











The agreement is very good in most cases. Further experimentation with
different window widths, To-time increments, and RMS velocity increments
would probably improve the accuracy of the analyses, and decrease the
ambiguity of the contour diagrams. The identification of the real reflections
must be made on the basis of continuity, amplitude, and character of velocity
analyses of several seismograms.

Interpretation

Reflection seismograms from both sites (Figure 2) revealed easily-identified
reflections from the base of the unconsolidated sediments. However,
reflections from within this sedimentary section are not so clearly evident
from visual examination of the seismograms. Such intermediate reflections
can sometimes be detected on the contoured semblance coefficient plots
based upon the hyperbolic scanning method described above. Semblance
coefficient’ plots were prepared for eight seismograms for Site 1 and eight
seismograms from Site 2 and are shown in Figure 6. RMS velocities and
corresponding arrival times were obtained from these plots for subsequent
interval velocity /depth calculations using Equation [6]. These data were then
used to calculate depths to reflecting horizons in the sequence of coastal plain
sediments which are presented in Table 2 and Figure 9. Only reflections
appearing on at least five seismograms were included. The interface depths
can be compared with representative well log data presented in Figure 10. It
is evident that many more stratigraphic horizons exist than are indicated by
the seismic records. Although stratigraphic horizons can be identified on the
logs at approximately the same depths as the reflecting surfaces described in
Table 2, it would not be meaningful to correlate the reflections with specific
sedimentary units. The distances between the seismic recording sites and the
logged boreholes are too great, and there are too many similar and closely
spaced sedimentary contacts indicated on the electric logs.

Frequency Filtering

The identification of seismic reflections from shallow horizons is sometimes
difficult because of interference from surface wave vibrations which persist
during the time of arriving reflected waves. Because the frequency spectrum
of surface waves may be different from the characteristic spectrum for
reflected waves, it is often possible to partially eliminate surface wave
interference by digital or electronic frequency filtering.
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TABLE 2

SUMMARY OF REFLECTION ANALYSES

Site 1
T DR 2 Vems Vi
95 5500 £ 100
0.035 £0.010 95+ 30 5500 £ 100
210 4900 250
0.080 £0.010 205+ 30 5130 £ 200
365 6400 £ 300
0.200 £0.010 570 £ 30 5780 + 160
420 6900 + 400
0.320 £ 0.010 990 £ 30 6240 + 200
Site 2
T DR ' 4 Vems Vi
100 4970 £ 210
0.040 £ 0.010 100 £ 30 4970 £210
80 4000 £ 400
0.080 £0.010 180 £30 4600 + 230
395 6720 £ 370
0.200 £0.010 575 £ 30 5880 £ 200
T  — Reflection arrival time in seconds
DR — Depth to reflecting horizon in feet
2 — Thickness of sedimentary zone between reflecting horizons in
feet
Vrms — RMS velocity of sedimentary section above reflecting horizons
in ft/sec
Vi — Interval velocity of sedimentary zone between reflecting

horizons in ft/sec
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The only electronic filtering used in this study was imposed by the response
characteristics of the geophones and amplifiers of the recording system. The
effective recording range was 25 to 300 hertz. It was judged advisable to
obtain broadband field records and to rely upon subsequent digital filtering
to enhance the information.

Methods of digital filtering are discussed by Bogert (1962) who provided the
following equations for calculating the frequency characteristics of a
cosine-tapered bandpass filter:

for f<fo Tf)=0 f-fy
fo SE<f  T(H=1/2¢ (1-cos —

1-To
f<f<f, T=1 £ .1,
f,<f<f; TMH=12 01 -cosf——-)f L

3° 12

£, <f T(F)=0

where f is frequency and T(f) is the filter amplitude and k and & are
exponents set equal to 1 for use in this study. By specifying the subscripted
frequency values, a filter can be designed to pass without distortion all
frequencies between f; and f, and to reject frequencies below f, and above
3.

