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Figure 11. Love wave dispersion (¢ = observed
values along line 2-2, o = values calculated us-
ing model A).
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Figure 12. Love wave dispersion (¢ = observed
values along line 2-2, o = values calculated us-
ing model B).

little effect on the theoretical dispersion curves,
as increasing the density values by 0.2 did not
change the calculated dispersion values.

The theoretical dispersion calculated from

Table 6. Theoretical models used to calculate
Love wave dispersion.

Thickness P velocity SH velocity Density

(m) (ms) (ms™) (g cm™)

a. Model A, based on the average properties
from all refraction lines.

11 238 165 19
95 467 276 20
100 1590 276 21
© 1590 585 2.2

b. Model B, based on the properties
measured along line 2-2.

11 233 150 19
95 436 280 20
10.0 1590 280 21
© 1590 585 22

all of the refraction lines, while model B is based
on the properties from line 2-2 only. The density
estimates used in the calculations were based on
surface measurements.* The densities have very

*C. Miller, USAE Waterways Experiment Station, personal
communication, 1980
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model A is plotted along with the observed val-
ues in Figure 11. The theoretical group and
phase velocities are higher than the observed
values. Figure 12 gives a plot of the values calcu-
lated using model B, which are in close agree-
ment with the observed dispersion. The agree-
ment between the theoretical and observed sur-
face wave dispersion confirms the refraction ve-
locities measured at this site. The values com-
puted using model A show that the site-to-site
velocity variations have measurable effects on
the surface wave propagation.

The observed Love wave velocities at this site
are very low. Observed group velocities for the
frequency range of 25 to 45 Hz were less than
200 m s™'. Because of these low velocities, an
acoustic wave produced at the seismic source
location will travel faster than the surface waves
and interfere with their observations. The air
wave will have an especially large effect on the
seismic signals generated by noisy, continuous
sources such as vehicles.

To show the dependence of the surface wave
dispersion on the model parameters, partial deri-
vatives of phase velocity with respect to shear




Table 7. Partial derivatives of phase velocity with respect to shear wave velocity,

dC/ap, for model B (values of less than 0.01 are omitted from table).

Period Frequency Depth (m)
(s) (Hz) 0.0 0.5 1.1 5.8 10.6 15.6 20.9
FIRST MODE
0.02 50 0.85 0.60 012
0.025 40 078 0.70 0.27
0.035 29 0.44 0.52 0.65 0.01
0.04 25 0.30 038 0.74 0.04
0.05 20 0.16 0.19 0.74 0.14 0.03
0.065 15 0.08 0.10 0.64 0.24 0.09 0.02
0.10 10 0.04 0.05 0.53 0.32 017 0.07
0.20 5 0.03 0.03 0.49 0.42 0.37 0.29 0.09
SECOND MODE
0.02 50 0.12 0.39 0.41 on
0.025 40 0.01 0.09 0.38 0.45 013
0.035 29 0.01 0.03 0.07 0.35 0.52 0.18
0.04 25 0.02 0.04 0.09 0.32 0.55 0.22
0.05 20 0.04 0.06 0.19 0.29 0.58 0.30 0.0
0.10 10 0.02 0.04 0.52 0.76 0.47 0.41 0.69

wave velocities for model B were computed. The
values listed in Table 7 show that the shear wave
velocities above 6 m control the first mode dis-
persion curves for the frequency range observed.
Thus only the two uppermost velocity layers
have been confirmed by the surface wave obser-
vations.

SUMMARY AND DISCUSSION

P and SH wave refraction measurements were
used to determine the velocity structure of the
RSG-11 test site. These measurements show that
the area has a nearly horizontal, three-layer
structure in the upper 20 m. The velocities and
thicknesses of the layers are listed in Table 5.

Love wave dispersion was used to confirm the
properties of the two upper layers. The funda-
mental mode Love waves have observed phase
velocities of 180 to 230 m s™! for the frequency
range of 43 to 29 Hz. Observed group velocities
were less than 200 m s™' for this frequency range,
indicating that the direct acoustic wave will
have a strong effect on the observation of seis-
mic signals generated by vehicles.

