acquisition and processing 
parameters were specifically designed to emphasize reflections at the shallow, 
61-91 meter (200-300 foot) depths of interest. A three-dimensional grid of 
data was obtained over the Hanna II, Phases 2 and 3 burn zone. Processing 
included time varying filters, deconvolution, trace composition, and two
dimensional, areal stacking of the data in order to identify burn zone 
anomalies. 

An anomaly was clearly discernable resulting from the rubble-collapse 
void above the burn zone which was studied in detail and compared to synthetic 
models. It is felt, based on these results, that the seismic method can be 
used to define similar burns if great care is taken in both acquisition and 
processing phases of an investigation. · 

The fault studies disclosed faults at the test site of hitherto unsus
pected complexity. The fault system was found to be a graben complex with 
numerous antithetic faults. The antithetic faults also contain folded beds. 
One of the faults discovered may be responsible for the unexpected problems 
experienced in some of the early in-situ gasification tests at the site. A 
series of anomalies were discovered on the northeast end of one of the seismic 
lines, and these reflections have been identified as adits from the old Hanna 
No. 1 Coal Mine. 

I. INTRODUCTION 

In November 1980 a high resolution seismic survey was conducted at the 
Department of Energy, Laramie Energy Technology Center's underground coal 
gasification field site near Hanna, Wyoming. The objectives of the project 
were two fold: First, to investigate the feasibility of utilizing high 
resolution siesmic technology to locate and characterize underground coal 
gasification burn zones, created in an underground coal gasification project; 
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and second, to identify shallow faults in the vicinity of the burn zones. The 
Hanna II, Phases 2 and 3 site was surveyed in detail. One seismic line crossed 
the Hanna IV site. 

It was recognized that the specific problems addressed by this project 
presented a considerable cha~lenge to the geophysicist. The coal seams of 
interest lay at a depth of 61-91 meters (200-300 Feet) subsurface, far 
shallower than investigated in normal applications of seismic exploration. 
The shallow depth of investigation, plus the resolution required if the 
information was to be of practical use, dictated a carefully planned and 
executed project. 

The approach proposed was to apply state-of-the-art exploration seismic 
technology to the problem. A three phase program was planned and executed: 
high resolution data acquisition utilizing great care at every step; a seismic 
modeling program utilizing synthetic seismograms based o.n sample information 
and available well logs; and a carefully monitored data processing approach, 
designed to provide maximum resolution at the depths of interest. An inter
pretation scheme was applied to these three phases where through iteration 
between preliminary interpretation, processing, and modeling, the goals of the 
project could be best met. 

This report is concerned primarily with presenting and discussing the 
seismic data obtained. Prior to presenting the results, sections are included 
which summarize the geology of the area and describe field operations and data 
processing. 

II. LOCATION AND REGIONAL GEOLOGY 

The study site as shown in Figure 1 is located about·.4 km (2-1/2 miles) 
south of the town of Hanna, Wyoming in the southwestern quarter of Section 29 
and at the southeastern quarter of Section 30, T22N, R8iW. Topography at the 
site is gently rolling grassland with over 2 meters (six feet) of soil on the 
surface. Some buildings are present on the burn site, but did not interfere 
with this project. Figure 2 shows the actual placement of the seismic lines. 

The site is located within the Hanna Basin. This basin, which is filled 
with up to 10.6J km (35,000 feet) of sediments, is bounded on the north by the 
Shirley-Ferris· Mountains, on the south by the Medicine Bow Mountains and on 
the west by the Rawlins Hills. To the east, the basin merges with the Northern 
Laramie Basin. 

Sedimentary rocks in the Hanna Basin range from Late Cretaceous to Eocene 
in age (see Figure 3) and consist primarily of sandstones and shales (Glass 
and Roberts (1980) and Dobbin et al (1928)). Coal seams are present through
out the section. ·The coal seam which was the subject of the coal gasification 
work, and o£ this seismic study, was·the Hanna No. 1 seam. This seam is part 
of the Hanna Formation, which is of Paleocene-Eocene age and consists primarily 
of sand and siltstones, with several interbedded coal members and·an occasional 
thin limestone. At the test site the seam varies in thickness from 8-11 
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meters (25-35 feet). The bed dips 7° to the northeast. Some faulting has 
been mapped (see Figure 4) in the vicinity of the site by utilizing surface 
geology and core holes, based upon underground mine development which was ex
tensive just north of the test site 50-75 years ago. 

III. HANNA II, PHASES 2 AND 3 EXPERIMENT 

The coal gasification method utilized at the Hanna II, Phase 2 and 3 site 
consisted of the in-situ burning of the coal through use of air injection and 
gas production wells. Distance between injection and production wells was in. 
the order of 18.3 meters (60 feet). The burn initiated at the injection well, 
and the flame front progressed towards the production wells. As the coal 
burned, a cavity was formed, which was enlarged as the overlying rocks 
fractured and collap~ed. No subsidence has been noted on the surface. 

