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Abstract 
After a short review of the development of “artificial seismology” a description is given 

of the modern field procedure when using the seismic refraction method for measuring of 
small depths, of the order of only a few meters. A small portable instrument equipment used 
for this purpose is described. The theoretical and physical basis for the seismic exploration 
method is briefly discussed, and by an example it is shown that laboratory tests on rock sam- 
ples can be used to calculate the transmission velocity of seismic waves. Some examples are 
given on the use of the seismic refraction method for civil engineering work. It is also rela- 
ted how the small portable instrument equipment previously described was used to measure 
the thickness of a glacier by means of the seismic reflection method. Repeated rdlections 
(reverberations) were obtained and the smallest depth accurately determined in this way was 
96 m. 

The science of seismology, which dates back 
to the middle of the eighteenth century, devel- 
oped into a science in the modem sense during 
the last decades of last century, when instru- 
ments of sufficient sensitivity, damping, and 
so on, had been developed for registration of 
earth tremors. About the turn of the century 
a complete theory had been developed for 
the transmission of seismic waves through 
the earth. (WIECHERT and ZOPPRJTZ 1907, 
WECHERT 1910.) 

From the studies of seismograms obtained 
during earthquakes the seismologists have 
generally assumed the existence of three main 
horizontal discontinuity surfaces in the earth’s 
interior, at depths of about 30,  at 1,000 and 
2,900 km, respectively. (Attempts have also 
been made to subdivide the region between 
3 0  and 2900 km depth in 6 “concentric shells”, 
each with its characteristic transmission velo- 
city of the seismic waves.) The first disconti- 
nuity surface, known as the MohorouiZii‘E 
Discontinuity, is considered to be the contact 

AB Elektrisk Malmletning. 

surface between the “crystalline” crust of the 
earth and the underlying “vitreous” silicate 
shell, which has a thickness of some 950 km. 
At the depth 1000 km one has the u per 
surface of a thick sulphide-oxide shell wLch 
reaches down to a de th of 2,900 km, where 

In a recent paper by L. MINTROP (1949) the 
author says: “It has been much easier for the 
seismologists to determine the core of the 
earth at a depth of about 2,900 km than any 
interface between two formations with differ- 
ent wave velocities within the crust of the 
earth.” However, in 1947 the depth to the 
“Peridotite layer”, with a wave velocity of 
8.1 km/sec was determined to be 27 f 3 km, 
from seismograms obtained at the great 
explosion of 4,000 tons of munitions on 
HeligoIand (18.4.19471, in 19 stations with 
distances up to 608 km from the explosion. 
No deeper lscontinuities were reported at 
the time. From a study of seismograms from 
this explosion and from a number of earth- 
quakes and also from previous observations 
by leading geophysicists, MINTROP now arrives 

it rests on the nicke P -iron core of the earth. 



SEISMIC SOUNDING OF SHALLOW DEPTHS 25 

at the followin “stratigraphy” for the upper- 
most part of t%e earth‘s crust. (v-longitudi- 
nal = velocity of dilatational waves; V-trans- 
versal = velocity of distorsional waves.) 

Rock Depth V-long. V-transv. 
km kmfsec kmfsec 

-4 3.5 2.0 Sediments 
4-13 5.2 2.9 Granite 
I 3-28 6.5 3.6 Basalts 

MohoroviEiE Discon t inu i ty  
28- 57 8.1 4.5 Peridotite 
57-110 9.2 5.0 Pyroxenite? 

11-118 7.0 - (Plastic layer) 
118-170 11.0 6.2 ? 
170-183 16.3 8.8 ? 
183-230 ca. 9.0 ca. 5.0 Alternatingly 

plastic and sol- 
id formations 

Experimental study on “artificial” earth- 
quakes were first taken up about 100 years 
ago (MALLET 1851). Buried gunpowder charges 
were detonated, and the resulting elastic 
vibrations set up in ground were picked up at 
a distance by means of rather primitive “seis- 
moscopes”. It was observed that different rock 
formations were characterized by different 
velocities for the seismic waves, although 
accurate determinations of the velocities could 
not be obtained. H. L. ABBOT was the first 
observer to take advantage, in 1876, of the 
exploding of a large dynamite charge (25 tons) 
to measure the transmission velocities of seis- 
mic waves near the earth’s surface (ABBOT 
1878). Seismoscopes were set up at distances 
from 8 to 19 km. Unfortunately the results 
of the measurements were rather poor be- 
cause the sensitivity of the seismoscopes was 
too low. Some more experimental work was 
done up to about 1900, when it was first 
recognized that the seismometers would have 
to be much more sensitive than 

pulse to arrive, before the arrival of later 
pulses of high amplitude. 

