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SEISMIC SITE CHARACTERIZATION TECHNIQUES 
APPLIED TO THE NATO RSG-ll TEST SITE IN 
MUNSTER NORD, FEDERAL REPUBLIC OF GERMANY 

Donald C. Albert 

INTRODUCTION 

This report presents the results of seismic re­
fraction and surface wave experiments con­
ducted in July and August 1980 at the NATO 
RSG-11 (Research Study G roup) test site in Mun­
ster Nord, Federal Republic of Germany. The 
test site is located in an area of gently undulat­
ing glacial till at 52.97°N, 5.16°E (Fig. 1). The ex­
periments were designed to measure the seismic 
properties of the test site for use in interpreting 
seismic and acoustic vehicle signatures recorded 
there during the same time period (NATO 1981). 
Reversed-refraction profiles of both compres­
sional (P) and shear-horizontal (SH) waves were 
recorded. The SH records were also used to 
study the Love wave dispersion curve, providing 
an independent check of the refraction resu Its. 
The dispersion curves are of interest since sur­
face waves (including Love and Rayleigh waves) 
are the strongest seismic waves produced by ve­
hicles. 

Seismic refraction techniques were first ap­
plied to earthquake records by seismologists 
studying the large-scale structures of the earth. 
The Mohorovicic discontinuity separating the 
crust from the mantle was first detected in 1909, 
and Gutenberg estimated the depth of the 
earth's core in 1913 (Bu lien 1963). Since that 
time, the refraction method has been applied to 
detailed crustal studies, oil prospecting, engi­
neering site studies, and even lunar seismology. 

Seismic surface waves are characterized by a 
propagation path along the earth's surface and 
displacement amplitudes which decrease rapid­
ly with depth. Both Rayleigh (P-SV coupled) and 
Love (SH-polarized) surface waves are routinely 
observed in earthquake studies. Since velocity 
increases with depth, low frequency waves (with 
longer wavelengths) penetrate deeper into the 
earth, travel faster, and arrive at a particular 
geophone before waves of a higher frequency. 
Thus a dispersed wave train of low frequencies 
followed by higher frequencies is observed. 
Measurements of surface wave velocity as a 
function of frequency (the Love wave dispersion) 
from the seismograms are compared to values 
computed from a theoretical model of seismic 
velocity and density as a function of depth. Dis­
crepancies are resolved by altering the model. 
Takeuchi and Saito (1972) provide a complete 
discussion. of the theory of seismic surface 
waves. Kovach (19z8) reviews the use of surface 
wave dispersion to investigate the properties of 
the earth's crust. 

Although of greater importance to the inter­
pretation of seismic surface waves (and thus ve­
hicle signatures) than P waves, SH waves are 
much more difficult to measure accurately be­
cause of their slower speed (allowing other 
waves to arrive first) and the lack of a strong SH 
wave source. Because of these problems and be­
cause of the time-consuming field work and in­
terpretation required, SH refraction surveys are 



Figure 1. Test site at Munster Nord, FRG. For details on the vehicle signature measure­
ments, see NATO (1981). 

rarely undertaken in site surveys. SH waves are 
used instead of shear-vertical (SV) waves be­
cause theoretically no shear-to-compressional­
wave conversions exist for this polarization, and 
because the source itself tends to be less con­
taminated with P wave motion. Mooney (1976) 
and Musgrave (1967) provide complete discus­
sions of the refraction technique. 

REFRACTION EXPERIMENTS 

Procedure 
The seismic refraction technique primarily in­

volves measuring the first arrival travel time 
from source to receiver as the distance (or off­
set) between them is varied. These travel times 
can then be analyzed to yield the apparent velo­
city and depth of refracting layers beneath the 
refraction I ine. I n general, since velocity tends 
to increase with depth, records taken at larger 
offsets will yield the higher velocities character­
istic of the deeper layers. If reversed profiles are 
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recorded (i.e. with the source at both ends of the 
array or spread of receivers), then the data can 
be used to deduce the true velocity, depth, and 
dip of the refracting layers. 

For this study, we make the usual assumptions 
that the layers are relatively thick (> 0.1 times 
the wavelength) and extensive (so that the same 
refractor is detected over the entire length of the 
profile), and that the velocity differences be­
tween adjacent refractors are large enough to be 
d istingu ished by the measurements taken (=::::100 
m S-1 in this case). We also make the assumption 
in the data analysis that the refractors are plane 
(though not necessarily horizontal) layers. This 
assumption is justified by the appearance of 
straight line segments on the distance vs travel 
time graphs, and could be relaxed if necessary. 

In Figure 2, the ray-path and travel time dia­
grams are shown for a horizontal two-layer case 
with constant velocities V 1 and V2 . From Snell's 
law and the geometry of the figure, the equation 
for the travel time segment from the second lay­
er (Dobrin 1976) is 



Source Receiver 

a . VI 
c = arcsin V

2 

Ground Surface 

First Soil layer 

Second Soi I layer 

Figure 2. Ray paths and travel time graph for horizontal two-layer case [from Snell's law, Be = arcsin 
(V 1/V J). Adapted from Dobrin (1976). 

where Tl 

x + (2Z/V 1VJ V V~-V~ 
Vl 

the travel time at an offset X for a 
ray refracted from the second 
layer 
the depth to the second layer 
the velocity of the ith layer. 

We see that the above equation is a line with a 
slope of 1/Vl and intercept of (2Z/V 1VJ VV~-V~ 
so that the velocity and depth of the second re­
fracting layer can be determined from the slope 
and intercept of the travel time graph. This 
method can be extended to include the more 
complicated case of multilayered, non horizon­
tal media, with a resulting increase in the com­
plexity of the equation of the travel time seg­

ment (Knox 1967, Dobrin 1976). The calculation 
of the velocity and depth of non horizontal lay­
ers still depends primarily on the values of the 
slopes and intercepts of the travel time seg­

ments. 

Equipment 
A 12-channel Nimbus E 5-121 OF signal en­

hancement seismograph was used to make pa­
per records of the seismograms. This battery­
operated seismograph has a 1-k memory for 
each channel, which can be used to sum indivi­
dual shots, and has a frequency response of 3 to 
800 Hz. No magnetic recording system was avail­
able. A geophone spread cable with a 3-m inter­
val between takeouts was used to connect the 12 
Mark Products vertical or horizontal component 
geophones to the seismograph. The natural fre­
quency of the geophones is unknown but is esti­
mated to be 15-20 Hz from the size of the units. 
Hammer blows were used for the seismic source 
for all shots. 
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RESULTS 

P waves 

P wave reversed refraction measurements 
were conducted at 11 sites (see Table 1 and Fig. 
3). At each location, a short refraction line with 
1-m geophone spacing (the overburden, or OB, 
line) was used to measure the velocity and thick­
ness of the surface material, and a line with a 
3-m interval and a 36-m maximum offset was 
used to measure the deeper layers. At site 2, an 
additional line with a maximum offset of 63 m 
was used to penetrate deeper. The P wave lines 
were all recorded using vertical geophones as re­
ceivers and a downward blow from a sledge 
hammer onto a metal striker plate as the source. 

Typical P wave refraction records for site 3 are 
shown in Figure 4, and the associated travel time 
graph from the first arrivals is given in Figure 5. 
Three line segments were fitted by the least­
squares method to the travel time graph as 
shown in the figure. The equations of the line 
segments were used to calculate the velocities 
and time intercepts as given in Table 2. The velo­
city of the surface layer was accurately mea­
sured at closer geophone spacings and a value 
of 203 m S-1 was determined. These data were 

then inverted using a computer program by 
Mooney (1976) to give the structu re along the 
profile. The measurements indicate that three 
layers are present with velocities of 203, 502, 
and 1463 m S-1 and with depths to the top of the 
second and third layers being 1 and 10m, respec­
tively. Note that the velocity of the deepest lay­
er is quite different from those measured by the 
individual refraction profiles (1714 and 1277 m 
S-1). This difference is due to the slight dip of 

1.9°. The travel times, graphs, and velocities of 
all the P wave sites are given in Appendix A. 

The most likely interpretation of the P wave 



Table 1. P and S wave refraction line parameters. 

Line Type Direction Maximum offset 1m) Overburden 

p E-W 36 X 

2 P N-S 63 
3 P N-S 36 
4 P E-W 36 X 

5 P E-W 36 
6 P N-S 36 X 
7 P E-W 36 
8 P N-S 36 X 

9 P E-W 36 
10 P N-S 36 X 

11 P N-S 36 X 
SH E-W 87 X 

2 SH N-S 96 

11 SH N-S 36 X 

Paved Road 

~ 
8-2 

"0 
0 
0 
a: 
"0 
III 

2-2 > 
0 
a.. X

MetTower 

7-1 

7-2 

8-1 

~ I -I 
1-2 

2-1 

To Barbaradorf 

Figure 3. Site map showing the location of the refraction lines. 

velocity results at site 3 gives an upper layer 
composed of unconsolidated glacial till (as also 
noted from surface and shallow pit observa­
tions), underlain by a layer of similar but more 
compacted material, and then by the water table 
at a depth of approximately 10 m. Since P waves 
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are usually the first waves to arrive at the geo­
phones, their measurement and interpretation 
are usually straightforward and are often used in 
site characterization studies. The very low velo­
city of the uppermost layer, however, caused 
some interference between the P wave and the 



a. Line 3-1. 

b. Line 3-2. 

Figure 4. P wave seismic refraction records for line 3. 
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Figure 5. P wave travel time graph for line 3. 

sound wave (with a velocity of 330 m S-1). This in­
terference was minimized by covering the metal 
striker plate with dirt to reduce the strength of 
the sound wave. 