The burn cavity presently contains an air void of .b- 2.74 meters (2- 6 
feet) at the top, rubble from the collapse of overlying rocks, .9 - 2.44 
meters (3 - 8 feet) of "slag or clinker11 at the base, and a zone of "char" at. 
the edges of the burn zone. Figure 5 generally depicts this zone of interest. 

IV. FIELD PROCEDURES 

A. Introduction 

The following is a very br1et explanat.ion of t.he seismic met.hod as used 
in exploration. The fundamental principal of 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 reflecting surface (Dobrin (1976), 
Telford (1976), Waters (1978)). The amplitude of the reflection is propor
tional to the change in acoustic properties. 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 fro~ the inter
faces can be utilized to locate and identify the units .involved. Further, if 
a series of such reflections are observed along the surface, then changes· in 
the travel time of the wave to the retlecting horizon and back can be used to 
map changes in depth to the horizon. Thus, an abrupt lateral change in the 
depth to a reflector is an indication of a possible fault. 

The application of the above simple concept to practice is complex, 
involving many sophisticated steps developed over the years. Instruments have 
been developed with large dynamic range that have the capability of reco·rding 
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 improve the signal-to-noise ratio, while a variety of sources are 
available to handle different surface and subsurface conditions. 
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Current practice is to record each shot (or, more precisely, the reflec
tions 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 as to improve the signal-to-noise ratio. 
Each trace is digitized and recorded on· tape separately ·for later computer 
processing. 

The Hanna survey was performed and the data processed using the Common 
Depth Point (CDP) method, which is summarized as follows. Figure 6 is a 
sketch of a unilateral 4 channel seismic survey. Shot number 1 is fired with 
the shot at SPI and the geophones 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 reflection. 
For shot number 2 the whole array is moved one position, shooting at SP2 and 
receiving at positions 3 through 6. Subsurface reflection points are seen to 
beD t4rough F. Shots 3 and 4 follow in the same fashion. It is seen that 
each subsurface point is sampled with two shots ("C" and "D" with shots 1 and 
2, "E" and "F" with shots 2 and 3, etc.), hence this is called "Two Fold". In 
CDP processing, the data from shots that reflect off of "common depth points" 
are added together, or "stacked." 

Consider the two shots that reflect off of common depth point "G", shot 
at 3, geophone at 6 and shot at 4, geophone at 5. .The ray p~th 3-G-6 is much 
longer than ray path 4-G-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 Harina project will be reviewed in detail in 
the following paragraphs. 

· B. Instruments* 

The instruments used were Texas Instruments 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 recorded for each shot. Geophones used were 
Mark Products MP-1-28E with a nominal 40 Hz low frequency rolloff point. 

C. Survey P-arameters 

It was mentioned in the introduction to this report that the Hanna 
siesmic project was unusual from the exploration geophysics standpoint in the 
shallow depth to the target and the unknown nature of the seismic response of 
the burn zone. The survey field parameters were designed with these consider
ations in mind and departed somewhat from normal exploration seismic practice, 
.in particular in the attempt to define the burn zone. 

*Use of specific equipment does not constitute a recommendation by DOE. 
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Figure 7 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 24 
short, 1.83 meter (6 foot) geophone arrays spaced 6.1 meters (20 feet) apart. 
The lettered lines consist of 24 shot points, also spaced 6.1 (20 feet) apart. 
As the charges on each lettered line were shot in turn the reflections were 
recorded on the two geophone lines flanking the shot line. Thus, shots on 
Line A were recorded on Lines 4 and 5, shots on Line B were recorded on Lines 
6 and 7, etc. Note that Lines 7 and 8 were used twice, once each for the shots 
on either side of the lines. Note also that the reflection (CDP) points lay 
along subsurface lines midway between the shot and receiver lines, see Figure 8. 

The burn area line geometry accomplished two things. 
high density of areal data in the burn zone, the zone with 
Second, the array of data allowed great flexibility in the 
ing effort. 

First it provided a 
the most unknowns. 
subsequent process-

Seismic lines #1, #2 and #3 were conventional in layout. The setup for 
these lines, #1 and #2 the long NE-SW lines and #3, the tie line between #1 
and #2, is sketched in Figure 9. 

The 6.1 meter (20 foot) trace spacing was selected to give a close sub
surface CDP reflection point spacing (3.05 meter (10 feet)) while still 
remaining cost effective. The geophone array (6 phones) over 3.7 long array 
for noise reduction (by cancelling waves traveling along the surface) and the 
desire for a short array to provide maximum resolution. The short offset 
(shot-to-first trace distance) of 6.1 meters (20 feet) was selected to give 
maximum near surface data. 

