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INTRODUCTION

The object of this thesis Is to discuss some results 
obtained, by seismic refraction and potential gradient ratio 
methods in a bed rook depth survey. This survey was under** 
taken by the ReIland Research Corporation for the U. S. Bureau 
of Reclamation* The writer was a member of the party carry- 
ing out the field work, and the interpretation as presented 
is that of the writer. The field work was done in December, 
1937, and January, 1958, the interpretation and preparation 
of the paper being undertaken during the second semester of 
1937-53 at the Colorado School of Mines *
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LOCATION OF THE SURVEY

The area in which the survey was carried out is sit
uated in central Colorado in the vicinity of the post office 
of Leal and the town of Dillon. Fig. 1 illustrates the gen- 
oral location of the survey. Further details may be found 
In the topographic maps of the Individual projects.

The first part of the survey was undertaken at the pro- 
posed Leal dam site on the Williams Hiver about two miles 
below the post office of Leal. The second part of the survey 
was at the site of the proposed Wi111ams-Fork tunnel about 
two miles above the Leal post office*



Fig. 1. Location of the Survey.



GEOLOGY Aim TOPOGRAPHY

At the Leal dam site and the Wllliama-Fork tunnel alt® 
the stream gravels are underlain by hornblende gneisses and 
schists* The strike of the sohistosity is east-west, with a 
dip to the north varying from 45 degrees to vertical* The 
character of the bed rock is such as to give steep valley 
walls and cliff faces in many locations* The valley of the 
Williams River in the vicinity of Leal is about 2000 feet 
wide* The bed rock is completely covered with stream gravels 
throughout this width of the bottom of the valley* The width 
of the present stream Is only some 50 to 100 feet with a ten
dency In this locality to occupy the eastern side of the valley* 

Pigs* 2 and 3 Illustrate the topography of the area ad
jacent to the proposed Leal dam site and the Wllllams-Pork 
tunnel site* Portions of the sites were thickly covered with 
trees as Indicated* Figs. 4 and 5 also illustrate the topo
graphy of the area*
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THEORY

Potential Gradient Ratio Iletliod.
The principle of tills method Is described by Edge and 

Laby^*, 1%. Lnndberg and T* Zueohlag^» and by Z. Mitera^,

^ w b e r s  refer to bibliography at end of thesis.

\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ W

Fig, 6* Schematic Potential Gradient Ratio Circuit
(After Edge and Laby)

Alternating current is passed througli the ground between 
distant power electrodes, Measurements are made in the vicinity 
of one power electrode along a traverse perpendicular to the



line joining the power electrodes* The apparatus compares the 
potential drops and Vg between the equldiatant pairs of 
contacte AB and BC; in other words, it forms the ratio .
In the apparatus described above an audio frequency current 
has been employed* The use of 25 or 60 cycle current avoids 
the necessity of phase compensation and secures better depth 
penetration*

The ratios are plotted as a function of the distance 
of the center probe to the power electrode near which measure- 
ments are being taken* These horizontal distances are multi
plied by a gradient correction factor, and the diagram Is 
rotated 90°. The formation boundaries will appear as peaks 
In the curve; a peak to the right indicates a change from a 
good to a poor conductor, and a peal: to the left a change from 
a poor to a good conductor*

Seismic Refraction.
In the seismic depth determinations the method of dif

ferences, more commonly known as the ABC method, was employed* 
This was applied by Edge and Laby in the Imperial Geophysical 
Experimental Survey In Australia; It Is used quite generally 
in reflection work for the calculation of the weathered layer.

The procedure consists of shooting at A and receiving 
at B and G, then to shoot at 0 and to receive at B, This gives 
the depth under B (where either one or a set of receivers may
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Fig* 7. The A B C  Syetem.
(After Helland)

be set up while at either A or 0 one receiver Is sufficient.) 
Inasmuch as the velocity contrast is great between the wave 
in the bed rock and the wave In the unconsolidated material* 
vertical ray propagation may be assumed with sufficient ac* 
curacy. Then the travel time at

(1) B, shooting from A: t^A * ^
1 $B 1

df S dl(2) B, shooting from 0 : t* « 0 t 2 1 3



(3) G, shooting from As tgA <= + %  ,t .S^ + M
V1 2 V1

Adding the first two equations!

and subtracting the third:

2tB * “ fcBA + ^BC ” to A

Several receivers may be set up as shown in Fig. 8
to make a number of simultaneous depth determinations ».