Two methods can be employed in the future
to increase the depth of penetration of the sur-
face waves. The first method is to extend the
lower bound of the observed frequency range.
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As seen from Table 7, first mode Love waves in
the range from 5 to 20 Hz would provide infor-
mation on depths up to 20 m. These waves can
be recorded by using geophones with a lower na-
tural frequency (4 Hz). The second method,
which is more promising because it would pro-
vide additional information at all depths, is to
use higher mode surface waves. Partial deriva-
tives of phase velocity with respect to shear
wave velocity for the second Love wave mode
are also shown in Table 6. The dispersion of
these waves is controlled by the deeper model
parameters. Since the higher mode waves travel
at a faster group velocity than those of the fun-
damental mode, these waves could be recorded
by increasing the offsets between the seismic
source and the receiver to allow mode separa-
tion to occur on the seismograms. Recording the
data on magnetic tape would also allow numeri-
cal techniques to be used to improve the accur-
acy of the dispersion observations (Dziewonski
and Hales 1972). With the additional information
provided by the higher mode surface waves, the
resolving power of the data set would be in-
creased enough so that a generalized linear in-
version for structural properties would be feasi-
ble (Wiggins 1972).

The results of this study have important impli-
cations to vehicle signature studies at this site.
Since the velocity of the surface layer is very



low, the direct acoustic wave from the vehicle
will be a large part of the vehicle signature and
will mask the seismic waves from the shallow
layers. In addition, strong acoustic-to-seismic
coupling will occur, and large amplitude surface
waves with phase velocities near that of the
speed of sound in air will dominate the signals
(Haskell 1951). Using the group velocity curve in
Figure 12, the dominant frequency of these air-
coupled surface waves (which will travel with a
group velocity of 330 m s7") is extrapolated to be
less than 10 Hz.

LITERATURE CITED

Albert, D.G. (in press) Seismic investigations on
the Ross Ice Shelf, Antarctica. Submitted to Ant-
arctic Research Series. Washington: American
Geophysical Union.

Bullen, K.E. (1963) An Introduction to the Theory
of Seismology. New York: Cambridge University
Press.

Dobrin, M.B. (1976) Introduction to Geophysical
Prospecting. New York: McGraw Hill.
Dziewonski, A.M. and A.L. Hales (1972) Numeri-
cal analysis of dispersed seismic waves. In
Methods of Computational Physics (B.A. Bolt,
Ed.). New York: Academic Press, vol. 11, p. 39-
85.

Haskell, N.A. (1951) A note on air-coupled sur-
face waves. Bulletin of the Seismological Society
of America, vol. 41, p. 295-300.

Herrmann, R.B. (1978) Computer Programs in
Earthquake Seismology. Vol. 2, Surface Wave
Programs. St. Louis, Missouri: St. Louis Universi-
ty.

Knox, W.A. (1967) Multilayer near-surface refrac-
tion computations. In Seismic Refraction Pro-
specting (A.W. Musgrave, Ed.). Society of Explor-
ation Geophysicists, Tulsa, Oklahoma, p. 197-
216.

Kovach, R.L. (1978) Seismic surface waves and
crustal and upper mantle structure. Reviews of
Geophysics and Space Physics, vol. 16, p. 1-13.

14

Mooney, H.M. (1976) Handbook of Engineering
Geophysics. Minneapolis, Minnesota: Bison In-
struments, Inc.

Musgrave, H.W. (1967) Seismic refraction pro-
specting. Society of Exploration Geophysicists,
Tulsa, Oklahoma.

NATO (1981) Vehicle signature collection field
exercise, summer 1980. North Atlantic Treaty Or-
ganization, AC243, Panel IllI, RSG-11 (NATO
Confidential).

Officer, C.B. (1974) Introduction to Theoretical
Geophysics. New York: Springer-Verlag.
Takeuchi, H. and M. Saito (1972) Seismic surface
waves. In Methods of Computational Physics
(B.A. Bolt, Ed.) New York: Academic Press, vol.
11, p. 217-295.

Turpening, R., R. Stewart, and A. Liskow (1980) A
shallow shear wave vertical seismic profiling ex-
periment. Paper presented at the Midwestern
SEG Meeting, Tulsa, Oklahoma, March.
Wiggins, R.A. (1972) The general linear inverse
problem: Implication of surface waves and free
oscillations for earth structure. Reviews of Geo-
physics and Space Physics, vol. 10, p. 251-285.




APPENDIX A: P WAVE REFRACTION DATA

Refraction travel times and fitted line segment times.

All distances are in meters. All times are in milliseconds

Table A1.

shot-receiver offset

X =
T

TLINE

DIFF

travel times measured from refraction seismograms

travel time of least-squares line segments fitted to T and X.

T-TLINE.
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Table A2. Fitted line segments. Characteristics of the line segments which were fitted to the data are listed for all lines.

NPTS = no. of data points

interval of line segment

MSE = mean square error = (1/NPTS)Z

(XMIN, XMAX)
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Table A3. P wave velocity structure.

