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Abstract

In order to test the theoretical assumption that the 

velocity of shear waves increases much less than the 

velocity of compress i ona1 waves does at a water table, a 

seismic refraction survey was performed over a shallow water 

table in alluvial sediment. Using a sledge hammer and a 

partially buried steel cylinder as a source, a maximum shot- 

to-receiver distance of 330 feet and depth of investigation 

of 60 feet was acheived. The ratio of to Vs at 

the water table was found to be 2.48. In the 

four nonsaturated layers above the water table V /v ratiosL = ■' P 5
ranged from 1.54 to 1.55. As predicted by the theoretical 

models considered, shear wave velocity did not increase 

measurably at the water table. In an area in which a shallow 

water table was geologically not likely to exist,! shear wave 

velocity increased by at least as much as the increase in 

compress i ona1 velocity at each refractor.

This report concludes that the comparison of 5- and 

P-wave velocity profiles is a promising technique of water 

table detection, but that more research is necessary to 

define the reliability and limits of the method.
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Introduction

Ground water level is of importance in engineering 

construction projects as well as in water supply or water 

contamination problems. The seismic refraction method is 

often used to help map water table levels. However the 

compressiona1 or longitudinal wave (P-wave) common1 y used in 

refraction surveys has a velocity that varies with both rock 

type and fluid saturation. Thus it is difficult, using 

P-wave velocities alone, to distinguish between changes in 

1 itho logy and changes in saturation.

Theoretically, shear wave (S-Wave) velocity decreases or 

increases only slightly while P-wave velocity increases 

sharply at a water table refractor. This suggests that a 

comparison of Vp to ratios over a refraction profile 

could be used to detect a water table. Some obstacles to 

using this technique are the difficulty of generating shear 

wave first arrivals and the lack of previous research on the 

actual change in velocity of refracted shear waves at a real 

water table.

In order to test this method under real field 

conditions, the refraction survey described here was 

performed on the western edge of the San Luis Valley, 

Colorado in May and June of 1985. The goals of the project 

were s
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1. to find a combination of equipment and 

procedures capable of generating and recording good 

quality, easily identifiable shear wave first 

arrivals, and

2. to obtain evidence of the actual behavior of 

at a water saturation boundary under real field 

conditions.

Two different shear wave sources were tested. A steel

cylinder struck with a hammer produced better shear records

than a wooden plank and hammer did. Using the cylinder

source, the ratio V /V was measured in a reversedp s
refraction profile over a shallow water table. It was found

that V increased at the water table but that V did not, so p s
that the ratio Vp/Vs was larger there than at refractors

above the water table. In addition, a short refraction

profile in an area where a shallow water table was

geologically less likely to exist did not show an increase

in Vp/Vg ratio.

This report concludes that the V /V comparisonP s
technique is promising. Further research is suggested to 

define the reliability and limits of application of the 

method.
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Theory

The method described here applies to the detection of water 

tables aquifers only. Confined aquifers, in which water is 

confined under pressure in a porous rock layer between two 

layers of low permeability, is not a suitable target for 

seismic refraction surveys. This is because, according to 

Snell's law, a critical refraction along a boundary only 

occurs when a wave travels from a lower to a higher velocity 

medium. Since the low permeability confining layer above a 

confined aquifer often has a higher seismic wave velocity 

than the aquifer beneath it, no critical refraction occurs 

at the aquifer surface and the confined aquifer acts as a 

hidden layer in the velocity analysis. In an unconfined 

water table aquifer, on the other hand, the water level, as 

shown in Figure 1, is not determined by a confining layer 

at the top of the aquifer. There need be no change in 

lithology at the water surface. Instead, the water table 

surface is at atmospheric pressure just as water standing in 

an open cup would be. The water table is defined to be the 

level at which the fluid pressure p̂ _ of the water measured 

in guage pressure (that is, with respect to atmospheric 

pressure) is exactly zero (Freeze and Cherry, 1979). Below 

the water table the medium is completely saturated and the 

pore spaces are completely filled with water. Above the
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water table there is a narrow region of tension saturation 

in which the pores are filled with water at negative fluid 

pressure. Above this capillary zone is an area of varying 

moisture content that is unsaturated. That is, the pore 

spaces are filled partly with water at negative fluid 

pressure and partly with air. At the water table and below 

it, the pressure of the water on the porous medium 

containing it influences the elastic parameters of the 

medium and can change the velocity of waves traveling 

through it.