The survey parameters used for the data acquisition are tabulated below: 

Number of geophones per trace 

Geophone array 

Trace spacing 

First trace (ottset) 

Shot Spacing 

Fold 

Shot Size 

Shot Depth 

11 

6 

3.7m (12 feet) centered 
on SP 

6.1m (20 feet) 

6.1m (20 feet) 

6.1m (20 feet) (Burn Zone) 
12.2m (eJ feet) (Lines 
1, 2, 3) 

(Fold for this project 
will be discussed in 
detail below.) 

136 gms (.3 pounds) 
plastic explosive 

1. 8m (6 feet) 
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The fold, the number of shots summed at each subsurface reflection point, 
is the key parameter in CDP shooting, as described above. The survey for 
Lines 1, 2 and 3 was run 12 fold (48 traces, shooting every other shot point). 
For the burn zone, the lines were only long enough for the full fold to be 
developed at the center of the line. With 24 traces and shooting each of the 
24 shot points into the stationary trace array full fold was 24, tapering to 
single fold at the line ends. The fold was then further increased through use 
of computer manipulation and making use of the two-dimensional array of data 
obtained over the grid described earlier. The computer enhancement of the 
fold will be discussed fully in Section IV, Data Processing. 

D. Source Parameters 

Initial visual examination of the prospect site indicated that shallow 
1.8- 3.1 meter (6-10 feet) plastic explosive shots installed using a light
weight auger would be applicable to the surface conditions. Tests were per
formed in the field at the start of the data acquisition to determine optimum 
charge 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 observations of the reflections. The shot size deter
mined in the field was 136 gms (0.3 lb). The shot consisted of a standard cap 
with a 136 gms (0.3 lb) unit of plastic explosive wrapped around the cap. 

Measurements were also taken of the time required for the direct arrival 
from shots placed in one of the core holes (#2HP-175) to a geophone on the 
surface near the shot point. This information, which relates to the velocity 
of the near surface strata, was utilized in the data processing and interpre
tation stages. 

E. Field Operations 

The Hanna project was performed on November 11 - 13, 1980. No problems 
in the field were encountered and field operations proceeded rapidly and 
uneventfully. 

V. 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 pro
cessing step was tested in sequence and intermediate results examined care
fully with the goals of the processing in mind, in this case the maximum 
resolution of the geologic horizons at the depths of interest. Each step of 
the processing sequence will now be discussed in detail. 

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~es the data, arranging the data 
within the computer memory on a trace by trace basis, ready for further mani
pulation. 
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Step (2) - Gain Recovery. A "T 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 
"spread" as the radius of the sphere increases. 2This loss is a function of 
the square of the radius (or time), hence the "T gain" notation. 

Step (3) - CDP Gather. The CDP technique has been described earlier and 
summarized in Fiqure 6. The "CDP Gather" step takes, or gathers, all of the 
source - geophone pairs that relate to CDP point and stores them trace sequen
tial single fold 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 10. A datum correction is 
applied twice, here is step (3) and later in step (13) for the long lines. 
Both corrections are shown in the figure. In the figure, CDP "A" is shown as 
sampled by Shot 1 - Receiver 1 and ~hot l - Receiver 2. The two ray paths, SP 
1-A-R1 and SP 2-A-R2, need to be corrected for the difference in local eleva
tion between SP 1, SP 2, R1 and R2. The datum chosen is related to an average 
elevation of the shot and geophone points that go into the "CDP Gather", 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. In this case a velocity of 1829 meters per second (6000 feet per 
second) was used based on information obtained during the source tests 
described in section IV D, page 15. 

After each"CDP Gather" has been adjusted to its own datum (the "floating" 
datum) the CDP Gathers must be adjusted for surface elevation changes along 
the section so that the geometric configuration of reflecting case each ''CDP 
Gather" at its own "floating datum" point was further corrected to a flat 2134 
meter (7000 foot) elevation, with a correction equal to the difference between 
the "floating" datum elevation and 2134 meters (7000 feet) applied. Two 
stages of correction have been applied in order to keep the amount of correc
tion necessary at each phase of the processing at a minimum. The 3-D grid was 
to a single stage flat datum since elevations in the local area were essen
tially flat. 

On the sec;:tions, 0 time is at 2134 meters (7000 feet) and surface eleva
tions are shown graphically above the seismic data. 

Step (4) - Filler. Iu Lhis 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 acts 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 to utilize the highest frequencies 
possible at each depth. The filter studies leading to the filter design are 
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included as backup material. 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: 

From 0 to .1 sec., bandpass= 120-240 Hz 
.1 .to .2 sec., bandpass= 100-200 Hz 
.2 to .3 sec., bandpass= 80-160 Hz 

\ 
.3 to .4 sec., bandpass= 60-120 Hz 
.4 tb\.5 sec., bandpass= 40-80Hz 

Step (5) - Deconvolution. The explosive detonation initially 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. The deconvolution step attempts to recreate 
the original sharp "spike" for each reflector by operating on the signal with 
the inverse of an assumed earth t1lter 1fi a proc~ss called deconvoluLiuu. 