For purposes of this study, digitized seismic traces were filtered individually.
A digitized seismic trace was first Fourier-transformed into the frequency
domain, then multiplied with the filter. The filtered seismic trace was then
reconstituted in the time domain by Fourier inversion of the product.
Transformations and inversions were accomplished with computer program
NLOGN published by Robinson (1967) which incorporates the method of
fast Fourier transformation,

Representative broadband and filtered siesmograms are displayed in Figures 2
and 11, respectively. Broadband records include a frequency range of 25 to
300 hertz, and filtered seismograms show the results of high passband
processing. Computer velocity analysis was carried out independently for
broadband and filtered seismic ‘data. Representative semblance coefficient
plots for filtered and wideband data from Site 1 are shown in Figure 12.

A comparison of filtered and broadband semblance coefficient plots reveals
that some reflections can be identified equally well with or without
frequency filtering. However, at least one reflection is indicated clearly and
consistently on high passband plots for Site 1 but cannot be distinguished
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with confidence on broadband plots. This points out the usefulness of
frequency filtering for detecting weak reflections,

For all of the seismic records the surface waves were in the frequency range
of 25 to 35 hertz. The frequency composition of the reflections appears to
extend from this range into still higher ranges, which makes it practical to
suppress the surface waves by high passband filtering. The use of a high
passband filter open to the frequency range of 45 to 95 hertz did not appear
to suppress any reflections seen on broadband records, and did succeed in
enhancing at least one weak reflection. Application of digital filters would be
recommended for future studies.

Normal Moveout Corrections

The interpretation of the seismic reflection records from Site 1 and Site 2
resulted in the determination of the total thickness of unconsolidated
sediments and, where possible, velocities and thicknesses of individual
lithologic units within the sediments.

The relative locations of the shotpoint, geophones, and reflector(s) for any
given shotpoint resuit in all reflections appearing curved on the seismograms,
as in Figure 2. The reflection at 0.20 sec from the base of the unconsolidated
sedimentary section at Site 2 is excellent. |f several reflections were visible on
the seismogram, the curvature of each reflection would decrease with record
time. It is desirable to remove this curvature since it is a function of recording
geometry and is not associated with the subsurface geology. The curvature is
called_normal moveout. If the normal moveout were removed from each
record and the records placed side-by-side to form a record section, the

subsurface geology would be more apparent and recognition of lateral facjes
changes would become more evident.

Normal moveout can be removed if the signal-to-noise ratio of the reflections
is good; if the seismic wavelet leaving the source is not of too long a time
duration; and for early record times, if several shallow reflectors do not
interfere with each other. If the travel-time curves associated with shallow
reflectors do cross, then interference between reflections from closely-spaced
reflectors will degrade the normal moveout (NMO)-corrected record section
an.d make the interpretation more difficult. In some cases, interference can be
minimized by decreasing the geophone spacing and avoiding intersecting
branches of the reflection travel-time curves. The proper geophoﬁe spacing
can only be determined after experimental shooting and preliminary data
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reduction have established the number and arrival times of good reflecting
horizons and the degree of surface wave generation. The generation of
large-amplitude surface waves can severely degrade the reflection quality and
make a meaningful interpretation difficult, if not impossible.

Normal moveout was removed from both the Site 1 and Site 2 seismograms.
The RMS velocity analysis of each seismogram provides RMS velocities from
which interval velocities can be computed as described earlier. These interval
velocities were then used to compute an RMS velocity function correspond-
ing to vertical two-way travel times for each seismogram. Each point of every
trace was then shifted by an amount of time equal to T-T, where

x 2

T2=Ty2+ (8]

V2

and T is the two-way reflection travel time to a geophone at a distance x from
the shotpoint. The velocity, V{t), is the RMS velocity function computed
from the previously determined interval velocities. The time, T,, is the
vertical two-way travel time from the shotpoint to the reflector. The RMS
velocity function, V(t), applied under the assumptions stated above, will
remove the normal moveout. Examples of records corrected for normal
moveout are shown in Figure 13,

Frequency filtering may not be as effective in enhancing corrected record
sections if the reflected energy spectrum and the spectrum of the surface
waves overlap. If surface waves decrease the signal-to-noise ratio, it will be
desirable to use multiple geophone patterns, deeper holes, or both. In the
presence of surface waves, correction for normal moveout will not necessarily
be an aid in interpretation; however, the Site 1 data were improved after the
normal moveout was removed and the data were filtered.

