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Shallow Reflection Seismics Using Firecrackers as the Source
II: Field Experiments
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ABSTRACT

Due to the high resolution requirement of shallow reflection seismics, a fire-
cracker source was invented to generate high frequency signals used in studying shal-
low structures. Preliminary tests have been done to evaluate its feasibility (Tsai et
al., 1991, paper I). Except for a slightly lower energy level, the firecracker source has
proved to be efficient, portable, cheap and safe. Its performance was satisfactory.
In this paper, a further field test in a good reflection area was conducted to exhibit
high frequency signals among the massive noises of groundroll when delineating the
underground layers. By setting the geophones at the near as well as the far offset
distances, we obtain different but compatible seismic profiles which could provide
us with different structural details. Careful and properly adjusted field procedure
has always been a key factor for successful shallow seismic reflection studies.

The other purpose of this paper is to use the firecracker source for investiga-
tion of near-surface faults whose locations are only grossly known. Three seismic
lines, one used in detecting the Hsincheng fault and the other two the Shihtan fault,
were shot. They all result in good reflection images illustrating the structural varia-
tion across the fault. This kind of near-surface fault mapping provides very detailed
information about the fault and the structure, which can be used to understand the
faulting processes during the earthquake, It is believed that the developed tech-
nique could work equally well for other engineering applications. On account of the
outstanding achievements of firecracker source, we may expect a wider acceptance
of this powerful method for shallow structure studies in the future.

1. INTRODUCTION

The shallow reflection seismic method has largely been applied to engi-
neering basement investigation, active fault detection and groundwater surveys
in the near past years (Steeples and Miller, 1990). Except for smaller survey
range (shallower than 500 m), higher signal frequencies (higher than 100 Hz),
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and simpler field survey procedures, the reflection seismic method used in shal-
low structure study does not differ much from that used in large scale oil ex-
ploration (Wang et al., 1991). Knapp and Steeples (1986 a,b) successfully
detected several near-surface faults using the Common Depth Point (CDP) re-
flection survey technique, including the Meers fault (Myers et al., 1987) and the
Borah peak fault (Treadway et al., 1988). Their studies attracted considerable
attention to the use of this high resolution geophysical method in investigating
fine and detailed shallow structures.

Due to the necessity of high frequencies for shallow seismics, we have
invented a tool which detonates a firecracker to provide a sharp seismic source.
The designation and the properties of this firecracker source have been described
in Tsai et al. (1990) (referred to as Paper I) which is the first part of this
research sequence. Except for a slightly lower energy level, the firecracker source
has been demonstrated to be a convenient source possessing the properties of
efficiency, portability, low cost and safety. The present paper will concentrate
on the field performance of this newly developed source used for generating
high frequency signals to overcome the groundroll noise and in fault detection.
Two topics will be included. The first discusses the problem of groundroll
suppression by sharp high frequency signals created with this firecracker source.
It is to evaluate the upper limit that the firecracker source can express. The
other topic will study cases of active fault detection. Two faults are under
consideration: the Hsincheng fault and the Shihtan fault. These two faults
have been extensively studied using other methods, thus providing a framework
to measure the performance of our shallow reflection method. It is hoped that
the discussion will give us a deeper view of shallow reflection seismics and help
to promote the method as applied in solving problems of shallow structure
studies.

2. GROUNDROLL SUPPRESSION EXPERIMENT

Sufficient high frequency signals have been obtained from the firecracker
source as illustrated in paper I. Using this source, we have been able to work
under many different conditions. In this section, an experiment for the sup-
pression of groundroll using high frequencies will be discussed. It could test the
limit of high frequency generation from the firecracker source.