In the first decade of the present century it 
gradually became clear that there might be 
some practical and commercial use for “arti- 
ficial” seismology. WIECHERT’S above men- 
tioned pa er of 1910 marked a turning point. 

ences to practical uses of the method, and in 
I914 J. WILIP in an article wrote: 

reviousl 
assumed in order to register the P a l  irst we 

In an artic Q e the same year MINTROP made refer- 

“Up to the present it has not been ossible 
to quite accurately determine the ho B ograph 
(travelling time curve) of the seismic rays 
for shorter distances, and the topmost layers 
of the earth‘s crust. However, it is the very 
characteristics of the vibrations of the to 
most layers of the earth‘s crust which co up- d 
be of great practical importance in that they 
may give us information about those parts 
of the earth‘s crust in which mi@ opera- 
tions are carried on” (WILD 19147. 
In 1919 MINTROP applied for a patent in 

Germany covering the use of “refraction pro- 
filing” for determining the depth and type 
of subsurface formations. Exploration work 
with this “refraction method” was first carried 
out in North Sweden by MINTROP and his 
associates in 1922. In the following year the 
method was introduced for oil prospecting 
work in Mexico and 1924 in U.S.A., on the 
Gulf Coast, where it promptl led to the 

next few years. In 1929 the number of “re- 
fraction seismographs” at work in U.S.A. had 
already risen to 175. 

The seismic “rejlection method”, which is in 
rinciple similar to the marine echo sounding, 

!as been worked out, from the b e r g ,  
in U.S.A., where a atent for the me od was 
applied for in 1919 g y J. C. KARCHER. At first 
comparatively little work was done with t h i s  
method and technical progress was slow. 
About 1930, however, the method was defi- 
nitely established and by 1937 there were be- 
tween 225 and 250 “reflection crews” working 
in U.S.A., as against 4 in 1929. 

Last year (1948) the number of seismic crews 
operating in U.S.A. was estimated at about 
450, corresponding to an annual ex enditure 
for “artificial seismology” of the or d? er of 100 

million dollars. 
In Sweden the refraction method was first 

used in Vasterbotten (ore prospecting purposes) 
in 1922, later on, 1938-40, in Scania for 
large-scale structure mapping of the Cretaceous 
sediments in that region, and-from 1941 also 
for civil engineering purposes. For the seismic 
refraction work in Scania the distances between 
shot point and seismometers were of the order 
300 m to 17 km and the largest depths deter- 
mined generall under 5-6 overlying IayFrs 

discovery of a number of oil fie P ds during the 

with successive r y higher wave velocity were 
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measured by means of the seismic reflection 
method, is about zoo m, and generally the 

asured are of the order of I,O= 

above mentioned application of the 

poses on the other hand, the depths invo r- ved 
often of the order of a few (2-3) 

d the depths will often change 
along a rofile on the ground, 
a lot o P careful detail work. 
e problem is to determine, ra- 

ly and accurately, the contour of 
ard-rock surface under a cover of 

.*-. 

method for civil engineering 

TOCKHOLM 

C 

Fig. I. Places in Sweden where the seismic method has 
been used for determination of depth-to-bedrock. In the 
two years 1947 and I948 alone 51 contractjobs have been 
completed, resulting in 4,381 depth determinations, each 
one a substitute for a bore hole down to solid bedrock. 

between z,~oo-~,ooo m, corresponding to the 
depth to the crystalline basement under the 
thick sedimentary cover in this part of the 
country. In this work, as well as in seismic 
reflection work carried out in the same area 
in the following years, the de ths measured 
were thus still of the orders o P kilometers or 
parts of kilometers. This is the case in all 
seismic exploration work in oil field terrain - 
the smallest depth that is said to have been 

~~ 

soil, sand and clay, glacial drift and hard mo- 
raine, which may vary in thickness from 1-80 
m. In the last few years this work has reached 
considerable proportions, for Swedish con- 
ditions. The number of complete depth de- 
terminations of this work now totals about 
8,000 (average depth to bedrock 12.1 m) divid- 
ed on a number of contract jobs within Swe- 
den, mostly in connection with water power 
projects. (Fig. I.) 