the bulk modulus, p is the density, and //, is the shear 

modulus or rigidity of the material in which the wave is

medium such as a groundwater reservoir consists of a 

skeleton or framework of solid material and pore spaces 

filled with a fluid such as air or water. The solid 

material that makes up the framework has a certain bulk 

modulus, rigidity, and density. When this material is 

arranged in a porous framework, the resulting skeleton has 

its own values of k , [i , and p that differ from the values of 

these parameters in the pure solid material. The fluid that 

fills the pore spaces also has a distinct bulk modulus and 

density. Unlike the solid framework, however, the fluid has

The speed of P waves is given 3 k + 4 f l  î n wh î ch k is

traveling. The speed of shear waves A porous
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a rigidity of zero. The parameters k, fi , and p of the whole 

lithologie unit depend on the individual parameter values of 

the skeleton and the pore fluid. Because the shear modulus 

is zero for all fluids including air and water, the overall 

rigidity of the lithologie unit is independent of the type 

of fluid that fills the pore spaces. When air in pores is 

replaced by water, the overall bulk modulus and density are 

changed, but the rigidity is not affected. Because P-wave 

velocity depends on k, fi , and p while 3-wave velocity 

depends only on fi and p , one could expect a greater 

change in Vp than in Vs when a wave travels from an 
unsaturated to a water saturated medium. Since water 

density is greater than that of air, and velocity is 

inversely proportional to the square root of density, the 

velocity of shear waves should decrease somewhat at a water 

table refractor rather than increasing as P-wave velocity 

does. Assuming that the secondary effects of water on the 

framework rigidity, such as framework softening due to 

wetting or framework st iffening due to precipitation and 

encrustation of solutes, are negligible, comparison of 

compressiona1 and shear wave refractions over the same 

seismic line could be useful in distinguishing a water table 

from a change in lithology and in determining the depth to 

the water table.
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It is w e H  known (Eaton 1974, Levshin 1961) that when a 

water table occurs within an unconsolidated lithologie unit, 

P-wave velocity increases, usually by 2000 or 3000 

feet/sec., at the water table. According to calculations 

based on a theoretical model of an unconsolidated granular 

medium (Levshin 1961) this increase is sharp rather than 

gradual. If S-wave velocity decreases or remains the same 

at this boundary, there would be no S-wave critical 

refraction at the water table. A comparison of Vp to at

this depth would show that the sharp increase in Vp is 

probably not due to a lithologie change but is more likely 

to be due to water saturation. On the other hand, if both 

Vp and Vs increase sharply at a given depth, this would 

indicate that the boundary is a change in lithology, rather 

than just a water table. Even though Vp may be in the right 

range for a compressiona1 wave in saturated soil, about 5000 

feet per second, a marked change in would indicate a 

lithology change there.

While most water tables occur in unconsolidated or 

poorly consolidated sediments, many investigations of the 

behavior of shear waves in saturated media have focused on 

consolidated sediments or fractured crystalline rock. For 

example, according to calculated wave velocities in 

theoretical models of saturated and dry rocks (Kuster and
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Toksoz, 1974) varies from four to ten times more than Vs 
when air in pore spaces is replaced by water. The larger 

contrast is for a typical sandstone model and the smaller 

refers to a fractured crystalline rock model.

Since much shallow seismic exploration for groundwater 

occurs in unconsolidated or poorly consolidated sediments,

while the V^/Vg values calculated by Kuster et al. refer to 
consolidated sandstone or fractured crystalline rock, a 

model that is more representative of actual conditions 

should be considered. A granular medium model consisting of 

cubic packing of ideally elastic spheres (White and Sengbush 

1953) predicts that decreases in proportion to 1 / p at a 
water saturation boundary, and that the maximum change in 

is not more than 157, (Levshin 1961). This same model, 

described in Appendix A, predicts a sharp change in Vp that 

is most pronounced at depths less than 165 feet where the 

velocity above the water table would usually be low.

While much is known about the actual behavior of 

refracted P-waves at saturation boundaries, less is known 

about the behavior of refracted 5-waves under real field 

conditions. This is because P-waves are easier to work with 

for several reasons. The first is that P-waves are easier 

to generate using explosives or other impulsive sources. The 

second is that compressiona1 wave velocity is always greater
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than shear wave velocity in a given medium and so P-waves 

arrive at the receivers before 5-waves. Thus it may be

difficult to pick first arrival times of shear waves due to

P-wave interference.

As little is known about the actual changes in shear 

wave velocity at a water table, it cannot be assumed that 

decreases as predicted by the theoretical models considered 

so far. It may be possible for to increase slightly at a 
saturation boundary. When fluid is enclosed in small pore 

spaces and particle motion is at low frequencies, the 

viscosity of the pore fluid may allow it to transmit a small 

amount of shear motion (White 1983, Biot 1956). At a water 

saturation boundary, might change in proportion to the 
change in pore fluid viscosity as well as the change in

density. However, even though fluid rigidity may not be

constant in this case, the increase in fi would be very small 

in comparison to the increase in k at a water saturation 

boundary. Thus, might be expected to increase slightly at 
a water table in some cases but not nearly as sharply as Vp 

would increase.
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Method

I. Survey Sites

This seismic survey was conducted in an area of state 

land in Section 1 of Range 6E, Township 40N on the western 

edge of the San Luis Valley in Rio Grande County, Colorado 

(Figure 2). The San Luis Valley is at the northern end of 

the Rio Grande Rift and is bounded by fault block mountains, 

the Sangre de Christos, to the east and volcanic hills and 

ridges to the west. The valley is filled with alluvial 

sediment inter layered on the west with occasional ash and 

lava flows. The near subsurface at the survey area consists 

of unconsolidated to poorly consolidated gravelly alluvium. 

