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S-Wave Refraction Survey of Alluvial Aggregate


By Karl J. Ellefsen, Gary J. Tuttle, Jackie M. Williams, and Jeffrey E. Lucius 

Abstract 

An S-wave refraction survey was conducted in the Yampa 
River valley near Steamboat Springs, Colo., to determine 
how well this method could map alluvium, a major source 
of construction aggregate. At the field site, about 1 m of soil 
overlaid 8 m of alluvium that, in turn, overlaid sedimentary 
bedrock. The traveltimes of the direct and refracted S-waves 
were used to construct velocity cross sections whose various 
regions were directly related to the soil, alluvium, and bed-
rock. The cross sections were constrained to match geologic 
logs that were developed from drill-hole data. This constraint 
minimized the ambiguity in estimates of the thickness and the 
velocity of the alluvium, an ambiguity that is inherent to the 
S-wave refraction method. In the cross sections, the estimated 
S-wave velocity of the alluvium changed in the horizontal 
direction, and these changes were attributed to changes in 
composition of the alluvium. The estimated S-wave velocity 
of the alluvium was practically constant in the vertical direc-
tion, indicating that the fine layering observed in the geologic 
logs could not be detected. The S-wave refraction survey, in 
conjunction with independent information such as geologic 
logs, was found to be suitable for mapping the thickness of the 
alluvium. 

Introduction 

Before a sand and gravel mine is opened in a new area, 
the sediment is usually drilled to determine whether it is 
suitable for aggregate and whether enough can be extracted 
to make the mine profitable. However, sometimes drilling is 
difficult because of the geology. For example, if the ground 
above a future mine is muddy or covered with water, then 
drilling trucks may be unable to reach every area that should 
be drilled. If the sediment for the future mine contains large 
boulders, the drill may hit a boulder and cause the driller to 
assume incorrectly that the drill has reached bedrock. Addi-
tional problems related to drilling are described by Timmons 
(1995). 

For those situations where drilling causes problems, 
some of the needed geologic information may be obtained 
with a geophysical survey. Surveys of sediment deposits have 
involved many different geophysical methods, including air-
borne imagery (Singhroy and Barnett, 1984), airborne elec-

tromagnetic profiling (Middleton, 1977), electrical resistivity 
sounding (Auton, 1992; Crimes and others, 1994; Jacobson, 
1955; Middleton, 1977; Saarenketo and Maijala, 1994; 
Wilcox, 1944), frequency domain electromagnetic profiling 
(Auton, 1992; Middleton, 1977), P-wave refraction (Crimes 
and others, 1994; Middleton, 1977; Odum and Miller, 1988; 
Saarenketo and Maijala, 1994), S-wave refraction (Barnett and 
Ellefsen, 2000; Ellefsen and Barnett, 2001), and ground-pen-
etrating radar (Jol and others, 1998; Saarenketo and Maijala, 
1994). Moreover, electrical resistivity sounding, time domain 
electromagnetic sounding, frequency domain electromagnetic 
profiling, and ground-penetrating radar were compared by 
Ellefsen and others (1998, 1999) to evaluate their suitability 
for characterizing sediments used for aggregate. 

For characterizing shallow sediments, S-wave refrac-
tion has several distinct advantages over other geophysical 
methods. One advantage is that S-wave refraction usually has 
better spatial resolution than many other geophysical methods. 
In other words, it can detect details in the geology that many 
other methods cannot. Another advantage is that S-waves in 
shallow sediments behave practically identically in unsaturated 
and saturated zones (McLamore and others, 1978), whereas 
P-waves, electromagnetic waves, and electrical current do 
not. Consequently, S-wave refraction data are simpler to col-
lect, process, and interpret than most other geophysical data. 
Finally, clays, which are often prevalent in soils and deposi-
tional lenses within sediments, generally affect S-waves less 
than they affect electrical conductivity. Thus, where there is a 
large amount of clay, S-wave refraction is more likely to work 
than, for example, electrical resistivity sounding, time domain 
electromagnetic sounding, and ground-penetrating radar. 