The travel times, graphs, and structures from 
all the P wave lines are given in Appendix A. The 
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assumptions made in interpreting the data and 
the inhomogeneity of the medium usually 
placed the accuracy of the refraction results, 
when inverted for structure, at about 10%. Thus 
the results of all the refraction lines are consis­
tent within the range of expected error and can 

40 



Line 

1 

2 

3 
4 

5 
6 
7 

8 

9 
10 
11 

Avg. 

*V i 
t 0i 

Table 2. Apparent velocities and final structure from 
reversed P wave refraction lines at site 3. 

Measured characteristics 

Apparent velocity (m 5- 1
) Intercept time ems) 

Layer At B A B 

1* 203 203 0.0 00 
2 516 488 14.1 6.9 
3 1714 1277 48.5 40.5 

Computed structure* * 

Depth em) 
Layer Apparent velocity (m 5- 1

) A B Dip 

203 1.6 08 0.7 0 

2 502 10.4 9.6 1.90 

3 1463 

*Velocity for layer 1 measured using geophone spacing of 1 m 
(not shown in Fig. 5). 

tSource point A is at north end of refraction line, source point B 

at south end. 
**Accuracy of velocity and depth values is about 10%. 

Table 3. P wave velocity structure of the test sites. 

* D; (m) VI (m 5- 1
) V2 (m S-I) V] (m 5- 1

) 

233 422 1965 0.3 

441 1689 0.7 

502 1463 1.2 

203 487 1315 0.6 
472 1394 0.9 

217 465 1688 0.7 
479 0.7 

215 501 1686 0.7 

456 1588 0.7 

248 456 1663 0.8 

310 449 1443 0.6 

238 467 1589 0.7 

P wave velocity of ith layer in m S-1 

depth to bottom of the ith layer in m. 

O 2 em) 

11.0 

10.5 

10.0 
9.5 

9.7 
10.5 

(12.3)** 

10.5 

11.0 
11.2 
10.3 

**0 2 for line 8 is too large because of low velocity zone and was omitted from average (see text). 

be general ized to give the model of P wave site 
characteristics shown in Table 3. The resu Its 
show that the site is composed of three nearly 
horizontal layers with the water table at a depth 
of around 10 m. 

Low velocity zone 
At sites 7 and 8, the P wave reversed refrac­

tions, shown in Figures 6 and 7, are of special in­
terest because of their marked difference from 
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all of the other P wa,ve lines. As shown in Figures 
6 and 7, a large delay is present between chan­
nels 6 and 7 for line 7-1 (E-W) while line 7-2 ap­
pears to show only two layers. The graph for line 
8 (Fig. 7) showed similar, but smaller, delays. 

These delays are caused by a low velocity 
zone. Since refracted waves do not exist when a 
low velocity layer is overlain by a layer of higher 
velocity [because the critical angle, or angle of 
refraction, Bc = arcsin (V 1/V2 ) is undefined for V 1 
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a. Line 7-1. 

o 

b. Line 7-2. 

Figure 6. P wave seismic refraction records for line 7. 

> V2], low velocity layers are not directly de­
tected by the seism ic refraction method and can 
only be detected from the delay they cause in ar­
rivals from layers beneath them. The zone at this 
site is small since the time of arrival at geophone 
12 actually precedes that at geophone 11 for 
shot 7-1, indicating that the path for the ray ar­
riving at channel12 did not pass through the low 
velocity area or was less affected by it. A com­
parison of the travel times between traces for 
channels 6 and 8 gives a velocity of 286 m S-1, in­
dicating that the low velocity material is similar 
to the material found on the surface. 

Surface observations give supporting evi­
dence for the existence of a low velocity layer. 
Along line 7, geophones 7 and 8 were placed in a 
very soft surface layer that was depressed and 
appeared to be the bottom of a recent puddle. 
The surface also caved in slightly in places when 
walked upon. These observations indicate that 
this location is a natural drainage area and that 
the increased drainage lowered the seismic velo­
city of the soil at this spot. 

7 

The interpreted resu Its for lines 7 and 8 are in 
agreement with those for the other locations, 
but because of the low velocity zone, the re­
fracted rays on line 7 did not penetrate deep 
enough to detect the water table. Deeper pene­
tration could have been accomplished by in­
creasing the maximum offset. The resu Its for line 
8 give a depth of 12.3 m to the water table, 
which is 2 m greater than the average depth 
found along the other refraction I ines at the test 
site. This difference can be attributed to the re­
fraction rays travel ing through an additional 5 m 
of low velocity material. By decreasing the geo­
phone spacing and moving the source closer, the 
low velocity zone could have been accurately 
mapped. 

SH waves 

SH wave reversed refraction surveys were con­

ducted along three of the P wave lines at the test 
site. At present, the best method of producing 
strong SH waves involves using a horizontally 
fired mortar as the source (Turpening et al. 
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Figure 7. P wave travel time graphs for lines 7 and 8. 



Figure 8. Method of generating SH waves. The sledge hammer is used to strike the board 
horizontally. A motion-sensitive switch is taped to the handle of the hammer to start the 
seismic recorder, which is visible in the background. 

1980). This technique requires a clear firing 
range and the use of cement base pads, how­
ever, and could not be used for these studies. In­
stead, sledge hammer blows on the end of a 15-
x 15-cm plank held to the ground by the front 
wheels of a car were used as the source (Fig. 8). 
Records were taken at each location by hitting 
both ends of the plank and these records were 
then compared. Phase relations were used to 
identify SH waves (the first motion of which re­
verses with the source polarity) and to eliminate 
noise from P waves and the acoustic wave (the 
first motion of which is always away from the 
source). The hammer technique of SH wave gen­
erated has been used by the author and others 
for shear wave studies in ice sheets (Albert in 

press). 
A pair of SH wave records from line 11 is 

shown in Figure 9. These records have a geo­
phone spacing of 3 m, with the source located 3 
m from the first geophone. The records are iden-
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tical except that the source polarity is changed 
from east-to-west (E-W) in Figure 9a to west-to­
east (W-E) in Figure 9b. Identification of the 
shear waves was made by overlaying the two re­
cords and picking the earliest arrival exhibiting 
reversal of phase with the source as shown in Fi­
gure 9c. The travel time graph for this location is 
shown in Figure 10. Additional travel time read­
ings and graphs for .other SH refraction sites are 
given in Appendix B. 

The resu Its of the SH wave refractions are 
listed in Table 4. Because of the weak source, 
only two layers were detected using SH waves 
(with the exception of line 1-2). The velocities of 
the layers were 165 and 276 m S-I, with the top 
layer about 1.1 m thick. Along line 1-2, a third 
layer was detected with a velocity of 585 m S-1 

and a depth of about 20 m. The velocity and 
depth of this third layer is not accurate, how­
ever, since reversed measurements were not ob­
tained. 
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Figure 9. SH wave seismic refraction records for line 11-2. 

Table 4. SH wave velocity structure of the test site. 

* D; (m) V, (m 5-') V2 (m 5-') VJ (m s-') 

165 278 (585)* * 1.3 

165 291 1.5 

166 260 0.6 

Average 165 276 (585) 1.1 

*V i = SH wave velocity at ith layer in m s -'. 

t D, = Depth to bottom of ith layer in m. 

** D2 (m) 

(20.1) 

(20.1) 
(20.1) 

**Layer 3 was detected only along one line and was reversed, so these values should be used with 

caution. 
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Figure 10. SH wave travel time graphs. 

Table 5. General model of the test site. 

Layer Depth (m) Thickness (m) Vp{m s ') V"u (m s ') 

0.1 1.0 240 165 
2 1.0 9.5 470 275 
3 10.5 (100)* 1590 275* 
4 20.5 1590 (585) 

*The thickness of layer 3 and the SH velocity of layer 4 are based on a single, un­

reversed observation 

Note that the 5H waves are unaffected by the 
groundwater table at a depth of 10m because 
the shear modulus of a fluid is zero (5 waves pro­
pagate through the matrix material only). The re­
fracted P waves, however, clearly show the pre­
sence of this boundary because the velocity of 
these waves in water is higher that the velocity 
of the matrix material. 

The general velocity model of the test site de­
rived from refraction experiments is given in Ta­
ble 5. This model is tested by the analysis of sur­
face wave dispersion presented in the next sec­
tion. 

SURFACE WAVE EXPERIMENTS 

Group and phase velocities of Love waves 
were measured from the 5H wave refraction re­
cords as a function of frequency. The group ve­
locity or velocity of energy propogation U is re­
lated to the phase velocity or velocity of the in­
dividual wave crests C by the equation 
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U = C - T (dC/dTj 

where T is the period (see, for example. Officer 
1974). I n practice, it is desirable to fit a theoreti­
cal model to observations of both C and U as a 
function of frequency to provide constraints on 
the model. Therefore both group and phase ve­
locity functions were investigated in this study. 
The analysis here will follow the procedures gi­
ven in Albert (in press). Observed dispersion val­
ues for 5H refraction records from line 2-2 are 
listed in Appendix C and are plotted in Figure 11. 
These records were used because they had the 
largest offset between the source and the receiv­
er. The Love waves observed on the seismograms 
had a frequency range of 29 to 43 Hz and phase 
velocities of 230 to 180 m S-l, corresponding to 
wavelengths of 8 to 4 m. 

Theoretical dispersion curves were calculated 
using computer programs given by Herrmann 
(1978). Two theoretical models, listed in Table 6, 
were used as input to the computer program. 
Model A is based on the average properties from 
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Figure 11. Love wave dispersion (e = observed 
values along line 2-2, a = values calculated us­
ing model A). 

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

Thickness 

(m) 
P velocity 

(m S-I) 
SH velocity 

(m S-I) 

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

1.1 
9.5 

10.0 
00 

1.1 
9.5 

10.0 
00 

238 
467 

1590 
1590 

165 
276 
276 
585 

b. Model 8, based on the properties 
measured along line 2-2. 