: It is known that the shallower the target to be detected, the closer the
geophone spread and the higher the frequency that is needed for shallow reflec-
tion seismics (Steeples and Miller, 1990). However interference due to air-wave
noise and groundroll largely degrades the signal exhibition for near offset geo-
phones (Figure 1). These noises have very large amplitude and long duration
which nearly “flush” the useful reflection signals. There exist two methods to
“battle” with the groundroll noise, i.e., to “avoid” or to “conflict” with the
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Section of a walkaway noise test conducted at the survey area in Figures 2~5. The geophone interval is 1 m and
three 24-channel geophone spreads accomplish the section. A 100 Hz low-cut pre-emphasis filter of seismograph
and 100 Hz geophones are used. Each trace has only been applied with a 40 msec AGC before plotting.

Different types of signals and noises are indicated. The groundroll appears to be the biggest noise which needs
to be overcome in the shallow seismic reflection study.
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groundroll. The “avoidance” method uses the low velocity property of the
groundroll (smaller than 300 m/sec) by setting the receivers at large offset dis-
tances which collect the reflection signals before the arrival of the groundroll
flood. This distance range is called the “optimum window” by Pullan and
Hunter (1985). The “avoidance” method, however, suffers from the problems
of weak signal due to the long travel distance, wide-angle reflection and NMO
stretch if data processing is imposed. On the other hand, the “conflicting”
method uses the low frequency property of the groundroll (lower than 50 Hz),
setting the receivers at short offset distances and the recording system to high
frequencies to delete the groundroll noise before it enters the system. Except
for high frequency sources, geophones, and recording instruments, the “conflict-
ing” method largely depends on the ground conditions which will transmit high
frequency signals. Unfortunately, it seems not to be always the case for most
surveys. Both the “avoidance” and the “conflicting” methods have their advan-
tages and shortcomings. Which method is more capable is still a big debate in
shallow seismic reflection studies (Pullan et al., 1991).

To distinguish the characteristics of the “avoidance” and the “conflicting”
methods, we designed the following experiments: -

Experiment I: geophone interval 2 m, near-trace offset 40 m, low-cut filter
100 H=z..

Experiment II: geophone interval 1 m, near-trace offset 6 m, low-cut filter
200 Hz. '

The test site of the experiment is a cropped rice:field. The ground is
" pretty wet which helps geophone coupling and wave transmission. A Geometrics
ES-2401 24-channel seismograph and OYO 100 Hz geophones are used. The
firecracker source is shot 4 times at each station. Every station contains a shot,
thus producing a 12 fold CDP section. The collected data is processed using
the SSS system developed by our research group as described in Paper I or
Wang et al. (1991). New generation computer workstations (HP9000-835S and
HP9000-730) have greatly promoted the performance of this system.

Figure 2 and Figure 3 display the shot records obtained in Experiments
I and II, respectively. In each of these figures, (b) is the case of (a) after
proper data processing which includes frequency filter, dip filter, and a 40 msec
AGC. Experiment I (Figure 2) has a large offset distance, its geophones are
distributed over a wider range (40 m ~ 86 m) to receive the signals before
the groundroll arrivals which are mostly restricted at the low-left corners of
the profiles (see Figure 2a). The survey area has good reflectors that are even
visible down to 400 msec (about 450 m deep). However the region of the section
where the groundroll prevails lacks useful signals even after data processing.
Figure 3 (Experiment II), on the contrary, has a shorter geophone interval
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The shot records of groundroll suppression experiment I. (a) is the original record and (b} is the record after
proper data processing. File numbers are denoted at the upper-left corner for each record. A geophone interval
of 2 m and a near-trace offset of 40 m are used in this experiment. It is apparent that the groundroll noises
are restricted at the low-left corner of each shot record. We call this the “avoidance” method of groundroll
suppression. Strong reflection events are still standing on at the time below 200 msec.
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The shot records of groundroll suppression experiment II. The display is similar to Figure 2. A geophone interval
of 1 m and a near-trace offset of 6 m are used in this experiment. A 200 Hz low-cut pre-emphasis filter has been
set during data collection. The groundroll noises are suppressed (penetrated) and the reflection events float out
only after data processing as seen in (b). We call this the “conflicting” method of groundroll suppression. Good
coherent signals are visible above 200 msec, but below this the events become weak due to lack of high frequency
energy after the long travel distance.
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(1 m) and near offsets (6 m ~ 29 m). It uses a higher low-cut pre-emphasis filter
(200 Hz) to suppress the groundroll noises before they are recorded through an
AD convertor of the seismograph. Although Figure 3a is full of air-wave and
groundroll noises, it becomes much clearer (Figure 3b) after signal enhancement
by data processing. Good reflection signals “penetrate” the area of groundroll
noises as those indicated around 150 msec and 200 msec arrival time. This
is apparently a result of high frequency signal preservation after groundroll
suppression. However, the signals below 200 msec become obscure due to the
low energy level of the high frequencies able to reach there. Figure 4 shows
the frequency content of one of the files plotted in Figures 2a and 3a. It is
apparent that Experiment IT has much higher and wider frequency content than
Experiment I. Thus higher resolution power shouid be attained for Experiment
II. There are some abnormal signals in top 30 msec of Figure 2b and Figure 3b,
which are caused by imperfect trim of front ends after dip filter.