S-wave refraction is relatively new compared to other 
geophysical methods, and, consequently, it is used infre-
quently. Indeed, we believe that S-wave refraction has been 
used only once to characterize shallow sediments that could 
be mined for aggregate (Barnett and Ellefsen, 2000; Ellefsen 
and Barnett, 2001). This previous investigation was of a 9-km 
section of an alluvial valley with farms, ranches, and homes, 
and so the measurements were sparse. Moreover, the estimates 
of the depth to bedrock could be evaluated at only one locality 
where there had been some drilling. Because of the limitations 
of this investigation, a more thorough evaluation of S-wave 
refraction was deemed necessary. Consequently, a detailed S-
wave refraction survey was conducted; this survey was part of 
a Cooperative Research and Development Agreement between 
the U.S. Geological Survey and the Lafarge Corporation. 



���� 

���� 

���� 

2 S-Wave Refraction Survey of Alluvial Aggregate 

Field Site 

The field site is located in the State of Colorado, about 
12 km south of the town of Steamboat Springs, on the eastern 
side of the Yampa River valley (fig. 1). The geology in this 
and the surrounding area has been investigated by Kucera 
(1962), Buffler (1967), Tweto (1976), Snyder (1980), and 
Madole (1991); the description here relies primarily on the 
most recent investigations, which were by Snyder (1980) and 
Madole (1991). 

At the field site (fig. 1), alluvium, which is of Holocene 
and late Pleistocene age, was deposited by the Yampa River. 
The alluvium consists of sand, silt, gravel, and minor amounts 
of clay. At two gravel pits north of the field site but within the 
same river valley, alluvial clasts are predominantly granitic 
rocks (36 and 41 percent), amphibolite (39 and 40 percent), 
and volcanic rocks (16 and 17 percent) (Madole, 1991). The 

alluvium overlies the Browns Park Formation, which is of 
Miocene age. (An exception may be in the southeast corner of 
the field site, where the alluvium may overlie other rocks of 
Tertiary age. However, seismic data were not collected in this 
corner, and so these rocks are not described.) The Browns Park 
Formation consists of siltstone, sandstone, conglomerate, and 
minor chert beds. The Browns Park Formation lies unconform-
ably on three different rock units of Precambrian age: quartz 
monzonite, felsic gneiss to amphibolite metavolcanics, and 
pelitic schist. These Precambrian rocks crop out along the 
eastern edge of the field site. 

In an aerial photograph of the field site (plate 1), the 
approximate edge of the alluvium is indicated by the yellow 
dashed line. East of this line are Precambrian rocks, which 
form a steep hillside that rises above the Yampa River val-
ley (fig. 2A). The land on this hillside is undeveloped and is 
covered by small trees and bushes. West of the dotted line are 
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Figure 1. Location of the field site and geology near the site. Geologic map and cross section after Snyder (1980). 
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C 

Figure 2. A, View looking east along line AA’ (plate 1). In the foreground is pasture, which overlies alluvium. 
In the background is the hillside formed by Precambrian rocks. B, Ditch used to irrigate the pasture. C, View 
looking south along line BB’ (plate 1). In the foreground is a former stream channel. 

alluvium and the underlying Browns Park Formation. Here 
the land is flat and is currently used as pasture for cattle. The 
pastures are surrounded by barbed wire and are irrigated using 
small ditches (fig. 2B). The site is traversed by an abandoned 
stream channel, which is interpreted to be the ancestral Yampa 
River. The abandoned stream channel is lower than the sur-
rounding land, and its bottom is mud (fig. 2C). When the 
water table is high, the abandoned channel is filled with water. 

The alluvium was drilled by a private engineering com-
pany hired by the Lafarge Corporation. The company drilled 
17 holes using an auger with a diameter of 10.2 cm (4 inches). 
Precise locations of the drill holes were not in the report 
provided by the engineering company; consequently, the 
locations of the drill holes shown on plate 1 are approximate, 
and the error in these locations may be as much as 50 m. It is 
assumed that the drill cuttings were examined to determine the 
various geologic units because this information was not stated 
explicitly in the report. From these cuttings, geologic logs 
were developed and are reproduced on plate 2. The top of each 
log corresponds to ground surface, the bottom to the depth at 

which drilling ceased. The logs are plotted according to depth, 
which is relative to the ground surface near the drill hole. 