233 

436 
1590 

1590 

150 

280 

280 

585 

Density 

(g cm- J) 

1.9 

2.0 
2.1 
2.2 

1.9 

2.0 

2.1 

2.2 

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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Figure 12. Love wave dispersion (e = observed 
values along line 2-2, a = values calculated us­
ing model B). 

I ittle 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 
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-I. 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 stich 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, 
a CI a {J, for model B (values of less than 0.01 are omitted from table). 

Period Frequency 
(5) (Hz) 0.0 0.5 

FIRST MODE 

0.02 50 0.85 0.60 
0.025 40 0.78 0.70 
0.035 29 0.44 0.52 
0.04 25 0.30 0.38 
0.05 20 0.16 0.19 
0.065 15 0.08 0.10 
0.10 10 0.04 0.05 
0.20 5 0.03 0.03 

SECOND MODE 

0.02 50 
0.025 40 0.01 
0.035 29 0.01 0.03 
0.04 25 0.02 0.04 
0.05 20 0.04 0.06 
0.10 10 0.02 0.04 

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 
RSC-ll 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-1 for the frequency 
range of 43 to 29 Hz. Observed group velocities 
were less than 200 m S-1 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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Depth (m) 
1.1 5.8 10.6 15.6 20.9 

0.12 
0.27 
0.65 0.01 
0.74 0.04 
0.74 0.14 0.03 
0.64 0.24 0.09 0.02 
0.53 0.32 0.17 0.07 
0.49 0.42 0.37 0.29 0.09 

0.12 0.39 0.41 0.11 
0.09 0.38 0.45 0.13 
0.07 0.35 0.52 0.18 
0.09 0.32 0.55 0.22 
0.19 0.29 0.58 0.30 0.01 
0.52 0.76 0.47 0.41 0.69 

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 general ized I inear 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 S-1) is extrapolated to be 

less than 10 Hz. 
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APPENDIX A: P WAVE REFRACTION DATA 

Table A 1. Refraction travel times and fitted line segment times. 

All distances are in meters All times are in milliseconds 

X shot-receiver offset 
T travel times measured from refraction seismograms 

TLiNE travel time of least-squares line segments fitted to T dnd X 

DIF'F T - TLiNE 

RSG-l1 

LINE 
X. M 
1.n 
2.0 
1.0 
2.0 
3.0 
3.0 
4.0 
4.0 
5.0 
5.0 

LINE 
X. M 

5.0 
5.0 
6.0 
6,.0 
6.0 
7.0 
7.0 
8.0 
R.C 
9.0 
9.0 
9.0 

l?O 
15.0 
18.0 
21.0 
24.0 

LINE 
X t M 
24.0 
27.0 
30.0 
33.0 
36.0 

RSG-l1 

LINE 
X. M 

1.0 
2.0 
3.0 
3.0 
3.0 

LINE 
X, M 

3.0 
3.Q 
3.0 
£+.0 
5.0 
6.0 
6.0 
6.0 

LINE 1-1 P ~AVfS 

SEGMENT 
T, ~1 S 

3.5 
5.5 
3.5 
5.5 
7.5 

10.5 
10.5 
13.0 
14.5 
14.5 

SLGMENT 
T. MS 

14.5 
14.5 
17.0 
18.0 
17.5 
1Y.0 
19.0 
21.5 
21.5 
24.0 
25.0 
23.0 
31.8 
38.0 
£+5.5 
55.0 
60.0 

SEGMENT 
T. MS 
60.0 
6.3.0 
65.0 
67.0 
69.0 

NUMBER 
TLH~E 

2.9 
5.9 
2.9 
5.9 
H.R 
1:.8 

11.7 
11 .7 
14. fJ 
14.6 

NUMBER 
TLINE 

14.5 
14.5 
16.9 
16.9 
16.9 
19.4 
19.4 
21.8 
21.R 
24.2 
24.2 
24.2 
31.5 
38.3 
46.0 
53.3 
60.6 

NUM8ER 
TLINE 

60.4 
62.6 
64.8 
67.0 
69.2 

1 

3 

LINE 1-2 P WAVES 

SEGMENT 
T. MS 

3.5 
S.5 
8.0 
9.5 
Q.5 

SlGMENT 
T. MS 

8.0 
9.5 
9.~ 

12.5 
13.5 
16.5 
15.0 
17.0 

NUMBER 1 
TLINE 

3.0 
h.O 
9.0 
9.0 €).o 

NUMBER ~ 
TLIN[ 

8.9 
R.9 
8.9 

11.2 
13.5 
15.8 
15.8 
1:.8 

OIFF 
0.6 

-0.4 
0.6 

-0.4 
-1.3 
1.7 

-1.2 
1.3 

-0.1 
-0.1 

DIFF 
-0.0 
-0.0 

0.1 
1.1 
0.6 

-0.4 
-0.4 
-0.3 
-0.3 
-0.2 
0.8 

-1.2 
0.3 

-o.e 
-0.5 
1.7 

-0.6 

orFF 
-0.4 

0.4 
0.2 
0.0 

-0.2 

DIFF 
0.5 

-0.5 
-1.0 

0.5 
0.5 

DIFF 
-0.9 

0.6 
0.6 
1.3 

-0.0 
0.7 

-O.R 
1.2 

15 

7.0 
R.O 
9.0 
9.0 
9.0 

12.0 
12.0 
15.0 
18.0 
21.0 
21.0 
24.0 
27.0 
27.0 

LINE 
X. M 
27.0 
27.0 
30.0 
30.0 
33.0 
33.0 
36.0 

17.5 
20.0 
22.0 
23.0 
23.0 
29.0 
29.0 
36.0 
40.0 
50.0 
52.0 
58.0 
64.0 
64.0 

SEGt-lENT 
T. MS 

64.0 
64.0 
65.0 
64.0 
65.0 
65.0 
67.0 

10.1 
20.4 
22.7 
22.7 
22.7 
29.5 
29.5 
36.4 
43.2 
50.1 
50.1 
57.0 
63.8 
63.R 

NUi..,SER 
TLINE 

63.8 
63.8 
64.6 
64.6 
65.5 
65.5 
66.3 

"3 

RSG-11 LINE 2-1 P WAVES 

LINE SEGMENT NUMBER 1 
X, M T. M$ TLINE 

3.0 18.5 15.0 
3.0 13.5 15.0 
~.O 13.0 15.0 

LINE 
X, M 

3.0 
3.0 
3.0 
6.0 
6.0 
6.0 
9.0 
9.0 
9.0 

12.0 
12.0 
12.0 
15.0 
15.0 
15.0 
18.0 
18.0 
lR.D 
21.0 
21.0 
24.0 
24.0 
24.0 
27.0 
27.0 
27.0 

SEGP.lfNT 
T. MS 
18.5 
13.5 
13.0 
21.0 
21.0 
21.0 
26.5 
27.0 
27.0 
3~.O 
32.0 
32.0 
39.5 
40.0 
40.0 
49.0 
46.0 
4R.0 
58.0 
56.0 
62.0 
63.0 
62.0 
67.0 
6~.0 
67.0 

NUMBER 
TLINE 

13.9 
13.q 
13.9 
20.6 
20.6 
20.6 
27.4 
27.4 
27.4 
34.1 
34.1 
34.1 
40.9 
40.Q 
40.9 
47.6 
47.6 
47.6 
54.4 
~5 4.4 
61.1 
61.1 
61.1 
67.8 
67.8 
67.8 

2 

LINE SEGMENT NUM8ER 3 
X. M T. MS TLINE 
27.0 67.0 6~.7 
27.0 66.0 6~.7 
27.0 67.0 65.7 

-0.& 
-0.4 
-0.7 

0.3 
0.3 

-0.5 
-0.5 
-0.4 
-3.? 
-0.1 
1.9 
1 • 0 
0.2 
0.2 

DIFF 
o.? 
0.2 
0.4 

-0.6 
-0.5 
-0.') 

0.7 

DIFF 
3.5 

-1.5 
-?.o 

OIFF 
4.6 

-0.4 
-0.9 

0.4 
0.4 
0.4 

-0.9 
-0.4 
-0.4 
-1.1 
-2.1 
-2.1 
-1.4 
-0.9 
-0.9 

1.4 
-1.6 

0.4 
3.6 
1 • (, 
0.9 
1.9 
0.9 

-O.p 
-1.8 
-C.R 

OIFF 
1.3 
O· '1t. ...... 
1.3 



30.0 68.0 67.4 0.6 60.0 8&.0 84.9 1.1 
30.0 69.0 67.4 1 • €) 63.0 E6.0 86.9 -0.9 
30.0 69.0 67.4 I.£:. 
30.0 66.0 67.4 -1.4 
30.0 65.0 67.4 -1.4 
33.0 70.0 69.0 1.0 RSG-l1 LINE 3-1 P WAVES 33.0 69.5 69.0 0.5 
33.0 70.0 69.0 1 • 0 
33.0 68.0 69.0 -1.0 LINE SEGMENT NUM BER 1 33.0 67.U 69.0 -2.0 X , M Tt MS TLINE OIFF 
36.0 73.0 7:1.6 2.lf 0.0 0.0 0.0 -0.0 36.0 73.0 70.6 2.4 3.0 13.0 10.3 2.7 36.0 73.0 70.6 2.4 f.O 20.5 20.6 -0.1 36.0 68.5 70.6 -2.1 9.0 3C.0 30.S -0.9 36.0 67.0 70.6 -3.6 
39.0 70.0 72.3 -2.3 
39.0 70.0 7 r