The depth to the nearest igneous unit, estimated 

trigonometrically from the distance and dip of a nearby 

outcrop, is 500 feet, well below the range of this 

investigation. An unlined irrigation canal running 

southwest to northeast through the area was a probable 

recharge source for the near surface water table. Due to 

limitations of the source energy and the spread lengths 

used, a water table depth of not more than fifty feet was 

desired in order to get an estimate of Vg at water table 

depth. Since the water table was likely to be higher near 

the canal, the seismic line was placed parallel to the canal
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at a 220 foot offset on the northwest side. Before the 

survey parallel the canal was begun, some test spreads using 

various sources and spread lengths were carried out at 

different locations in the same area, as shown in Figure 1.

After the survey along the canal was complete, an 

additional line was surveyed in the hills to the west, in 

Section 2, Range 4E, Township 40N in Rio Grande County, 

Colorado as shown in Figure 3. This area consists of a thin 

soil layer over volcanic bedrock. Other researchers 

there had located a layer at fifteen to twenty foot depth 

with a compressiona1 wave velocity between 4000 and 6000 

feet per second. A comparison of to at this location 

was needed to determine if this layer was a water saturation 

zone or weathered bedrock.

I I. Sources

A major obstacle to the common use of shear refraction 

surveys is the lack of high-energy impulsive sources that 

generate only transverse waves. Continuous sources such as 

commercial shear vibrators were not considered here for 

several reasons. The first is that the earth layers that 

must be identified in groundwater exploration are usually 

shallow and thin compared to those of interest in deep 

reflecion seismology for which commercial shear vibrators
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Section 2 , Ronge 4 E , Township 4 0 N 
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were designed. At the velocities usually encountered In 

shallow exploration, a maximum frequency of 100 Hz in a 

vibrator sweep results in a minimum wavelength of 30 feet. 

Since the thicknesses or the depths of many layers of 

interest are less than thirty feet, this type of source 

often cannot provide the resolution necessary for this kind 

of work. Secondly, equipment of this sort is expensive. Many 

of the consultants or small companies that work in 

engineering or groundwater geophysics cannot afford to 

purchase and operate this type of large equipment. In 

addition, vibrators are large, heavy, and difficult to 

maneuver and so cannot be easily operated on sites where 

access is limited. Finally, the records generated by 

continuous sources require extensive data processing. Large 

capacity computers are expensive, and commercial processing 

services are usually designed for deep reflection 

processing. The information from shallow depths, of interest 

to the engineering geophysicist, is often treated as noise 

and muted in commercial processing. For these reasons, an 

impulsive source is better suited to the needs of 

engineering geophysicists engaged in groundwater 

exp 1orat ion.

For impulsive sources that employ a target struck with a 

hammer there are two mechanisms by which unwanted P-waves
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are generated. First, in all source materials for which 

Poi sson's ratio is not zero, striking the source results in 

contraction in the direction of transverse particle motion 

which in turn results in expansion in the direction of wave 

propagation and the generation of some compressiona1 motion 

along the line of receivers. Second, any component of 

motion of the hammer towards the receivers sends stray 

compressiona1 energy along the receiver line. Because the 

compressiona1 velocity is always greater than the shear 

velocity, the compressiona1 wave arrives at the geophones 

ahead of the shear wave. The shear wave often arrives at 

the receiver while the P-wave is still passing. It is 

difficult or impossible to visually separate the shear wave 

arrival from the passing compressiona1 wave. Even when 

horizontal geophones are used, P waves from shallow layers 

arrive at a low angle to the surface with enough horizontal 

component of motion to obscure the shear record.

In order to obtain identifiable shear first arrivals it 

is necessary to choose a source that minimizes compressiona1 

wave generation and also to take advantage of the 

polarization of shear waves. Horizontal shear waves (SH) 

are preferred for this type of application because they do 

not convert to compressiona1 or vertical shear at planar 

refraction boundaries. (This assumes that the seismic line
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runs along the dip direction of any inclined layers.)

Various attempts to develop surface shear sources are 

described in the literature (Applegate 1974, Gibson et al. 

1979, Won 1980). The most readily available, reliable, and 

inexpensive of these consist of some object driven, buried, 

or weighted into the ground and struck with a hammer in a 

horizontal direction normal to the receiver line. The shear 

motion that is produced can be detected by horizontal 

geophones placed with their sensitive axes normal to the 

line. When such a source is struck to the left, the first 

motion at the geophone is to the left. First motion is in 

the opposite direction if the source is struck to the right. 