Except for drill hole 3 (plate 2), each geologic log shows 
three layers: topsoil, alluvium, and bedrock. The thickness of 
the topsoil ranges from 0.3 to 1.6 m, and its median thick-
ness is 0.8 m. The thickness of the alluvium ranges from 6.1 
to 9.1 m, and its median thickness is 7.8 m. The alluvium is 
subdivided according to the dominant particle size: silts and 
clays, sands, sands and gravels, and cobbles. The alluvium and 
the bedrock in these geologic logs correspond, respectively, 
to the Holocene–upper Pleistocene alluvium and the Browns 
Park Formation in the geologic map (fig. 1). The Browns Park 
Formation was reported as being “weathered to hard,” which 
is assumed to mean that this formation varied from weathered 
to slightly weathered. In drill hole 3, the auger intersected 
dense cobbles and then broke. Thus, the auger did not intersect 
bedrock, and so the bedrock layer is not in the geologic log. 
Furthermore, these dense cobbles are not reported in the geo-
logic logs provided by the engineering company—thus, they 
are not in the geologic logs on plate 2. 
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Seismic Investigation 

Data Collection 

S-wave refraction surveys were conducted from 6 to 9 
November 2001 and from 23 to 25 October 2002. For these 
surveys, Sh-waves were generated by an S-wave source 
designed by Hasbrouck (1983). Using a sledgehammer weigh-
ing 9.1 kg, the source was struck on one side, generating 
Sh-waves with one polarity. Then the source was struck on the 
opposite side, generating Sh-waves with opposite polarity. The 
waves were detected by geophones manufactured by Geo-
space, Inc., that were sensitive to the horizontal component of 
particle velocity. The geophones had a natural frequency of 
10 Hz, and their voltage sensitivity was almost constant from 
about 20 Hz to greater than 300 Hz. The voltages from the 
geophones were recorded by a RAS-24 seismograph manufac-
tured by Seistronix, Inc. This seismograph had 48 channels, 
and its analog-to-digital converter used 24 bits. The data were 
stored in the SEG-2 format (Subcommittee of the SEG Engi-
neering and Groundwater Geophysics Committee, 1990). 

The source and recording parameters are listed in table 1. 
A record length of 0.5 s was long enough to record all of the 
direct and refracted waves that were needed for the process-
ing; nonetheless, in 2002 the duration was increased to 1.0 s 
simply to record the entire surface wave. A sample interval 
of 0.5 ms was short enough to record with high fidelity all 
of the waves—because the highest frequency in the data was 
about 100 Hz, the corresponding period was 10 ms and was 
sampled 20 times. Lower frequencies were sampled even 
more. Because there was usually little ambient noise, filters 
were unnecessary, and two or three strikes of the source were 
enough. However, in a few instances, the wind was moderately 
strong, and five strikes of the source were necessary. 
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The spread used in 2001 consisted of 48 geophones 
spaced 1.5 m apart and five sources (fig. 3A). On either end, 
the two sources were 1.5 and 34.5 m from the closest geo-
phone. With this spread configuration, alluvium and bedrock 
were adequately probed with seismic waves. The spread was 
moved along the seismic line such that the distance between 
the last geophone on the current spread and the first geophone 
on the next spread was 1.5 m (fig. 3B). With this movement 

of the spread, geophone coverage along the seismic line was 
both continuous and uniform. The spread used in 2002 was 
identical to that used in 2001 except for a slight change in the 
locations of the sources. 

����������� 
������������ 
��������������� 
����������������� 

A B 

Figure 3. A, Configuration of the spread used in 2001. B, Movement 
of the spread along seismic line. The first spread is colored blue; the 
second red. 

Five seismic lines were used to investigate the field site, 
and they are labeled AA′, BB′, and so on (plate 1). Lines AA′ 
and BB′ were collected in 2001; lines CC′, DD′, and EE′ 
were collected in 2002. For those lines trending east-west, the 
first spread was on the eastern end, and the last spread on the 
western end. Hence, these spreads were numbered from east 
to west. For those lines trending north-south, the first spread 
was on the northern end, and the last spread on the southern 
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end. Hence, these spreads were numbered from north to south. 
The eastern ends of lines AA′ and CC′ are near the boundary 
between the alluvium and Precambrian rocks. Lines AA′, BB′, 
and DD′ cross the former stream channel. 