; ~ -2.3 LINE SEGMENT NUMBlR r, '-.'" c.. 42.0 73.0 73.9 -0.9 )( . M T. MS TLINE DIFF 
42.0 73.0 73.9 -0.9 9.0 30.0 ~1.5 -1.5 
45.0 75.0 75.5 -0.5 12.0 3e.O 37.4 U.6 
45.0 75.0 75.5 -0.'5 15.0 44.5 43.2 1.3 48.0 78.0 77.1 o a 18.0 50.0 49.0 1.£1 . .; 
4R.O 78.0 77.1 0.9 21.0 54.0 54.8 -0.8 
51.0 78.0 78.8 -C.b 24.0 60.0 60.6 -0.6 51.0 78.0 78.8 -0.8 
54.0 80.0 80.4 -0.4 
54.0 RO.C AO.4 -0.4 LINE SEGMENT NUMBER 3 57.0 82.0 t.?O -0.0 X t M T. MS TLINE OIFF 57.0 83.0 82.0 leO 27.0 64.0 64.2 -0.2 60.0 82.0 83.6 -1.6 30.0 66.0 66.C O. 0 
60.0 85.0 83.6 1.4 33.0 68.5 67.7 O.B 63.0 86.0 85.3 0.7 36.0 69.0 69.5 -0.5 63.0 87.0 8~.3 1.7 

RSG-11 LINE 3-2 P wAVES 
RSG-11 LINE 2-2 P wAV [$ 

LINE SEGMENT NUMBER 1 
LINE SEGMENT NUMBER 1 X. M Tt MS TLINE DIFF 
X, M Tt MS TLINE OIFF 3.0 12.0 12.0 o .0 

3.0 10.0 10.0 0.0 

LINE SEGMENT NUMBER 2 
LINE SEGMfNT NUMBER 2 X. M T • MS TLINE OIFF 
x" tJ. T. MS TLINE DIFF 3.0 12.0 13.1 -1.1 

3.0 10.0 10.5 -0.5 6.0 19.0 19.:> -0.2 
6.0 18.0 11.4 o.~ 9.0 25.0 25.4 -0.4 
S.O 23.5 24.2 -0.7 12.0 33.0 31.5 1.5 

12.0 31.0 31.1 -0.1 15.0 38.0 37.7 0.3 
15.0 38.0 38.0 0.0 18.0 45.0 43.8 1 .2 
18.0 45.0 44.9 0.1 21.0 50.0 1;)0.0 0.0 
21.0 5~.5 51.8 1.7 24.0 56.0 56.1 -0.1 
24.0 59.0 58.6 0.4 27.0 61.0 ~2.3 -1.3 
27.0 64.0 65.5 -1.5 

LINE SEGMENT NUMBER ?I 
LINE SEGMENT NUMBER ~ X • M Tt MS TLINE DIFF 
X, M Tt MS TLINE DIFF 27.0 61.0 61.6 -0.6 
21.0 64.0 63.8 0.2 30.0 64.5 63.9 0.6 
30.0 66.0 65.7 (;.3 33.0 67.0 66.3 0.1 
30.0 64.5 65.7 -1.2 36.0 6R.0 68.6 -0.6 
33.0 68.0 67.6 0.4 
33.0 66.0 67.6 -1.6 
36.0 71.0 69.5 1.5 
36.0 69.0 6'3.5 -0.5 RSG-11 LINE 4-1 P iJAVES 
39.0 71.0 71.5 -0.5 
42.0 74.0 73.4 0.6 
45.0 77.0 75.3 1.7 LINE SEGMENT NUMBER 1 
48.0 78.0 77.2 0.8 X. M Tt MS TLINE DIFF 51.0 79.5 79.2 0.3 0.0 0.0 0.0 -0.0 
54.0 80.0 81.1 -1.1 1.0 6.0 5.2 0.8 
51.0 82.0 83.0 -1.0 2.0 10.0 10.4 -0.4 
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LINE SEGMENT NUMBER ,> 
!_ .. RSG-l1 LINE 5-1 P WAVES 

X , M T. '"1S TLINE DIFF 
3.0 11.0 11.9 -0.'3 

LINE SEGMENT NUMBER 1 6.0 17.0 18.2 -1.2 
9.0 23.0 24.5 -1.5 X • M Tt MS TLINE DIFF 

12.0 29.0 30.8 -1.8 3.0 14.0 14.0 0.0 
15.0 36.0 37.1 -1.1 
18.0 42.0 43.4 -1.4 

LINE SlGMENT NUMBER. ? 21.0 50.0 49.7 0.3 
24.0 58.0 56.0 2.0 X. M T, MS TLINE DIFF 

2.0 10.0 9.8 0.2 3.0 14.0 14 .2 -0.2 
3.0 13.0 11.9 1 • 1 6.0 21.0 20.5 0.5 
5.0 17.0 16.1 0.9 9.0 27.5 26.8 0.7 
6.0 2(1.0 18.2 I.? 12.0 33.0 33.1 -0.1 
7.0 20.5 20.3 0.2 15.0 39.0 39.4 -0.4 
8.0 23.0 22.4 0.6 18.0 lfl.f.O 45.7 -1.7 
9.0 25.0 24.5 0.5 21.0 52.5 52.0 0.5 

24.0 59.0 58.2 0.8 

LINE SEGMENT NUMBER 3 
SEGMENT NUMEER 3 X. M Tt MS T LI NE DIFF LINE 

24.0 58.0 57.6 0.4 . X, M T • MS TLINE DIFF 
27.0 60.0 60.4 -0.4- 24.0 59.0 59.2 -0.2 
30.0 63.0 63.2 -0.2 27.0 62.0 61.5 0.5 
33.0 66.0 66.0 o • 0 30.0 64.0 63.8 o ') .L 

36.0 69.0 68.8 0.2 33.0 65.0 66.1 -1.1 
36.0 69.0 68.4 0.6 

RSG-11 LINE 4-2 P IJAVES RSG-l1 LINE 5-2 P WAVES 

LINE SEGMENT NUMBER 1 LINE SEGMENT NUMBER 1 
X. M T. MS TLINE DIFF X • M T • MS TLINE DIFF 

0.0 0.0 -0.0 o • 0 3.0 12.0 12.0 0.0 
1.0 4.5 4.7 -0.2 
2.0 9.5 9.4 o • 1 

LINE SEGMENT NUMBER L 
X. M Tt MS TLINE DIFF 

LINE S[GMENT NUMBER 2 3.0 12.0 12.4 -0.4 
X. M T. MS TLINE DIFF 6.0 19.0 18.8 0.2 
3.0 11.5 11.9 -0.4- 9.0 25.5 25.2 0.3 
f .• O 19.0 18.0 1.0 12.0 31.0 31.6 -0.6 
9.0 24.0 24.0 0.0 15.0 39.0 38.1 0.9 

12.0 30.0 30.0 -0.0 18.0 44.0 44.5 -0.5 
15.0 36.0 36.0 -0.0 21.0 51.0 50.9 0.1 
18.0 42.0 42.1 -C.l 24.0 57.5 57.3 0.2 
21.0 48.0 48.1 -0.1 27.0 63.5 63.8 -0.3 
24.0 53.5 54.1 -0.6 
27.0 60.5 60.2 0.3 

2.0 9.5 9.9 -0.4 LINE SEGMENT NUMBER 3 
3.0 11 .0 11.9 -0.9 X, M T. MS T LI NE DIFF 
4.0 14.0 13.9 0.1 27.0 63.5 63.0 0.5 
5.0 16.0 15.9 0.1 30.0 64.5 65.0 -0.5 
6.0 18.0 18.0 C.o 33.0 66.5 67.0 -0.5 
7.0 20.5 20.0 0.5 36.0 69.5 69.0 0.5 
8.0 22.5 22.0 0.5 
9.0 24.0 24.0 0.0 

RSG-l1 LINE 6-1 P WAVES 
LIN~ SEGMENT NUMBER 3 
Xt T, MS TLINE DIFF 

LINE 27.0 60.5 60.2 0.3 SEGMENT NUMBER 1 
30.0 62.0 62.0 0.0 X t M Tt MS TLINE DIFF 
33.0 63.0 63.7 -0.7 0.0 0.0 0.0 -0.0 
36.0 66.0 65.5 0.5 1.0 6.5 5.1 1.4 

2.0 9.5 10.2 -0.7 

LINE SEGMENT NUMBER ., 
t';. 

X, M Tt MS TLINE OIFF 
3.0 11.5 12.0 -0.5 
6.0 17.5 18.2 -0.7 
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9.0 24.0 24.5 -0.5 LINE SEGMENT NUMbER ;;: ... 
12.0 31.0 3D.? 0.2 X, M T, MS TLINE DIFF 15.0 3B.0 37.1 0.9 3.0 12.0 12.1 -0.1 18.0 44.0 43.3 0.7 9.0 24.5 24.8 -0.3 21.0 49.0 49.6 -0.6 12.0 31.5 31.1 0.4 
24.0 56.0 55.9 0.1 15.0 38.0 37.4 0.6 27.0 61.5 62.2 -0.7 18.0 43.0 43.7 -0.7 2.0 9.5 9.9 -0.4 

3.0 12.0 12.0 (i .0 
4.0 Ilt.O 14.0 -G.C LINE SEGMENT NUMBER 3 :).0 1f-.O 16.1 -0.1 X, M T. MS TLINE DIFF 6.0 18.5 18.2 O.~ 24.0 65.0 S4.7 0.3 7.0 21.0 20.3 0.7 27.0 67.0 67.4 -0.4 
8.0 23.0 22.4 O.b 30.0 70.0 70.1 -0.1 9.0 24.5 24.5 -0.0 33.0 7,3.0 72.8 0.2 

LINE SEGMENT NUMBER "7 

R SG -11 LINE 7-2 ..... J P WAVES X .. M T. t~S TLINE DIFF 
27.0 61.5 61.9 -0.4 
30.0 64.5 63.9 0.6 LINE SEGMENT NUMB[R 1 33.0 66.0 65.8 0.2 
36.0 67.5 67.8 -0.3 X, M T. MS TLINE DIFF 

0.0 0.0 0.0 o • J 
3.0 12.0 12.0 0.0 

RSG-11 LINE 6-2 P WAVES 
LINE SEGMENT NUMBER .... 