Fig. 8. Simultaneous Depth Determinations 
at a Number of Points•



In general* & shallow* low velocity layer will be en~
countered near the surface* This layer Is, as a rule, only 
a few feet deep, but the velocity is relatively low, in the 
neighborhood of 1000 to 3000 feet per second. The above pro* 
cedure may also be used to determine its- thickness* The 
delay in this layer Is then corrected for in the ease given 
above# The velocity in this layer may be determined by an 
ordinary refraction profile with the geophones placed relatively 
close to the shot point*



INSTRUMENTS

Potential Gradient Ratio Method.
A Holland Research'Gradiometer (Fig. 9) was used with 

a fixed spacing of the probee. A 25 cycle, 110 volt, 300 watt 
gae englne-generator outfit supplied the power necessary.
18 Inch copper screens were used as power electrodes and con
nected by No. 16 rubber covered flexible wire* Probes were 
made of hardened steel; these with wooden handles are illus
trated in Fig. 10* In order to penetrate the frost a larger
set of probes made of 5/8 inch material was also used; these 
were driven into the ground with a S& lb. hammer.

Seismic Refraction Method.
For the seismic work a Holland Research Corporation 

twelve trace reflection, outfit, modified for refraction work 
and mounted in a 1-| ton truck was used. (See Fig. 11 and 12). 
Each channel consisted of an inductance type, electromagnetl- 
cally damped geophone, a three-stage amplifier, and an electro- 
magnetically damped coll galvanometer. Telephone communication 
was maintained with the shooting end, the telephone line also
serving to transmit the shot instant.
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Fig. 9.
Using gradiometer on 
Wllllazns-Fork tunnel 

site.

J

Fig. 10.
Light probes being used 

on Leal dam site.

A
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11.
Looking up the 
valley of the 
Williams River 
from dam site*

Fig, 12s 
Members of field
crew and seismic

truck



FIELD PROCEDURE

General.
An electrical survey and a seismic refraction check 

survey were made at the Leal dam site and the W1111ams^Fork 
tunnel site. Stations were located every 50 feet across the 
sites of the proposed surveys* This work was done by a topo» 
graphic party of the U* 5, Bureau of Reclamation, Depth 
determinations were made at each of these stations at the 
Leal site, while at the Willisms«*Fork tunnel site, profiles 
were run every 100 feet* The surface elevations were ob- 
tained from the U. S, B, R* topographic party*

The field work was done under rather extreme climatic 
conditions; the temperature ranged from freezing to 20 below 
zero, with zero being the average prevailing temperature. The 
depth of snow ranged from about 18 inches when the work com» 
menced, to about 50 inches when it was completed. In many 
places It was drifted to a depth of four feet or more* This 
depth of snow necessitated one man on snow shoes breaking trail 
almost continuously*

Electrical Survey.
At each station where a depth determination was to be

mad©, a power electrode hole was dug some 2 or 5 feet deep.
A copper screen was placed in the bottom and the hole filled 
with earth* Several gallons of salt water were then poured



Into the hole In order to lower the contact resistance be»- 
tween the electrode and the ground.

A distant power electrode was set up at 1000 feet or 
greater from the electrode at which the depth determination 
was to be made, A great deal of care was taken to secure a 
low resistance at the former, since it generally remained in 
position while a number of depth observations were made near 
the other electrode, Furthermore, the total resistance of the 
circuit was dependent on the sum of both the contact resis
tances plus, of course, the line resistance and the earth resis
tance* Of these, by far the most Important was the contact 
resistance. The combined resistance of the two electrodes 
would drop with the application of water from several thousand 
ohms to a few hundred ohms.

The search electrodes were used with an equidistant 
spacing, from middle to ends, of 18 feet. Traverses were run 
at right angles to the direction of the power electrodes, which 
were both located on the profile. This Is Illustrated In 
Pig, 13.

Search Electrodes

Generator 
G )--------------------------- -OPower Electrode \ y Power Electrode

Fig. 13, Arrangement of Electrodes.



The search, electrodes were thus run along the line of least 
change of the bed rock depth, that is, up or down-stream.
In many cases the upper portion of the profile was not ob- 
talned, only a portion of the profile hear the supposed bed 
rock depth being surveyed. The depth determined from previous 
profiles was used to determine the distance over which to ex
tend a traverse.

It was found advantageous to production to employ one 
man on each search electrode, one observer and a computer.
In this way the curves could actually be drawn on graph paper 
In the field and correlation carried out. In addition, it was 
necessary to engage one man In digging pita and placing power 
electrodes.