Figure 5 shows the final stacked seismic sections. Figure 5a is for Exper-
iment I and 5b for Experiment II. The part of the section in Figure 5a where
Experiment II was taken is also indicated. For ease of layer identification, Fig
ure 5b was redrawn in Figure 5c¢ with a lighter color and the interpretatio.
superimposed. Experiment II (Figure 5b) has much better structural resolu-
tion than Experiment I, a consequence of high and wide frequencies, but its
section is still polluted by the groundroll noise. The reflection signals are lost
below 100 msec especially on the low fold part at both sides of the section. Nev-
ertheless, Experiment I (Figure 5a) possesses good structural layering due to
stronger reflection events over the whole section. The events between 220 msec
and 270 msec of Experiment I are not resolved well as compared to Figure 5b.
This could be due to wide angle reflection disturbance or multiple reflections of
the thin layers. One other important thing worth pointing out is the first event
at 25 msec. It is doubtful at first glance whether the first arrivals in Figures 2
and 3 are “refraction” signals. If they were, they should be muted (Steeples and
Miller, 1990). By conducting a refraction survey along the same profile using a
sledge hammer and 30 H z geophones, we have identified good refraction arrivals
with an intercept time of 5 msec (equivalent to 1.5 m depth). After considering
this, the first event in Figure 5 could correspond to a reflection signal from a
layer below the 1.5 m deep weathering layer boundary. It is said that the event
at 25 msec of the sections should not be a refraction, but may represent the
shallowest reflector (might be at 5 m deep) the method can detect. Wilson
(1990) has used model study of shallow seismic data to examine the behavior of
head waves. He strongly suggested neglecting of head waves in shallow seismic
reflection due to their small amplitudes (only 10% of reflections) especially at
large offsets. We have come to the same conclusion in this experiment.

The above groundroll suppression experiments express different empha-
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A comparison of frequency content for unprocessed signals from experiment I (a)
and II (b) as shown on Figures 2a and 3a, respectively. A 40 msec AGC has been
applied before the f — k analysis. The file numbers are also indicated. From the
distribution of signals above the 1500 m/s apparent velocity on f —k plot, we may
identify the useful signals and their frequency rangeé (indicated by arrows on the
amplitude spectrum). (b) has higher and wider frequencies than (a), which may
result in a higher resolution on the time section. This figure also indicates the fact
that frequencies of 230 Hz (from (a)) and 300 Hz (from (b)) are attainable using
the firecracker source.
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Fig. 5. The final stacked seismic sections of the groundroll suppression experiments. {a) is for experiment I, (b) is for
experiment II, and (c) is a display similar to (b) except for a lower amplitude and with interpretation. See text
for detail explanation.
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sized points for shallow reflection surveys. If a very shallow target were wanted,
a short distance and high frequency should be used, otherwise, a far offset (at
least 30 m) is a better choice to expose deep reflections befdre the interruption
of groundroll. Steeples and Miller (1990) have mentioned running two surveys
along the same line if reflections were needed for the full depth range (both
above and below 20 m). It does not seem possible to obtain complete informa-
tion of underground structure from 0 m to 500 m by a single survey. This is a
significant point worthwhile of consideration by the user who is going to apply
the method.