( 

X, M T. MS TLINE OIFF 
LINE SEGMENT NUMBER 1 3.0 12.0 12.9 -0.9 X t M T, MS TLINE DIFF 6.0 19.0 19.1 -0.1 0.0 0.0 -0.0 O. 0 9.0 25.5 25.4 0.1 

1.0 4.0 4.2 -0.2 12.0 32.0 31.6 0.4 
2.0 8.5 8.4 0.1 15.0 39.0 37.8 1.2 

18.0 45.0 44.1 0.9 
21.0 49.0 50.3 -1.3 

LINE SEGMENT NUMBER 2 24.0 57.0 56.5 0.5 X, M T, MS TLINE DIFF 27.0 62.0 62.8 -0.8 3.0 12.0 12.1 -0.1 
6.0 19.5 18.7 0.8 
9.0 2f.O 25.3 0.7 LINE SEGMENT NUMBER "-

12.0 32.0 32.0 0.0 X. M T, ~s TLINE DIFF 15.0 41.0 38.6 2.4 27.0 62.0 61.9 0.1 
18.0 47.0 45.2 1.8 30.0 67.0 67.2 -0.2 
21.0 52.0 51.8 0.2 33.0 72.5 72.4 0.1 
24.0 5e.o 58.4 -0.4 
27.0 63.0 65.1 -2.1 
2.0 8.5 9.9 -1.4 
3.0 11.8 12.1 -0.4 

PSG-II LINE 8-1 P wAVES 4.0 14.5 14.3 0.2 
5.0 16.5 16.5 -0.0 
6.0 18.5 18.7 -C.2 
7.0 21.0 20.'3 I) .1 LINE SEGMENT NUMBER 1 
8.0 22.5 23.1 -0.6 x. "1 T, MS TLINE OIFF 
9.0 24.5 25.3 -0.8 0.0 0.0 0.0 -0.0 

1.0 5.3 4.7 0.6 
2.0 9.0 9.3 -0.3 

LINE SEGf"'ENT NUM BER "-.: ..; 

X. M T, MS T LINE OIFF 
27.0 63.0 63.1 -0.1 LINE SEGMENT NUMBER 2 
30.0 65.0 64.7 0.3 X, M Tt MS TLINE OIFF 
33.0 66.0 66.3 -0.3 3.0 11.0 10.6 0.4 
36.0 68.0 67.9 0.1 6.0 16.0 16.7 -0.7 

9.0 23.5 22.8 0.7 
12.0 30.0 28.9 1.1 
15.0 35.5 35.0 0.5 

RSG-11 LINE 7-1 P WAVES 18.0 41.0 41.1 -0.1 
21.0 46.5 47.3 -0.8 
24.0 54.0 53.4 O.b 

LINE SEGMENT NUMBER 1 2.0 9.0 8.5 0.5 
X, M T. MS TLINE DIFF 3.0 11.0 10.6 0.4 

3.0 12.0 12.0 0.0 4.0 13.0 12.6 0.4 
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5.0 14.0 14.6 -0.6 LINE SEGMENT NUMBER ~ 

6.0 17.3 16.7 O.b X. M T, r...,s TLINE DIFF 
7.0 18.0 18.7 -0.7 27.0 64.5 63.5 1.0 
e.o 19.0 20.8 -1.8 30.0 64.0 6~). 0 -1.0 
9.0 22.3 22.8 -0.5 33.0 65.8 66.6 -0.8 

36.0 69.0 68.1 0.9 

LINE SEGMENT NUf'1BER 1: 
..J 

X, M T, MS T LI NE OIFF kSG-11 LINE 9-2 P WAVES 
27.0 65.0 64.5 0.5 
30.0 66.5 66.8 -0.3 
33.0 68.5 69.1 -0.6 LINE SEGM[NT NU t-, BE R. 1 
36.0 72.0 71.4 0.6 X, M T. MS TLINE DIFF 

3.0 12.5 12.5 0.0 

R SG -11 LINE 8-2 P wAVES LINE SEGMENT Nur~8ER 2 
X. M T. MS TLINE DIFF 

LINE SEGMENT NUMBER 1 3.0 12.5 11.1 1.4 
X • M T. MS TLINE DIFF 6.0 17.0 17.8 -0.8 

0.0 0.0 0.0 -0.0 9.0 23.5 24.5 -1.0 
3.0 15.0 14.1 0.9 12.0 31.5 31.2 0.3 
1.0 5.0 4.7 0.3 15.0 37.5 37.9 -0.4 
2.0 9.0 9.4 -0.4 18.0 44.0 44 .6 -0.6 
3.0 13.3 14.1 -0.8 21.0 52.5 51.3 1.2 

2't.O 59.5 58.0 1 c:, . ..-
27.0 63.5 64.7 -1.2 

LINE SEGMENT NU~1 BER -X, M T, MS T LI NE DIFF LINE SEGMENT NUMBER 3 3.0 15.0 12.7 2.3 
9.0 26.0 24.1+ 1.6 X t r~ Tt ~s TLINE DIFF 

12.0 33.0 30.2 2.8 27.0 63.5 64.0 -0.5 
15.0 39.0 36.1 2.q 30.0 67.0 66.3 O.R 
18.0 43.0 41.9 1 .1 33.0 68.5 68.5 0.0 
21.0 47.5 47.8 -0.3 36.0 70.5 70.8 -0.3 
27.0 58.0 59.5 -1.5 

3.0 13.3 12.7 0.5 
RSG-11 P WAVES 4.0 15.5 14.6 0.9 LINE 10-1 

5.0 15.0 16.6 -1.6 
6.0 17.5 18.~ -1.0 

SEGMENT NUMBER 1 7.0 18.3 20.5 -2.2 LINE 
E.O 20.3 22.4 -2.2 X, ,., T. MS TLINE DIFF 
9.0 21.U 24.4 -3.4 0.0 0.0 -0.0 0.0 

3.0 11.5 10.7 0.8 
1.0 3.0 3.6 -O.E-

LINE SEGMENT NUM8ER 3 2.0 7.0 7.2 -0.2 
X, M Tt MS TLINE DIFF 3.0 10.3 10.7 -0.5 
30.0 69.0 6H.9 0.1 
33.0 70.0 70.2 -0.2 
36.0 71.5 71.4 0.1 ~;N~ SEV~E~! NU~~l~E 2 OIFF 

3.0 11.5 11.4 0.1 

R SG -11 LINE 9-1 P WAVES 6.0 16.5 17.9 -1.4 
9.0 24.0 24.4 -0.4 

12.0 29.0 30.9 -1.9 
LINE SEGMENT NUMBER 1 18.0 44.0 43.9 0.1 

21.0 50.0 50.5 -0.5 X, M Tt r1S TLINE DIFF 24.0 57.0 57.0 0.0 
3.0 11.0 11.0 0.0 27.0 64.0 63.5 0.5 

3.0 10.3 11.4 -1.1 

LINE SEGMENT NUM BER 2 4.0 13.5 13.5 -0.0 
5.0 16.8 15.7 1.0 x. M T, r-1S TLINE DIFF 6.0 19.0 17.9 1 .1 

3.0 11.0 11.9 -0.9 8.0 23.0 22.2 0.8 
6.0 19.0 18.3 0.7 9.0 26.0 24.4 1.6 
9.0 25.5 24.8 0.7 

12.0 31.5 31.3 0.2 
15.0 38.0 37.7 0.3 LINE SEGMENT NUMBER 3 
18.0 44.0 44.2 -0.2 X, M Tt MS TLINE DIFF 
21.0 49.0 50.6 -1.6 27.0 64.0 64.7 -0.7 
24.0 57.0 51.1 -0.1 30.0 68.0 66.9 1.1 
27.0 64.5 63.6 0.9 33.0 69.0 69.1 -0.1 

36.0 71.0 71.3 -0.3 
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RSG-ll LINE 10-2 P wAVES 15.0 34.5 35.1 -0.6 
IB.O 41.0 41.6 -0.6 
21.0 48.0 48.0 -0.0 

LINE SEGMENT NUMBER 1 24.0 54.0 54.5 -0.5 
X~ r~ T, MS TLINE DIFF 27.0 61.5 60.9 0.6 

0.0 o .0 -0.0 0.0 30.0 68.0 67.4 0.6 
1 .0 4.0 4.6 -0.6 
2.0 9.5 S.2 0.3 

LINE SEGMENT NUMBER 3 
X, ,.1 T, MS TLINE DIFF 

LINE SEGMENT NUMBER. 2 30.0 68.0 67.9 0.1 
X t M T t t4 S TLINE OIFF 33.0 69.0 69.2 -0.2 

3.0 12.0 12.2 -0.2 36.0 70.5 70.4 0.1 
6.0 18.5 18.9 -0.4 
9.0 26.0 2:·.5 0.5 

12.0 32.5 32.1 0.4 RSG-l1 TEST SITE L Il~E 11-2 P w~VES 
15.0 39.0 38.8 0.2 
18.0 ilS.O 45.4 -0.4 
21.0 51.5 52.1 -0.6 LINE SEGME~'JT NUMe[~ 1 
24.0 58.0 58.7 -0.7 X. M T. MS TLINE OIFF 
27.0 66.0 65.4 0.6 1.0 4.0 3.2 0.8 