Seismic Refraction Method.
In the seismic refraction survey, from 5 to 12 geophones 

were used, one being placed at each station. Charges of dyna
mite, ranging in size from 2 pounds to 15 pounds, were then 
set off at distances sufficient that the refracted wave would 
reach the geophones ahead of any waves traveling through slower 
velocity paths. The distance necessary for this to occur ranged 
from 300 feet to 1200 feet, depending, of course, on the bed 
rock depth. Shots were also fired at distances of from 50 to 
150 feet from the first geophone in order to obtain the depth 
of the low velocity surface layer.

At the Leal dam site the depth to bed rock was so great



in comparison with the width of the valley that It was Im
possible to place the shot point sufficiently far from the 
geophones to obtain the refracted waves * It was therefore 
necessary to shoot perpendicular to the profile, as shown in 
Fig, 14,

The p h o n e s  w e re  first p la c e d  i n  th e  d i r e c t i o n  of s h o o t in g  i n  

o r d e r  t o  v e r i f y  t h a t  th e  r e f r a c t e d  wave was b e in g  r e c e iv e d ,

A c o r r e c t i o n  was a p p l ie d  f o r  th e  " o u t  o f  line" p o s i t i o n  o f  

geophones o t h e r  t h a n  th e  center o n e .

1

"A" shot noint 
X    — ”Cn shot point

Fig* 14. Arrangement of Geophones for 
Perpendicular Shooting.



COMPUTATIONS

Potential Gradient Ratio Method.
Forms were prepared as shown In Fig* 15* These were 

filled out In the field as the work progressed.

R d a/b B/A Rec. R+D
5 ^ Ratio Curve

Fig, 15. Form used for Electrical Calculations.

R is the distance from the power electrode to the center
pstake* d Is g R Which is necessary in the use of the fixed 

spacing method to give the depth directly* By computing the 
value of B/A from the observed value of A/B, a check is ob-
tmined on the observed value of B/A. is the correction
which must be employed to convert the observations to those 
referred to homogeneous ground.



Plotting the curve as the readings are obtained has the 
advantage of checking any irregularities or peoularlties of 
the curves at the time of observation* Slight variations 
which might be overlooked on the readings themselves may be 
more easily detected on the curves* Final correlation of 
the curves was carried out by placing the Individual curves 
over one another and comparing them. A shadow box is very 
useful for this purpose* The curves were then plotted on a 
large profile sheet so that each curve represents the change 
in conductivity beneath its particular station* (See Figs*
22 and 25). Hot only bed rock but other correlation markers 
were checked across f rom curve to curve * In some cases the 
bed rock correlation was the strongest| in other cases another 
marker was the most noticeable *

Seismic Refraction Method*
The times of the first breaks were determined from the 

records and the ABO method used to calculate the bed rock 
depth* The depth of the shallow, low velocity layer was first 
calculated* This depth was then applied as a correction to 
the calculation of the depth of the second layer* A sample 
calculation fora for the shallow, low velocity layer is shown 
below.



Location: Williams-Pork Tunnel
Shots 3 - B 3 - D
Charges 6# at 4 ft. 6# at 4 ft.
Shot Point at 
Station

30 20

Geophones at
Station 23 25 27 29 30

Distance 150 250 350 450 500
0.047 0.087 0.085 0.099 0.109
0.034 0.0G5 0.048 0.034
0.131 0.132 0.135 0.133

- ^ A 0.109 0.109 0.109 0.109

2tB 0.022 0.023 0.024 0.024

6b 0.011 0.0115 0.012 0.012
d'=(t'V' )* 11 11 12 12

(^Using V  » 1000 ft./sec.)



t' In the above fora refers to the travel time for
the distance A to B of Pig* 7* tl* refers to the travel
time for the distance C to B of the same figure* Prom the
sum of these the value t* * (the travel time from A to C) isV Ü

subtracted, leaving twice the travel time 2t^ under the point 
5* One-half this value multiplied by the velocity of the 
wave in the upper layer gives the depth (d*) of the layer*

To determine the depth to bed rock, a similar procedure 
was followed except that a correction must be applied for 
the time of travel of the wave in the surface layer. Fig* 
lo illustrates this case, while the form used la shown on fago 
24+ The symbols used are also illustrated* This case is
similar to that outlined previously, but a correction for the 
travel time in the shallow, low velocity layer must be in- 
eluded. Therefore, the value t^ is subtracted from t”. The 
time so obtained 1$ multiplied by the velocity in the second 
layer to obtain the thickness of this latter layer* The 
thickness of the upper layer Is then added to it to give the 
total depth to bed rock.