One of the more remarkable results of the present study was the detection of
a shallow reflection at Site 2, arriving at about 0.040 sec. This reflection
cannot be identified on the field records; however, RMS velocity analyses of
6 records showed a good correlation peak at 0.040 sec. After the correction
for normal moveout was applied and the gain of the traces increased, the
reflection was quite apparent as can be seen in Figure 13. The extraction of
this shallow reflected energy from the high-amplitudes of the early portions
of the seismograms is evidence that substantial additional information can be
obtained after computer analysis of reflection seismology data. The shallow
event is a reflection from the top of a low-velocity layer which would not be
detected by refraction methods.
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Further interpretation of these data is restricted by lack of any sonic logs
immediately adjacent to the shooting sites. Since there is some ambiguity in
determining precisely which peaks in Figure 6 represent true reflections and
which are to some degree spurious, some independent velocity control would
be helpful. If a project were undertaken which would involve several seismic
reflection sites, it would greatly enhance the reliability of the interpretation if
at least one sonic well log were available somewhere in the study area.
Lacking sonic log data, additional confidence in the identified reflections is
gained by repeatedly recording them from separate shots in different
boreholes. Since the reflections summarized in Table 2 were identified from
at least five independent shots, we are reasonably confident that most
represent real stratigraphic horizons.

Seismic Refraction Analysis

The determination of geological structure from seismic refraction surveys is
based upon analysis of energy which travels from a shot source to a series of
detectors along different paths as illustrated in Figure 14. If the layer
interfaces are inclined, then recordings must be obtained from two shotpoints
located at each end of the line of detectors. Refraction seismograms recorded
at Sites 1 and 2 are shown in Figures 15 and 16, respectively. These
seismograms were obtained from low amplification playbacks of magnetic
tape recordings made in the field. Actual field seismograms showed much
sharper initial seismogram deflection which obscured later arriving events. For
purposes of this study it was important to analyze both initial arrivals, i.e.,
times of initial deflections of seismogram traces, and later arrivals. Travel-time
curves for the two sites are shown in Figures 17 and 18. The inverse slopes of
straight lines fitted to travel-time points are interpreted as being representa-
tive of compressional wave velocities in various subsurface lithologic units.

Because of difficulty in recognizing subtle changes in slope of the travel-time
curve from simple plots of time-distance data, it was very useful to prepare
reduced travel-time curves. Such curves are prepared by modifying the arrival
times in a way which exaggerates the changes in slope along the travel-time
curve. The modification used to prepare the reduced travel-time curves for
both study sites was made according to the equation:

X
6000 (9]

where TR is the reduced travel time and T is the observed travel time for
distance x. It can be seen from Figure 17 and 18 that different velocity units

TR=T-
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are more clearly evident on reduced travel-time curves than on the simple
travel-time plots,

The methods of refraction data analysis used in this study have been well
established for several decades. Equations for relating geological structure and
seismic velocities determined from travel-time curves have been presented by
several authors, including Adachi (1955) and Dix (1952). Good introductory
discussions of seismic refraction analysis are given by Nettleton (1940) and
Grant and West {1965). All of these authors discuss the so-called sloping layer
solutions which were used in this study. If there is reason to believe that the
interfaces between subsurface lithologies are irregular and differ significantly
from inclined planes assumed in sloping layer theory, then other methods of
analysis involving time terms and ray tracing should be used. Some aspects of
these methods are discussed by Hawkins (1961) and Willmore and Bancroft
(1960). All of these methods are well discussed in the literature; therefore,
there is no need to include the interpretation equations here.