In practice the deconvolution operator or 1nverse fil~er func~ion is 
chosen on the basis of experience and upon tests performed on the data 
(numerous tests were performed on this data). The testing involves the use of 
different operators and the sequence of application, primarily whether before 
or after filter application. The deconvolution testing was performed on Lines 
3 and 8. 

Deconvolution testing was performed with second zero crossing, first zero 
crossing and spiking operators, each with operator lengths of 40 to 60 ms. 
The 60 ms, second. zero crossing operator was chosen based on a critical exam
ination of the deconvolved data and at the autocorrelations of the basic and 
deconvolved data. The autocorrelation shows a stronger center peak when the 
deconvolution has recreated the original "spike". Autocorrelations are 
typically used where the signal to noise ratio is poor. 

Step (6) - "NMO". Consider the simple 11 COP Gather" and resulting data display 
shown in Figure 11. Clearly, although both shots reflect off of the same 
point on the reflector, the ray path length from SP1 to R1 is considerably 
longer than the path length from SP2 to R2. This results in the time from 
shot to when the reflection is received t 1 from shot 1 being greater than the 
time t

2 
from shot 2. If the reflections can be assumed as coming from the 

same point, then since the difference in time can be measured and the differ
ence in path length determined geometrically, the average wave velocity of the 
rocks to the reflector can be estimated using the "velocity x time = distance" 
relationship. Since the seismic velocity 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 velocity analysis and the 
results are tabulated below: 

TIME (seconds) 
0.010 
0.100 
0.500 
0.800 

VELOCITY/second 
1677 
1829 
1982 
2073 
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FEET/second 
5,500 
6,000 
6,500 
6,800 
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The "NMO" or normal moveout, correction (step 6) is applied as an adjust
ment to each component trace of the "CDP Gather," such that idenlical reflec
tions occur at identical times on each trace (see Figure 11). 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 (7) -Mute. When a shot is 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 reflections arriving at the same time. 
If the component traces of the "CDP Gather" are going to be added (stacked), 
then it is undesirable to add in this noise if present. Thus, the noisy, 
initial fraction of a second of each trace is remoyed, or muted. Since the 
farther traces receive the noise at a time later than the near traces, the 
rnub• app1 ied to each .trace is a function of the location relative to the shot 
as well as at the noise content of the signal. Notice that it is possible to 
tell the NMO has been applied since the reflections are flat forming a contin
uous representation of the subsurface strata. This is a good indication that 
the velocity function chosen is correct. 

Step (8) - Expanding Gate Scaling. It was found that the "T2- gain" function 
(described in Step 2) was inadequate to fully cope with the range of reflec
tion strength over the short acoustic ray path distances involved. Expanding 
Gate Scaling was applied to further equalize trace amplitudes. This is similar 
to the Automatic Gain Control (AGC) discussed below in Step 12 but uses a 
short window at shallowest times and a window length that increased with 
inc.reasing time. 

Step (9) - Trace Composition. It was recognized almost immediately that the 
reflections from the depth of the Hanna 1 coal seam were relatively weak, and 
that subtle variations in signal character would be difficult to discern. The 
concept utilized was ehat the reflecliuu~ add linearly while ·the noi&e, being 
more random, partially cancels, thus increasing the signal~to-noiac ratio. In 
order to improve the signal-eo-noise ratio, Lhr~~ adjacent traces on the field 
format record (for example, Shot 1, trace N, N+1, N+2, not the CDP format 
adjacent traces) were added to form a resultant trace, as shown in the sketch 
in Figure 12. Traces 1, 2 and 3 are added to form composite trace 1, traces 
2, 3 and 4 are added to form composite trace 2, etc. As seen on the sketch, 
one result of the mixing is that. instead of a CDP Lht:.ce is a "Common Depth 
ArP.a." In the case of lines 1, 2 and 3 with common depth points 6.1 meters 
(20 feet) apart, the "common depth area" covers 12.2 meters (40 feet). For 
the burn area, the "common depth area" was 6.1 meters (20 feet). 

Th~ three trace composition w.as accomplhh~tl by .ceform3ting to field 
record format at this stage to insure the signal to be in phase by having 
applied all the static (datum) and dynamics (NMO) corrections. After 
application of the trace composition the data was again arranged in CDP 
format. 

This trace composition essentially increased the fold from 12 fold to 36 
fold on the long lines, and 24 fold to 72 fold in the center of the burn lines 
(Figure 8 shows the actual fold). 
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Step (10) - Automatic Statics. In this step, which occurs immediately before 
stacking, or summing of the traces in the CDP Gather, a surface consistent 
residual statics correction is applied to ensure that the reflections 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 static 
correction since it is assumed that the misalignment (which is being corrected) 
is due to minor variations in the thickness of the near surface low velocity 
layer. 