Field Procedure and Apparatus 
In the above mentioned pa er of ,1910 

WIECHERT described the rincip P e of “refrac- 
tion profiling” in the fol P owing way: 

“The farther from the origin the earth- ~~ 

quake waves are observed Oat the earth‘s 
surface, the deeper the rays have penetrated 
into the earth and the more of the assumed 
layers they have therefore traversed. If one 
therefore proceeds from the origin gradually 
in the distance, then initially only the first, 
later also the second, and then the third, 
and so on of the layers will come into action. 
One proceeds correspondingly with the 
computation. From the observations in the 
vicinitv of the origin one draws conclusions 
first rigarding thcconstants . . . of the first 
layer . . . The paths of all rays through this 
la er can then be calculated. From the aths 

but remain close to it one draws conclusions 
regarding . . . the second layer, and so on, 
in this manner.” 
This description fits very closely to the 

present practice of refraction profiling which 
is in civil engineering work carried out in the 
following manner, 

o Y those rays which penetrate the first P ayer 
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Fig. 2. Seismic registration along a proposed tunnel line in central Swcdcn. 

A profile line is staked out on the ground 
and measured off from one end, where a shot 
point is planned for. Further shot points are 

laced in the points 30 m, 5 s  m, 70 m a.s.f. 
Prom the first shot point. The seismometers 
are then placed on the ground don the profile 

good portability under average field conditions 
one uses generally 6 seismometers. The first 
seismometer set-up will therefore cover the 
section 0-30 m of the profile, with 2.5 m 
distance from the shot points to the nearest 
seismometers. Each seismometer is connected 
to the recording equipment by means of a two 
conductor cable of zoo m length. The recording 
equipment consists of a set of 6 amplifiers, a 

at intervals of 5 m. For best e f! ciency and 

recorder with oscillographs, timing device 
and camera, and also equipment like shooting 
box, storage batte etc. From the recording 

to the shot points at o and 30, but also to the 
shot points at 55 ,  80 and 105, and so on. After 
these pre arations the shots (with ~ O - Z ~ O  gr 
dynamite7 in the shot points 0, 30, 5 s  and 80 
are fired in rapid succession. Then the seismo- 
meters 1-5 are moved into the section be- 
tween the shot points at 30 and 55  meters. 
Seismometer number 6, however, remains in 
its place and becomes number I in the new 
set up. The double record obtained in this 
station delivers the correction which has to 
be applied to the travel-times if the conditions 

apparatus two-con 7 uctor cables are layed out 
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Fig. 3. Rope-way across a rapid, for the placing of 
explosive charges at the river bottom. 

in a shot point should chan e between two 
successive shots. (The prece&g shot might 
have aerated the soil, driven out the pore 
water etc.) Then the shots in 0, 30, 5 5 ,  80 and 
10s are shot successively. The seismometers 
are now moved into the third profile section, 
except the one at 52.5 m, which stays where 

and R. KOLLERT 

it is. The firing line to shot point 30 is moved 
to shot point 130 and shots are fired in 30, 5 5 ,  
80, 10s and 130. This procedure is continued 
throughout the entire profile length. 

For the planning of water power projects 
seismic depth-to-bedrock determinations often 
have to be carried out under lakes and rivers, 
and across rapids. 

When one is working across fairly quiet 
waters, a long (up to I km) wire, also used as 
measuring ta e, is stretched out along the 

anchored boats. It is supported by small floats 
which keep it near the surface. Alon this wire 

this case it is preferable to have seismometers 
in fixed positions on the bottom at the points 
0, 30, 5 5  a.s.0. and to shoot in the points (at 
the lake bottom) corresponding to the seismo- 
meter positions of the above example. 