From the above experiment, the firecracker source was again proved to
be eligible and convenient. Incorporating the proper field procedure and data
processing, the system established by the firecracker source should be capable
of accomplishing most tasks. In the next sections, we will discuss more cases of
fault detection.

3. FAULT DETECTION

3.1. Hsincheng fault
3.1.1. Geological condition and field work

The Hsincheng fault is located in Hsinchu county, northwestern Taiwan.
It is a thrust fault which has a length of about 18 km in a NE-SW direction
and dips 40° SE. The inferred Hsincheng fault trace lies in a region between
axes of the Chintsaohu anticline and the Paoshan anticline. The rocks in the
SE part of the fault are mainly sandstone/mudstone interlayers of Pliocene
Cholan formation, while those in the NW part are mainly massive sandstone
and sandstone/mudstone interlayers with intercalated thin conglomerate layers
of Pleistocence Toukoshan formation. The southeastern block has been thrust
over the northwestern block during fault action. Some studies showed that the
Hsincheng fault displaced not only Pleistocene lateritic terrace deposits but also
recent non-lateritic deposits, and suggested that the Hsincheng fault was once
reactivated along the old fault plane (Hsu, 1986, p.92). It may be categorized
as “potentially active fault” (reactivated before Pleistocene, but not recently).

The rocks on both sides of the Hsincheng fault are not much different
(Huang, 1984), and the fault traces can hardly be seen on an air-photo map
(Tang,1968). As aresult of the development of the Chintsaohu and Paoshan gas
fields with detailed geological studies in this area, the existence of Hsincheng
fault has already been assured. Ten fault outcrops were reported by Huang
(1984), and he also indicated that the fault displacement near the surface is
about 15 m, and the fault zone may be as wide as 30 m in some areas. The
seismic survey area is located just between the first and the second western
Taiwan highway.
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The survey line is located near Ta-Chi village, Hsinchu, as to be shown
in Figure 7d. The line strikes NS and the measurements were taken along a
roadside. As extended from the field topography analysis, the survey line runs
approximately perpendicular to the Hsincheng fault (Figure 7d). The field work
took 8 days to complete two seismic lines. The first line with a length of 300 m
is directed south to north and the second line, 200 m, is in the reverse direction
from north to south using the same station positions as the first line. These
two reversed lines were shotted in order to verify the reliability of data recip-
- rocation and repetition in shallow reflection seismics. The same seismograph,
geophones, and field display parameters as for groundroll suppression experi-
ment I discussed in the above section were used. The seismograph was set using
a 100 H z low cut filter to suppress the low frequency groundroll. A small hole
of about 50 ¢ depth was prepared for the firecracker source, which was filled
with water to improve the energy release.

Figure 6 displays a sample of the field record and its frequency-
wavenumber analysis. This record was obtained with the source at z = 22 m
and the receivers between z = 82 m and 128 m. Since the geophone inter-
val, dx, equals 2 m, the distance along the survey line is supposed to be the
same as the CDP# (defined as shot location# + receiver location# -1). This
is the reason we frequently use the CDP# in our seismic section display (e.g.,
Figure 5). By checking with the final stacked section (Figure 7a), we feel that
the diffraction pattern appearing on Figure 6a at channel# 9 and 19 could be
real (Kanasewich and Phadke, 1988) which may be due to the effect of fault
discontinuity. The available frequencies are found to be between 80 Hz and
220 H z from Figure 6¢c. This may resolve the layers with a thickness of about
3 m (Knapp, 1990).