This is what is referred to as shear wave polarity. If two 

traces of opposite polarity are added together, the shear 

arrivals will tend to cancel each other and the P wave 

signal will be enhanced. However, if the polarity of one of 

the traces is reversed at the seismograph and the two traces 

are added, the P-waves will tend to cancel and the shear 

signal will be enhanced. This can be used to suppress the 

P-wave arrivals enough to obtain identifiable first arrivals 

for the shear wave.

For this study two shear sources were tried. Both used 

a sledge hammer with either a piezoelectric trigger on the 

handle or a trigger geophone at a set distance close to the
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source to start the seismograph when the hammer struck the 

target. The first was a large wooden beam struck on end 

with the hammer. Coupling with the ground was improved by 

driving the front wheels of a truck up onto the beam. The 

second source consisted of a steel cylinder of diameter 3.5 

inches and length 1 foot. This was placed on a shallow ramp 

dug into the earth (Figure 4) so that the one end above the 

surface could be struck with the hammer and the other end 

would impact the ground at the end of the trench. The 

signal was improved by placing a small steel plate at the 

lower end of the ramp between the cylinder and the ground.

Of these two sources, the steel cylinder gave a clearer, 

stronger shear signal and also was more likely to start the 

trigger geophone or hammer trigger at first impact. This 

may have been due to the better coupling of the half-buried 

cylinder with the soil. Since the wooden plank was only 

weighted down onto the soil surface, the shear wave from the 

plank was transmitted through traction in very loose 

topsoi1. Because accurate zero times were critical to the 

process of adding together reversed polarity traces to 

subdue P-waves, and it was easier to dig ramps for the small 

cylinder than for the large plank, the steel cylinder was 

used throughout the survey.

To obtain Vp for comparison with , the cylinder was
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placed vertically Into the ground with one end above the 

surface and struck vertically with the hammer. For both P- 

and S-waves several (two to ten) hammer blows were stacked 

together to obtain a readable amplitude signal at all 

geophones. Shots were taken on both ends of each spread to 

obtain reverse refraction profiles so that true velocities 

and refractor dip angles could be calculated from the 

apparent velocities and intercept times from each shot 

position. In addition to the hammer shots, one section of 

the line was also shot with 1/3 pound Kinepac explosive.

III. Recording Equipment and Spread Description

Twelve Mark Products low frequency horizontal geophones 

were used as shear receivers. They were placed with the 

sensitive axes normal to the line. Care was taken to center 

the level bubble on each phone and to place the positive 

polarity end of each axis facing the same direction so that 

the direction of first motion would be the same on all 

twelve traces. The P-wave receivers were Mark Products low 

frequency vertical geophones. A pair of geophones, one 

horizontal and one vertical, was placed at each receiver 

station and the appropriate one was plugged into the cable 

for recording each type of wave. All geophones were buried 

approximately six inches deep in the soil to reduce wind

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 
GOLDEN, COLORADO 80401
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noise.

Two different twelve channel digital seismographs were 

used. One, a Bison 8012A, allowed the operator to reverse 

the polarity of the incoming signal by means of a pushbutton 

on the keyboard. The other seismograph used, a Geometries 

121 OF, had greater gain capacity, which enhanced the signal 

recorded from the far geophones, but did not have the 

polarity reversal ability. When using the Geometries, 

polarity reversal was achieved by a patch panel. Both 

seismographs had compatible magnetic tape recorders which 

were used to store the traces recorded in the field.

Various geophone spacings and spread tenths were tried 

in the pre-survey tests. In order to acheive the maximum 

possible depth of investigation, it was necessary to 

determine the longest spread length that could be used that 

would reliably produce useable shear records. On the other 

hand, geophone stations had to be close enough together that 

several velocity layers could be resolved on the 

time-distance plots. A spread length of 165 feet and a 

receiver spacing of 15 feet best met these two competing 

criteria and was used throughout the survey along the canal. 

Shots were taken at 15 and 165 foot offsets from each end of 

each spread, so that the maximum shot-to-receiver distance 

was 330 feet. The line parallel the canal consisted of six
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spreads. The last receiver station of one spread became the 

first receiver location of the next spread, resulting in a 

total line length of 990 feet from first to last receiver 

station.

In addition, a 550 foot spread with 50 foot geophone 

spacing was shot with explosives over the first part of the 

line (northeast end). Only compressional waves were 

recorded from this spread. The shots were 50 feet from each 

end, resulting in a maximum shot to receiver distance of 600 

feet.

For the later line in the area of the volcanic hills to 

the northwest (Figure 3) geophone spacing was 10 feet with 

shots at 10 and 110 foot offsets. Two such spreads were 

completed for a total line length of 220 feet from first to 

last geophone station.