When rofiling across rapids one makes use 
of “travekng shotpoint”, while the seismo- 
meters remain fixed at their stations on each 
bank of the river. Two wires are stretched 

profile line P rom bank to bank or between 

the work is carried out from sm d boats. In 

Fig. 4. Modem seismic equipment for depth-to-bedrock determinations. The heaviest 
piece weighs 53 pounds (24 kg), the total weight is 330 pounds (150 kg.). - In front 
8 seismometers, at left behind seismometers the amplifier (for 6 “channels”), at right 
behind seismometers the recorder with oscillograph, timing device and camera, at extreme 
right the “fool-proofing’’ device for firing of shots and simultaneous starting of film 

in the recorder. In the background an accumulator battery, cable reels etc. 
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Fig. 5.  Seismogram from a shot with a charge of I kg dynamite, recorded in stations which 
were 220 m to 320 m apart from the shot point. 

across the river at a distance of about two 
metres from each other. One wire serves to 
suspend the cables which connect the seismo- 
meters on the other side of the river with the 
recording equi ment. On the other wire, 
which is actu y an aerial ro e-way, a device 
is mounted which can be rawn across the c f  

alp 

seismometer belonging to the equipment 
shown in fig. 4 consists in principle of a per- 
manent magnet, rigidly connected to the 
casing, and a moving armature which is sus- 

spriflgs. The vibrations cause 
pended changes o br the an  gap between magnet and 
armature, causin changes in the magnetic 

coil around the armature. This voltage is as 
high as mV, measured over a load resistance 
of 500 ohms for vibrations of 40 C.P.S. of 

flux due to whic % a voltage is induced in the 

0.001 mm amplitude. The seismometers are 
shaped like hemispheres with the center of 
gravity near the large flat bottom. Due to the 
“streamlined” shape the effect of wind noise 
is reduced to a minimum. The construction 
is waterproof and very solid, and clamping 
(arresting) of the seismometers is never 
required. 

The amplifier mentioned above and shown 
in fig. 4 has 6 “channels”, one for each working 
seismometer, in which the weak pulses from 
the seismometers are am lified (some 60,000 
times) before the b a r “  {elivered to the re- 
corder. The amp cation for each channel 
can easily be adjusted so that a suitable de- 
flection is obtained 04 the corresponding 
oscillograph galvanometer (as can be observed 
on a round glass window on the recorder.) 

- 6 volts - is felivered from a storage 
battery, the plate voltage from dry batteries. 

The amplified pulses are photographically 
recorded on a fast movin photographic paper 
strip of 100 mm width &g. 5) .  The recorder 
contains 7 galvanometers and all other means 
for photographic registration like light source 
and optical system, motor for paper transport 
and camera. It houses also a timing device of 
the shutter type (tuning fork with slotted 
diaphragms on the ron s) which projects 
time lines at interv a p s  s o 0.01 sec. on the 
record. One of the galvanometers is connected 

The H dament volta e for the amplifier unit 
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Fig. 6. Travel-time graph, ray path and wave front 
diagram calculated for a three player assumption. 

to the shooting circuit and records the shot 
instant, the other 6 galvanometers register the 
vibrations picked up by the seismometers. 
The recording paper is transported by a D.C. 
motor, the speed of which is kept constant by 
a governor, which can be adjusted to a feed 
of 50 to IOO cm aper per second. Thus the 

arrival of the impulses can be determined with 
an accuracy of better than one millisecond, 
depending upon the shape of the onset of the 
impulse. As a rule the travel time is read off 
with an accuracy of 0.2 milliseconds or better. 
The over-all amplification factor of the 
equipment, i.e. the ratio of the amplitude on 
the record to the amplitude of the ground 
vibrations is of the order of 4 x 106. 

The sensitivity of the equipment is more 
than sufficient for refraction work on a large 
scale, where usually profiles of several kilo- 
meters’ len th are investigated. (The ampli- 

“the normal ground unrest” does not show 
u too much on the seismograms, and the size 
o P the explosive charges used is then determined 

time difference I! etween shot instant and 

fication wil !f always have to be decreased until 

md R. KOLLERT 

from this “permissible” amplification.) For 
work at which many short profiles have to be 
investigated, like at depth-to-bedrock deter- 
minations, several special features have been 
incorporated which facilitate the handling of 
the equi ment and increase the efficiency. 

automatically released by the camera at the 
instant when the recording paper has the 
proper speed and that recording is automati- 
cally stopped after a certain time. Another 
feature is the balanced shot circuit, resultin 
in transmission of the shot instant only, thoug 
the shot is fired via the same transmission line. 
Moreover the equi ment is extremely portable. 