Short refraction profiles were recorded at each site (Figures 17 and 18) to
determine the velocity and thickness of the unsaturated zone. At Site 1 this
layer was approximately 12 feet thick and at Site 2 the thickness was
approximately 8 feet. Velocities of 965 ft/sec and 2,300 ft/sec, respectively,
were considered representative of the sites. The difference may be related to
the higher content of clay found in the near surface layer at Site 2 as
compared to Site 1. The short refractions were obtained using blasting caps
located at the ground surface. The longer refraction profiles were recorded
from charges placed approximately 20 feet below the surface. Consequently,
shot depth corrections were applied in the conventional way (Dix, 1952) to
the observed travel-time data. Figures 17 and 18 show observed travel-time
points and straight-line segments which have been corrected for shot depth
time delays.

The observed travel times for both sites do not fall exactly on straight-line
segments but scatter in a * 4 millisecond range. This scatter may be associated
with unknown variations in the thickness of the unsaturated zone along the
profiles or with undetected wedges of clay or sand which are not continuous
along the entire profile. Detection of such irregularities would require a
smaller geophone interval along the profile and several intermediate shot-
points. Such detailed work was not attempted in this study.

The results of the refraction analyses are presented in Table 3 and Figure 9. A
comparison of these values with the results of reflection analyses given in
Table 2 reveals reasonably good agreement from consideration of the
uncertainties associated with the field procedures and methods of compu-
tation.
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TABLE 3

SUMMARY OF SEISMIC REFRACTION ANALYSES

Site 1
L v b Z A
1 965 -0 12 -
2 5,665 12 218 ?
3 5,775 230 270 1°7SE
4 6,800 500 450 ?
5 19,100 950 - 1% NW
Site 2
L v D z A
1 2,300 0 8 -
2 [5,000-5,800] - 8 527 ?
3 16,230 535 - 1% SW

Layer number

Compressional wave velocity in layer in ft/sec
Average depth to interface in feet

Thickness of layer in feet

Apparent dip along the interface in degrees

> NUOL ™
|

A comparison of reflection and refraction results for Site 1 indicates that
interfaces located between 200 feet and 250 feet, 500 feet and 600 feet, and
950 feet and 1000 feet are found by both methods. Some uncertainty would
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obviously arise from the presence of the low velocity zone detected from
reflections. However, this should result in erroneously high thickness values
from refraction analysis, and the opposite is the case for Site 1. Failure to
accurately detect seismic waves refracted along a deeper high velocity
interface, but arriving after the first events, could contribute to the
uncertainty in depth calculations. At Site 1 the waves refracted along the
interface between 500 and 600 feet below the surface are detected as later
arrivals on the seismograms, and onset times are difficult to identify
accurately. Another source of uncertainty may arise in assuming horizontal
interfaces for reflection analysis where, in fact, some inclination may exist.
Also, lateral inhomogeneities in the sedimentary section may contribute to
the discrepancies between reflection and refraction results.

The refraction travel-time data for Site 2, shown in Figure 18, indicates the
strong possibility of lateral inhomogeneities along the profile. The apparent
velocity of 5,450 ft/sec was obtained from first arrivals at greater distances
than the nearer first arrivals which indicate an apparent velocity of 5,800
ft/sec. This distribution of data might be expected if a near-surface high
velocity of approximately 5,800 ft/sec exists along only the northwestern
part of the profile and grades into a lower velocity near the surface along the
southeastern part of the profile. A time term refraction analysis would
probably be the most meaningful way to treat these data. However, because
the obvious existence of at least one low velocity zone would introduce
significant uncertainty in any refraction analysis, it appears doubtful if a
more refined time term analysis would, in fact, yield reliable information
about stratigraphic horizons within the unconsolidated sediments.
Consequently, only a sloping layer analysis was attempted by using average