A typical example of the seismic data is shown in figure 
4. These particular data were collected along the western end 
of seismic line AA′ (spread number A5). The source was at 
104.7 m horizontal distance, just before the geophones. There 
are two sets of seismograms for the two polarities of the 
source. Between 104.7 and about 120 m horizontal distance, 
the wave that arrived first at the geophones was the direct 
wave that propagated through the soil and the underlying allu-
vium. Beyond about 120 m horizontal distance, the wave that 
arrived first at the geophones was refracted through bedrock. 
In addition to these two waves, there are also a Love wave, 
which is a type of surface wave, and another wave, which is 
between the refracted wave and the Love wave. This second 
wave is interpreted to be a leaky S-wave (Satô, 1952), which 
is analogous to the leaky modes in a layered acoustic medium 
(Aki and Richards, 1980, p. 319–335). This example shows 
that the record length of the seismograms (0.5 s) was long 
enough to fully record the refracted wave and that the sample 
interval (0.5 ms) was small enough to record all waves with 
high fidelity. 

For each spread, the locations of all sources and selected 
geophones were measured during a survey using an electronic 
total station instrument. These locations were in a three-
dimensional, Cartesian coordinate system, and the estimated 
maximum error in any location was about 5 cm. 
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Seismic Investigation 

Data Processing 

For each seismic line, a Cartesian coordinate system was 
selected. For those lines trending east-west, the origin of the 
coordinate system was on the western end of the line; for those 
lines trending north-south, the origin was on the southern end. 
Each coordinate system was oriented so that its z axis cor-
responded to elevation, its x axis corresponded to horizontal 
distance along the line, and its y axis was chosen to make the 
coordinate system right-handed. For each seismic line, the 
locations of all sources and all geophones were calculated 
from the locations measured during the survey. The calculated 
y coordinates were usually less than 0.5 m, and this result indi-
cates that the seismic lines were practically straight. 

The time at which the direct or the refracted wave arrives 
at a geophone is defined as the traveltime, and some examples 
of traveltimes are shown in figure 4. The traveltimes for all 
seismograms were picked manually and are displayed on plate 
3. Although the arrival of the direct or the refracted wave is 
usually obvious, sometimes it is not because the amplitude 
of the refracted wave may be small compared to the ampli-
tude of the ambient noise, the direct or refracted wave may 
be distorted because of scattering from heterogeneity, or the 
direct wave might be obscured by other waves associated with 
nonlinear deformation of the soil near the source. Because 
of these occasional difficulties, confidence in the traveltimes 
varies, and the confidence is classified as high, intermediate, 
low, or none. This classification is indicated by the colors 
used to plot the traveltimes (plate 3). Traveltimes with high 
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Figure 4. A typical example of seismic data. The seismograms recorded with one polarity of the 
source are red; the seismograms recorded with the opposite polarity are black. Several traveltimes 
for the refracted wave are indicated by the green arrows. 
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confidences have an error that is estimated to be about 4 ms. 
Of course, traveltimes with intermediate and low confidences 
have larger errors, although their magnitudes are not known. 
Picking the traveltimes and assigning the confidences were 
performed with a computer program similar to that developed 
by Ellefsen (2002). 

To process the traveltimes along a seismic line, a geologic 
cross section was made, and S-wave velocities were assigned 
to every area within the cross section (plate 3). The traveltimes 
for every geophone were calculated using a finite-difference 
solution of the eikonal equation (Podvin and Lecomte, 1991); 
the solution was three-dimensional and properly accounted for 
the three-dimensional locations of the sources and receivers. 
The calculated traveltimes were compared to the picked trav-
eltimes, and the differences (residuals) were used to determine 
where the cross section should be modified. This procedure 
was repeated until the important residuals were deemed small. 
Two ways were used to determine importance. First, the 
importance was equal to the confidence of the picked travel-
time—that is, the importance could be high, intermediate, low, 
or none. Second, the importance was inversely proportional to 
the source-geophone distance, which is defined as the distance 
along the ground between a source and a geophone. Thus, the 
importance of the residual was high for small source-geophone 
distances and was low for moderate to large distances. After 
the processing, the magnitudes of most residuals were less 
than 8 ms (plate 3), although some were much larger. This 
issue is discussed later. 