Step (11) - Stack. Stacking is the step of adding together the traces that 
make up the CDP Gather, to make one composite trace. If the static (datum) 
and dynamic (MNO) corrections have been applied correctly, the reflections 
will occur at the same time on each constituent and will be in phase and add 
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 been 
added to yield the composit trace; 12 traces to make 12 fold, 6 traces to make 
6 fold etc. 

In addition to the trace composition and the conventional CDP stacking of 
the resultant traces on Lines 1, 2 and 3, non-standard CDP Stacking was employed 
on the burn area. Referring to the plan view, Figure 7, the three-dimensional 
grid was divided into "boxes", generally 6.1 meters (20 feet) and 1:l.:l meters 
(40 feet) square. Then, all of the CDP's within each box were stacked. The 
resultant fold, including the three trace mix, is shown on the CDP Fold Plan 
View diagrams, Figures 13 and 14. It should be noted that the fold shown on 
Figures 13 and 14 represents the total number of traces utlized. The total 
number of traces utlized includes, because of the trace composition step, some 
duplicate shot-re~eiver paths. This had the effect of weighting the nominal 
6,1 meter (20 foot) and 12.2 meter (40 foot) "boxes" toward the center of the 
area. 

Step (12) - Constant Datum. This step has been discussed earlier in the 
discussion of Step (3), CDP Gather. 

Step (13) - Automatic Gain Control (ACG). This AGC within a constant size 
"time window" equalizes strong and weak signals as the window is moved down 
the trace. To some extent this compensates for the poor dynamic range of the 
plotting method and the human eye. A disadvantage is that some of the subtle 
natural variations in signal amplitude are reduced in the amplitude smoothing 
process. 

The above is a brief, simplified summary of the processing procedure 
applied to the seismic data. In the course of the Hanna project each pro
cessing 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 particular the trace composition and areal CDP stack
ing, while nonstandard consisted of proven steps which when applied to the 
Hanna data result.ed in positive idenlificaliuu uf Lhe des.i.J:ed targets, the 
burn zone and the shallow faults. 
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The data a~ displayed on the final rec6rd sections was plotted so as to 
focus on the area of interest. The vertical scale is 50.8 em (20 inches) per 
second, considerably expanded over the ·conventional exploration s.ection. The 
horizontal scale is 6 traces per 15.25 em (6 traces per inch), which .on Lines 
1, 2 and 3 is equivalent to 7.2 meters along the line per em (60 feet along 
the line per inch). In the burn area the horizontal scale is equivalent to 30 
feet per inch. For the displays where data within the 6.1 and 12.2 meter (20 
and 40 foot) "boxes" were stacked, traces were repeated to yeild the same 
horizontal scale as for the unsummed case. 

VI. RESULTS 

The resutls are presented in three stages. First, the velocity, 
synthetic seismograms and.model studies which formed the basis for the 
interpretation are described in detail. Then, the interpretation of the fault 
studies and burn area are presented with discussion ~eferenced to the observed 
data. 

A. Preliminary Studies - Velocity Prediction 
Synthetic Seismogram Preparation and Modeling 

The object of these studies was to determine, through the analysis of 
data outside of the seismic survey, the range of anticipated results. This 
aided in designing the field parameters, and yeilded model results with whi.ch · 
the field results were compared in order to identify and characterize the 
reflections observed. 

The problem facing the interpreter in the course of the Hanna project was 
the absence of a complete sonic log from the Hanna gasification area. This 
meant that there was no way to establish a one-for-one .correlation between the 
geologic stratigraphy and the observed reflections. As a first step to the 
development of a synthetic seismogram, a composite log had to be created using 
all available information. This log was based upon: 

(1) The uphole survey, the seismic studies described earlier where, 
with charges placed in core hole 2HP-175 in the burn area, source depth was 
varied to provide "uphole" times, the travel time between the shot and the 
surface iUIWediately above. This accurately gave clear surface velocity 
distribution. 

(2) The gross velocity-time relationship developed from seismic 
data itself. This was briefly discussed above in the processing-velocity, NMO 
section. 

(3) Logged Core Holes; some velocity and density information was 
available, which was invaluable in the modeling_and synthetic seismogram 
studies. The l::iunil: logs gave the seismic properties directly, but unfortun
ately were generally run in the core holes only through the section of the 
hole containing the coal seams. For the most accurate work a complete sonic 

25 



log is d~sired. The density logs in general were complete, and provided data 
from which the seismic response was calculated. The well logs utilized are 
tabulated below: 

Sonic Logs (all partial logs) 

D:r:ill Hole Number Burn Area 
NN Hanna IV 

7 Hanna IV 
A Hanna IV 
B Hanna IV 
c Hanna IV 

pp Hanna IV 

Compensated Density Logs (all complete) 

7 Hanna II 
b IIanna II 
8 Hanna II 
2 Hanna IV 
3 Hanna IV 
1 H;~nn;.t TTT 

(4) Project Specific Core Holes; the following core hole data were 
the primary source of stratigraphic and physical properties information utilized 
in the intPrprPtation: 