3.1.2. Data Processing and final sections

The collected shot records were first elevation corrected, then passed
through a 90 ~ 220 Hz bandpass filter and a 50 msec window length AGC.
These were used to suppress the low-frequency groundroll and to balance the
amplitude of the record. In order to further remove the groundroll and air-
wave noises, we chose a dip filter by passing the events with a velocity higher
than 800 m/sec. The dip filter enhances the reflection events, but it may also
cause false signals when the record contains large random noises. Care should
be taken when using this filter. We also tested the deconvolution filter, but
its effect is quite limited. This is probably due to the uneven signal wavelets
on each record. The shallow seismic data usually does not have a high enough
signal-to-noise ratio, which makes successful decon difficult to obtain.

The treated shot records are next sorted into CDP gathers. Velocity
analysis is then performed on several of the CDP gathers. A constant velocity
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scan (CVS) and/or velocity panel is taken to reveal the velocities which stack the
data better after NMO shifting. By choosing various velocities along several
CDP’s (usually 20 CDP interval each), we then NMO and stack the section
which further passes through a filter before resulting in the final seismic section.

Figure 7 shows the final stacked sections of the Hsincheng fault. Figure 7a
is for the northward directed seismic line, 7c is for the southward directed line,
and 7b is a previousresult from Yang and Guo (1991) which was obtained using
a Dynasource impact source and 4 m geophone spacing. Section 7b is included
only for comparison. Theoretically, the results of these three sections should
be equivalent due to the reciprocal and repetitive properties of seismic wave
propagation. However, the reality comes out as not so ideal. It can be seen
from Figure 7a that the reflection events are obscure between CDP# 130 and
CDP# 200 (CDP interval is 1 m). We may separate the section into three parts,
front, middle, and last according to these two CDP locations. The front and the
last part of the survey line are along a hill (Figure 7d) which has consolidated
sandstone present. The middle part is beside a rice field and the surface is soft.
The geophone coupling is not good there. From the surface topography, it is
quite reasonable to assume that the fault may be located in the middle region.

After carefully comparing Figures 7a and 7c, we can determine the faults
as those drawn on the figures. But Figure 7b (from Dynasource) is too coarse
for this purpose. Its frequency content is low (lower than 70 Hz), although
some event coherencies are visible as compared to Figures 7a and 7c. The high
frequency signals are of importance in detecting the fault from this comparison.
By examining these figures, we can found a major fault accompanying with
several front wall breakages. The sense of movement on the fault plane is
indicated in Figure 7b (south side upthrust). The events under CDP #80 and
#110 have obviously different trends showing broken layers offset by faults.
This may represent a buckling and twisting fracture on the hanging wall of a
reverse thrust fault under great horizontal compressive stresses. Several times
of faulting are visible from different fault slips at different depths or places of
the section. An average fault offset distance of 20 7 on the figure seems a good
estimate agreeing well with field observations (Huang, 1984).

3.2. Shihta.n fault

3.2.1. Shihtan earthquake fault history and field work

The Shihtan fault was caused by 1935 Hsinchu-Taichung Earthquake
(M = 7.1), the biggest damage earthquake (3279 causualities and 17907 houses
destructed) in Taiwan history. The earthquake is very shallow (10 km or 5 &m,
Miyamura, 1985) and its epicenter is located near to the present Liyutan dam
site, Maoli. To refresh the memory of this large on-land earthquake, a fifty-year
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memorial ceremony was held in Apr. 20, 1985. A special issue was published
after this activity (see reference of Miyamura, 1985).