Location: Willlama-Pork tunnel
Shote 3 - A 3 - C
Charges 8# at 4 ft. 10# at 4 ft.
Shot Point at 

Station
7 42

Geophones at 
Station 23 25 27 29 42

Distance (ft)

oA
fclfBC
z
-fcCA
2t3

( v  *
Li ■ ■

4.:.? 
d" (Depth)

800
0.131
0.130
0.2G1
0.180
0.081
0.0405
0.0110
0.0295

192
11

203

900
0.137
0.125
0.2G2
0.190
0.082
0.0410
0.0115
J.0295

192
11

203

1000
0,144
0.119
0.203
0.180
0.083
0,0415
0.0120
0.0295

192
12
204

1200
0.150
0.112
0.2G2
0.100
0.082
0.0410
0.0120
0.0290

188
12
200

1750
0.130

(^Using V" e 0,500 ft,/sec.)
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Discussion of Results,
At the Leal dam site and the Williams-"Fork tunnel 

each curve was run only sufficiently far to enable it to 
be correlated with adjacent curves. (See Figs. 22 and 23).
In correlating the various curves, it was advantageous to 
correlate ratios greater than one throughout the entire 
length of the curves* These might be interpreted as changes 
in the type of material deposited, for example, a change from 
clay to sand or gravel to sand. In many cases the peak selec
ted as bed rock Is not as great in amplitude as other peaks 
on the same curve. This may be due to one of several causes. 
First, the actual difference in conductivity between stream 
deposits and bed rock -may be less than that between successive 
stream deposits, either due to changes in character of the 
material or to differences in porosity of the stream material; 
second, surface variations may give rise to irregular swings 
In the curves which may not be a reflection of subsurface con
ditions. The correlation of bed rock from curve to curve was 
not necessarily made on the largest peak but upon the character 
of the curve as a whole. In many instances It was possible to 
detect erratic readings due to surface variations by the be- 
havlor of the gradlometer. The probes were then changed to a 
new position to rectify this situation.

It should be pointed out that the electrical work was 
carried out under two great handicaps. First, the surface



over a great deal of the area contained very little soil, 
but was conpoeed of a high percentage of gravel and email 
boulders up to about aiz inches in diameter. Thla material 
was comparatively dry where it was not frozen* It was thus 
extremely difficult to obtain a low resistance contact be
tween the ground and the probes. Second, the ground was 
frozen very Irregularly. If the blanket of snow were thick 
and lying evenly upon the ground, the frost would ordinarily 
be only a few Inches deep. If, on the other band, the snow were 
prevented from lying close to the ground, as by clumps of wil
lows, grass, etc., the frost might be as great as one and one- 
half feet deep. It was absolutely necessary, in order to ob
tain & valid reading, to penetrate the frost. This was es
pecially difficult to do at the oast end of the wllllams-Fork 
tunnel profile and at the west end (Stations No. 1 and Ho. 2) 
of the Leal dam site profile. Fig, 22. The wide swings in 
the Willlams-Fork profiles on Stations Nos* 1, 5, and 5 of 
Fig. 23, illustrate this very well.

At the Leal dam site and the Wllllams-Pork tunnel the 
determinations of the depth to bed rook as made by the seismic 
and electrical methods are well within the limits of error. As 
an estimate of the possible error by the seismic method, it 
might be mentioned that with a vertical velocity of 6500 feet 
per second an error of 0.001 second would give an approximate 
depth error of 3& feet (since twice the depth is involved in 
the calculations). Some error, no doubt, enters due to the



assumption of a vertical rather than an Inclined path for 
the refracted wave. This might be as high as lb par cent 
for the velocities encountered^ On the other hand, the in
terface velocity of 6,500 feet per second was used for the 
value of vertical velocity. This Is probably low, as a result 
of compaction of the lower bods, and might, therefore, com
pensate for the above possible error. The remarkable agree
ment of the seismic and electrical depth determinations at 
stations (such as No. 21 Leal) where there can be little 
doubt as to the electrical depth detominations indicates 
that the analysis used for the seismic computations must be 
basically correct. A deep hole, preferably one that could be 
shot in, and so obtain a true vertical velocity would be of 
great value in arriving at an analysis of the errors.

An attempt was made to use the expanding electrode sys- 
tem as a means of avoiding the necessity of the ratio correc- 
tion . The curves were much smoother, however; in fact,
so much so that anomalies announced themselves only as very 
broad swings, which were difficult to interpret and correlate. 
The expanding electrode system was therefore abandoned in 
favor of the fixed spacing. A comparison of the curves as 
obtained with the expanding electrode system and the fixed 
spacing is shown in Fig. 17. In order to determine the most 
efficient spacing to use, several values were tried and a 
distance of 18 feet was concluded to be the most suitable.