T.i t.ho 1 ogic Single Point Gamma Density 
Core Hole Log Resistance ~ (Uncompensated) 

CH 134 X X K X 

CH 133 X X X X 

CH 132 X X 

CH 131 X X X X 

2HP-174* X X X 

2HP-170 X 

S-!AA x. X 

*2HP-174 inc.luded a caliper log 
-k-kS-1 included a temperature log 

Density data, and general velocity-density interrelationships were 
utilized as applicable. Then run together, the sonic and density logs wer.e 
used to establish the relationship between Lh~se parameters, and this rela
tionship was used to synthesize the sonic information when only the density 
log was available. The above data was carefully analyzed and corrections 
applied where necessary (to compensate for logging problems, hole size, fluids 
in well bore, etc.). The composite lithologic log for the study area was then 
recast as a velocity-density-depth log using the velocity data for the specific 
rock units obtained from the core 'holes in the specific burn area studied. 
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The velocity and density logs utilized are shown on Figure 15, synthetic 
seismogram and models. The gross velocity-density relationship was obtained 
as stated above but was modified by removing the extreme low velocity material 
near the surface. The purpose of this was to eliminate any strong shallow 
reflections from the synthetic seismograms and models. The effect of this is 
that the reflections of interest appear s.hallower on the synthetic seismograms 
and models; however, the correlation to the data is not affected. 

The synthetic seismogram and models were then computed using the rela
tionships described above. The identification of the coal seams was based on 
the character of the reflections. It should be kept in mind that because no 
sonic log information in the area of interest was available the absolute 
values of the depths shown in the models may be somewhat variable. The effect 
is that the models are qualitative tools that show thicks, thins, etc. on a 
relative rather than absolute basis. The models are felt to be accurate 
enough to interpret the data with this qualification kept in mind. 

The model and synthetic seismogram are shown on Figure 15. The velocity 
and density versus depth curves utilized for the models were the composite 
described above. The reflectivity series, or plot of reflection coefficient 
versus time, was computed 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 convolving a pulse repre
senting 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 phenomena. 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 used here. 

Twenty-two models were used as input to the computation and five are 
shown on Figure 15. For the different models, thickness and variations were 
made as indicated. 

Case 1 

Cases 2, 3 

Cases 4, 5 

Cases 6, 7, 8 

Cases 9, 10, 11 

Cases 12, 13, 14 

- original model 

- varied thickness of upper coal 

- varied thickness of lower coal 

- varied thickness of zone between 
coals 

- inserted rubble filled cavity of 
varying thickness 
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Cases 13A, 14A 

·case 15 

Case 16 

Cases 17-22 

used cases 13 14 with minor 
variations to simulate field 
data processing. 

- tested hypothesis of welding -
where the zone above the coal 
was made high velocity.and no 
rubble filled cavity was 
.simulated . 

- made zone above coal more porous 

simulated air filled mine 

The numerous seismic character changes will be discuss~d in the following 
sections with direct reference to the data. 

B. Interpretation - Fault Studies (Lines 1, 2, 3) 

The processed seismic sections for Lines 1, 2 and 3 were interpreted and 
figures 16 and 17 depict this information in a small scale for reference. 
Figure 16 is presented as geologic sections rather than the seismic data 
itself because of the reduction in scale. The faulting at the site has been 
found to be considerably more extensive than previously thought. The fault 
system depicted relates to a graben complex in a generally depicted local 
syncline. Numerous antithetic faults are shown and on Line 2, just south of 
the graben complex a minor fold is recognized; this feature is present on Line 
1 but is appreciably subdued. Within th~ graben a well pronounced anticline 
is present. The ~ntithetic fault systems also contain folded beds. The 
southern system has been mapped but the northern one is too narrow to 
adequately depict. 

In addition to the faulting, other anomalies were identified on these 
lines. Line 1 crossed the Hanna IV burn. The anomaly is evident on the 108 
fold sections. Once located, the anomaly can be identified on the 36 fold 
sections but, without the increased signal-to-noise ratio benefit of the mix 
it is extremely subtle. This anomaly occurs at shot points 170-172. The · 
anomaly relates to mou~l case 12 where the amplitude o£ the peak above the 
coal is significantly more pronounced, and the amplitude of the top coal peak 
is subdued. Model case 12 is calculated from 12.2 meters (20 feet) of rubble 
filled cavity with a .61 meter (2 foot) air filled void.· 

Figure 18 shows a portion of Line 1 in the vicinity of the Hanna IV burn. 
Above the seismic data an expanded scale geologic cross section is shown with 
the upper coal b~u depicted. The interpretation in this area is confirmed to 
some degree by the fact that linkage between wells 4 a,nd 7 couldnot be obtained 
during the Hanna IV projt!(:L but linkage between wells 4, 8 and 3 was obtained. 
It should be noted that Line 1 crosses the Hanna IV line of wells at a slight 
angle and the portion of Line 1 under discussion is not immediately over the 
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Hanna IV wells. The feasibility of utilizing high resolution seismic tech
nology to investigate burn zones is demonstrated here as well as in the much 
more detailed Hanna II, Phases 2 and 3 study. 