One of t x ese arrangements is that the shot is 

a 
No art of it weig x s more than 24 kg and the 
tota P weight, including cables and standard 
storage battery is about 150 kgs. The equip 
ment can thus be transported by the normal 
working team generally consisting of 6 men, 
either on back or on simple transporting 
means like bicycle trailers or on sledges, 
depending on topography and season. 

Interpretation and calculation work 

If energy is suddenly imparted to the ground, 
e.g. by a blast of explosives, a small fraction 
of the energy is transmitted away from the 
shot point in the form of elastic waves of 
longitudinal and transversal ty es. Their ve- 
locity of propagation is widey f different in 
different geological formations, and seismic 
exploration methods as described above can 
therefore be used to identify geological forma- 
tions hidden in the subsurface. Hereby in 
general use is made only of the longitudinal 
wave, the velocity of propagation of which in 
the encountered formations is found in the 
following way. 

The time elapsed between the shot-instant 
and the arrival of the first pulse at each seismo- 
meter station is read off from the seismogram. 
This time is plotted as ordinate to the corres- 
onding distance of the seismometer station 

from the shot-point. When these “plots” are 
connected, a broken line, a so-called travel- 
time graph is obtained (fig. 6). The first part, 
beginning in the origin, corres onds to pulses 

layer and therefore the velocix of propagation 
in this layer VI = dx/dy. In t e points on the 
next part of the travel-time graph, those waves 

from direct waves through the P irst (= surface) 
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which have penetrated to larger depth and 
travelled with high speed don the surface of 

overtaken the waves in the first layer and are 
the first ones to arrive. The ratio dx/dy for 
th is  part of the travel-time graph gives the 
true value for the velocity of wave propagation 
Vz in the second layer, provided that the 
interface is parallel to the surface (and an 
apparent velocity when this is not the case). 
For the determination of the true value Vz 
one will therefore generall need travel-time 
graphs shot from both e n J  of the profile. 

Some velocities of wave ropagation which 
are usually encountered f or soil ypes ;f”d 
rocks in Sweden are given in the ollowmg 
table. 

Soil types and rocks 

glacial drift (boulders embedded 
in grit, sand. clay) ......... 1,200-1,700 

hard moraine ................ 2,20c+3,000 

The travel-time curves yield, however, also 
data from which the depth to the interfaces 
of the Werent layers can be calculated. As 
the eometry of the “ray path”, corresponding 

the same principle which FERMAT developed 
for the pro agation of light, the formulas for 

simple case of 3 layers with interfaces parallel 
to the surface, as illustrated in fig. 6, the 
following relations give the travel-time for 
any station of the travel-time graph: 
Section I: tr =A/Vx 
Section 2 :  tz = Tz + A/Vz = 2 hI cos iIz/VI 

Section 3:  t, = T 3 + A / V 3  = z h x  cos iI3/V1 

where t r ,  tz and t3 are the traveltimes for points 
in the three sections of the graph at any 
distance d from the shot point, Tz and T, 
the time intercept on the ordinate in the shot 
point, V,, Vz and V,  the true velocities in the 
corresponding layers, hI and hz the thickness 
of the first and second layer res ectively and 

these expressions, formulas for the thickness of 
the layers can be derived. Thus for the first 
layer we may write 

the second layer and back to t a e surface have 

V in mlsec. 

................... dry sand.. 3- 500 

bedrock (granite, gneis) . . . . . .  53-5 9 5 0 0  

to t l! e shortest time of travel, is determined by 

depth calcuations P are easily derived. For the 

+ A/Vz 

+ 2 hz  cos iZ3/Vz + d / V 3  a.s.0. 