velocity data. The velocity data included by brackets in Table 3 represent the

range of values measured from the travel-time data illustrated in Figure 18
and additional travel-time data obtained from reflection seismograms at
intermediate shotpoints. Most likely, the sedimentary section is characterized
by several alternating high and low velocity zones which preclude accurate
measurement by refraction analysis. The total thickness value obtained from
refraction data is reasonably close to the measurement calculated from
reflections. Because of the possibility of dipping interfaces, there exists, also,
some uncertainty in the precision of the reflection results. The results do
indicate that the total thickness can be measured to an accuracy of 10% or
better, even if the sedimentary section contains obvious refraction blind
zones. The presence of such blind zones would appear to obviate a precise
measurement of stratigraphic horizons within the sedimentary section by
refraction surveying.
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FIGURES



FIGURE 1

SEISMIC SURVEY SITES ON THE VIRGINIA
COASTAL PLAIN.

Symbols: x designates location of 25-foot deep
shothole; * represents geophone location along
seismic lines; ® indicates borehole from which
electrical logs were available.
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Figures Continued
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FIGURE 10

ELECTRICAL RESISTIVITY AND SPONTANEOQOUS
POTENTIAL LOGS.

Boreholes 146-168 and 146-195 are located near Site
1 at points indicated in Figure 1. Boreholes 187-22
and 187-36 are located in Boykins, Virginia, ap-
proximately 3 miles south of Site 2. Depths are
shown on the logs in units of hundreds of feet. None
of the boreholes completely penetrated the uncon-
solidated sedimentary section.
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SITE 2

SITE 1
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FIGURE 12

COMPARISON OF SEMBLANCE COEFFICIENT
PLOTS FROM BROADBAND AND FILTERED

SEISMOGRAMS.

Filter characteristics corresponding to frequencies i‘n
Equation [7] are stated above each plot. Hyperbolic
scans were made at 0.040 sec time intervals and 200

ft/sec velocity increments.
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FIGURE 13

SEISMOGRAMS FROM SITES 1 AND 2 AFTER

NORMAL MOVEOUT CORRECTION.

Shotpoint

locations refer to relative positions shown in Figure 9,

Timing lines are at 0.10 sec intervals.
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Figures Continued
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FIGURE 14

RAY PATHS FOR REFRACTED SEISMIC WAVES
IN A THREE LAYER STRUCTURE WITH HORI-
ZONTAL PLANE INTERFACES, AND COR-
RESPONDING TRAVEL-TIME CURVE.
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FIGURE 15

REFRACTION SEISMOGRAMS FOR SITE 1 PRE-
PARED BY COMPUTER PLOTTING OF DIGITAL
DATA OBTAINED FROM ANALOG MAGNETIC
TAPE RECORDINGS.

Explosive charges consisting of 1 Ib. Nitramon
primers were located 20 feet beneath the surface.
Detectors were located to measure vertical motion at
the surface at distances noted on the seismograms in
units of feet from the shothole.
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FIGURE 16

REFRACTION SEISMOGRAMS FOR SITE 2 PRE-
PARED BY COMPUTER PLOTTING OF DIGITAL
DATA OBTAINED FROM ANALOG MAGNETIC
TAPE RECORDINGS.

Explosive charges consisting of 6 foot lengths of
Primacord were placed 20 feet beneath the surface.
Detectors were located to measure vertical motion at
the surface at distances noted on the seismograms in
units of feet from the shothole.

v

T

F

Il

i

{

;

65




99

L9

TIME (SECONDS)

TIME IN SECONDS

FIGURE 17

REFRACTION TRAVEL-TIME CURVES FOR
SITE 1.

a. Time-distance data obtained from profile along
County Road 630.

b. Reduced time-distance data from profile along
County Road 630.

¢. Time-distance data obtained from profile along
County Road 611.

d. Short refraction data obtained near junction of
Roads 611 and 630.
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