2.0 9.5 10.0 -0.5 2.0 6.5 6.4 0.1 
3.0 11.5 12.2 -0.7 3.0 9.8 9.7 o • 1 
4.0 15.0 14.4 Q.6 3.0 9.5 9.7 -0.2 
5.0 16.5 16.6 -0.1 4.0 12.8 12.9 -0.1 
6.0 18.5 18.9 -0.4 
7.0 21.5 21.1 0.4 
8.0 24.0 23.3 0.7 ~!N~ SEV~E~! NU~~lNE " 
9.0 26.0 25.5 0.5 

c::: 
OIFF 

4.0 12.8 12.8 -0.0 
5.0 15.0 15.1 -0.1 

LINE SEGMENT NUMBER 3 6.0 17.5 17.3 0.2 
x. M T. MS TLINE DIFF 6.0 17.0 17.3 -0.3 
27.0 66.0 65.9 0.1 7.0 20.0 19.6 0.4 
30.0 67.5 67.3 0.2 8.0 22.0 21.9 0.1 
33.0 6~.O 68.7 -0.7 9.0 26.0 24.1 1.9 
36.0 70.5 70.1 0.4 9.0 23.8 24.1 -0.4 

12.0 30.5 30.9 -0.4 
15.0 36.0 37.7 -1.7 
1R.0 44.0 44.5 -0.5 

RSG-11 TEST SITE LINE 11-1 P W AV E S 21.0 50.0 51.3 -1.3 
24.0 60.0 58.1 1.9 
27.0 65.0 64.9 o • 1 

LINE SEGMENT NUMBER 1 
X. M T. MS TLINE OIFF 

1.0 3.0 3.2 -0.2 LINE SEGMENT NUMBER 3 
2.0 7.0 () • '5 0.5 X, M T, MS T LI NE OIFF 
3.0 9.5 9.7 -0.2 27.0 65.0 65.4 -0.4 
3.0 10.0 9.1 0.3 30.0 67.5 67.3 0.2 
4.0 12.8 13.0 -0.2 33.0 70.0 69.2 0.8 

36.0 70.5 71.1 -0.6 

LINE SEGMENT NUMBER 2 
X, M Tt MS TLINE DIFF RSG-11 LINE 11-1 P ~ AV E PEAKS 

4.0 12.8 11.5 1.3 
5.0 14.0 13.6 0.4 
6.0 15.0 15.8 -0.8 LINE S[GMENT NUM BEk 3 
6.0 15.0 15.8 -0.8 X. M T , f~ S TLI\!E DIFF 
7.0 18.5 17.9 0.6 30.0 72.0 71.8 0.3 
8.0 20.5 20.1 0.4 33.0 73.0 74.0 -1.0 
9.0 22.5 22.2 0.3 33.0 74.5 74.0 0.5 
9.0 22.0 22.2 -0.2 36.0 7~.5 76.2 -0.1 

12.0 28.0 28.7 -0.7 36.0 77.3 76.2 1 .0 
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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 
(XMIN, XMAXl = interval of line segment 

MSE = mean square error = (1/NPTSlV'l (T-TLINEJ2 

R SG -11 LINE 1-1 P WAVES 
SEGMENT XMIN XMAX NPTS VELOCITY INTERCEPT MSE CORREL 

NO. M M MIS TIMEt ~", S MS COEFF 
1 0.0 5.0 10 342. 0.0 0.3 D.99C9 
2 5.0 24.0 17 412. 2.4 0.2 0.9974 
3 24.0 36.0 5 1364. 42.A o .1 0.9918 

RSG-l1 LINE 1-2 P WAVES 
SEGMENT XMIN XMAX NPTS VELOCITY INTERCfPT MSE CORREL 

NO. M M MIS TIMEt MS MS CO[FF 
1 0.0 3.0 5 335. 0.0 0.3 O.Q931 
2 3.0 27.0 22 437. 2.1 0.2 0.9967 
3 27.0 36.0 7 3545. 56.2 0.2 0.7754 

R SG -11 LINE 2-1 P wAVES 
SEGMENT XMIN XMAX NPTS VELOCITY INTERCEPT MS[ CORR[L 

NO. M M MIS Tl'''1[, fJ! S ~'S CO[FF 
1 0.0 3.0 3 200. 0.0 1.4 0.9733 
2 3.0 27.0 26 445. 7.2 0.3 0.9916 
3 27.0 63.0 36 1844. 51.1 0.2 0.9440 

RSG-11 LINE 2-2 P wAVES 
SEGMENT XMIN XMAX NPTS VELOCITY INTERCEPT r-'SE CORR[L 

NO. M M MIS TIME, MS ~S COEFF 
1 0.0 3.0 1 300. -0.0 0.0 1.0000 
2 3.0 27.0 9 436. 3.6 0.3 0.9977 
3 27.0 63.0 16 1559. 46.5 0.2 0.9822 

R SG -11 LINE 3-1 P WAVES 
SEGMENT XMIN XMAX NPTS VELOCITY INTERCEPT MS[ CORREL 

NO. M M MIS TIME, MS MS CO[FF 
1 0.0 9.0 '+ 292. O. 0 0.7 0.9946 
2 9.0 26.0 (, 516. 14.1 0.4 0.9890 
3 26.0 36.0 4 1714. 48.5 0.2 0.9459 

RSG-11 lINE 3-2 P WAVES 
SEGMENT XMIN XMAX NPTS VELOCITY INTERCEPT MSE CaRREL 

NO. M M MIS TIMEt MS MS COEFF 
1 0.0 3.0 1 250. -0.0 0.0 1.0000 
2 3.0 27.0 9 488. 6.9 0.3 o .9971 
3 27.0 36.0 '+ 1277. 40.4 0.3 0.9460 

RSG-11 LINE 4-1 P wAVES 
SEGMENT XMIN XMAX NPTS VELOCITY INTERCEPT MS[ CORREl 

NO. M M MIS TIME, MS MS CaE FF 
1 0.0 2.0 3 192. 0.0 0.3 0.9941 
2 2.0 24.0 15 476. 5.6 0.3 0.9921 
3 24.0 36.0 5 1071. 35.2 0.1 0.9949 

RSG-11 LINE 4-2 ~ WAVES 
SEGMENT XMIN X AX NPTS VELOCITY INTERCEPT MSE CORREL 

NO. M M MIS TI~E, MS MS COEFF 
1 0.0 2.0 3 213. -0.0 0.1 0.9995 
2 2.0 27.0 17 498. 5.9 0.1 0.9991 
3 27.0 36.0 4 1714. 44.5 0.2 0.9459 

RSG-l1 lINE 5-1 P WAVES 
INTERCEPT MSE CORREl SEGMENT XM IN XMAX NPTS VELOCITY 

NO. M H MIS TIME, MS MS COEFF 
1 0.0 3.0 1 214. -0.0 0.0 1.0000 
2 3.0 24.0 8 477. 8.0 0.3 0.9973 
3 24.0 36.0 5 1304. 40.8 0.3 0.9653 
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RSG-l1 LINE 5-2 P WAVES 
SEGMENT XMIN XMAX NPTS VELOCITY INTERCEPT MS[ CORRfL 

NO. M M MIS TIMEt MS MS COEF~ 
1 0.0 3.0 1 250. -0.0 o • P 1.0000 
2 3.0 27.0 9 467. 5.9 0.2 O.QC)Q2 
3 27.0 36.0 4 1500. 45.0 o .2 O.9:1?4 

RrG-11 lINE 6-1 P WAV~S 
S GMENT XMIN XMAX PTS VELOCITY INTERCEPT M ~,r CORREl 

NO. M M ~1 /s TIM[, ~!:S i"lS COFFf 
1 0.0 2.0 ":t 19 f •• 0.0 r, t.: C.9b15 ~. u .~; 
2 2.0 27.0 17 478. 5.7 0.1 0.9990 
3 27.0 36.0 4 1538. 44.4 (I.? O.9f{:"'7 

RSG-11 lINE 6-2 P WAVES 
SEGMENT XMIN XMAX NPTS VELOCITY INTERCfPT M Sf CORR[L 

NO. ~1 M MIS TIM r, fJ1 S f':S (OEFF 
1 0.0 2.0 3 ?33. -0.0 (; .1 0.9994 
2 2.0 27.0 17 453. 5 ~ ..... 0.2 o .99t,2 
3 27.0 36.0 4 1875. 48.7 o • 1 o .98[t6 

RSG-l1 LINE 7-1 P lJAVES 
SEGMENT XM IN XMAX NPTS VELOCITY INTERCEPT MSE (OR.REL 

NO. r., M MIS TIME, "'~ S ~, S COEFF 
1 0.0 3.0 1 250. -0.0 0.0 1.0000 
2 3.0 20.0 5 476. 5.8 0.2 0.9981 
3 20.0 36.0 4 1111. 43.1 a • 1 0.9918 

RSG-l1 LI~E 7-2 P WAVES 
SEGMENT MIN XMAX NPTS VELOCITY INTERCEPT MSE CORREl 

NO. M M MIS TIME, MS ~1S C OE 1= F 
1 0.0 3.0 2 250. 0.0 o • 0 1.0000 
2 3.0 27.0 9 481. 6.7 0.3 0.9975 
3 27.0 33.0 3 571. 14.7 o • 1 0.9992 

R G-l1 LINE 8-1 P WAVt.S 
SEGMENT XM IN XMAX NPTS VELOCITY INTERCEPT MSE CORREL 

NO. M M MIS TIM[, MS MS COEFF 
1 0.0 2.0 3 215. 0.0 0.2 0.9959 
2 2.0 25.0 16 490. 4.4 0.2 0.9969 
3 25.0 36.0 4 1304. 43.8 0.3 0.9618 