i the respective angles of total re B ection. From 

Tz = 2 h r  cos i ~ z / V ,  
and therefore 

, etc. Vx Tz 
h1 = ~ 

2 cos iIz 

An other type of formulas for depth calcula- 
tions uses the distance x of the breaking points 
in the travel-time graph from the shot point. 
The corresponding ex ression of the depth hI 
to the first interface (-= thickness of the first 
layer) is 

x vz- v, 
hx = z \/vz+ vx 

The depth formulas become rather complicated 
when dealing with several layers, especially 
when the interfaces are not arallel to the 
surface nor to each other. For f: ese cases each 
computor usually has diagrams of his own 
construction in order to simplify the calcula- 
tion operations. In many cases it will be s t i l l  
more convenient to evaluate the depths 
graphically by means of wave-front construc- 
tions according to HUYGENS principle. A 
description of t h i s  procedure will, however, 
carry too far for this paper and reference must 
be made to seismic literature. (ANSEL 1931, 
THORNBURGH 1930-) 

The velocity of propagation of the elastic 
waves in the ground is directly related to the 
elastic constants of the geological formations 
penetrated b the waves. It can be shown 

longitudinal and the transversal waves, is given 
by the formulas: 

mathematic J y that this velocity, for the 

where 
E = Young’s modulus (stress-strain ratio for 

G = rigidity modulus {tress-strain ratio for 

- = compressibility (fractional change of k 
volume per unit increase of hydrostatic 
pressure) 

elongation or com ression) 

change of shape e.g. twisting) . 

I 

e = specific gravity (volume weight) 
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..,.,. 

Fig. 7. Section showing bedrock profile and overburden layers as determined through a seismic investigation. 

Thus from the velocities measured in the 
field the elastic constants for the material of 
the “subsurface” can be calculated and con- 
versely the velocities can be calculated when 
these constants are known. The elastic con- 
stants can be determined by laboratory tests 
on samples either by static or by dynamic 
methods. Static methods usually do not give 
accurate results on samples taken near the 
surface, (weathered, fractured), due to perma- 
nent “setting”, or hysteresis phenomena, after 
the first application of the load, while the 
dynamic methods furnish satisfactory and 
reproducable results in most cases. Through 
IDE’S method (1935, 1936), YOUNG’S modulus 
is determined from the natural frequency of 
longitudinal vibrations in the length direction 
of a bar cut out of the material to be investi- 
gated, and for determination of the rigidity 
modulus the bar is brought into torsional 
vibrations. A comparison of the elastic con- 
stants as obtained by this method and as cal- 
culated from the velocities found in seismic 
field work will generally show good agree- 
ment. 
As example may be cited an instance where 
drill cores from an ex loration drill-hole in 
the southernmost part o P Sweden were subject- 
ed to laboratory investigations. The method 
used for the tests was similar to IDE’S above 
mentioned method, i.e. the test samples were 
sub’ected to vibrations of varying frequency, 

determined. In all 47 drill cores were tested, 
from depths between 328 and 1,097 m. From 
the elastic constants determined, and from the 
volume weights, the “velocity of sound” in 
each sample was determined. From these 
figures an average velocity for the longitudinal 
seismic wave between 330 and 1,100 m depth 
was determined. Further, the corres onding 
velocity down to a depth of 330 m fad  pre- 

an d a “spectrum” of resonance frequences was 

viously been determined through seismic work 
with the refraction method. The combination 
of these results gave an average velocity down 
to a depth of 1,100 m of 3,3 50 m/sec. Reflection 
work in the same area, with the reflection 
profiles extended comparatively far out from 
the shot oint, had indicated a “vertical 
velocity” ;om a depth of about 1,250 m of 
3,250 m/sec. In this same area reflections had 
been obtained at 0.772 sec., at 1.092 sec. and 
at 1.307 sec. Using the average velocity of 
3,350 mlsec., the reflection time 0.772 sec. gave 
a depth to the reflecting surface of 1292 m. 
At a depth of 1,285 m the drill hole passed from 
a thick, sandy and porous formation into a 
clayey, harder formation of considerable 
thickness. No doubt this interface was the one 
that had caused the reflection at 0.772 sec. 
This goes to show that very good agreement 
can be obtained between field results and dy- 
namic test results on samples in the laboratory. 