An unexpected series of anomalies was discovered on the northeast end of 
Line 2. The strong, periodic reflections (marked on the section and shown on 
Figure 19) have been identified as mine adits, part of the old Union Pacific 
(UP) room and pillar coal mine known to have been located just to the north of 
the fault near the end of the line. The reflection is the result of the 
acoustic impedance contrast between the surrounding rock and the void. 

Note the strong correlation in character to model case 21 .. The differ
ences between cases 17 through 22 relate to the entry size and placement in 
the coal seam. The void appears at least partly air filled, although a rock
water contrast (if the mine is flooded) would also be sufficient to produce a 
similar strong reflection. The interpretation of the mine adits is based on 
the similarity of the seismic anomaly to that at the burn and the experience 
of seeing this before on other data. Matching of the anomaly location with 
the map of the Union Pacific mine was good. The mismatch (roughly 30 meters 
(100 feet)) is probably the result of cumulative errors in the surveying 
employed when the mine was active in the eariy 1900's , or an absolute 
location of the original control point for the mine survey. 

C. Interpretation - H<mna II, Phases 2 and 3 Burn Area 

The processed seismic sections for Lines 4, 5, 6, 7, 7A, SA, 8, 9, 10 a~d 
11 were interpreted· and the interpretation is summarized on Figures 20, 21 and 
22. Following the concept developed above, the burn is ident1fied on Figure 
20, located in gross form on Figure 21 and mapped in detail on Figure 22. On 
these figures the interpretation is shown as "C" bel.ng unaltered coal, and "B" 
being the burn area. In·addition.the subscripts G, F, P (G =good, F =fair, 
P = poor) relate to the qualitative evaluation of the interpretation for this 
interpretive judgment and the subscript 20 relates to the data being corre
lated to model case 12 (as discussed below). Comparison with the model results 
(Figure 15) indicates that the burn signature most closely corresponds to a 
sandstone-air void interface. Thus an anomaly has been interpreted as result~ 
ing from the void caused by the rubble-collapse into the burn. This effect is 
aimilar to the auuwaly seen at the old Union Pacific mine site discussed 
earlier and also the now-familiar. gas-caused "bright spot" in petroleum 
exploration. Figure 23 shows the seismic data from Lines 4 and 5 (12.2.meter 
boxes) fo.r reference. As noted above, the data quality deteriorates to the 
south with Lines 4 and 5 significantly better quality than Lines 10 and 11. 
Note the excellent correlation of mapping of model case 1 (or possibly the 
model with a thinner section between the coal, case 6) to the data on Lines 4 
and 5. The correlation to Lines 10 and 11 must be made on the 6.1 meter (20 
foot) or 12.2 meter (40 foot) box, and then only in the center where the fold 
is highest. The character is definitely that of .model case 1 with the coal 
peak strong and the one above weaker. The lower coal produces the bottom peak 
and the intermediate peak is weaker in all cases. 
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Careful analysis of the 12.2 meter (40 foot) box for Lines 7, 7A, SA and 
S (figure 24) shows the traces at location 110 correlate to model case 12, as 
was the case for the Hanna IV burn on Line 1. The air filled void emphasizes 
an already existing peak. Case 11 which has no air filled void does not mat.ch 
the data. When the cavity dimensions are increased (model cases 13, 13A, 14 
and 14A) the theoretical response becomes a broad high frequency low with a 
very sharp peak that has been lost in the numerous stacking and composition 
stages of processing, or as in model case'12,.was thin enough not to add 
extreme high amplitudes to the signal content. The sharp peaks, seen in model 
cases 13 and 14 are theoretically accurat~, but have been removed in model 
cases 13A and 14A where the calculated data has been processed to simulate the 
field data processing. Comparison of model case 14A gives the best match to 
the traces immediately west of location 115. The character discussed above 
comes from the zone of interest. Immediately below this zone a broad peak is 
evident in the data which can only faintly be seen on model case 14A. This 
can be reconciled to the models by observing that model case 6 shows similar 
character when the section between the two coals is thinned as was pointed out 
earlier. The advantages of pre and post burn seismic data are clearly pointed 
out here, as this possible thinning, if present, may have resulted from the 
collapse. Immediately east of location 115 the correlation is best to model 
case 3 where the upper coal has thickened somewhat. 

In summary, for this line, and the burn area.in general, the section 
between the coals thins slightly to the northeast and the thickness of the 
upper coal thickens slightly also to the northeast. Superimposed on this we 
see characteristics that relate to 6.1 through 1S.3 meters (20 through 60 
feet) of rubble filled cavity with about .61 through 1.S3 meters (2 through 6 
feet) of air-filled void on top of the cavity. 