Due to the intensive investigation of field rupture and damage by the
Japanese, who occupied Taiwan at that time, valuable earthquake fault details
were reported (Otuka, 1936). The earthquake fault consists of (1) a right lateral
strike-slip fault (called Tuntzuchio fault) trending N60E with a maximum hor-
izontal displacement of more than 1 m and vertical displacement of less than
60 cm in the southwestern wing of the epicenter, (2) a dip-slip reverse fault
(called Shihtan fault) trending N30E with a maximum of 3 m uplift on the west
side relative to the east side without appreciable horizontal displacement in the
northern wing of the epicenter. The Shihtan earthquake fault has a total length
of 15 km and dips 70 ~ 80° W. Bollina (1977) summarized the active faults in
Taiwan and also touched on the 1935 earthquake, although the “Chihhu” fault
as he called it instead of the “Shihtan” fault which is now regularly used by the
researchers in Taiwan. Folds in this area consist of northeast-trending anticlines
and synclines with axial reverse faults. The Shihtan earthquake fault occurred
in an overturned bed called “Shangfuchi sandstone” that makes up the eastern
limb of the Chihhu syncline and the western limb of the Pakuali anticline. The
Shangfuchi sandstone belongs to the late Miocene Nanchuang formation, which
is coarse grained, uncompacted and seems easily reshaped under stress. Most
structural layers in this area are near vertical.

Two earthquake fault scarps are still visible today (Pan, 1983). One is
located 1.5 km east of Bai-Sou village (new name of Chihhu) and the other is
at Sun-Ta-Wer village. Two seismic lines are designed near these two scarps, .
which are named line I and II, respectively. The topography maps of the survey
lines can be seen in Figures 9b and 10b. The object of this investigation is to
explore the ability of seismic method to detect active faults near a fault whose
position is grossly known.

The seismic field work was done during the rainy winter season. We feel
that the seismic signals behave better on the wet ground surface, which are
probably in favor of wave propagation due to water’s assistance. The field
parameters for line I include a 1.5 m geophone interval, a 20 m near-trace offset
and a 100 Hz filter, for line II, a 2 m geophone interval, a 40 m near-trace
offset and a 100 Hz filter. Line I is on an abandoned farm field whose surface
condition is much better than line II which is along a country road. Figure 8
shows examples of field records from line I. Figure 8a was obtained with the
shot at location #1 and the receivers between #14 and #37. Figure 8b was
from the shot at location #4 and the receivers between #17 and #40. The
fault trace is expected to be around location #23 (i.e., CDP #45 in Figure 9).
Some event discontinuity and diffraction pattern (marked by a gray color in
Figure 8) appear on these records near the predicted fault location. This is a
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#17 and #40. The fault scarp is expected to be at location #23 (i.e. CDP# 45). Some event discontinuity and

Two shot records from the Shihtan seismic line I (a) is obtained with the shot at the location #1 and the
diffraction patterns appear on these records.
shallow reflection records.
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Fig. 9. The final seismic section (a) and the scratched survey area map {b) of the Shihtan
seismic line I. Note that the hill where a Landblesser Shrine is situated was formed
during the earthquake. A 5 m height was uplifted which blocked the stream and
made it change its flow direction. The seismic section depicts a very good picture
of the fault which agrees surprisingly well with the surrounding landscape.
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good indication of faulting on original reflection records, and those may produce
a fault image finally on the stacked section (Figure 9). The frequency content
of the record is found to be as high as 200 Hz.

3.2.2. Final sections

Figure 9a shows the final stacked section of line I. A scratched map of the
survey area is also illustrated on Figure 9b. 1t is noticed that the hill on which
a Landblesser Shrine is situated was formed during the earthquake. A 5 m high
outcrop was uplifted which blocked the stream and made it change its course
shown as a curve in Figure 9b. The seismic section (Figure 9a} depicts a very
good picture of the fault which agrees surprisingly well with the surrounding
landscape. The mass between CDP #45 and #85 seems to be pushed up and
clutched by faults on two sides. The fault on the east side has a drag type
which is supposed to correspond to the main fault with appreciable structural
distortion and the fault on the west side appear to be a clear rupture. The
mass uplifted has relation with a highly dipping layer of Shangfuchi sandstone
which is coarsely glued and easy to collapse by the pressure due to earthquake
action. It seems that the soft Shangfuchi sandstone is squeezed and flows out
to push the overlying alluvial layers and makes them distorted. The reflection
events below 70 msec are not presented due to high layer dip angles of the
surrounding deep structure. However, the near-surface layers have revealed
unambiguous fault image in this case.