To develop a suitable cross section, a layer-stripping 
procedure usually worked well. First, the cross section had a 
single layer corresponding to the soil (or the mud in the former 
stream channel). After suitable velocities for the soil were 
determined, a second layer corresponding to the alluvium was 
added. After suitable thicknesses for the soil and velocities 
for the alluvium were determined, a third layer corresponding 
to bedrock was added. Finally, the velocities of bedrock were 
determined. The selection of the cross section was constrained 
in two ways: first, the cross section had to match the depths 
to the bedrock determined by drilling. That is, where a drill 
hole was close to a cross section (plate 1), the depth from the 
ground surface to bedrock determined by drilling had to match 
that in the cross section. Second, where two cross sections 
intersected (for example, AA′ and BB′ on plate 1), the cor-
responding layers and velocities had to be similar. 

Interpretation 

In the five cross sections (plate 3), the thickness of 
the topsoil ranges from 1.0 to 2.0 m, with a median of 1.5 
m. (These statistics, as well as similar statistics that will be 
presented later, were computed from samples of the cross 
sections, samples that were spaced 25 m apart.) The thick-
ness of the topsoil in the cross sections usually matches either 
the thickness of soil in the geologic logs (drill hole 4) or the 
combined thickness of the soil and an underlying silt and clay 

layer in the geologic logs (drill holes 1, 3, 3A, and 7). In the 
latter case, the S-wave refraction data were unable to differ-
entiate between the soil and the underlying silt and clay layer. 
The aforementioned matches are satisfying because informa-
tion on the thickness was not used in the processing. In the 
cross sections, the S-wave velocity of the topsoil ranges from 
70 to 150 m/s, with a median of 100 m/s. Such velocities are 
consistent with S-wave velocities for soil reported by other 
investigators (Kudo and Shima, 1981; Suyama and others, 
1986). Variations in the velocity are probably related to varia-
tions in the properties of the soil itself. 

In the five cross sections (plate 3), the thickness of the 
alluvium ranges from 2.8 to 8.1 m, with a median of 5.7 
m. The S-wave velocity ranges from 275 to 450 m/s, with 
a median of 350 m/s. Such velocities are consistent with S-
wave velocities for alluvium reported by other investigators 
(Kudo and Shima, 1981; Meissner and others, 1985; Suyama 
and others, 1986). In cross section BB′, the velocities of the 
alluvium are 350, 400, and 450 m/s on the left side, middle, 
and right side, respectively; similar changes in the velocity 
of the alluvium are observed in the other cross sections. Such 
velocity changes are attributed to changes in the composition 
of the sediments because S-wave velocities of unconsolidated 
sediments are affected by amount of clay (Bonner and others, 
1999 and 2001). 

The S-wave velocities of the bedrock range from 550 to 
750 m/s, with a median value of 675 m/s. The bedrock, except 
perhaps in two areas, is probably the Browns Park Formation, 
as reported in the geologic logs (plate 2). The two exceptions 
are the right (eastern) sides of cross sections AA′ and CC′, 
and these two are discussed later. The depth from the ground 
surface to the bedrock ranges from 4.2 to 9.2 m, with a median 
value of 7.3 m. The differences between the depths in the cross 
sections and those in the geologic logs range from 0.0 to 0.8 
m, with a median value of 0.6 m. (The computation omitted 
the differences associated with drill holes 3 and 3A because 
their geologic logs do not show the bedrock (plate 2).) Such 
small differences were expected because the depth from the 
ground surface to the bedrock was a constraint in the process-
ing. 

Cross sections AA′ and BB′ include three former stream 
channels that are filled with mud. The locations of these 
stream channels in the cross sections correspond exactly with 
the locations in the aerial photograph (plate 1). The S-wave 
velocities of the mud are 50, 60, and 70 m/s, which is low 
compared to the previously mentioned velocities for soil and 
alluvium. 