Practical Results 

The field procedure described above has 
been developed on the base of experience from 
the interpretation of tens of thousands of 
seismograms. It was soon found that travel- 
time gra hs, obtained from shots at the end 

necessary in order to reach the de th required, 
do not furnish sufficient data P or a ,correct 
interpretation. One reason for this is that the 
velocities that are characteristic of the upper- 
most layers of the overburden often vary 
irregularly and quickly along the profile, due 
to variations in weathering and aerating. Other 
reasons are irregularly varying thickness, along 
the rofile, of the different layers in the over- 
burlen, (fig. 7), and rough configuration of 
the bedrock surface (quickly changing depth 
along the profile). Therefore the investigation 

points o P a profile of no greater length than 
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must furnish sufficient data to give a continuous 
record of the chan es of velocity in the over- 
burden layers an! especially in the surfacc 
layer-where it may in places be as low as 
about 150  m/sec. due to aeration. It must also 
give continuous information regarding the 
cod1 uration of the rock surface all along the 
prof B e, and es eciall underneath the shot- 
points. The fie?d tecLque described above 
is the result of these considerations. From this 
shooting scheme it follows that for each shot 
point a travel-time graph is obtained in each 
direction and of such a length that impulses 
from the bedrock surface are obtained over 
a sufficiently long distance. In that way the 
“bedrock-sections” of the travel-time graphs, 
shot in the same direction from two adjacent 
shot points, overlap each other for a certain 
distance. The same holds also for the sections 
of the travel-time gra hs belonging to the 

continuous observation of all layers is obtained 
all along the profile, thus facilitating the inter- 
pretation of the travel-time graphs. This 
shooting technique has proved to be satis- 
factory with regard to interpretation at the 
same time being very efficient. 

On land a seismic crew, consisting of one 
observer and 6 helpers, covers on the average 
a profile length of about 150 m per day, 
corresponding to ~ ~ O + J O O  m length of travel- 
time graphs per day. This involves recording 
of 25-30 shots for 5 to 6 seismometer set-ups. 
Under favourable conditions an efficiency has 
been reached of 400 m of profile, corresponding 
to 2000 m travel-time graphs per day, over 
several days in succession, with up to 60 shots 
per day. On lakes, about the same efficiency 
is usually reached at the cost of I or 2 more 
men who prepare the wire arrangement. In 
work across rapids usually one profile (of say 
80-100 m length) is surveyed per day. In one 
such instance a seismic survey across a river 
was made with the obect of determining the 

along the center of the river. The investigation 
gave depths to bedrock in the center of the 
shallow river of some 50 feet, where it had 
previously been assumed that the bedrock was 
“outcropping”. Subsequent drilling fully con- 
firmed the picture obtained from the seismic 
work. The first two of these bore holes took 
five weeks to complete, each hole naturally 

deeper layers of the over \ urden. In t h i s  manner 

width of a shear zone t L t was expected to run 

giving the depth at one single point only. At 
the seismic investigation each traverse took 
only one day to”complete, resulting in a 
complete bedrock profile across the river, and 
5 such traverses could be measured at the cost 
of one single bore hole. 

The accuracy of these seismic depth-to- 
bedrock determinations is largely dependent 
on local conditions in regard to the composition 
of the overburden and the configuration of the 
bedrock surface. The data collected from the 
field work described above are sufficient for 
an accurate interpretation. However, it goes 
without saying that a good deal of experience, 
and a sufficient knowledge of physics and 
geologp is re ,9 uired from the “interpreter” 
of the ield res ts, if the best accuracy possible 
is to be obtained. In t h i s  calculation work it 
is necessary that the interpreter can at all times 
feel sure about the measurements made with 

-as a result of criticism 
field crews it has been 

“fool-proof”. 
From excavations made and drill holes put 

down after seismic de th-to-bedrock determi- 

accuracy of the seismic de th determination 
can be put at about h 10 { of the depth, or 
to f I m at depths smaller than 10 m. In 
places with “normal” and fairly favourable 
conditions the difference between the seismic 
depths and the results of subsequent drilling 
usually is only a few decimeters. Where the 
bedrock surface has very strong relief, which 
often happens in Sweden, it must be kept in 
mind that the depth obtained from a seismic 
survey represents the avera e along a certain 
length of profile, while a fd hole gives the 
de th in one point only. In such a case a drill 
hofe 1-15 m off the rofile ma show a 

figures along the profile. 
Fi . 8 shows a typical case of a seismic 

deptf-to-bedrock determination at a proposed 
dam site. The greatly increased demand for 
this type of seismic work in Sweden in the 
last few years shows that the method is now 
looked upon by Swedish civil engineers as a 
convenient and reliable tool for quick recon- 

nations in Sweden it R as been found that the 

depth that appreciably d l l  ers from lJ e seismic 
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Fig. 8. Plan and section showing results of seismic investigation and of subsequent boring operations. Proposed 
dam site in northern Sweden. 