RSG-11 lINE 8-2 P WAVES 
SEGMENT XMIN XMAX NPTS VELOCITY INTERCEPT MSE CORRfl 

NO. M M MIS T Ir-1 E, M.S MS COE FF 
1 0.0 3.0 5 213. O. 0 0.3 0.9965 
2 3.0 28.0 14 51-.S. 6.h o.~ 0.9800 
3 28.0 36.0 3 2400. 56.4 0.1 0.9865 

RSG-l1 lINE 9-1 P WAVES 
SEGt~ENT XMIN XMAX NPTS VELOCITY INTERCEPT MS[ CORREl 

NO. M M MIS TIME, MS r:;s COEFF 
1 0.0 3.0 1 273. -0.0 0.0 1.0000 
2 3.0 27.0 9 465. 5.4 0.3 0.9978 
3 27.0 36.0 4 1967. 49.8 0.5 0.7664 

RSG-l1 LINE 9-2 P WAVES 
SEGMENT XMIN XMAX NPTS VELOCITY INTERCEPT MSE CORR [L 

NO. M M MIS TIMEt MS MS COEFF 
1 0.0 3.0 1 240. -0.0 0.0 1.0000 
2 3.0 27.0 9 448. 4.4 0.3 0.9966 
3 27.0 36.0 4 1333. 4·3.8 0.2 0.9666 
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R SG -11 LINE 10-1 P WAVES 
SE.G~1£NT xt-1 I N XMAX NPTS VELOCITY INTERCE.PT M~[ CORREL 

NO. M M r., IS T I 1"'[ t tv~ S t4 S COEFF 
1 0.0 3.0 5 280. -0.0 0.2 0.9960 
2 3.0 27.0 14 460. 4.8 0.3 0.9968 
3 27.0 36.0 4 1364. 44.9 0.3 0.9308 

RSG-l1 LINE 10-2 P ~AVES 
S~Grl[f'JT XMIN X r-j A X NFTS VELOCITY INTERCFPT r4 ~~ r CO R R fL 

NO. M M MIS TIPr, MS ~: ::' COEFF 
1 0.0 2. 0 3 217. - D. (J r... r; 

v • ~ (\ • '3 '3 ~.~ e 
2 2.0 27.0 17 452. 5.6 0.1 0.9991 
3 21.0 36.0 4 214.) • 53.3 o • ~ 0.9333 

RSG-11 T [ST SIT~~, LINE 11-1 P WJ\VES 
SEG~"ENT XMIN XMA X NPT':', VlLOCITY INTERCEPT M'Cf' CORR[L 

NO. M r"i MIS TI~lE, t~ S ~s COEFF 
1 0.0 4.0 r.- 308. a.o 0.1 0.9988 ..J 

~ 4.0 30.0 1: 465. 2 0 . ' 0.2 O.S9;3B 
3 30.0 36.Q 3 2400. 5:~.lt o .1 0.9865 

RSG-ll TEST SITE LINE 11-2 P WAVES 
s:: G r~ t~ N T X ~~ I N X rJ,A X NPTS VELOCITY IN TERCEPT Poi C'r 

• I ... ) :, ~ CORREl 
NO. !Vj M M /s TIME, MS t-l S C OE r. F 

1 0.0 4.0 5 310. 0.0 r ,-., 
u •• -:: D.99f~4 

2 4.0 27.0 14 it if~!. 3.7 o ~' . ,.: o .9 q (;7 
j 27.0 -56.0 4 1~7~. 48.3 o.~ 0.9371 

LInE 11-1 P WAVE PEAKS 

3 30.0 36.0 5 1313 49.3 0.3 .8314 
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Table A3. P wave velocity structure. 

Spread Thickness 
t Depth 

t 

Line Length Layer Velocity A B Dip** A B 
(m) (m s-l) (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 lu.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 U.8 
2 456 9.3 11.1 -3.9 lU.O 11.~ 

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 A 1. Line 1-1 P waves. 
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Figure A3. Line 2-1 P waves. 
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Figure A2. Line 1-2 P waves. 
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Figure A4. Line 2-2 P waves. 
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Figure A6. Line 4-2 P waves. 
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Figure A7. Line 5-1 P waves. 
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Figure A9. Line 6-1 P waves. 
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Figure A11. Line 9-1 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. 

33.0 1-3.3.0 1::'.0 -;?o 
36.C 145.0 145.9 -0.9 
3 Q .C 1~4.Q 156.7 -2.7 

RSG-l1 L I r.j E 1-1 SH IIJAV[S 42.0 169.C 167.5 1 .5 
4 I~. 0 177.0 17R.3 -1.3 
4:5. C 190.0 189.2 0.8 

LINE SEGMENT NUM t)[ ~ 1 51.0 1 cc g •. :; 200.0 -1.0 
X • M T. ~I' ("" TLINE DIFF 33.0 133.0 135.0 -2.0 ,) 

o • ~ G.O -0.0 f..O 3f .... 0 lq6.C Ilt5.9 e.1 
3.0 1 P • 0 18.2 -0.2 39.0 155.0 1 ~6. 7 -1 .7 
Z).O lE.5 18.2 n ~ 

IJ ... J CJ2.D 169.0 167.5 1.5 
:3.0 18.0 113.2 -0.2 45.0 177.0 1 78.3 -1.3 

48.0 188.0 189.2 -1.2 
51.0 199.0 200.0 -1.0 

L I f\J[ SLGMfNT NUMHfR ~ 54.0 212.0 210.8 ~.2 
X • ~~ T. ~S T L I ~!E OIFF 57.0 219.5 221.6 -2.1 

~,. a 1.~ • a 20.2 -2.2 6 ~3 .0 241.0 243 •. 3 -2.3 
6.0 31 • C 30.9 e.1 66.C 262.0 25CJ.l 7.9 
<?o '12.0 1+1.6 C • If ~) 4.0 20R.O 210.11 -2.8 

12.0 53.0 :;2.3 0.7 57.0 221 .0 221.6 -0.6 
1 ~J. 0 60.0 63.0 -3.0 60.0 235.0 232.5 2.5 
18.0 74.5 7? .• 7 U .8 63.0 246.0 2CJ3.3 2.7 
21.0 c:o.o R4.4 :'".6 66.0 257.0 25CJ.l 2.9 
30.0 116.0 116.6 -0.6 54.0 208.0 210.8 -2.8 
3E.0 137.0 138.0 -1.0 ~ 7.0 22G.0 221.6 -1.t; 
~.O 18.5 2('.2 -1.7 60.0 232.0 232.5 -o.Cj 
e.o 30.0 30. Q -O.e; 63.0 247.0 2'13.3 3.7 
9~O 42.0 41 .6 (1.4 66.0 256.0 254.1 I.? 

1~·. 0 53.0 52.3 0.7 6'3.0 262.5 264.9 -2.4 
1~, .0 62.5 63.0 -0.5 
18.0 74.0 7.3.7 0.3 
21 .0 50.0 8CJ.4 5.6 LINE SlGM[NT NUMBEK 3 
27.0 107.0 105.9 1 .1 X • M T, ..,S TLINE DIFF 
38.0 115.0 116.6 -1.6 69.0 262.5 260.1 2.4 
3::-·.0 125.0 127.3 -7.3 72.0 265.0 265.2 -0.2 
36.0 136.5 138.0 -1.5 78.0 272.0 275.5 -3.5 

~,. 0 18.0 20.2 -2.::' 81.0 279.0 280.6 -I.e; 
6.0 30.5 3C.9 -O.l; 84 .• 0 286.0 285.7 0.3 
9.0 4:2.0 41.6 r.4 87.0 293.5 2QO.9 2.6 

12.0 52.0 52.3 -0.3 
15.0 63.0 6:.0 -O.C 
1 8.0 74.0 7 ~I. 7 0.3 

RSG-11 LINE 2-1 SH WAVES 21.0 gg.O 8 4 .4 4.6 
24.0 97.5 95.2 2.3 
30.0 l1q.5 116.6 -2.1 LINE ~[GMENT NU"'BER 1 3:.0 125.5 127.3 -1.8 
:3~,. 0 1~7.0 13B .0 -1.0 x. M T. MS TLINE DIFF 

0.0 o • 0 -0.0 0.0 
~ n ..J." 26.0 25.5 0.5 

R SG -11 LI NE 1-2 ~H \Jt.VES ~.O 25.0 25.5 -(1.5 

L HJ[ SEGMENT f\lUMBER 1 LINE SEGMENT NUMBER 2 
x. M T, t..,s T LINf DIFF x. M T, rots TLINE OIFF 

0.0 0.0 -0.0 o • 0 3.0 26.0 2B.5 -2.5 
b.O 38.5 38.5 O.C 6.0 36.0 3k.4 -2.4 

s.o 43.0 4£<, • 3 -5.3 

:::f['~ENT NUMBER 
12.0 52.5 ~P.l -~.6 

'L I ~jE 2 15.0 68.0 68.0 0.0 
X. M T. MS TLINE DJFF 18.0 79.5 77.8 1 .7 

('.0 3R.5 37.6 0.° 21.0 90.0 87.7 2.3 
q.D 47.0 4El.4 -1 .4 ~4.0 101 .0 97.6 3.4 

12.C 62.0 ~,9 .3 2.7 27.0 110.5 107.'1 3. ] 
15.C 7::.0 70.1 ?CJ 3C.O 117.0 117.3 -0.3 
IP.C Bo.r PC.9 ~.1 3~.0 128.0 127.2 o.~ 
21.0 94.0 91.7 ~.3 3S.'J 141.0 137.0 4.0 
24.C 1C~.C 102 • t, - o. f· 3.(' 25.0 28.5 -5.5 
3~.C 133.0 1 ?5. 'J -2.0 6.0 35.0 ~8.4 -2.CJ 
3 f·. ~ lCJ3.0 14c).9 -2.S :,.0 44.0 43.3 -4.3 
3t).C 154.~ 156.7 -2.7 12.0 ~O.O 58.1 -q.l 
42.0 169.0 1f-7.~ 1 .5- 1e.o 79.0 77.8 1.2 
CJ~.C 177.5 1 78. '3 -w.B 24.0 104.0 97.6 6.4 
4,~. a 183.8 1F9.2 -1 .2 27.0 111.0 107.4 3.~ 
51.0 200.0 2(0.C 0.0 30.0 120.0 117.3 2.7 
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3.3.0 129.Q 127.2 1.8 
3f-.0 142.0 137.0 ~,. a LINF S[GMfNT NUMBfR ,.... 