Discussion 

Traveltime Residuals 

Even though the magnitudes of most residuals are usually 
less than 8 ms, the magnitudes of some residuals are larger 
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than 8 ms and exceed this threshold over a significant portion 
of their associated spread (plate 3). (A residual is defined as 
the calculated traveltime minus the picked traveltime.) These 
anomalous intervals are of three types. The first type has large, 
negative residuals (that is, residuals less than –10 ms) and is 
found in spread C1 between 128.9- and 152.8-m horizontal 
distance, in spread C2 between 45.0- and 105.0-m horizontal 
distance, and in spread E2 between 128.8- and 160.4-m hori-
zontal distance. For each of these three instances, the source 
was at end of the spread, far from the geophones (fig. 3A). The 
cause of these three anomalous intervals is unknown. 

The second type of anomalous interval has moderately 
large, positive residuals (that is, residuals between about 7 and 
10 ms) and is found in spread D1 between 365.8- and 398.8-m 
horizontal distance, spread D2 between 256.5- and 283.4-m 
horizontal distance, spread D2 between 306.0- and 326.9-m 
horizontal distance, and spread D3 between 184.4- and 202.4-
m horizontal distance. Again, for each of these three instances, 
the source was at end of the spread, far from the geophones. 
The likely cause of these four anomalous intervals is weather-
ing of the bedrock (see Field Site section). Weathering prob-
ably is greatest at the top of the bedrock and decreases with 
depth, and so the velocity probably is lowest at the top of the 
bedrock and increases with depth. Thus, for those geophones 
that are far from a source, the recorded wave probably propa-
gated through deep, high-velocity bedrock, making the picked 
traveltimes less than the calculated traveltimes. 

The third type of anomalous interval has large, positive 
residuals (that is, residuals greater than about 10 ms) and is 
found in spread A1 between 394.1- and 455.5-m horizontal 
distance and in spread C1 between 109.4- and 164.9-m hori-
zontal distance. For each anomalous interval, the source was 
at the eastern end of the spread, near the boundary between 
the alluvium and the Precambrian rocks (plate 1). The likely 
cause of the anomalous intervals is a change in the bedrock— 
perhaps, the bedrock is Precambrian rock, or a thin layer of the 
Brown Park Formation overlying Precambrian rock, or terrace 
gravels (fig. 1). The first and second scenarios are attractive 
because the Precambrian rock, which is comprised of igneous 
and metamorphic rocks, probably has higher S-wave velocities 
than the Browns Park Formation, which is comprised of sedi-
mentary rocks (see, for example, Bonner and Schock, 1989). 
The high velocities would cause the S-waves to arrive early, 
making the residuals large and positive. On the other hand, 
the third scenario—bedrock consisting of terrace gravels—is 
attractive because it is consistent with the geologic logs from 
drill holes 3 and 3A, which indicate that dense cobbles are in 
these two holes. For this particular scenario, the terrace gravels 
must have a high S-wave velocity. To determine which, if 
any, of the three scenarios is correct would require drilling or 
excavation. 

Ambiguity of Cross Sections 

Although each layer in each cross section (plate 3) has 
a specific thickness and velocity, a reasonable question is 

Findings and Practical Implications 

whether there is any ambiguity in thickness, velocity, or both. 
This ambiguity is analyzed using that portion of cross section 
DD′ associated with spread D2 and using the traveltimes from 
one source (fig. 5). The properties of the alluvium were modi-
fied in three different ways. For the first modification, both the 
thickness and the velocity of the alluvium were decreased; for 
the second, both the thickness and the velocity of the alluvium 
were increased (fig. 5). For both modifications, the calculated 
traveltimes match the picked traveltimes almost as well as they 
do for the original cross section. The implication of this result 
is that there is some ambiguity in determining both the thick-
ness and velocity of the alluvium. Nonetheless, the ambiguity 
in the thickness can be reduced if the cross section incorpo-
rates independent information about the geology; indeed, dur-
ing processing, the thickness of the alluvium was constrained 
by the thickness obtained from geologic logs. 