IV. Data Processing and Analysis

Travel time picks were made in the field, from the CRT 

screen on the Bison and from printed records from the 

Geometries seismograph. Time-distance plots and travel 

time data tables for all spreads from both lines are in 

Appendix B. Most of the data from the two lines was stored 

on magnetic tape on the Geometrics-compatible reel-to-reel 

recorder. Using software developed at CSM (TRANDEC) these
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traces were transferred to diskette for use with an IBM 

personal computer. Another program (DI SPICK) allows these 

traces to be displayed, enhanced, and picked on the PC 

monitor screen, which improved the accuracy of arrival times 

that were difficult to pick from field records. Apparent 

velocities and intercept times were identified on 

t ime-di stance plots. A computer program for analysis of 

multiple dipping planar layers (Mooney 1984) adapted for a 

Texas Instruments Professional PC was used to calculate 

depths, dip angles, and true velocities of the layers from 

the apparent velocities and intercept times.
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Results and Discussion

I. Source Characteristics

The first goal of this investigation, to find a 

practical method for producing good quality shear wave first 

arrivals, was clearly met by the source and recording 

procedures used. Figure 5 shows some typical shear records 

obtained during this investigation. Though the 

compressional components are not zero on every trace, they 

are of low enough amplitude that the shear first arrivals 

are easily visible as up breaks in Figure 5a and down breaks 

in 5b.

The primary 1 imitation of the source used was one of 

strength of signal and, therefore, depth of investigation. 

Because of signal strength limitations the spread length and 

shot to receiver distances that could be used were shorter 

than the usual lengths for explosive sources. This, 

together with the inherently slow velocities of shear waves, 

meant that no shear refractions from deeper than 60 feet 

could be accurately detected.

II. Characteristics of V and V /V Ratios p s
A. Canal Survey Refraction Results

Analysis of the travel time curves for the line along 

the canal resulted in the velocities and intercept times
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shown in Table la and lb. Using a computer program for 

analysis of multiple dipping layers resulted in the models 

of compressional and shear wave velocity structure shown in 

Figure 6.

At 50 to 65 feet in depth there is a layer with 

compressional velocity of 5967 feet/sec. Surface 

compressional velocity is 869 feet/sec., and intermediate 

layers have velocities of 2365 and 3711 feet/sec. In the 

center of the line an additional layer with Vp of 1316 

feet/sec. is detected.

The highest Vp layer, 5967 feet/sec., is within the 

range of compressional velocities in saturated soil, and 

probably is a water table. The change in Vp at this 

boundary is 2256 feet/sec. or 61%. Because the 

vertical and horizontal scales in the figure are not the 

same, the relief on this surface appears exaggerated. The 

actual difference in water level is less than 15 feet in 

nearly 1000 feet of horizontal distance. The slight 

elevation at the northeast end may be due to the fact that 

the ground surface immediately to the northeast of the line 

was flooded to a depth of several inches of water. This area 

may have been acting as an additional recharge source to the 

water table in the adjacent area. There was, however, no 

indication at the surface of any additional
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TABLE l a .

Apparent Shear Velocities and Intercept Times-Canal Area 

(Velocities in feet/sec., times in msec.)

Spread 1-Shear Northeast Southwest
velocity, tn velocity, tn

Layer 1 667 u 682 u
2 1696, 29 1696, 26
3 2171, 55 2500, 67

S&read__2=S
Layer 1 600 600

2 1535, 28 161 1 , 20
3 2532, 54 2500, 50

Spread._3%S
Layer 1 536 600

2 1466, 21 1 466, 21
3 2053, 37 2619, 46

Spread 4-S
Layer 1 600 600

2 833, 5 882, 9
3 1875, 39 1950, 35
4 2340, 52 2191 , 46

Spread 5-S
Layer 1 500 500

2 1318, 20 1291 , 17
3 2340, 46 2268, 57

Spread 6—S
Layer 1 441 584

2 1598, 28 1625, 29
3 2340, 52 2705, 60
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TABLE lb.
Apparent Compressions 1 Velocities and Intercept Times

Canal Area

Northeast Southwest
velocity, tQ velocity, tQ

1 1154 750
2 2468, 15 2617, 25
3 3979, 34 3611, 32
4 6346, 56 5322, 47

Spread 2-P
Layer 1 937 555

2 2045, 10 2191 , 8
3 3679, 21 3679, 23
4 5909, 44 6250, 49

Spread 3-P
Layer 1 937 1250

2 2167, 9 2143, 10
3 4230, 35 3703, 27
4 5964, 40 6781 , 50

Spread 4-P
Layer 1 937 937

2 1500, 1 1579, 6
3 2437, 9 2746, 16
4 361 1 , 21 3823, 23
5 5909, 45 6428, 50

Spread 5-P
Layer 1 937 937

2 2671, 13 2321 , 6
3 3250, 18 3611, 25
4 5823, 45 5439, 39

Spread 6-P
Layer 1 714 833

2 2321 , 15 2267, 13
3 3823, 30 3823, 29
4 5909, 45 4853, 32

Exp1 os ive-P
Layer 1 1428 1087

2 3846, 28 3703, 27
3 5856, 42 6250, 49
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local recharge source to the southwest that would account 

for the slight elevation of the water table on that end of 

the line . However, the regional recharge area is in that 

direct ion.