Examination of the 6.1 meter (20 foot) boxes for Lines 7, 7A, Sand SA 
shows the same characteristics and model comparisons. Some detail is added to 
the gross map of the burn (Figure 21). 

Examination of the individual lines for the burn character shows added 
detail (Figure 22); however, the data quality has deteriorated and more 
subjective judgment is necessary. Lines 7 and S are particularly poor, but 
Lines 7A and SA, more centered on the burn, are quite acceptable. Figure 25 
show~ Lh~ data of Figure ll with the burn outline smoothed rather than blocky. 
Also shown for comparison is the burn outline drawn from well information. 
Seismic lines 6 through 9 have been deleted to reduce clutter and the well 
control is shown; It should be noted that the seismic outline honors 6 of the 
7 wells that did not encounter the burn zone, and the one missed appears to be 
only one trace off. It is felt that the seismic program was successful in 
qualitatively outlining the burn area and that significant detail has been 
added to the burn outline. 

Resolution of the very small differences in thickness of the air void 
cannot be made with any assurance of certainty because of insufficient seismic 
data quality. It should be noted that the lost circulation zone noted outside 
the burn in several core holes was simulated in model case 16 but the response 
is not significantly di~ferent enough to allow mapping of this zone. 
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No effect was noted on reflections from beneath the burn zone. A "sag" 
due to the lower seismic velocity through the void was anticipated but not 
observed. This is probably due to the poor quality data from the deeper 
horizons and the limited lateral extent of the target void. 

VII. CONCLUSIONS 

The interpretation of the seismic data obtained at the Hanna Test Site 
has led to the following conclusions: 

1. It is feasible to utilize high resolution seismic technology to 
investigate insitu coal burns to determine cavity size and shape. 

2. Bnrn identification and characterization requires careful data 
acquisition utilizing closely spaced traces and, if possible a data gr.iu. 
Data processing must be designed specifically-for each problem and be tested 
and examined in detail at each sLep in the proccooing cequ.ence. The inter
pretation of burn-related anomalies will depend strongly on computed models 
and synthetic seismograms, which in turn will require lithologic and physical 
properties data. 

3. The Hanna II, Phases 2 and 3 burn examined in detail is charac
terized by a rubble filled cavity with an air filled void above. Models 
computed based on this picture of the burn zone provide an excellent fit to 
the &eismir. dat;a. The !>eismic anomaly observed at the Line 1 crossing of the 
Hanna IV burn confirms the interpretation, and the noted crossing of the Uu.ion 
Pacific mine relates to a similar phenomenon. 

4. The shallow faulting at the test site is more extensive. and complex 
than previously pictured. The seismic data provides a detailed understanding 
of the faulting. Application of seismic technology to shallow fault charac
terization is straightforward, bul Lequires core in acquiiition) processing 
and interpretation similar to t.hat al Llte burn zone. 
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GLOSSARY OF TERMS 

High Resolution Seismic Survey: A seismic survey where the field and 
processing parameters (source-geophone array geometry, source design, 
acoustic frequency band of interest, instrument and digital filtering, 
etc.) are chosen to allow resolution of subsurface ref~ections from beds 
that are closer to the surface, and closer together, than normally 
considered in exploration seismology. 

Geophone: A device which when placed on the surface of the ground yield~ 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. 

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

Shot hole: When explosive source is used, the hole in which the explosive is 
placed. 

Trace: The received signal from a specific point on the surface. May be from 
one geophone or ~everal geophone's connected together. The term is 
sometimes used to refer to the geophone -'lrray itself. . .. 

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

Noise: Any signals other than those desired. For exa~ple, in exploration 
seismology, the shot induces acoustic waves that travel horizontally 
along the surface and interfere with the reflected waves from the sub
surface, and are hence "noise". An example of natural· noise is that 
caused by the motion of the geophones induced by wind. 

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

Datum: The elevation used as a reference in displaying the seismic data. 

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. 

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

Bandpass Filter: A filter, either electronic or digital, that rejects signals 
with a frequency content outside chosen limits. 
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Operator: In data processing, any mathematical function applied to the data 
to achieve the desired results. 

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

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

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

Static Correction: A correction applied to seismic data which adjusts for 
source and geophone surface elevation changes relative to a datum and for 
velocity variations at the surface due to weathering, soil thickness, 
etc. 

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

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 information, the resultant 
reflections are displayed in the same format that actual seismic signals 
are displayed. 

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

Graben: A geologic structure where a block, generally long compared to its 
width, that has moved down (along faults) relative to the rocks on either 
side. A block that has moved up relative to the rocks on either side is 
termed a "horiilt". 

Antithetic Faults: Minor normal faults with throw in the opposite direction 
from that of major fault with which they are associated. 
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