For the third modification of the alluvium (fig. 5), its 
constant velocity was replaced by a velocity that increased 
linearly with depth. That is, the modified velocity was 275 
m/s at the top of the alluvium, and it increased linearly with 
depth so that it was 350 m/s at the bottom of the alluvium. 
This velocity function is a rough approximation to the velocity 
functions observed by Hunter (1998) and Bachrach and others 
(2000). For this modification, the calculated traveltimes match 
the picked traveltimes almost as well as they do for the origi-
nal cross section (fig. 5). The implication of this result is that 
there is some ambiguity in determining whether the velocity of 
the alluvium is constant or increases linearly with depth. This 
ambiguity could be reduced if there were independent infor-
mation about the velocity, such as velocity measurements from 
a surface-to-borehole survey. 

Findings and Practical Implications 

The focus of this investigation is to evaluate how well 
alluvium could be characterized with an S-wave refraction 
survey. In this regard, there are three significant findings. In 
cross section DD′ (plate 3), for example, the five regions inter-
preted as alluvium are homogeneous. However, the geologic 
logs for drill holes 1 and 9 show that the alluvium is heteroge-
neous—that is, the alluvium consists of layers, which are silts 
and clays, or sands, or sands and gravels. Comparisons for the 
other cross sections and their associated geologic logs (plate 3) 
lead to the same observation. Thus, the first finding is that the 
layering within the alluvium could not be delineated with the 
S-wave refraction method. 

In cross section DD′ (plate 3), for example, the five 
regions interpreted as alluvium show that the velocity of the 
alluvium changes significantly along the section. Examination 
of the other four cross sections leads to the same observation. 
The likely reason for these changes is that the composition of 
the sediment changes, but this hypothesis was not investigated 
because it would require additional work beyond the scope of 
the project. Thus, the second finding is that the S-wave refrac-
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Figure 5. Ambiguity in determining the thickness and the velocity of the alluvium. The cross section is extracted from cross sec-
tion DD’, near spread D2. 
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tion method may be able to map large-scale changes in the 
composition of alluvium. 

Because there is a trade-off between the thickness and the 
velocity of the alluvium (see Ambiguity of Cross Sections sec-
tion and fig. 5), the thickness cannot be accurately estimated 
using only S-wave refraction data. However, if additional geo-
logic information (for example, drill-hole data) is incorporated 
as a constraint during processing, then the thickness can be 
accurately estimated. Thus, the third significant finding is that, 
to estimate the thickness of the alluvium, the S-wave refrac-
tion method must be used in conjunction with other geologic 
methods. This finding is particularly important because the 
thickness affects estimates of aggregate reserves. 

Most of the useful geologic information about this field 
site was obtained from the drill holes, not from the S-wave 
refraction survey, because the geology here was simple. 
However, at other sites where the geology is complex and the 
drilling is difficult, we believe that useful geologic information 
could be obtained with S-wave refraction surveys. In this case, 
the refraction surveys should be conducted in conjunction with 
other characterization techniques such as drilling and perhaps 
other types of geophysical surveys. 
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Cross Sections Geologic Logs


650 S-wave velocity (m/s)


Mud in former stream channel


Topsoil


Alluvium


Bedrock


Topsoil


7 Drill-hole number


Silts and clays
(constituent of alluvium)


Sands
(constituent of alluvium)


Sands and gravels
(constituent of alluvium)


Browns Park Formation


Picked traveltime, high confidence


Picked traveltime, intermediate confidence


Picked traveltime, low confidence


Picked traveltime, no confidence


Calculated traveltime


A1 Spread number


Geophone coverage of spread


1. Locations of cross sections and drill holes are shown on plate 1.


2. Geologic logs for drill holes are from plate 2.


3. The length of each cross section corresponds to geophone coverage of the seismic line.


4. The elevation datums for cross sections AA' and BB' are the same, and so these two cross sections can be 
compared
    where they intersect. Likewise, the elevation datums for cross sections CC', DD', and EE' are the same, and 
so these 
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HORIZONTAL DISTANCE (in meters)


HORIZONTAL DISTANCE (in meters)


HORIZONTAL DISTANCE (in meters)


HORIZONTAL DISTANCE (in meters)