naissance surveys of proposed sites for dams 
and tunnels. 

then been replaced by an amplifier set with 
reflection am lifiers, including automatic gain 

now also being used control, varia ! le filters and “mixing” (fig. 9). 
namely for deter- This equipment has been put together for 
of glaciers. The the Norwegian-Swedish-British Antarctic Ex- 

amplifier set shown in fig. 4, however, has pedition, which has just now started out. At 



35 SEISMIC SOUNDING OF SHALLOW DEPTHS 

Fig. 9. Equipment used at the measurement on the main 
glacier of the Kebnekaise. At left the amplifier set with 
6 reflection amplifiers, in the center the recorder with 
oscillograph, timing device and camera, at right the 
power unit and in the background an accumulator 
battery and the afool-proofing, device for firing of shots 

with simultaneous starting of fdm in the recorder. 

first a test was made on Hardangerjokul in 
Norway. From the experiences made during 
this test some modifications and special features 
have been included in the equipment and a 
final test has been made on the main glacier 
in the Kebnekaise mountains in North Sweden. 
One of the main objects with this test was to 
train the personnel of the above expedition in 
the handling of the instruments. 

The equipment was sent by rail to Kiruna. 
From there part of the equipment was taken 
by airplane to Kebnekaise where it was 
dro ped by means of parachutes. Other parts 

car, boat and pack horse to the rim of the 
glacier, and from there transported on back 
and by sledge to the centre of the glacier. 
(Fig. 10.) 

Where the ice was covered by 1-2 m of 
firn it was found that charges of 3-5 gr dyna- 
mite, ex loded in drill holes at a depth of 1-2 

firn cover was very thick, charges of up to 
60 r of dynamite had to be used, fired in 
d d h o l e s  of 2-3 m depth. For refraction 
work, with rofde lengths up to 600 m, it was 
found that c K arges of up to I kg dynamite had 
to be used, but that transmission of elastic 
vibrations to the firn could then easily be 
obtained if the charge was placed at the centre 
of a semi-spherical cavity in the firn surface, 
of about I m diameter. 

From the refraction and reflection seismo- 

of 51 e equipment were transported by motor 

m woud f give good reflections. Where the 

grams obtained from these measurements it 
was found that the velocity of transmission 
was 3450 m/sec. for the longitudinal waves 
and 1620 m/sec. for the transversal waves. 
Reflections were obtained for both types of 
waves. The optimal distance for these reflec- 
tions seems to correspond to the largest possible 
angle of incidence, which of course must be 
smaller than the angle for total reflection for 
the interface between the ice and the bedrock 
underneath. 

In one of the laces tested, where the firn 

from both longituhal and transversal waves. 
A calculation of the depth of the ice at this 
point gives for both reflections the same thick- 
ness of 96 m. One pronounced reverberation 
(repeated reflection) appears on all of the best 
records. 

At another testing place, where the firn 
cover over the ice was evidently very thick, 
no transversal waves and no reverberations 
could be observed. Good reflections of longi- 
tudinal waves were obtained, however, and 
the depth evaluated from these reflections, and 
from the velocities determined by the refrac- 
tion method, was 190 m. The robable reason 

case is that the firn has too small ri idity 
modulus to carry appreciable amplitu B es of 
distorsional waves. 

Although these tests on the main glacier of 
the Kebnek,aise had only been planned as 
instrument check-ups and not as measurements 

cover was fairly t R, , reflections were obtained 

for the absence of transvers a! waves in this 

Fig. 10. Transport of the seismic equipment on the main 
glacier of the Kebnekaise. 
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of the thickness of the ice, their results are of 
considerable interest. They show that, by the 
use of modem equipment, ice thicknesses of 
less than IOO m can be measured by reflection 
shooting. As far as we know, these depth de- 

H. HEDSTROM and R. KOLLERT 

terminations (by R. TEGHOLM) on the Kebne- 
kaise main glacier represent a new record in 
the determination of small depths by means of 
the reflection method. 
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