The possibility that an increase in V^, and thus a 

refraction of the SH wave, did occur at the water table but 

was not seen on the t ime-distance plots should be 

considered. This could occur if V is too low in relation 

to the boundary depth and spread length to arrive at the far 

receivers ahead of the refractions from a shallower 

boundary. Using a computer program that generates 

t ime-distance plots from a given velocity, depth, and spread 

length model (Romig, personal communication, 1985) one can 

estimate how large could be at water table depth and 

still not be seen. By this method it was estimated that 

Vg could not have increased by more than 10% at the water 

table without being apparent in the travel time curves.

Since Vp increased by 59% at the water table it appears the 

increase, if any, in could not have been very large in 

comparison to the change in at that boundary.

If the layer with Vp of 5967 feet/sec. is indeed 

a water table, it would appear that, as expected, does 

not increase sufficiently to result in critical refraction 

at the water table. The V^/V^ ratios in the layers above
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the water table are 1.55, 1.54, 1.55 and 1.54 from the 

surface down, while the ratio at the water table is 2.48, an 

increase of 60%.

Since there is no well on the site and no well data to 

confirm the water table level, it is necessary to also 

consider that the 5927 feet/sec. layer is not a 

water saturation boundary. It may represent some other 

change in the subsurface that affects compressional velocity 

more than shear velocity. However, the velocity analysis 

from the 550 foot spread shot with explosives at the 

southwest end of the line indicates that is within the 

range for water saturated soils to a depth of at least 70 

feet. There was no indication from the explosive spread 

of additional deeper layers. Because it is very likely that 

an elevated water table exists near the canal there is a 

good probability that the boundary at 55 to 65 feet is a 

water saturation boundary.

Both the refraction interpretation process and the 

assumption that horizontal shear waves do not convert to 

compressiona1 or vertical shear waves are based on the 

condition that the seismic line runs along the dip direction 

of planar boundaries. In fact, the water table near a 

recharge source such as the canal slopes up toward the 

canal, so that this survey was along a line normal to the
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dip direction. Based on data from a test spread that ran 

normal to the canal through the survey area, the dip on the 

boundary of interest was approximately 8 degrees, sloping up 

toward the canal. As the velocities and depths from the 

test spread are close to the values obtained from the survey 

parallel the canal, this small dip angle apparently did not 

introduce serious error into the interpretation process.

II. Area Two Refraction Results

The seismic refraction in the second area, in the

volcanic hills to the west, was done as an example of

an additional application of this method. Reflection

seismic crews working there required information about

the shallow structures in the area to use in statics

corrections. A previous refraction line had detected , in

places, a layer with a compress ional velocity similar to

those expected at a water table. A comparison of V to VP s
was requested to help determine if this layer represented 

water saturation or weathered bedrock.

Analysis of the t ime-d i stance curves resulted in the 

apparent velocities shown in Table 2. Computer assisted 

analysis of this data resulted in the ve1 ocity-depth model 

shown in Figure 7. As can be seen from the figure, 

compressional velocity in the third layer is a little low
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TABLE 2.

Apparent Velocities and Intercept Tlmes-Area Two

(velocities in feet/sec., times in msec. )

North South
velocIty » tn velocity. t0Spread 907-908.P U

Layer 1 833 714
2 2453, 8 2541, 12
3 4062, 14 4193, 15
4 9167, 27 8250, 24

Spread 907-908,S
Layer 1 385 417

2 750, 10 750, 10
3 2766, 35 3421, 45
4 6111, 56

Spread 908-909.P
Layer 1 714 667

2 3611, 12 4000, 1 1
3 8667, 24 8250, 22

Spread 908-909,S
Layer 1 312 333

2 1250, 25 1204, 21
3 3714, 40 3513, 32
4 6111, 56 7333, 45
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for water table velocity and Vp/Vs ratio decreases markedly 

there, so it is not likely to be a water table. In the 

fourth layer Vp is somewhat high for a water table and Vp/Vs 

is low, having only increased a modest 20% over the value in 

the layer above it. Since a shallow water table is not 

likely to exist in the geologic conditions present at this 

site, these results are as expected.

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 
GOLDEN, COLORADO 80401
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Cone 1 usions

1. The hammer source, used with a digital seismograph 

capable of reversing the polarity and stacking the signal 

from several hammer blows, is capable of consistently 

generating good quality horizontal shear wave first arrivals 

out to 330 feet in this geologic setting. The limitation of 

this type of source is the low signal strength and hence

1imited depth of investigation that can be achieved.

2. This comparison of V to V , when used withP s
geologic information, can distinguish between a lithologie 

boundary and a water table.

3. Increase in shear wave velocity at the water table 

was negligible, and vp/vs ratio increased by 60%.