A comparison of the 13 foot and 2? foot spacing la shown in 
Pig* 18* It will be seen that the profiles are similar but 
that the 27 foot curve has more irregularities on It, which 
detract from the appearance of the main anomalies*

A comparison of 25 cycle and SO cycle current was made 
at Station 18* Leal* The profiles obtained are shown In 
Fig. 19* The expanding electrode system was used for this 
comparison* Very little difference in the anomalies on the 
curves is noticeable, the chief difference being a greater 
displacement of the 60 cycle curve from the unity ratio axis* 

a test on Station 19, Leal, was also made by extending 
the profiles in opposite directions at right angles to the 
line joining the power electrodes. The object of this was 
to eliminate surface effects. The results of this trial are 
shown in Fig* 20* The average of the north and south profiles 
is also drawn in* The correlation might be more readily car
ried cut by intelligent inspection, especially when a dis
placement of the peaks is apparent, as is the case in Fig* 20 
at Station 19.

In correlating from profile to profile on Figs. 22 and 
23, it was found that certain peaks might be consistent over 
a range of several stations and then die out and new ones 
would appear* This is attributed to the lenslng condition 
which is no doubt present in a valley of this sort. In fact, 
it is quite probable that it was even greater than interpreted.
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The Interpretation of the cnrvea at the eaat end of 
the Leal profile was very difficult as the "bed rock seemed 
to give no pronounced anomaly. The only Interpretation which 
seemed at all consistent with the seismic check on Stations 
26 and 27 seems at first appearances to he too deep to he 
consistent with the slope of the valley wall. However, upon 
studying the east side of the valley, the author came to the 
conclusion that the material forming the edge of the valley 
for some two or three hundred feet hack from the bottom of 
the valley Is unconsolidated, slumped material from the cliff 
side» The assumed shape would, therefore, be similar to that 
sketched In Fig. 21. The cliff side would, therefore, extend

Almost vertical

Unconsolidated 
slumped material

Fig. 21. Sketch of Assumed Bod Hock
Shape at Last Lnd of Leal Dam Site.
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almost vertically to the bottom of the old channel, Corro* 
borating evidence of this was supplied by a seismic shot about 
150 feet east of Station 39# The wave traveled to Station 20 
by the low velocity path, which would not have been probable 
if the bed rock below the shot point had been comparatively 
close to the surface.

At the west end of the Leal profile, the correlation at 
Station 1, 2, and 3 is rather doubtful due to difficulties 
In obtaining contact with the search electrodes due to the 
frozen ground. The traverses would have been extended further 
but for this reason, Mo readings could be obtained as the 
frost could not be penetrated* The correlation Is, therefore, 
made on an extension of the slope of the previous determin
ations and a consideration of the Interval between higher 
correlation peaks on the curves*

The east end of the &llliams-Fork tunnel profile Is 
difficult to correlate due to the large anomalies obtained* 
There seems no doubt as to a great deal of this being caused 
by surface variations in the ground* The ground was covered 
with small willow clumps Milch held the snow off of it, and 
was consequently very irregularly frozen* In addition. It was 
a very heterogeneous mixture of gravel and loam at the surface 
Which prevented obtaining uniform connections with the probes* 
The anomalies due to surface Irregularities are thus considered 
to be greater than those due to subsurface conditions*



GOMCLUSIONS

Prom the results of the survey a number of conclusions 
have been arrived at which may be summed up as follows:

1* Either of the methods employed could be used suc
cessfully to determine the depth of bed rock.

2. The use of two methods materially increases the 
value of the depth determination, since they are based on 
entirely different physical constants»

3. The survey is justified as a means of malting a 
determination of bed rock depth at a proposed dam site or 
tunnel sit©*

4. At least one deep hole would be desirable for check- 
ing the electrical log and for determination of the average 
vertical velocity*

5* The check between the seismic refraction method and 
the potential gradient ratio method la within the known limit 
of error of the seismic method,

ô* If economically possible, the complete profile from 
the power electrode out to the distance desired should be run. 
This enables correlation to be carried out more easily by 
utilizing the effects of the upper formations*

7* Curves run In opposite directions and an average 
used tend to give a curve on which the surface effects are 
minimized*

8* The use of the proper probe spacing Is important,



9* The relative value of the expanding or fixed elec
trode system must be determined for each particular survey* 

10$ The survey would be more conclusive as to results 
If carried out when the ground is not frozen, preferably * e a  
the surface Is moist*
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