" 
33.0 13~,.0 127.2 r:: 0 x. ,.~ T, fY;S TLINE DIFF 
36.0 145.0 

_it. ,_ 3.0 17.0 16.q 0.6 137.0 ~. 0 
39.0 149.0 146.9 2.1 3.0 19.0 16.4 2.h 

42.0 155.0 156.1 -1.7 4.0 20.0 20.2 " '" 
~.O 24.:; 

-v.L 
33.0 130.0 127.2 2.R 23.9 o. fJ 
36.0 143.0 137.0 (,.0 6.0 27.0 27.6 -0 .I~, 

45.C 165.0 166.6 -1.6 6.0 2q.J 27.6 1.4 
~1.0 186.0 lR(,.3 -0.3 7.0 ?IO. a ~1.3 -1.3 
54.0 195.0 196.2 -1.2 

g.o 34.0 35.0 -1.0 
57.0 201.0 206.1 -5.1 9.0 37. r::;, ~·2 .8 -1.'2 
60.0 215.0 215.9 -0.9 9.0 :.Y.O 38.8 () '" 

12.0 
U.L 

6:.0 220.0 225.8 -~ .• 8 50.n 4q.9 0.1 
66.0 226.0 235.6 -9.6 

15.0 ~9.0 61.1 -2.1 
18.0 70.0 72.2 -2.2 
21.0 81.0 83.4 -~~t.4 

24.0 g9.0 S4.6 4.4-
RSG-l1 LINE 2 -2 SH WAVES 21.0 10P.D 105.7 2.~ 

30.0 117.0 116.9 0.1 
33.0 127.0 128.0 -1.0 

LINE SfGMENT NUMHER. 1 3';.0 13S.0 139.2 -0.2 x. M T. MS TLINE OIFF 
0.0 o.a 0.0 -0.0 
3.0 20.0 2:).0 n.o 
3.0 20.0 20.3 c.o RSG-l1 LINE 11-2 SH wA,VES 

L I ~~E SEGMENT NUMPER 2 LINE SEGMENT NUMBER 1 

X • M 12 MS TLINE OIFF x, M T • MS 1LINE DIFF 
3.0 _ 0 .0 22.8 -2.8 0.0 o • 0 -0.0 0.0 
6.0 30.0 33.5 -3.5 1.C 5.3 5.7 -0.5 
9.(\ 42.0 44.3 -2.3 2.0 12.0 11.4 0.6 

12.0 '56.0 5".0 1.0 3.0 17.0 17.1 -0.1 
15.0 70.0 65.1 q.3 3.0 17.0 17.1 -0.1 
18.0 80.0 76.5 . ., • 5 
21.0 89.5 B7.2 2.3 
24.0 100.5 97.9 2.6 X!N~ SEV~E~! NU~e~~ 

") 

27.0 109.5 108.1 0.8 I~[ 
1:.., 

DIFF 
3e.o 122.0 119.4 2.6 3.0 17.0 1(: .9 0.1 
33.0 131.0 130.1 c.q 3.0 17.0 16.9 C.1 
36.0 143.0 140.8 2.2 4.0 19.0 20.9 -1.9 

3.0 20.0 22.8 -?8 5.0 25.0 24.9 0.1 
b.O 34.0 33.5 0.5 6.0 28.5 2R.9 -0.4 
g.o 45.0 44.3 0.7 6.0 30.0 28.9 1 .1 

12.0 56.0 55.0 1.0 6.0 29.0 28.9 0.1 
15.0 68.0 65.1 2.3 7.0 33.0 32.E 0.2 
18.0 82.5 16.5 6.0 8.0 36.5 36.8 -0.3 
21.0 8R.0 87.2 0.8 9.0 40.0 40.8 -0.8 
24.0 91.0 97.9 -0.9 9.0 41.0 40.8 0.2 
27.0 104.0 108.7 -4.7 9.0 41.0 40.8 0.2 
30.0 117.5 119.4 -l.g 12.0 52.0 52.7 -0.7 
33.0 130.0 130.1 -0.1 12.0 51.0 52.7 -1.7 
36.0 143.0 140.8 2.2 15.0 65.0 64.7 0.3 
33.0 123.0 130.1 -7.1 15.0 64.0 64.7 -0.7 
45.0 178.0 173.0 5.0 18.0 71.0 76.6 0.4 
33.0 125.0 130.1 -5.1 18.0 78.0 16.6 1.4 
36.0 135.0 140.8 -s.e 21.0 89.0 88.6 0.4 
39.0 150.0 151.6 -1.6 21.0 89.0 88.6 0.4 

24.0 102.0 100.5 1.5 
24.0 102.0 100.5 1.5 
27.0 115.0 112.4- 2.6 

RSG-11 1[ST SITE LINE 11-1 SH 30.0 125.0 124.4 0.& 
30.0 125.0 124.4 0.6 

wAVES 33.0 137.0 136.3 0.1 
33.0 135.0 136.3 -1.~ 

LINE SEGMENT NUMBER 1 
36.0 146.0 14B.3 -2.3 

X. M T, MS TLINE DIFF 
36.0 146.0 148.3 -2.3 

0.0 0.0 -0.0 0.0 
1.0 6.0 6.4 -0.4 
2.0 13.0 12.8 0.2 
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Table 82. Fitted line segments for all SH refraction lines. 

RSG-l1 LINE 1-1 SH WAVES 
SEGMENT XMIN XMAX NPTS VELOCITY INTERCEPT MS£ CORR EL 

"NO. M M MIS Tlt-1E, r.,s MS COEFF 
1 0.0 3.0 4 165. -0.0 o .1 0.9998 
2 3.0 36.0 31 280. 9.5 0.4 0.9970 

R SG -11 LINE 1-2 SH wAVES 
SEGfv1ENT XMIN XMAX NPTS VELOCITY INTERCEPT MSE CORR rL 

NO. M M MIS TIME, MS MS COEFF 
1 0.0 6.0 2 156. -0.0 0.0 1.0000 
2 6.0 69.0 43 277. 16.0 0.4- 0.9984 
3 69.0 87.0 6 585. 142.1 O.g 0.9624 

RrG-l1 lI~E 2-1 SH WAV~S 
SGMfNT MIN XMAX N TS VELOCITY IN TERCEPT MSE CORR El 

NO. M M MIS TIMf:, MS ~1 S COfFF 
1 0.0 3.0 3 118. -0.0 0.2 0.9996 
2 3.0 66.0 35 304. 18.7 0.7 0.9946 

RSG-11 LINE 2-2 SH WAVES 
SEGMENT XMIN XMAX NPTS VELOCITY INTfRCEPT MS~ CORR F.:L 

NO. P1 M ~1 /S TIME, MS MS COE.FF 
1 0.0 3.0 3 150. 8.0 0.0 1.0000 
r, 3.0 45.0 29 280. 12.1 0.6 0.9941 c 

RSG-l1 TEST SITE LINE 11-1 SH wAVES 
SEGMENT XMIN XMAX NPT VELOCITY INT[RCEPT MSE CORR [l. 

NO. M M MIS TIME., MS r.4 $ CO[f"F 
1 0.0 2.5 3 15b. -0.0 o .1 0.9990 
2 2.5 36.0 19 269. j::, "2: 

~ ....... ) 0.4 0.9981 

RSG-l1 LINE 11-2 SH WAVES 
$E.Grv'ENT XMIN XMA j( NPT ,~. V[LOCIT Y INTERCEPT MSE CORRfL 

NO. M f1 M ;r:-, .. ' ..:> T I ~1 E, MS MS COEFF 
1 0.0 3.0 5 175. -0.0 0.2 0.9992 
c.:: 3.0 36.0 29 251. 5.0 0.2 0.9993 

Table 83. SH wave velocity structure for all refraction lines. 

Spread Thickness 
length Velocity (m) Dip Depth 

(m) m s-l A B (deg) A B 

1 87 1 165 1.0 1.6 1.0 1.6 
2 279 (20.7) (19.5) 0.2 (21.7) (21.1) 
3 (585) (-0.2) 

2 66 1 165 1.9 1.2 1.9 1.2 
2 291 1.6 

11 36 1 166 0.6 0.5 0.6 0.5 
2 260 1.6 
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Figures 81-84. Craphs of SH wave travel time vs. offset distance. Craphs for lines 1-1,1-2,2-1, and 2-2 are included here. 
Graphs for line 17 are given in the main body of this report. 
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Figure 81. Line 1-1 SH waves. 
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Figure 83. Line 2-1 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 veloci ty SH veloci ty Densit~ 
(m) (m s-1) (m s-1) (g cm- ) 

1.1 238 165 1.9 
9.5 467 276 2.0 

10.0 1590 276 2.1 
00 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 50 210 155 

.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 veloci ty Densit~ 
(m) (m s-1) (m s-1) (g cm- ) 

1.1 233 150 1.9 
9.5 436 280 2.0 

10.0 1590 280 2.1 
00 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 25 248 189 

.042 24 251 197 