4. Additional research is necessary to define the 

limits of this technique.
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Recommendations for Future Study

Because many water tables of interest are greater than 

fifty feet in depth, a stronger source would be required for 

widespread application of this method. Stumpel et al.

(1984) report using a hydrau1ica11 y driven hammer-type 

shear source with spread length of up to 500 meters (1640 

feet). Shear waves can also be generated with explosives 

(Omnes, 1978) by drilling three shot holes at each shot 

point. The center hole is shot for P-waves and then the 

hole on one side is shot for shear wave generation. The 

disrupted material around the center hole transmits motion 

poor 1 y , resuIting in mot i on in the d irection away from the 

center and a polarized SH wave propagating normal to the 

line of the three shot holes. The other side hole is then 

shot for reversed polarity SH. This method has the 

disadvantage of requiring the drilling or digging of 

numerous shot holes, often in poorly consolidated gravelly 

material in which drilling is slow and holes tend to 

collapse. However, it may be necessary to develop explosive 

shear sources when investigating very deep water tables.

From the evidence obtained in this survey, it appears 

that compressiona1 velocity does increase at a greater rate 

than shear wave velocity does at a water table. In order to 

confirm these observations, future investigations should
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include a well on the site to confirm the actual position of 

the water table. In addition, a twenty-four rather than 

twelve geophone spread and more overlap of the area covered 

by adjacent spreads could provide more information about 

deeper water tables. Finally, research on clay bearing 

aquifers, in which the capillary fringe is much wider than 

in sandy aquifers, and research on deep water tables, where 

the contrast between saturated and unsaturated compressional 

wave velocities is minimized, should help to define the 

useful limits of this method of water table detection.
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Appendix A 

Unconsolidated Granular Medium Model

The following description of variations in Vp and Vs in 

an due to water saturation of an unconsolidated granular 

medium is paraphrased from the model described by Levshin 

(1961) and by White and Sengbush (1953).

Unconsolidated granular media can be modelled by ideally 

elastic spheres in a simple cubic packing arrangement and 

under the pressure of their own weight. The P-wave velocity 

Vp3 when the pores between spheres are completely void is 
given by:

in which E is Young's modulus, O  is Foi sson's ratio, and p 

is density. The depth from the surface is z , and rj is the 

porosity. For cubic packing of spheres T) = 0.476. When 

depth, z , is more than 1.6 feet this equation can be used 

even when the pore space if filled with air at atmospheric 

pressure.
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The velocity of shear waves is given by:

|P(l-%) V(l-<72)3;jVpo-77)s

in which is the shear modulus. When air in the pore space 

is replaced by water, ju, remains unchanged while the density 

of the medium increases. Given the values of the densities 

of air or water at atmospheric pressure, shear velocity in 

the saturated medium should not vary by more than 15% from 

the shear velocity in the totally dry medium.

If the pores are all air filled to a depth h^ and 

comp 1ete1 y water fi11ed below that depth, the ve1 ocity 

variations that can be expected are described below.

1. z<h The mean velocity along a vertical path to w
depth z is V ave=-^—  =5/6 V (z) where v(z) is a function s rzdz PJo V(Z)describing the change in Vp with depth and Vp (z) is the 

value of Vp at a particular depth z. By this same 

relationship Vsave=5/6Vs (z). The ratio of Vp to above 

the water saturation level is Vpa/Vsa=l .3/( 1- <7 )*5and depends 

only on Poisson's ratio.

2. z>hw The compress iona1 velocity below the water 

line is affected by the elasticity of the water and is

described by:

VP
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în which k  is the bulk modulus of the spheres, K L is the 

bulk modulus of the liquid, and is the density of the 

1iquid.

Below the water level the effective density is 

/0= ( 1- rj ) P + r l P L and the shear wave velocity is:

2 X JL-1 1
v b_ | 3 . 4 l ( l - a )  / E  ( p - p j  + I  2[3 .4 l ( l - f f )  / E  (p -P f,)  "i

P ( i - v ) * p { n \  [i-<̂ 2]3 j  J

The ratio of V to V in the saturated zone is then: p s

1
V b/v b = vW/*   Vp s 7 v V (l-<72 )

When z=h , the term added to 1 in the above w
expression is always positive. Then the ratio Vp/Vs below 

h^ must be greater than the ratio above h^.
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Appendix B

TIme-DI stance Plots and Travel Time Data
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Travel Time Data 

(station locations in feet, times in milliseconds) 

I. Canal Area 

Source
Mode Station__________ Geophone Stations_________________

0 15 30 45 60 75 90 105 120 135 150 165
-165 135 145 151 157 163 171 180 187 194 200
-15 23 45 55 64 72 79 90 101 109 1 16 120 126
180 114 103 84 75 63 51 40 25
330 200 196 187 180 176 170 165 160 152 145 139 134
-165 77 82 85 88 91 94 97 100 101 103 104 106
-15 14 26 33 39 44 50 57 63 68 76 78
180 82 78 73 69 63 60 54 49 42 35 28 20
330 110 108 104 101 98 97 95 89 88 85 82 78