Figure 10a shows the final seismic section for line I and Figure 10b depicts
the map around the studied area. A landmass upheaval 3 m high, 25 m wide
and 40 m long caused by the earthquake is indicated by the shaded area in
Figure 10b. The seismic section, 100 m away from the land upheaval, reveals
an apparent fault image whose location is just at the line extended from the
fault scarp (CDP #135 in Figure 10a). Similar fracture types as in Figure 9 are
seen, which may represent the squeeze effect of faulting on the coarse grained,
uncompacted Shangfuchi sandstone in which the earthquake fault grew. It is
not unreasonable to assume that the whole length of the Shihtan fault having
relation with this soft sandstone layer. It took the burden of the structural
deformation under large earthquake fault stresses. The apparent dip of the
main fault in Figure 10a is less than that in Figure 9a. This may be due to the
oblique crossing of the seismic line with the fault strike. A wider rupture zone
is occupied in line II and the fracture process may have caused larger structural
disturbance. This could be a good example showing earthquake deformation to
the near-surface structures.
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Fig. 10.  The final seismic section (a) and the scratched survey area map (b) of the Shihtan
seismic line II. A landmass 3 m high, 256 m wide and 40 m long was uplifted by
the earthquake (indicated by the shaded area in (b)). The seismic section which is
100 m away from the fault outcrop reveals apparent faulting on the section which
is located just along the fault line (dashed line in (b)). Similar fracture types as
in Figure 9 exist which may represent the squeeze effect of the earthquake fault
happening in a coarse grained, uncompacted Shangfuchi sandstone.
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4. DISCUSSION AND CONCLUSIONS

- This paper -discussed two cases using firecracker sources for a shallow
seismic reflection study; one is used to suppress groundroll noises by isolating
high frequency signals and the other for fault detection. These cases provide a
good evaluation to check the performance of firecracker source. The results are
_quite satisfactory. The seismic images obtained are surprisingly good which are
uneasy to obtain by other methods. The tests give us tremendous confidence
for the developed method.

The firecracker source can generate sufficiently high frequencies (upto
300 Hz). By incorporating proper survey procedures, it can be used in delin-
cating very shallow and fine structures after proper suppression of groundroll
noises for the near offset spread. However, structures below 30 m should be
detected using wider receiver offsets. The conditions under which to choose the
right “optimum window” are still big questions. More work needs to be done
in this respect.

The Hsincheng fault is identified in the seismic sections. The quality of
data obtained from this survey was not good. However, by shooting two reverse
lines, we still have an opportunity to narrow down the possible fault location.
An important benefit of the seismic method is its direct, unambiguous indication
of structure. By repeating the survey, the desired signals may gradually float
up as being proved in this study.

The seismic survey for the Shihtan fault detection is also a successful
example. The clear seismic picture of underground structure makes it easy to
explain faulting procedures during the earthquake. It can be thought of as a
result of squeezing a soft sandstone formation in which the fault developed. The
match of the structure determined with the surface landscape nicely confirms
this explanation. This experiment further proves the feasibility of firecracker
source seismics.

Although the cases studied all give positive results, in our experience,
however, the success of the method strongly depends on the field work. A
proper choice of space window and frequency window to receive most useful
signals and reject noises is continuously a challenge. A noise test cannot be
skipped even for familiar circumstances. The CDP technique is certainly of
help to improve the signal-to-noise ratio. The fold number it produces had
better higher than 12 in order to leave us chances to select better traces used
in stacking process.

The depth studied in this paper is between 20 m to 200 m. We may
need higher frequency sources such as a shotgun for much shallower structure
determination (smaller than 30 m, Miller et al., 1986). It requires a higher
frequency source for shallower structures. The experience accumulated in this
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paper, however, is of great help in promoting our technique. On account of
the outstanding performance made by firecracker source, we may expect a wide
application of this powerful geophysical method in solving problems of shallow
structure investigation in the future.
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