Spread ThicknessT DepthT
Line Length Layer Velocity A B Dip** A B
(m) (m s=1) (m) (m) (deg) (m)
1 36 1 233 0.3 0.3 -1.1 0.3 0.3
2 424 8.7 11.7 -4,7 9.0 12.0
3 1965
2 63 1 233 1.0 0.5 0.4 1.0 0.5
2 445 9.8 9.7 1.0 10.8 1u.l
3 1844
3 36 1 203 1.6 0.8 0.7 1.6 0.8
2 502 8.9 8.8 1.9 10.4 9.6
3 1463
4 36 1 203 0.6 0.7 -0.6 0.6 0.7
2 487 7.7 10.0 -4,3 8.3 10.7
3 1315
5 36 1 217 1.0 0.7 0.3 1.0 0.7
2 472 8.0 9.6 -1.8 9.0 10.4
3 1394
6 36 1 217 0.7 0.7 0.8 0.7 0.7
2 465 9.2 10.3 -2.6 9.9 11.0
3 1688
7% 36 1 215 0.7 0.8 -0.2 0.7 0.8
2 479 (12.3) (2.5) (16.0) (12.9) (3.3)
3 (725)
8* 36 1 215 0.5 0.8 -0.6 0.5 0.8
2 501 10.3 12,9 -4 .4 10.8 13.7
3 1686
9 36 1 248 0.8 0.7 0.7 0.8 0.7
2 456 10.4 9.2 2.7 11,2 9.9
3 1588
10 36 1 248 0.7 0.8 0.3 0.7 0.8
2 456 9.3 11.1 -3.9 10.0 11.9
3 1663
11 36 1 310 0.6 0.7 1.6 0.6 0.7
2 449 10.8 10.4 -2.4 11.4 11.1
3 1443

Note * Lines 7 and 8 are affected by a low velocity anomaly. See text
for discussion.
t A refers to forward profile (e.g., 1-1) at each site; B refers
to the reversed profile (e.g., 1-2).
** A dip downward from A to B is negative.
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Figures A1-A16. Graphs of travel time vs offset distance. Graphs for lines 1, 2,4, 5,6, 9, 10, and 11 are included here. Graphs
for lines 3, 7, and 8 are contained in the body of the report.
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Figure A5. Line 4-1 P waves.
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Figure A6. Line 4-2 P waves.
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APPENDIX B: SH WAVE REFRACTION DATA

Table B1. SH wave refraction travel times and fitted line segment times. All distances are in meters; all times are in

milliseconds. Symbols are the same as those in Appendix A. Lines 1-1, 1-2, 2-1, 2-2, 11-1, and 11-2 are listed.
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Table B2. Fitted line segments for all SH refraction lines.
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Table B3. SH wave velocity structure for all refraction lines.
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Figures B1-B4. Graphs of SH wave travel time vs. offset distance. Graphs for lines 1-1

Graphs for line 11 are given in the main body of this report.
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Figure B1. Line 1-1 SH waves.
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APPENDIX C: SURFACE WAVE DISPERSION CALCULATIONS

Table C1. Theoretical group and phase velocity dispersion
for model A (based on average properties).

"a., Model A.
Thickness P velocity SH velocity Densit
(m) (m s1) (m st) (g cm™)
1.1 238 165 1.9
9.5 467 276 2.0
10.0 1590 276 2.1
© 1590 585 2,2
b. Love wave dispersion, fundamental mode.
Phase Group
Period Frequency . Velocity Velocity
(s) (Hz) (m s~1) (m s~)
.020 50 210 155
.022 45 218 159
.024 42 225 165
.026 38 231 172
.028 36 237 180
.030 33 242 188
.032 31 246 196
.034 29 249 204
.036 28 252 210
.038 26 255 215
.040 25 257 223

042 24 259 228

Table C2. Theoretical group and phase velocity dispersion
for model B (based on line 2-2 refraction velocities).

a. Model B.
Thickness P velocity SH velocity Densitg
(m) (m s=1) (m s~) (g em™)
1.1 233 150 1.9
9.5 436 280 2.0
10.0 1590 280 2.1
© 1590 585 2,2
b. Love wave dispersion, fundamental mode.
Phase Group
Period Frequency Velocity Velocity
(s) (Hz) (m s=1) (m s=1)
.020 50 183 104
.022 45 190 113
.024 42 198 121
.026 38 205 129
.028 36 213 136
.030 33 221 144
.032 31 227 153
.034 29 233 162
.036 28 239 172
.038 26 244 181
.040 25 2438 189
042 24 251 197