165 180 195 210 225 240 255 270 285 300 315 330
0 126 130 135 140 148 154 159 164 170 176 184 188

150 24 46 52 64 80 88 94 95 107 1 12 1 19 125
345 120 118 110 100 94 84 73 64 61 49 37 25
495 183 180 171 158 156 149 144 136 133 128 120 115

0 70 74 76 78 81 85 88 90 93 95 98 100
150 16 25 32 38 42 46 50 58 62 64 70 72
345 72 68 64 59 55 49 45 39 35 28 21 14
495 102 98 96 93 89 87 83 81 78 74 70 66

330 345 360 375 390 405 420 435 450 465 480 495
165 108 115 115 128 136 143 148 154 163 165 176 180
315 28 42 54 63 71 81 86 97 105 1 10 1 16 1 17
510 122 1 12 102 100 92 86 85 75 70 55 36 18
660 190 185 171 173 167 160 155 146 142 137 131 121
165 62 66 68 75 76 80 84 87 90 92 93 96
315 16 23 30 37 43 47 53 58 62 67 69 72
510 72 67 63 58 56 51 46 42 38 30 20 12
660 99 96 95 94 92 90 87 85 81 80 75 71

495 510 540 525 540 555 585 600 615 630 645 660
330 1 18 124 129 138 141 152 159 168 172 180 189 194
480 21 44 60 71 73 80 88 101 110 116 122 130
675 129 124 112 106 95 87 77 70 68 59 45 25
825 200 190 183 179 172 161 152 150 146 140 130 120
330 70 75 76 80 82 86 90 92 96 99 102 103
480 10 20 27 34 39 46 50 55 60 63 67 73
675 73 71 66 62 56 50 49 42 38 34 25 16
825 101 97 96 93 92 90 88 86 82 75 72 66
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I. Canal Area-continued 

Source
Mode Stat 1 on___________Geophone Stat i on

660 675 690 705 720 735 750 765 780 795 810 825
s 495 123 133 140 150 156 160 163 170 179 184 190 200

645 30 41 54 64 78 82 85 90 103 1 16 122 130
840 135 129 121 110 99 88 77 77 63 56 45 30
990 197 191 182 177 170 164 163 150 141 137 130 127

p 495 68 73 77 81 85 88 89 91 90 93 99 102
645 16 22 30 38 42 46 52 57 60 64 70 74
840 76 74 68 64 55 50 47 42 33 26 19 12
990 99 99 98 94 91 89 86 83 79 77 74 69

825 840 855 870 885 900 915 930 945 960 975 990
s 660 126 130 134 143 145 156 163 169 173 181 185 195

810 34 46 54 64 73 84 96 102 109 1 18 125 132
1005 133 126 1 17 109 100 94 87 76 68 57 50 31
1 155 185 183 174 162 151 146 143 140 134 129 122 1 16

p 660 72 76 78 79 83 87 89 91 93 96 99 100
810 21 28 32 37 42 49 54 60 65 68 73 77
1005 79 73 68 63 59 53 48 46 41 34 28 18
1 155 100 95 92 89 86 84 82 80 78 74 71 67

exp1 os !ve
-115 -65 -15 35 85 135 185 235 285 335 385 435

P -165 35 55 67 77 88 97 105 110 118 128 135 143
485 143 136 128 120 113 105 97 88 80 68 54 36



T-3161 53

I I. Area Two 

Source
Mode Station___________Geophone Station

907 + 10 +20 +30 +40 +50 +60 +70 +80 +90+100 908
s 907-1 10 74 75 77 79 80 81 83 85 88 88 90 91

-10 26 40 45 50 53 56 60 65 75 80 85 81
908 +10 81 78 75 72 69 65 63 60 57 50 37 24

+ 1 10 91 85 83 82 81 77 74 72 69 62 61 57
p 907-110 38 40 41 42 43 43 44 45 47 48 49 50

-10 12 15 21 24 26 28 30 32 36 40 42 43
908 +10 42 40 39 36 34 32 30 30 26 22 17 14

+ 110 51 50 49 48 46 45 43 42 39 36
908 + 10 +20 +30 +40 +50 +60 +70 +80 +90+100 909

s 908-110 73 74 77 77 80 80 82 85 87 89 90 91
-10 33 41 49 50 53 56 59 63 66 68 71 71

909 +10 65 62 60 58 56 52 50 47 45 40 36 30
+ 110 81 77 74 71 70 69 67 66 65 62 63 60

p 908-110 41 42 44 43 45 46 47 47 48 48 49 50
-10 15 17 20 23 25 28 31 33 34 35 37 37

909 +10 38 36 33 30 26 26 24 23 21 18 17 15
+ 110 43 41 40 38 37 36 35 34 33 32 32 31


